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ABSTRACT

Improving CO, flooding in deep oil reservoirs requires a mechanistic understanding of how chemical
additives regulate 0il-CO, interactions across scales. In this study, theoretical calculations, molecular
dynamics (MD), and computational fluid dynamics (CFD) were integrated to investigate the microscopic
mechanisms and concentration-optimization strategy of chemical-assisted CO; flooding. A multiscale
model was established to account for the effects of chemicals on CO; dissolution, extraction, and
diffusion in oil, thereby linking molecular interactions with microscopic seepage behavior. The main
results are as follows: (1) a newly defined miscibility-degree index showed that Span-series surfactants,
particularly 0.5 wt% Span 20, significantly enhanced CO,-oil miscibility; (2) the effects of chemicals on
CO; mass transfer were concentration dependent, with 0.1 wt% Span 20 increasing CO, solubility in oil
by 20.64% and the diffusion coefficient by 12.38%, whereas extraction efficiency increased by 44.60% at
0.5 wt%; (3) chemicals improved oil recovery through coupled mechanisms, including reduced oil-wall
interaction energy (with the optimum effect at 0.1 wt% Span 20) and strengthened molecular in-
teractions between CO; and oil; (4) pore type influenced recovery efficiency, with Span-series chemicals
markedly improving recovery from small and blind-end pores, whereas anionic surfactant sodium bis(2-
ethylhexyl) sulfosuccinate (AOT) mainly enhanced recovery from small pores; and (5) 0.2 wt% Span 20
was identified as the optimal concentration, while adsorption loss requires the practical injection
concentration to be adjusted to 0.54%-0.68%. These findings provide a theoretical basis and methodo-
logical support for designing chemical-assisted CO; flooding schemes for deep reservoirs.
© 2026 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 license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

reservoirs has emerged as a critical focus for the petroleum in-
dustry, where water flooding and gas flooding serve as primary

With the growing scarcity of global petroleum resources and
the progressive depletion of conventional oil and gas reserves,
improving the recovery efficiency of challenging reservoirs has
become increasingly imperative. The development of deep oil
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methods to enhance crude oil recovery (Xiong et al., 2021; Zhang
et al., 2022a, 2024). Among various gas injection techniques, CO;
flooding has proven to be an effective enhanced oil recovery (EOR)
method with broad application prospects in deep reservoirs,
particularly under the dual-carbon goals (Alharthy et al., 2017;
Xiang et al., 2023; Song et al., 2023). Studies have shown that
injected CO, enhances oil recovery primarily through dissolution,
diffusion, and miscibility mechanisms, which result in crude oil
swelling and viscosity reduction (Kumar et al., 2022; Li et al,,
2022a; Guo et al., 2022; Feng et al., 2024). For low-permeability
reservoirs characterized by deep burial, strong heterogeneity,
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and high minimum miscibility pressure (MMP), researchers have
proposed a high-pressure miscible CO, flooding and storage
model. This approach achieves miscibility with heavy hydrocarbon
crude oils through continuous bidirectional mass transfer between
phases, thereby substantially improving both oil displacement
efficiency and CO, storage capacity (Yang, 2020; Yang et al., 2024).
Previous studies confirm that CO,-EOR is mainly driven by intense
interactions between CO, and crude oil, including dissolution,
extraction, and diffusion. To further optimize CO; flooding per-
formance, various strategies have been investigated, such as
adjusting injection rates, modifying temperatures, and incorpo-
rating chemical additives to enhance CO,-crude oil mass transfer
(Jiang et al., 2024). Chemical agents, including methanol, acetone,
surfactants, and propanol, have been shown to significantly reduce
the interfacial tension between CO, and crude oil as well as the
MMP, thereby promoting miscibility and improving oil recovery
(Zhang et al., 2018; Liu et al., 2022a; Wang et al., 2023; Song et al.,
2024; Tiirkmenoglu and Onel, 2025). Although alcohols can reduce
MMP by 9.21%, ethers and ketones (e.g., petroleum ether and
acetone) exhibit superior performance under high-temperature
and high-pressure conditions (Song et al., 2024). As a cosolvent,
dimethyl ether markedly increases CO; solubility and the swelling
coefficient of crude oil while reducing interfacial free energy and
tension, achieving a 43% MMP reduction for light crude oils (Xie
et al., 2025). Experimental studies have also demonstrated that
addition of ethylene glycol butyl ether and Span 80 significantly
enhances CO,-crude oil interactions and recovery (Li et al., 2023a).
Additionally, aerogel nanoparticles provide a novel route to
improve CCUS efficiency by adsorbing asphaltene molecules and
mitigating reservoir plugging (Lu et al., 2024a). Consequently,
exploiting the synergistic effects of chemical agents and CO,
flooding offers a promising pathway for optimizing displacement
efficiency in deep oil reservoirs.

Recent experimental studies on CO, flooding in deep oil res-
ervoirs have made significant advances, preliminarily elucidating
the interaction mechanisms between CO, and crude oil under
high-temperature and high-pressure (HPHT) conditions (Lei et al.,
2022; Zhang et al., 2023; Pan et al., 2024). Research has demon-
strated the CO, selective extraction capability toward different
crude oil components. While short-chain hydrocarbons (e.g., light
components) exhibit relatively weak interactions with CO»,
rendering light oil more readily extractable, the extraction ca-
pacity of CO, for heavy oil is substantially enhanced under deep-
reservoir HPHT conditions (Li et al., 2021; Chowdhury et al.,
2022). When supercritical CO, directly contacts crude oil, it
recovers micro-residual oil primarily by extracting light and
intermediate components. Alternatively, contact between CO; and
water generates carbonated water, which recovers residual oil
through dissolution and swelling. However, asphaltene deposition
becomes pronounced after injection, particularly in low-
permeability zones (Zhang et al., 2022b). In deep reservoirs,
higher pressures promote the initiation of extraction and misci-
bility processes. The CO»-oil phase behavior manifests as swelling,
immiscible extraction, and miscible extraction, all of which are
governed by dissolution, capillary effects, and vaporization
mechanisms (Zhang et al, 2023). In addition to fluid-fluid
interactions, pore conditions significantly influence flooding
efficiency through pore-scale effects and structural characteristics.
CO, diffusion, adsorption, and miscibility in nanoporous media are
strongly affected by pore wettability. Experimental results indicate
that CO, preferentially diffuses into the oil phases in CO,-wet
regions, and the MMP decreases as pore size decreases, suggesting
enhanced miscibility in smaller pores (Wang et al., 2022, 2024a;
Sun et al., 2024). Pore tortuosity markedly suppresses CO; diffu-
sion in crude oil (Gao et al., 2019), while adsorbed layers on pore
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walls can shift fluid flow from slip to negative slip, thereby
reducing CO; permeability (Yuan et al.,, 2023). Furthermore, the
migration of CO, within the reservoir during CO; flooding is con-
strained by multiple factors, including the staged characteristics of
multiscale transport, fluid occurrence patterns dominated by
heterogeneous pore-throat structures, and the startup pressure-
gradient effects and flow-regime transitions induced by strong
fluid-solid coupling (Chen et al., 2022; Liu et al., 2025a, 2025b).
These factors further increase the complexity of regulating fluid
migration in deep oil reservoirs.

Molecular and pore-scale simulations have become essential
tools for investigating CO, flooding mechanisms. Molecular sim-
ulations provide detailed insights into nanoscale interactions
within CO,-oil-rock systems, including miscibility, adsorption,
diffusion, and interfacial alterations (Luo et al., 2023; Xue et al.,
2023; Cui et al., 2023; Lu et al., 2024b). Studies have shown that
CO; enhances oil recovery through three primary mechanisms: (1)
reduction of interfacial tension and crude oil viscosity, which
improve oil mobility (Li et al., 2024); (2) competitive adsorption
and dissolution that strip crude oil from rock surfaces (Lu et al.,
2022); (3) selective extraction that preferentially recovers satu-
rates over aromatics (Lu et al., 2022). However, certain limitations
remain. For instance, the thickness of the adsorbed oil layer tends
to increase during depressurization, thereby reducing effective
pore volume and impeding fluid flow (Huang et al., 2024; Wang
et al., 2025). In addition, enhanced organic content in nanopores
weakens the interactions between light hydrocarbon and pore
walls but promotes the adsorption of heavy hydrocarbon, which
hinders oil production (Hu et al.,, 2025). Pore structure plays a
critical role in CO, flooding efficiency. Oil recovery correlates
strongly with pore size: in small pores, high-pressure CO, injec-
tion effectively recovers heavy components, whereas in large
pores, comparable recovery can be achieved even at lower pres-
sures (Jin and Firoozabadi, 2016). Notably, CO; exhibits superior
performance in smaller pores and with heavier hydrocarbon
components. Mineral composition also influences recovery effi-
ciency, with illite pores yielding the highest recovery, followed by
quartz pores, while kerogen pores show the lowest recovery
(Wang et al., 2024b). Extraction efficiency further varies by pore
type: organic pores favor the recovery of C3 components, whereas
inorganic pores enhance the extraction of C1 and C2 (Zhang et al.,
2020a).

In pore-scale modeling, the phase-field method has been
widely employed to simulate immiscible CO; flooding by tracking
phase-interface evolution, enabling systematic investigation of the
effects of capillary number, viscosity ratio, gravity, wettability,
density, and interfacial tension (Zhu et al., 2017; Song et al., 2022).
For miscible flooding, coupled Navier-Stokes and convection-
diffusion equations are commonly used to characterize fluid flow
and component transport (Afshari et al., 2018; Li et al., 2023b; Yan
et al., 2023). Simulations reveal distinct displacement patterns:
miscible flooding initially exhibits piston-like displacement that
gradually transitions to viscous fingering, with oil being sequen-
tially produced from large, medium, and small pores. In contrast,
immiscible flooding sustains viscous fingering that intensifies af-
ter breakthrough, with oil primarily produced from large pores
(Ren et al., 2024). Further analysis confirms three key recovery
mechanisms in miscible flooding: viscosity reduction (which af-
fects production rate), desorption (which determines ultimate
recovery), and extraction (which is critical in blind-end pores)
(Zhu et al., 2024).

Although traditional experiments provide reliable evidence,
they are often expensive, time-consuming, and limited in their
ability to resolve microscopic fluid interactions. Computational
simulations provide a complementary and efficient approach for
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revealing mechanisms from the molecular to pore scales. Multi-
scale simulation has therefore attracted increasing attention. By
integrating molecular simulations with CFD, oil displacement
processes can be understood and optimized more comprehen-
sively. However, few studies have examined chemical-assisted CO;
flooding in deep reservoirs using a multiscale framework, partic-
ularly for chemical screening and concentration optimization.
Here, we develop a molecular-to-pore-scale modeling framework
to investigate the synergistic mechanisms of chemical-assisted
CO; flooding in deep reservoirs. The optimal chemicals and con-
centrations are then identified to support efficient deep-reservoir
development. The results provide theoretical guidance for opti-
mizing chemical-assisted CO; flooding schemes and improving oil
recovery. This study also demonstrates the value of multiscale
simulation as a methodological reference for future work on
chemically assisted CO, flooding.

2. Methodology

The overall workflow of this study is shown in Fig. 1. First,
theoretical calculations were used to determine fluid viscosity and
density, which provided the physical-property inputs for the
subsequent CFD simulations. Molecular simulations were then
performed to evaluate the effects of chemical agents on CO;
extraction, diffusion, and dissolution in oil, yielding chemically
regulated parameters for the CFD model. CFD simulations were
subsequently used to resolve microscopic flow behavior and
optimize the operational scheme. Finally, the simulation results
were validated through microscopic seepage experiments. Within
this multiscale coupling framework, cross-scale parameter trans-
fer followed a defined logic. The diffusion coefficients of compo-
nents affected by chemical agents were calculated from molecular
dynamics simulations using Einstein's equation and then
introduced into the pore-scale convection-diffusion equation. In
addition, molecular-scale interaction energies were used to
quantify how chemical agents regulate CO, dissolution and
extraction. In the CFD model, this regulatory mechanism was
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represented by incorporating a reaction source term into the
convection-diffusion equation, thereby mapping molecular-level
chemical effects onto macroscopic mass transfer.

2.1. Theoretical calculation

To construct a molecular model that represents reservoir con-
ditions accurately, the Peng-Robinson equation of state (PR-EOS)
was used to calculate the densities of hydrocarbon molecules and
CO; at different temperatures and pressures (Peng and Robinson,
1976). The PR-EOS is well suited to petroleum reservoir engi-
neering because it combines moderate computational cost with
reliable physical-property prediction. This widely used cubic
equation of state also predicts the phase behavior of hydrocarbon
components and mixtures under HPHT conditions with good ac-
curacy. By accounting for intermolecular attractive and repulsive
forces, the PR-EOS describes the non-ideal behavior of deep-
reservoir fluids. The general expression of the PR-EOS is:

RT a

P=v b Vv +bv—h (M
272 2

a—0.45724%1¢ <1+m<l— 1)) 2)
P Tc

m—0.37464 + 1.542260 — 02699202 3)

,_ 0.07780RT @
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The above equation can be rewritten in the cubic form of the
compressibility factor:
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Fig. 1. Flowchart of the research methodology.
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aP

A= (6)
bP
B=p (7)

The density of hydrocarbon and CO, molecules is calculated
using the following formula:

PM
P= 7RT (8)
where Pis the pressure, Pa; T is the temperature, K; P is the critical
pressure, Pa; T¢ is the critical temperature, K; » is the acentric
factor; Z is the compressibility factor; M is the molar mass of the
molecule, kg/mol; R is the ideal gas constant, 8.314 J-mol~".K~;
and p is the density of the molecule, kg/m?>.

The viscosity of CO, was calculated using the model proposed
by Heidaryan et al. (2011), and the viscosities of alkanes were
determined using the model developed by Pedersen et al. (1984).
These parameters provided the input conditions for subsequent
CFD simulations and ensured that the model represented the
physical properties of CO; and oil under deep-reservoir conditions.

2.2. Molecular simulation

Molecular simulation has become a critical methodology for
investigating molecular motion and interaction mechanisms. In
molecular simulation systems, intermolecular interactions are
typically described using force field parameters. Among these, the
COMPASS force field is one of the most widely adopted due to its
versatility and high accuracy. This force field incorporates
comprehensive parameter sets for both organic and inorganic
materials, enabling precise simulations of a range of substances,
including small organic molecules, inorganics, polymers, metal
ions, metal oxides, and metallic materials (Sun, 1998; Yang et al.,
2021). In studies of CO, flooding, the COMPASS force field has
proven effective in accurately characterizing interactions between
CO; molecules and hydrocarbon molecules. It offers particular
advantages in simulating key processes such as interfacial
adsorption and molecular diffusion (Li et al., 2021). Overall, mo-
lecular simulations provide valuable insights into the microscopic
interaction mechanisms within CO»-oil-rock systems under HPHT
conditions, offering molecular-level theoretical support for un-
derstanding displacement processes.

2.2.1. Construction of the molecular model
In this study, Span-series surfactants and anionic surfactant
sodium bis(2-ethylhexyl) sulfosuccinate (AOT) were selected as

@

SiO,-H (Wall)

Ci5H3406 (Span 20) CgHig

C24H4605 (Span 60) CiHze

C24H4406 (Span 80) CiHyo

CaoHeNa0,S (AOT)

CO,

Petroleum Science 23 (2026) 7374-7398

the target chemical agents, primarily due to their excellent ther-
mal and chemical stability (Lu et al., 2023). Compared with poly-
mers that are prone to thermal degradation at high temperatures
or alkaline solutions that tend to precipitate in high-salinity for-
mation water, the non-ionic surfactant Span 20 maintains high
interfacial activity under elevated temperatures (Moniruzzaman
et al,, 2010). In addition, the unique double-branched hydropho-
bic tail structure of AOT, combined with the strong affinity of Span-
series surfactants for CO,, endows them with excellent solubility
in supercritical CO,. This enables significant reduction of the MMP
between CO, and crude oil (Wang et al., 2023; Zhang et al., 2020b).
More importantly, these small-molecule chemical agents can
readily penetrate pore spaces that are inaccessible to polymers (Li
et al., 2023a), effectively inhibiting the deposition and adhesion of
polar components from crude oil on pore walls, thereby ensuring
long-term effectiveness of fluid regulation in deep reservoirs
(Zhang et al., 2018).

First, molecular models of CO,, C4, C8, C12, AOT, Span 20, Span
60, Span 80, and the pore walls were constructed based on their
molecular formulas (Fig. 2(a)). The pore walls were modeled using
hydroxylated silica (SiO2-H) arranged in an ordered configuration
to form fixed top and bottom boundaries of the simulation box.
The dimensions of the simulation box were 78.61 A x 34.04 A x
54.07 A, with a 42 A vacuum layer placed between the walls to
accommodate the fluid molecules (Fig. 2(b)). Qil, CO5, and chem-
ical agents were then positioned on opposite sides of the pore
within the simulation box to establish the initial CO5-oil-chemical
agent system. Fig. 2(b) shows the construction of the simulation
box for the CO,-C8 system; the same methodology was applied for
to the other systems.

2.2.2. Molecular dynamics simulations

Prior to the molecular dynamics simulations, all molecular
structures were subjected to geometry optimization to achieve
their global minimum-energy configurations. This step eliminates
high-energy conformations arising from molecular overlap or
unreasonable spatial arrangements during model construction,
thereby ensuring that the molecules reside in their most stable
energy states. It also helps prevent simulation instability and
convergence issues caused by excessively high initial energies
(Guénolé et al., 2020). During the simulations, the Nose-Hoover
thermostat and Berendsen barostat were employed to precisely
control temperature and pressure, maintaining the system at
388.15 K and 55 MPa to replicate actual supercritical CO, flooding
conditions (Li et al., 2022b). The molecular dynamics simulations
were run for 1000 ps with a timestep of 1 fs, and trajectory data
were recorded every 1000 steps. This approach allowed

(b)

Fig. 2. Molecular models used in the simulations. (a) Molecular formulas and corresponding three-dimensional structures; (b) simulation box constructed for different molecule

systems.
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comprehensive capture of molecular distributions, interfacial
behavior, and mass transfer characteristics throughout the system
evolution, providing essential data for subsequent microscopic
mechanism analysis.

2.2.3. Simulation analysis

In molecular simulations, the relationship between mean
square displacement (MSD) and the diffusion coefficient provides
a fundamental theoretical basis for analyzing particle diffusion
behavior. By monitoring the temporal evolution of MSD, the
diffusion coefficients of CO, molecules in different hydrocarbon
systems can be accurately determined (Wang et al., 2024c). Ac-
cording to Einstein's diffusion theory, for freely diffusing particles,
the MSD exhibits a linear relationship with time. The diffusion
coefficient (D) is calculated as one-sixth of the slope of the MSD
curve:

N
MSD= 3150~ i0)° (9)
p—tiimd XN: [ri(t) — r;(0))? g (10)
" BN t—odt &= R T M

where N is the total number of diffusing molecules, r; (t) and r; (0)
are the position vectors of molecule i at time t and 0, respectively,
A; Kusp represents the slope of the MSD curve, and D is the
diffusion coefficient, 108 m?/s.

The intermolecular interaction energy quantifies the energetic
contributions from various intermolecular forces, providing crit-
ical insights for into molecular behavior and interactions (Yu et al.,
2023). A negative value of interaction energy indicates attractive
forces, whereas a positive value indicates repulsive forces. The
interaction energy is calculated as:
Eanp=Eaip —Ea—Ep (11)
where Eppg is the interaction energy between substance A and
substance B in the system, kJ/mol; Ea . p is the total energy of the
combined A-B system, kJ/mol; Ea is the total energy of substance
A, kJ/mol; and Eg is the total energy of substance B, kJ/mol.

2.3. CFD simulation

2.3.1. Governing equations

CFD simulations are based on the Navier-Stokes equations and
species transport equations to model fluid dynamics and mass
transfer processes. The Navier-Stokes equations describe the mo-
tion of fluid, while the species transport equations govern the
transport of different chemical species within the fluid. These
equations are solved simultaneously using the finite element
method for discretization, enabling accurate representation of
complex flow and transport phenomena.

The Navier-Stokes equations, together with the continuity
equation, characterize the dynamics of fluid motion and mass
conservation (Aziz et al., 2020):

p%—kp(u-V)u:V~[—p1+/4(Vu+(Vu)T”+F (12)
PV U=0 (13)

where p is the fluid density, kg/m>; u is the fluid velocity, m/s; p is
the fluid pressure, Pa; I is the unit tensor; u is the dynamic vis-
cosity, Pa-s; and F is the body force, N/m?>.
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The miscible behavior of the fluid is characterized by the
convection-diffusion equation. The Navier-Stokes equations are
coupled with the mass transfer equation through the fluid velocity
u. This coupling allows simultaneous description of the miscibility
process and the displacement process between CO; and oil (Yan
et al., 2023):

Ci(V~u)—V-(DiVCf)+ (%-FU'VCI') :Ri (14)
pu=n->"(p-DiVc; + pucin) (15)

1

where c; represents the mass concentration of component; u is the
fluid velocity, m/s; D; is the diffusion coefficient of the component
i, m?/s; R; denotes the mass source term due to reaction; n is the
unit vector; and p is the fluid density, kg/m?>.

2.3.2. Porous media model

The pore structure model was first reconstructed from CT-
scanned core slices by distinguishing pores from rock grains. The
core images were processed through binarization to extract a
realistic pore structure model while preserving key geological
details to ensure structural authenticity. A rectangular porous
medium domain, 3000 pm in length and 1500 pm in width, was
then extracted from the center of the binarized image for pore-
scale simulations. In addition, a 1500 pum x 200 pm rectangular
injection zone was attached to the left side of the porous medium
to facilitate fluid injection (Fig. 3).

The model was discretized using a free triangular mesh,
generating a total of 351,377 elements. The mesh featured non-
uniform element sizes, with minimum and maximum di-
mensions of 1.50 pm and 52.5 pm, respectively, which provided
sufficient resolution for the complex pore geometries. Simulations
were conducted under isothermal-isobaric conditions at 388.15 K
and 55 MPa. No-slip boundary conditions were applied to all walls
except the inlet and outlet. Initially, the porous medium was fully
saturated with oil, while the left injection zone was pre-filled with
CO; and the chemical agent. During dynamic simulation, CO; and
chemical agent were co-injected at a constant velocity of
1 x 10~4 m/s through the left boundary (injection inlet), while the
right boundary served as the pressure outlet maintained at 55 MPa
to ensure miscible displacement throughout the process.

2.4. Microscopic seepage experiment

Ten micromodel experiments were conducted to validate the
numerical model. The first five experiments utilized single-pore
chips to isolate the effect of pore type (macropore, small pores,
blind-end), while the remaining five employed etched-glass
porous media chips to evaluate the performance of chemical ad-
ditives during CO,-oil-water displacement.

2.4.1. Materials

The fluids used included CO, (99.9%, Qingdao Deyi), deionized
water (Wahaha Group), n-octane (>99%), kerosene, Sudan III,
methylene blue, petroleum ether, anhydrous ethanol, Span 20,
Span 60, Span 80, AOT and dehydrated crude oil supplied by
Shengli Oilfield. All reagents except the crude were analytical
grade and purchased from either Macklin or Aladdin Biochemical.

2.4.2. Apparatus

The experimental apparatus consisted of inverted microscope
(Leica DMi8, Germany) equipped with a high-speed camera
(Photron, SA-Z, Japan), a precision syringe pump (Harvard
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Fig. 3. Construction process of the porous media model.

Apparatus, PHD, 2000; USA) and two microfluidic chips. One chip
was made of Polymethyl Methacrylate (PMMA) and featured a
300 pm main channel connected to a 200 pm side channel and a
100 pm blind-end pore; the right end served as the inlet, while the
left end provided outlets for both the side channel and the blind-
end pore (Fig. 4). The second chip was etched in glass and
represented a porous medium (overall 45 mm x 45 mm) with
pore-throat diameters ranging from 20 to 80 pm; the inlet was
located at the lower right corner and the outlet at the upper left
corner (Fig. 4).

2.4.3. Experimental procedure
Prior to each experiment, the working fluids were carefully
prepared. Deionized water was dyed with 0.25 wt% methylene

Macropore
Width = 300 pm

'

blue. Both n-octane and simulation oil were formulated with
0.5 wt¥% of Span 20, Span 60, Span 80 or AOT, while additive-free
fluids served as blank controls. The n-octane was additionally
stained with 0.25 wt% Sudan IIl to enhance phase contrast,
whereas the black simulated oil required no dye. The microfluidic
chips were first flushed with petroleum ether to remove oil and
organic contaminants, then rinsed with anhydrous ethanol to
eliminate water-soluble residues, and finally washed with deion-
ized water and dried under a CO, stream.

For the PMMA chip, the pore was fully saturated with oil at an
injection rate of 1 uL/min, after followed by CO, injection at the
same rate until breakthrough. Recovery efficiency was determined
by quantifying the residual oil film thickness on the pore walls and
the fraction trapped in the blind-end pores. Each chemical additive

Inlet

45 mm

A A A A 2 2 4

45 mm Outlet

Fig. 4. Microfluidic chips used the experiments.
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Table 1
Experiment scheme of the microscopic seepage experiments.
Experiment  Chemicals 0il Gas  Microfluidic
scheme chip
0] — Simulated CO,
@ 0.5% Span 20  oil
® 0.5% Span 60
® 0.5% Span 80
® 0.5% AOT
® — c8
@ 0.5% Span 20
0.5% Span 60
® 0.5% Span 80
0.5% AOT

was tested in duplicate. For the etched-glass chip, deionized water
was first injected, followed by n-octane at 2 uL/min, CO, was then
injected at 2 pL/min until breakthrough. The oil recovery factor
was calculated based on the areal distribution of the colored
phases. All experiments were repeated for each chemical formu-
lation, with the detailed experimental scheme provided in Table 1.

3. Results and discussion
3.1. Miscibility of CO, with oil

3.1.1. Miscibility process

The miscibility process between CO, and oils with different
carbon chain lengths (C4, C8, and C12) at 388.15 K and 55 MPa was
investigated using molecular simulations. Fig. 5 illustrates the
dynamic evolution of miscibility in the C8 system. Initially, CO;
and C8 molecules are segregated on the right and left sides of the
pore, respectively. As the simulation proceeds, the interfacial
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region gradually diffuses, as evidenced by the simultaneous in-
crease in C8 molecules within the CO, phase and CO, molecules
within the C8 phase, eventually reaching dynamic equilibrium.
Notably, significant differences were observed in the kinetics of
approaching miscible equilibrium among oil systems with
different chain lengths (Appendix A Figs. S1 and S2).

To quantitatively characterize the miscibility kinetics, the
temporal evolution of relative component concentrations was
analyzed for the C8-CO, system. It should be noted that incom-
plete pore filling after geometric optimization led to a transient
increase in concentration at both sides during the early stages of
the simulation (Fig. 6). However, after approximately 10 ps, the
system exhibited typical miscible behavior: the concentrations of
oil components in the CO, phase and CO; in the oil phase increased
monotonically until reaching a stable state. Comparative analysis
revealed that the rate of concentration increase became signifi-
cantly slower with increasing oil chain length (Appendix A Figs. S3
and S4). This indicates that CO, interacts more strongly with
lighter components (e.g., C4) under the same temperature and
pressure conditions, thereby facilitating faster achievement of
miscibility.

To quantify the effect of chemical agents on the miscibility
between C8 and CO,, the relative concentration distributions in
both phases were statistically analyzed at equilibrium under
different chemical conditions. The results show that, compared
with the chemical-free system, the concentrations of C8 in the CO,
phase and CO- in the C8 phase both increased significantly after
the addition of chemicals (Fig. 7), indicating enhanced miscibility.
Further analysis reveals that the chemical agents increased the
average concentrations of C8 in the CO, phase and CO; in the C8
phase, although their effects differed. Span 20 primarily increased
the concentration of C8 in the CO, phase, whereas AOT more
effectively enhanced the concentration of CO; in the C8 phase.
These findings suggest that Span 20 preferentially promotes the
migration of C8 molecules into the CO, phase (extraction effect),
while AOT strengthens the dissolution of CO; into the C8 phase.

50 ps

1000 ps

Fig. 5. The miscible process of CO, and C8.
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3.1.2. Miscible degree

To quantitatively evaluate the effect of chemical agents on CO,-
oil miscibility, this study proposes a novel quantitative
characterization method for the miscibility degree. This approach
utilizes statistical features of the relative CO, concentration dis-
tributions and defines the miscibility degree as the difference
between the 75th percentile (Q3) and the 25th percentile (Qq)
values. The procedure involves: (1) statistical analysis of CO,
relative concentration distributions at different simulation time-
steps; (2) determination of Q3 and Qi for each timestep; (3)
calculation of the interquartile range in relative concentration; and
(4) normalization relative to the initial state (with the miscibility
degree defined as 0 at t = 0). Compared with existing methods (Lv
et al., 2023), this approach offers enhanced robustness by effec-
tively mitigating the interference from outliers. The miscibility
degree index for quantitatively characterizes CO,-oil miscibility at
the microscale is defined as:

Raa: —Rya:
3/4,i 1/4.i « 100%

M=1— 247 4l
R3/40 — R1/a0

(16)
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where R34 and Ryj4,; denote the 75th and 25th percentiles of the
CO; relative concentration distribution at time i, respectively; R3,
a0 and Ry 40 represent the corresponding initial values at t = 0.
Similar characterization methods have been successfully
applied and validated in previous studies. Researchers have used
indices similar to the one proposed here to quantify the miscibility
degree between CO, and crude oil, with good agreement between
calculated results and experimental data (Wang et al., 2023; Lv
et al., 2023). This method is not only applicable to CO,-alkane
systems but has also been successfully extended to CO-actual
crude oil systems. Even in the presence of chemical additives, the
calculated miscibility degrees showed strong consistency with
experimental observations, confirming the universality of this
index across different CO2-crude oil systems. The miscibility de-
gree increased with simulation time for all oil types. However, CO,
exhibited significantly higher miscibility with light oil than with
medium or heavy oils (Fig. 8(a)), indicating its preferential misci-
bility with lighter components. To improve miscibility with long-
chain hydrocarbons, C8 was selected as a model system to eval-
uate four chemical agents (Span 20, Span 80, Span 60, and AOT) at
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Fig. 8. Miscibility of CO, and oil in different systems. (a) Miscibility of CO, with different oils; (b) miscibility of CO, with C8 under different chemical agent conditions.

a concentration of 0.5 wt%. The miscibility degree analysis
demonstrated that Span 20 provided the most substantial
enhancement in CO,-C8 miscibility within the simulated time-
frame, while other surfactants showed limited effects (Fig. 8(b)).
Consequently, Span 20 was selected for subsequent concentration
optimization studies.

3.2. Mechanism of action of chemical agents

3.2.1. Dissolution

To quantitatively characterize the dissolution behavior of CO,
in different oils, the temporal evolution of the total number of CO,
molecules and the number of CO, molecules dissolved in the oil
phase was statistically analyzed. The solubility of CO, in oil was
defined as:

_ Noil_co,

Sco, =
Nt_co,

(17)

2

where Scq, represents the solubility of CO; in 0il; Nyj_co, is the
number of CO, molecules in the oil phase; and N;_co, is the total
number of CO, molecules in the pore.

(@) 50
- Cc4

- 454 —@— C8
> —A— c12
g 40 1 —w— C8+0.5% Span 20
Q —4@— C8+0.5% Span 60
% 354 ¢~ C8+0.5% Span 80
= —p— C8+0.5% AOT
o 30 4
{4}
£
T 254
<
d 20 A £
= g
ks i 305
4 15 2
5 10
© 58
a g

54 s <

[

400 600 800

Time, ps

1000

This study quantitatively analyzed the dissolution characteris-
tics of CO, in C4, C8, and C12 oil systems by tracking the number of
CO, molecules within the oil phase over simulation time. The re-
sults reveal significant differences in dissolution behavior: CO,
exhibited the highest solubility in light component C4, with an
average solubility of 35.34%, while showing comparable dissolu-
tion capacities in the C8 and C12 systems (Fig. 9(a)). Chemical
additives influenced CO; dissolution to varying degrees. In the C8
system, Span 60 and Span 80 increased CO, solubility by approx-
imately 19%, whereas Span 20 and AOT showed negligible effects.
Notably, although 0.5 wt% Span 20 delayed the dissolution process
during the initial 500 ps, the final solubility reached levels com-
parable to the additive-free control (Fig. 9(a)). Systematic inves-
tigation of Span 20 concentration effects demonstrated that all
concentrations except 0.5 wt% enhanced CO, dissolution, with
0.1 wt% providing the most significant improvement (a 20.64%
increase in solubility) (Fig. 9(b)). These findings indicate that
0.1 wt% Span 20 as the optimal concentration for enhancing CO,
dissolution in the C8 systems.

3.2.2. Extraction
To quantitatively characterize the extraction capacity of CO, for
oil, the temporal evolution of the total number of oil molecules
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Fig. 9. Effect of chemicals on the solubility of CO, in C8. (a) Solubility of CO, under different chemical conditions; (b) average solubility of CO, at different Span 20 concentrations.
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and the number of oil molecules entering the CO, phase was
tracked. The extraction efficiency was defined as:

Nco, oil
E01l Nt—oil (18)
where Ey; represents the extraction efficiency of oil by CO»;
Nco,—oil is the number of oil molecules in the CO; phase; and N;_;
is the total number of oil molecules in the pore.

This study systematically analyzed the extraction characteris-
tics of CO; for oils with varying carbon chain lengths by moni-
toring the number of oil molecules within the CO, phase over
simulation time. The results show that extraction efficiency is
strongly component-dependent: CO, achieved an average extrac-
tion efficiency of 30.56% for the light component C4, while the
efficiencies for C8 and C12 remained approximately 20% within the
simulated timeframe (Fig. 10(a)). This confirms the preferential
extraction of lighter components by CO,. When chemical additives
were introduced at 0.5 wt%, all agents enhanced the extraction
efficiency of C8, albeit to different extents. Span 20 exhibited the
largest improvement (27.3%), followed by Span 60 (25.46%) and
AOT (23.03%), while Span 80 provided only limited enhancement
(Fig. 10(a)). This indicates that Span 20 has superior efficacy in
promoting C8 extraction at equivalent concentrations. Further
concentration optimization revealed a clear concentration
dependence for Span 20: concentrations below 0.8 wt% universally
enhanced extraction, whereas 0.8 wt% and 0.9 wt% resulted in a
notable reduction. Importantly, 0.5 wt% Span 20 yielded the
greatest improvement in extraction efficiency, increasing it by
44.60% compared with the additive-free system (Fig. 10(b)). These
results provide valuable guidance for the selection of optimal
chemical concentrations in field applications.

3.2.3. Diffusion

To eliminate the influence of initial system non-equilibrium,
the latter 80% of simulation time was selected for diffusion coef-
ficient calculations. The results indicate minimal variation in CO;
diffusion coefficients across different oil systems and chemical
agents, with values consistently around 0.6 x 10~% m?fs
(Fig. 11(a)). Notably, only 0.1 wt% Span 20 significantly enhanced
CO; diffusion in the C8 system, increasing the diffusion coefficient
by 12.38% (Fig. 11(b)). Experimental studies have shown that CO,
diffusion coefficients in crude oil increase rapidly with pressure in
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the lower pressure ranges but tend to stabilize at higher pressures
(Li et al., 2016). Based on experiment data from this reference, a
logarithmic fitting relationship was established, yielding a diffu-
sion coefficient of 0.176 x 10~8 m?/s at 55 MPa (Fig. 12(a)). This
value differs significantly from the simulation results due to
fundamental differences in the models: the simulations employed
an ideal pore model, whereas experimental data were obtained
from actual core samples with complex geometric features and
tortuosity, which are factors known to strongly influence fluid
diffusion (Gao et al., 2019). Specifically, CO, diffusion coefficients
in cores with a tortuosity of 1.87 were approximately 25 times
higher than those in cores with tortuosity of 5.39 (Fig. 12(b)). In
addition, the CO, diffusion coefficients in different alkane com-
ponents calculated from molecular simulations were compared
with publicly reported experimental data (Table 2). The compari-
son shows that the diffusion coefficients obtained in this study are
of the same order of magnitude as those reported for light to
medium crude oil systems, with consistent trends. For heavy oil-
asphaltene systems, the diffusion coefficients are markedly
lower due to higher viscosity, which aligns well with the physical
trends observed in this study. Literature data under varying pres-
sure, temperature, and viscosity conditions further confirm that
the simulation method and parameter calculations presented here
are consistent with general experimental and field observations.
This validates the rationality and reliability of the cross-scale
parameter transfer within the multiscale coupling framework.

3.2.4. Interaction

To elucidate the mechanism of chemical agents, the interaction
energy between CO; and different oil systems was calculated. The
analysis shows that interaction energies increased with simulation
time in all systems, eventually approaching equilibrium (Fig. 13).
Notably, the interaction energy between CO, and the light
component C4 was significantly higher than those for the C8 and
C12 systems. This provides molecular-scale evidence for the
preferential interaction of CO, with lighter components and its
efficient extraction of such fractions. These simulation results are
consistent with previous observations in which C8, C12, and C16
were used to represent light, medium, and heavy oils, respectively.
Those studies reported that the absolute value of interaction en-
ergy decreased with increasing hydrocarbon chain length (Liu
et al, 2024). This agreement confirms that lighter components
exhibit stronger molecular-scale interactions with CO,, offering
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Fig. 10. Effect of chemicals on CO, extraction rate. (a) CO, extraction rate from oil in different systems; (b) average CO, extraction rate from C8 in different Span 20 concentrations.
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Table 2

The comparison of diffusion coefficients between this study and experimental conditions.
Type of oil Pressure, MPa Temperature, K Viscosity, mPa-s Diffusion coefficient, x Source

108 m?/s

Butane 55.00 388.15 0.140 (388.15 K) 0.8513 This study (Molecular
Octane 0.285 (388.15 K) 0.6592 simulation)
Dodecane 0.406 (388.15 K) 0.6505
Bitumen 4.00 363.15 767 (368.15 K) 0.0470 Upreti and Mehrotra (2000)
Heavy oil 3.50 294.55 12,854 (294.55 K) 0.0430 Zheng et al. (2016)
Decane 6.00 308.15 — 0.4580 Liu et al. (2016)
Light oil 29.94 403.15 10 (353.15K) 0.1276 Li et al. (2016)
Light oil 14.56 298.15 7.26 (323.15 K) 0.6704 Li et al. (2018)
Light oil 30.00 353.15 1.23 (353.15 K) 0.5450 Gao et al. (2019)
Heavy oil 5.00 393.15 179 (294.15K) 0.5778 Zhou et al. (2020)
Medium oil 2.82 323.15 5.00 (323.15K) 0.4000 Ssebadduka et al. (2020)
Paraffin 9.00 313.75 0.012 (313.75K) 0.1000 Liu et al. (2022b)

theoretical insights into the selective extraction mechanisms et al., 2023; Li et al., 2023a). The experiments demonstrated that
during CO; flooding. Furthermore, recent experimental studies the addition of surfactants can significantly reduce the interfacial
provide strong support for the present simulation results (Wang tension between CO; and crude oil and shift the wettability from
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oil-wet to CO,-wet, thereby quantitatively confirming the ability
of chemical agents to reduce interfacial resistance and eliminate
oil adhesion on pore walls.

Studies have shown that when CO, and crude oil have com-
parable molecular weights, their intermolecular interactions may
not dominate factor controlling miscibility behavior (Wang et al.,
2021). Consequently, the interaction energy between oil and
pore walls was calculated. The results demonstrate that all
chemical additives reduced the interaction energy between the
pore walls and C8, with 0.5 wt% AOT producing the most signifi-
cant reduction (Fig. 14). In the AOT system, molecular distribution
analysis revealed that AOT molecules preferentially accumulated
near the pore walls after being added to the CO,-C8 system
(Fig. 15). The unique amphiphilic structure of AOT, which contains
both hydrophobic and hydrophilic groups, promotes its accumu-
lation at the interface, effectively weakening the oil-wall in-
teractions. Experimental results further confirm that the addition
of AOT enables more effective stripping of crude oil from the pore
walls, thereby improving recovery (Fig. 28). These findings verify
that chemical agents enhance oil recovery by reducing adhesion
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Fig. 14. The interaction energy between C8 and pore wall under different chemical
conditions.
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forces between the oil and pore walls, thereby promoting the
desorption of adsorbed crude oil. Overall, this study provides
molecular-level insights into chemically enhanced recovery
mechanisms and offers potential solutions to the challenges
identified by Huang et al. (2024), specifically the thickening of the
adsorbed oil layer and the resulting reduction in effective pore
volume during reservoir depressurization.

To further investigate the concentration-dependent effect of
Span 20 on oil desorption, the interaction energy between C8 and
pore walls was systematically evaluated across a range of Span 20
concentrations (Appendix A Fig. S5). Statistical analysis of average
interaction energies at different concentrations (Fig. 16) reveals
that Span 20 consistently reduced the C8-wall interaction energy,
exhibiting a clear concentration dependence. Importantly, the
minimum average interaction energy occurred at 0.2 wt% Span 20,
indicating optimal oil-stripping efficacy at this concentration.
These findings establish 0.2 wt% Span 20 as the theoretically
optimal concentration for field applications, as it maximizes the
desorption of adsorbed crude oil from pore walls and thereby
enhance oil recovery.

3.3. Microscopic seepage

To investigate pore-scale effects of chemical agents on CO;
flooding, this study developed a microscopic oil displacement
model that incorporates the chemical mechanisms of chemical
assistance. The model integrates the modifications induced by
chemical agents on CO, dissolution, extraction efficiency, and
diffusion behavior, thereby enabling accurate characterization of
microscopic seepage patterns during chemical-assisted CO;
flooding.

3.3.1. CFD simulation parameters

Key physical properties, including viscosity and density of
CO; and oil under reservoir conditions, as well as the molar
mass and density of chemical agents, were determined through
theoretical calculations (Table 3). These parameters served as
essential inputs for the CFD simulations. Fluid-wall interactions
were governed by wall boundary conditions: no-slip conditions
represent intermediate wettability, positive slip values corre-
spond to water-wet conditions, and negative slip values indi-
cate oil-wet conditions (Vinogradova, 1995). Accordingly, the
chemical-free CFD model employed no-slip boundary condi-
tions, while systems containing chemical additives adopted
positive-slip conditions. To quantitatively incorporate the
chemical effects, a reaction source term was introduced into
the CFD model based on the molecular simulation results. This
term was used to simulate the influence of chemical agents on
CO, dissolution and extraction in oil. Relative to the chemical-
free baseline (defined as 100%), values of solubility or extrac-
tion efficiency greater than 100% indicates enhancement, while
values below 100% indicate inhibition. Simulations confirmed
that all tested chemicals improved CO, dissolution capacity and
extraction efficiency. The effects of chemicals on CO; solubility
and the corresponding model fittings are shown in Fig. 17,
while their effects on extraction processes are presented in
Fig. 18.

3.3.2. Influencing factor

Seven CFD simulation cases were designed to investigate the
effects of different oils and chemical agents on microscopic
seepage characteristics (Table 4). C4, C8, and C12 were selected to
represent light, medium, and heavy oils, respectively. Chemical
agents included 0.5 wt% Span 20, Span 60, Span 80 (non-ionic
surfactants), as well as AOT (anionic surfactant). This design
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Fig. 16. The average interaction energy between C8 and pore wall under different
Span 20 concentrations.

enables a systematic evaluation of how different surfactant types
regulate microscopic seepage behavior across oil compositions of
varying molecular weights.

3.3.2.1. Oil type. The microscopic flow behavior of C4, C8, and C12
oils during CO; flooding was simulated using schemes @, @, and
®. To comprehensively characterize fluid distribution dynamics,
snapshots of oil and CO; distributions at nine selected time points
were captured for each scheme (Appendix B Figs. S1-S6). Specif-
ically, Figs. S1, S2, and S3 in Appendix B illustrate the microscopic
seepage processes for C4, C8, and C12, respectively, while Figs. S4,
S5, and S6 show the corresponding CO; flow behaviors. Given the
large number of snapshots, the characteristic distributions at 7 s
were selected for comparative analysis (Figs. 19 and 20). Fig. 19
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Table 3
Fundamental fluid properties of CFD simulation.

Materials Molar mass, g/mol Density, g/cm> Viscosity, mPa-s
c4 58.14 0.6161 0.1400

c8 114.26 0.6747 0.2850

C12 170.34 0.6671 0.4060

CO, 44.01 0.8229 0.0734

AOT 444.56 1.1 —

Span 20 346.46 1.1 —

Span 60 430.62 1.1 —

Span 80 428.6 1.1

presents the oil distributions for different oils, and Fig. 20 shows
CO, distributions under the corresponding conditions. Initially, the
porous medium was fully saturated with oil (red). During flooding
process, the color gradient from red to blue visually represents the
progressive miscibility between CO, and oil (Fig. 19). The results
indicate that oil preferentially flowed through larger pore chan-
nels, while residual oil primarily remained in small pore and blind-
end. Moreover, the amount of residual oil increased significantly
with longer carbon chain length. The CO, distribution character-
istics (Fig. 20) revealed superior miscibility with lighter oils, which
is consistent with the recovery statistics. Oil displacement effi-
ciency increased progressively with decreasing carbon chain
length (Fig. 23), confirming that lighter components are more
readily produced in CO; miscible flooding.

3.3.2.2. Chemical agent type. The microscopic flow processes un-
der chemical additive schemes @, ®, ®, and @ were simulated,
with oil and CO; distribution characteristics captured at multiple
time points. For comparative analysis, the distributions at 7 s un-
der different chemical conditions were selected (Figs. 21 and 22).
The results show that all chemical additives significantly reduced
residual oil saturation and accelerated the miscibility process be-
tween CO; and C8. Among the four chemical agents, the anionic
surfactant AOT exhibited the least effective enhancement of
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Fig. 17. Effect of different chemicals on the solubility of CO, in C8. (a) 0.5% Span 20 on the solubility of CO, in C8; (b) 0.5% Span 60 on the solubility of CO, in C8; (c¢) 0.5% Span 80

on the solubility of CO, in C8; (d) 0.5% AOT on the solubility of CO, in C8.

miscibility, leaving higher residual oil saturation in small pore and
blind-end (Fig. 21). In contrast, among the non-ionic surfactants,
Span 20 demonstrated superior performance in mobilizing oil
trapped in small and dead-end pores, while Span 60 and Span 80
showed comparable enhancement effects. The CO, concentration
distributions further revealed that Span 20 substantially improved
CO, penetration into small pores and blind-end. Under AOT
treatment, the CO, concentration within the oil phase was notably
lower than that achieved with the other chemical agents (Fig. 22).

Subsequent statistical analysis of oil recovery across all simu-
lation schemes revealed that, in the absence of chemical additives,
the ultimate recovery for all oils failed to reach the theoretical
maximum of 100% due to the intermediate wettability of the pore
walls (Fig. 23). The addition of chemicals significantly improved oil
displacement efficiency by altering rock wettability and regulating
CO, dissolution, extraction, and diffusion within the oil phase.
Comparative analysis showed notable differences in the perfor-
mance of the chemical agents. Span 20 provided the greatest
enhancement in oil recovery efficiency, followed by Span 60 and
Span 80 with comparable effects, while AOT was the least effective
(Fig. 23). These results indicate that non-ionic surfactants,
particularly Span 20, effectively accelerate CO,-oil miscibility,
thereby enhancing both dissolution and extraction processes. The
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findings are consistent with experimental observations that non-
ionic surfactants promote miscibility and modify wettability,
with improved performance under HTHP conditions (Li et al.,
2023a). Overall, the simulations validate the technical feasibility
of chemical-assisted CO; flooding for the efficient development of
deep reservoirs.

To quantitatively compare the recovery enhancement induced
by chemical additives under simulated and experimental porous
media conditions, the simulation snapshot shown in Fig. 21 was
processed to calculate the corresponding oil recovery. The results
show that Span 20 produced the largest increment, followed by
Span 60 and Span 80 with similar improvements, while AOT was
the least effective. Without chemical additives, the recovery was
54.31%. After the addition of Span 20, Span 60, Span 80, and AOT,
the recovery increased 77.02%, 64.46%, 68.95%, and 40.57%,
respectively (Fig. 24(b)). Experimentally, images captured at CO;
breakthrough were analyzed to determine the recovery. In the
absence of chemicals, the recovery was 20.32%. All surfactants
increased this value, with Span 20 enabling CO; to invade a larger
fraction of pores and yielding the greatest improvement. Span 60
and Span 80 provided comparable gains, whereas AOT was the
least effective (Fig. 24(a)). The discrepancy between simulation
and experiment is partly attributed to the differing abilities of the
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Fig. 18. Effect of different chemicals on CO, extraction in C8. (a) 0.5% Span 20 on CO, extraction in C8; (b) 0.5% Span 60 on CO, extraction in C8; (c) 0.5% Span 80 on CO, extraction

in C8; (d) 0.5% AOT on CO; extraction in C8.

Table 4
CFD simulation scheme.

Simulation Injection Qil Diffusion coefficient, x
scheme medium 10-8 m?/s

® CO, c4 0.6047

@ CO, Cc8 0.6032

® CO, C12 0.6188

@ CO; + 0.5% Span 20 c8 0.6190

® CO;, + 0.5% Span 60 Cc8 0.5838

® CO;, + 0.5% Span 80 Cc8 0.6889

@ CO, + 0.5% AOT c8 0.6051

surfactants to detach oil films from pore walls. Span 20 consis-
tently outperforms the other additives in macropore, small pore,
and blind-end (Fig. 28). Overall, the comparison shows that the
smallest discrepancy occurred for Span 20, and consistent trends
were observed for the remaining surfactants (Fig. 24(b)).

3.3.2.3. Pore type. The oil recovery characteristics in different pore
types (macropore, small pore, and blind-end) were monitored and
analyzed (Figs. 25-27), with displacement efficiency quantitatively
evaluated using the ratio of the area enclosed by recovery curves to
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the total coordinate area. The results indicate that in macropore,
the oil displacement efficiencies for C4, C8, and C12 reached
83.56%, 80.10%, and 78.30%, respectively, with C4 exceeding C8 and
C12 by 3.47% and 5.27%. After the addition of chemical agents, the
recovery of C8 increased with all additives (Fig. 25). Specifically,
Span 20 achieved the highest efficiency of 87.67%, followed by
Span 60 (86.71%), Span 80 (86.98%), and AOT (85.58%). Overall, the
chemical agents provided relatively limited enhancement in
macropore. At a concentration of 0.5%, Span 20 improved the
displacement efficiency by 7.57%, Span 60 by 6.62%, Span 80 by
6.88%, and AOT by 5.48%.

Systematic analysis of oil displacement efficiency in small pore
was subsequently conducted (Fig. 26). The baseline displacement
efficiencies for C4, C8, and C12 in small pore were 77.51%, 73.94%,
and 72.00%, respectively, with C4 exceeding C8 and C12 by 3.57%
and 5.51%. Chemical additives substantially enhanced the recovery
of C8. Span 20 achieved the highest efficiency of 86.52%, followed
by Span 60 (85.49%), Span 80 (85.80%), and AOT (84.19%). These
data clearly demonstrate significant improvement in displacement
efficiency within small pore for C8 under chemical treatment. At a
concentration of 0.5%, the efficiency increased by 12.57% with Span
20, 11.54% with Span 60, 11.85% with Span 80, and 10.24% with AOT.
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Fig. 21. The distribution characteristics of C8 under different chemical conditions at 7 s.
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Fig. 23. Oil recovery under different schemes.

Analysis of oil displacement efficiency in dead-end concluded
this section (Fig. 27). The baseline displacement efficiencies for
C4, C8, and C12 in blind-end were 70.12%, 64.73%, and 62.19%,
respectively, with C4 exceeding C8 and C12 by 5.39% and 7.93%.
Chemical additives markedly enhanced the recovery of C8 in
blind-end: Span 20 achieved 80.78% efficiency (a 16.05% in-
crease), Span 60 reached 78.57% (a 13.84% increase), Span 80
attained 78.73% (a 14.00% increase), and AOT yielded 73.82% (a
9.09% increase). Notably, compared with macropore and small
pore, Span 20 provided the most substantial enhancement in
blind-end (16.05% increase), demonstrating its particular effec-
tiveness in improving oil recovery from these challenging pore
structures.
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Microfluidic experiments corroborated the simulations results.
Recovery factors obtained for individual pore types enabled a
quantitative assessment of the chemical additives at the pore
scale. Regardless of the additive used, oil recovery in macropore
increased by approximately 8%. In small pore, Span 20 delivered
the largest increment (12.7%), whereas the other surfactants
enhanced recovery by approximately 9%. In blind-end, Span 20
increased recovery by 14.5%, Span 60 and Span 80 by 10.9% and
11.0%, respectively, and AOT by only 8.9% (Fig. 28(a)). The good
agreement between the experimental and simulation results val-
idates the predictive capability of the model for the chemically
assisted displacement (Fig. 28(b)).

In summary, the differences in oil displacement efficiency
among the tested oils became more pronounced as the pore type
changed from macropore to small pore and then to blind-end.
Specifically, the efficiency for C4 exceeded that for C12 by 5.27%
in macropore, 5.51% in small pore, and 7.93% in blind-end, indi-
cating that displacement efficiency consistently increases with
decreasing carbon chain length across all pore types. At a chemical
additive concentration of 0.5%, the recovery of C8 improved in all
pore types, but degree of enhancement varied. Span-series sur-
factants performed best in blind-end, with Span 20 achieving the
highest efficiency gain (16.05%). In contrast, AOT showed a distinct
enhancement pattern: +5.48% in macropore, +10.24% in small
pore, and +9.09% in blind-end. These findings suggest that Span-
series surfactants preferentially enhance oil recovery in chal-
lenging pore geometries (small pores and blind-end), whereas AOT
primarily improves efficiency in small pores.

3.3.3. Sensitivity analysis

To quantify the influence of key parameters on the performance
of chemical-assisted CO; flooding, a sensitivity analysis was con-
ducted based on the C8 + 0.5% Span 20 system, focusing on the
diffusion coefficient, CO, solubility, extraction efficiency, and in-
jection velocity. The results are shown in Fig. 29. The sensitivity
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Fig. 24. Recovery under different chemical agent conditions. (a) Snapshot of experimental results; (b) comparison of experimental and simulation results.
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Fig. 27. Oil recovery in blind-end under different schemes.

analysis of the diffusion coefficient shows that the peak of the
recovery curve increases by approximately 1.0% with each
doubling of the diffusion coefficient, indicating that under the
current conditions the mass transfer efficiency has already
approached its maximum, and thus its contribution to further
enhancing oil recovery is relatively limited (Fig. 29(a)). The effect
of CO, solubility exhibits a non-monotonic behavior. Within the
initial 0-3 s, the recovery shows a brief negative fluctuation, and
the negative trough deepens as the solubility increases. Subse-
quently, the recovery rapidly rebounds, reaching a positive peak
within 4-6 s (with a maximum improvement of about 5%). This
suggests that although high solubility may temporarily reduce
displacement efficiency at an early stage, it significantly enhances
recovery at a later stage (Fig. 29(b)). The improvement in recovery
due to extraction efficiency is second only to that due to the in-
jection rate, with a maximum increase exceeding 45%. Moreover,
the peak appears earlier as the parameter increases. Thus,
extraction efficiency is one of the key processes governing
displacement performance (Fig. 29(c)). The injection rate exhibits
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Fig. 29. Sensitivity of different parameters. (a) Diffusion coefficient; (b) solubility; (c) extraction efficiency; (d) injection velocity.
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the strongest sensitivity among the four parameters, with the
maximum improvement in recovery exceeding 80%. This indicates
that the injection rate directly controls the displacement pressure
gradient and sweep efficiency of CO, and is the dominant factor
affecting oil recovery. However, the enhancement gradually di-
minishes when the injection rate is increased by about fourfold
(Fig. 29(d)). A comprehensive comparison shows that the injection
rate and extraction efficiency are the core controlling parameters
affecting oil recovery, whereas the diffusion coefficient and CO,
solubility have relatively smaller impacts.

3.4. Optimization of chemical agent concentration

The integrated molecular and pore-scale results indicate that
0.5% Span 20 gives the best enhanced oil recovery performance in
the C8 system. Accordingly, this section focuses on optimizing the
Span 20 concentration for the C8 system at the pore scale. The
baseline simulation parameters are the same as those listed in
Table 3.

3.4.1. Optimization schemes and parameters

Nine Span 20 concentration schemes were designed for the C8
system, ranging from 0.1% to 1.0% at intervals of 0.1%. The 0.5% case
was already simulated in Section 3.3.1, so this part covers the
remaining eight concentrations. The detailed experimental
schemes and parameter settings are provided in Table 5.

Based on the molecular simulation results, the effects of vary-
ing Span 20 concentrations on CO; dissolution and extraction were
incorporated into the CFD model via reaction source terms.
Following the computational procedure described in Section 3.3.1,
the influence of Span 20 concentration (0.1%-1.0%) on CO, disso-
lution and extraction was quantitatively analyzed. The correlation
curves are provided in Appendix C (Figs. S1-S9 for dissolution and
Figs. S10-S18 for extraction, corresponding to the schemes in
Table 5). To accurately capture the concentration dependence,
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Fig. 30. Oil recovery under different Span 20 concentration conditions.

control functions for CO, dissolution and extraction at different
Span 20 concentrations were established based on fitting results
and are summarized in Table 6. These functions govern the
dissolution and extraction processes of CO, in the C8 system across
the tested concentrations.

3.4.2. Optimization results

Based on the molecular simulation results and the schemes
described above, nine simulation cases were conducted, and the
oil recovery rates were statistically analyzed (Fig. 30). Displace-
ment efficiency was quantified as the ratio of the area under the
recovery curves to the total area of the coordinate plane. The re-
sults show that displacement efficiency fluctuates with Span 20
concentration. Specifically, as the concentration increased from
0.1% to 0.2%, efficiency rose by 1.52%; from 0.2% to 0.4%, it dropped
by 6.41%; from 0.4% to 0.5%, it increased by 5.85%; from 0.5% to

g‘[))lz;imization scheme 0.7%, it decreased by 10.32%; and from 0.7% to 1.0%, it rose again by
' 9.36%. The peak efficiency occurred at 0.2% Span 20, while the
Simulation Concentration oil Diffusion minimum appeared at 0.7%, representing a difference of 10.88%.
scheme of Span 20 C:fgﬁ?ﬁ?zt/'s This non-monotonic behavior arises from the concentration-
dependent regulation of CO; dissolution, extraction, and diffu-
% 0.1% cs 06779 sion, combined with differential effects on oil recovery in macro-
® 0.2% 0.5712 . . .
® 03% 0.6068 pore, small pore, and blind-end. A comprehensive analysis
® 0.4% 0.5598 identifies 0.2% Span 20 as the optimal concentration for maxi-
® 0.6% 0.6337 mizing oil recovery through a synergistic mechanism.
® 0.7% 0.5579
0.8% 0.5960 . .
0.9% 0.5096 3.4.3. Adsorption loss of chemicals
® 1.0% 0.5520 In the multiscale simulation framework established in this
study, the selected optimal chemical agent exhibits good
Table 6
Solubility and extraction control functions at different concentrations of Span 20.
Concentration of Solubility control R? Extraction control R?
Span 20, % function function
0.1 y = 0.1354In(t) + 4.1044 93.76% y = 0.2117In(t) + 5.6627 94.84%
0.2 y = 0.1498In(t) + 4.2976 90.53% y =0.2901In(t) + 7.2563 87.87%
0.3 y = 0.1133In(t) + 3.4670 84.95% y = 0.2040In(t) + 5.3974 87.66%
0.4 y = 0.0980In(t) + 3.2482 95.95% y = 0.1068In(t) + 3.5123 91.00%
0.6 y = 0.0791In(t) + 2.7533 83.39% y = 0.1116In(t) + 3.5954 86.51%
0.7 y = 0.0410In(t) + 1.9446 86.09% y = 0.0911In(t) + 3.0901 88.71%
0.8 y = 0.0691In(t) + 2.5980 90.10% y = 0.1088In(t) + 3.2482 85.02%
0.9 y = 0.0993In(t) + 3.1813 91.24% y = 0.2360In(t) + 5.9743 88.33%
1 y = 0.1106In(t) + 3.4475 92.84% y = 0.3239In(t) + 7.9352 87.24%
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regulation performance and displacement adaptability under
specific conditions. However, whether a chemical agent that per-
forms well in an ideal environment can be effectively applied in
actual oilfield development is subject to multiple coupled factors,
including reservoir physicochemical interactions, geological
characteristics, production techniques, and economic viability
(Bhadani et al., 2016). In real reservoir environments, adsorption of
chemical agents is the primary cause of effective concentration
loss, and the actual conditions differ considerably from ideal ones.
Moreover, complex geological environments such as high salinity,
high clay content, and alkaline reservoirs can further exacerbate
chemical loss (Saxena et al., 2019; Liu et al., 2020). Previous studies
have confirmed that reservoirs with high clay content have a
strong adsorption and retention effect on chemical agents; the
concentration of the agent decays rapidly during transport along
the seepage pathways between injection and production wells,
with a loss rate of approximately 97% over a transport distance of
only 20 m (Wang et al., 2024d). In conventional field applications,
the injection concentration of chemical agents is usually
controlled within 0.2%-0.5%, of which adsorption loss accounts for
30%-50%. When the adsorption loss rate exceeds 50%, the eco-
nomic benefits of block development decline sharply (Ahmed
et al., 2022; Li and Lv, 2026). Relevant data indicate that if the
adsorption capacity of the reservoir rock for the chemical agent
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remains at 8-10 mg/g, the consumption of the agent in a single
development block will reach 25-30 t, greatly increasing devel-
opment costs and ultimately rendering the chemical agent
economically unviable for reservoirs with high clay content and
strong adsorption characteristics (Li and Lv, 2026). The adsorption
of chemical agents is commonly evaluated using a Langmuir-type
function (Muherei and Junin, 2009; Yusuf et al., 2021).

_ I'max x Ky xC

r= 1+K. xC (19)
The adsorption concentration per unit pore volume is given by:
1 - ¢)xDen x I
Cads _ ( 4’) rock (20)
¢
The actual injection concentration is:
Cact = Ceff + Cads (21 )

where I is the equilibrium adsorption capacity, mg/g; I'max is the
maximum adsorption capacity, mg/g; K is the Langmuir adsorp-
tion constant, L/mg; C is the equilibrium concentration, mg/L; ¢ is
the porosity, dimensionless; Denqck is the rock density, g/cm3; Cads
is the adsorption concentration per unit pore volume, mg/cm?; Ceff
is the effective concentration, mg/cm?; Cae is the actual injection

(b) 0.60
0.55

§
0.50 1
0.45 -

0.40 A

Actual injection concentration, wt%

0.35 A

0.30 T T T T
0.20 0.25 0.30 0.35 0.40

Porosity

0.70

—
(=X
=

0.65 1

0.60 A

0.55 1

Actual injection concentration, wt%

0.50 T T T T T T
0 0.002 0.004 0.006 0.008 0.010 0.012

K., L/mg

Fig. 31. Effects of different influencing factors on the actual injection concentration. (a) Maximum adsorption capacity (I'max); (b) porosity; (c) density of rock; (d) Langmuir

adsorption constant (K).
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concentration, mg/cm?>. For non-ionic surfactants in sandstone, the
maximum adsorption capacity is approximately 0.55 mg/g
(Muherei and Junin, 2009). The Langmuir adsorption constant is
taken as 0.001-0.01 L/mg (Muherei and Junin, 2009). In this study,
the equilibrium and effective concentrations of Span 20 are taken
as the optimal concentration of 2000 mg/L (0.2 wt%). The porosity
is set to 0.2, and the rock density is 2.32 g/cm>.

With the above parameters fixed, the calculated actual injec-
tion concentration ranges from 0.54% to 0.68%. This indicates that
to achieve the optimal effective chemical concentration (0.2%) in
the formation, the actual injection concentration needs to be
significantly higher than the theoretical value under ideal simu-
lation conditions, with adsorption loss being the primary cause of
this deviation. To systematically investigate the influence of
various parameters on the actual injection concentration, a
sensitivity analysis was conducted using the maximum adsorption
capacity, porosity, rock density, and Langmuir adsorption constant
as key variables (Fig. 31).

The results show that the maximum adsorption capacity is the
dominant factor affecting the actual injection concentration.
When the maximum adsorption capacity increases from 0.1 mg/g
to 10 mg/g, the actual injection concentration rises sharply from
0.26% to 6.39% (Fig. 31(a)). This means that the stronger the
adsorption capacity of the rock for the chemical agent, the higher
the injection concentration required to compensate for adsorption
loss. In practice, for reservoirs with strong adsorption character-
istics (e.g., high clay mineral content), the injection concentration
must be substantially increased or other measures taken; other-
wise, the target effective concentration is difficult to achieve.
Porosity is negatively correlated with the actual injection con-
centration. When porosity increases from 0.2 to 0.4, the actual
injection concentration decreases from 0.54% to 0.33% (Fig. 31(b)).
A higher porosity implies a reduction in the relative adsorption
area of the rock skeleton and a larger volume fraction occupied by
fluids, thereby reducing the additional injection needed to
compensate for adsorption loss. This suggests that chemical
flooding has certain advantages in high-porosity reservoirs. Rock
density has a relatively weak, slightly positive correlation with
the actual injection concentration. When rock density increases
from 2.25 g/cm? to 2.42 g/cm?, the actual injection concentration
only rises slightly from 0.53% to 0.56% (Fig. 31(c)). Although a
higher density increases the rock mass per unit volume and
thereby the total number of available adsorption sites, the
variation range of rock density in actual reservoirs is usually
narrow, making this a secondary factor. The Langmuir adsorption
constant is positively correlated with the actual injection con-
centration. When the Langmuir adsorption constant increases
from 0.001 L/mg to 0.011 L/mg, the actual injection concentra-
tion rises from 0.54% to 0.69% (Fig. 31(d)). The Langmuir
adsorption constant reflects the affinity strength between the
chemical agent and the rock surface. A larger value indicates that
the chemical agent is more easily adsorbed on the rock surface,
requiring a higher injection concentration to overcome the
adsorption effect. Notably, when the Langmuir adsorption con-
stant is small, the actual injection concentration shows a greater
increase, indicating that adsorption has not yet reached a
competitive saturation state.

Combining the above sensitivity analysis, the influence of the
various parameters on the actual injection concentration ranks as:
maximum adsorption capacity > Langmuir adsorption
constant > porosity > rock density. Among these, the maximum
adsorption capacity is the decisive factor, and a change in its order
of magnitude can directly affect the economic feasibility of
chemical flooding. This implies that in the design of chemical
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flooding schemes, priority should be given to accurately deter-
mining the maximum adsorption capacity through core adsorp-
tion experiments. Furthermore, there is a large gap between the
actual injection concentration and the optimal effective concen-
tration, indicating that most of the injected chemical agent will be
lost to rock adsorption. Therefore, in strongly adsorbing reservoirs,
simply increasing the injection concentration is not the optimal
strategy. Instead, combined approaches such as nanofluid modi-
fication or the co-injection of adsorption inhibitors should be
adopted to reduce the adsorption capacity of the rock at the
source, thereby balancing technical effectiveness and economic
viability.

4. Conclusions

This study used multiscale simulations, including theoretical
calculations, molecular dynamics, and computational fluid dy-
namics, to investigate the microscopic mechanisms of chemical-
assisted CO; flooding in deep reservoirs. A pore-scale flooding
model that accounts for multiple chemical effects was developed,
and a cross-scale chemical-optimization strategy was established.
The principal conclusions are as follows.

(1) A multiscale coupling model was developed to bridge
molecular-scale interactions and pore-scale flow, providing
a quantitative method for characterizing the regulatory ef-
fects of chemicals on the CO,-oil system through parameters
such as interaction energy and diffusion coefficients.

(2) The chemical regulation mechanisms governing CO, disso-
lution, extraction, and diffusion in oil were clarified. Span 20
showed concentration-dependent performance: at 0.1%, CO,
solubility in C8 increased by 20.64% and the diffusion co-
efficient increased by 12.38%; at 0.5%, extraction efficiency
increased by 44.60%. Pore-structure complexity under high-
temperature/high-pressure conditions also modulated
diffusion-concentration relationships.

(3) The mechanistic role of chemical agents in CO, flooding was
identified. CO»-o0il interaction intensity decreased with
increasing hydrocarbon chain length. Chemicals enhanced
recovery by reducing oil-rock interaction energy, with the
optimum effect observed at 0.2% Span 20, thereby facili-
tating oil displacement from pore walls. The performance
ranking was Span 20 > Span 60/Span 80 > AOT.

(4) A predictive pore-scale model for chemical-assisted CO,
flooding was established. Recovery efficiency consistently
decreased as carbon number increased across all pore types.
Span-series agents markedly improved recovery from small
and blind-end pores, whereas AOT mainly enhanced re-
covery from small pores.

(5) Across-scale method for optimizing chemical concentration
was proposed. For C8, 0.2% Span 20 was identified as the
optimal concentration for CO, flooding because it maxi-
mized the synergistic effects of dissolution, extraction, and
diffusion. Based on the sensitivity analysis of rock adsorp-
tion, the practical injection concentration should be main-
tained between 0.54% and 0.68% to ensure engineering
effectiveness in deep reservoirs.

5. Limitations and future perspectives

Although the multiscale framework established in this study
elucidates the mechanisms of chemical-assisted CO, flooding,
several limitations should be acknowledged. First, the molecular
and pore-scale simulations were conducted under specific deep-
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reservoir conditions and did not consider formation-water salinity,
which is a key factor affecting surfactant performance. High
salinity may cause surfactant precipitation, alter the critical
micelle concentration, and change rock wettability, thereby
shifting the optimal chemical type and concentration. Future work
should incorporate electrolyte effects and geochemical reactions
to evaluate chemical stability under more realistic reservoir
conditions.

Second, the chemical concentration optimized through multi-
scale simulation was mainly determined from its synergistic ad-
vantages in dissolution, extraction, diffusion, and microscopic
residual-oil mobilization. In field applications, however, eco-
nomic feasibility, surfactant adsorption loss, and potential for-
mation damage must also be considered. Field injection design
should balance surfactant cost, injection scale, and incremental oil
production, with profitability further influenced by oil price, CO,
source cost, and enhanced-recovery degree. Because chemical
adsorption onto rock is controlled by mineral composition,
salinity, and temperature, future work should quantify adsorption
through static adsorption experiments and mitigate it using anti-
adsorption additives.

Third, improving microscopic seepage conditions at the pore
scale can help expand macroscopic sweep volume and enhance oil
recovery. However, upscaling microscopic mechanisms to the
reservoir scale remains challenging because of pore connectivity,
rock wettability, injection parameters, and pressure gradients. The
pore-scale results and microscopic mechanisms reported here
provide a theoretical basis and parameter support for subsequent
reservoir-scale simulations and field injection design, thereby
improving the engineering applicability of chemical-assisted CO,
flooding.
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