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a b s t r a c t

Active carbonated water (ACW) flooding combines the benefits of carbonated water (CW) and surfactant 
flooding, simultaneously enhancing oil recovery and facilitating CO 2 storage. Nevertheless, the enhanced 
oil recovery (EOR) mechanisms of ACW remain insufficiently understood, and neither its CO 2 storage 
performance nor its pore-scale oil displacement characterization have yet to be investigated. Addi-
tionally, the influence of different factors on the performance of ACW has not been systematically 
studied. In this study, core flooding and nuclear magnetic resonance scanning experiments were con-
ducted to elucidate the EOR mechanisms of ACW, clarify for the first time its CO 2 storage performance 
and pore-scale oil displacement characterization, and examine the influence of various factors on its 
effectiveness. The results demonstrated that CW flooding enhanced the oil recovery by 12.24% 
compared to water flooding (46.19%). By leveraging the synergistic effects of CW and surfactant, ACW 

further increased oil recovery to 64.55%, with pore-scale recovery of 72.22%, 50.77%, and 29.29% for 
macropores, mesopores, and micropores, respectively, representing increases of 15.77%, 15.05%, and 
10.39% relative to water flooding. Furthermore, both CW and ACW demonstrated effective CO 2 storage, 
with dissolution trapping emerging as a critical mechanism. Compared to the CO 2 storage efficiency of 
CW at 50.57%, ACW showed a higher efficiency of 52.84%. Within the parameter ranges studied, the oil 
recovery and CO 2 storage efficiency of ACW both increased with decreasing injection rate and with 
increasing permeability and surfactant concentration. Correlation analysis revealed that for both met-
rics, permeability had the most significant influence, followed by surfactant concentration and injection 
rate. This work provides new insights into the potential of ACW flooding for simultaneous EOR and CO 2 
storage, offering practical guidance for its application in low-permeability 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-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).

1. Introduction

Greenhouse-gas emissions have significantly exacerbated 
global warming. Among anthropogenic greenhouse gases, CO 2 has 
a particularly pronounced impact and serves as a major driving

force behind this trend (Jeffry et al., 2021; Wang et al., 2023; Li, 
2026). Therefore, CO 2 is one of the key mitigation targets in cur-
rent global emission reduction strategies. Carbon Capture, Utili-
zation, and Storage (CCUS) technology has been proposed as a 
promising approach to reduce CO 2 emissions and enable large-
scale CO 2 sequestration (Lin et al., 2022; Di et al., 2025). Accord-
ingly, various industries have been investigating feasible ap-
proaches to CO 2 sequestration (Wang et al., 2025; Xu et al., 2025; 
Gan et al., 2025; Xie et al., 2026). Oil reservoirs provide a naturally 
favorable setting for CO 2 sequestration. Enhanced oil recovery 
(EOR) using CO 2 injection represents a critical strategy within 
CCUS, as it simultaneously enhances oil recovery and facilitates
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CO 2 storage. When CO 2 is injected into the formation and comes 
into contact with crude oil, it readily dissolves and may become 
miscible with the oil, thereby reducing oil viscosity, inducing oil 
swelling, and lowering interfacial tension (IFT). These mechanisms 
result in enhanced oil displacement efficiency (Wang et al., 2019; 
Li et al., 2025a; Song et al., 2025). Simultaneously, CO 2 remains 
trapped within reservoir pores, dissolves in formation water and 
crude oil, thereby contributing to CO 2 storage and emissions 
reduction (Han et al., 2024; Kasala et al., 2025; Xiong et al., 2025). 
However, the significant viscosity and density disparities between 
CO 2 and crude oil frequently induce viscous fingering and gravity 
override, consequently compromising sweep efficiency and hin-
dering both oil recovery and CO 2 storage (Luo et al., 2023; Qian et 
al., 2019; Li et al., 2025b). Consequently, water-alternating-gas and 
simultaneous water-and-gas injection strategies have been pro-
posed to mitigate challenges associated with adverse mobility 
ratios and suppress gas override through alternating or concurrent 
water and gas slug injections (Afzali et al., 2018; Liu et al., 2025). 
Despite partially mitigating some drawbacks of direct CO 2 flood-
ing, these techniques often induce water shielding, which critically 
impedes CO 2 transfer to crude oil and weakens oil flow within the 
formation (Dong et al., 2005; Majidaie et al., 2012).

To mitigate the aforementioned challenges, carbonated water 
(CW) flooding has emerged as a promising alternative strategy. 
This approach entails dissolving CO 2 in water and then injecting 
CW into the reservoir to enhance oil recovery (Han et al., 2025a; 
Shimokawara et al., 2017; Chen et al., 2026). In contrast to con-
ventional CO 2 flooding, CW exhibits improved sweep efficiency. 
CW can also improve oil displacement efficiency relative to water 
flooding (Esene et al., 2019; Talebi et al., 2022). Upon contact with 
crude oil, dissolved CO 2 progressively migrates to the oil phase, 
reducing oil viscosity, swelling the oil, improving wettability, and 
reducing IFT, thereby increasing oil recovery (Han et al., 2024; 
Seyyedi et al., 2015; Du et al., 2026). Nowrouzi et al. (2020) 
demonstrated via contact-angle measurements that the core 
contact angle was reduced to 24.16 ◦ after contact with CW, indi-
cating a shift toward a more water-wet state, and wettability 
improvement exhibited a positive correlation with increasing 
pressure. Sohrabi et al. (2009, 2011, 2015) performed compre-
hensive microfluidic investigations of CW flooding; their results 
showed that the swelling factors of degassed crude oil and n-
decane increased by 23% and 94%, respectively, following CW in-
jection. Furthermore, the IFT between CW and oil was reduced.
Zou et al. (2019) reported findings consistent with those of Soh-
rabi et al. by conducting core flooding and multiple-contact ex-
periments between CW and oil. After contact with CW, the oil 
viscosity decreased by approximately 18%, the oil volume 
increased by approximately 26.0%, and CW flooding improved oil 
recovery by 20.3% compared with water flooding. To elucidate the 
mechanism of oil recovery enhancement by CW, researchers have 
investigated the pore-scale oil displacement characterization 
during CW flooding. Pan et al. (2024) comparatively analyzed the 
pore-scale oil displacement characterization of water flooding, 
surfactant flooding, and CW flooding, and demonstrated that wa-
ter flooding and surfactant flooding primarily mobilized oil from 

micropores and macropores, whereas CW flooding could effi-
ciently mobilize oil from nano- and sub-micron pores. Specifically, 
the oil recoveries for water flooding, surfactant flooding, and CW 

flooding were 28.9%, 32.6%, and 39.3%, respectively. Xue et al. 
(2025) reached comparable conclusions, reporting that CW 

flooding further improved oil recovery to varying extents in both 
macropores and micropores following water flooding.

Moreover, CW flooding has shown promising CO 2 storage po-
tential. CO 2 dissolution in the CW and oil phases effectively re-
duces the risk of CO 2 migration. Concurrently, owing to its higher

density compared to natural brine, CW settles by gravity to the 
reservoir bottom, thereby minimizing caprock dependency for 
secure CO 2 storage and substantially reducing leakage risk 
(Salehpour et al., 2020; Zhang et al., 2026). Seyyedi et al. (2017) 
performed core flooding experiments and found that the CO 2 
storage efficiency of CW flooding was approximately 42%. Zou et al. 
(2018) employed gas chromatography to quantify the CO 2 storage 
efficiency of CW flooding, with a reported efficiency of 39.7%. 
Bakhshi et al. (2018) examined the effects of salinity, crude oil 
properties, and injection methods on the CO 2 storage efficiency of 
CW flooding. They found that low salinity, light oil, and tertiary CW 

flooding were all favorable for improving CO 2 storage efficiency. 
Foroozesh and Jamiolahmady (2016, 2018) conducted numerical 
simulations to investigate CO 2 storage performance of CW flooding 
at the core scale, finding CO 2 storage efficiencies of 44% for mixed-
wet cores and 49% for water-wet cores.

Although CW flooding can enhance oil recovery and enable CO 2 
storage, its effectiveness can still be improved. To further enhance 
its performance, active CW (ACW) flooding has been proposed. 
This method involves adding a surfactant to CW to form ACW, 
thereby further improving oil recovery and CO 2 storage (Yu et al., 
2019a; Tan et al., 2025; Han et al., 2025b). Alabdulbari et al. 
(2022) combined low-salinity CW with an ionic liquid-based sur-
factant to evaluate the effect of the combined system on IFT. The 
CW and ionic liquid combined system reduced the IFT from 28.70 
to 0.98 mN/m. Even under high salinity conditions, adding an ionic 
liquid-based surfactant to CW can significantly reduce the IFT 
(Yuan et al., 2023). Yu et al. (2019a, 2019b) conducted core flooding 
experiments in tight oil reservoirs, showing that ACW flooding 
following water flooding increased oil recovery by approximately 
10% compared with water flooding. Chen et al. (2021) reached 
similar conclusions, finding that ACW flooding following water 
flooding had a greater effect on IFT reduction and improved oil 
recovery by 4% compared to CW flooding following water flooding.

Although existing research has indicated that ACW flooding is a 
promising EOR technique, current studies have primarily focused 
on oil recovery improvement. The mechanism by which it en-
hances oil recovery has not been fully elucidated; the pore-scale 
oil displacement behavior remains unclear; and the CO 2 storage 
performance of ACW has not yet been reported in the literature. 
Furthermore, there is a lack of systematic research on the influence 
of key factors on the EOR and CO 2 storage performance of ACW 

flooding. In this study, core flooding and NMR scanning experi-
ments were conducted, revealing for the first time the pore-scale 
oil displacement characterization and CO 2 storage efficiency of 
ACW. This study systematically investigated the effects and 
mechanisms by which CW and ACW enhance oil recovery and CO 2 
storage. It also evaluated the influence of surfactant concentration, 
permeability, and injection rate on the EOR and CO 2 storage effi-
ciency of ACW flooding. Furthermore, grey relational analysis was 
employed to assess the relationships between key factors and the 
oil recovery and CO 2 storage efficiency of ACW flooding, offering 
new insights into the potential of ACW flooding for EOR and CO 2 
storage.

2. Research methodology

2.1. Experimental materials

2.1.1. Cores
Outcrop core samples from a nearby location were used in this 

experimental study. The experimental cores were cylindrical plugs 
approximately 10 cm in length and 2.5 cm in diameter. These 
sandstone cores were predominantly composed of quartz, which 
has limited reactivity with CO 2 . Except for those specifically used
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to investigate the effect of permeability, the cores employed for 
comparison experiments exhibited similar petrophysical proper-
ties, with an average porosity of 16.07% and an average perme-
ability of 15.09 mD, to ensure experimental comparability. The 
petrophysical parameters of the experimental cores are summa-
rized in Table 1.

2.1.2. Oil
The experimental oil was a recombined live oil sample. As pre-

sented in Table 2, at the reservoir temperature (72 ◦ C) and pressure 
(25 MPa), the oil exhibited a density of 0.709 g/cm 3 and a viscosity of 
0.494 mPa⋅s, indicating that the oil was low-viscosity. Based on the 
carbon number distribution, the crude oil was divided into light 
components (≤C 17 ) and heavy components (>C 17 ), with corre-
sponding molar fractions of 86.89% and 12.12%, respectively, while 
the remaining components consisted of CO 2 and N 2 .

2.1.3. Surfactant
The surfactant used in the experiments was obtained from the 

target field. It is a zwitterionic surfactant characterized by excep-
tional salt tolerance and a wide range of applicability. The critical 
micelle concentration of the surfactant was 0.03 w.t.%, whereas 
the field-applied concentration was 0.10 w.t.% to compensate for 
potential surfactant loss. This concentration was maintained 
throughout the experimental series except in targeted experi-
ments designed to investigate the effect of surfactant concentra-
tion. To suppress hydrogen signals during NMR and enable pore-
scale oil-displacement characterization, a 12.0 w.t.% manganese 
chloride solution was prepared as the experimental water. CO 2 and 
the surfactant were dissolved in the manganese chloride solution 
for subsequent experiments. Using the spinning drop method at 
reservoir temperature and atmospheric pressure, IFT measure-
ments showed that the surfactant solution prepared with the same 
base fluid and at the field concentration reduced the degassed 
reservoir oil–water IFT to approximately 1 × 10 − 2 mN/m. Sepa-
rately, contact angle measurements conducted at 25 ◦ C and at-
mospheric pressure using the sessile-drop method showed that 
exposure to the surfactant solution substantially altered the core 
wettability, decreasing the oil–water–rock contact angle from 120 ◦

to 65 ◦ .

2.1.4. Carbonated water
The concentration of CW employed in all experiments was 

1.0 mmol/cm 3 . The amount of CO 2 was calculated based on the 
predetermined volume and concentration of the CW. At the target 
temperature, accounting for the compressibility of CO 2 , the 
calculated amount of gas was injected into a stirred intermediate 
vessel. Water was subsequently added until the target pressure 
was reached, and stirring was maintained to facilitate CO 2 disso-
lution. During this process, CO 2 dissolution led to a pressure 
decline, and additional water was injected intermittently to restore 
the pressure until a stable pressure was achieved. To ensure com-
plete CO 2 dissolution, stirring was continued for an additional 24 h. 
ACW is CW with added surfactant, which synergistically integrates 
the advantageous properties of both CW and surfactant. ACW was 
prepared by dissolving CO 2 in the surfactant solution. Regardless of 
whether CW or ACW was prepared, after completion of the pro-
cedure, a portion of the fluid was discharged at a low flow rate 
through a constant-rate or constant-pressure pump coupled with a 
back-pressure regulator. The gas-to-water ratio of the discharged 
stream was continuously monitored to verify complete CO 2 disso-
lution and attainment of the target concentration.

2.2. Experimental setup and procedures

Comprehensive core flooding and NMR scanning experiments 
were conducted to elucidate the mechanisms of oil displacement 
and CO 2 storage of ACW, characterize pore-scale oil displacement, 
and evaluate the impact of key factors on ACW effectiveness. Fig. 1 
presents a schematic diagram of the experimental setup, 
comprising a constant-rate or constant-pressure pump, an inter-
mediate vessel, an NMR scanning device, a gas flow meter, and a 
gas chromatograph. By collecting, measuring, and analyzing the 
effluent fluids, oil recovery and CO 2 storage efficiency were 
quantified. NMR scanning was employed to assess oil recovery 
within pores of different size ranges.

NMR scanning provides the T 2 spectrum of the experimental 
core, which offers a visual representation of the transverse relax-
ation time distribution, and enables comprehensive characteriza-
tion of pore structure and fluid content. The T 2 relaxation time is 
composed of surface relaxation time (T 2,surface ), bulk relaxation 
time (T 2,bulk ), and diffusion relaxation time (T 2,diffusion ), as shown in 
Eq. (1) (Tang et al., 2022; Zhang et al., 2021):

1
T 2

=
1

T 2;bulk
+ 

1
T 2;surface

+ 
1

T 2;diffusion 
(1)

In porous media, the bulk relaxation time is typically long enough 
to be neglected, and because the internal magnetic field of the 
instrument is sufficiently homogeneous, the diffusion relaxation 
time can likewise be disregarded. T 2 primarily depends on surface 
relaxation and can be expressed as shown in Eq. (2):

T 2 = T 2;surface =
V

ρ t S
(2)

where, S is pore surface area, μm 2 ; V is pore volume, μm 3 ; ρ t is the 
surface relaxivity, μm/ms.

For porous media, the relationship between S and V can be 
expressed as shown in Eq. (3):

S
V
= 

F s
r

(3)

where, F s is the pore shape factor; r is the pore radius, μm.
By combining Eq. (2) and Eq. (3), Eq. (4) can be obtained as 

follows:

Table 1
Core physical properties.

Core Length, cm Diameter, cm Permeability, mD Porosity, %

A-1 10.031 2.501 14.94 16.24
A-2 10.066 2.508 15.28 16.00
A-3 10.029 2.507 15.15 16.17
A-4 10.056 2.498 15.20 15.88
A-5 10.026 2.505 15.36 16.25
A-6 10.033 2.502 14.67 16.02
A-7 10.012 2.511 15.02 15.96
A-8 10.041 2.503 5.01 10.68
A-9 10.052 2.499 24.89 18.24

Table 2
Crude oil properties.

Property Density, 
g/cm 3

Viscosity,
mPa⋅s

Saturation
pressure,
MPa

Light 
component 
molar 
fraction, %

Heavy 
component 
molar 
fraction, %

Value 0.709 0.494 9.532 86.89 12.12
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T 2 =
r

ρ t F s
(4)

Therefore, T 2 is proportional to pore radius. It should be noted 
that Eq. (4) neglects both the bulk and diffusion relaxation 
times. In addition, this equation represents a simplified model 
that idealizes the actual pore structure as a system of spherical 
or cylindrical pores and throats. Despite these simplifications, 
the equation establishes a quantitative relationship between T 2 
and pore radius and thus serves as a useful approximation. 
Based on the T 2 values, the pores are classified into micropores 
(<10 ms), mesopores (10–100 ms), and macropores (>100 ms) 
(An et al., 2022). The T 2 signal intensity serves as a quantitative 
indicator of fluid content within the core pores. Oil recovery is 
determined by analyzing the changes in the T 2 spectrum area 
(Eq. (5)):

Recovery= 
S initial − S residual

S initial
× 100% (5)

where, S initial is the T 2 spectrum area of the core saturated with oil; 
S residual is the T 2 spectrum area of the core after displacement.

The specific experimental steps are as follows.

(1) The core sample was evacuated under vacuum for 24 h, then 
saturated with distilled water under pressure for 72 h.

(2) The experimental apparatus was assembled, and the test 
temperature was maintained at 72 ◦ C. The confining pres-
sure was set to track the inlet pressure and was kept 3 MPa 
higher throughout the experiment, while the outlet back-
pressure was held constant at 25 MPa.

(3) The core was flooded with a manganese chloride solution to 
ensure full saturation. Subsequently, an NMR scan was 
conducted to confirm suppression of the hydrogen signal.

(4) Oil injection was performed to displace water until no water 
was observed in the effluent, establishing irreducible water 
saturation. Following core sample aging, a subsequent NMR 
scan was performed.

(5) The displacing fluid was injected into the core at a constant 
rate of 0.1 cm 3 /min. The displaced fluids were collected and

analyzed. An NMR scan was performed until 1.2 PV was 
injected.

(6) The experimental core was replaced with a new one, and the 
displacing fluid and injection rate were appropriately 
adjusted in accordance with the research objective. Steps (1) 
to (5) were systematically repeated.

3. Results and discussion

3.1. Mechanisms of ACW for EOR and CO 2 storage

3.1.1. Enhanced oil recovery
Water flooding, CW flooding, and ACW flooding experiments 

were conducted using cores A-1 through A-3, respectively. Fig. 2 
illustrates the oil recovery curves as a function of injected fluid 
volume for the various displacement methods. All recovery curves 
show a rapid increase in oil recovery at early injected volumes,
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followed by a gradual increase at later stages. Compared to water 
flooding, CW and ACW flooding achieved oil recovery improve-
ments of 12.24% and 18.36%, respectively, indicating improved 
displacement efficiency.

Fig. 3 depicts the T 2 spectral variations in the core samples 
before and after fluid displacement. The magnitude of spectral 
changes is generally associated with oil recovery. Fig. 4 presents 
the pore-scale oil recovery, quantified through T 2 spectral analysis. 
Both CW and ACW flooding demonstrated higher recovery across 
macropores, mesopores, and micropores compared to conven-
tional water flooding. Owing to the inherent low permeability of 
the reservoir and the limited oil displacement capabilities of water, 
conventional water flooding yielded an oil recovery of 46.19%. 
Water flooding predominantly mobilized oil from macropores, 
with limited oil mobilization from micropores. The recoveries for 
macropores, mesopores, and micropores were 56.45%, 35.72%, and 
18.90%, respectively. In contrast to conventional water flooding, 
CW flooding substantially enhanced overall oil recovery to 58.43%, 
with oil recovery from macropores, mesopores, and micropores of 
70.93%, 48.54%, and 28.09%, respectively. Fig. 5 illustrates the EOR 
mechanisms of CW. The dissolved CO 2 in CW interacts with oil, 
progressively migrating from the aqueous phase into the oil phase, 
thereby swelling the oil and reducing its viscosity. Concurrently, 
CO 2 dissolution forms carbonic acid, reducing the aqueous phase 
pH. This enables CW to modify the surface charge at the oil/water/ 
rock interfaces and facilitate reactions with the rock mineral sur-
faces, consequently improving wettability (Sohrabi et al., 2015). 
Fig. 6 shows contact-angle changes before and after CW flooding. 
After CW flooding, the contact angle decreased from 117.7 ◦ to 
94.9 ◦ . Moreover, CW interacts with the light components in oil, 
and CO 2 migration from the aqueous phase to the oil-water 
interface weakens hydrogen bonding among water molecules, 
consequently reducing the IFT to a single-digit range (Rahimi et al., 
2020; Chen et al., 2024).

By combining CW with a surfactant, ACW achieved an overall 
oil recovery of 64.55%. Compared to water flooding, oil recovery 
from macropores, mesopores, and micropores increased by 
15.77%, 15.05%, and 10.39%, respectively. The primary mechanisms 
by which ACW enhances oil recovery are as follows: (1) The sur-
factant improved wettability and reduced IFT. ACW reduced the 
IFT to a level of 0.01 mN/m, and the contact angle decreased from 

120.9 ◦ to 53.2 ◦ after ACW flooding (Fig. 7), thereby facilitating 
ACW penetration into smaller pores. This mechanism enables 
more efficient CO 2 mass transfer, contributing to enhanced oil 
displacement efficiency. (2) The acidic environment generated by 
CW may protonate the zwitterionic surfactant, promoting surfac-
tant adsorption at the oil-water interface and on the rock surface.
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This forms a more stable and denser adsorption layer, which im-
proves wettability and reduces IFT (Al-Sadat et al., 2014; Wu et al., 
2022; Sun et al., 2024).

Fig. 8 presents a comparison of NMR imaging results obtained 
before and after displacement using different fluids. Hydrogen 
signal intensity serves as a quantitative proxy for oil content, with 
higher values indicating greater oil saturation. The magnitude of 
hydrogen signal intensity changes tends to correlate with oil re-
covery. ACW flooding exhibited the most pronounced hydrogen 
signal intensity variations, corresponding to the highest oil re-
covery, followed by CW flooding and water flooding. These find-
ings align well with the core flooding and NMR T 2 spectral analysis

results, supporting the consistency of the experimental data. 
Throughout the displacement process, the pressure at the inlet end 
remained higher than that at the outlet end. The oil distribution 
within the core after the experiment indicated lower oil saturation 
at the inlet end (left side) and higher oil saturation at the outlet 
end (right side). Furthermore, compared to water flooding, the 
difference in oil saturation between the left and right sides was 
more pronounced for CW and ACW flooding. The results suggest 
that: (1) Elevated pressure leads to enhanced oil displacement 
efficiency, while simultaneously increasing difference in CO 2 sol-
ubility between oil and water phases. These phenomena influence 
oil recovery and consequently result in a more pronounced

Oil volumetric expansion and
viscosity reduction

Improvement of
wettability

Reduction in IFT

CW

CO2

Oil

Rock

Fig. 5. Schematic diagram of the mechanism of EOR by CW flooding.
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Fig. 7. Comparison of contact angles. (a) Before ACW flooding; (b) After ACW flooding.

X.-B. Han, H.-Y. Yu, H.-F. Yang et al. Petroleum Science 23 (2026) 5992–6003

5997



inlet–outlet saturation gradient across the core during CW and 
ACW flooding. (2) Compared with the outlet end, the inlet end had 
a longer contact time with CW and ACW, allowing the effects of 
CO 2 and the surfactant to be more effectively realized. Conse-
quently, formation pressure exerts a more pronounced influence 
on CW and ACW flooding compared to conventional water flood-
ing. Increasing formation pressure and enhancing CW or ACW-oil 
contact can improve oil recovery.

3.1.2. CO 2 storage efficiency
In contrast to CO 2 flooding, CO 2 remains in a dissolved state 

within CW, mitigating CO 2 mobility in reservoir formations and 
minimizing leakage risk. For a given CO 2 concentration in CW/ 
ACW and a fixed injection volume, the total amount of injected CO 2 
was calculated accordingly. By collecting the produced gas at the 
outlet and quantifying the produced CO 2 through chromato-
graphic analysis after the experiment, the CO 2 storage efficiency 
was determined by comparing the difference between the injected 
and produced CO 2 with the total amount injected (Hao et al., 
2022). Fig. 9 compares CO 2 storage efficiency for the different 
displacing fluids. CW and ACW demonstrated CO 2 storage effi-
ciencies of 50.57% and 52.84%, respectively. These results support 
the potential for effective CO 2 sequestration, with ACW exhibiting 
slightly higher storage performance.

Given the experimental constraints of short-duration core 
flooding and the core's predominantly quartz mineralogical 
composition, the interactions between CO 2 and the rock matrix 
via mineralization were considered negligible (Berndsen et al., 
2024; Seyyedi and Sohrabi, 2016). Consequently, dissolution 
trapping emerged as the predominant CO 2 storage mechanism 

in CW and ACW flooding experiments. As flooding proceeds, the 
injected fluid progressively occupies pore space within the core. 
A fraction of CO 2 dissolves in CW, with additional CO 2 parti-
tioning into the residual oil and irreducible water (Salehpour 
et al., 2020; Sohrabi et al., 2011; Dang et al., 2025). In contrast 
to CW flooding, ACW flooding resulted in higher oil recovery, 
thereby reducing the residual oil volume, which limited the 
capacity for CO 2 dissolution in the residual oil. However, CO 2 
storage efficiency was still higher for ACW than for CW flooding. 
The primary mechanisms for this are: (1) ACW could penetrate 
smaller core pores, enabling more comprehensive interaction 
with residual oil, thus enhancing CO 2 dissolution per unit re-
sidual oil volume. (2) The delayed breakthrough behavior of 
ACW flooding enabled prolonged oil displacement and 
increased pore space occupancy, thereby improving CO 2 storage 
efficiency.

3.2. Investigation of factors influencing recovery and CO 2 storage 
efficiency

3.2.1. Surfactant concentration
ACW flooding experiments were performed on cores A-4 (0.05 

w.t.%) and A-5 (0.20 w.t.%), respectively. Together with the 
experimental results for core A-3, the influence of surfactant 
concentration on ACW flooding performance was evaluated. As 
depicted in Fig. 10, increasing surfactant concentration generally 
increased the oil recovery. Specifically, raising the surfactant 
concentration from 0.05 w.t.% to 0.10 w.t.% led to an increase in oil 
recovery from 60.82% to 64.55%. However, further increasing the 
concentration to 0.20 w.t.% yielded a marginal oil recovery 
improvement of merely 1.87%. Throughout the displacement 
process, the surfactant adsorbed onto pore surfaces and the oil-
water interface, effectively improving wettability and reducing 
IFT. This reduces oil flow resistance and enables ACW penetration 
into smaller core pores, thereby promoting CO 2 diffusion into oil 
and enhancing oil mobility. Increasing surfactant concentration 
promotes the full realization of its potential. However, upon 
exceeding the critical micelle concentration, surfactant efficacy 
tends to reach a performance plateau, resulting in only marginal 
improvements in oil recovery.
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Fig. 11 compares CO 2 storage efficiency at different surfactant 
concentrations. Increasing the surfactant concentration enhances 
the contact between ACW and oil, thereby facilitating CO 2 
diffusion into the oil and improving CO 2 storage efficiency. 
Consistent with the oil recovery trend, the incremental gain in 
CO 2 storage efficiency diminished as surfactant concentration 
increased. At a surfactant concentration of 0.05 w.t.%, ACW 

flooding demonstrated a CO 2 storage efficiency of 51.33%. 
Increasing the surfactant concentration to 0.10 w.t.% and 0.20 
w.t.% yielded CO 2 storage efficiency improvements of 1.51% and 
2.26%, respectively. Given that surfactants are costly EOR agents, 
selecting an optimal surfactant concentration is a key factor in 
achieving efficient incremental oil recovery and improved eco-
nomic viability. Moreover, surfactant performance is a critical 
determinant of ACW flooding efficacy. In addition to effectively 
improving wettability and reducing IFT, an optimal surfactant 
capable of enhancing CO 2 dissolution in water could further 
enhance the effectiveness of ACW flooding.

3.2.2. Injection rate
ACW flooding was conducted on cores A-6 and A-7, employing 

injection rates of 0.05 cm 3 /min and 0.20 cm 3 /min, respectively. In 
combination with the experimental results for core A-3, the effect 
of injection rate on ACW oil displacement efficiency and CO 2 
storage performance was analyzed. Fig. 12 illustrates the correla-
tion between oil recovery and injected volume under different 
injection rates for ACW flooding. Higher injection rates tend to 
reduce the EOR effectiveness of ACW. At an injection rate of 
0.05 cm 3 /min, oil recovery improved by 2.71% and 4.64% compared 
to injection rates of 0.10 and 0.20 cm 3 /min, respectively. Lower 
injection rates promote a more stable displacement front, facili-
tating better interaction between ACW, oil, and rock surfaces. This 
enables effective wettability alteration, reduces IFT, induces oil 
swelling, and lowers viscosity, thereby increasing oil displacement 
efficiency and sweep efficiency, and ultimately increasing oil 
recovery.

Fig. 13 compares CO 2 storage efficiency at different injection 
rates. Reduced injection rates generally correlate with higher CO 2
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storage efficiency. As the injection rate increased from 0.05 cm 3 / 
min to 0.20 cm 3 /min, the CO 2 storage efficiency declined from 

56.23% to 51.45%. Under high injection rates, elevated fluid flow 

velocity within the core substantially reduces CO 2 residence time. 
Conversely, lower injection rates facilitate more extensive CO 2 
diffusion into reservoir fluids. Moreover, reduced injection rates 
correlate with higher oil recovery, increasing the pore volume 
available for CO 2 occupancy. Therefore, provided that field pro-
duction requirements are met, a moderate reduction in injection 
rate may be beneficial for improving oil recovery and enhancing 
CO 2 storage during ACW flooding.

3.2.3. Permeability
A comparative analysis of cores A-3, A-8, and A-9 was con-

ducted to evaluate the effect of permeability on ACW oil 
displacement efficiency and CO 2 storage performance. Fig. 14 de-
picts the relationship between oil recovery and injected volume 
for ACW flooding across cores with varying permeability. Core 
permeability correlated positively with oil recovery during ACW 

flooding. Lower-permeability cores typically have narrow pore 
throats, leading to increased fluid flow resistance, which in turn 
hampers displacement efficiency. Moreover, the intricate pore 
structure and limited pore connectivity in lower-permeability 
cores impede CO 2 diffusion into crude oil, limiting ACW contact 
with oil and rock surfaces. This substantially diminishes the 
overall ACW sweep efficiency. Conversely, higher-permeability 
cores feature larger pore throat diameters and improved pore 
connectivity, creating optimal conditions for ACW flooding and 
consequently resulting in higher oil recovery. Compared to the 
baseline core with a permeability of 5.01 mD, oil recovery 
increased by 4.69% and 7.58% for cores with permeability of 15.15 
and 24.89 mD, respectively.

Fig. 15 compares CO 2 storage efficiency for cores with different 
permeabilities of ACW flooding. The experimental data indicate 
that CO 2 storage efficiency correlated positively with core 
permeability. As permeability increased from 5.01 to 24.89 mD, 
CO 2 storage efficiency improved from 48.20% to 56.53%. Higher-
permeability cores have larger pore throat diameters and 
reduced tortuosity, enhancing ACW–oil contact and facilitating 
more connected pathways for CO 2 diffusion into crude oil. More-
over, higher-permeability cores characteristically exhibit more 
extensive pore volumes, which are more favorable for CO 2 storage.

Consequently, enhancing the flow capacity of low-permeability 
reservoirs through treatments similar to hydraulic fracturing 
could further improve the effectiveness of ACW flooding.

3.2.4. Correlation analysis
To elucidate the effects of key factors on ACW flooding, a 

comprehensive correlation analysis was conducted, examining oil 
recovery and CO 2 storage efficiency with respect to surfactant 
concentration, permeability, and injection rate. Given the charac-
teristics of the experimental dataset and the suitability of various 
analytical approaches, grey relational analysis was selected to 
assess correlations. Grey relational analysis represents a robust 
analysis method particularly advantageous for small-sample sce-
narios, characterized by its independence from distributional as-
sumptions. This approach enables a quantitative assessment of 
associations, facilitating comprehensive comparative insights 
(Deng, 1989).

Fig. 16 presents the correlation analysis results. Within the 
investigated parameter ranges, although the relational grades 
between the factors and oil recovery and CO 2 storage efficiency 
varied, the ranking remained consistent. Permeability emerges as 
a critical determinant of reservoir fluid flow capacity, influencing
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the contact between ACW and oil, exerting the strongest influence 
on oil recovery and CO 2 storage efficiency. Surfactant concentra-
tion influences oil recovery and CO 2 storage efficiency by 
improving wettability and reducing IFT, exhibiting a secondary yet 
significant influence. Injection rate affects the contact time be-
tween ACW and oil as well as displacement front stability, with a 
weaker association with oil recovery and CO 2 storage efficiency 
compared to permeability and surfactant concentration. Conse-
quently, in low-permeability reservoirs, increasing permeability 
may be a key approach to enhancing the effectiveness of ACW and 
have a greater effect than adjusting surfactant concentration or 
injection rate within the tested ranges. Nevertheless, selecting 
appropriate surfactant concentration and injection rate remains 
important for improving ACW performance.

4. Conclusions

CW flooding is an effective EOR method that can simulta-
neously enhance oil recovery and enable CO 2 storage, whereas 
ACW flooding can further improve these effects. In this study, core 
flooding and NMR experiments were conducted to quantify, for the 
first time, the pore-scale displacement characterization and CO 2 
storage efficiency of ACW flooding. This research systematically 
investigated the effects and mechanisms by which ACW enhances 
oil recovery and CO 2 storage, clarified the influence of various 
parameters on ACW performance, and ranked the relative associ-
ations between different factors and the oil recovery and CO 2 
storage efficiency. This work demonstrates the potential of ACW 

flooding for EOR and CO 2 storage, offering valuable insights for its 
application.

(1) CW can induce oil swelling and viscosity reduction, simul-
taneously improve wettability and reduce IFT. Oil recovery 
via CW flooding reached 58.43%, representing a 12.24% 
improvement compared to conventional water flooding. 
ACW synergistically integrates the benefits of CW and sur-
factants, substantially improving wettability and reducing 
IFT, while facilitating CO 2 transfer into the oil phase. 
Consequently, oil recovery was further increased to 64.55%. 
The oil recoveries for macropores, mesopores, and micro-
pores were 72.22%, 50.77%, and 29.29%, respectively, which 
are 15.77%, 15.05%, and 10.39% higher than those of water 
flooding.

(2) Dissolution trapping represents a critical mechanism for 
CO 2 sequestration in both CW and ACW flooding. CO 2 pre-
dominantly dissolves in water and oil, effectively reducing 
its mobility and mitigating leakage risk. Both CW and ACW 

exhibited CO 2 storage capacity. The CO 2 storage efficiency of 
CW flooding was 50.57%. In comparison, ACW further 
improved wettability and reduced IFT, increasing the con-
tact between ACW and crude oil, thereby facilitating CO 2 
mass transfer. The CO 2 storage efficiency increased to 
52.84%.

(3) Within the investigated parameter ranges, a lower injection 
rate is beneficial for the interaction between ACW, crude oil, 
and reservoir rock. Decreasing the injection rate from 0.20 
to 0.05 cm 3 /min resulted in improvements of 4.64% in oil 
recovery and 4.78% in CO 2 storage efficiency. Higher 
permeability facilitates fluid flow and improves ACW per-
formance. Compared with 5.01 mD, the oil recovery and CO 2 
storage efficiency at 24.89 mD increased by 7.58% and 8.33%, 
respectively. When the surfactant concentration exceeds 
approximately 0.10 w.t.%, the rate of increase in oil recovery 
and CO 2 storage efficiency diminishes significantly.

Permeability showed the strongest association, followed by 
surfactant concentration and injection rate.

This study elucidated the pore-scale oil displacement charac-
teristics and CO 2 storage performance of ACW, and clarified the 
impacts of various factors on its enhanced oil recovery and CO 2 
sequestration effectiveness. However, the mass transfer dynamics 
of CO 2 from CW and ACW into crude oil were not further investi-
gated. Future studies may focus on this aspect to gain deeper 
insight into the mechanisms and effectiveness of ACW in miti-
gating the water-shielding effect. In addition, the favorable oil 
displacement and CO 2 storage performance of ACW stem from the 
synergistic advantages of CW and surfactants. The development of 
surfactants capable of enhancing CO 2 solubility in water, together 
with the effective utilization of the acidity of CW to further pro-
mote surfactant performance in improving wettability and 
reducing IFT, is expected to further strengthen the synergistic 
performance of ACW.
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