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a b s t r a c t

Surfactant-enhanced carbonated water alternating with CO 2 (SCWAG) flooding, which integrates the 
advantages of surfactants, carbonated water (CW), and CO 2 , has demonstrated significant potential for 
the development of low-permeability reservoirs. Nonetheless, the underlying mechanisms of SCWAG-
enhanced oil recovery require further elucidation. Its CO 2 storage performance and pore-scale oil 
displacement characteristics have not been thoroughly investigated, and the influence of various factors 
on SCWAG performance remains poorly understood. This study, for the first time, investigates the pore-
scale oil displacement characteristics and CO 2 storage performance of SCWAG by integrating core 
flooding experiments and nuclear magnetic resonance scanning. An innovative core-scale 3D hetero-
geneous numerical model was developed using computed tomography scanning and refined via history 
matching, thereby enabling reliable SCWAG simulation and facilitating reservoir-scale analysis of factors 
affecting SCWAG performance. The results demonstrate that SCWAG notably improves both sweep ef-
ficiency and oil displacement efficiency, achieving higher recovery and CO 2 storage efficiency than other 
methods. The total recovery reached 76.99%, with individual recoveries of 56.35%, 76.85%, and 87.96% for 
micropores, mesopores, and macropores, respectively, while the CO 2 storage efficiency is 57.22%. 
Permeability contrast exerts a significant effect on recovery, whereas CO 2 storage efficiency was pri-
marily influenced by the injection rate and water-to-gas ratio. Moreover, the interaction between the 
water-to-gas ratio and permeability contrast exerts a substantial impact on both recovery and CO 2 
storage efficiency. This study provides novel insights and an in-depth analysis of the SCWAG process, 
offering practical guidelines for its application in low-permeability reservoirs.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).

1. Introduction

The large-scale emission of greenhouse gases (e.g., CO 2 , 
methane, water vapor) from human activities has intensified the 
greenhouse effect, accelerating global warming. As the most

concerning anthropogenic greenhouse gas, CO 2 is a critical driver 
of this phenomenon and thus one of the primary targets for 
mitigation strategies (Cui et al., 2024; Filonchyk et al., 2024; Zhou 
et al., 2025). In response, Carbon Capture, Utilization, and Storage 
(CCUS) technologies have been proposed, among which CO 2 
flooding enhanced oil recovery (EOR) represents a pivotal 
approach. This method not only enhances oil recovery but also 
facilitates CO 2 sequestration (Gao et al., 2025; Lin et al., 2022; Liu 
and Rui, 2022). The high solubility of CO 2 in oil reduces oil vis-
cosity, induces volume expansion, and lowers interfacial tension 
(IFT), resulting in superior displacement efficiency (Bai et al., 2025; 
Liu et al., 2025; Song et al., 2025). Nevertheless, the significant
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differences in viscosity and density between CO 2 and oil result in 
an unstable displacement front, increasing the risk of gas break-
through and ultimately reducing sweep efficiency (Luo et al., 
2023).

Sweep efficiency is a critical factor that limits the effectiveness 
of CO 2 development. Water-alternating-gas (WAG) flooding is an 
effective method for controlling gas breakthrough and improving 
sweep efficiency (Afzali et al., 2018). The primary mechanism of 
this method is the alternating flooding of water and gas slugs, 
which achieves mobility control, stabilizes the displacement front, 
increases the flow resistance of CO 2 , and compels it to enter low-
permeability areas, thereby expanding sweep efficiency (Hao 
et al., 2016). He et al. (2023) simulated WAG injection in a 
micromodel, analyzing time-varying fingerings and pattern 
crossovers under three-phase flow conditions. They observed that 
pressure difference significantly influenced fingering pattern 
changes. Furthermore, even a small amount of water notably 
affected the fingering patterns during WAG flooding. Through 
micro-numerical simulations, they also discovered that CO 2 
dissolution into crude oil could suppress fingering phenomena, 
and that the resulting reduction in crude oil viscosity could inhibit 
viscous fingering (He et al., 2024). Wang et al. (2020) conducted 
microfluidic experiments, and the results demonstrated that 
compared to CO 2 flooding, WAG improved volumetric sweep ef-
ficiency by 32.5%, while oil recovery rose by 23.15%. Meanwhile, 
core displacement experiments using nuclear magnetic resonance 
(NMR) by Xiao et al. (2017) revealed that WAG significantly 
improved EOR performance in small pores, achieving a 4.09% in-
crease compared to CO 2 flooding. Field applications have demon-
strated that WAG can increase recovery by 5%–10%, while also 
effectively storing CO 2 . Vo Thanh et al. (2020) performed numer-
ical simulations of the Nam Vang oilfield and demonstrated that, in 
comparison with CO 2 flooding, WAG improved CO 2 storage effi-
ciency by approximately 25%. Although WAG has yielded positive 
results, it is prone to water shielding, in which the injected water 
acts as a barrier, preventing direct contact between the injected 
CO 2 and oil, thereby reducing displacement efficiency (Dong et al., 
2005; Majidaie et al., 2012; Tiffin and Yellig, 1983). Furthermore, 
while water injection improves sweep efficiency, it may also lead 
to a reduction in oil displacement efficiency.

Carbonated water (CW) refers to water in which CO 2 is dis-
solved. It can effectively mitigate the negative effects of water 
shielding, while also reducing oil viscosity, expanding oil volume, 
improving wettability, and decreasing IFT (Han et al., 2025; Yu 
et al., 2020). Consequently, several studies have proposed CW 

alternating gas (CWAG), which involves the alternating injection of 
CW and CO 2 to further enhance oil recovery while simultaneously 
facilitating more effective CO 2 storage. Previous studies by Golkari

and Riazi (2018) and Riazi and Golkari (2016) compared the 
diffusion coefficients of brine/oil/CO 2 and carbonated brine/oil/ 
CO 2 systems and demonstrated that the spreading coefficient for 
the carbonate brine/oil/CO 2 system was positive and higher than 
that for the brine/oil/CO 2 system. This positive spreading coeffi-
cient, induced by the presence of CO 2 in the brine phase, indicates 
that CWAG is more effective than WAG in enhancing oil recovery. 
Numerical simulations of CWAG by Majidaie et al. (2012) showed 
that CW could minimize the water-shielding effect, thereby 
improving oil recovery. Moreover, CWAG offers excellent CO 2 
storage, as part of the CO 2 remains dissolved in the CW, reducing 
the risk of leakage and contributing to the safe storage of CO 2 
(Seyyedi et al., 2018; Shakiba et al., 2016). Ji et al. (2023) investi-
gated the effects of CWAG on EOR and CO 2 storage through nu-
merical simulations. In comparison with WAG, CWAG led to a 1.4% 
increase in oil recovery and a 6.7% increase in CO 2 storage effi-
ciency. Although CWAG can improve recovery to some extent, its 
effects on wettability and IFT reduction are limited and require 
further enhancement. Surfactant flooding is an effective EOR 
method that significantly reduces IFT while improving wettability. 
Therefore, adding surfactants to CW can further improve its per-
formance (Nowrouzi et al., 2020; Yu et al., 2019). Alabdulbari et al. 
(2022) added ionic surfactants to low salinity CW, resulting in a 
significant reduction in IFT, which remained effective even under 
high-salinity conditions. Yu et al. (2021) conducted core 
displacement experiments, which showed that surfactant-
enhanced CW (SCW) combined the advantages of both CW and 
surfactants, improving oil recovery by 23.83%. Chen et al. (2021) 
drew similar conclusions, indicating that compared to water-
flooding followed by CW flooding, the combination of CW and 
surfactants after waterflooding significantly reduced IFT and ach-
ieved higher oil recovery.

Given the advantages of CW and surfactants, SCW alternating 
with CO 2 flooding (SCWAG) has been introduced. In this approach, 
SCW replaces the water in conventional WAG, and its injection 
alternates with CO 2 . SCWAG integrates the benefits of CW, sur-
factants, and CO 2 (Yu et al., 2021; Zhang et al., 2023). Compared to 
WAG, SCWAG can overcome the negative effects of water shielding 
and facilitate the transfer of CO 2 into oil. Compared to CWAG, it is 
more effective at reducing IFT and improving wettability. Shu et al. 
(2014) conducted core displacement experiments and demon-
strated that using CW/SCW as a pre-flush before CO 2 flooding 
significantly improved oil recovery, with SCW yielding superior 
results. The primary mechanism is that SCW improves CO 2 
transfer efficiency from the aqueous phase to the oil phase. Simi-
larly, Yu et al. (2021) evaluated various displacement methods for 
tight reservoirs and concluded that SCWAG achieved the highest 
oil recovery, reaching 36.63%, which represented a 13.8% increase 
compared to WAG flooding. Although SCWAG exhibits consider-
able potential for application, research on SCWAG remains limited, 
and the pore-scale displacement mechanism have yet to be 
elucidated. Furthermore, current studies concentrate on its effect 
on oil recovery, whereas its performance in CO 2 storage has yet to 
be investigated in the literature. Additionally, the influence of 
various factors on the performance of SCWAG in enhancing oil 
recovery and CO 2 storage remains insufficiently understood, and 
the interactions of these factors have yet to be assessed.

This study provides a systematic investigation into the efficacy 
and mechanisms of SCWAG for EOR and CO 2 sequestration. It also 
analyzes the influence of different parameters on the performance 
of SCWAG. By integrating core flooding and nuclear magnetic 
resonance (NMR) scanning, the pore utilization characteristics of 
SCWAG are investigated, elucidating its mechanisms and impacts 
on enhancing oil recovery and CO 2 storage. To further analyze the 
impacts of various factors and their interactions on SCWAG

Nomenclature

CW Carbonated water
CT Computed tomography
EOR Enhanced oil recovery
IFT Interfacial tension
NMR Nuclear magnetic resonance
RSM Response surface methodology 
SCW Surfactant-enhanced carbonated water 
SCWAG Surfactant-enhanced carbonated water altering 

with CO 2
WAG Water altering CO 2
PV Pore volume
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performance, a core-scale 3D heterogeneous numerical model, 
constrained by computed tomography (CT) scanning data and 
history matching, was developed, thereby enabling reliable 
SCWAG simulation and facilitating reservoir-scale numerical 
simulations coupled with response surface methodology (RSM). 
These findings offer novel insights into the research and applica-
tion of SCWAG, contributing to both EOR and the achievement of 
CO 2 storage.

2. Core flooding experiments

2.1. Materials

2.1.1. Cores 
Core samples were sourced from Daqing Oilfield in China, with 

a burial depth of approximately 2200 m. After cutting and clean-
ing, the core length was about 10.0 cm, and the diameter was 
approximately 2.5 cm. Core porosity and permeability were 
measured using the QKY-1 porosity measuring device and the 
PDP-200 permeability device, respectively. Cores with comparable 
porosity and permeability were selected for experiments, with an 
average porosity of 15.80% and an average permeability of 14.54 
mD. The cores were primarily composed of quartz. Specific pet-
rophysical parameters of the cores are detailed in Table 1.

2.1.2. Oil
Under reservoir conditions of temperature (72 ◦ C) and pressure 

(25 MPa), the density of the formation oil is 0.709 g/cm 3 , and its 
viscosity is 0.494 mPa⋅s. Its saturation pressure is 9.532 MPa, with 
a gas-to-oil ratio of 96.61 m 3 /m 3 . Stock tank oil from the target 
reservoir and its associated gas were utilized to prepare live oil, 
with a gas-to-oil ratio adjusted to match that of the formation oil, 
for use in the experiments. The specific composition of the oil, as 
shown in Fig. 1, reveals that light components predominate, with 
the C 1 –C 15 fractions accounting for 82.76 mol%. The results of slim-
tube experiments demonstrate that the minimum miscibility 
pressure between CO 2 and crude oil is approximately 20.0 MPa 
under reservoir temperature. Therefore, miscible CO 2 flooding is 
considered feasible in the target reservoir.

2.1.3. Surfactant
The surfactant used in the experiment was sourced from the 

oilfield. It is a zwitterionic surfactant capable of withstanding high 
temperatures and high salinity, significantly improving wettability 
and reducing IFT. The critical micelle concentration of the surfac-
tant is 0.03 w.t.%, and considering the potential loss of surfactant 
during the displacement process, a concentration of 0.10 w.t.% was 
employed in the experiment, which is the same as that used in the 
oilfield. To shield the hydrogen signal in water and enable the 
measurement of recovery in pores of different sizes using NMR, 
12.0 w.t.% manganese chloride was added to distilled water, which 
was subsequently used to prepare the surfactant solution. Under 
the target reservoir temperature conditions, the IFT between the 
surfactant solution and oil was 0.08 mN/m. After contact with the 
experimental core, the contact angle decreased from 132.7 ◦ to 
63.4 ◦ (Fig. 2), indicating that the surfactant retains its effectiveness

under high-salinity conditions, thereby exhibits robust salt toler-
ance and wide applicability.

2.1.4. Surfactant-enhanced carbonated water
SCW refers to CW supplemented with surfactants, integrating 

the benefits of both surfactants and CW. A stirrable intermediate 
container was employed to introduce CO 2 into the surfactant so-
lution; the temperature and pressure were then elevated to the 
desired levels. The stirring function was subsequently activated to 
facilitate the dissolution of CO 2 . Once the pressure stabilized, 
stirring was maintained for 24 h to ensure the complete dissolu-
tion of CO 2 , thereby preparing the SCW. The CO 2 content in the
experimental SCW was set to be 1.0 mmol/cm 3 .

2.2. Experimental setup and procedure

2.2.1. Experimental setup
Through core flooding experiments, combined with NMR 

scanning, the oil recovery, CO 2 storage efficiency, and oil 
displacement characteristics from pores of varying sizes were 
determined. Fig. 3 illustrates the schematic diagram of the 
experimental setup, which mainly consists of a constant-rate 
constant-pressure pump, intermediate containers, a core holder, 
a back-pressure valve, a gas flow meter, a gas chromatograph, and 
an NMR scanning system. NMR data were acquired using a 
MacroMR12-150H-I low-field NMR apparatus. In the experiments, 
the resonance frequency was 12.448 MHz, the magnetic field 
strength was 0.3 T, the echo time was 0.2 ms, the polarization time 
was 3000 ms, and the number of echoes was 12,000.

Additionally, a CT scanner was employed to scan the core 
samples, and a core-scale 3D heterogeneous numerical simulation 
model was developed to match the experimental results, validate 
the reliability of the simulation approach, and derive relative 
permeability curves for subsequent numerical simulation studies. 
Specifically, the CT scanning was conducted with a current of 200 
mA, a voltage of 120 kV, a scanning layer thickness of 1.25 mm, and 
a scanning interval of 10.0 mm.

2.2.2. Experimental procedure
The oil and gas production volumes at the core outlet were 

measured to assess oil recovery and CO 2 storage efficiency. The T 2 
spectrum variations before and after displacement were acquired 
through NMR scanning and utilized to calculate recovery across

Table 1
Physical parameters of experimental cores.

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

C-1 10.012 2.502 15.80 14.42
C-2 10.016 2.506 15.76 14.56
C-3 10.032 2.504 15.92 14.80
C-4 10.028 2.503 15.70 14.36

Fig. 1. Composition of formation oil.
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pores of varying sizes. The specific experimental steps are outlined 
below:

(1) The core is evacuated for 24 h and then saturated with 
distilled water for 48 h prior to NMR scanning.

(2) The experimental apparatus is assembled, and a 12 w.t.% 
manganese chloride solution is injected at a constant flow 

rate of 0.1 mL/min to suppress the hydrogen signal. After 
injecting a total of 20 pore volumes, NMR scanning is 
conducted.

(3) The temperature is adjusted to 72 ◦ C, the pressure to 25 
MPa, and the confining pressure is maintained at 3 MPa 
above the injection pressure. Oil is injected into the core 
until no water is observed at the outlet, establishing bound 
water saturation. Subsequently, the core is aged for 72 h and 
subjected to NMR scanning again.

(4) CO 2 is used to displace the core at a rate of 0.1 mL/min. The 
injection is terminated after a cumulative volume of 1.2 pore 
volume (PV) has been injected. Subsequently, an NMR scan 
is conducted to quantify the oil recovery. During the 
displacement, oil production is measured at various CO 2 
injection volumes to obtain the oil recovery curve. Simul-
taneously, the produced gas is collected and quantified, and 
its composition is analyzed via gas chromatography to 
calculate CO 2 storage efficiency.

(5) The experimental core is replaced; steps (1) to (3) are 
repeated to re-establish initial conditions, after which WAG, 
CWAG, and SCWAG flooding is performed as in step (4). For 
both CWAG and SCWAG flooding experiments, the change in 
contact angle before and after the experiment is measured 
using the sessile drop method.

Notably, for both WAG and SCWAG flooding, the slug size is 0.1 
PV. Additionally, for the SCWAG experimental core, CT scanning is 
conducted after evacuation, followed by CT scanning after satu-
ration with experimental water, before displacement experiments 
are performed. Additionally, certain experimental uncertainties 
are present. For oil recovery measurements and contact angle 
determination, the dominant source of error is human-induced, 
primarily due to reading inaccuracies. For CO 2 storage efficiency, 
the errors are predominantly systematic, originating from the gas 
flow meter measurement and chromatographic analysis. There-
fore, to account for the influence of these uncertainties, appro-
priate error bars were added to the experimental data, providing a 
more comprehensive and accurate representation of the results.

2.3. Quantitative analysis method of NMR

NMR scanning can be employed to obtain the transverse 
relaxation time distribution spectrum, commonly known as the T 2

Fig. 2. Comparison of contact angle. (a) Before contact with surfactant; (b) After contact with surfactant.

Fig. 3. Schematic diagram of the displacement experimental device.
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spectrum, by detecting NMR signals from hydrogen-containing 
fluids within porous media. The transverse relaxation time of 
fluids in porous media is influenced by the combined effects of 
bulk relaxation, surface relaxation, and diffusion relaxation, which 
can be expressed as Eq. (1) (Tang et al., 2022; Yang et al., 2013; 
Zhang et al., 2021):

1
T 2

=
1

T 2;bulk
+ 

1
T 2;surface

+ 
1

T 2;diffusion
(1)

where, T 2;bulk is bulk relaxation time, ms; T 2;surface is surface 
relaxation time, ms; T 2;diffusion is diffusion relaxation time, ms.

For the flow of fluids in porous media, the contribution of T 2 , bulk 
to T 2 is generally minor and can typically be neglected. In low 

magnetic field environments, T 2 , diffusion can also be disregarded. 
Consequently, T 2 is predominantly influenced by T 2 , surface , which is 
related to the specific surface area of the pores and can be 
expressed as Eq. (2):

T 2 = T 2;surface =
V

ρ t S
(2)

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

For porous media, S and V satisfy Eq. (3):

S
V
= 

F s
r

(3) 

where, F s is shape factor; r is pore radius, μm.
Thus, T 2 can be expressed as Eq. (4):

T 2 = T 2;surface =
r

ρ t F s
(4) 

From Eq. (4), it is evident that T 2 is directly proportional to r;
that is, a larger T 2 corresponds to a greater r. Based on T 2 , pores can 
be categorized into micropores, mesopores, and macropores, 
where values less than10 ms correspond to micropores, 10–100 ms 
to mesopores, and values exceeding 100 ms to macropores. 
Additionally, the NMR signal intensity is directly proportional to 
the content of hydrogen-containing fluids within the porous me-
dium. Therefore, the recovery can be determined from variations 
in the T 2 spectrum as given by Eq. (5):

E = 
S 1 − S 2

S 1
× 100% (5)

where, S 1 and S 2 represent the T 2 spectrum peak areas of the oil-
saturated core and the core after displacement, respectively.

2.4. Experimental results analysis

2.4.1. Oil recovery
Core samples C-1 to C-4 were utilized to perform CO 2 flooding, 

WAG flooding, CWAG flooding, and SCWAG flooding experiments, 
respectively. Fig. 4 depicts the oil recovery curves as a function of 
injection volume for various displacement methods. Across all 
displacement methods, recovery increased with injection volume, 
exhibiting a rapid increase in the initial stage, followed by a more 
gradual rise in the subsequent stage, attributable to the break-
through of the injected fluid. SCWAG yielded the highest recovery, 
reaching 76.99%, representing enhancements of 12.03%, 7.71%, and 
4.24% over CO 2 flooding, WAG flooding, and CWAG flooding, 
respectively.

Fig. 5 illustrates variations in the T 2 spectrum before and after 
core displacement, while Fig. 6 compares oil recovery across pores

of varying sizes under different displacement methods. The results 
indicated that SCWAG achieves higher recoveries in micropores, 
mesopores, and macropores compared with other displacement
methods. Under reservoir conditions, CO 2 can attain miscibility 
with crude oil. Its dissolution in crude oil leads to an expansion of 
the oil volume and a reduction in viscosity. Experimental results 
from gas expansion tests showed that the injection of 50 mol% CO 2 
into crude oil expanded its volume to 1.308 times the original. 
Simultaneously, the measured oil viscosity decreased by 43.6%.
Additionally, CO 2 contributes to oil displacement through effects
like extraction. However, owing to substantial differences in 
physical properties between CO 2 and oil, gas breakthrough is likely 
to occur. At a cumulative injection of 1.2 PV, CO 2 flooding yielded a 
recovery of 64.96%, with recoveries of 38.57%, 66.31%, and 78.72% 
for micropores, mesopores, and macropores, respectively. WAG 
flooding, via alternating injections of water and gas slugs, stabi-
lizes the gas displacement front, suppresses gas breakthrough, 
increases the flow resistance of CO 2 , and thereby enhances sweep 
efficiency (Ren and Duncan, 2021). This approach achieved re-
coveries of 46.51%, 69.43%, and 81.01% in micropores, mesopores, 
and macropores, respectively. Compared with WAG flooding, 
CWAG mitigates the effects of water shielding, promotes the mass 
transfer of CO 2 into oil, partially breaks the “water shield” effect, 
and further enhances both sweep efficiency and oil displacement 
efficiency (Riazi and Golkari., 2016), leading to recoveries of 
52.66%, 73.66%, and 82.97% in the corresponding pore categories. 
SCWAG integrates the respective advantages of surfactants, CW, 
and CO 2 , resulting in EOR across all pore sizes. It achieved re-
coveries of 56.35% in micropores, 76.85% in mesopores, and 87.96% 
in macropores. Among these, mesopores and macropores 
contribute more substantially to recovery, whereas the improve-
ment in recovery for micropores was the most significant.

The mechanisms through which SCWAG improves oil recovery 
primarily encompass: (1) SCWAG effectively mitigates the effects 
of water shielding and promotes the mass transfer of CO 2 into oil. 
As illustrated in Fig. 7, WAG flooding is susceptible to inducing 
water shielding, with the CO 2 transfer process occurring in the 
sequence: CO 2 -water-oil. In contrast, in SCWAG flooding, CO 2 is 
pre-dissolved, allowing the CO 2 transfer process to be approxi-
mated as SCW- oil. (2) The synergistic effect of the surfactant and 
CW leads to a more effective improvement in wettability and 
reduction in IFT. SCW can reduce the IFT between itself and crude 
oil to 1 × 10 − 2 mN/m, which is lower than that of CW and oil

Fig. 4. Recovery variation with injection volume for different displacement methods.
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(Nowrouzi et al., 2019). As shown in Fig. 8, following CWAG 
flooding, the contact angle decreased from 129.6 ◦ to 97.1 ◦ . In 
contrast, SCWAG flooding significantly improved wettability, 
reducing the contact angle from 135.2 ◦ to 49.5 ◦ . Consequently,

SCWAG enables SCW to penetrate smaller core pores and contact 
oil, thereby facilitating CO 2 mass transfer and improving micro-
scopic sweep efficiency and oil displacement efficiency. Further-
more, the acidic environment generated by SCW could protonate 
the zwitterionic surfactant, potentially leading to enhanced 
adsorption at the oil-water interface and on the rock surface, 
further improving wettability and reducing IFT (Sarkar et al., 
2021).

2.4.2. CO 2 storage efficiency
Fig. 9 provides a comparison of CO 2 storage efficiency across 

CO 2 flooding, WAG flooding, CWAG flooding, and SCWAG flooding. 
Among these, CO 2 flooding exhibited the lowest storage efficiency 
at 46.67%, whereas the storage efficiencies of WAG flooding and 
CWAG flooding were similar, at 55.60% and 54.83%, respectively. 
SCWAG achieved the highest CO 2 storage efficiency at 57.22%. 
Owing to the brief core flooding duration and the mineral 
composition of the core is predominantly quartz, mineralization 
reactions between CO 2 and the rock can be disregarded (Berndsen 
et al., 2024; Seyyedi and Sohrabi, 2015). CO 2 flooding primarily 
occupies reservoir pore space by displacing oil, with a portion of 
CO 2 dissolving in bound water and residual oil, thereby contrib-
uting to CO 2 storage. However, as CO 2 was susceptible to gas 
breakthrough, a substantial amount of CO 2 was lost at the outlet, 
resulting in reduced storage efficiency.

Fig. 5. NMR T 2 spectra before and after experiments with different displacement methods. (a) CO 2 flooding; (b) WAG flooding; (c) CWAG flooding; (d) SCWAG flooding.

Fig. 6. Recovery comparison by pore type for different displacement methods.
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In contrast, WAG flooding stabilized the gas displacement front 
through alternating injections of water and gas, effectively sup-
pressing gas breakthrough. This enabled more oil to be displaced 
from core pores, thereby providing increased pore space for CO 2 
storage. Furthermore, CO 2 dissolved not only in bound water and 
residual oil but also in injected water, further enhancing dissolved 
CO 2 storage in water. Consequently, the CO 2 storage efficiency for 
WAG flooding significantly increased to 55.60%.

Although CWAG mitigated the effects of water shielding and 
achieved higher recovery, CO 2 was pre-dissolved in CW, necessi-
tating a larger CO 2 injection volume. Moreover, CW had limited 
capacity to further dissolve injected CO 2 , resulting in a slightly

lower CO 2 storage efficiency compared with WAG. SCWAG further 
enhanced recovery, expanded the pore space available for CO 2 
storage, and enhanced CO 2 mass transfer. As a result, CO 2 storage 
efficiency rose to 57.22%, surpassing both WAG and CWAG.

3. Numerical simulation

3.1. Modeling of carbonated water

The setup for the CW simulation in the numerical simulation 
software followed the methodology described by Ji et al. (2023).

Fig. 7. Schematic illustration of the mechanism by which SCWAG mitigates the water shielding. (a) Process of CO 2 transfer to oil during WAG flooding; (b) Process of CO 2 transfer 
to oil during SCWAG flooding.

Fig. 8. Comparison of contact angle changes before and after SCWAG and CWAG 
flooding.

Fig. 9. CO 2 storage efficiency comparison for different displacement methods.
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The key to numerical simulation of CW lies in describing the sol-
ubility differences of CO 2 in oil and water, which are determined 
by the partition coefficient of CO 2 between oil and water (Yang 
et al., 2019). The CO 2 partition coefficient is defined as the ratio 
of its effective molar fractions in the oil and water phases, as 
expressed in Eq. (6) (Li and Nghiem, 1986):

log p = log 
c o 
c w

(6) 

where, c o and c w are the CO 2 molar fractions in the oil and water 
phases, respectively.

The molar fraction of CO 2 in the liquid phase can be expressed 
using fugacity and Henry’s constant, as shown in Eq. (7) (Nghiem 

et al., 1983):

f iw = x i H i (7)

where, f iw is fugacity of component i in the liquid phase, Pa; x i is 
molar fraction of component i; H i is Henry’s constant of compo-
nent i, Pa.

The Henry’s constant is a function of temperature and pressure, 
which can be calculated using Eq. (8):

ln H i = ln H*i + 
ν i (p − p * ) 

RT
(8) 

where, p * is reference pressure,Pa; H*i is value of Henry’s constant

at p * , Pa; T is temperature, K; R is ideal gas constant, J/(mol − 1 ⋅K − 1 ).
Under the isothermal condition, H*i for CO 2 can be calculated

using Eq. (9) (Harvey, 1996):

ln 
( 
H*i

) 
= ln 

( 
p H 2 O 

* ) − A 
( 
T H 2 O 

) − 1 
+ B 

( 
1 − T r;H 2 O 

) 0:355 ( T r;H 2 O 
) − 1

+ C exp 
( 
1 − T r;H 2 O 

)( 
T r;H 2 O 

) − 0:41

(9) 

where, p H 2 O 
* is saturated vapor pressure of water, MPa; T r;H 2 O is

reduced temperature of water, K. A, B, and C are constants, 
A = − 9.4234, B = 4.0087, C = 10.3199.

3.2. Establishment of numerical simulation model

3.2.1. Compositional numerical model
Numerical simulations were performed using the composi-

tional model in CMG. The constituent compounds of oil were 
lumped into pseudo-components to enhance computational effi-
ciency. The parameters of the resulting pseudo-component model 
were tuned to match the experimental data from constant 
composition expansion, multi-stage differential liberation, gas 
expansion, and minimum miscibility pressure experiments. These 
experimental data adequately captured the intrinsic properties of 
the crude oil and the interactions between CO 2 and the oil. The 
fitting results are shown in Fig. 10(a)–(e), demonstrating excellent 
agreement between the experimental and simulation data. It is 
noteworthy that the fitting of the minimum miscibility pressure 
was achieved by integrating PVT fitting with numerical slim tube 
simulations. Furthermore, the phase diagrams of the pseudo-
components and full components were compared (Fig. 10(f)). At 
the reservoir temperature, the corresponding saturation pressures 
were 9.529 and 9.509 MPa for the complete composition and 
pseudo-component model, respectively. These values closely 
approximated the actual saturation pressure of 9.532 MPa in the 
target block, with the pseudo-component model exhibiting a 
saturation pressure error of 0.24%. This comprehensive validation 
confirmed that the pseudo-component lumping scheme was both

accurate and reliable for subsequent numerical simulations. The 
specific compositions and characteristic parameters of the 
pseudo-components are presented in Table 2.

3.2.2. History matching 
SCW refers to CW supplemented with surfactants. Therefore, in 

addition to simulating the transport process of CO 2 , it is essential
to adjust the relative permeability curves to accurately reflect the 
effects of both components, thereby enabling the simulation of 
SCW (Kumar et al., 2021; Lee et al., 2017, 2020). Consequently, a 
numerical simulation at the experimental scale was established, 
and the results of laboratory experiments were fitted to refine the 
relative permeability curves for subsequent reservoir-scale nu-
merical simulation studies. To account for the impact of core 
heterogeneity on SCWAG flooding and to derive more precise 
relative permeability curves through history matching, a 3D het-
erogeneous numerical simulation model reflecting the actual 
physical properties of the core was constructed using CT scanning. 
The formula for calculating porosity is presented as Eq. (10) (Akin 
and Kovscek, 2003):

ϕ = 
CT oil − CT air
CT o − CT a

(10)

where CT oil , CT air , CT, and CT a represent the CT values of oil-
saturated cores, air-saturated cores, oil, and air, respectively. 

The porosity of the C-4 core is 0.157, and the corresponding 
permeability is calculated based on the Kozeny-Carman equation 
as Eq. (11) (Lyu et al., 2021):

k = α
ϕ 3 D 2p

(1 − ϕ)2 
(11)

where, k is core permeability, mD; α is the proportionality and
unity factor, mD/mm 2 ; D p is average grain size of rock particles,
mm; ϕ is core porosity. 

The CT scan results are shown in Fig. 11(a), from which the 
actual porosity distribution was obtained. To enhance the 
computational efficiency of the model, it was appropriately 
coarsened, namely resampled. The resampled results are shown in 
Fig. 11(b). The porosity distribution after resampling closely 
aligned with the actual core porosity distribution, thereby 
ensuring the validity and accuracy of the simulation. The resam-
pled data were then utilized to construct a 3D heterogeneous 
numerical simulation model. The grid sizes in the x, y, and z di-
rections are 13.023, 6.258, and 6.258 × 10 − 2 cm, respectively, with 
a total of 98,483 grid blocks.

Based on this numerical simulation model, the injection rate, 
experimental temperature and pressure were set to align with 
laboratory experiments. The relative permeability curves were 
refined, and the CMOST module was utilized to fit the experi-
mental data through history matching. The endpoints of the 
relative permeability curves, determined from experimental 
measurements, were kept fixed during the history matching pro-
cess. The results of history matching, as depicted in Fig. 12, indicate 
an error of 2.12% relative to the experimental data, suggesting that 
incorporating the CO 2 partition coefficient in the oil-water system 

together with history matching enables an accurate simulation of 
SCWAG. The fitted relative permeability curves are presented in 
Fig. 13 for use in subsequent reservoir-scale numerical simula-
tion studies.

3.2.3. Reservoir-scale model description
To evaluate the impact of various factors on SCWAG flooding 

and CO 2 storage efficiency, and to quantify their sensitivities, a
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reservoir-scale numerical simulation model was developed and 
numerical simulations were conducted, with the ultimate aim of 
providing a reference for the application of SCWAG in low-
permeability reservoirs. The specific parameters of the model, 
including porosity, permeability, pressure, and temperature, are

detailed in Table 3. To reflect the impact of heterogeneity, the 
model incorporates a permeability contrast of 5, designating the 
upper layer as a low-permeability zone and the lower layer as a 
high-permeability zone. The simulation employed a quarter five-
spot pattern, consisting of one injection well and one production

Fig. 10. Fitting results for oil properties and its interaction with CO 2 . (a) Relative volume; (b) Density and viscosity; (c) Multistage degassing gas-oil ratio; (d) Swelling factor and 
saturation pressure; (e) Minimum miscibility pressure; (f) Pressure-temperature phase diagrams.

X.-B. Han, H.-Y. Yu, T.-B. Wang et al. Petroleum Science 23 (2026) 2976–2990

2984



well. One complete alternating cycle between SCW and CO 2 was 
set to 6 months. The injection well operates under constant-rate 
injection, with a daily injection volume of 18 m 3 under reservoir 
conditions. The production well was constrained by a minimum 

bottom-hole pressure of 10 MPa and a daily fluid production rate
of 18 m 3 .

3.3. Design of simulation schemes

The impacts of injection rate, water-to-gas ratio, and perme-
ability contrast on SCWAG oil recovery and CO 2 storage efficiency 
were examined. In the single-factor analysis, only one factor was 
varied, while the other two were held constant. The simulation

schemes are presented in Table 4. Given the limited quantitative 
analysis in existing studies regarding the effects of each factor on 
recovery and CO 2 storage efficiency, and the absence of research on 
factor interactions, RSM was employed to quantify the influence of 
the three factors on SCWAG recovery and CO 2 storage efficiency, 
while accounting for interactions among the factors. Injection rate 
(A), water-to-gas ratio (B), and permeability contrast (C) were 
selected as input variables for the RSM central composite design. 
The three variables and their respective levels are presented in 
Table 5.

3.4. Simulation results analysis

3.4.1. Single-factor analysis

(1) Injection rate

Fig. 14 illustrates the variation in oil recovery and CO 2 storage 
efficiency with injection rate. As the injection rate increased, 
SCWAG recovery rose, while CO 2 storage efficiency decreased. 
Specifically, when the injection rate increased from 14 m 3 /day to 
22 m 3 /day, recovery increased from 54.37% to 58.24%, whereas CO 2 
storage efficiency decreased from 72.74% to 48.23%. The increase in 
gas injection rate results in a higher total injection volume, which 
enhanced oil displacement and, consequently, improved recovery. 
However, a high injection rate also increased viscous forces, which 
could destabilize the displacement front and increase the likeli-
hood of gas breakthrough, leading to a significant decrease in CO 2 
storage efficiency. Optimizing the injection rate is necessary to 
maximize both oil recovery and CO 2 storage efficiency. Addition-
ally, the economic implications of high injection volumes should 
be considered when implementing this process in the field.

(2) Water-to-gas ratio

Table 2
Composition and properties of pseudo-components.

Component Mole fraction, % Molecular weight, g⋅mol − 1 V c , mol − 1 P c , atm T c , K Acentric factors Z c

N 2 0.918 28.013 0.0895 33.5 126.2 0.04 0.291
CO 2 0.071 44.010 0.094 72.8 304.2 0.225 0.274
CH 4 26.045 16.043 0.099 45.4 190.6 0.008 0.288
C 2 H 6 6.579 30.070 0.148 48.2 305.4 0.098 0.279
C 3 H 8 9.386 44.097 0.203 41.9 369.8 0.152 0.276
C 4 to C 7 20.598 72.481 0.302 34.393 471.614 0.241 0.272
C 8 to C 14 17.792 156.940 0.561 23.639 639.809 0.472 0.269
C 15 to C 21 13.784 288.409 0.916 15.887 758.988 0.747 0.27
C 22 to C 29 4.646 336.715 1.187 12.307 824.753 0.942 0.242
C 30 to C 32 0.182 399.601 1.423 9.982 876.687 1.094 0.229

Fig. 11. Comparison of porosity distribution. (a) CT scanning; (b) Resampling.

Fig. 12. Experimental and numerical simulation fitting results.
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The recovery and CO 2 storage efficiency results at different 
water-to-gas ratios are shown in Fig. 15. As the water-to-gas ratio 
increased, both recovery and CO 2 storage efficiency increased. 
When the water-to-gas ratio increased from 1:2 to 2:1, recovery 
increased from 54.47% to 57.09%, and CO 2 storage efficiency 
increased markedly from 48.93% to 72.12%. An increase in the 
water-to-gas ratio enhanced the control of water over the gas, 
which helped stabilize the gas displacement front. Additionally, it 
facilitated CO 2 dissolution and storage in water, thus increasing 
both oil recovery and CO 2 storage efficiency.

It is important to note that although this study showed that a 
water-to-gas ratio of 2:1 yielded better results than ratios of 1:1 
and 1:2, a higher ratio is not always better. When the water-to-gas 
ratio is markedly low, the control of SCW over CO 2 is insufficient,

causing CO 2 to form a continuous phase and result in gas break-
through, leading to low sweep efficiency (Lewis et al., 2008; Wang 
et al., 2020). For instance, in the simulations, defining gas break-
through by a gas-oil ratio of 1500 m 3 /m 3 . Under this criterion, the 
2:1 water-to-gas ratio delayed breakthrough by one year 
compared to the 1:2 ratio. Conversely, when the water-to-gas ratio 
is too high, the efficiency of oil displacement is reduced. Therefore, 
in practical reservoir development, the optimal water-to-gas ratio 
should be selected based on the specific characteristics of the 
reservoir.

(3) Permeability contrast

Fig. 16 illustrates the variations in oil recovery and CO 2 storage 
efficiency across different permeability contrasts. As the perme-
ability contrast increases, recovery gradually decreases, whereas 
CO 2 storage efficiency initially increases before subsequently 
decreasing. A lower permeability contrast corresponds to weaker 
reservoir heterogeneity, which delays gas breakthrough and leads 
to higher oil recovery. However, the simulation model represented 
a positive rhythm reservoir. To ensure a controlled comparison, the 
overall permeability of the model was kept constant, while only 
the permeability contrast was varied. The smaller permeability 
contrast implied a relatively higher vertical permeability in the

Fig. 13. Relative permeability curves fitted by CMOST. (a) Gas-liquid relative permeability; (b) Oil-water relative permeability.

Table 3
The properties of the reservoir model for the SCWAG simulation.

Parameter Value

Average porosity, % 16.0
Average permeability, mD 15.0
Initial oil saturation, % 70.0
Grid block in x, y, z directions 50, 50, 6
Dimensions (x, y, z), m 5.64, 5.64, 3.0
Top depth, m 2200.0
Original formation pressure, MPa 25.0
Initial temperature, ◦ C 72.0

Table 4
The simulation schemes of single-factor analysis.

Parameter Scheme of simulation Basic parameter value

Injection rate, m 3 /d 14, 16, 18, 20, 22 18
Water-to-gas ratio 1:2, 1:1.5, 1:1, 1.5:1, 2:1 1:1
Permeability contrast 2, 3.5, 5, 6.5, 8 5

Table 5
Input variables and levels for RSM.

Factor Variable Levels

Low High

Injection rate, m 3 /d A 14 22
Water-to-gas ratio B 0.5 2
Permeability contrast C 2 8

Fig. 14. Variation of recovery and CO 2 storage efficiency with injection rate.
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upper part of the reservoir; therefore, cases with low permeability 
contrast were more susceptible to gravity override. As the 
permeability contrast increased from 2.0 to 6.5, gas breakthrough 
was delayed compared to the highest-contrast case, but the gas-oil

ratio rose rapidly post-breakthrough. Consequently, while the oil 
recovery decreased from 60.94% to 53.84%, the CO 2 storage effi-
ciency increased from 44.23% to 60.08%. However, upon a further 
increase in permeability contrast to 8.0, the intensified heteroge-
neity led to an earlier gas breakthrough, and as a result, both oil 
recovery and CO 2 storage efficiency declined to 51.69% and 57.83%, 
respectively. Therefore, the influence of permeability contrast on 
oil recovery and CO 2 storage efficiency is complex. To optimize oil 
recovery while achieving effective CO 2 storage, it is crucial to 
thoroughly consider the complex influences of permeability 
contrast on both oil recovery and CO 2 storage efficiency.

3.4.2. Sensitivity analysis
The P-values of the response surface analysis models for re-

covery (Y 1 ) and CO 2 storage efficiency (Y 2 ) were less than 0.001. 
Typically, a P-value below 0.05 indicates that the factor or model is 
statistically significant. Therefore, these models exhibited high 
statistical significance, excellent fit, and practical applicability. A 
scatter plot comparing predicted and actual values is shown in 
Fig. 17, where the close alignment further validates the reliability 
of the model. The F-value quantifies the contribution of each 
variable to the model, with a higher F-value indicating a greater 
influence of the corresponding factor (Afari et al., 2022). Generally, 
there is a correlation between the P-value and F-value, whereby a 
larger F-value corresponds to a smaller P-value.

Based on the F-values, the influencing factors were ranked, and 
significant factors were identified in conjunction with the P-
values, as illustrated in Fig. 18. Factors A, B, and C each exerted a 
significant influence on both recovery (Y 1 ) and CO 2 storage effi-
ciency (Y 2 ), underscoring the appropriateness of the selected fac-
tors and affirming their critical roles in governing SCWAG 
performance. However, the extent of influence of A, B, and C varied 
between recovery and CO 2 storage efficiency. For Y 1 , the influence 
hierarchy was C > A > B, with permeability contrast indicative of 
heterogeneity, directly regulating the timing of gas breakthrough 
and impacting oil displacement efficiency, thereby exerting the 
most substantial effect on oil recovery. For Y 2 , the influence hier-
archy shifted to A > B > C, where the injection rate slightly out-
weighed the water-to-gas ratio in influence, while permeability 
contrast had a lesser impact compared to the other two factors. 
The injection rate and water-to-gas ratio directly govern the CO 2 
injection volume, significantly affecting CO 2 storage efficiency. 
Consequently, to maximize oil recovery, the impact of perme-
ability contrast should be prioritized, whereas optimizing CO 2

Fig. 15. Variation of recovery and CO 2 storage efficiency with water-to-gas ratio.

Fig. 16. Variation of recovery and CO 2 storage efficiency with permeability contrast.

Fig. 17. Scatter plot comparing predicted and actual values. (a) Oil recovery; (b) CO 2 storage efficiency.
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storage efficiency requires focusing primarily on the injection rate 
and water-to-gas ratio.

Given the substantial influence of the interaction between the 
water-to-gas ratio and permeability contrast on both oil recovery 
and CO 2 storage efficiency, and their predominant effect among 
interacting factors, response surface plots for oil recovery and CO 2 
storage efficiency as functions of factors B and C are presented in 
Fig. 19. When permeability contrast remained constant, both oil 
recovery and CO 2 storage efficiency increased with an increasing 
water-to-gas ratio. Compared to low permeability contrast, the 
impact of the water-to-gas ratio on recovery and CO 2 storage ef-
ficiency was more pronounced at high permeability contrast. A 
greater permeability contrast signifies enhanced reservoir het-
erogeneity, necessitating a corresponding increase in the water-to-
gas ratio to mitigate gas breakthrough. With a constant water-to-
gas ratio, an increase in permeability contrast led to a gradual 
initial decrease in oil recovery, followed by a sharp decline, 
whereas CO 2 storage efficiency initially rose before subsequently 
falling. At lower water-to-gas ratios, permeability contrast exerted 
a more pronounced effect on both recovery and CO 2 storage effi-
ciency, with this effect diminishing at higher water-to-gas ratios. A 
higher water-to-gas ratio can partially mitigate the adverse

impacts of reservoir heterogeneity; however, when permeability 
contrast becomes excessively high, even a higher water-to-gas 
ratio still results in substantial reductions in both oil recovery 
and CO 2 storage efficiency. This suggests that merely increasing 
the water-to-gas ratio is insufficient to effectively manage gas 
breakthrough, and that it cannot be increased indefinitely. 
Consequently, under conditions of high permeability contrast, 
integrating SCW with gels, foams, or other techniques may be 
necessary to more effectively counteract the detrimental effects of 
reservoir heterogeneity (Kumar and Mandal, 2017; Sun et al., 2024; 
Tan et al., 2024; Zhao et al., 2024).

4. Conclusion

Although SCWAG demonstrates potential for improved oil re-
covery, the current understanding of its performance and mech-
anisms remains insufficient. By employing core flooding 
experiments and NMR scanning, this study provides the first 
elucidation of pore-scale oil displacement characteristics and CO 2 
storage performance of SCWAG. Furthermore, by integrating CT 
scanning with numerical simulation, and employing RSM, the in-
fluences of various factors and their interactions on SCWAG

Fig. 18. Ranking of factors by impact degree and significance assessment. (a) Oil recovery; (b) CO 2 storage efficiency.

Fig. 19. Response surface plots of interaction between water-to-gas ratio (B) and permeability contrast (C). (a) Oil recovery; (b) CO 2 storage efficiency.
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performance have been thoroughly investigated. The findings 
provide new insights into the underlying mechanisms and offer 
crucial guidance for the design and implementation of SCWAG.

(1) SCWAG flooding integrates the advantages of surfactants, 
CW, and CO 2 . It not only suppresses gas channeling but also 
effectively mitigates the effect of water shielding. The 
zwitterionic surfactant and CW could mutually enhance 
each other, significantly improving wettability, reducing IFT, 
and promoting CO 2 mass transfer, thus facilitating EOR. The 
recovery of SCWAG is 76.99%, with recoveries for micro-
pores, mesopores, and macropores of 56.35%, 76.85%, and 
87.96%, respectively. The contribution of mesopores and 
macropores to recovery is substantial, while the improve-
ment in micropores is particularly significant when 
compared to CO 2 flooding.

(2) WAG flooding improves sweep efficiency, with CO 2 dis-
solving in trapped water, residual oil, and the injected water. 
The CO 2 storage efficiency was 55.60%, which was 8.93% 
higher than that of CO 2 flooding. Although CWAG helps 
alleviate the impact of water shielding and facilitates CO 2 
mass transfer into oil, CW is less effective at continuously 
dissolving the injected CO 2 , resulting in slightly lower CO 2 
storage efficiency compared to WAG flooding. SCWAG, on 
the other hand, provides a larger pore space for CO 2 storage 
and further promoted CO 2 mass transfer, achieving a CO 2 
storage efficiency of 57.22%.

(3) A higher injection rate results in a larger injection volume, 
which is beneficial for improving recovery. However, a high 
injection rate is detrimental to maintaining the stability of 
the displacement front, leading to a decrease in CO 2 storage 
efficiency. As the water-to-gas ratio increases, SCW more 
effectively controls CO 2 flow, which is beneficial for 
improving both recovery and CO 2 storage efficiency. The 
impact of permeability contrast on SCWAG is complex. As 
permeability contrast increases, recovery declines, while the 
CO 2 storage efficiency initially increases and then decreases, 
as observed within the parameter range of this study.

(4) Injection rate, water-to-gas ratio, and permeability contrast 
have a significant impact on both recovery and CO 2 storage 
efficiency, but their relative effects vary for each objective. 
Permeability contrast has the greatest impact on recovery, 
exceeding both the injection rate and water-to-gas ratio. In 
contrast, CO 2 storage efficiency is primarily influenced by 
the injection rate, which has a slightly greater impact than 
the water-to-gas ratio and a more pronounced impact than 
permeability contrast. Beyond these individual factors, the 
interaction between the water-to-gas ratio and permeability 
contrast should also be considered in SCWAG for low-
permeability reservoirs.

Overall, SCWAG offers a promising approach to EOR and CO 2 
storage through its ability to improve sweep efficiency and 
enhance oil displacement. Future research could explore the po-
tential of integrating SCW with other agents, such as gels and 
foams, to improve its adaptability and performance in highly 
heterogeneous reservoirs. Furthermore, it would be worthwhile to 
investigate the development of novel surfactants that enhance CO 2 
solubility in water and facilitate CO 2 mass transfer, potentially 
leading to further improvements in SCWAG performance.
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