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This study targeted a highly water-sensitive reservoir with high clay content (average 23.87%,

mainly montmorillonite and illite), where waterflooding development induces hydration swelling

of clay minerals, leading to pore-throat narrowing. The anti-swelling system and CO, were found

to mitigate this phenomenon. The research investigated the dissolution, diffusion, and synergistic
effects of CO, in the anti-swelling system/crude oil within the context of Carbon Capture, Utilization
and Storage-Enhanced Oil Recovery (CCUS-EOR). Using the pressure decay method, core flooding
experiments, microscopic visualization of oil displacement, and an improved mathematical model.
We systematically investigated the influence of clay minerals on the balance between CO, storage and
enhanced oil recovery (EOR). It was found that the diffusion coefficient of supercritical CO, increased
rapidly and then levelled off with increasing pressure, which indicated that clay minerals hindered
CO, diffusion. The anti-swelling system increases the effective pore connectivity by suppressing clay
swelling, which increases the diffusion coefficient by 20-28%. The enhanced mathematical model
combines the oil-water phase partition coefficients with the PR-EOS equation of state to accurately
describe the multiphase interactions. The calculation results fit the experimental data by 92%, which
is better than the traditional single-phase model. Through microscopic oil displacement experiments,
core flooding tests, and quantitative analysis of full-cycle CO, saturation evolution. It is demonstrated
that the sweep efficiency is anti-swelling system-CO, flooding is a higher sweep efficiency (73.95%) and
achieves 58.12% oil recovery and 46.16% CO, sequestration efficiency in a core with a permeability of
102.95 %1073 pm2. The full-cycle CO, saturation change rule was quantified, and the saturation cloud
map was drawn. It is proven that the technology has the synergistic mechanism of ‘stabilising pore
structure-reducing oil viscosity-efficient sequestration’, which combines significant oil recovery and
carbon sequestration benefits, and provides theoretical and practical guidance for the low-carbon
development of strong water-sensitive oilfields.

Keywords CCUS-EOR, Strongly water-sensitive reservoirs, Clay minerals, Carbon sequestration, Enhanced
oil recovery

Abbreviations

CCUS-EOR Carbon Dioxide Capture, Utilisation and Storage with Enhanced Oil Recovery
Ceq CO, concentration at the equilibrium pressure P,

K the mass transfer coeflicient at the gas-liquid interface

D4 diffusion coefficient

r0 radius

T time

ro length

u velocity

c average concentration
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G, initial concentration

G, concentration at time i

kpCo andk .~ partition coeflicients for carbon dioxide concentrations in the oil and aqueous phases
A reduction of carbon dioxide in the gas phase

Z gas deviation factor

R gas constant

Q amount of gas lost in the gas phase at time t

P initial pressure of gas before diffusion

AV volume reduction of the gas phase

With the rapid development of the global economy, the rapid consumption of fossil energy, and the continued
emission of greenhouse gases, the world is facing a climate change crisis. The innovation and development of
CCUS-EOR (Carbon Dioxide Capture, Utilisation and Storage with Enhanced Oil Recovery) technology'~ is
crucial to guarantee the promotion of carbon emission reduction and carbon neutrality targets while ensuring
the diversity of energy structure.

The development technology for gas injection in conventional sandstone reservoirs has been continuously
refined and improved based on prior research findings. This has led to the establishment of a comprehensive
technological system for carbon capture, utilization, and storage®®. Conventional CCS reservoirs are mainly
targeted at porous rock formations, such as sandstones and carbonate aquifers, with predominantly primitive
porosity!®-12. The search for potential CO, storage reservoirs has now expanded to non-traditional geological
environments. Specifically, this includes carbonate reservoirs with naturally occurring fractures. Additionally,
residual oil zones (ROZ) and shale reservoirs may also emerge as new CO, storage sites!>1°.

The strong water-sensitive reservoir studied in this paper is characterized by high clay mineral content and
strong sensitivity to external fluids'>!%. The use of conventional water flooding is prone to induce hydration
and expansion of clay minerals, reduce pore connectivity, and lead to an increase in injection pressure, which
prevents the establishment of an effective flooding system. Unlike'>~1” which focused on traditional sandstones,
this study targets reservoirs with high clay content and water-sensitive properties. Based on the swelling and
instability of clays in porous media, the diffusion characteristics of CO, and its performance in displacing crude
oil were further investigated. Although the properties of CO, can effectively avoid this negative effect of strongly
water-sensitive reservoirs'®!? the high content of clay minerals has a strong adsorption effect on CO,, and the
interaction effect between CO2 and the crude oil in the pore space is weakened, resulting in relatively low
recovery and carbon sequestration efficiency?’-?2. However, the synergistic effect of the anti-swelling system and
CO, can achieve multiple effects of stabilising the pore space structure, enhancing the ability to replace crude
oil, and reinforcing the effect of carbon sequestration. Sequestration effect. The synergistic effect of CO, and the
anti-swelling system proposed in this study can simultaneously achieve enhanced crude oil recovery and carbon
dioxide sequestration efficiency, providing a new idea for energy and environmental security.

CO, flooding offers unique advantages for water-sensitive reservoirs by avoiding clay hydration swelling,
a critical limitation of conventional water flooding>***4. Unlike water, CO, does not induce montmorillonite
expansion, maintaining pore connectivity'>. However, high clay content (23.87% average in this study) enhances
CO, adsorption (2.35 mmol/g for montmorillonite?":*®), reducing diffusion efficiency by 40% compared to clay-
free cores. Prior studies®*® focused on conventional sandstones, lacking insights into clay-CO, interactions in
reservoirs where swelling-induced pore plugging reduces permeability'*.

The reasons why the existing technology does not apply to the reservoir studied in this paper are as follows:
@ The low mineralisation of low-mineralised water will lead to hydration and expansion of clay minerals in the
pore channel and blockage of the seepage channel. ® Micro and nano bubbles are with water as the continuous
phase and CO, as the dispersed phase; the reason is similar to low mineralised water flooding.® CO, viscosity
enhancement technology has a limited viscosity enhancement effect, and the concentration of added chemical
reagents and additives is high, and the cost increase is large; therefore, it is not considered.® CO, foam flooding
technology is applied to conventional sandstone reservoirs, which has a better effect of controlling the driving
front and expanding the sweep efficiency, but the reservoir in this study has a high content of clay minerals, and
the surfactant is adsorbed on the pore wall, which leads to a deterioration of the oil flooding effect. Previously,
the main research direction for water-sensitive reservoir mining technology was to reduce the swelling effect
between aqueous solution and clay by adding chemical additives?”*°. The synergistic development of CO, and
anti-expansion aqueous solution has not been considered for the time being. As Table 1 shows, there is a lack
of research on the relationship between CO, and the anti-swelling system, as well as the effect of enhanced oil
recovery. Therefore, to achieve the purpose of both enhanced recovery and carbon sequestration efficiency, the
dissolution law of different mixed fluids needs to be further supplemented.

Given the global imperative to maintain energy security while achieving carbon neutrality, implementing
CCUS-EOR technologies in water-sensitive reservoirs remains an unresolved challenge. Traditional methods
fail in formations with high clay content, where water flooding causes permeability reduction and CO, flooding
alone exhibits low storage efficiency. This study fills critical gaps by: (1) quantifying how clay in porous media
hinders CO, diffusivity; (2) investigating a synergistic anti-swelling/CO, system to restore pore connectivity;
and (3) integrating a mathematical model that achieves consistency with experimental results, demonstrating
higher accuracy than traditional approaches. The technology stabilizes pore structures in water-sensitive
reservoirs, enhancing oil recovery and prolonging CO, breakthrough time. This not only advances the scientific
understanding of clay-CO,-oil interactions but also provides a practical roadmap for low-carbon development
in other water-sensitive reservoirs.
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System Temperature | Pressure Diffusion coefficient

Gas Water | Oil (C) (MPa) Experimental sample (x107° m?/s) Quote
co, Brine 38 1.45-5.86 Berea sandstone 1.97-5.05 30
co, Pitch 25-90 4,8 Diffusion vessel 0.58-1.06 31
Co, Octane 38 1.524-5.178 | Diffusion vessel 2.925-4.827 2
CO,+N, Crude oil 63 5.275-7.686 | Diffusion vessel 3.67-12.51 3
co, Brine 20 1. 15, 3 | Diffusion vessel 1.28-12.91 3
Co, Brine 32-50 5.9-6.9 Diffusion vessel 3.52-6.16 »
co, Tetradecane | 38 1.905 Diffusion vessel 0.478-1.706 36
co, White oil 136.85 7.096 Diffusion vessel 3.351-4.83 37
Co, Brine 59 2.4-7.3 Sandstone(80-1527mD) | 3.14-6.51 38
co, Crude oil 40 2.28-6.5 Sandstone(163-263mD) | 5.98-8.01 39

Table 1. Example of carbon dioxide diffusion experiment.

Permeability | Porosity | Formation depth | Saturation conditions | Clay content
(x107%um?) | (%) (m) (%) (%)

14.5-15.8 | 826-839 46-53 15.73-44.09

Rock type

Argillaceous siltstone | 3-28

Table 2. Physical properties of the reservoir.

Experimental material

Deionized Water
V., (mL)

Kerosene
Experimental Photo | V (mL)

Anti-Swelling System
Experimental Photo | V, (mL)

Anti-Swelling Rate
Experimental Photo | B(%)

Montmorillonite and illite

0.52 0.9 94.09

Table 3. Clay inhibitor anti-swelling effect.

30
CO3 | HCO; | 1= | SOF™ | ga?t | Mg?t | KF/Nat
278 3310 1300 | 60 44.1 15.8 2250

Table 4. Brine ion content (mg/L).

Experimental component
Experimental materials
Experimental conditions: temperature 42 °C, reservoir pressure 10.5 MPa.

Experimental agents: potassium chloride, methanol, anhydrous ethanol, ethylene glycol, clay inhibitor,
complex surfactant, etc. Clay inhibition system formulation: quaternary ammonium clay inhibitor 1% +
polyethylene glycol + 0.3% non-ionic surfactant + 1% inorganic salt.

Experimental oil: crude oil. The saturation pressure is 5.16 MPa, the formation volume factor is 1.08, the
viscosity is 17.64 mPa-s, the gas-oil ratio is 19.51 m*/t, the molecular weight of crude oil is 505.27, and the
formation oil density is 0.803 g/cm?.

Experimental core: natural core of the target area (mainly siltstone or muddy siltstone, with an average clay
content of 23.87%, mainly montmorillonite, ilmenite, and kaolinite; the water sensitivity index ranges from 88
to 98%). The permeability of the main oil reservoir is approximately 10x 10~* pum®. Core parameters are shown
in Table 2.

Experimental water: The anti-swelling system consists of 1% polyethylene glycol+0.3% non-ionic
surfactant+ 1% inorganic salt stabilizer. The performance of the anti-swelling system is shown in Table 3. The
formulation of the simulated formation water is listed in Table 4.

Experimental gas: simulated natural gas and CO, (purity 99.9%), as shown in Table 5.
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Component | Volume fraction% | Component | Volume fraction% | Component | Volume fraction%
Methane 91.274 Isobutane 0.216 N-pentane | 0.136
Ethane 1.932 Butane 0.528 hexane 0.030
Propane 1.609 Isopentane | 0.080 nitrogen 4.195

Table 5. Natural gas fractions.

Apparatus

Thermostatic box, high-pressure diffusion bucket, HTP-3 A high-temperature and high-pressure expansion
instrument, TGL-16G high-speed centrifuge, high-temperature and high-pressure PVT, ISCO pump, pressure-
resistant intermediate vessel, gas-liquid separator, gas chromatography/mass spectrometer, back pressure valve,
one-way valve, Brinell viscometer, beaker, measuring cylinder, etc.

Methods

Dissolution diffusion experiment

The diffusion coeflicient of CO, was measured using a PVT cylinder via the pressure decay method,
with calculations based on Fick’s second law to characterize mass transport behavior in porous media. The
experimental design aimed to replicate in-reservoir conditions for accurate diffusion parameterization, as
follows: (1) Transfer fluids into the PVT cell in proportion according to the experimental protocol, and heat
the cell to reach the reservoir pressure and temperature conditions. (2) Transfer the prepared gas sample into
the upper part of the PVT cell from the top using an equilibrium sample transfer method to prevent convective
mixing during the transfer process. (3) Conduct the diffusion experiment and record the data on time and
pressure. The experiment is considered complete when the pressure change is less than 0.1 MPa within 1 h.
(4) Press the fluids in the PVT cell into a flash separator, and record the volumes of the liquid and gas phases,
respectively. (5) Calculate the solubility, summarize the data, and plot graphs.

The temperature of the high-pressure physical properties analyser was kept constant at 42 °C, a quantitative
amount of M liquid was injected into the PVT cylinder of the analyser in vacuum, CO, was injected into the
PVT cylinder, and stirring under pressure caused the gas to dissolve in the liquid, and the dissolved gas-liquid
ratio was calculated using the formula GOR=V /M. Simulated high-salinity water was prepared by dissolving
reagents*’including NaCl, CaCl,, MgCl,, and so on. With a total salinity of 7260 mg/L. The ionic composition
is presented in Table 4. The preparation of the anti-swelling system was described in the experimental water
section of Sect. 1.1.

Dissolution and diffusion experiment in rock core
Diffusion experiments were performed on core samples under varying pressures, oil saturations, and
permeabilities to characterize CO, transport behavior in reservoir conditions. The experiments were designed
to isolate the effects of key reservoir parameters on diffusion kinetics, with core samples sourced from low-
permeability formations featuring high clay content. The average permeability of the core is about 10x 1073
pum? and the porosity is about 15-16%. The experimental steps are as follows: (1) Arrangement of the cores
based on gas permeability and arrangement formulae. (2) Vacuuming with a vacuum pump for more than 6 h,
saturating the core with 3% KCL brine, and measuring pore volume and permeability. (3) Formation of crude
oil compounding with high temperature and high pressure PVT under reservoir conditions. (4) Saturate and age
the formation crude oil under reservoir conditions and calculate initial oil saturation, bound water saturation,
and gas-oil ratio. (5) Open the connecting valves of the CO, high-pressure vessel and core gripper and collect
data through the pressure sensor. The pressure measurement precision was 0.01 MPa, and the time measurement
precision was 0.1 s. (6) End the experiment when the diffusion process reaches a steady state, release the pressure
in sections, and disassemble and clean the experimental setup. (7) Calculate the dissolved diffusion coefficient of
CO, based on Fick’s second law and summarise the experimental data.

FicK’s second law states that in unsteady-state diffusion, the rate of change of concentration with time at a
distance x from the gas-liquid interface in the liquid phase is equal to the negative of the spatial derivative of

the diffusion flux, described by the equation: %—f = — % (D%—S). Here, C denotes concentration, t is time, x

is the spatial coordinate, and D represents the diffusion coefficient. The law mathematically links the temporal
evolution of concentration to the spatial gradient of diffusive flux, emphasizing the non-steady nature of mass
transport processes. The effective diffusion coefficient(D ) is described by the equation: Dess = Z-D, where
@ is the porosity, T is the tortuosity, and D is the diffusion coefficient.

Microscale oil displacement experiment

Microscopic visualization experiments were designed to investigate the dynamic mechanisms of fluid transport
at the pore scale, aiming to elucidate the influence of pore structure and fluid properties on displacement
efficiency. Such experiments enable direct observation of fluid flow paths and interfacial interactions under
controlled conditions, providing mechanistic insights into multiphase flow behavior in porous media. The
experimental steps are as follows: (1) Make a microscopic model with an injection end and a withdrawal end
at the diagonal edges®!. (2) Dry the microscopic model and then saturate the simulated formation water with a
microsyringe pump, and then saturate the simulated oil, avoiding a large number of bubbles in the saturation
process. (3) According to the programme, inject the microscopic model at a constant rate, and observe the
micro-seepage process of the collection system in real time, and the injection rate is 0.01 mL/min. (4) According
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to the changes of crude oil morphology in the microscopic model at different time stages, analyse and summarize
the replacement characteristics of different injection systems. The photolithographic glass micromodel used in
the experiment had a planar dimension of 10 cm x 10 cm, a thickness of 0.2 cm, and a pore volume of 2 mL.

Study of synergistic effects of enhanced recovery and carbon sequestration

Long-core flooding experiments using natural core samples were conducted to evaluate the dynamic recovery
performance of different injection strategies under reservoir conditions, aiming to simulate crude oil mobilization
inreal reservoir environments and ensure data consistency with field-scale processes. The experimental procedure
is shown in Fig. 1.Cores with similar physical properties in the target block were selected and arranged into long
cores of about 1 m length according to the arrangement formula*2.(1)Place the core into the holder, and put a
screen at the arrangement place to reduce the end face effect.(2) Vacuum the core and saturate it with formation
water, calculate the pore volume of the core, and leave it at a constant temperature for 24 h.(3)Saturate the
formation crude oil, calculate the saturated oil volume and oil saturation degree, and age at constant temperature
for 24 h after saturation.(4)Set the ISCO pump to constant flow mode, with a flooding rate of 0.1 mL/min, and
set the back pressure at the outlet end to the formation pressure®’.(5)Carry out oil expulsion experiments in
different ways according to the design of the experimental scheme, record the data, analyse the changes in the
degree of extraction during the expulsion process, stop the experiment when the water content reaches 98% or

the gas-oil ratio reaches 1500m>®/m?, and draw the dynamic change curve*.

Results and discussion

CO, dissolution and diffusion law experiment

Solubility of single-phase fluids

Since the reservoir studied in this paper is a sandstone reservoir with high clay content, it has certain special
characteristics. The interaction between the reservoir and the aqueous solution results in the phenomenon of
hydration and expansion, which changes the pore structure of the reservoir, leading to a greater resistance to
seepage and the inability to establish an effective flooding system. Therefore, the aqueous solution used in this
study is an anti-swelling system. Firstly, the single-phase solubility of reservoir crude oil, brine, and anti-swelling
system was separately explored in a high-temperature and high-pressure PVT reactor. Then, different water-

Long Core Holder

Thermostatic Air Bath Gas-Liquid Separator

s

Injection Pump Back Pressure Pump

Fig. 1. Process of displacement experiment.

Scientific Reports |

(2025) 15:27224 | https://doi.org/10.1038/s41598-025-11778-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

bearing phases of the reservoir were simulated to compare the CO, solubility under different oil-water and
oil-agent ratio conditions.

From the experimental results in Fig. 2, three key insights were derived with explicit links to enhanced
oil recovery (EOR) and CO, sequestration objectives: First, the solubility of CO, in all three fluids (oil, anti-
swelling system, brine) increased with pressure, but the magnitude differed significantly. Solubility comparisons
among three fluid phases revealed that the CO, solubility in oil, brine, and the anti-swelling system was 6.346,
0.875, and 1.232 mol/L, respectively. The experimental results were consistent with previous studies®®**%. This
trend directly supports EOR feasibility: the high CO, solubility in oil promotes in-situ viscosity reduction (by
35-40%)>*, enhancing fluid mobility and sweep efficiency. The preferential dissolution in hydrocarbons also
facilitates oil swelling, which expands the oil phase volume and improves displacement efficiency in pore throats.
Second, analyzing the phase behavior at Psc revealed that CO, solubility in the anti-swelling system exceeded that
in brine by 39.6%. This enhancement is attributed to the system’s organic components (e.g., polyethylene glycol),
which disrupt water molecular clusters and create more favorable microenvironments for CO, dissolution. For
sequestration, this higher solubility implies greater CO, storage capacity in the aqueous phase, particularly in
clay-stabilized pores where the anti-swelling system maintains pore connectivity. Third, the solubility growth
rate slowed in all fluids at elevated pressures, indicating approaching saturation. For practical applications,
this suggests an optimal pressure window (10-15 MPa) where CO, dissolution efficiently balances oil viscosity
reduction and sequestration capacity. The plateau in solubility also highlights the importance of alternating
injection strategies to maximize CO, utilization before breakthrough.

These findings directly address the study’s dual objectives: the high oil solubility drives EOR via viscosity
modification, while the anti-swelling system’s enhanced CO, retention supports long-term sequestration by
stabilizing pore structures. The results align with prior studies?>~*” and provide a scientific basis for optimizing
CO:. flooding in water-sensitive reservoirs.

Solubility under oil/water coexistence conditions

In order to simulate the actual conditions of the reservoir, and considering the enhanced recovery and carbon
sequestration synergy (CCUS-EOR) development approach, the experimental programme was designed to
experiment with the CO, dissolution of crude oil/brine and crude oil/system at different ratios.
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Fig. 2. Comparison of the solubility of brine, anti-bulking agent, and crude oil.
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oil-water ratio (mol/L)

Two conclusions can be drawn from Fig. 3, The first is that under the same ratio of oil and water solution,
with the increase of pressure, both mixed solutions show the trend of increasing and then levelling off, and the
CO, solubility of oil/system is higher than that of oil-water medium.

Secondly, the difference between the two mixed solutions at different ratios of oil/water solution was
compared, and it was found that as the ratio of oil in the mixed solution decreased, the CO, solubility decreased.
However, the aqueous phase in the two mixed solutions is two media in which the proportion of the liquid phase
increases as the oil ratio decreases, and the CO, solubility in the liquid phase increases. It was found that the
difference in solubility between the two mixed liquids was maximum when the oil-water ratio was 1:9.

Dissolution and diffusion laws of CO,/anti-expansion water in porous media

The present study compares the effects of pressure (5.61-27.53 MPa), oil saturation (0-50.16%) and permeability
(4.68-210.14x 10~ pm?) on the SC-CO, diffusion coefficient under reservoir conditions. The cores used in
the experiments were natural sandstone cores with similar physical properties from the same block, and the
experimental programme was designed using the controlled variable method to compare the effects of single
variables®,

Clay mineral
The diffusion coefficients of cores with different clay mineral contents (artificial core, Berea Sandstone Core,
and Natural core) were measured to investigate the effects of different clay mineral types and contents on the
dissolution diffusion coeflicients.

As shown in Fig. 4 (a), the post-treatment core samples exhibit expanded pores, which enhance the CO,
adsorption capacity. Figure 4 (b) compares the enhanced CO, diffusion coefficients of cores with different clay
contents after treatment, revealing an increase of approximately 20-28%. This further demonstrates that the
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Fig. 3. Solubility comparison of mixed fluids (O/W and O/A denote the oil-water and oil-agent ratios,
respectively).
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Fig. 4. Properties of core samples before and after treatment. (a) Adsorption capacity. (b) Diffusion coefficient.
el vConen Average permeability | Average porosity | Oil saturation | Effective
Total clay content | K 1 M o (K) S, Diffusion coefficient(D, ;)
Core type % % % % % | x1073um? % % 10°m?/s
Artificial core 0 0 0 0 0 10.23 15.82 50.62 17.032
13.72 5232 |36.7 |562 |536| 985 14.59 52.29 11.463
Berea Sandstone Core
12.16 57.68 | 31.15 | 8.34 |2.83 | 8.69 15.72 48.60 10.915
25.36 28.58 1 9.52 |60.37 | 1.53 | 10.51 15.16 50.16 9.226
Natural core
32.94 3426 | 6.8 57.15 | 1.79 | 10.93 14.27 51.22 8.376

Table 6. CO, dissolution coefficients in cores with different clay content. *K(Kaolinite), I(Illite),
M(Montmorillonite), O(Other).

presence of clay restricts the diffusion properties of CO, in pores, a phenomenon attributed to pore structure
modification and subsequent CO, adsorption.

As demonstrated in Table 6, the diffusion capability of CO, is found to decrease with an increase in clay
mineral content. The diffusion coefficient of CO, in the man-made core is determined to be 17.032 x 10~ m?/s,
with no alteration in the pore structure and no adsorption of CO, by the clay. Conversely, the clay mineral content
of the Berea sandstone core and the natural core exhibited an increase to 13.72% and 25.36%, respectively. The
diffusion coefficients were found to be 11.463 x 10" m?/s and 9.226 x 10~°m?/s, attributed primarily to alterations
in the pore structure and the adsorption of CO, by the clay. The values of 11.463 x 10~°m?/s and 9.226 x 10~m?/s
are attributed to the increase in clay mineral content, which is dominated by kaolinite (57.68%) and illite (31.15%)
in the Berea sandstone core. The natural cores in the study area are dominated by montmorillonite (60.37%)
and kaolinite (28.58%). Notably, these measurements were conducted under equilibrated oil-water saturations
(50.16-52.29% oil), where CO, exhibited a higher solubility in oil (6.346 mol/L) than in water (0.875 mol/L), as
depicted in Fig. 2. This solubility disparity established a concentration gradient favorable for diffusion through
oil-wet pores. At 50% oil saturation, the oil phase served as the primary CO, transport pathway, with the
diffusion coeflicient an order of magnitude higher than that under water-wet conditions (Fig. 5).

Injection pressure

The first set of experiments investigated the variation law of diffusion coefficient at different pressures
(5.61~27.53 MPa), as shown in Fig. 6. The PSC was used as the boundary to divide the pressure into gaseous
and supercritical states. Two conclusions were drawn from the experimental results: (1) the diffusion coefficient
increased rapidly from 2.152 (x10™°m?/s) to 6.497 (x10~°m?/s) when increasing from saturation pressure (the
first set of data) to critical pressure (the second set of data). This phenomenon can be explained by the change
of CO, phase state, when the saturation pressure when the CO, is gaseous, pressurisation to the phase transition
pressure when the transition to the supercritical state, so when the CO, injection pressure increases, the density
of CO, molecules increases, which leads to an increase in the diffusion of the mass of the gas, the gas solubility
of the stratum fluid to improve. (2) The growth rate of the CO, diffusion coefficient gradually slows down when
the pressure continues to rise. This is because the amount of dissolved CO, in the reservoir fluid tends to be
saturated, resulting in a slowdown in the growth rate®.
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Two results can be summarised from Fig. 5: (1) The diffusion coefficient of CO, in porous media increases
significantly with the increase of oil saturation. Oil saturation is achieved by fixing the injection rate and
implementing simultaneous injection with different oil-water ratios*’. Since crude oil is a mixture of various
liquid hydrocarbons such as alkanes, naphthenes, aromatic hydrocarbons, and olefins, the solubility of
supercritical CO, in crude oil is much higher than that in brine. Therefore, the diffusion coefficients in the
cores in the oil-bearing state are all one order of magnitude higher than those in the non-oil-bearing cores. (2)
Different oil content in porous media corresponds to different stages of reservoir water injection development.
The CO, dissolution is extremely small when the water is completely contained. With the increasing oil/water
ratio, the content of CO, dissolved in crude oil continues to increase. In the bound water state, the crude oil
content in the porous medium reaches the maximum, and the crude oil mainly exists in the large pores. The
interaction space with CO, reaches the limit, and the gas diffusion coefficient reaches the maximum.

Permeability

From Fig. 7, it can be observed that the diffusion coefficient of CO, in the porous medium continues to grow
with the increase of the permeability of the core. The diffusion coeflicient grows rapidly from type 1 (extra-low
permeability core Typel, 5-10mD) to type 2 (low permeability core Typell, 10-100 mD). The growth trend of
diffusion coefficient continues to type3 (medium permeability core typellI>100mD) is gradually stabilised. The
reason for this is that with the increase of permeability, the pore distribution of the cores gradually becomes
larger, and the tortuosity factor decreases significantly, which makes supercritical CO, easier to be transported
in the porous medium.

Development of mathematical models for CO, diffusion coefficient
The assumptions made on the mathematical model are as follows. (1) capillary forces and gravity are not
considered; (2) the fluid is incompressible during the flow; (3) the cores used for the experiment are homogeneous
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and isotropic, with oil and water uniformly distributed in the cores; (4) the diffusion coefficient of CO, in the
cores is constant during measurements; (5) the concentration of CO, in the liquid phase is constant during
measurements; (6) natural convection due to the difference in fluid density is neglected; ((7) Evaporation
from the liquid phase to the gas phase is neglected; (8) Immiscibility of the oil and liquid phases during the
measurement.

Based on the above assumptions, a mathematical description of CO, diffusion in the physical model under
non-expansive conditions can be obtained from FicK’s first law and the continuity Egs. 5"*%, as shown in Eq. 1.

dc 1 1o} ( 80) )

g1 = Perx 0x 5o Mgy

At the instant when CO, injection begins, the gas phase does not immediately dissolve into the liquid phase, so
the initial conditions for the diffusion process are shown in Eq. (2).

C(r,t)t=0=0,(0 <7 < 10) (2)

The boundary constraints are shown in Eq. 3.
ocC
Do lr=rg = K [Ceq —C (r,t) |r=ro] ,t > 0 3)

Where Ceq is the CO, concentration at the equilibrium pressure Peq; K is the mass transfer coefficient at the
gas-liquid interface, which is also the resistance to mass transfer at the gas-liquid interface.
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By introducing the time T =t/ (Deyy/70), the length 7= r/r the velocity u= u/ (Dess /7o), and the
concentration ¢= (¢ — ¢;) / (co — ¢;). The partition coefficients for the concentration of CO, in the oil and

water phases are expressed as kpco and kpew. A new set of dimensionless variables is defined.

_ _ . _ . _ L
2 kpeoX €0 - Fhpeo X D kpewx €0~ thpew x Lro-—=2"C (g

r or r or ar

0

orT or
The boundary conditions simplify to Eq. 5.

uzOﬂi:o,(T >07F:°)
o

o=1, (7«: Lr > o)
The initial conditions simplify to Eq. 6.

u=0,c=0, (7‘ =0,7< 1)

- - (6)
u=0,c=1, (T =0,r= 1)

In this study, the fully implicit finite difference method is used in the solution process. The differential equations
are discretised into a system of difference equations and solved iteratively. In the discretisation process, the
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first and second order derivatives of concentration and velocity concerning displacement are in centre
difference format; the first order derivatives of time are in forward difference format. The concentration and
velocity distributions were calculated for each time step by the continuous displacement method. The iterative
calculations were repeated until the maximum relative error was less than the error tolerance of 10~ set in this
study.

_n+1 _n+1 _n+1 _n
a;ic;_y +bic; +ei- cipn =c¢;,(0=0,1,23...,1) ()

Where the parameters are shown in Eq. 8.

ai:_Afz_ AT,ui
Ar 2A T
2A A -
bi=1+2254+ 5=y —ujg (8)
Ar 2A T

ei=—25 4 AT x u,
Ar 2A 7

Once the CO, concentration field is determined, the velocity field equation can be solved.

_n+l AT et ety — (efy +ef

Uy = _rniear Ar F (c) co@ x (Z+1 ) len )
N 2
(rs + r)- AT

)

Starting from the real gas equation of state and the law of mass conservation, the gas amount lost in the gas phase
of the diffusing component and the gas amount entering the liquid phase were determined. The true gas state
equation is shown in Eq. 10.

PV =nRT (10)

Where p denotes the gas pressure, V the gas volume, n the amount of substance, T the temperature, and R the
gas constant.

The amount of CO, reduced in the Gas Phase, An, is obtained by calculating the equation of state of the gas to
get the amount of CO, reduced in the Gas Phase from the initial state of the real gas to a given time in the state
(p t,), which gives Eq. 11.

1 (POVO B ptVt) APV

_ b 11
RT \ Z, Z ZRT (1)

Ang=n,—ny

From the law of conservation of mass and the real gas equation of state, the reduction of CO, in the gas phase is
equal to the diffusive flux through the interface, which gives Eq. (11).

qZRT — AVP,

AP="—"77

(12)

Where Z is the gas deviation factor, R is the gas constant, T is the absolute temperature, P is the initial pressure
of the gas before diffusion, AV is the volume reduction of the gas phase, and q is the amount of gas lost in the gas
phase at time t. Notably, q was obtained by deriving the pressure-time relationship through the pressure decay
method, followed by calculation via the gas state equation (Eq. 10).

The diffusion coefficient (D) was extracted from pressure decay data using a modified Fick’s second law
approach, combining real gas behavior and mass conservation principles.

The rate of CO, loss from the gas phase equals the diffusive flux through the interface.

%:_D.A.%

7t a. lr=ro (13)

Where A=nr2 is the interface area, r0 is the core radius, and %|r=r0 is the concentration gradient at the

interface.
Assuming equilibrium at the interface, the concentration gradient is approximated as Eq. 14.
dc Ceq — Co
— =y ¥ ———— 14
Tl s =2 (14)

where Ceq is the equilibrium CO, concentration (mol/m?) at pressureP(t), and CO0 is the initial concentration
in the liquid phase.
Substitution and simplification yield the final diffusion coefficient equation as shown in Eq. 15.

RT d 1
— to dp _ ° (15)

D=
VgPo dt  Ceq —co
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Where D is the diffusion coefficient, PO is the initial pressure, i—i’ is obtained by fitting the pressure decay curve
with a first-order exponential function.

The simulation was conducted using custom code and validated by comparison with CMG software, with
the prediction deviation of the diffusion coefficient being less than 5%. 11 is used to match the experimentally
measured pressure drop APEXP and t,, curve to determine the diffusion coefficient of CO, in the oil-water
coexistence state in the porous medium. The base physical properties of formation water and injection water
in the low-permeability strong water-sensitive rock reservoir studied in this paper are quite different, so the
oil-phase and liquid-phase partition coefficients are introduced during the mathematical model solving process
to consider the difference of dissolution and diffusion when the two-phase fluids coexist, which is closer to the
actual situation. Based on the double-constant cubic equation of state, the interaction of the material system and
the phase equilibrium is taken into account, improving the diffusion coefficient’s calculation accuracy.

This numerical model introduces three new technologies, addressing key issues in traditional single-phase
diffusion models and validated by experimental data (Table 6; Fig. 8).

1. Two-phase partition coefficient framework: For the first time, oil-water partition coefficients were integrated
to describe CO, mass transfer between phases, a critical oversight in previous studies. These coefficients
quantify CO, dissolution partitioning under oil-water coexistence and were derived from PVT experiments
(Fig. 2), showing that CO, solubility in oil is 7.25 times higher than in water. Thus, the model accurately
predicts multiphase diffusion in water-sensitive reservoirs, aligning more closely with actual reservoir con-
ditions compared to single-phase models.

2. Clay adsorption correction term: A clay-CO, adsorption term was added to FicK’s law (Eq. 4) to account
for the high adsorption capacity of montmorillonite, capturing CO, retention on clay surfaces. The model
predicts diffusion coefficients with 92% accuracy compared to experiments (Fig. 8), a 15% improvement over
models ignoring adsorption.
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Fig. 8. Experimental and computational numerical fitting.
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Synergistic effects of enhanced recovery and carbon sequestration potential

Microscopic visualisation studies

Through visualized microscopic oil displacement experiments in glass micromodels, we systematically analyzed
displacement mechanisms and remaining oil distribution under reservoir conditions (42 °C, 15 MPa). The
microdynamic mechanisms of the anti-swelling system/CO, flooding were elucidated, and the characteristics
of remaining oil distribution under original reservoir conditions were quantified. Quantitative analysis results
of residual oil morphology are shown in Fig. 9. Two conclusions can be drawn from the experimental results:
firstly, the sweep efficiency of the CO, flooding (42.19%) is much smaller than that of the anti-swelling system/
CO, flooding (73.95%). The reason is that CO, has a faster breakthrough rate in the pore space, CO, mainly
exists in a continuous form, and the fluid flushing area shows a block division phenomenon, which has a poorer
oil washing effect. The flow resistance formed by the anti-swelling system/CO, flooding slows down the CO,
advancement, so that the subsequent CO, entering the pore space is diverted to enter the small pore space that
has not been reached, thus enlarging the area of reach and prolonging the interaction time with the crude oil, as
shown in Fig. 10.

Secondly, the ratio columns of five different forms of residual oil (Oil-droplet, Columnar, Membranous, Blind-
end, and Clustered) were quantified. It was found that the area of clustered residual oil decreased by 78%, the
most significant reduction among all types; columnar, film-like, and blind-end oils decreased by 45-65%, while
droplet-shaped oil remained relatively unchanged. This demonstrates that the dual-medium system balances
capillary trapping (via anti-swelling agents) and viscosity reduction (via CO, dissolution), achieving dual effects
of expanding sweep efficiency and enhancing oil displacement efficiency. This synergistic effect increased oil
recovery efficiency by 23.61%, with results consistent with core flooding data (Fig. 11(b)).

Enhanced oil recovery and carbon sequestration potential

By analyzing the dynamic performance of different injection strategies (continuous CO,, water-alternating-gas
(WAG), and anti-swelling system-alternating-gas (ASAG)) as shown in Fig. 11, the synergistic mechanisms of
CO; sequestration and oil recovery were elucidated with explicit mechanistic insights:
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Fig. 9. Residual oils of different types.

Scientific Reports |

(2025) 15:27224 | https://doi.org/10.1038/s41598-025-11778-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Initial

Fig. 10. Micro-visualisation of flooding. (a) CO, flooding. (b) Anti-swelling system/CO, alternating flooding.

1. CO, Sequestration-EOR Trade-off Analysis.

Continuous CO, injection achieved the highest sequestration efficiency (49.70%) but only 35.64% oil
recovery, attributed to rapid gas breakthrough (Fig. 11a-b). In contrast, ASAG injection increased oil recovery
to 58.12% with a marginal 3.54% reduction in sequestration efficiency (46.16%). This synergy arises from two
mechanisms: The anti-swelling system inhibited 94.09% of clay swelling, maintaining pore connectivity and
enhancing CO, diffusion by 20-28% (Table 4). This enabled deeper CO, penetration into fine pores, releasing
clustered residual oil (78% reduction in clustered oil area, Fig. 9). Additionally, alternating injection prolonged
CO,-rock contact time by 0.17 PV, increasing in-situ CO, dissolution in oil and promoting viscosity reduction,
thereby improving sweep efficiency (73.95% vs. 42.19% for continuous CO,, Fig. 10).

2. Pressure Dynamics and Seepage Mechanisms.

Water flooding induced 19.3% higher injection pressure than ASAG due to clay lattice expansion narrowing
pore throats. The ASAG system mitigated this via multicomponent synergism of the anti-swelling system: clay
inhibitors neutralized surface negative charges through cation adsorption, inorganic salts compressed the double
electric layer via ionic strength, non-ionic surfactants improved wettability, and ethylene glycol reduced water
activity through hydrogen bonding to decrease water penetration drive. Additionally, dissolved CO, enhanced
oil mobility by lowering viscosity, enabling better displacement of residual oil in micro-throats.

3. Gas-Qil Ratio (GOR) Evolution.

ASAG injection delayed CO, breakthrough by 0.17 PV compared to continuous CO, (Fig. 11d), indicating
more uniform CO, distribution. Full-cycle saturation maps (Fig. 12) confirmed 15-20% higher CO, saturation
at the production end for ASAG, reflecting improved sweep uniformity in clay-rich zones.
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Fig. 11. Production performance curves of different injection patterns (a) Relationship between CO,
sequestration efficiency and injection patterns (b) Relationship between oil recovery efficiency and injection
patterns (c) Dynamic variation law of injection pressure differential (d) Dynamic variation curve of gas-oil
ratio (GOR).

These findings demonstrate that the ASAG strategy achieves efficient coupling of sequestration and recovery
through a “dual-stabilization” mechanism: anti-swelling agents maintain pore accessibility, while CO, dissolution
optimizes oil mobility. This addresses the core challenge of water-sensitive reservoirs, where conventional
methods cannot balance sequestration and recovery.

Full-cycle CO2 saturation changes

As shown in Fig. 12, the carbon sequestration potential of different reservoir properties is compared, the
evolution process of full-cycle CO, saturation is clarified, and the change rule of CO, sequestration efficiency
with time and space is quantified. The following two conclusions are drawn, (1) the CO, content of the cores
with three permeabilities at the same injection stage shows a decreasing trend from the injection end to the
withdrawal end, which is due to the highest injection pressure at the injection end, which has a stronger ability
to enter the pore throat and interact with the crude oil, and with the advancement of the driving leading edge
to the withdrawal end, the injection pressure decreases, resulting in a weakening of the ability of the CO, to
displace the fluid in the pore space. (2) Taking the third cycle of alternating injection as an example, the CO,
sequestration efficiency (68.3%, 59.2%, and 42.5%) of 10.15, 42.71, and 102.75% 107> um? cores at 2/5 distance
were compared, and it was concluded that there is an increasing trend in the CO, sequestration efficiency with
increasing permeability. The reason is that with the increase of permeability, the pore throat size also increases,
the reaction space between CO, and formation fluid relatively increases, and the replacement capacity improves,
so the CO, sequestration efficiency shows an upward trend.
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Conclusions

(1)Supercritical CO, diffusion experiments reveal a “surge-decelerate” trend in diffusion coefficients with
increasing clay content, pressure, oil saturation, and permeability, directly evidencing the inhibitory effect of
high clay concentrations on CO, transport.

(2)The improved model, integrating oil-water coexistence thermodynamics and clay-inhibited dissolution
coefficients with PR-EOS phase behavior, demonstrates>92% agreement with experimental data. This
framework enhances prediction accuracy by 15% relative to traditional single-liquid phase models, addressing
critical limitations in clay-dominated low-permeability systems.

(3)Combined microscopic visualization and macroscopic core flooding experiments confirm that the “anti-
swelling system-CO, alternating injection” strategy improves sweep efficiency substantially, achieving 58.12% oil
recovery and a 46.16% CO; sequestration efficiency. Contour plots visualize dynamic CO; saturation evolution,
highlighting the technology’s dual benefit for enhanced oil recovery and subsurface CO, storage.

The technology works synergistically through a ‘dual flow stabilisation mechanism’ - an anti-swelling system
to stabilise pore throat narrowing and CO, dissolution to reduce crude oil viscosity. The study quantified for
the first time the synergistic effect of ‘sand-fixing-viscosity-reducing-sequestration’ in a strong water-sensitive
reservoir, confirmed its technical feasibility as a CO, sequestration site, and provided a comprehensive solution
for the development of the same type of low-carbon reservoir.
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In terms of practical application, this technology has been implemented in field pilot tests for water-sensitive
reservoirs. Compared with conventional CO, flooding processes, it has achieved a reduction in injection
pressure and an extension of CO, breakthrough time. Future research will focus on three aspects: (1) optimizing
adaptability to reservoirs with different permeability gradients; (2) improving well pattern deployment and
injection parameter design through numerical simulation; (3) conducting long-term storage safety monitoring,
to provide a field-verified technical solution framework for the large-scale development of similar low-carbon
reservoirs.
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