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ABSTRACT

Enhanced CO, sequestration (ECS) within low-permeable reservoirs during CO,-enhanced oil recovery
(CO,-EOR) processes has gained significant interest, primarily driven by the need to mitigate the
greenhouse effect caused by excessive CO, emissions. In this work, the in-situ nuclear magnetic reso-
nance (NMR) is applied to investigate the oil production and CO, sequestration within the micropores of
low-permeable reservoirs. Additionally, the impact of CO,—water—oil—rock reactions on CO»-EOR and
CO; sequestration is studied by analysis of the changes in minerals, pore structures, and wettability of
cores by scanning electron microscopy (SEM), X-ray diffraction (XRD), and contact angle measurements
with the experiments of CO,—water—oil—rock interaction in the high-temperature and high-pressure
(HT-HP) reactor. The results reveal that the residual water saturation (Syr), CO; injection pressure, and
the interaction among CO,, water, oil, and rock all exerted a considerable impact on oil recovery and CO,
sequestration. Compared with the oil recovery and CO; sequestration of the two oil-saturated cores (Core
No. 2 and Core No. 3) after CO, injection, the accumulated oil recoveries of the two cores with S,y = 0.5
are enhanced by 1.8% and 4.2%, and the CO, sequestration ratios are increased by 3% and 10%, respec-
tively. Compared with the CO,—water—rock that occurred in oil-saturated cores, the CO,—water—rock
reaction for cores (Syr = 0.5) is more intense, which leads to the formation of more hydrophilic rock on
pore surfaces after the reaction, thereby reducing the adhesion work of CO; stripping oil. The oil and
water mixtures in pores also inhibit CO, premature breakthrough from cores, therefore expanding the
swept volume of CO; in cores. Otherwise, oil recovery and CO, sequestration in small pores of cores are
significantly improved with the rise in CO, injection pressure due to the enhanced driving pressure
degree and also the improved mutual solubility and mass transfer between CO, and oil.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

emissions (Page et al.,, 2020). The incremental profitability from
increased oil production by CO,-EOR projects can help offset the

The idea of CO,-EOR for low-permeable reservoirs was first
proposed by Whorton et al. (1952). Extensive research and field
trials demonstrated that the injection of either miscible or
immiscible CO, into low-permeable reservoirs can effectively
enhance oil recovery and mitigate the negative impact of CO,
emissions (Koottungal, 2014; Wei et al., 2017). The Global Carbon
Capture and Storage Institute (GCCSI) also released a research
report highlighting the significance of CO; capture and sequestra-
tion within reservoirs in mitigating the negative effects of carbon
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expenses associated with CO, sequestration (Benson and Deutch,
2018). Hence, the coupled study of CO,-EOR and CO; sequestra-
tion holds significant potential for simultaneously enhancing oil
recovery and realizing CO, sequestration within hydrocarbon res-
ervoirs (Kashkooli et al., 2022).

The earliest recorded project of CO,-EOR integrated with CO,
sequestration was conducted in the Weyburn oilfield situated in
Canada. Consequently, the decline in formation pressure resulted in
a decrease in oil production, from a peak of 45,000 barrels per day
in 1964 to just 15,000 barrels per day by 1980 (Brown et al., 2017).
To enhance oil recovery, CO, injection was implemented in 2000
with a consistent CO; injection rate of 5000 tons per day. After CO,
injection, oil production of this oilfield increased significantly to
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25,000 barrels per day and sustained long-term stability of oil
production (Preston et al., 2005). The CCUS-EOR project in the
United States also achieved remarkable application results. Based
on the report published by the Global CCS Institute in 2021, eleven
large-scale CCUS-EOR industrial capture projects were successfully
implemented in the United States, achieving 20.74 million tons of
CO, storage capacity of underground storage structures (Global CCS
Institute, 2021). Taking the Kelly Snyder oilfield in the Permian
Basin as an example of the CO, miscible flooding project, by 2020,
oil production in this block remained consistently stable for 16
years, resulting in a cumulative 24.56 million tons of oil increment
and a cumulative CO, injection of 3.9 x 10% tons, thereby enhancing
oil recovery by over 26% (Yuan et al., 2022). In 2021, 71 new CCUS
demonstration projects were established for CO,-EOR and CO,
sequestration, aiming to achieve a CO, capture capacity of 150
million tons per year (Liu et al,, 2023). The International Energy
Agency (IEA) further assessed the promising potential of CCUS
technology, predicting that by 2040, it will account for over 9%
aimed at limiting global temperature rise to 2 °C. Additionally,
CCUS technology is anticipated to contribute 15% towards the
global objective of achieving net zero emissions of CO, by 2070
(IEA, 2020).

Following the promotion of the proposal of ‘carbon neutrality’
and the increasing demand for oil and gas resources, numerous
scholars have undertaken research on CO,-EOR and ECS. Bui et al.
(2018) proposed the sequestration mechanism of CO; in reser-
voirs can be divided into structural sequestration, dissolution
sequestration, residual sequestration, and mineral sequestration. Li
et al. (2021) and Wang et al. (2022) conducted a series of
comparative analyses to evaluate the impacts of continuous CO;
injection, cyclic CO; injection, and CO, water-alternating gas (CO»-
WAG) injection on CO,-EOR and ECS. The results indicated that the
EOR effect of CO,-WAG was the most effective, but the CO, storage
capacity was the lowest in cores. The ECS effect of cores after cyclic
CO, injection is better than that induced by CO,-WAG and
continuous CO, injection. Using the numerical simulation, Assef
et al. (2019) evaluated the ECS effect in the Middle Bakken reser-
voir with cyclic CO; injection. They found the residual gas satura-
tion (Sr¢) within reservoirs increases during the cyclic CO; injection,
which causes relative permeability hysteresis of CO,, increasing the
amount of CO, residual sequestration. Combined with particle
swarm optimization algorithm analysis, Gao et al. (2021) proposed
the equation of comprehensive effect factor (f) to optimize the CO,-
EOR and ECS during the whole process of CO; injection. By coupled
optimization, they believe that in the early stage of CO, injection,
the adjustment of production parameters is mainly for the target of
EOR, and the amount of CO, sequestration within reservoirs is also
relatively high at this stage. After CO; breakthrough from produc-
tion wells, the rate of CO, injection should be appropriately reduced
to improve the effect of CO,-EOR and ECS. Le et al. (2022) evaluated
the plugging behavior of CO, microbubbles in porous media
through a series of experiments and believed that the injection of
CO, microbubbles into heterogeneous reservoirs can effectively
delay CO; breakthrough time, thus improving oil recovery.
Ampomah et al. (2017) introduced an integrated numerical
framework aimed at simultaneously optimizing the performance of
enhanced oil recovery and CO; storage in reservoirs. Their findings
revealed that when compared with the oil recovery and CO, storage
of the base simulation scenario with a constant CO-WAG cycle of
3:1 for 20 years of injection, the oil recovery was enhanced by 28%,
while the CO, storage capacity rose from 74% to 94% with the
optimal scenarios. Yao and Li, 2009 and Hu et al. (2019) evaluated
the impact of CO, immiscible/miscible flooding on the CO,-EOR and
ECS with the reservoir simulation method. The results suggest that
CO, miscible flooding is more effective in enhancing oil recovery
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and CO, sequestration. Otherwise, CO, injection not only improves
the permeability, and wettability of reservoir rock but also reduces
the capillary resistance of cores with CO, injection, therefore
enhancing the effect of CO,-EOR and ECS (Arsyad et al., 2013;
Rathnaweera et al.,, 2016; Zhang et al., 2018; Cui et al., 2021).

Currently, the main approach for the coupled study of CO,-EOR
and sequestration in reservoirs is by combining numerical simu-
lation with optimization algorithms such as neural network algo-
rithm, Monte Carlo simulation, etc, to systematically optimize the
production parameters, CO; injection methods, bottom hole pres-
sures, and well arrangement to maximize the CO,-EOR and CO,
sequestration of reservoirs (Ampomabh et al., 2017; Khurshid and
Afgan, 2021; Kashkooli et al., 2022). For example, Ampomah et al.
(2017) used an art neural network optimization algorithm trained
by numerical simulation data to optimize the CO,-EOR and ECS.
They found that under the optimal parameters, the predicted CO,
sequestration percentage within reservoirs (Farnsworth field unit,
Ochiltree County, and Texas) reaches 94%, and the oil recovery in-
creases by 28% after 20 years of CO,-water gas alternating injection
(CO,-WAG). However, rarely pay attention is considered to the
coupled CO,-EOR and sequestration in reservoirs with different
water saturation at the microscale, as well as the impact of
CO,—water—oil—rock interaction on the effect of CO,-EOR and ECS.
Moreover, the conventional analysis (non-in-situ NMR, non-in-situ
CT methods, etc.) for oil production in micropores of the core after
CO; injection was mostly done by removing the core from the core
gripper, which resulted in the redistribution of oil and gas in the
pores of the core, causing significant experimental errors. There-
fore, this paper presents the novel characterization method of in-
situ nuclear magnetic resonance (NMR) to analyze the patterns of
coupled CO, sequestration and oil production in micropores under
the original reservoir conditions during CO; flooding. The CO;
dissolution sequestration in the residual mixed fluids (residual oil
and water) in reservoirs after CO, displacement is calculated by the
CO, dissolution sequestration coefficient (Es) with the CO, disso-
lution ability data by a series of experiments of CO; dissolution. The
impact of residual water saturation within cores on the CO,-
induced changes in minerals, pore structures, and wettability of
cores is characterized by SEM, XRD, and contact angle measure-
ment of core slices before and after CO,—water—oil—rock interac-
tion. The microscopic oil production and CO, sequestration are
analyzed by the sensitivity analysis of the CO; injection pressure,
residual water saturation, and the CO,—water—oil—rock interaction
during CO, displacement.

2. Theoretical basis
2.1. Coupling mechanism of CO, displacement and sequestration

During CO» injection into reservoirs, CO; initially occupies the
partial pore spaces within reservoirs due to the production of fluids
(water and oil) and is retained in the pores through the mecha-
nisms of CO, structural sequestration and residual sequestration. As
the duration of contact time between CO, and residual fluids in the
formation increases, the CO, trapped within pore spaces dissolves
in the residual oil and water, which is formed as CO, dissolution
sequestration. Finally, CO, dissolved in the residual formation wa-
ter reacts with the rock for millions of years, resulting in permanent
mineral deposits (referred to as CO, mineral sequestration) (Zhao
et al,, 2015; Zhang et al., 2019).

By changing the technical parameters of CO, flooding, the oil
recovery and CO, sequestration in reservoirs are all improved
simultaneously (He et al., 2016). The patterns of COz-enhanced oil
recovery and sequestration in micropores of reservoirs can be
analyzed by the changes in the area of NMR spectra and the NMR
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image. The CO, dissolution sequestration in residual fluids (oil and
water) in reservoirs after CO, flooding is mainly influenced by the
residual oil and water saturation and the total volume of the re-
sidual mixed fluids. In this study, CO, dissolution patterns in the
residual fluids of cores are analyzed with the CO, dissolution
sequestration coefficient (Es) proposed by us in Eq. (1) and the CO,
dissolution experiment under various reservoir temperature and
pressure conditions. The evolutions of minerals, pore structures,
and wettability of cores and their impact on CO,-EOR and ECS
during the CO; injection process were also studied through
CO,—water—oil—rock interaction experiments, as well as SEM, XRD,
contact angle analysis, and NMR T, spectrum analysis.
Es = SorRo + Serw (1)
where Es is the CO, dissolution sequestration coefficient; Sy is the
residual oil saturation; Sy, is the residual water saturation; R, is the
solubility of CO; in oil, kg/kg; R, is the solubility of CO, in formation
water, kg/kg.

2.2. Analytical methods of CO, displacement and sequestration in
micropores

The analytical method of CO,-EOR and ECS in micropores with
NMR T, spectrum is demonstrated in Fig. 1, where the abscissa
represents the T, relaxation time of the oil- or water-saturated core
and the ordinate represents the NMR signal intensity of hydrogen-
containing fluids in different scales of pores. The T, relaxation time
primarily consists of the bulk volume relaxation time Typ, surface
relaxation time T, and diffusion relaxation time Tyq, as detailed in
Eq. (2) (Yang et al,, 2013; Zhang et al., 2024a).

1 1 1 1

I, Ty T Toq (2)
where T, is the transverse relaxation time, ms; Ty, is the bulk
volume relaxation time, ms; T, is the surface relaxation time, ms;
and Tyq is the diffusion relaxation time, ms.

For the fluid flow in porous media, the components T,y and Tyq
are disregarded when the magnetic field exhibits a homogeneous
gradient throughout the medium (Wang et al,, 2018; Fan et al.,
2022). Therefore, the T, relaxation time primarily relies on the
surface relaxation time T, which can be characterized using Eq.

(3).
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Fig. 1. Typical NMR T, spectra of the core with oil-saturated and after CO,
displacement.
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where p; is the surface relaxation coefficient, um/ms; S is the pore
surface area of rock, pm?; V is the pore volume, pm?>.

Additionally, the ratio S/V can be interpreted as a dimensionless
ratio of the pore shape factor Fs and pore radius r such as Eq. (4).

1
—T

T =T =
2 2s Pst

(4)

where r is the pore radius, pm; F; is the pore shape factor.

Conventionally, the surface relaxation coefficient p, and the
shape factor Fs are presumed to remain constant based on the
research by Lai et al. (2018). Therefore, Eq. (4) can be written as the
conversion of Eq. (5) (Saidian and Prasad, 2015). According to Eq.
(5), the greater the pore radius, the longer the T, relaxation time of
the core will be, while a smaller pore radius in the core will result in
a shorter T, relaxation time. In this equation, the conversion coef-
ficient C is mainly related to the reservoir properties such as the
heterogeneity of pores, the size of pores, etc.

Th,=Cxr (5)
where C is conversion coefficient between T, relaxation time and
pore radius, ms/um.

In this experiment, the coefficient C in Eq. (5) is determined by
referring to the methods proposed by Zhao et al. (2019). Firstly, the
T, spectrum of the oil-saturated Core No. 2 is tested and the average
T, relaxation time (T4y) is calculated with Eq. (6).

> In(Tyie:)

T2av = exp Z P
i

(6)

where T,y is the average T, relaxation time, ms; Ty; is the relaxation
time of the i-th pore, ms; ¢; is the nuclear magnetic signal intensity
at a relaxation time of Ty;.

Afterward, the core is washed with toluene and dried in an oven
for 24 h. After that, the average pore radius r, of the dried core is
obtained with the mercury intrusion experiment. The average
relaxation time T,,, and the average pore radius r, of the core are
substituted into Eq. (5) for the calculation of C. Due to the similar
physical properties of the two cores drilled from the same reservoir
interval, the same C is used for the conversion of T, relaxation time
to pore radius r of the two cores.

To better understand the CO, sequestration capacity in reser-
voirs during CO, flooding, we have introduced the concept of the
CO; sequestration ratio in reservoir pores, as shown in Eq. (7).

Ec:ﬁx 100%
VP

(7)

where Vyq is the CO, sequestration volume in pores of cores after
CO; displacement, m>; Vp is the total pore volume of cores, m>.
Based on the principle of mass conservation in reservoirs, if the
pressure and temperature of the reservoir remain constant (70 °C,
14.3 MPa), and there is no leakage of CO, during the injection
process. The higher the oil and water recovery achieved from res-
ervoirs through CO; displacement, the greater the amount of CO,
retained within the reservoir pores after CO, injection. Therefore,
the oil recovery and CO; sequestration ratio in cores can be calcu-
lated using the same NMR spectra area methodology, as described

in Eq. (8).
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M « 100%
Sit

Ec = (8)

where E; is the liquid recovery calculated by the NMR peak area
method, %; E. is the CO; sequestration ratio in the cores, %; S;; is the
area of NMR spectrum of the oil-saturated core; S;; is the area of
NMR spectrum of the oil-saturated core after CO, displacement.
The NMR signal intensity in the T, spectrum is mainly related to
the content of fluids with H' protons. For example, the higher
amount of oil in the pores means a higher NMR signal intensity for
the tested core. The injected CO, does not have the NMR signal.
Therefore, the change of the NMR T, spectra of cores tested at
various time intervals can reveal the oil extraction degree and CO,
sequestration within distinct micropores during CO, flooding.
Furthermore, the NMR image's brightness variations offer insights
for the analysis of the change of the oil content and CO; storage in
distinct regions within the core. The brighter NMR image of the
tested core means that the residual oil or water content in a certain
area of the core is higher and the CO, stored in this area is less.

3. Experiment design

Based on the slim tube experiments, the MMP between CO, and
formation oil for the target oilfield is 27.2 MPa at 70 °C. Before CO,
displacement experiments, all core samples were thoroughly
washed with toluene to eliminate residual oil. Subsequently, the
cleaned cores were placed in an oven and heated to 100 °C for 24 h.
The impact of CO; injection pressure, residual water saturation of
reservoirs, and CO,—water—oil—rock reaction on CO,-EOR and ECS
were studied by CO, displacement and CO—water—oil—rock
interaction experiments. The CO, dissolution sequestration in
different proportions of oil—water mixtures in reservoirs was also
analyzed with the help of the CO, dissolution experiments.

3.1. Materials and equipment

The experimental cores and slices (Figs. 2 and 3) used for the
experiments were obtained from well X6 within the CY oilfield with
a burial depth of 1390 m. The temperature and pressure at the
target layer are 70 °C and 14.3 MPa, respectively. The physical
properties and mineral compositions of the two experimental core
samples employed are listed in Tables 1 and 2. The density and
viscosity of crude oil are 0.89 g/cm® and 6.8 cP at room

Fig. 2. Appearance of experimental cores.
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temperature, respectively. The formation water synthesized in the
laboratory is NaHCO3 type with a salinity of 8515 mg/L. A mass
fraction of 7% manganese tetrachloride (MnCls) is added to the
synthesized water to inhibit NMR signals when necessary. The
water density is 1.13 g/cm® at room temperature. The purity of CO,
is 99.99%. Fluoride solution (FC-40) is utilized to exert confining
pressure and temperature to the core samples within a non-
magnetic core holder.

An NMR scanner, specifically the MesoMR12-060H-I with a
magnetic field strength of 0.5 T, was employed to analyze the dis-
tribution of oil and CO; within micropores. Additionally, a scanning
electron microscope (SEM) and an X-ray diffraction meter (XRD)
were utilized to characterize the mineral morphology and com-
positions of the cores after the CO,—water—rock reaction. A CO,
booster pump (TES-92) was used for CO, pressurization and in-
jection. The wettability of the cores was tested using a contact angle
tester (SZ100-JC2000C). In the process of the in-situ NMR tests, a
heat-shrink tube without NMR signals was used to seal the cores
and isolate the fluoride solution from the core samples. The non-
magnetic core holder was used to hold the sealed core and tested
the NMR signal at different CO; injection time nodes.

3.2. Experimental process

Fig. 4 shows the flowchart of the experimental procedures in
this study, including CO, dissolution, CO;, displacement, and the
CO,—water—oil—rock interaction experiments. The CO, dissolution
experiments were designed to study the CO; dissolution capacity in
the residual fluids within the micropores of cores after CO, injec-
tion. The effects of CO,-EOR and ECS in the micropores of reservoirs
are primarily affected by the CO, injection pressure and the residual
water saturation. The CO, injection pressure affects the mass
transfer and IFT between CO, and formation oil, leading to different
CO; displacement and sequestration effects within the micro pores.
The variations of residual water saturation within reservoirs result
in different reaction rates and degrees between CO,, water, and
rock. This leads to distinct changes in the pore volume increment
and surface wettability improvement of the reservoir rock, ulti-
mately altering the CO,-EOR and ECS effects. Therefore, in our
studies, CO, displacements combined with the in-situ NMR testing
are conducted to study the microscopic coupled effect of CO,-EOR
and ECS in reservoir pores. Furthermore, the CO,—water—oil—rock
interaction experiments are designed to analyze the changes in
minerals, pore structures, and wettability before and after CO in-
jection, which also help reveal the mechanism of EOR and ECS. The
following sections show a detailed description of the experimental
procedures.

3.2.1. CO, dissolution experiment

To investigate the CO, dissolution sequestration in the residual
mixed formation fluids after CO, displacement under various
temperature and pressure conditions, we conducted a CO; disso-
lution experiment (see Table 3). A schematic representation of the
device is shown in Fig. 5 and the process covers the following steps:
(1) First, 60 mL of formation fluid was poured into the reactor. (2)
After the reactor is sealed, the fluid inside the reactor is heated to
the designed experimental temperature by using an electric heat-
ing jacket. After the temperature is stabilized for 20 min, the
compressed CO; is injected into the reactor to attain experimental
pressures. (3) The CO,-inlet valves on the cylinder are closed for the
CO, dissolution experiment. (4) The magnetic stirrer is turned on to
stir the mixtures of fluids and CO, inside the cylinder, allowing CO,
to quickly dissolve in oil or water. (5) After 2 h, the bottom mixture
of CO,-liquid for a single phase is discharged from the valve at the
bottom of the reactor. Meanwhile, CO; is injected from the top of



M.-X. Bai, Z.-C. Zhang, E.-L. Yang et al.

Petroleum Science 22 (2025) 756—770

Fig. 3. Core slices for CO,—water—oil—rock reaction experiment: (a, b) core slices after drying and oil washing, (c

residual water saturation of 0.5.

Table 1

Physical parameters of the experimental cores.
Core ID Diameter, cm Length, cm Permeability, mD Porosity, %
No. 2 25 10 45.38 17.8
No. 3 25 7 35.09 15.6

the reactor to maintain a constant experimental pressure inside the
reactor, reducing experimental errors caused by pressure changes
inside the reactor. (6) The CO,-oil/water mixtures discharged from
the reactor are poured into the gas—liquid separator to facilitate the
separation of CO; and liquids. The solubility of CO, in oil or water is
also determined by the results of the gas—liquid separation. (7)

Table 2
Mineral composition analysis of experimental cores.

c) oil-saturated core slice only with bound water, (d) core slice with

Based on the residual oil and water saturation of cores after the CO;
displacement in Section 3.2.2 and the CO, dissolution sequestration
coefficient Eq. (1), the CO; dissolution sequestration capacity in the
residual fluids of reservoirs is analyzed after CO, displacement.

3.2.2. CO;, displacement experiment

The scenarios of CO, displacement experiments with core
samples (oil-saturated and S, = 0.5) are listed in Table 4. The
experiment process of CO, displacement with the in-situ NMR
testing can refer to Zhang et al. (2024a, 2024b), covering the
following steps: (1) Cores No. 2 and No. 3 are washed with toluene,
and then dried at a constant temperature oven with 100 °C for 24 h.
(2) The two cores are initially saturated with water and oil through

Core ID Mineral composition, %
Illite Potassium feldspar Sodium feldspar Quartz Kaolinite Calcite
No. 2 2.0 13.8 46.9 25.6 6.6 5.1
No. 3 23 129 44.6 26.5 7.8 5.9
CO, dissolution experiment CO, displacement experiment CO,-water—oilrock interaction
2 2 experiment
| Reactor, gas— !
N liquid separator 1 Before reaction
\ Aininieieiei ! sty i N |
- o ! InsituNMR T, | | SEM,XRD, |
CO, dissolution capacity in oil and ! spectrum, imaging ! ! contactangle |
water [ [ |
After reaction
vy ReRu A A4
CO, dissolution sequestration in the 45‘”‘ S| co, displacement and sequestration | CO,—-water—oil-rock reaction impact
residual mixed fluids characteristics in micropores on the minerals, pore, wettability
CO,-EOR, structural and
residual sequestration
y
CO. dissolution sequestration R Mechanism and induced factors of COz- . CO:-EOR and ECS
EOR and ECS in micropores
Fig. 4. Flowchart of the experimental procedures of CO, displacement and sequestration.
Table 3

Experiment scenarios of CO; dissolution in formation fluids.

Fluid type Pressure, MPa Temperature, °C

Reaction duration, h Solubility of CO, in oil and water, m*/m>

Oil/water 3,5,7,10, 15, 20, 25, 30 30, 50, 70, 90, 100, 110

2 Ro, Rw

760
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Magnetic stirrer

Data acquisition system (Zzsglri;qttg?
‘ P
Qil Water Gas
Liquid metering  Gas metering
HT-HP reactor A
il 1 e
LY

Constant speed and
pressure pump

Manual booster pump
Back pressure valve

Fig. 5. Experimental process of CO, dissolution in oil or water.

Table 4

Experiment scenarios of CO, displacement.
Core ID Sample state Pressure, MPa Temperature, °C Testing time nodes, min NMR data
No. 2 Oil-saturated/Sy; = 0.5 10/15 70 30/60/120 T, spectra, image
No. 3 Oil-saturated/S,, = 0.5 10/15 70 30/60/120 T, spectra, image

continuous oil displacement. (3) The oil-saturated cores aree placed
in the non-magnetic core holder. After the experimental temper-
ature are heated up to 70 °C, the NMR T, spectra and images of the
cores are tested with the CPMG and HSE sequences with the
sequence parameters (CPMG: main frequency, 12 MHz; sampling
frequency, 200 kHz; waiting time, 6000 ms, echo time, 0.5 ms;
number of echoes, 3000; HSE: phase encoding duration, 1 ms; echo
position, 10 %; TE, 4.3 ms; averages, 4). (4) CO, displacement ex-
periments are conducted at the pressure of 10 and 15 MPa,
respectively. The NMR T, spectra and images are tested every
30 min, and the oil recovery is also calculated by the peak area
methodology of NMR spectra described in Eq. (8). The T, spectra
and images at different CO, flooding time nodes are compared to
analyze the oil production and CO, sequestration. (5) The cores
after the first CO, displacement and CO,—water—oil—rock inter-
action are washed to remove the residual oil. (6) After that the dried
cores are saturated with the manganese water, and the water-
saturated cores are displaced through continuous oil injection.
When the produced water in the tube is half of the saturated water
in the cores, the water saturation (S,y;) was 0.5. (7) Afterward, CO,
displacement experiments are repeatedly conducted to analyze the
impact of CO,—water—oil—rock on CO,-EOR and ECS.

3.2.3. CO,—water—oil—rock interaction experiment

The CO,—water—oil—rock experiment is conducted to analyze
the impact of the interaction on CO, EOR and ECS. The experimental
scenarios are listed in Table 5, and a schematic of the workflow can
refer to Zhang et al. (2024b). The experiment steps are as follows:

761

(1) After the CO, displacement experiment in Section 3.2.2, the
cores No. 2 and No. 3 were washed and dried in a constant tem-
perature oven. (2) Two pairs of slices with a thickness of 0.5 cm, cut
from the dried cores, are noted as No. 2-1, No. 2-2, No. 3-1, and No.
3-2, respectively. (3) The initial contact angles of the water phase as
well as the mineral morphology of core slices (No. 2-2 and No. 3-2)
are measured using the contact angle tester and SEM. The testing
process of contact angle mainly refers to the test method for wet-
ting angle of rocks by Yang et al. (2008). The testing process of SEM
involves polishing the surface of core slices and spraying a very thin
layer (10 nm thick) of gold on the surface of the polished rock
samples to enhance conductivity, therefore improving the scanning
effect. After scanning the core slices with an accelerated voltage
range of 10—15 kV, SEM images are obtained. (4) Half of the core
slices (No. 2-1 and No. 3-1) are crushed to powder below 200 mesh,
and the continuous XRD scanning analysis with testing parameters
(The current and voltage of the tube are 150 mA and 40 kV; scan-
ning range, 5°—64°; scanning step, 0.02°; scanning speed, 2°/min)
is performed to determine the mineral composition of the cores. (5)
The core No. 2 and core slice No. 2-2 are saturated with manganese
water and oil sequentially, and the core slice No. 3-2 is made with a
water saturation of 0.5. (6) After 600 mL of formation water is
injected into the reactor, the oil-saturated core No. 2 and the slices
No. 2-2, and No. 3-2 are put into the reactor. (7) After the formation
water inside the reactor is heated to 70 °C, the CO, is pressurized to
15 MPa and injected into the reactor. The reaction of
CO,—water—oil—rock is last for 16 days. (8) All the samples after the
reaction are washed and dried, and the mineral morphology,
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Table 5
Experiment scenarios of CO,—water—oil—rock interaction.
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Temperature, °C Reaction duration, day

Core ID Sample state Pressure, MPa
No. 2 and slice Oil-saturated 15
No. 3 and slice Swr = 0.5 15

70
70

16
16

compositions, and contact angle of the water phase of the dried
core slices (No. 2-2 and No. 3-2) are measured. (9) The core No. 2
after the reaction experiment is saturated with water and oil. (10)
The CO, displacement experiments with the repeated oil-saturated
core No. 2 are conducted repeatedly to analyze the impact of the
interaction on the oil recovery and CO, sequestration.

4. Experimental results
4.1. CO, dissolution capacity in reservoirs

After the CO,-EOR process in a reservoir, the trapped CO, in the
pores comes into contact with and dissolves into the residual fluids.
Due to the different solubility of CO, in formation oil and water, the
dissolution sequestration of CO, in the residual fluids will vary
under different saturation conditions of residual oil and water. The
results of CO, dissolution ability in the formation water and oil are
shown in Fig. 6. The CO; solubility in oil and water increases with
the pressure increase or the temperature decrease. However, the
solubility of CO, in oil is stronger than in formation water. By
conducting CO, dissolution experiments in oil and brine, similar
CO, dissolution patterns in oil and water at different temperatures
and pressures were found by Steel et al. (2016) and Davarpanah and
Mirshekari (2020). Furthermore, as the pressure rises from 5 to
7 MPa, the solubility of CO, in water rapidly increases. However, the
increased amplitude of CO, solubility in water slows down when
the pressure increases from 7 to 30 MPa because the CO, solubility
in water is close to the maximum CO, solubility. On the contrary,
the CO, solubility in the oil is strengthened after 7 MPa, since the
contact pressure rise accelerates the mass transfer between CO,
and oil, leading to a quicker CO, dissolution in oil phases. However,
compared with the impact of temperature on the solubility of CO;
in water at low-pressure conditions (3 MPa), its effect on the sol-
ubility of CO; in oil is not significant under similar low-pressure
conditions.

To analyze the CO, dissolution sequestration in the residual
fluids in cores after CO; displacement, core No. 2 in Section 3.2.2 is
taken as an example. The residual oil saturation (Sor) of the oil-
saturated core after CO, displacement (in Section 4.2) is 0.488

(a) 007
—W-30°C —@-50°C —A—70°C
006 1 —W—90°C —@—100°C —4 110°C
0.05
2 o0
=
[
X
o 003+
0.02 1
001
0 T . . T T T
0 5 10 15 20 25 30

Pressure, MPa

and the residual water saturation (Syy) is only 0.01. For the core
with S, = 0.5, the residual oil saturation and residual water
saturation are 0.288 and 0.09, respectively. By the calculation with
Eq. (1), the CO; dissolution sequestration coefficient (Es) within the
mixed residual fluids is shown in Fig. 7. The E; is higher within
residual fluids for the oil-saturated core after CO, displacement
because of the higher residual oil saturation for the core after CO,
injection. However, the CO, dissolution sequestration coefficient is
lower at the real reservoir temperature and pressure (70 °C,
14.3 MPa). Therefore, during the CO,-EOR process, the reduced
residual oil saturation in reservoirs reduces the amount of CO;
dissolution sequestration but induces little impact on the whole
CO; sequestration amount within reservoirs.

4.2. Oil extraction and CO, sequestration in micropores

The oil extraction and CO, sequestration in micropores of cores
(oil-saturated and S,y = 0.5) during CO, displacement are shown in
Fig. 8. The pore heterogeneity of the two experimental cores is
different, which leads to the differential fluids distribution in the
pores of cores and the different NMR signal intensity in different
pores. The NMR signal in the region of large pores of oil-saturated
core No. 3 with low porosity and permeability was higher than that
of core No. 2, while the NMR signal of the small pore region for core
No. 3 was lower than that for core No. 2. During the first 30 min of
the CO, displacement process, oil is extracted from both large and
small pores, but the produced oil is higher from large pores. During
the 30—60 min of CO, immiscible flooding, the residual oil is pri-
marily recovered from larger pores, whereas the quantity of oil
extracted from smaller pores is little. However, the produced
amount of residual oil in small pores is increased during
60—120 min of CO, immiscible flooding due to the lower residual
oil saturation in large pores in this displacement stage. The oil in
cores No. 2 and No. 3 is mainly produced from the pores exceeding
the pore radius of 0.04 and 0.02 pm with oil recovery of 51.2% and
52.8%, respectively. Since the water present in the oil-saturated
cores is only bound water, the oil recovery and liquid recovery
are similar. Therefore, the CO, sequestration ratio in the cores is
also approximately the same as the oil recovery.
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Fig. 6. CO, solubility in formation water (a) and oil (b).
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Fig. 7. CO, dissolution sequestration coefficient in residual fluids in core No. 2. (a) Sor = 0.488, Sy = 0.01; (b) Sor = 0.288, Sy, = 0.09.
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Fig. 8. Oil extraction and CO, sequestration in micropores of cores after different

Compared with the oil extraction and CO storage in micropores
of oil-saturated cores, the oil recovery and CO, sequestration in
micropores of cores (Syr = 0.5) are shown in Fig. 9. The oil is uni-
formly extracted from the small and large pores of cores within the
first 60 min of CO, immiscible flooding. However, during the
60—120 min of CO, immiscible flooding, the incremental oil re-
covery remains minimal due to gas breakthrough from the outlet of
cores. Moreover, the pore size threshold for oil production in the
cores (Swr = 0.5) is significantly higher, ranging from 0.05 to
0.06 um, compared with that of the oil-saturated cores. In theory,
the reduction in reservoir water saturation can promote the
entering of CO, into smaller pores, thereby improving the effect of
CO, displacement and storage. However, we found the liquid
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CO,, injection times: (a) oil-saturated core No. 2; (b) oil-saturated core No. 3.

recovery and oil recovery of cores No. 2 and No. 3 (Syr = 0.5) are
higher with 62.2% and 53%, 65.8% and 57%, respectively. According
to the patterns of matter conservation in the pore space of cores
during the CO, displacement process, the more fluid is extracted
from the core, the more CO, is stored in the pore spaces of the core,
which indicates the CO, sequestration ratio in reservoirs with a
certain water saturation is better. Zhou et al. (2024) also confirmed
that CO; injection into the reservoir with a water saturation of 0.513
can achieve 72% pore volume of CO, sequestration, and the oil re-
covery is greatly improved due to the replacement effect of fluids
by CO; injection in the reservoir pores. When CO; is injected into
the oil-saturated cores, although the pore size threshold of pro-
duced oil is lower, the CO, breakthrough in cores is also earlier due
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Fig. 9. Oil extraction and CO, sequestration in micropores of cores after different CO, injection times: (a) core No. 2 with Sy, = 0.5; (b) core No. 3 with S, = 0.5.
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to the high viscosity ratio between CO; and oil, which results in the
low oil recovery. Moreover, a certain stage of water injection before
CO, injection also leads to a certain amount of oil recovery,
resulting in a higher final oil recovery for reservoirs than that by
direct CO, injection. In addition, the degree of CO,—water—rock
reaction is higher in cores with a water saturation of 0.5 than that in
oil-saturated cores after CO, injection, resulting in better hydro-
philicity improvement on the pore surface of cores (S = 0.5). The
enhancement of rock hydrophilicity is beneficial for CO; injection
to remove adhered oil on the surface of pores and also enhances the
imbibition ability for displacing oil. CO, sequestration within res-
ervoirs after CO; injection is mainly achieved by replacing the
mixed fluids in reservoir pores. Compared to the oil content in the
small pores of cores with a water saturation of 0.5, the oil content in
the small pores of cores with saturated oil is higher, which also
leads to low oil recovery for oil-saturated cores. Therefore, for cores
with a water saturation of 0.5, the fluid recovery is higher after CO,
displacement, and the effect of CO, sequestration is also better.
The visualized oil production and CO; sequestration in cores No.
2 and No. 3 during immiscible CO, displacement is analyzed with
the brightness change of the NMR images (Fig. 10). For the oil-
saturated cores, oil is produced gradually from cores with the
extension of CO, immiscible displacement time. After 120 min of
CO, displacement, the NMR images of cores have darkened due to
the CO, without a nuclear magnetic signal occupying the pore
spaces. However, the images of the injection end of oil-saturated
cores are darker than that of the outlet end of cores because of
the greater pore volume number of CO; injection, which indicates
the CO,-EOR effect in the near well region is better and more CO is
retained near the wellbore. For cores with Sy = 0.5, due to con-
ducting a certain stage of manganese water flooding, the brightness
of the NMR images of cores is lower than that of the oil-saturated
cores before CO, flooding. After 120 min of continuous CO injec-
tion, the brightness of the NMR images of the cores (Sy; = 0.5) is
lower than that tested of the oil-saturated cores after CO, flooding,
which reveals that the oil extraction effect of reservoirs with CO,
immiscible displacement after a stage of water flooding is better.
On the other hand, the lower brightness of NMR images of
tested cores after CO, displacement means a higher liquid or oil
recovery. According to the conservation law of matter in porous
media, the pore space of the produced oil and water is occupied by
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the injected CO; in reservoirs. Therefore, the CO, sequestration
ratio in cores with S,y = 0.5 is also better than that in oil-saturated
cores.

4.3. COy-induced changes in mineral and pore structure

The formation oil adhered to the rock surfaces of pores isolates
the contact of rock with formation water, which will hinder the
CO,—water—rock reaction. This inhibition effect will vary with the
water saturation of reservoirs. The mineral changes within the oil-
saturated core No. 2 before and after the CO,—water—oil—rock are
shown in Fig. 11. The dissolved minerals are mainly calcite, while
the formed minerals predominantly consist of kaolinite on the
surface of the rock during CO; flooding, as detailed in Eqgs. (9)—(13).
The plane porosity of the core slices increases from 17.1% to 22.3%,
accompanied by an expansion in the pore size range from
0.3—130 um to 0.7—135 pm after the CO,—water—oil—rock reaction.
Additionally, these results suggest that the dissolution of the
minerals leads to an increase in the porosity of rock slices, which
enhances the CO, sequestration capacity within the reservoir.

As a comparison, the mineral changes of core No. 3 (Swr = 0.5)
before and after the reaction are shown in Fig. 12. It has been
observed that the dissolution of minerals is more intense, resulting
in the formation of a larger corrosion pit of calcite on the surface of
the rock after the CO,—water—oil-rock reaction. An irregular
zigzag shape of the dissolution boundary is also observed for
feldspar minerals. Additionally, notable elevations in the plane
porosity of the core slices are observed, ranging from 15.3% to
23.4%. An expansion in the range of pore sizes, from 0.3—67 pm to
0.3—174 pm, has been also observed after the CO,—water—oil—rock
reaction. This indicates that an increase in the water saturation will
enhance the reaction degree of CO,—water—rock, leading to a
greater increment in pore volume and thereby improving the CO,
storage effect in reservoirs.

€O, +Hy0 « HyCO3 H' + HCO3 (9)

Calcite: CaCO3 + Ma?* 4 Fe?* + HCO3 « CaMgg 5Fe7(CO3),
(10)

CO, displacement duration, min X _CO? .
Core ID injection Qil
pressure, saturation
30 60 120 MPa
Oil-saturated 15
core No. 2
So
o
Oil-saturated 15
core No. 3
o
&)
Core No. 2
(Su=0.5) =
o
Core No. 3
(S = 0.5) 15

Fig. 10. NMR images of the cores with different residual water saturations at different time nodes of CO, displacement.
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Fig. 11. Morphology change of minerals before and after CO,—water—oil—rock interaction for the oil-saturated core No. 2 slice (reaction time, 16 days): (a, c, e, g) calcite, feldspar,
chlorite, kaolinite before reaction; (b, d, f, h) calcite, feldspar, chlorite, kaolinite after reaction; (i, j) pore structures before and after reaction.

Na-feldspar : 2NaAlSi30g + 3H,0 + 2C0, < AlSi,05(0H),
K-feldspar : 2KAISi30g + 2H" « Al,;Si;05(0H), + 2K* +2Na' + 2HCO; + 4Si0,
+ 4H4Si04 (11) (12)
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Fig. 12. Minerals morphology change before and after CO,—water—oil—rock interaction for core No. 3 slice (S, = 0.5) (reaction time, 16 days): (a, ¢, e, g) calcite, feldspar, chlorite,
kaolinite before reaction; (b, d, f, h) calcite, feldspar, chlorite, kaolinite after reaction; (i, j) pore structures before and after reaction.

(oil-saturated) and No. 3 (Swr = 0.5) before and after the

. . CO,—water—oil—rock interactions are shown in Fig. 13. The calcite
Chlorite - [Fe/Mg]5Al;Si3010(0H)g + 5CaCOs _ and feldspar are primarily dissolved within the cores, while the
+ 5C0O, < 5Ca[Fe/Mg](CO3), + Al;Si;05(0H), minerals of kaolinite and quartz precipitate during the process of
+Si0, + 2H,0 CO, flooding and storage. Compared with core No. 2 slice, the

13 CO,—water—rock reaction for core No. 3 slice is more significant. In
(13) terms of the XRD spectrum of the core No. 2 slice, the diffraction
Analysis of XRD results of the mineral composition of coresNo.2 ~ peak heights of feldspar have decreased by 1.2%, whereas the peak
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heights of kaolinite and quartz have increased by 0.9% and 1.3%,
respectively. However, the peak heights of feldspar in the XRD
spectrum of core No. 3 slice (Fig. 13(b)) decreased by 2.5%, while the
peak heights of quartz and kaolinite increased by 2.4% and 1.5%,
respectively after the reaction. After the CO,—water—rock reaction,
core No. 3 exhibits an increment of porosity of 6.2% and perme-
ability of 0.96 mD, while core No. 2, after the CO,—water—oil—rock
reaction, its porosity and permeability increase by 4.3% and 0.51
mD, respectively. These changes indicate the CO,—water—rock re-
action is more intense when the water saturation of the reservoir is
higher, which improves the reservoir properties such as porosity,
permeability, and wettability. Consequently, this
CO,—water—oil—rock reaction enhances both the CO,-enhanced oil
recovery (EOR) and the enhanced CO; sequestration (ECS) effect in
reservoirs.

5. Discussion
5.1. Effect of pressure on CO, displacement and sequestration

Fig. 14 illustrates the impact of CO; injection pressure on CO,-
EOR and ECS of micropores of reservoirs. As the CO, injection
pressure rises from 10 to 15 MPa, the pore size threshold for oil
production decreases from 0.08 to 0.04 um with an incremental oil
recovery of 7.6%, and the T, spectrum exhibits a corresponding
reduction. This suggests that both the efficiency of oil recovery and
the quantity of CO, sequestration within the core are significantly
improved. The increase in the pressure of CO; injection promotes
the mass transfer between CO; and formation oil, thereby inducing
a reduction in IFT, which facilitates the entry of more CO, into
smaller pores for displacing oil and being trapped within the pores.
The CO, dissolution amount in oil is also enhanced with the in-
crease of CO; injection pressure, which reduces the viscosity of oil,
swells the oil, and improves the oil recovery in larger pores.

As a comparison, the effect of CO,-EOR and ECS in core No. 2
(Swr = 0.5) is shown in Fig. 15. As the CO; injection pressure in-
creases from 10 to 15 MPa, the pore size threshold for oil production
decreases from 0.07 to 0.05 um with an incremental oil recovery
5.3%. The reduction increment of the pore size threshold for oil
production and CO, sequestration with this core is lower than that
with oil-saturated cores with the CO; injection pressure increase.
The primary reason for this phenomenon can be attributed to the
isolating effect of the water wall formed in reservoir pores, which
isolates the CO, within the larger pores with the oil in the smaller
pores, resulting in an increase in the resistance of CO; entering the
small pores for oil displacement.

The analysis of the NMR images of cores (oil-saturated and
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Fig. 13. XRD spectrum of mineral composition of experimental core slices:
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Fig. 14. Effect of CO, displacement and sequestration in micropores of the oil-
saturated core No. 2 by CO, immiscible displacement at different CO, injection pres-
sure (time = 120 min).
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Fig. 15. Effect of CO, displacement and sequestration in micropores of the core No. 2
(Swr = 0.5) by CO, immiscible displacementat different CO, injection pressure
(time = 120 min).

Swr = 0.5) tested at different time nodes, shown in Fig. 16, reveals
that the oil recovery for all cores will increase with the increase in
CO; injection pressure. Additionally, the amount of CO, seques-
tration (structural and residual sequestration) by replacing fluids
within reservoir pores is the highest among all sequestration
mechanisms. However, the CO,-EOR effect on the core (Sy; = 0.5) is
better than that on the oil-saturated core. The reason for improved
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(a) oil-saturated core No. 2 slice; (b) core No. 3 slice (Swr = 0.5).
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EOR with the increase of CO, injection pressure was the CO;
dissolution and diffusion into oil and water was accelerated with
the increased injection pressure, resulting in more CO, dissolution
into the oil and water phases, which resulted in a lower IFT.
However, the reduction in IFT between the CO, and oil phases is
more significant than that between CO, and the water phase, ul-
timately leading to a larger decrease in capillary resistance for the
oil-saturated core as the injection pressure of CO; increases.

5.2. Effect of residual water saturation on CO; displacement and
sequestration

After 16 days of reaction of CO, with the slice of core No. 2 (oil-
saturated) and the slice of core No. 3 (Syy = 0.5), the contact angles
of the water phase on the rock surfaces of the two core slices
decreased from 125.3° to 116.7° and from 123.7° to 69°, respec-
tively (see Fig. 17). The finding suggests that the hydrophilicity of
the core No. 3 slice has surpassed that of the core No. 2 slice,
indicating the reaction degree of CO,—water—rock is enhanced
with the increase of the Sy of reservoirs. The rise of the hydro-
philicity of reservoir pores is beneficial for CO, entering into the
smaller pores for oil displacement and adhesive oil droplets
detaching from the rock surface, which improves the CO,-EOR.
Similar research conclusions can also be found in elsewhere
(Iglauer, 2017; Li et al., 2016; Wenzel, 1949). The authors estab-
lished a correlation between the wettability of rock and the
roughness of its surface, as demonstrated in Eq. (14). Their findings
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indicate that the CO,—water—rock reaction has the potential to
enhance the roughness of the rock surface, decrease the contact
angle of the water phase, and thereby promote the hydrophilic
properties of the surface. Through the XRD test of the core slices
before and after reactions combined with the reaction Egs.
(11)—(13), more hydrophilic minerals (kaolinite and quartz) are
formed within the core after the CO,-induced reaction, which also
resulted in an enhancement of the hydrophilicity of the rock sur-
face. Zhang et al. (2018) also observed similar mineral and wetta-
bility evolution on the surface of cores through CO,—water—rock
reaction experiments combined with the contact angle test for
cores before and after the CO,—water—rock reaction.

cos 0 = ycos 0 (14)

where 0, is the contact angle of the water phase on the rock surface
after the CO,—water—rock reaction, °; fs is the contact angle of the
water phase on an ideal rock surface, °; v is the roughness ratio.
The oil recovery and CO, sequestration ratio within the micro-
pores for the oil-saturated core No. 2 before and after the
CO,—water—oil—rock interaction are shown in Fig. 18. Following a
sixteen-day reaction period, the core was re-saturated with oil and
repeatedly flooded with CO, through immiscible injection. Com-
parison of NMR spectra of the core after the first oil-saturated and
CO, displacement, the area of the NMR spectrum curves for the
same core after re-oil-saturation and CO; displacement increases
and decreases by 1.5% and 0.39%, respectively. The area of the NMR
T, spectrum characterizes the oil content in the pores of the tested
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duration,

0 10 15 min
S,
o

Qil-saturated
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Fig. 16. Comparison of NMR images of residual oil in different S, cores at different stages of CO, displacement.
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/

(d) /

Fig. 17. Contact angles of core slices before (top) and after (bottom) CO,—water—oil—rock interactions: (a, b) contact angle of the water phase of the dried cores No. 2 and No. 3
slices, respectivley, before reaction; (c) contact angle of the water phase of the oil-saturated core No. 2 slice after CO,—water—oil—rock reaction (the core after washing oil and
drying); (d) contact angle of the water phase of core No. 3 slice with residual water saturation sy, = 0.5 after CO,—water—oil—rock reaction (the core after washing oil and drying).
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Fig. 18. Changes of oil production and CO, sequestration in micropores of the core No.
2 before and after CO,—water—rock interaction (pressure = 15 MPa).

core. The increase of T, spectrum area for the re-oil-saturated core
indicates more oil is saturated into the pores of the core, which
reveals the pore volume of the core is increased after the first CO,
displacement. The reduction of the T, spectrum area after CO, re-
injection indicates more oil is produced, which also reveals that
the CO,—water—rock interaction not only increases the pore vol-
ume but also improves the seepage ability of fluids in the core,
thereby enhancing the CO,-EOR and ECS effect.

6. Conclusions

The coupled effect of CO,-enhanced oil recovery and CO,
sequestration within micropores of reservoirs is mainly related to
factors such as reservoir water saturation, CO; injection pressure,
and CO,—water—oil—rock interaction, which affects mass transfer,
IFT between oil and CO,, and the wettability of rock. The research
results help reveal the changing patterns of reservoir properties
and understand the microscopic mechanisms of oil extraction and
CO; sequestration in different scales of micropores after CO; in-
jection into low-permeable reservoirs with different water satu-
ration and provide theoretical references for applications of CO»-
EOR and sequestration on-site scale. Based on the experimental
results, the following conclusions are drawn.

(1) The CO, sequestration effect in reservoirs is positively
correlated with CO,-EOR, accounting for over 50% of the
reservoir pore volume. The increase in CO; injection pressure
can reduce the pore size threshold of produced oil from
smaller pores, which promotes the improvement of oil re-
covery. Furthermore, the CO, sequestration effect within
reservoirs is also improved because more fluids within
reservoir pores are replaced by the higher pressure of CO;
injection.

(2) COy can enter into the smaller pores to displace oil with the
reduction of reservoir water saturation. In theory, the oil
recovery and CO, sequestration effect with the oil-saturated
cores after CO, injection will be better. However, the oil re-
covery and CO, sequestration ratio is higher with cores with
Swr = 0.5. We thought three reasons could lead to this. Firstly,
CO; breakthrough is more severe in oil-saturated cores. In
addition, the improvement effect of hydrophilicity of cores
(Swr = 0.5) after CO, injection is better, which reduces the
adhesion work of CO, stripping formation oil on the rock
surface. Lastly, the oil content in small pores of oil-saturated
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cores is higher, which also leads to low oil recovery by CO,
immiscible flooding.

(3) The increase in water saturation in the reservoir promotes
the contact between the formation water, CO,, and rocks,
thereby facilitating the occurrence of reactions. Therefore,
the improved hydrophilicity of the rock surface and the pore
volume increment of the cores is better for the cores
(Swr = 0.5) than that of the oil-saturated cores. This also in-
dicates that low-permeable reservoirs with a certain water
saturation are more suitable for CO, immiscible flooding to
improve CO, displacement and sequestration effect.

The mechanisms and induced factors of the microscopic CO;-
EOR and ECS after CO, injection into reservoirs are clarified in this
paper. Further sensitivity analysis of the impact of the water satu-
ration of reservoirs on the microscopic effects of CO, displacement
and sequestration is meaningful for making a suitable CO; injection
strategy. The mutual verification research between numerical
simulations at site scales and experiments of CO, flooding and
sequestration under different CO, injection methods needs to be
undertaken.
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