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Abstract:

The utilization of supercritical CO; in oil and gas reservoir engineering, particularly
for enhanced oil recovery, has garnered considerable attention due to its potential to
boost hydrocarbon production while reducing CO, emissions. This study investigates the
improvements achievable in COj-enhanced oil recovery and subsequent carbon storage
capacity within heterogeneous carbonate reservoirs through supercritical CO, miscible
injection after seawater flooding. Utilizing a dual-core flooding setup with carbonate core
samples exhibiting significant permeability contrast, experiments were conducted under
reservoir conditions using live oil, seawater, and supercritical CO, miscible injection. To
enhance CO;-enhanced oil recovery and storage within low-permeability zones, a thermal
foam gel system was introduced into a highly permeable core after initial supercritical
CO; miscible injection, effectively sealing off high-permeability zones and improving
displacement and storage capacity. Results demonstrate that reservoir heterogeneity notably
influences supercritical COz-enhanced oil recovery efficiency and sequestration in low
permeable regions, with bypass flow in high- permeable regions hindering displacement
efficiency and CO; storage capacity. However, plugging high-permeability zones using
a thermal foam gel system after the initial supercritical CO, miscible injection, about
15% extra oil recovery of the pore volume from low-permeability zones was recovered
during the second supercritical CO, miscible injection, and the equivalent pore space
provides a site for storing CO» also. Additionally, dynamic characteristic parameters such
as injectivity, permeability loss, and endpoint relative permeability related to supercritical
CO; storage are discussed in this study. The study’s outcomes contribute to advancing the
understanding of CO,-enhanced oil recovery and sequestration, facilitating the develop-
ment of more effective and sustainable reservoir management practices.

1. Introduction

Supercritical CO; (sc-CO;) has widely been widely

technology includes several methods, including immiscible
and miscible displacement and water-alternate-gas (WAGQG),
huff-and-puff, and tapered water-alternate-gas and is also

adopted as a mature technology for enhanced oil recovery
(EOR) as a secondary and tertiary oil recovery method in the
practice of oilfield development (Kokal and Al-Kaabi, 2010;
IEA, 2018). sc-COjz-enhanced oil recovery (sc-CO,-EOR)

widely applied to increase oil recovery after water flooding
for sandstone and carbonate reservoirs (Steinsbg et al., 2014;
Al-Otaibi et al., 2018; Kalra et al., 2018). Researchers have
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proved that CO, immiscible and miscible injection can recover
more than 10% to 20% of the original oil in place after water
flooding (Enick et al., 2012; Al-Otaibi et al., 2018), which is
due to the capability of CO, to dissolve in the reservoir oil,
and thus results in reducing the oil viscosity, oil swelling and
extraction of light components of crude oil (Enick et al., 2012).
Approximately 100 projects of CO, displacements in different
oilfields worldwide were reported by The International Energy
Agency (IEA, 2019), but studies on the use of depleted oil
reservoirs as a storage site for CO, have only been carried
out in the last decade or so. Additionally, the sequestration of
sc-CO, has garnered significant attention as a promising tech-
nique for optimizing hydrocarbon production and mitigating
greenhouse gas emissions (Bachu, 2000; Zhang et al., 2023).

Scientists have focused on the fact that depleted oil
reservoirs as CO, storage sites are based on the following
advantages:

1) Equipment used on the surface and in the injection and
production wells can be utilized for CO, storage projects
after the CO,-EOR process (Hannis et al., 2017; Cao et
al., 2020);

2) During field exploration and production processes, a
comprehensive characterization of static and dynamic
parameters was conducted. These include properties of
the formation and caprock, residual phases (water and
oil), and maximum CO; saturation. (Orlic, 2016; Cao et
al., 2020);

3) The reservoir environmental requirements for CO, stor-
age sites are similar to those for oil reservoirs under pore
pressure and overburden pressure caused by overlying
formation (Carroll et al., 2014; Orlic, 2016; Cao et
al., 2020);

4) Because of the prolonged interaction between liquid
phases (water and oil)/mineral/CO; during the CO,-
EOR injection process, some dynamic parameters such
as injectivity and relative permeability of CO, tend to be
stable, which favors injecting CO; only into the formation
for the CO, storage (Zhou et al., 2023).

However, the effectiveness of CO,-enhanced oil recovery
and CO; storage in depleted oil reservoirs can be influ-
enced by various factors, including the geological properties
of depleted oil reservoirs (Ennis-King and Paterson, 2002;
Zhang et al., 2022). Reservoir heterogeneity is a major factor
influencing the oil recovery at the breakthrough and final oil
recovery and has been investigated physically in the laboratory
and through numerical simulation (Khosravi et al.,, 2014;
Ampomah et al., 2016; Alfarge et al., 2017; Al-Bayati et
al., 2018; Hadipoor et al., 2020), and plays a critical role in
determining oil recovery through CO; injection and the storage
capacity of the reservoir (Imanovs et al., 2020).

In laboratory experiments of the CO,-enhanced oil recov-
ery process, researchers examined how permeability variability
impacts oil recovery through the CO;, miscible displacement
process. They reported that CO,-EOR depends on the level
of heterogeneity and permeability contact (Ding et al., 2017).
Due to the bypass effect of the high permeability zone, a
large volume of oil is trapped in the low permeable formation

because of CO, bypassing the high permeable zone, thereby
resulting in higher oil production in homogeneous cores than
in heterogeneous cores (Ding et al., 2017). Investigations
on hydrocarbon recovery through CO; miscible injection in
heterogeneous cores with fractures have revealed that the
permeability of fractures plays a crucial role in controlling
CO, displacement efficiency. These studies have reported 30%
to 90% of oil recovery due to this phenomenon (Khosravi et
al., 2014; Ferng et al., 2015). The effect of injecting patterns on
the recovery of hydrocarbons by soaking and WAG processes
and reported that the improved oil recovery is related to
injection patterns (Li and Gu, 2014; Sale et al., 2022). Szle
et al. (2022) investigated the CO, foam generated by the
surfactant-alternating-gas process to increase oil recovery and
associated CO, storage capacity. The results show that more
oil was recovered, and CO, storage capacity was increased
compared to CO; injection only and the WAG process. In a re-
cent experimental work by Hadipoor et al. (2020), the effect of
reservoir heterogeneity and injection pattern on the effective-
ness of the CO, miscible and immiscible displacements was
investigated using cores with varying permeability levels. The
findings demonstrate that even a slight permeability alteration
can significantly affect miscible and immiscible displacement
processes. Moreover, the study reveals that employing a multi-
contact-miscible injection process can yield high oil recovery
(Hadipoor et al., 2020). Regarding the numerical simulation
of CO,-EOR, previous literature (Ettehadtavakkol et al., 2014;
Ampomah et al., 2016) has provided valuable insights into
the numerical simulation of CO,-EOR. These works have
presented a comprehensive design framework for CO,-EOR
and storage, specifically focusing on characterizing CO; prop-
erties and optimizing CO, injection strategies using numerical
models. Luo et al. (2022) carried out a numerical investigation
using the TOUGH2MP-TMVOC model to study the effect of
reservoir heterogeneity, specifically porosity, and permeability,
on CO;,-EOR, storage capacity, and flow behavior in low
permeable oil reservoirs. In addition, they investigated the
influence of two key parameters, natural fracture intensity
and oil pathway conductivity, on the effectiveness of the
carbon dioxide huff-n-puff technique in shale formations.
Modeling results indicated that higher natural fracture intensity
positively affected oil displacement efficiency, whereas greater
oil pathway conductivity had a negative impact. Additionally,
the research found that properties of natural fractures, such
as porosity and permeability, changed over production time,
unlike the molecular diffusion-driven CO,-EOR process seen
in field shale oil reservoirs. CO; storage sites in oil or gas
reservoirs can be categorized into depleted oil reservoirs,
depleted gas reservoirs, operational oil reservoirs, and saline
aquifers (Korbgl and Kaddour, 1995; Sengul, 2006; Wei et
al., 2023; Zhou et al., 2023). The primary mechanisms con-
tributing to the CO; storage capacity in operational or depleted
oil formations are as follows: Structural and stratigraphic
trapping of gaseous CO, and sc-CO;, solubility trapping in
the formation water or remaining water after waterflooding
and residual oil, and mineral trapping (Shaw and Bachu, 2002;
Shen et al., 2009; Sun and Chen, 2012; Ding et al., 2019;
AlRassas et al., 2021). For an oil reservoir serving as a CO»
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Table 1. Composition of formation brine and seawater.

Salt Formation brine  Seawater
(g/L) (g/L)
NaCl 150.446 41.041
CaCly-2H,0 69.841 2.384
MgCl,-6H20 20.396 17.645
NaySOy4 0.518 6.343
NaHCO3 0.487 0.165
Total dissolved solids 213,734 57,670

Table 2. Physical properties of fluids.

Ambient conditions  Reservoir conditions

Liquid
Density  Viscosity Density  Viscosity
(glce) (cP) (glce) (cP)
Formation water  1.1462 1.45 1.0906  0.73
Seawater 1.0385 0.97 1.0018 0.5
Dead crude oil 0.881 20.51 0.823 2.5
Live oil / / 0.755 0.73
Sc-CO, / / 0.5337 0.04

storage site, two distinct scenarios need to be considered: one
involves a reservoir where oil is naturally produced, with a
significant amount of oil remaining in the formation, and the
other pertains to a depleted oil reservoir that has undergone
CO,-EOR processes. Comparatively, when comparing an oil
reservoir to a saline aquifer as a CO, storage site, the oil
reservoir contains a substantial amount of oil within its pore
space, while the depleted oil reservoir predominantly contains
remaining oil and residual water, in addition to the formation
water and bottom water (Shaw and Bachu, 2002; Shen et
al., 2009). Zhou et al. (2023) reported that when water flooding
is employed as the secondary production technique, followed
by CO; injection as a tertiary method, some volumes of fluids,
such as seawater and residual oil, occupy in the pore space of
the formation.

When planning the implementation of CO,-EOR and es-
timating CO, storage capacity, two crucial factors must be
considered concurrently: the CO, displacement efficiency and
the CO, storage factor, which represents the proportion of
the amount of CO, stored to the amount of CO, injected
(Shen et al., 2009; Yue et al., 2022) have evaluated the CO,
storage capacity at breakthrough and any hydrocarbon pore
volume injection for oil reservoirs. Ding et al. (2019) proposed
expressions to determine the storage capacity of CO; dissolved
in remaining oil and residual water in depleted oil reservoirs,
in addition to providing an empirical expression to estimate
the CO; storage capacity in oil formations. Moreover, Ding
et al. (2022) discussed oil formations’ CO, usage and storage
coefficients. The CO, storage capacity resulting from mineral
trapping, which involves the reaction between salt water, CO;,

and rocks, is often neglected due to the slow reaction rate and
the time required for significant mineralization, typically con-
sidered within the first 20 years to account for storage capacity
(Ding et al., 2017). As obtaining quantitative measurements
of CO, storage resulting from mineral trapping is extremely
challenging experimentally, modeling techniques have been
developed to estimate storage capacity in CO,/salt water/rock
systems (Ding et al., 2017).

This paper presents a practical experimental work that aims
to study the impact of reservoir heterogeneity on sc-CO,-EOR
and sequestration in depleted carbonate oil reservoirs, how
to improve CO; storage capacity and utilization efficiency of
the pore space, and evaluate sc-CO, storage capacity in the
core scale. To simulate the reservoir heterogeneity, a dual-core
flooding experiment system was utilized, consisting of two
reservoir carbonate core samples with varying permeabilities
and porosities. The experimental sequences involve prepara-
tion, seawater flooding, and initial and second sc-CO, miscible
injection at conditions representing the reservoirs. To address
the challenges posed by reservoir heterogeneity and recover
the residual oil in the low permeable zone, a thermal foam gel
slug (TFGS) system is implemented as a conformance control
technology in the zone of high permeability. This approach
aims to enhance the productivity of sc-CO, displacement
and enhance oil recovery and CO; storage capacity. Fur-
thermore, this study explores various dynamic characteristic
parameters such as injectivity and permeability loss to evaluate
the injection pattern and assess the CO, storage potential in
practical field applications. These parameters furnish a deeper
understanding of the behavior of sc-CO; during the EOR and
sequestration processes.

2. Experiments

2.1 Fluids

This study used two types of brins for different purposes:
formation water, seawater, crude oils (dead and live crude oils),
and sc-CO,.

Brines: Two brines, formation water and seawater, were
utilized for different experiments. Formation water was used
to establish the irreversible water saturation (S,,;) of the testing
core plug. Seawater was utilized as a displacing agent for the
water flooding experiment, which can evaluate secondary oil
recovery by water flooding (AlOtaibi et al., 2016). The com-
ponents and properties of the formation water and seawater
are listed in Tables 1 and 2, respectively.

Dead and live crude oils: This study used two crude
oils (dead oil and live oil). The dead crude oil sample was
from a carbonate oil reservoir and was used to establish the
irreversible water saturation (S,,;) in the core plug and restore
the reservoir wettability by the core flooding method. Live
crude oil as a displaced phase was used for the experiments
on secondary and tertiary oil recovery processes. According
to the gas and oil ratio, the live crude oil was combined with
dead oil and natural gas. The properties of dead crude oil and
live oil at ambient and reservoir conditions are listed in Table
2.

Sc-CO,: We purchased the sc-CO, with a purity of 99.99%
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Table 3. Routine core properties.

Core  Sample # te;lri)gth })Cirarllr)neter glallli;) ff(;;r;))sity z’cocr)e volume ?nrlllrjle): permeability
A 3.03 3.8 917.3 0.281 9.5
1D B 3.36 3.8 746 0.291 11.06 750
Total 6.39 3.8 831.7 0.286 20.56
C 2.88 3.8 515 0.194 6.25
10D D 3.14 3.8 86.5 0.243 7.84 223
Total 6.02 3.8 69 0.219 14.09

from a local store. It is used as a displacing agent for enhanced
oil recovery by water flooding and the sc-CO; miscible
injection at reservoir conditions: A pore pressure of 3,200
psi, confining pressure of 4,500 psi, and temperature of 102
°C). The miscible phase with live crude oil in the formation
is created under such conditions. During the experiment,
the injection pressure was much higher than the minimum
miscibility pressure to ensure a miscible phase was formed in
the reservoir. The viscosities and densities of the sc-CO, at
the reservoir conditions are listed in Table 2 as well.

2.2 Core preparation

In this study, we chose four core samples (Core plug ID:
A, B, C, and D) from the same carbonate reservoir formation,
where the oil and natural gas were taken. Before experimenting
to measure the core samples’ porosity, pore volume, and brine
permeability, we cleaned them using methanol and toluene
through the distillation extraction method. Subsequently, we
dried the selected core plugs in an oven at 104 °C until
their dry weight remained constant. The composite core, 1D,
consists of two core plugs, as shown in Table 3, representing
the highly permeable core plugs (HPCP) of 832 mD. On the
other hand, the composite core, 10D, includes two core plugs,
as shown in Table 3, which represent low-permeability core
plugs (LPCP) of 69 mD. Table 3 provides a detailed overview
of the information on the individual cores and composite core

plugs.
2.3 Dual-core flooding apparatus

We designed a custom dual-core flooding apparatus in-
house for conducting water flooding and sc-CO, miscible
injection experiments under reservoir conditions. The aim was
to investigate how reservoir heterogeneity affects oil recov-
ery and sc-CO, storage capacity. The apparatus comprised
two core holders, each holding a core plug with different
permeabilities and porosities (HPCP and LPCP). The core
holders were positioned horizontally, with the HPCP core
holder placed on top of the LPCP core holder to simulate
horizontal displacement. A confining pump was employed to
control the confining pressure for both core holders to ensure
consistent confining pressure conditions. For the injection pro-
cess, an injection pump connected with several accumulators
to load seawater, TFGS, and sc-CO, was utilized, enabling the

injection of fluids either separately or simultaneously into the
two core holders. In this study, we used one pump to inject
seawater or sc-CO» into both LPCP and HPCP simultaneously.
The pore pressure could be adjusted individually or simulta-
neously using back pressure regulators. A comprehensive data
acquisition system was implemented to capture relevant data.
It automatically recorded injection flow, testing temperature,
upstream and downstream pressure, differential pressure, and
pore pressure during seawater flooding, TFGS injection, and
sc-CO;, miscible injection. A visual reference, Fig. 1, illus-
trates the flow chart of the dual-core flooding apparatus.

2.4 Preparation of seawater flooding and sc-CO;
miscible injection

Several steps were undertaken to prepare for seawater
flooding, thermal foam gel system injection, and sc-CO»
miscible injections. These included saturating the core plug
with formation water, desaturating the core using both dead
and live crude oil to establish S,; and establishing original
oil in place (OOIP) or original oil saturation (S,;), and aging
the composite rock with dead oil and live oil to restore the
reservoir wettability of the core sample.

Initial water saturation: To establish the S,;, the dry core
plugs were first subjected to 24 hours of vacuum using a
vacuum pump. Subsequently, the plugs were saturated with
formation water, and the weight change before and after the
saturating of the sample was used to determine the pore
volume and effective porosity of the core. The saturated
core plugs were then immersed in formation water for ap-
proximately ten days to achieve ionic equilibrium on the
surface of the pore space of the core samples. This process
resulted in aged core plugs with formation water. Next, the
aged formation water was displaced with fresh formation
water about approximately ten pore volumes. In this step, the
brine permeability of the core plug was measured at ambient
conditions. Following this, the experiments to establish the
Swi and S,; were conducted by oil flooding on the core plugs,
which were flooded with fresh formation water.

Process of assembly composite core: Upon completing the
aging process of the individual core samples with formation
water, core plugs A and B were combined to create a high
permeability core plug labeled as composite core, 1D. Sim-
ilarly, the composite core, 10D comprising core samples C
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Fig. 1. The flow chart of the dual-core flooding apparatus.

and D, represents the low permeable zone. The procedure for
assembling a composite core is as follows:

1) The individual core plugs A and B were brought into con-
tact and secured using Teflon tape, forming an assembled
composite core.

To prevent the diffusion of sc-CO; between the composite
core and the rubber sleeve, a layer of aluminum foil was
applied to the Teflon tape.

The assembled composite core, Teflon tape, and alu-
minum foil were inserted inside a heat shrink tube and
subjected to heat using a heating gun. This process
ensured a firm bond, creating an integrated composite
core sample.

2)

2.5 Aging core with two types of oil

Following proccess of assembly of composite core, the
experiments to establish the S,; and S,; were performed on
the testing core saturated with fresh formation water.

Dead crude oil flooding: We loaded the composite core
saturated fully with fresh formation water into the core holder,
and then the water was flooded by dead oil with multiple
injection flow rates from 0.1 to 2.0 cc/min at ambient con-
ditions. During the oil flooding of each injection flow rate,

Q-EE Pump ' Pump ° ﬂ

MV#1

the amount of produced formation water from the testing
core and the differential pressure between the inlet and outlet
of the core was measured and recorded until no water was
further produced. To form a uniform distribution of initial
water, a reverse flooding process is necessary. At this step,
Swi and S, were determined through the material balance
based on the volume of formation water in the core and the
amount of produced water during oil flooding, and the effective
oil permeability at S,,; was also calculated using the Darcy
equation.

Live crude oil injection: The purpose of aging core plugs
with crude oil and live oil is to restore the wetting behavior
of the testing cores to reflect reservoir wettability. After we
used dead crude oil to establish the core plugs’ initial water
and oil saturations, live crude oil flooding was conducted on
all testing cores under the testing conditions. During the aging
process, the testing core was injected with approximately one
pore volume (PV) of live crude oil per day at 1.0 cc/min
for three weeks. This step aimed to restore the wettability
of the cores under reservoir conditions. Differential pressure
measurements were taken across the core plugs during live
crude oil injection to assess the stability of the oil and ensure
that the composite core remained undamaged throughout the
process. After aging the testing cores with dead and live crude
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Table 4. Initial conditions of two composite cores before the
seawater flooding experiment.

Core Pore volume S, Vi V, Soi

(cc) (% PV) (cc) (cc) (% PV)
1D

20.56 24.6 5.06 155 75.4
(HPCP)
10D

14. 17. 247 11. 2.44
(LPCP) 06 56 59 8

Notes: V,,: Water volume in the core; V,: Oil in the core; S,;:
Original oil saturation.

oil, it was supposed to exhibit weakly oil-wet or mixed-wetting
characteristics, as Okasha et al. (2007) stated. Table 4 details
the S,; and S,; in the testing cores for such experiments. The
orientation of the experiment for water flooding and sc-CO»
miscible injection processes is horizontal.

2.6 Seawater flooding experiment

The experiment of seawater flooding was conducted to
achieve several objective concerns. These objectives included
determining oil recovery factors, assessing the productivity
of seawater flooding, and establishing the residual oil satu-
ration and maximum water saturation before sc-CO, miscible
injection. The seawater flooding was carried out under specific
conditions described in Section 2.1. Table 4 provides the S,;,
Soi» and V,, (OOIP) values for composite cores 1D and 10D.
Table 5 outlines the injection flow rate employed during the
core flooding experiments in this study.

Seawater was simultaneously injected into composite core
1D (HPCP) and composite core 10D (LPCP) at varying injec-
tion flow rates during the experiment. We chose the injection
flow rate of 0.5 cc/min for injection pore volume (IPV), 1.0
cc/min for 1 IPV, and 2.0 cc/min for 1 IPV. The seawater
flooding is typically completed when the water cut reaches
approximately 99%. Throughout the dual-core flooding test,
the oil produced from the cores was collected over time and
recorded against the volume of seawater injected. The up-
stream and downstream pressure and the differential pressure
across the composite core plug were automatically monitored.
It’s important to note that the oil production, upstream and
downstream pressure, and differential pressure were separately
recorded for HPCP and LPCP.

2.7 Initial supercritical carbon dioxide miscible
injection

Following the seawater flooding, some residual oil persists
in the HPCP and LPCP. This remaining oil becomes the
target for the EOR process. To achieve the displacement of
this remaining oil, we employed sc-CO, as the displacing
agent in this study. The objective was to achieve miscible
displacement with the remaining oil in both composite cores,
thereby enabling additional oil recovery through the sc-CO»
miscible injection process. The experimental conditions, in-
cluding pore pressure, confining pressure, and temperature,
remained consistent with those of the seawater flooding phase.

Table 5. Injection flow rate for water flooding and sc-CO,
miscible injection.

Flow rate (cc/min)

Core

Water flooding  Sc-CO; flooding
1D (HPCP)

0.5, 1.0, 2.0 0.5
10D (LPCP)

The sc-CO, was injected simultaneously into the HPCP and
LPCP at a constant injection flow rate of 0.5 cc/min. This
phase is referred to as the initial sc-CO, miscible injection.
Various parameters were monitored and recorded during the
initial sc-CO; miscible injection process for the HPCP and
LPCP, respectively. These included oil and water production,
upstream and downstream pressure, and differential pressure.
These parameters were automatically measured using a data
acquisition system to assess the performance of the sc-CO
injection process for HPCP and LPCP.

2.8 Injection of thermal foam gel system

To recover the remaining oil left in the LPCP following
the initial sc-CO; injection, a conformance control technology
known as thermal form gel slug (TFGS) was implemented
to enhance displacement efficiency, as described by Zhou et
al. (2020b). To improve the remaining oil and the sc-CO»
storage capacity in the LPCP, approximately 0.4 PV of TFGS
were flooded into the zone of high permeability at 0.5 cc/min
of injection flow rate. The purpose of the TFGS injection was
to block the larger pores within the HPCP, and the sc-CO; can
be displaced into the LPCP, ultimately enhancing the overall
efficiency of the process. During the TFGS injection, the LPCP
was isolated, and the differential pressure within the HPCP
was recorded. This allowed for monitoring and analysis of the
pressure changes occurring within the system during the TFGS
injection stage.

2.9 Second supercritical carbon dioxide miscible
injection

Following the completion of the TFGS injection, the
second sc-CO, miscible injection was immediately started to
recover the remaining oil in the LPCP after the initial sc-CO,
miscible injection. The injection was carried out at 0.5 cc/min
of a constant flow rate. To conduct the second sc-CO; miscible
injection, the inlet valves for the LPCP and HPCP cores, which
controlled the flow of sc-CO; into the cores, were opened.
This allowed the sc-CO; to be injected into both composite
cores simultaneously. During the process of the supercritical
carbon dioxide miscible injection, various measurements were
recorded. These included oil and water production and up-
stream and downstream pressure. Additionally, the differential
pressure within both the LPCP and HPCP was monitored.
This comprehensive data collection enabled the monitoring
and analysis of pressure changes occurring within the system
during the second miscible injection stage.
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Table 6. Summary of water flooding and sc-CO, injection.

Water flooding sc-CO»
Core
ORF Si(max)  Sorw Initial ORF  Second ORF  Total ORF  Si. co,(max) Sorsc—CO,  Swr
(% PV) (% PV) (% PV) (% PV) (% PV) (% PV) (% PV) (% PV) (% PV)
1D 38.41 62.9 37.12 35.7 / 35.7 71.9 1.36 26.74
10D  34.14 51.7 48.29 18.8 15.1 33.9 56.96 14.44 28.6

Notes: ORF: Oil recovery factor; Sw(max): Maximum water saturation; S,.,: Water-flooded remaining oil saturation;
Ssc—coz(max)3 Maximum sc-CO; saturation; S,,sc—co,: Residual oil saturation at last stage of the supercritical carbon
dioxide miscible injection is completed; S,,: Residual water saturation at last stage of the supercritical carbon dioxide

miscible injection is completed.

3. Results and discussion

3.1 Oil recovery

Four core flooding experiments were conducted using
carbonate cores and live oil under the reservoir conditions to
study the oil recovery factors of seawater flooding, sc-CO;
miscible injection, and evaluate the sc-CO, storage potential
for depleted carbonate oil reservoirs. These experiments in-
cluded seawater flooding, initial sc-CO, miscible injection,
TFGS injection, and second sc-CO; miscible injection. In
addition, several dynamic characteristic parameters, such as
injectivity and endpoint relative permeability, are discussed to
evaluate CO, storage potential.

3.1.1 Oil recovery by seawater flooding

An experiment in which two cores have different perme-
ability was performed under reservoir conditions to assess the
effect of reservoir heterogeneity on oil recovery factors and
the storage capacity of sc-CO;. The initial values, including
initial water saturation, pore volume, and water and oil sat-
urations, are detailed in Table 4 before the commencement
of the seawater injection experiment. Initially, seawater was
simultaneously injected into both composite cores, 1D and
10D, representing the zones of high and low permeability,
respectively, at varying flow rates. The injection pattern was a
horizontal-continuous injection approach. The experiment was
terminated upon getting a water production of 99% of the total
flow, indicating the attainment of remaining oil saturations
in both the high and low permeable zones. This marked
the completion of injecting 4.0 pore volumes of seawater.
Table 6 presents the characteristic parameters, such as oil
recovery factors and remaining oil saturation, resulting from
the seawater injection for both 1D and 10D. These calculations
were performed using the material balance method based on
the experimental data, including oil and water productions
during the seawater injection process, the composite sample’s
pore volume, and the sample’s original oil content. Table 6
reveals that the water-flooded remaining oil saturations were
37.1% PV for 1D and 48.3% PV for 10D, highlighting the
influence of rock permeability on the results.

Based on the seawater injection experiment observations,
a significant amount of oil remained in both cores, indicating
the potential for recovery and storage through sc-CO; miscible

injection as a tertiary oil production process.

3.1.2 Oil recovery by initial supercritical carbon dioxide
miscible injection

To recover the remaining oil left in both the high and low
permeable zones, the initial sc-CO;, miscible injection was
injected in tertiary mode. The injection was carried out at a rate
of 0.5 cc/min, and the pore pressure and temperature utilized
for this experiment were the same as seawater flooding. It’s
worth noting that the minimum miscibility pressure between
live o0il and sc-CO; under testing conditions was determined
to be 2,600 psi, significantly below the pore pressure of 3,200
psi (Al-Otaibi et al., 2018). This ensures the formation of a
miscible displacement during the sc-CO; injection process.
The sc-CO; was injected simultaneously into the HPCP and
LPCP. Real-time monitoring of oil and water production
allowed for the calculation of oil recovery through the initial
sc-CO; miscible injection and measurement of residual water
in the composite cores. The amount of residual water in the
cores was utilized to estimate the capacity of sc-CO, solubility
in residual water (Zhou et al., 2023).

Table 6 provides an overview of oil recoveries achieved
through the initial sc-CO, miscible injection for HPCP and
LPCP. In the case of the HPCP, most of the remaining oil after
water flooding was successfully recovered through the initial
sc-CO, miscible injection, resulting in residual oil content of
only 1.4% of the PV. Most of the pore space was occupied
by the sc-CO,, about 72% of PV, which means the higher
the oil recovery factor, the greater the sc-CO, sequestration
potential. However, for the LPCP, an oil recovery of 18.8% of
PV was attained through the initial sc-CO, miscible injection,
leaving approximately 30% of crude oil remaining in the
LPCP. Notably, during the initial sc-CO, miscible injection, no
further oil production was observed from the LPCP following
the breakthrough of sc-CO; in the HPCP. This suggests
that sc-CO;, did not effectively displace the water-flooded
remaining oil in the LPCP. This outcome can be attributed to
reservoir heterogeneity or the permeability contrast affecting
oil production.

The conformance control technique utilizing the TFGS sys-
tem was implemented in the HPCP to produce the remaining
oil in the LPCP after the initial supercritical carbon dioxide
miscible injection.
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3.1.3 Evaluation of thermal foam gel injection

To produce the residual 30% of crude oil left behind in
the LPCP after initial sc-CO; injection and improve sc-CO
storage capacity, we proceeded to inject the TFGS system
exclusively into the high permeable zone (HPCP) at a constant
injection rate of 0.5 cc/min. Approximately 0.4 PV of the
TFGS system were injected into the HPCP by closing the inlet
valve for the LPCP, effectively plugging the pores within the
HPCP. During the TFGS injection process, close monitoring
and recording of the upstream and differential pressure across
the HPCP were conducted. The injection of the TFGS system
was halted when the differential pressure, also known as the
blocking pressure, reached 200 psi, and TFGS was injected
into the HPCP at about 0.4 PV. Comparing the injection
pressure recorded during the initial sc-CO; miscible injection
in the LPCP (less than 10 psi) with the blocking pressure of
200 psi generated during the TFGS experiment in the HPCP,
it can be concluded that the blockage effect was deemed
satisfactory (Zhou et al., 2020a). Consequently, the following
sc-CO, miscible injection process is expected to improve the
sweep efficiency due to the successful implementation of the
TFGS system, which effectively plugged the pores within the
HPCP.

3.1.4 Second supercritical carbon dioxide miscible
injection for oil Recovery

In the second supercritical carbon dioxide miscible injec-
tion, the HPCP and LPCP were opened to allow for injecting
sc-CO; into both cores. The flow rate is similar to the initial
supercritical carbon dioxide miscible injection process. As
a result of the blockage in the high permeability zone, the
supercritical carbon dioxide was injected significantly toward
the low permeable zone. It observed that the crude oil was
produced only from the LPCP, as the HPCP had already
reached a residual state. In other words, no oil was recovered
from the HPCP during this stage.

The second sc-CO, miscible injection yielded a recovery
of approximately 15.1% of the pore volume (PV) or 19% of
the OOIP for the LPCP, which increases the sc-CO, storage
capacity because such pore space was occupied with remaining
oil after the initial sc-CO, miscible injection. Thus, sc-CO»
saturation reached the maximum value of 57% of the pore
volume. The total oil recovery of 33.9% PV was produced
during the initial and second sc-CO; miscible injection, with
approximately 14.4% of the PV representing the residual oil
content in the LPCP, as indicated in Table 6. The results show
that applying the TFGS system improves displacement effi-
ciency and increases the sequestration capacity of supercritical
carbon dioxide in the low permeable zone.

3.2 Supercritical carbon dioxide storage
capacity in core scale

The effective utilization of the pore space within the
formation is crucial for successful sc-CO, geological seques-
tration in a depleted carbonate oil reservoir. The displacement
efficiency achieved through sc-CO, miscible injection was
directly influenced by pore space utilization, which determines

the distribution of the sc-CO, saturation, residual oil satu-
ration, and water saturation when the injection process was
completed. Evaluating the total sc-CO, storage capacity relies
primarily on parameters such as sc-COj saturation (structure
trapping), residual oil saturation (dissolution trapping of sc-
CO; in residual oil), and residual water saturation (dissolution
trapping of sc-CO; in the residual water), which are measured
at the laboratory scale (Zhou et al., 2023). It’s important to
note that the mineral trapping resulting from the interaction
between sc-CO;, seawater, and carbonate rock is negligible
in this study, as it may not fully represent the conditions
observed in an actual oil field practice (Benson et al., 2012).
Considering the sc-CO, storage capacity based on the core
flooding experiment, an expression can be derived to calculate
the total amount of sc-CO; storage capacity Mr in a depleted
core or oil reservoir:

Mr =M + M, +M; (1)
where M| represents the sc-CO, storage capacity in the pore
space previously occupied by recovered water and oil before
miscible injection (structure trapping), the calculation for M,
can be expressed as follows:

M, = Sscfcoz(max))vppsc—C02 2
where Sg._co,(max) represents the maximum sc-CO, satu-
ration, which reached at the end of the sc-CO; miscible
injection, expressed as a % PV; V), represents the pore volume
of the core.

Parameter M, in Eq. (1) represents the sc-CO, stor-
age capacity for dissolving sc-CO, in residual oil (dissolu-
tion trapping), which depends on the residual oil saturation,
Sor(sc—COy (max))» and the dissolution coefficient in the oil phase,
Cs.—co,- The calculation for M, is as follows:

M, = Sor(sc—coz(max))PschOszcfcoz VP 3)
where C:c—coz corresponds to the dissolution coefficient of
sc-CO, in the oil phase, which is 0.366 in this study (Zhang
et al., 2010).

Parameter M3 in Eq. (1) represents the sc-CO, storage
capacity for dissolving sc-CO» in residual water. This capacity
depends on the residual water saturation, S,,(sc—co,(max))> and
the dissolution coefficient in the water phase, C&—CO;' The
calculation for M3 is as follows:

Ms = Swr(schoz(max))ps<:7C02CsMé—C02 Vp 4)
where C;chcoz denotes the dissolution coefficient of sc-CO,
in the water phase (dissolution trapping), equal to 0.06 in this
study (Zhang et al., 2010).

It should be noted that residual oil and water saturations
can be measured through water flooding, the sc-CO, miscible
injection process, or the Dean-Stark experiment when the core
flooding experiments are completed (Zhou et al., 2023).

Once the recoverable oil has been recovered during the
second sc-CO; miscible injection, the experimental composite
core can be called a depleted core. Three phases exist within
the core’s pore space: maximum sc-CO, saturation, residual
oil saturation, and residual water saturation. These factors are
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Fig. 2. Maximum sc-CO, saturation for composite cores 1D
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Fig. 3. Distribution of sc-CO; saturation and residual satu-
rations for composite cores 1D and 10D at the end of core
flooding experiments.

crucial in influencing geological sequestration in depleted oil
TeServoirs.

Maximum sc-CO; saturation: When evaluating the storage
capacity of supercritical carbon dioxide in a depleted core
based on laboratory experiment data, one crucial parameter
is maximum sc-CO; saturation, which represents the extent of
pore space occupied by the sc-CO; injection process. Figs. 2
and 3 illustrate the maximum sc-CQ, saturation values and the
distribution of sc-CO; and residual phases in the pore space
after the sc-CO, miscible injection process, respectively.

The results indicate that the high permeable zone (HPCP)
has a larger pore space available for sc-CO, storage compared
to the low permeable zone (LPCP), as shown in Fig. 2. Fig.
4 demonstrates the sc-CO, percentage of the total pore space,
while Fig. 5 presents the proportion of each phase in the
pore space. According to the results in Fig. 4, the utilization
efficiency of sc-CO; storage in the HPCP (95%) is much better
than that of the LPCP (84%). The findings from Figs. 2 and 3
emphasize the significance of sc-CO, displacement efficiency,
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Fig. 4. Percentage of sc-CO; saturation in the pore space
for composite cores 1D and 10D at the end of core flooding
experiments.
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Fig. 5. Distribution of sc-CO; in the void space and residual
phase saturation for composite cores 1D and 10D at the end
of the core flooding experiments.

wherein higher efficiency in the core or field corresponds to
greater storage capacity.

Residual saturation: In the depleted carbonate oil reservoir
flooded by the sc-CO;, miscible injection process at the last
stage, aside from sc-CO;, residual oil, and residual water
are also present. A reliable experimental method has been
proposed by Zhou et al. (2023) to quantify the values of
these residual phases accurately. This method determines the
oil and water content in the core plug during the first and sec-
ond sc-CO; miscible injection. Fig. 6 displays the saturation
distribution of sc-CO,, residual oil, and water in composite
cores 1D and 10D at the end of the sc-CO, miscible injection
process. The dissolution trappings of sc-CO; in the residual
oil and water depend on those saturations. Additionally, Fig.
3 compares the distribution of sc-CO;, and residual phase
saturations in the same composite cores, 1D and 10D. Table
7 presents a comprehensive list of these saturation values.
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Table 7. Calculation of Sc-CO, storage capacity in core-scale.

Core  Sic—co,(max) (% PV) M1 (2)  Sorsc—co, (% PV) Mz (2)  Swr (% PV) M3 (g) Mr (2)
ID 719 7.89 1.36 0.08 26.7 0.33 8.3
10D 56.96 4.28 14.44 0.56 28.6 0.24 5.1

Notes: M7: Total sc-CO; storage capacity in the core; S,,: Residual oil saturation.
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Fig. 6. Distribution of residual oil and water saturation for
composite cores 1D and 10D at the end of the core flooding
experiments.

Determination of Residual phase saturation: The pore space
of the formation in the depleted oil reservoir contains two
residual phases after the end of the sc-CO; miscible injection
process: Residual oil and residual water. Both residual oil satu-
ration and residual water saturation are involved in Egs. (3) and
(4). To determine the oil recovery factor and S,.(scco,)
(residual oil saturation), oil production is recorded during the
first and second sc-CO; miscible injections, while water pro-
duction is typically disregarded. However, Eq. (4) highlights
the importance of considering the sc-CO, storage capacity,
M3, which results from the dissolution of sc-CO, in the
residual water. In a previous study (Zhou et al., 2023), two
methods were proposed to measure residual water saturation:
The flooding experiment method and the Dean-Stark method.
These methods aim to assess the sc-CO, storage capacity,
considering both residual oil and water in the core. Table 7
presents the sc-CO, storage capacity caused by residual oil
and water, which depends on the saturations of residual oil
and water.

Evaluation of sc-CO, sequestration capacity in core-scale:
considering the values of sc-CO; saturation, residual oil sat-
uration, and residual water saturation provided in Table 7,
Egs. (2), (3), and (4) were utilized to calculate the sc-CO»
storage capacity for each phase in grams. These sequestration
capacity values are also listed in Table 7. Fig. 7 illustrates the
proportion of sc-CO, sequestration capacity in the rock’s pore,
residual oil, and residual water for each phase. The findings
indicate that the sc-CO;, sequestration capacity in the pore
space of the high permeable zone (composite core 1D) is
higher compared to the low permeable zone (composite core
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Fig. 7. Sc-CO, sequestration capacity in the pore space and
residual phases for composite cores 1D and 10D at the end of
the core flooding experiments.

10D). This can be due to the influence of the maximum sc-
CO, saturation, which depends on the displacement efficiency
of the sc-CO; miscible injection process. The storage capacity
restored by the pore structure or the maximum sc-CO; satura-
tion is approximately 95.1% for the zone of high permeability
(HPCP) and 84.3% for low permeability (LPCP). Reservoir
heterogeneity or permeability contrast is another significant
factor. The study demonstrates that reservoir heterogeneity im-
pacts oil recovery through water flooding and sc-CO; miscible
injection and influences sc-CO, storage potential in depleted
oil reservoirs. The sc-CO, storage capacity in the HPCP are
8.3 and 5.1 g for LPCP, respectively, which is related to core
properties and displacement efficiency of seawater flooding
and sc-CO, miscible injection processes.

Improvement of sc-CO; sequestration capacity: During the
first sc-CO, miscible injection, a significant portion of sc-
CO, bypassed through the high permeable zone (composite
core: 1D), resulting in around 30% of the pore volume of
crude oil remaining in the low permeable zone (composite
core: 10D). To improve displacement efficiency and sc-CO»
storage capacity in the LPCP, a TFGS system was introduced
into composite core 1D (HPCP) to block the high permeable
zone. Fig. 8 demonstrates that approximately 41% of the
pore volume was available for sc-CO, restoration after the
first sc-CO, miscible injection, and an additional 15.6% of
the pore volume was improved to restore sc-CO; capacity
after the second sc-CO; miscible injection. This improvement
was achieved by implementing the TFGS system in the high
permeable composite core 1D. Experimental results confirm
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composite core 1D.

that the injection of the TFGS system is a highly effective
approach to enhancing sc-CO, storage capacity.

3.3 Dynamic characteristics parameter

In the study focused on sc-CO; sequestration in a depleted
carbonate oil reservoir, two significant dynamic characteristics
parameters were considered: injectivity and permeability loss.
These parameters play an important role in determining the
effectiveness of sc-CO; injection. Data from both water flood-
ing and sc-CO; miscible injection were utilized to evaluate the
injectivity and permeability loss. By analyzing these data, we
can assess the effect of these parameters on the ability of sc-
CO;, injection for storage purposes.

3.3.1 Injectivity of sc-CO; miscible injection

Injectivity refers to the assessment of injection rate and
pressure during the injection of treatment fluids into a targeted
formation. These treatment fluids can include water, gas-
CO3,, liquid-CO,, sc-CO,, polymer, and surfactant solutions,
as documented in studies by Han et al. (2012) and Zhou et
al. (2020b). In this work, seawater and sc-CO, were employed
as displacing agents to conduct oil recovery experiments and
evaluate the potential for sc-CO; storage. The expressions for
the evaluation are as follows:

Ow
I, =2 5
" AP, )
and
Qscfcoz
I . = —— 6
sc—COy APsc—COZ ( )

where 1,, and I._co, represent the injectivity of seawater
flooding for the secondary oil recovery and sc-CO, miscible
injection process for tertiary oil recovery, respectively; O,,
and Qs._co, denote the injection flow rate during seawater
and sc-CO injection process; AP, and AP,._co, represent the
differential pressure across the core sample, respectively. The
parameters in Egs. (5) and (6) can be measured during the
seawater and sc-CO, miscible injection process.
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Fig. 9. Comparison of the injectivity of seawater flooding and
second sc-CO, miscible injection.

Several parameters affect the injectivity of CO, injection
in depleted oil reservoirs, such as mineral grain falloff, fine
particle migration, and residual phases. Fig. 9 compares in-
jectivities between seawater flooding and sc-CO; miscible
injection cases. It is crucial to note that injectivity is calculated
using stable differential pressure data before the experiment
of sc-CO, miscible injection is terminated. The experimental
results indicate a decrease in injectivity for both composite
cores, 1D and 10D. Specifically, for composite core 1D,
injectivity declines from 1.85 to 1.01, and for composite core
10D, it reduces from 0.68 to 0.07. The observed decrease in
injectivity suggests varying degrees of core sample damage,
likely attributed to a combination of mineral grain falloff, fine
particle migration, which can block the pore throat of the pore
system, and interactions within the seawater/sc-CO;/carbonate
rock system (Sokama-Neuyam et al., 2017, Yusof et al., 2022).
For the depleted oil reservoirs, the influence of the residual
phases on injectivity can not be ignored in this study. The
experimental results highlight that the high permeable core
(HPCP) experienced more damage than the low permeable
core (LPCP). The HPCP has an initial permeability of 832
mD, while the LPCP has 69 mD. The injectivity of the high
permeable core, 1D, is reduced by approximately 54% based
on the brine permeability after the end of sc-CO, miscible
injection, primarily due to mineral grain falloff and fine
particle migration. However, for the case of the low permeable
core, 10D, injectivity is reduced relatively small, about 10%.
This phenomenon may be related to the compaction degree of
the formation.

3.3.2 Permeability loss and endpoint relative permeability

The sc-CO, miscible injection involves a two-phase flow:
the water phase and the miscible phase consisting of sc-CO»
and crude oil. Zhou et al. (2019) reported the two-phase
relative permeability of the seawater and miscible phases. In
this study, our main focus is investigating the permeability loss
and relative permeability at the endpoints resulting from the
sc-CO, miscible injection.

The evaluation of permeability loss is based on the initial
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Fig. 10. Comparison of the endpoint relative permeabilities
of 1D and 10D during seawater flooding and second sc-CO»
miscible injection process.

brine permeability before any fluid injection process. Table 3
lists the brine permeabilities for composite cores 1D and 10D,
with values of 750 and 22.3 mD, respectively.

For composite core 1D, after the completion of seawater
flooding, the permeability decreased from 750 to 218 mD at a
remaining oil saturation of about 37% of the pore volume,
resulting in a permeability loss of approximately 532 mbD.
The endpoint relative permeability for the seawater phase was
about 29% at the remaining oil saturation. In other words, after
the sc-CO; miscible injection, the sc-CO, permeability was
11.78 mD, with a relative permeability of approximately 1.6%.
This indicates a permeability loss of about 27% compared
to the endpoint relative permeability of seawater flooding.
Fig. 10 illustrates these values. For the LPCP (10D), the
permeability after seawater flooding reduced to about 6.1 mD
from the initial value of 22.3 mD (see Table 3). Based on
the brine permeability, the seawater relative permeability at
the remaining oil saturation was approximately 73%. At the
end of the sc-CO; miscible injection, the sc-CO, permeability
was 0.95 mD, with a relative permeability to sc-CO, of about
4.28%.

Fig. 10 shows that the relative permeability of both LPCP
(10D) and HPCP (1D) decreases to varying degrees during
seawater flooding and the sc-CO, miscible injection process.
This observation suggests that the residual oil saturation also
influences the decrease of absolute and relative permeability
and the interaction between sc-COj/seawater and carbonate
rock.

Despite the decrease in both injectivity and relative perme-
ability at the end of sc-CO, miscible injection, these factors
do not significantly impact the injection process for geologic
sequestration of sc-CO, in depleted oil reservoirs because
the injection pressure caused by sc-CO; injection reached a
constant value.

4. Conclusions

The conclusions drawn from the dual-core flooding ex-
periments, which encompassed seawater flooding, initial sc-

CO; miscible injection, thermal foam gel slug system, and
second sc-CO;, miscible injection at reservoir conditions, are
as follows:

1) Reservoir heterogeneity significantly impacts secondary
oil recoveries through seawater flooding, tertiary oil re-
covery through sc-CO, miscible injection, and the sc-CO;
storage capacity in the low permeable formation.

2) The method of injecting the thermal foam gel slug system
into the high permeable zone proposed in this study not
only enhances displacement efficiency but also increases
the storage capacity of sc-CO» in the low permeable zone,
which is about 15% of the pore volume.

3) Despite the observed decrease in injectivity and perme-
ability during sc-CO; injection compared to seawater
flooding, it does not hinder the injection process for sc-
CO, geological storage based on the endpoint relative
permeability of sc-COs.

4) Assessment of sc-CO; storage capacity in depleted car-
bonate oil reservoirs has been conducted at the core scale,
with structural trapping identified as a pivotal mechanism
for these reservoirs.

5) The sc-CO, storage potential is directly linked to reser-
voir properties, particularly permeability, with higher per-
meability translating to greater sc-CO, storage capacity.

By conducting these experimental investigations, this study
contributes to understanding the effect of reservoir heterogene-
ity on sc-CO»-EOR and its sequestration in depleted carbonate
oil reservoirs. The findings will provide insights into the
design and optimization of injection strategies, conformance
control techniques, and reservoir management practices to
maximize the efficiency and effectiveness of sc-CO,-EOR and
sequestration.
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