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Gel systems are widely used as plugging materials in the oil and gas industry. Gas channeling can be mitigated by
reducing the heterogeneity of the formation and the mobility ratio of CO, to crude oil. Cracks and other CO, leaking
pathways can be plugged during the geological storage of CO, to increase the storage stability. By adding CO,-
responsive groups to the classic polymer gel's molecular chain, CO, responsive gel is able to seal and recognize

CO, in the formation while maintaining the superior performance of traditional polymer gel.

CCUs gas channeling CO2 leakage CO2 responsive gel

| 1. Introduction

Gas channeling, as the primary issue that restricts the significant improvement of CO,-EOR, requires an
understanding of its generation mechanisms. The factors causing gas channeling can be attributed to the
significant physical differences between CO, and crude oil and reservoir heterogeneities. The former can be
divided into two situations (see Figure 1): (1) the gravity overriding phenomenon: during CO, flooding, due to the
low density of CO,, a large amount of CO, will gradually migrate above the crude oil, ultimately forming a gas
channel at the top of the crude oil seepage channel I (2) the viscous fingering phenomenon: the viscosity of CO,
is lower than the viscosity of crude oil, which can cause uneven propulsion during the displacement process. When
the flow rate of CO, in a local area is too fast, gas channeling will occur 2. The gas channeling caused by reservoir
heterogeneity can be divided into the following scenarios: (1) when there are high-permeability channels such as
natural fractures, artificial fractures, wormholes, and conduits, CO, will bypass the matrix and cannot displace the
crude oil inside BI4: (2) when there is a significant difference in the permeabilities of different layers or zones, CO,
preferentially flows through high-permeability reservoirs Bl; (3) the presence of wormholes, ducts, and high-

permeability cracks in the matrix leads to the ineffective flow of CO, 8.
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Figure 1. Formation mechanisms of gas channeling.

At present, there are several methods to mitigate oil and gas channeling in CO, flooding: water-alternating-gas
(WAG) injection, the direct thickening of CO,, hydrogel plugging, foam plugging, and nanoparticle plugging. These
methods for suppressing CO, gas migration have been proven to be effective in practical applications and
laboratory simulations. The main purpose herein is to figure out the sealing mechanisms of different CO,

channeling control methods and the parameters that affect their effectiveness.

| 2. Water-Alternating-Gas (WAG) Injection

WAG is considered a reliable method to suppress gas channeling during CO, flooding &, Awan et al. reported
that, in the WAG process, CO, flooding provides high sweep efficiency at the micro level, while water flooding
provides high sweep efficiency at the macro level. The organic combination of the two results in a significant
improvement in WAG oil recovery overall . According to Leeuwenburg’s explanation, the injected water during
WAG oil displacement can adjust the CO, flow to a certain extent. If CO, is suppressed from flowing to high-
permeability zones, it is forced to displace oil left in low-permeability zones, thereby improving the overall oil
recovery performance 19, Kamali et al. also proposed a similar view, using three oil displacement methods:
continuous CO, injection, simultaneous CO, and water injection, and WAG injection to conduct displacement
experiments on sandstone cores. It was found that WAG had the best effect and continuous CO, injection had the
worst effect. Then, numerical simulation experiments were conducted, and it was found that the presence of
injected water during the WAG process effectively reduced the permeability of CO,, thereby reducing the mobility
ratio of CO, to crude oil 11, Han explained the enhanced oil recovery mechanism of WAG from the perspective of
miscible displacement, and they believe that an increased volume of injected water significantly increases the
injection pressure of CO,, making it easy for CO, to mix with crude oil. This reduces the interfacial tension between
crude oil and CO,, as well as the viscosity of crude oil, allowing more formation crude oil to be extracted from the
ground 12,

It is worth noting that precipitation is often generated during the WAG process, which can hinder the flow of crude
oil in the formation and affect the improvement of oil recovery. According to the type of precipitation, it can be

divided into organic precipitation and inorganic precipitation. Organic precipitation usually refers to asphaltene
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precipitation 23], Due to the injection of foreign fluids, changes in the thermodynamic parameters (temperature and
pressure) and composition of the crude oil system will lead to aggregation reactions of asphaltene in the crude oil,
resulting in solid asphaltene precipitation. The generated asphaltene precipitate will block the channel and seal the
reservoir pores, ultimately leading to a decrease in reservoir permeability. Usually, a precipitation inhibitor is added
to the injected fluid to hinder the flocculation of unstable asphaltene or make the generated asphaltene precipitate
easy to wash out, thereby alleviating the blocking effect of precipitation on the formation. Inorganic precipitation
mainly includes metal carbonates. During the process of alternating water and gas injection, some CO, dissolves
in the injected water, converting it into acidic carbonated water and accumulating CO32~ in the aqueous solution.
When water contains metal scale ions such as Mg?* and Ca?*, CO32~ will combine with metal scale ions. When the
concentration of metal carbonate reaches a critical value, precipitation occurs. These sediments can block small
pores, leading to a decrease in reservoir permeability. In addition, acidic carbonated water can also erode the
reservoir, alter its permeability and pore structure, and cause metal scale ions in the reservoir to enter the injected
water, further exacerbating the generation of precipitation 4. Therefore, for the injected water in WAG, chelating
agents should be used before injection into the formation to reduce the content of Ca?* and Mg?*. Alternatively,

inhibitors can be added to inhibit the formation of precipitation.

The recovery efficiency of WAG oil displacement will be greatly impacted by the injection parameters, which
include porosity, permeability, and other formation properties, as well as injection parameters like the water to gas
slug ratio. Hao et al. first used a thin tube experiment to determine the minimum miscibility pressure of CO, and
crude oil at 22.79 MPa, and then connected three different permeability cores in parallel 13, After CO,
displacement, it was changed to WAG displacement, and it was found that under both displacement conditions, the
core with the highest permeability contributed the most to the recovery performance, both exceeding 90%. The
injection pressures were kept at 15 MPa and 25 MPa, respectively, with oil recovery efficiencies of 33.01% and
39.42%, respectively. A higher injection pressure was beneficial for oil recovery improvement 18, Hosseini and
Wang et al. found that, after CO, and WAG displacement, the oil permeability and porosity of the core significantly
decreased, and some areas of the core showed a reversal of wettability. They attributed this phenomenon to the
presence of CO,-caused precipitation and the accumulation of asphaltene in the crude oil, blocking some
channels, resulting in a decrease in crude oil permeability and core porosity. A combination with surfactants or

other types of chemical inhibitors during WAG flooding has been reported to reduce asphaltene precipitation L7218l

| 3. Direct Thickening of CO,

The density and viscosity of CO, gas can be increased by thickening it with polymers, which reduces gas
channeling issues brought on by gravity overlap and viscous fingering phenomena 1929, Brien believes that the
increase in density and viscosity can be achieved by controlling the concentration of the added polymer [21l,
Polymers enhance the density and viscosity of CO, at different levels by dissolving them in CO,. In general, the
higher the molecular weight of a polymer, the greater its viscosity, and the better its thickening effect on CO,.
However, the higher the molecular weight of the polymer, the lower its solubility in CO,, which is unfavorable for

CO, thickening. Therefore, using low molecular weight polymers to thicken CO, is also a feasible option. Siloxane
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polymers have been proven to be an effective CO, thickener [22 Bac tested the thickening ability of
polydimethylsiloxane (PDMS) on scCO, at 2500 psi and 130 °F. It was found that the viscosity of CO, increased
from 0.04 cp to 1.2 cp after thickening. In addition, the use of toluene results in the higher solubility of polymers
under the same pressure conditions. Bac conducted CO, core displacement experiments and found that, after
adding polymers, the oil recovery rate increased, the gas breakthrough was delayed, and the oil recovery rate

increased by 3.4-9% from its original value (23!,

There is also a special polymer, which can form a three-dimensional grid structure through a cross-linking reaction
between molecular chains, and the network can swell in water. This kind of polymer is called a gel [24125][26]
Because gels have good plugging properties, they often block high-permeability channels in CO,-EOR, thus
inhibiting gas channeling caused by formation heterogeneity 24. There are two solutions for polymer gels used for
CO, consistency control. The first solution is in situ gel plugging, which injects the solution composed of a polymer
monomer, cross-linking agent, and auxiliary agent into the formation to form a gel in the formation and block the
migration of CO, in the high-permeability channel. The second scheme is pre-crosslinked gel plugging, which can
be directly injected into the formation after the gel has been completely formed. Alternatively, it can be processed
into particles and prepared with a solution, and then injected into the formation (28], Durucan et al. carried out the
core displacement experiment of supercritical CO, oil displacement, injected polyacrylamide-based polymer gel
into the core, and then conducted the CO, displacement experiment again, and found that the permeability of CO,
decreased by 99% [29],

| 4. Foam Injection

Foam is a gas dispersion system surrounded by liquid film prepared and stabilized by a surfactant B3]
Surfactants are amphiphilic compounds, which means they are composed of hydrophilic heads and hydrophobic
tails. They are generally divided into four types (according to the charge of the head group): non-ionic, anionic,
cationic, and zwitterionic surfactants. Yan et al. found that foam has greater effective viscosity, which can alleviate
gravity overlap and the viscous fingering phenomenon during CO, flooding, and improve sweep efficiency during
CO, flooding. Foam can also control the local flow resistance of CO,, forcing it into the low-permeability area and
displacing the crude oil B2, Through core displacement studies, Boud and Holbrook demonstrated for the first time
that foam may be used to improve oil recovery by gas flooding. Additionally, foam can be produced in reservoir
rocks under both miscible and immiscible circumstances using this water-soluble foaming agent. Ren et al. tested
the effects of three different types of surfactants on CO, flooding. The first two surfactants were 2 EH-POg-EOq5
and 2 EH-POs5-EQg, both of which were nonionic surfactants. The third type was the water-soluble anionic
surfactant CD-1045. The phase behavior experiments conducted showed that none of these three surfactants
could significantly reduce the interfacial tension between water and crude oil. However, all of them can significantly
improve crude oil recovery. Compared with pure CO, flooding, the three surfactants can increase oil recovery by
71%, 92%, and 54%, respectively. Moreover, the effect of improving the oil recovery is closely related to the
injection scheme [B3l. Zhang et al. used UC;;AMPM, SDS, and their mixture as foaming agents, respectively, to

prepare CO, foams, and tested the effect of temperature on the stability of these three foams. With the increase in
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temperature, the stability of the foams decreased, and the foam produced by the UC;;AMPM and SDS mixture had
the best temperature resistance 4. Combining multiple surfactants can achieve better oil recovery effects, but the
proportion of different surfactants will have a significant impact on the oil displacement effect. Attarhamed and
zoveidavianpoor found that the foaming performance of the mixture of AOS and TX-100 in agueous CO, foam was
improved compared with that of AOS and TX-100 alone 33 Memon et al. used AOS, TX-100, and a third
surfactant, rose amidopropylamine oxide (LMDO), to control the fluidity of CO, and improve oil recovery. After the
water flooding of Berea sandstone using different combinations of CO, and surfactant solutions at 1400 psi and 96
°C, surfactant alternating gas (SAG) injection was performed. According to core oil displacement experiments,
CO,-SAG based on (0.6 wt% AOS + 0.6 wt% TX-100) achieved the highest recovery rate 381,

There are three main options for introducing surfactants into oil recovery processes. First, CO, foam is generated
from the outside and then injected into the porous medium. Secondly, the surfactant solution and CO, can be
injected together at the same time to form foam in porous media. Thirdly, carbon dioxide and surfactant solutions
can be alternately injected, known as SAG injection. The advantages of surfactants mainly lie in reducing viscosity
fingering, gravity segregation, and early CO, breakthrough by changing the magnitude of viscosity and gravity. In
addition to fixing CO,, surfactants also tend to reduce the IFT between reservoir fluids, reduce capillary forces, and
thus improve crude oil recovery. The synergistic effect of multiple surfactants may produce a better profile control
effect than a single surfactant, and this profile control effect is closely related to the proportion of different types of

surfactants, which will also an important development direction of foam profile control and flooding in the future.

| 5. Nanoparticle Injection

An NP (nanoparticle) is defined as a material composed of particles with sizes between 1 nm and 100 nm B4E8] |n
terms of CO,-EOR, nanopatrticles enhance oil recovery through two pathways: improving the mobility ratio of CO,
to crude oil and reducing asphaltene precipitation during CO, flooding B949 |y et al. designed a CO, core
displacement experiment and injected Al,O3; nanoparticles into the core. They found that they adsorbed asphaltene
in a solution prepared from toluene and dissolved asphaltene, which means that these NPs can be used to
suppress the deposition of asphaltene during CO, injection in porous media. A concentration of 0.5 wit%
nanoparticles and a volume ratio of 0.1 nanofluid slugs to CO, slugs are considered the best conditions for
inhibiting asphaltene damage during CO, flooding. Compared to the cyclic injection mode, continuous CO, and
nanofluid injection may be more effective. The higher the mass fraction of Al,O3 nanoparticles, the lower the
strength of asphaltene precipitation and the greater the decrease in interfacial tension (41, Other studies have also
reached the same conclusion that nanoparticles can reduce the interfacial tension between crude oil and CO, and
reduce asphaltene precipitation in crude oil #4243, Ehsan et al. simulated the viscosity increasing effect of Al,Og
nanoparticles with particle diameters of 1 nm, 2 nm, and 3 nm on scCO, in an environment of 380 K and 20 MPa.
Particles with a diameter of 1 nm have the weakest effect on CO, viscosity, resulting in a 3.67-fold increase in CO,
viscosity. The author also compared the viscosity increasing effect of spherical Al,O3 nanoparticles and columnar
CuO nanoparticles on scCO,, and found that the viscosity increasing effect of CuO was 3.4 times lower than that of
Al,Og [44],
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Because the surfactant is easy to be adsorbed on the rock surface and decomposes itself, the stability of foam in
the formation is poor, and it is not suitable for large-scale application. Nanoparticles can effectively improve the
stability of foam in the formation, which has attracted the attention of researchers. At present, there are several
views on the mechanism of nanoparticles improving the strength of foam (see Figure 2): (1) nanoparticles will
gather at the node intersection of the foam liquid film, hinder the liquid flow between liquid films, reduce the water
loss rate of the foam liquid film, and thus improve the stability of the foam liquid film; (2) nanoparticles will form a
single layer, double layer, and network of bridging particles between foam liquid films to hinder the coalescence
and water loss of the foam, thus improving the stability of the foam 431146 Among them, the network aggregation of
nanoparticles has the strongest stabilizing effect on foam. AttarHamed et al. investigated the effect of the diameter
and concentration of SiO, nanoparticles on the anionic surfactant effect of a-AOS-CO, foam stability. The
concentrations of the nanoparticles were 0.1 wt%, 0.3 wt%, 0.5 wt%, and 1 wt%, respectively. The diameters of the
nanoparticles were 15 nm, 70 nm, and 250 nm. The final experimental results are shown in the figure. When the
particle concentration was low, the larger the particle diameter, the better the stability effect of the foam 2. Bayat
et al. compared the stabilization effect of TiO, CuO, Al,03, and SiO, nanoparticles on CO, foam. When the
concentration of nanoparticles was 0.008 wt%, the stabilization effect was the best. When using SiO, nanoparticles
under the same conditions, the maximum increase in crude oil recovery was 17.4%. The main reason for the poor
stability of nanoparticles in foam is that nanoparticles are easily adsorbed on the rock surface and agglomerated.

Therefore, the better the dispersity of particles in the system, the better the stability of the foam [2&I4250],
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(1)Nanoparticles embedded on liguid film; (2)a monolayer of bridging particles
{3)A bilaver of closed-packed particles; {4)a network of particles aggregates inside the film

Figure 2. Mechanism of nanoparticles enhancing the stability of foam.

The above four methods for preventing and controlling oil and gas migration in CO, flooding have their own
advantages and disadvantages, as summarized in Table 1. In order to further solve the problem of gas migration
during CO, flooding, in addition to making up for the shortcomings of existing technologies, efforts should also be

made to develop new CO,-enhanced oil recovery technologies.

Table 1. Comparison between the different methods of CO, mobility control.

Method Advantage Disadvantage Influence Factor
WAG Reduces CO; loss and Corrodes pipelines; Reservoir factors
generate economic Unable to alleviate the (temperature, pressure,
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Method

Polymers for
direct
thickening of
CO;

In situ
polymer
gels

Preformed
polymer gels

Advantage
benefits;
Increases the sweep
coefficient;
Relieves sticky fingering;
Delays CO;
breakthrough;
Reduces the mobility
ratio;
Maintains CO» mixing
with crude oil.

It can be mixed with CO»
to form a
thermodynamically stable
solution;
Increases CO2 density
and viscosity;
Relieves early CO,
breakthrough and viscous
fingering.

Good injectability;
Reduces formation
heterogeneity.

Reduces formation
heterogeneity;
Low sensitivity to
reservoir.

Disadvantage
phenomenon of gravitational
differentiation;
Initiates asphaltene precipitation;
Initiates inorganic salt
precipitation;

Causes stress damage to the
tubing;

Causes water lock effect;
There are many parameters
involved.

The solubility of polymers is
limited by pressure, molecular
weight, and molecular chain
structure, making it difficult to
meet the requirements in many
cases.

Sensitive to reservoir conditions.

Difficulty in injection and inability
to act on deep formations;
Only applicable to formations with
strong heterogeneity or developed
fractures.

Influence Factor
thickness, porosity,
permeability, saturation,
heterogeneity);

CO2 rheological properties
and density;
Composition and viscosity
of crude oil;

Water composition and
mineralization;
Injection parameters
(injection rate, injection
pressure, slug ratio);
Injection scheme;
Spacing between injection
and production wells.

Reservoir factors
(temperature, pressure,
thickness, porosity,
permeability, saturation,
heterogeneity);

CO3 rheological properties
and density;
Composition and viscosity
of crude oil;
Polymer type, molecular
weight, and molecular
chain structure;
Injection scheme.

Reservoir factors
(temperature, pressure,
thickness, porosity,
permeability, saturation,
heterogeneity);

CO3 rheological properties
and density;
Composition and viscosity
of crude oil;
Injection scheme;
Injection parameters
(injection pressure,
injection rate, injection fluid
concentration).

Reservoir factors
(temperature, pressure,
thickness, porosity,
permeability, saturation,
heterogeneity);

CO3 rheological properties
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Method Advantage

Relieves sticky fingering;
Relieves gravity
differentiation;
Relieves early
breakthroughs;
Reduces interfacial
tension;
Changes wettability;
Easy to inject;
Prevents and controls
sedimentation.

Foam

Reduces the mobility
ratio;
Prevents and controls
asphaltene precipitation;
Changes the wettability of
rocks;

Improves the stability and
viscosity of foam;
Reduces interfacial
tension;
Improves CO> rheological
properties.

Nanoparticle

s

Disadvantage

Sensitive to temperature and
pressure, prone to cracking;
Material exchange with crude oil
results in a decrease in stability;
Adsorbs on the surface of rocks,
resulting in ineffective sealing;
Short life cycle;
Changes the properties of crude
oil.

Nanoparticles are prone to
coalescence, blocking the roar
channel, and failing;
Large particle sizes can pollute
the environment.

Influence Factor
and density;
Composition and viscosity
of crude oil;
Injection scheme;
Injection parameters
(injection pressure,
injection rate, injection fluid
concentration).

Reservoir factors
(temperature, pressure,
thickness, porosity,
permeability, saturation,
heterogeneity);

CO3 rheological properties
and density;
Composition and viscosity
of crude oil;
Injection scheme;
Type and concentration of
surfactants, molecular
structure;
Injection parameters
(injection rate, injection
pressure).

Reservoir factors
(temperature, pressure,
thickness, porosity,
permeability, saturation,
heterogeneity);

CO3 rheological properties
and density;
Composition and viscosity
of crude oil;
Injection scheme;
Nanoparticle type, particle
size, hydrophilicity,
concentration.
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