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Abstract: Energy security and the reduction of greenhouse gases such as carbon dioxide are two
major crises facing the world today. Using carbon dioxide to develop unconventional oil and gas
resources is a positive way to reduce greenhouse gas emissions, which can significantly alleviate
global energy security issues. This study systematically introduces the prerequisites for CO2 to extract
crude oil and CO2 to be safely and effectively stored. Under high temperature and high pressure, the
rock properties of deep reservoirs are completely different from those of atmospheric conditions in
the two-phase porous media environment of crude oil and high salinity formation water. The research
progress on the phase behavior, mutual solubility, CO2 storage potential and mechanism between
supercritical CO2 and crude oil, formation water and reservoir are reviewed in detail. In addition,
CO2 leakage will inevitably occur during long-term geological storage, the proper estimation and
evaluation of the risk and establishment of corresponding sealing methods are the way forward for
CO2 geological storage. By systematically elaborating the nature, advantages and disadvantages of
fluid–fluid, fluid–solid interaction and geological integrity destruction mechanism, the directions in
which several key problems should be solved were pointed out.

Keywords: CO2 enhanced oil recovery; CO2 geological storage; Carbon leakage; CCUS

1. Introduction to CO2-EOR-CCUS Technology in Unconventional Reservoirs

The continuous global CO2 emission leads to an upward trend of atmospheric CO2
concentration, leading to continuous climate deterioration and warming and frequent
local disasters [1,2]. One of the biggest threats facing mankind in the 21st century is the
greenhouse effect, which has become an international political struggle and a very sensitive
topic in the international community [3–6]. In order to stabilize CO2 levels in the air at a
reasonable level, effective ways must be found to reduce the amount of CO2 released into
the atmosphere during the production and consumption of fossil fuels. Transferring CO2 to
geological reservoir structures that use or store CO2 is a good option. Existing research and
application results at home and abroad show that oil and gas reservoirs are well-sealed
underground gas reservoirs, which can realize long-term storage of CO2. At the same
time [7–10], if properly applied, injecting CO2 into the reservoir as a displacement agent
can significantly improve oil and gas recovery, thereby achieving a win–win situation of
CO2 reduction and utilization.

The United States, the former Soviet Union, Canada, the United Kingdom and Hun-
gary have carried out a large number of CO2-flooding laboratory and field tests. Many
successful projects have been carried out in Colorado, Louisiana, Mississippi, Oklahoma
and other areas [11–20], as shown in Table 1. Since the mid-to-late 20th century, steam
flooding has been the number one, enhanced oil recovery technology in the United States,
and CO2 flooding is number two. As can be seen from Figure 1, after CO2 is injected into
the reservoir, it continuously contacts and dissolves in the crude oil and formation water,
forming the buried dissolved gas, which makes the volume of the crude oil expand, the
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viscosity decrease, the fluidity increase, and easier to be recovered [21–24]. In addition,
under the influence of CO2 properties, CO2 is easy to miscible with crude oil; the addi-
tional resistance is reduced, the interfacial tension is reduced, and the oil displacement
efficiency is improved [25–31]. Therefore, how to achieve the maximum miscible zone
with crude oil in the formation state by using CO2 flooding is the main research topic of
petroleum scientists.

Table 1. Some ongoing and promising CO2 storage projects around the world [20].

Project Site Location Source of CO2 Buried Body Type The Total Storage
Q/Mt

Storage Costs
Dollar/t

Weyburn Williston Basin,
Canada

Fuel plant pipeline
transportation

Injection into the field to
enhance oil recovery 20.0 20

Recopol Silesian coalfield,
Poland

Chemical plant
truck canning

Strengthen the
exploitation of coal seam

methane gas
1 × 10−5 -

Sleipner Norway’s
north sea

CO2 associated with
gas fields (9.5%)

Injected into the Utsira
brine formation above the

gas reservoir
20.0 17

K12-B
Netherlands

offshore
North Sea

CO2 associated with
gas fields (13%)

Injection of waste gas
reservoir to bury and

inject gas field to enhance
gas recovery

8.0 7–14

InSalah Central Algeria
oil and gas field

CO2 associated with
gas fields (10%)

The reservoir pressure is
maintained by injecting
water into the reservoir

17.0 8

Gorgon
130 km off the
west coast of

Australia

CO2 associated with
gas fields (14%)

Injected into the LDupuy
salt water layer below

Barrow Island
- 6–10

Snohvit Barents Sea,
Norway

CO2 associated with
gas fields (5%~8%)

Injected into the Tubasen
brine formation below the

gas reservoir
- 8

QinShui basin China -
Strengthen the

exploitation of coal seam
methane gas

1.5 × 10−4 -Energies 2022, 15, 9383 3 of 31 
 

 

 
Figure 1. CO2 flooding process in oil reservoirs [22]. 

In many oilfields, water injection EOR technology has been mature, but water injec-
tion has entered the late stage, and there is still a large amount of remaining oil that cannot 
be recovered. New oil recovery methods and gas injection enhanced oil recovery technol-
ogy have great potential for enhancing oil recovery. The reserves suitable for gas injection 
are very large in China. For oilfields with difficult water injection (such as unconventional 
reservoirs with low permeability and strong water sensitivity), CO2 injection is a feasible 
development method. The displacement and sequestration mechanisms involved in EOR-
CCUS for CO2 injection in unconventional reservoirs have been reviewed by multiple 
teams based on their physical properties, availability, and cost [32]. Carbon dioxide stor-
age sites are often referred to as deep geological formations, and it is a common practice 
in the oil and gas industry to inject carbon dioxide into reservoirs at specific depths (over 
800 m) to enhance oil production, also known as enhanced oil recovery (EOR) [33–35]. For 
example, at ambient temperature, carbon dioxide behaves as a gas, but at a temperature 
of 32 °C and a pressure of 7 MPa, it becomes a supercritical fluid (IPCC 2005; Oldenburg 
2007), which typically occurs at depths greater than 800 m. In response to the needs of 
domestic unconventional oil reservoirs to improve crude oil production and recovery, the 
concept of integrating CO2 capture, CO2 flooding for enhanced oil recovery and under-
ground storage was proposed, and the CCUS-EOR technology system was initially estab-
lished. The whole process of CO2 capture, transportation, injection, produced-fluid treat-
ment and produced-gas circulation injection has been fully practiced, and an injection 
mode suitable for pilot tests, expanded tests, and industrial applications have been devel-
oped [36–38], as shown in Figure 2. 

Figure 1. CO2 flooding process in oil reservoirs [22].
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In many oilfields, water injection EOR technology has been mature, but water injection
has entered the late stage, and there is still a large amount of remaining oil that cannot be
recovered. New oil recovery methods and gas injection enhanced oil recovery technology
have great potential for enhancing oil recovery. The reserves suitable for gas injection are
very large in China. For oilfields with difficult water injection (such as unconventional
reservoirs with low permeability and strong water sensitivity), CO2 injection is a feasible
development method. The displacement and sequestration mechanisms involved in EOR-
CCUS for CO2 injection in unconventional reservoirs have been reviewed by multiple
teams based on their physical properties, availability, and cost [32]. Carbon dioxide storage
sites are often referred to as deep geological formations, and it is a common practice in
the oil and gas industry to inject carbon dioxide into reservoirs at specific depths (over
800 m) to enhance oil production, also known as enhanced oil recovery (EOR) [33–35]. For
example, at ambient temperature, carbon dioxide behaves as a gas, but at a temperature of
32 ◦C and a pressure of 7 MPa, it becomes a supercritical fluid (IPCC 2005; Oldenburg 2007),
which typically occurs at depths greater than 800 m. In response to the needs of domestic
unconventional oil reservoirs to improve crude oil production and recovery, the concept
of integrating CO2 capture, CO2 flooding for enhanced oil recovery and underground
storage was proposed, and the CCUS-EOR technology system was initially established.
The whole process of CO2 capture, transportation, injection, produced-fluid treatment and
produced-gas circulation injection has been fully practiced, and an injection mode suitable
for pilot tests, expanded tests, and industrial applications have been developed [36–38], as
shown in Figure 2.
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Figure 2. CO2 storage and uses schematic from the National Energy Technology Laboratory (NETL) 
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mation storage mechanism: Under the influence of geological structure, when CO2 is in-
jected into the oil reservoir, CO2 continues to migrate when it encounters caprocks and 
barrier layers. Afterwards, CO2 is blocked and cannot continue to migrate and is left in 
the structure to achieve underground storage. Structural formation sequestration mecha-
nisms generally come into play after CO2 begins to be injected into the formation. (2) 
Mechanism of binding or capillary storage: During the migration of CO2 in the formation, 
a part of CO2 is retained in the pores of rock particles for a long time due to the influence 
of capillary force and relative permeability. Often, a tethered or capillary storage mecha-
nism is combined with a dissolution storage mechanism and will eventually dissolve in 
the formation fluids. (3) Dissolution and sequestration mechanism: There is always crude 
oil and formation water in the oil reservoir. When CO2 is injected into the oil reservoir, 
CO2 is in continuous contact with the crude oil and formation water in the oil reservoir 
and dissolves in it to achieve sequestration. The main factors affecting the dissolution and 
storage of CO2 are the saturation of CO2 in formation water and crude oil, the chemical 
composition of formation water, and the composition and contact rate of crude oil. (4) 
Mineralization physico-existing mechanism: CO2 reacts with water/salt to form carbonic 
acid and reacts with rock minerals to form secondary carbonate ions and produce precip-
itation, which is the mineralization physico-existing mechanism. The mineralization phys-
ico-existing mechanism is mainly affected by the mineral composition, fluid type and 
chemical reaction process of the formation rock. Usually, the action scale of mineralized 
sequestration is quite long. The mechanism and main controlling factors of CO2 seques-
tration in oil reservoirs are seen in Table 2. 

Figure 2. CO2 storage and uses schematic from the National Energy Technology Laboratory (NETL) [38].

There are four main storage mechanisms of CO2 in oil reservoirs: (1) Structural
formation storage mechanism: Under the influence of geological structure, when CO2 is
injected into the oil reservoir, CO2 continues to migrate when it encounters caprocks and
barrier layers. Afterwards, CO2 is blocked and cannot continue to migrate and is left in the
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structure to achieve underground storage. Structural formation sequestration mechanisms
generally come into play after CO2 begins to be injected into the formation. (2) Mechanism
of binding or capillary storage: During the migration of CO2 in the formation, a part of CO2
is retained in the pores of rock particles for a long time due to the influence of capillary force
and relative permeability. Often, a tethered or capillary storage mechanism is combined
with a dissolution storage mechanism and will eventually dissolve in the formation fluids.
(3) Dissolution and sequestration mechanism: There is always crude oil and formation
water in the oil reservoir. When CO2 is injected into the oil reservoir, CO2 is in continuous
contact with the crude oil and formation water in the oil reservoir and dissolves in it
to achieve sequestration. The main factors affecting the dissolution and storage of CO2
are the saturation of CO2 in formation water and crude oil, the chemical composition of
formation water, and the composition and contact rate of crude oil. (4) Mineralization
physico-existing mechanism: CO2 reacts with water/salt to form carbonic acid and reacts
with rock minerals to form secondary carbonate ions and produce precipitation, which
is the mineralization physico-existing mechanism. The mineralization physico-existing
mechanism is mainly affected by the mineral composition, fluid type and chemical reaction
process of the formation rock. Usually, the action scale of mineralized sequestration is quite
long. The mechanism and main controlling factors of CO2 sequestration in oil reservoirs
are seen in Table 2.

Table 2. CO2 storage mechanism and main controlling factors in the oil reservoir.

Storage Form Storage Mechanism Main Control Factors

Construct
storage

Part of CO2 enters the
micro-pore and is

permanently sealed
Capillary pressure

Dissolve sequestration

CO2 partially dissolves in
brine and crude oil, increasing

its viscosity, volume, and
storage capacity

Brine salinity, Crude oil, Brine
composition, Temperature, Pressure

The free storage
After CO2 supersaturation,
part of CO2 exists free. Cap
layer is the key to sealing

Temperature, Pressure, Rock
compressibility, Cap sealing

Mineral
sequestration

CO2-formation water-rock
interaction eventually

consolidates as minerals

Mineral composition, Reaction time,
CO2 content, Temperature, Pressure

After CO2 is injected into the formation, the CO2 in the reservoir mainly exists in the
porous medium in the form of microscopic residual gas [39–41]. It can be dissolved in oil
and water to lower the pH of formation fluids or captured by the primary minerals in the
reservoir and undergo a series of chemical reactions to generate secondary minerals. At
this time, the surface minerals of the sedimentary rock reservoir under acidic conditions
will be subject to chemical dissolution. This phenomenon will cause changes in the porosity
and permeability of the reservoir by changing the mineral composition and pore structure
of the rock, which will further lead to the rock skeleton. The particles soften, causing their
strength properties to be greatly reduced, resulting in serious geological disasters [42–56].
In Figure 3, SEM and EDS elemental analysis techniques were used to compare the changes
of cap rock micromorphology before and after corrosion [57]. Therefore, the dissolution
effect of the acidic fluid formed by CO2 dissolved in water on the reservoir rock is a
non-negligible issue in judging whether CO2 can be safely stored.
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Therefore, the scientific significance of this review is mainly to provide basic data for
CO2 flooding and storage potential evaluation and strategic planning in unconventional
reservoirs and to provide a basis for CO2 large-scale storage and resource utilization. In a
porous medium environment with two phases of crude oil and high salinity formation water
at high temperature and pressure, the rock properties in deep reservoirs are completely
different from atmospheric conditions. The phase state, mutual solubility, thermodynamics
and geochemistry between supercritical CO2 and crude oil, formation water and reservoir
are comprehensively reviewed. This determines the final storage amount and occurrence
state of CO2 and reveals the main mechanism and storage potential of CO2 storage in the
reservoir. Emphasis is placed on the interaction between fluid and rock in the reservoir
under CO2 storage conditions. Through the investigation of a large number of laboratory
experiments, theoretical analysis and numerical simulation methods, the mechanism of the
failure of the geological integrity of CO2 storage is clarified, so as to guide CO2 flooding
and oil displacement. The geological selection of the storage area and the determination of
production parameters reduce the risk of CO2 leakage in the storage area. A comprehensive
overview of EOR-related research focusing on high-pressure gas injection in unconventional
reservoirs has been presented [58,59]. Although this review is not the first literature review
of CO2-EOR-CCUS in unconventional formations, it is intended to be fairly comprehensive
and will discuss gaps in the literature and the way forward. A number of recommendations
for enhanced oil recovery in future EOR trials based on field trials [60,61], laboratory tests,
and insights gleaned from modelling and simulation studies will be outlined for initial
site selection and post-storage safety for future CCS projects and will provide scientific
theoretical basis and technical support.



Energies 2022, 15, 9383 6 of 29

2. Study on the Influence of CO2 Storage on Formation Fluid

Research shows that for unconventional reservoirs, the average production coefficient
after primary and secondary oil recovery is usually less than 20% (Han and Bian, 2018) [62].
CO2 as an oil displacement agent is the most effective and economical method to enhance
oil recovery and geological storage of CO2. When CO2 comes into contact with brine or
crude oil, CO2 is gradually diffused and dissolved in brine/crude oil, and CO2 is buried
in unconventional reservoirs. The main mechanism is displacement, dissolution and
retention, physical trap, etc. [63]. At the end of CO2 displacement, the CO2 dissolved in
the water phase and oil phase of the reservoir is nearly saturated, and this part of CO2
can be considered as the dissolved buried stock of CO2 in the formation fluid. During
the dissolution process, the change of pressure, temperature and CO2 concentration in
brine/crude oil will have an important impact on the dissolution rate of CO2. By mastering
the diffusion law of CO2, long-term safe and effective CO2 geological burial can be carried
out. Equation of state and diffusion equation of CO2:

∆nt = n0 − nt =
1

RT

(
p0V0

Z0
− ptVt

Zt

)
=

(p0 − pt)V
ZRT

=
∆ptV
ZRT

(1)

Dt =
1
4

(
p0 − pt

p0 − p∞

)2 πh2

t
(2)

ct =
∆nt

L
=

∆ptV
ZRTL

(3)

where (1) ∆nt is the number of moles of CO2 dissolved in the solution of the contacted
system at time t calculated by the gas equation of state, mol; and ct in formula (3) is the
solubility of CO2 in the contacted system at time t, mol/L. In formula (2), Dt is the variable
diffusion coefficient of CO2 in the liquid phase diffusion process obtained by the pressure
depletion method, m2/s.

2.1. Dissolution, Diffusion and Storage of CO2 in Crude Oil

When CO2 interacts with crude oil, crude oil will not only affect the dissolution and
diffusion of CO2, but also affect the high-pressure physical properties, saturation pressure,
viscosity and volume coefficient of crude oil. The expansion of crude oil under the action
of CO2, the reduction of crude oil viscosity and the reduction of CO2 crude oil interfacial
tension are important oil recovery mechanisms. In the process of enhanced oil recovery by
CO2 flooding, the diffusion law of CO2 and the change of physical properties of crude oil
will directly affect the final oil displacement effect.

In the initial stage of development, unconventional reservoirs usually form a large
number of artificial fractures through hydraulic fracturing, forming a complex fracture
network. Hawthorne et al. (2013) [64] carried out research on CO2 oil displacement
mechanism of tight reservoirs. They believe that the mechanism of CO2 displacement in
unconventional reservoirs such as tight reservoirs is different from that in conventional
reservoirs. The flow of CO2 is in fractures, not in the rock matrix. In addition, they
theoretically explained the flow process of CO2 injection into tight reservoirs through four
steps (as shown in Figure 4): (1) at the initial stage of CO2 injection, CO2 quickly flows
through fractures. (2) CO2 seeps into the rock matrix under pressure gradient. CO2 expands
and pushes crude oil out of the rock matrix. (3) With the continuous penetration of CO2
into the matrix, the amount of CO2 diffused and dissolved into the crude oil increases, the
viscosity of the crude oil in the matrix decreases, and the crude oil is mixed into the CO2
bulk phase in the fracture under the action of expansion and viscosity reduction. (4) The
CO2 pressure gradient inside and outside the rock matrix gradually decreases, while the
hydrocarbon components in the oil-CO2 mixed phase in the matrix diffuse into the fracture
due to the hydrocarbon concentration difference between the matrix and fracture system.
Finally, the oil-CO2 mixed phase in the fracture begins to flow to the production well. In
the process of displacement, CO2 crude oil dissolution and diffusion reach equilibrium. At
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the end of production, the amount of CO2 in the crude oil that has not been recovered is
the crude oil dissolution buried amount of CO2. Research on the dynamics of CO2 in the
reservoir and its effect on formation fluids is necessary for CCUS. Zhao, C. L. (2019) [65]
proposes a method to study CO2 cold flooding reservoirs through relevant parameters
such as fluid temperature and pressure. The simulation results show that the oil recovery
factor and the gas–oil ratio are positively correlated with the injected fluid temperature.
Meanwhile, Hye Seung Lee (2021) [66] studied the effect of impurity-containing CO2 on
EOR and CCS performance, and the results showed that impurities in CO2 reduced oil
recovery by 9.2% and total CCS performance by 4.3%.
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Figure 4. Conceptual steps for CO2-EOR in fractured tight reservoirs [29]. (i) (a) oil produced by
direct CO2 displacement; (ii) (b) CO2 dissolved in the crude oil caused oil swelling; (c) vaporized
oil due to CO2 extraction of light and intermediate oil components; (d) coalescing of disconnected
oil ganglia by oil swelling; (e) The remaining components of crude oil after vaporization; (iii) (f) the
residual oil in dead-end pores after displacing a part of swollen oil by CO2; and (g) the improvement
in oil recovery due to various CO2 mechanisms. The dark color and the grey color represent the
original oil and the oil after interaction with the injected CO2, respectively.
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Both laboratory experiments and numerical simulation verify that enhanced CO2
injection in unconventional reservoirs can greatly enhance oil recovery and have great CO2
storage capacity, as shown in Table 3. The solubility of CO2 in oil is significantly affected
by temperature and pressure, as shown in Figure 5 [29]. However, Alfarge et al. (2018) [67]
compared the tertiary oil recovery growth rate of the above two research methods with
that of the pilot area and concluded that the crude oil recovery rate of the pilot area was
far lower than the results of laboratory experiments and numerical simulation. They also
announced that molecular diffusion has played a role in improving CO2 injection recovery
in tight reservoirs, but due to the low diffusion coefficient of CO2 molecules in the field,
the diffusion mechanism has a delay effect in the field.

Table 3. The reported research paper on the CO2-oil interaction mechanism [29,68–72].

Formation Methods
CO2-Crude Oil

Interaction
Mechanism

CO2-Crude Oil
Interaction
Efficiency

CO2 Storage
Efficiency Authors, Year

The fields in
Malaysia

Laboratory
environment

CO2 dissolution, oil
viscosity reduction, oil

volume expansion,
interfacial tension

reduction

Effective Effective Mohamed Gamal
Rezk, 2019 [29]

Oil Reservoirs
in Poland

Laboratory
environment CO2 dissolution High potential Effective Ewa Knapik,

2020 [68]

Denver Basin
oil fields

Mathematical
model and
numerical
simulation

CO2 dissolution
Effective (106 million

barrels could be
produced in 22 years.)

Effective Erik Lee, 2019 [69]

Bakken
tight oil

Numerical
simulation and

laboratory
environment

CO2 dissolution,
CO2-crude oil miscible Effective Effective (>90%) Venkat Pranesh,

2018 [70]

Eagle Ford
shale gas

Numerical
simulation and

laboratory
environment

CO2 dissolution,
CO2-crude oil miscible Effective Effective (>90%) Venkat Pranesh,

2018 [70]

Changji
Oilfield,
Xinjing

Mathematical
model and
laboratory

environment

CO2 diffusion Effective / Songyan Li,
2018 [71]

Permian
Basin

Mathematical
model and
laboratory

environment

CO2 diffusion Effective

Effective (WAG
achieves a good
balance between
maximizing oil
production and

carbon monoxide)

P. Hosseininoosheri,
2018 [72]

2.2. Dissolution, Diffusion and Storage of CO2 and Brine

Nowadays, brine formation is the main place for the geological storage of CO2. Most
of unconventional oil reservoirs are initially developed through hydraulic fracturing,
and the CO2-WAG method is used for reservoir development during the production
process. The storage mechanism of CO2 and brine is also crucial. The main mechanism is
dissolution retention, mineralization reaction, physical trap, etc. Hydrodynamic diffusion
and dissolution coefficient are the main controlling factors. When CO2 diffuses in brine,
the effective range of dissolution is affected by the salinity of the water, and the amount of
dissolved sequestration decreases with the increase of the salinity of the brine.



Energies 2022, 15, 9383 9 of 29Energies 2022, 15, 9383 9 of 31 
 

 

 

 

(a) (b) 

Figure 5. CO2 phase diagram and the measured solubility of CO2 in the light oil sample at various 
pressures and different temperatures [29]: (a) CO2 phase diagram (modified after) [36,37]; (b) The 
measured solubility of CO2 in the light oil sample at various pressures and different temperatures 
[29]. 

Table 3. The reported research paper on the CO2-oil interaction mechanism [29,68–72]. 

For-
mation 

Methods CO2-Crude Oil Interaction 
Mechanism 

CO2-Crude Oil 
Interaction  
Efficiency 

CO2 Storage 
Efficiency 

Authors, 
Year 

The fields 
in Malay-

sia 

Laboratory 
environment 

CO2 dissolution, oil viscos-
ity reduction, oil volume ex-
pansion, interfacial tension 

reduction 

Effective Effective 
Mohamed 

Gamal Rezk, 
2019 [29] 

Oil Reser-
voirs in 
Poland 

Laboratory 
environment 

CO2 dissolution High potential Effective Ewa Knapik, 
2020 [68] 

Denver 
Basin oil 

fields 

Mathematical 
model and 
numerical 
simulation 

CO2 dissolution 

Effective (106 
million barrels 
could be pro-
duced in 22 

years.) 

Effective Erik Lee, 
2019[69] 

Bakken 
tight oil 

Numerical 
simulation 

and 
laboratory en-

vironment 

CO2 dissolution, CO2-crude 
oil miscible Effective Effective (>90%) 

Venkat 
Pranesh, 
2018[70] 

Eagle 
Ford shale 

gas 

Numerical 
simulation 

and 
laboratory en-

vironment 

CO2 dissolution, CO2-crude 
oil miscible Effective Effective (>90%) 

Venkat 
Pranesh, 
2018[70] 

Figure 5. CO2 phase diagram and the measured solubility of CO2 in the light oil sample at various
pressures and different temperatures [29]: (a) CO2 phase diagram (modified after) [36,37]; (b) The
measured solubility of CO2 in the light oil sample at various pressures and different temperatures [29].

Philip S. Ringrose (2018) [73] mentioned that the Norwegian CCS has stored 22 metric
tons of CO2 in the offshore brine aquifer since 1996, and the overall storage efficiency
reached about 5% of the pore volume, of which the volume of CO2 dissolved in the
brine phase accounts for about one-tenth of the volume. Wei Liu (2021) [74] studied the
diffusion of CO2 in the oil–water liquid phase system through microscopic experiments and
simulations, as shown in Figure 6. The study showed that temperature and pressure are the
key influencing factors. With the increase of pressure and temperature, the CO2 diffusion
coefficient increases correspondingly. Danchen Li (2021) [75] studied the efficiency of
simultaneous CO2 release and storage in ultralow permeability (<1 mD) core samples from
the Yanchang Formation in the Ordos Basin, China with different injection strategies of
continuous gas flooding, alternating water injection and cyclic gas injection. They claim that
WAG achieves high CO2 storage goals while achieving high recovery. Mohamed Khather
(2019) [76] believes that during CO2-EOR in carbonate reservoirs, the formation water
is carbonated by CO2, dissolving the main constituent minerals of carbonate reservoirs,
as shown in Figure 7. Dongfeng Zhao (2021) [77] believed that pore-throat structure
and permeability changes caused by precipitation and rock matrix dissolution are serious
problems for enhanced oil recovery. The experimental results show that pressure has a great
influence on the production of precipitation, and there is no precipitation near gas injection
wells with high pressure, while a large amount of carbonate deposits is produced near
low-pressure production wells. Reservoir pressure, temperature, and brine concentration
all directly affect the CO2 dissolution process in brine. Valle L M (2020) [78] believes that
the heterogeneity of the formation will affect the liquid phase migration and its ability
to store CO2, through experiments. It proved that due to the dissolution-precipitation
phenomenon of carbonate, CO2 dissolution contributes to the increase of injection capacity
and is conducive to storage sealing and storage capacity. The higher the salt concentration
of brine, the lower the dissolved CO2 and the slower the diffusion rate, but the influence of
pressure and temperature is greater than that of salt concentration.
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In CO2 geological storage, experimental research and numerical simulation results
have proved that brine I s an important site for CO2 storage with the advantages of
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large storage volume, long storage time and wide distribution of storage sites, as shown
in Table 4.

Table 4. The reported research paper on CO2-brine interaction mechanism [72,77,79–83].

Formation Methods CO2-Brine Interaction
Mechanism CO2 Storage Efficiency Authors, Year

Permian Basin
Mathematical

model and
laboratory environment

CO2 diffusion Effective P. Hosseininoosheri,
2018 [72]

Block X of Ordos Basin
Numerical

simulation and
laboratory environment

CO2 diffusion,
CO2-brine scaling Effective Dongfeng Zhao,

2021 [77]

Weyburn Oil Field Laboratory
environment CO2 dissolution Effective (CO2 to be

precipitated as calcite)
S. Emberley,

2005 [79]

- Numerical simulation CO2 diffusion,
CO2-brine scaling

Effective (Salt precipitation
is a detrimental influence)

Guodong Cui,
2018 [80]

Iranian hydrocarbon
reservoir

Laboratory
environment

CO2 dissolution
and deposition

of minerals
Effective Amin Zandvakili,

2020 [81]

- Numerical simulation

CO2 diffusion,
CO2 dissolution,
CO2-water-rock

geochemical reactions

Effective (WAG) Guodong Cui,
2021 [82]

The hot water in the
Ungaran geothermal
field, Java, Indonesia.

Numerical simulation CO2 diffusion,
CO2-brine scaling

Effective
(Achieve CO2 brine rock
balance within 10 years)

Gagas Pambudi
Utomo, 2021 [83]

The effects of CO2 sequestered in the formation fluid can be reflected by the interaction
between CO2 and the formation fluid, and the degree of influence can be shown in oil
recovery, the solubility of CO2 and the diffusion coefficient [84–86]. Comprehensive indoor
experiments and numerical simulations were used to demonstrate the effectiveness of
CO2 storage in formation fluids [87–89]. However, it is important to consider whether the
heterogeneity of the complex matrix fracture of the actual reservoir has an effect on the
amount of storage during various studies.

3. The Effect on Reservoir Property with the Reaction between CO2 and Rock for
Unconventional Reservoir

For CO2 sequestration or CO2 flooding in CCS or EOR, there is a common phenomenon
that CO2 may occur in a chemical reaction with the formation rock in different degrees
based on many factors, such as temperature and pressure of the formation, type of rock,
etc. Due to their weak acidity, several minerals can react with carbon dioxide injected into
the reservoir. The two most common rocks that can interact with carbon dioxide in shale
reservoirs are limestone and dolomite [90]. With higher injection pressure, more rock will
be dissolved, and with the decline of pressure, dissolved carbonate was observed to be
precipitated along the flow path [91]. Master et al. [92] confirm that rapid acid neutralization
rates and water–rock reactions can sufficiently construct safe and permanent storage of
CO2. It may be possible for granite and/or sandstone to capture CO2 at hydrothermal
conditions [93]. As a result, channels, pores and fractures may be created based on rock
reactions. Furthermore, the reaction can also produce precipitates such as calcium oxide or
magnesium oxide with limestone and dolomite, respectively. Those mentioned above affect
reservoir property, such as porosity and permeability, which is of importance for the guide
of CO2 injection in CCS or EOR. We will introduce previous studies of CO2-rock reactions
based on different methods.

For experimental methods, there may include hydrothermal autoclave experiments,
with some auxiliary methods to explore rock properties, such as X-ray diffraction (XRD)
and scanning electron microscopy (SEM).
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For static research, Lin et al. [94] carried out an experiment to discover basic inter-
actions in the scCO2/water/rock minerals (quartz, biotite and granite) at 100 °C. They
found that the water-granite system increases the dissolution rate of CO2 and no reactions
occur in the above system without water under a steady state, shown as Figure 8. Under
hydrothermal temperature conditions, calcium released from rocks (silicates) easily and
transferred into CaCO3 and/or CaSO4 during CO2 sequestration back to nature [95]. Dis-
solution of the carbonate minerals has the most significant change in the reacted samples
immersed in the CO2-saturated brine, especially calcite, which shows severe dissolution.
Only in the scCO2 system, was a slight change observed [96]. Zhao et al. [97] observed that
the carbonate minerals were corroded dramatically, followed by feldspar, and quartz least.
Corrosion, secondary minerals and precipitate increased the sorted behavior of rock throats
and decreased the permeability. Primary dissolution of calcite and chlorite minerals may be
re-precipitated as secondary ones, such as more stable dolomite and ankerite cements [98].
Using microscopic methods, Pearce et al. [99] found that Kaolin and fine-grain movement
have the potential to open or jam pores, potentially increasing or decreasing permeability
and CO2 injectivity. The reaction between CO2 and rock may affect capillary pressure due
to pore structure change [100]. Fracture, also an important role for CCS or EOR, based on a
series of static soaking experiments. Calcite, dolomite, K-feldspar, and albite were diversely
dissolved after the soaking of CO2-saturated brine, and this leads to an increase of porosity
and permeability and decrease of tensile strength and surface friction coefficient, and may
induce the growth with a fracture [101].

For simulation methods, there may include molecular dynamics (MD), lattice Boltz-
mann method (LBM), pore-throat networks, etc. Each of them has different aspects to
evaluate the effect of the CO2 reaction process on the rock. Usually, two dimensionless
numbers with Péclet (Pe) and Damköhler (Da) number are introduced to represent the
strength between advection and diffusion and the relative size between reaction rate
and diffusion.

As Figure 9 shows [102], there are many applications for MD to research CO2 seques-
tration. Many studies focus on the wettability of the surface to explore the interaction
between CO2 and rock. Compared with different rock types in the CO2-water system,
sandstone and limestone, plus pure minerals such as quartz, calcite, feldspar, and mica,
are strongly water wet, and oil-wet limestone, oil-wet quartz or coal is intermediate wet
or CO2 wet [103]. Chen et al. [104] combined MD and surface chemical experiments to
study the wettability alteration of rock caused by contamination and/or CO2 reaction. The
capillary capture amount of CO2 is mainly determined by the capillary pressure of water
and CO2 in the reservoir, which is reflected by the interfacial tension (IFT) and contact
angle (CA) of the CO2/water/rock system. MD can consider the reaction between carbon
dioxide and water. The more CO2 dissolved, the more improvement of IFT that can be
achieved with rock surface [105]. McCaughan et al. [106] carried out a molecular dynamics
study of the effect of divalent salts on the contact angle of CO2/water/quartz and investi-
gated N2/water/quartz and H2S/water/quartz systems to evaluate the effect of gas on
the contact angle. The quartz surfaces used for these simulations are fully coordinated
quartz crystals. It is very common that clay may be swelled under an aqueous system.
Myshakin et al. [107] considered that the degree of swelling caused by an insert of CO2
strongly depends on the initial water amount in the interlayer space, and CO2 intercalation
promotes inner-sphere adsorption of the positively charged interlayer ions on the clay
surfaces, which improves the wetting properties of the surfaces.
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Recently, many LB models are structured with advection and diffusion under heteroge-
neous reactions to explore the interaction between CO2 and rock. With a two phase system,
relative permeability is influenced by chemical reactions indicated by digital figures. Tian
et al. [108] gave the relationship between porosity and fluid speed with time step based
on the advection-diffusion process. An et al. [109] developed a pore-scale simulation to
model reactive transport in carbonate rocks; they found that dissolution occurs more ho-
mogeneously with an increase in flow rate. Except for porosity and permeability, grain size
and reaction rates on the fluid-solid system can be obtained with high accuracy in 2D [110].
Some studies develop the dimension of simulation to model more factual situations. Com-
bining micro-CT and 3D LB with a CO2-water-rock system, porosity at the pore scale and
permeability at the macro scale is recovered [111]. The effect of heterogeneous reactions,
such as connections of pore channels and properties of the matrix, can be easily captured by
LB in 3D mass transport system [112]. Fracture is also considered in 3D model. Compared
with a lower injection rate of CO2-rich brine, the higher one makes fractured media more
permeable [113]. With the more complex system, the multiphase-multicomponent model is
constructed to explore the non-equilibrium process with CO2 dissolution in water shown
in Figure 10 [114].
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Constructing two-dimensional (2D) and three-dimensional (3D) pore-throat networks,
small Pe and Da numbers, the concentration and dissolution patterns are more uni-
form [115] with the equation of state (EoS) compositional simulator for the simulation
of CO2 storage in saline aquifers. The simulator (GEM-GHG) models the following phe-
nomena: convective and dispersive flow in porous media; phase equilibrium between
the oil, gas and aqueous phase; chemical equilibrium for reactions between the aqueous
components and mineral dissolution and precipitation kinetics [116]. The safety of the
capture process was assessed by considering leakage of mobile carbon dioxide through the
caprock. For long-term CO2 storage, it was found that the conversion of CO2 to minerals
depends on pre-existing minerals in the aquifer that provide the necessary ions for the
reaction to occur [117]. Liu et al. [118] using CMG found that the high CO2 adsorption
capacity of shale facilitates the injection of CO2 into shale reservoirs; the amount of CO2
adsorbed is proportional to the CO2 adsorption isotherm, while CO2 in other phases
(gas/supercritical, dissolved, and mineral phases) is similar to CO2 adsorption isotherms
in inversel proportion. Compared with different injection methods, regardless of whether
the reservoir is heterogeneous or homogeneous, the water-gas alternation (WAG) scheme
should be the first choice, as it can improve oil recovery and CO2 storage efficiency dur-
ing EOR. Injecting CO2 after the CO2 EOR process can increase the CO2 storage capacity
while keeping the reservoir pressure stable [80]. Graupner et al. [119] coupled software,
ECLIPSE-OpenGeoSys, is presented and allows a combined simulation of multiphase flow,
transport and geochemical reactions for storage of CO2 in deep saline aquifers, evidencing
the achievement of coupled software. The amount of dissolved and precipitated minerals
resulting from CO2-brine-rock interactions is site-specific and depends primarily on the
initial aquifer mineralogy and brine composition [120]. We list mentioned studies above
for conclusion in Table 5.

Table 5. Summary of research on rock reaction.

Author Simulation Methods Research Content of Reacton

Iglauer S et al. [102] MD Review of CO2 reaction

Ma Z et al. [103] MD Wettability estimation of different
rock types

Chen C et al. [104] MD Factors on capillary capture amount
Javanbakht G et al. [105] MD The effect of IFT
McCaughan J et al. [106] MD Different liquid-solid system impact
Myshakin E et al. [107] MD Effect of clay swelling

Tian Z et al. [108] LBM Effect of fluid velocity
An S et al. [109] LBM Dissolution patterns under different factors

Zhang C et al. [110] LBM Different rock property impacting
on reaction

Gao J et al. [111] LBM Impact on hydraulic property

Tian Z et al. [112] LBM Connectivity of pore channels and
properties of matrix

Fazeli H et al. [113] LBM Fractural formation

Chen L et al. [114] LBM Non-equilibrium process with
CO2 dissolution

Dashtian H et al. [115] Pore network Effect of two dimensionless numbers
Nghiem L et al. [117] CMG Combination of CMG-GHG

Liu D et al. [118] CMG Effect of CO2 absorption
Cui G et al. [80] CMG Factors on EOR and CCS

Graupner B J et al. [119] ECLIPSE CO2 storage in deep saline aquifers

Liu H et al. [120] TOUGHREACT The dissolution and precipitation
on minerals



Energies 2022, 15, 9383 16 of 29

4. Study on Leakage and Gas Detection Mechanism and Chemical Control Method in
CO2 Flooding Process
4.1. Numerical Simulation and Uncertainty Quantitative Analysis of CO2 Storage Problems

The carbon dioxide storage problem can be described by coupling multiple physical
fields with the multiphase flow in porous media. Physics-based reservoir numerical
simulation technology has been widely used [121]. The key to CO2 sequestration simulation
is accuracy, otherwise CO2 leakage may bring a series of environmental problems and
safety issues [122].

To improve accuracy, we will consider a large number of physical and chemical
reactions in the simulation, such as the stress field, the reaction of carbon dioxide and
minerals, etc. For example, Bao et al. [123] considered the effects of pressure accumulation,
surface displacement and induced earthquake risk during CO2 injection. The model
simulates the change of the stress field, the migration of injected CO2 and the geomechanical
behavior of the surrounding geological strata, Yin et al. [124]. In order to greatly reduce the
computational cost, a coupled inversion framework based on a wave modeling operator,
rock property transformation and proxy fluid flow simulator is introduced, which can
accurately use the Fourier neural operator as the proxy of the fluid flow simulator. Similarly,
Wei et al. [125] coupled hydrodynamics in the safety simulation study of carbon dioxide
geological sequestration, considering the mechanical stability of the reservoir overburden
during carbon dioxide injection. Bao et al. [126] proposed a thermal-hydro-mechanical
coupling model for stress, deformation and shear-slip failure analysis, based on an open-
source finite element solver Elmer, designed to reliably and accurately simulate the entire
CO2 injection cycle.

Now consider the chemical reaction of CO2-EOR simulation packages of which there
are only a few, such as WinProp-CMG-GEM (computer Modeling Group LTD.) and STOMP-
EOR. Dai et al. [127]. Weonshikhan et al. [128] consider the fundamental constraints of CO2
injection into the mobile CO2 phase beneath the subsurface low-permeability cap, CO2
conversion to mineral deposits, dissolution in in-situ fluids, and surface tension (capillary
forces). The competitive effects of these different capture mechanisms are evaluated and
quantified, including the relative storage of each mechanism. Babak Shabani et al. [129]
introduced a new TOUGHREACT module, CO2Bio, to simulate geological carbon storage
(GCS) under biological conditions, which is capable of predicting the mutual solubility of
CO2-CH4-H2S-H2 gas mixtures and brine. Density, viscosity and enthalpy of the CO2-CH4-
H2S-H2 gas mixture were calculated. Dynamic production and/or consumption of CO2,
CH4, H2S and H2 gases can be predicted, as well as multiphase flows of CO2-CH4-H2S-H2
gas mixtures and brine under deep geological conditions.

Even though we can consider the coupling of multiple physical and chemical fields
in the model, the uncertainty of the model results comes from many factors [130]. First,
we consider the uncertainty of multiphase flow parameters. In particular, the relationship
between relative permeability and capillary pressure depends on both rock properties
and fluid properties, which can be highly nonlinear with changes in fluid temperature
and pressure conditions. The selection of relative permeability and capillary pressure
functions and how these functions are calibrated and constrained influence the prediction
of trapping mechanisms, phase behavior, and plume motion [131]. Second, we consider
the uncertainty of fractures. Bao et al. [132] system to evaluate fracture belt in the process
of CO2 injection to uplift, the influence of formation pressure build-up and its research
think permeability fractured zone 2~3 orders of magnitude smaller than the reservoir
permeability, the fractured zone is an impermeable block, and its resistance to the reservoir
fluid migration result in fracture belt near the pressure increased. Thirdly, we consider the
effect of long-term CO2 storage on the reservoir. The decrease of porosity and permeability
caused by precipitation and the increase of porosity and permeability caused by mineral
corrosion should be considered. The issue is an open one, and no technology has been
fully recognized as universal or proven to be a “perfect” enhancement technology [133].
The fourth consideration is volatile oil price. Although EOR and CO2 sequestration can
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be accurately predicted, the time horizon is so long that current oil prices are not very
relevant. Carbon dioxide sequestration must take into account economic factors. Volatile
oil prices are a major obstacle to CO2-EOR and storage projects. In Figure 11,The CO2
injection process must be optimized to obtain the best oil production, CO2 reserves and
economic parameters, such as net present value [134].
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How to speed up the computational efficiency while ensuring the accuracy of simula-
tion becomes the key problem. At present, most of the research focuses on deep machine
learning (such as artificial neural networks and establishment of the proxy model), model
reduction and other methods. Yan et al. [134], for example, trained a two-stage deep
learning model for the different main driving forces of fluid flow and migration in CO2
injection and post-injection stages in Figure 12. This deep learning workflow not only
provides high-fidelity predictions at both time and space scales, but is 250 times faster
than full physical reservoir simulations. Zheng et al. [135] developed simplified dimen-
sional models (such as vertical equilibrium (VE) and dynamic reconstruction (DR) models)
based on vertical integrals of full-dimensional governing equations. The simulation results
show that the proposed model keeps the accuracy of the conventional full-dimension
model while significantly reducing the computational cost. Chen et al. [136] introduced
a generic component-based multi-physics analysis code-Albany—for modeling and anal-
ysis of GCS problems, which showed good accuracy and computational efficiency. You
et al. [137] describe a machine learning-based workflow that uses the proposed neural
network training method to train a proxy model capable of predicting the time series of
cumulative oil production and carbon dioxide reserves. Its field application of the ongoing
CO2-EOR project in the Farnsworth field in Texas, USA, proved to be fast, robust and stable.
Biondi et al. [138] applications to explore potential CO2 (or hydrogen) geological storage
sites by reprocessing existing seismic data sets and long-term monitoring of CO2 (or hydro-
gen) underground injection processes. Chen et al. [139] use machine learning algorithms:
multivariate adaptive regression splines (Multivariate Adaptive Regression Splines), from
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saline aquifer CO2 injection, and subsequent multiphase fluid flow of the whole physics
in the numerical simulation results export high computational efficiency.A reduced order
model of this greatly improves computational efficiency. Mo et al. [140] proposed an adap-
tive Kriging method to establish a GCS model agent for rapid evaluation. The agent model
was effectively generated by an adaptive experimental design algorithm based on Taylor
expansion, combined with distance-based exploration criteria and utilization criteria, and
adaptively searched for training samples with large information content.
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duction and CO2 reserves. Training agent 2 to predict average reservoir pressure changes along
the timeline [141].

Another way is to develop professional CO2 sequestration software. At present, most
commercial software has also developed carbon dioxide storage modules, but its high
use cost and the limitation of the model make the scientific research work complicated.
White et al. [142] developed a new numerical simulation device for the scientific study
of enhanced CO2 recovery and sequestration. Named STOMP-EOR, the simulator solves
coupled conservation equations for formation energy, water saturation, CO2 concentration,
CH4 concentration, salt concentration and petroleum component concentration in three-
phase flow conditions. The market for specialized software is huge and difficult.

On the premise of ensuring the accuracy of the model and efficiency of calculation,
we need to consider the influencing factors of oil displacement rate and storage rate when
conducting the study of enhanced carbon dioxide recovery and carbon dioxide storage. The
first is the type of reservoir. There are different factors to consider for different reservoirs.
Shale formations, for example, need to prioritize carbon dioxide adsorption and methane
displacement. [143] second, reservoir heterogeneity. The heterogeneity of the reservoir will
affect the swept area of carbon dioxide and thus affect the storage effect. Yu et al. [144]
revealed the effects of changes in horizontal permeability (Kh), Kv/Kh ratio and CO2
injection rate on CO2 saturation, plume distribution and CO2 dissolution in salt-bearing
reservoirs through various sensitivity analyses. Third, injection parameters. Different
injection rates and injection methods will have an impact on CO2 sequestration. Terranngoc
et al. [145] considered the effects of different hydrodynamic parameters, chemical properties
and geometric parameters on CO2 injection in brine reservoirs. The result is a 5-year
intermittent injection cycle with a maximum injection rate of 20 kg/s and no injection for
six months at lower fracturing pressures. This solution maximizes carbon dioxide stored in
aquifers. Fourth, production parameters of production Wells. William et al. [146] selected
uncertain variables such as bottom hole injection pressure, WAG cycle, injection group and
production group rates, and gas-oil ratio. Select the most significant variable as the control
variable. In the optimization process, vertical permeability anisotropy (Kv/Kh) was taken
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as one of the uncertain parameters. Fifth, the existence form of carbon dioxide. The presence
of carbon dioxide also affects recovery and retention. Supercritical state, miscible state,
etc. Cheng et al. [147] performed a sensitivity analysis of a deep confined saline aquifer
model for supercritical CO2 injection using STOMP numerical procedures. Including
inherent permeability, porosity, pore compressibility, capillary pressure-saturation/relative
permeability parameters (residual liquid saturation, residual gas saturation change), the
effects of each parameter on CO2 injection rate and cost were determined.

4.2. Leakage Paths and Risk Analysis of CO2 Geological Storage

Media commonly used for geological storage include: oil and gas reservoirs, deep
saline aquifers, and coal beds [148,149]. To date, they have been successfully demonstrated
at pilot and commercial scales in oil and gas reservoirs and deep saline aquifers [121].
Twenty years ago, one million metric tons of carbon dioxide were injected annually into the
North Sea aquifer [44]. Canada and Algeria sequestrated over 20 million tons (Mt) of CO2
in their deep geological sites [150,151]. However, there have been a few issues raised in
recent years, indicating the potential leakages paths created during CO2 geological storage.
One of the challenges in regard to CO2 storage is the proper estimation and evaluation of
leakage channels and risks in these media.

Leakage of CO2 geological storage depends on a multitude of factors which can be
grouped into several categories: (1) Incomplete or improper disposal of abandoned wells
will lead to the risk of CO2 leakage [152–154], depicted in Figure 13. (2) Under the action of
buoyancy, CO2 will constantly move towards the caprock. Although the permeability of
the caprock is low, a large amount of gaseous or dissolved CO2 can still invade the caprock
under the action of buoyancy or pressure accumulation, and CO2 will escape from the
caprock [155–157]. (3) In the process of CO2 leakage, the geochemical interaction between
the CO2-brine-rock is likely to result in acid hydrolysis of the rock minerals and can have
several different effects on the caprock [158–161]. CO2 leakage will be aggravated due to
changes in geological conditions such as mineral dissolution and fracture of caprock. In
terms of risk, ways in which caprock can fail have been identified: diffusive loss through
the caprock, leakage through pore spaces when capillary breakthrough pressure has been
exceeded, and leakage through faults or fractures. In addition, any of these processes can
occur in combination with others [162], depicted in Figure 14.
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Figure 13. CO2 leakage problems are caused by wellbore integrity [148].
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Different geological storage media have different risk levels and paths of
potential leakage.

(1) Geological storage in oil and gas reservoirs

CO2 geological storage in oil and gas reservoirs has a good development prospect and
has been successfully demonstrated at pilot and commercial scales. The potential storage
of CO2 in porous reservoirs is attracting increasing interest. CO2 injection into reservoirs
could provide dual benefits: an economic benefit from the incremental oil/gas recovery
of reservoirs, and an environmental benefit of CO2 geological storage [148]. After years
of exploration and development, the reservoir and caprock properties are relatively clear
and have good gas tightness. However, in the process of CO2 injection, the local pressure
is too high, or CO2 accumulates near the cap layer under buoyancy, resulting in cracks in
the caprock or partial good seal failure, leading to CO2 leakage from the storage media.
In addition, there is a CO2–brine–rock interaction that causes mineral dissolution and
weakens the trapping effect [87,89].

(2) Geological storage in deep saline aquifers

Compared with oil and gas fields, the brine layer is relatively wide and thick, and
has great potential for CO2 sequestration. The integrity of geological structure and trap,
connectivity of saline layer to surface outcrop, activity of strata and surface water all affect
the effectiveness of CO2 traps [162–164]. Due to the small number of wells used for CO2
injection in saline aquifers and the high quality of the well design, well leakage is not the
primary route. With the increase of storage time, the solubility of CO2 increases and the
dependence on cap layer decreases, and the risk of leakage will gradually decrease.

(3) Geological storage in coal beds

CO2 storage in coal beds is mainly realized by the absorption mechanism. The adsorp-
tion capacity of CO2 on the coal surface is about twice that of methane, so many deep coal
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beds, which are not easily exploited, will become potential storage space. In coal seams,
CO2 leakage may be caused by gas desorption due to a decrease in the liquid static pressure
of coal beds. Therefore, when CO2 is buried in coal beds, it is necessary to control the liquid
static pressure of coal beds to make sure it is not lower than the critical desorption pressure
of CO2 [165,166].

When sequestered CO2 leaks out of geological formations, in one case, the escaped CO2
remains in the air, which is likely to cause extremely significant climate change. Another
case is that CO2 leaks from sequestered geological structures to other geological structures,
potentially causing harm to people, ecosystems and groundwater resources. Therefore, it is
necessary to study the leakage of CO2 geological storage and establish a closed system to
prevent leakage, which is the most pressing environmental challenge of CO2 geological
storage technology.

4.3. Sealing Method for CO2 Leakage

When conducting CO2 geological storage, the integrity of geological structure should
be checked first. Reservoirs with hidden leakage hazards such as faults, fissures and
incomplete caprock are not suitable for CO2 geological storage. However, CO2 leakage will
inevitably occur during long-term geological storage, so it is necessary to adopt certain
sealing methods. The leakage is mainly caused by the incomplete or improper disposal of
abandoned wells and the change of geological conditions in the process of storage.

In recent years, sealants used for CO2 leakage control are playing a more critical
roles in the leakage remediation processes. Current sealants mainly include Portland
cement, geopolymer cement, gels, biofilm-induced, and nanoparticles [167]. According to
the different properties of sealants, they can be used in wellbore, near-wellbore regions,
far-wellbore area and porous medium. Among different types of Portland cement, ordinary
Portland cement (OPC) is the most general type, but in the presence of water, using
cement to seal wells after CO2 injection will lead to CO2 attack on the cement [168,169].
Ordinary Portland cement (OPC) is unstable in the CO2 environment. Compared with OPC,
geopolymer cement has excellent strength, acid resistance and durability, and is one of the
best substitutes for OPC [170–173]. In recent years, many methods have been proposed to
improve the physical and chemical properties of the cement used for sequestration practices,
such as changing the water-to-cement ratio, applying pozzolanic materials and employing
non-Portland cement [174]. The use of nanoparticles may be another approach worth
consideration for reinforcing cement [175]. While for leakage happening at the far wellbore
area, such as faults and caprock, gels could be a potential sealant material [176–179]. Biofilm
is also a sealant material that can be used to seal high permeability regions. In cap rocks, it
can effectively promote microbially induced mineral precipitation, and biofilm-induced
CaCO3 precipitation may seal and strengthen cracks to reduce CO2 leakage [180].

5. Conclusions

Unconventional oil and gas development is relative to traditional conventional oil and
gas and mainly includes tight sandstone oil and gas, shale oil and gas, coalbed, methane,
etc. It is an important strategic resource for the sustainable development of human society.
Its main characteristics are the tight reservoir, poor reservoir physical properties, no natural
productivity or very low natural productivity of oil and gas wells. Only unconventional
means such as fracturing can obtain valuable oil and gas production. With the continuous
expansion of CO2 oil displacement scale, the oil displacement and storage in CO2 injection
areas have entered the stage of industrial application. The selection of CO2 resource
utilization and storage technology for unconventional oil and gas development is the main
direction of technical research at present. Several main conclusions can be drawn from
this review:

The United States, the former Soviet Union, Canada, the United Kingdom, and Hun-
gary have demonstrated that the interaction between CO2 and formation fluids can improve
the recovery of unconventional oil and gas reservoirs and at the same time achieve effec-
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tive storage of greenhouse gases. Subsequently, a large number of scholars carried out a
CO2-oil-brine system affected by temperature and pressure. In addition, we investigated
the geochemical mechanism of the rock wall by supercritical carbon dioxide or carbon
dioxide salt solution. A static high-temperature autoclave was generally used, and some
auxiliary experiments are needed to help us study the changes of rock in the reaction
process, such as XRD and SEM to study the rock structure changes, including the influence
of rock classification, temperature, pressure and other factors on the carbon response. Many
scholars have studied the influence of rock classification, temperature, pressure and other
factors on the carbon dioxide response at the microscopic scale, thus analyzing the influence
of capillary force on CCS and EOR. Through reaction flow models, generally constructed
by coupling fluid flow, mass transfer, and diffusion, and solid renewal to analyze the dis-
solved content of carbon dioxide dissolution and solid structure, we can show the changes
of hydrodynamic properties such as porosity and permeability. At the macro scale, the
combination of mine and commercial software is used to pay attention to displacement
efficiency and storage rate while ensuring model accuracy and computational efficiency.

At present, more attention is paid to the uncertainty analysis of various factors, which
can effectively avoid the occurrence of carbon dioxide leakage accidents and increase the
efficiency of carbon dioxide storage based on improving the efficiency of oil displacement.
CO2 capture and geological sequestration are expected to be important and effective
methods to reduce greenhouse gas emissions, but their safety has been caused for concern.
How to effectively prevent, detect and control CO2 leakage and ensure the safety of CO2
sequestration has gradually become an important content of CO2 sequestration technology
research. Leakage detection should be done for the parts with potential leakage risks, such
as abandoned wells and destroyed caprock. At the same time, further research should be
carried out on sealants or other sealing methods to ensure the safe implementation of CO2
geological sequestration.
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