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ABSTRACT: CO, fracturing is a promising technology for oil
field development in tight, continental deposits, with potential
advantages of enhanced oil recovery (EOR), CO, sequestration,
and water conservation. Compared with CO,-EOR techniques,
such as CO, huff and puff and CO, flooding, CO, can interact with
reservoir rock and fluid under higher pressure conditions during
fracturing, resulting in CO, stimulation and sequestration effects
that differ from those that occur during conventional CO,-EOR. In
this paper, the CO, interactions between CO, and reservoirs in
continental tight oil reservoirs under fracturing conditions are ; fzus R
systematically studied through laboratory experiments. The results 7F|' H—h m o
show that under high pressure, CO, effectively changes the pore = T e
structure through the extraction of hydrocarbons, dissolution of the

rock matrix, and migration of minerals. CO, dissolution of the rock matrix can significantly increase the number and complexity of
fractures. Furthermore, CO, has a higher solubility in formation fluid under high-pressure conditions. Given the higher pressures,
CO, forms a miscible phase with crude oil, diffuses more deeply into the formation, and reacts fully with the reservoir minerals and
fluid during CO, fracturing. Accordingly, CO, can improve the permeability of the reservoir and flowability of crude oil significantly.
Hence, CO, fracturing can enhance oil recovery and CO, sequestration more effectively. Core displacement experiments indicate
that oil recovery of CO, soaking process after CO, fracturing is 36%, which is 12% and 9% higher than those of CO, huff and puff
and CO, flooding with S pore volume, respectively. Field tests show that average oil production after CO, fracturing is 1.42 times
higher than that after CO, flooding, which further validates the advantage of CO, fracturing and demonstrates its huge application
potential.

Wl Name Injection Volume PV

1. INTRODUCTION

Tight oil refers to the accumulation of crude oil that occurs in
source rocks, tight sand, or carbonate interbeds, in a free or
trapped form, without long-distance movement."” As an
important supplement to China’s oil production growth, tight
oil is regarded as a major strategic alternative resource. Due to
the low-porosity and low-permeability reservoir characteristics,
the development of tight oil resources requires fracturing
technology to enhance oil production.

CO, fracturing is a novel fracturing technologzr, in which CO,
is used as the fracturing fluid to replace water.” > The process of
CO, fracturing can be divided into two stages: fracturing stage
(typically lasting for 2 h) and soaking stage (typically lasting for
3—14 days). CO, fracturing can result in a series of physical and
chemical reactions with the reservoir rock and formation fluid,
respectively. These reactions can increase the porosity and
permeability of reservoirs and improve crude oil flowability. As a
result, CO, fracturing could significantly enhance oil recovery
and CO, sequestration.””"" Although the interaction mecha-
nism and sequestration effect of CO,-enhanced oil recovery
(CO,-EOR) under relatively low pressure and injection rates
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have been quite widely investigated,'>™'® the stimulation and
sequestration mechanisms of CO, fracturing under higher
pressure and injection rates have not been widely reported."”
Some researchers investigated the effect of CO,—rock
interactions on porosity, permeability, and mechanical proper-
ties for the Lujiaping and Longmaxi formations of the marine
sedimentary Sichuan Basin during the CO, fracturing treat-
ment."® However, tight oil resources in China are mainly in
continental deposits, in which formation minerals, pore
structures, and reservoir fluid characteristics are different from

9

those of marine tight reservoirs.'”?° Therefore, the interaction

mechanism during CO, fracturing under high pressure in
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Figure 1. Bottom-hole temperature and pressure curve for CO, fracturing.
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continental tight oil reservoirs needs further investigation and
clarification.

A series of experiments were carried out in this paper to
systematically investigate the interaction mechanisms of CO,—
rock and CO,—oil during CO, fracturing in continental tight oil
reservoirs under high-pressure conditions. First, scanning
electron microscopy (SEM) imaging, nitrogen adsorption
testing, and computed tomography (CT) scanning were carried
out to investigate the interaction between CO, and the reservoir
rock. Subsequently, the interactions between CO, and oil were
investigated by slim tube testing and CO, dissolution experi-
ments. Core displacement experiments were carried out to
compare the EOR effect between CO, flooding and CO,
fracturing. All of the laboratory experiments were carried out
under high-pressure conditions. Finally, field tests were carried
out to verify the effect of CO, fracturing. This paper presents the
CO, stimulation and sequestration mechanisms that occur
during fracturing in continental tight oil reservoirs and provides
a theoretical framework for the technical adaptability evaluation
of the development model and engineering design for CO,
fracturing.

2. METHODOLOGY

2.1. Determination of Relevant Experimental Con-
ditions. During fracturing, CO, undergoes complex phase
changes under the influence of external temperature and
pressure changes, which will change the physical properties of
CO, and affect the stimulation and CO, sequestration
effect.”"”* Therefore, the investigation of CO, phase evolution
in the fracturing process forms the first step in studying the
stimulation and CO, sequestration mechanisms. Accordingly, a
pilot field test of fracturing was carried out in the H 87 tight oil
block of the Jilin Oilfield, and sensors were set at the bottom of
the well to collect bottom-hole temperature and pressure data
during and after fracturing. The results are shown in Figure 1.

Before fracturing, the bottom-hole temperature was stable at
103 °C and the pressure was 20 MPa. After fracturing started,
with the injection of low-temperature CO, (the injection rate
being S m?’/min), the bottom-hole temperature gradually
decreased to 24 °C; meanwhile, the pressure rapidly increased
to 41 MPa, at which time, the CO, was in the liquid state. After
injection and entering the reservoir fractures, liquid CO, rapidly
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exchanged heat with the reservoir and achieved a supercritical
state. The soaking stage began after the completion of the active
fracturing treatment. In this part of the process, the bottom-hole
temperature gradually rose to the original formation temper-
ature and the bottom-hole pressure slowly dropped. As the
formation temperature and pressure of CO, were much higher
than the critical temperature and pressure, the CO, remained in
the supercritical state. In this state, the density of CO, is close to
that of liquid and its migration capacity is similar to that of gas,
which makes it easy for the CO, to diffuse into the reservoir.”

2.2. Experimental Investigation on the Interaction
between Supercritical CO, and Rock. To study the impact
of supercritical CO, on reservoir rock properties, the drill cores
from the H 87 block of the Jilin Oilfield were soaked in
supercritical CO, for the periods of 2 h, 1 day, 3 days, 7 days, and
14 days, after which they were subjected to SEM imaging (using
a Thermo Scientific Apreo SEM), nitrogen adsorption testing
(using a Microtrac BELSORP MAX II surface area and size
distribution analyzer), and CT scanning (using an Xradia 510
Versa submicron imaging system) to analyze the change in pore
and fracture structures. The main mineral compositions of the
core included quartz (31.8%), clay (25.4%), albite (21.8%),
biotite (4.9%), potash feldspar (3.4%), calcite (3.0%), and other
minerals (9.7%). In accordance with the downhole condition
during CO, fracturing, soaking temperature and pressure were
set at 103 °C and 30 MPa, respectively.

2.3. Experimental Investigation on the Minimum
Miscibility Pressure and CO, Solubility. The minimum
miscibility pressure (MMP) of the oil in block H 87 was
determined by the slim tube test. The average formation
temperature (103 °C) of this block was used as the test
temperature. Under this condition, the viscosity of the oil in
block H 87 is 5.76 mPa s and its density is 0.82 g/cm®. The coiled
slim tube used in the test was 20 m in length and 3 mm inner
diameter and was filled with fine sand to simulate the porous
media of the reservoir rock. The slim tube was washed with
petroleum ether and dried with nitrogen first. Then, the slim
tube was saturated with oil at the test temperature and pressure.
After that, 1.2 pore volume (PV) CO, was injected under
different pressure conditions to analyze the MMP.

The experimental procedures of miscible process visualization
are briefly described as follows. First, crude oil was added into a

https://doi.org/10.1021/acsomega.1c01059
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high-temperature and high-pressure cell, after which CO, was
injected into the cell with a high-pressure pump. The
temperature and pressure in the cell were maintained at the
specified conditions. After that, the pressure in the cell was
gradually increased from 10 to 28 MPa, and the miscible process
between CO, and crude oil was observed.

The experimental procedures of the CO, dissolution
experiment are briefly described as follows. (1) Formation
brine or crude was loaded into a high-temperature and high-
pressure cell, and then, the cell was heated to 103 °C. (2) CO,
was injected in the cell to a desired pressure until the pressure
remained stable. (3) The undissolved CO, was released out of
the cell, and the gas production was measured through a gas
flowmeter to calculate the CO, solubility.

2.4. Core Displacement Experiment. The ultimate oil
recovery of CO, flooding, CO, huff and puff, and CO, soaking
after CO, fracturing was compared and analyzed through the
core displacement experiments. First, the drill core samples from
block H 87 were dried in an oven at 120 °C for 48 h; then, the
permeability and porosity were measured, and the results are
shown in Table 1. Second, the core samples were split into half

Table 1. Properties of Drill Core Samples

matrix
length ~ diameter ~ permeability ~ porosity
number  (cm) (cm) (mD) (%) experiment
1 5.02 2.51 0.04 8.9 flooding
2 5.00 2.52 0.04 8.5 huff and puff
3 5.02 2.50 0.05 9.2 soaking after
fracturing

along the axial direction. Epoxy resin was used to pack and fix the
quartz sands of different grain sizes on the sections, to simulate
artificial fractures. Third, the core samples were saturated with
crude oil and the oil amount of each core block was measured.
The test temperature was set at 103 °C.

The experimental procedures of CO, flooding are briefly
described as follows. (1) The core was put into a core holder,
and the back pressure was set at 15 MPa. (2) The confining
pressure was set at 2.0 MPa higher than the injection pressure.
(3) CO, was injected continuously at 0.5 mL/min until the
pressure at the inlet reached 15 MPa. (4) CO, was injected
continuously at 0.1 mL/min until the injection volume reached
10 PV, and the oil production at the outlet was recorded to
evaluate the EOR effect.

The experimental procedures of CO, huff and puff are briefly
described as follows. (1) The core was put into a core holder,
and the back pressure was set at 20 MPa. (2) The confining
pressure was set at 2.0 MPa higher than the injection pressure.
(3) CO, was injected continuously at 0.5 mL/min until the
pressure at the inlet reached 20 MPa. (4) The inlet of the core
holder was shut down and the pressure was kept stable for 12 h.
(5) The inlet of the core holder was opened, and the oil
production was recorded.

The experimental procedures of CO, soaking after CO,
fracturing are briefly described as follows. (1) The core was
put into a core holder, and the back pressure was set at 30 MPa.
(2) The confining pressure was set at 2.0 MPa higher than the
injection pressure. (3) CO, was injected continuously at 0.5
mL/min until the pressure at the inlet reached 30 MPa. (4) The
inlet of the core holder was shut down and the pressure was kept
stable for 12 h. (5) The inlet of the core holder was opened, and
the oil production was recorded.

3. RESULTS AND DISCUSSION

3.1. Study on the Interaction between Supercritical
CO, and Rock. As mentioned above, CO, in the reservoir was
maintained at the supercritical state for a long time during the
fracturing process. Supercritical CO, can diffuse into the
fractures, and micro- and nanopores within the tight reservoir
exert chemical, thermodynamic, and other effects on reservoir
rocks, changing the pore and fracture structures in the
reservoir.”*"*° In this process, the interactions between
supercritical CO, and rock under high pressure were studied
as described below.

3.1.1. Influence of Supercritical CO, on Organic Pore
Structures of Rock. To evaluate the effect of CO,—organic
matter interactions on the pore structure, the rock samples
before and after soaking were observed in the same field with
SEM. The results are shown in Figure 2.

In the original state, after mechanical polishing and argon-ion
polishing, the surface of the rock sample was relatively flat, and
there were only a few primary organic pores in the organic
matter (Figure 2, T = 0 days). After 2 h of soaking in CO,, many
new small organic pores (diameter, 0.5—1 ym) were present due
to the dissolution of organic matter, with some mineral
migration (Figure 2, T = 2 h). This is an indication that the
interaction between CO, and the organic matter has already
started. After 1 day of soaking, the sizes of these generated
organic pores significantly expanded (diameter, 1—3 ym), and a
few additional new organic pores were generated (Figure 2, T =
1 day). This demonstrates that CO, can extract more organic
matter with the prolongation of soaking time. After 3 and 7 days
of soaking, with the consumption of movable components in the
organic matter, there was no further change in the organic pore
structure. At the same time, more minerals started migrating and
blocked partial pores (Figure 2, T = 3 and 7 days). After 14 days
of soaking, a part of the organic matter was stripped, and more
organic pores were blocked. In addition, new fractures were
observed in the organic matter, and these fractures may have
provided more flow channels for crude oil (Figure 2, T = 14
days). This indicates that some organic components require a
longer time of CO, soaking, to be affected.

3.1.2. Influence of Supercritical CO, on the Matrix Pore
Structure of Rock. To evaluate the effect of CO,—rock matrix
interactions on the pore structure, the rock samples before and
after soaking were observed in the same field with SEM, as
shown in Figure 3. After mechanical polishing and argon-ion
polishing, there were a few primary matrix pores (diameter, 2—4
um) (Figure 3, T = 0 days). After 2 h of soaking, the size of these
primary pores showed a marked increase (diameter, S—15 ym),
and several new dissolution pores were generated (diameter,
0.5—3 um), indicating that the dissolution effect was very
intense (Figure 3, T =2 h). As the composition of the core used
includes albite (21.8%), potash feldspar (3.4%), and calcite
(3.0%), the probable interaction mechanism during soaking is
shown as follows:

NaAlSi;Og + CO, + 5.5H,0
— Na* + HCO;™ + 2H,SiO, + 0.5AL,5i,0,(OH),
(1)
2KAISi,O; + 2H" + 9H,0
— 2K" + 4H,Si0, + AL Si,0;(OH), (2)

https://doi.org/10.1021/acsomega.1c01059
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Figure 2. SEM analysis of organic matter after soaking in CO, for different lengths of time (with the increase of soaking time, CO, could extract more

organic matter and lead to more mineral migration).

CaCO, + H' - Ca*" + HCO,~ 3)

During the soaking process, the size of these dissolution pores
increased constantly, but as time passed, the change ceased
because the matrix minerals that can react with CO, had been
consumed. In addition, only a few additional micropores were
generated. At the same time, some minerals were mobilized and
blocked partial pores (Figure 3, T = 1, 3, 7, and 14 days). These
migrated minerals probably originated from shedding due to
dissolution or from precipitation caused by geochemical
reactions.

3.1.3. Influence of Supercritical CO, on Rock Pore Volume.
The N, adsorption test was adopted to determine the overall
pore volume change in the rock sample. The specific surface area
and pore diameter distribution of the rock sample under
different soaking times were calculated by the inversion of the
adsorption and desorption curve, as shown in Figure 4.

During CO, fracturing, the rock pore volume was influenced
by the structural change in organic pores and dissolution pores
as well as by the mobilization and redeposition of minerals. With
increased soaking time, the specific surface area of the rock
sample gradually increased. This indicates that CO, soaking can
increase the effective pore volume of the rock sample and
effectively improve the permeability of the sample. The

measured specific surface area increased significantly in the
first 3 days, indicating a definite increase in pore volume. As
shown in Figure 4b, increased soaking time leads to an obvious
increase in the mesoporous volume. According to the SEM
imaging results, the change in the pore structure appeared to
have stopped by T = 3 days. However, the SEM images only
show changes on the sample surface. As supercritical CO, has
strong penetrability and diffusivity, it could easily invade into the
core and react with the minerals inside the core, resulting in a
continuous increase in pore volume. After 7—14 days of soaking,
the increasing speed of the specific surface area detected using
N, absorption gradually reduced. The reason is that with the
increase in the soaking time, reactable mineral components
(albite, potash feldspar, and calcite) in the rock matrix and
movable components in the organic matter are gradually
consumed. Furthermore, due to the migration of some minerals,
a portion of the original pores is blocked by redeposited
minerals.

It should be noted that the interaction between the
supercritical CO, and the reservoir rock not only improves the
reservoir permeability but also consumes a considerable amount
of CO,, which is an important mechanism for CO, sequestration
during fracturing. Compared to those in the conventional CO,-
EOR technology application, the injection pressure and rate in

https://doi.org/10.1021/acsomega.1c01059
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Figure 3. SEM test analysis of the rock matrix after CO, soaking (with the

increase of soaking time, CO, could generate more dissolution pores and

lead to mineral mobilization. At the same time, the mobilized minerals may plug these new pores).

CO, fracturing are much higher. CO, could enter the micro- and
nanopores that might not be swept during conventional CO,-
EOR processes at lower pressures. This could enhance the
contact area between CO, and the reservoir and enable the CO,

to interact with the reservoir more efficiently.

3.1.4. Influence of Supercritical CO, on Rock Fracture
Morphology. To study the influence of supercritical CO, on
natural and artificial fractures, microscopic image analysis before
and after soaking in supercritical CO, was carried out by utilizing

micro-CT. The results are shown in Figure S.

https://doi.org/10.1021/acsomega.1c01059
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Figure 4. N, adsorption test analysis of the rock sample during CO, soaking: (a) specific surface area and (b) pore diameter distribution.

Figure 5. CT test analysis of core soaked in CO, (left: 3D images; right:
section images).

Under high-pressure conditions, CO, could fully diffuse into
the microfractures and micro- and nanopores, dissolving
minerals such as albite, calcite, and K-feldspar. Thus, with an
increase in the soaking time, the complexity of fractures
increases significantly. The generated fractures can be divided
into two types: extension of existing fractures and new fractures.
Most of the existing fracture extension occurred in the first week
of soaking. During this stage, the existing fractures gradually
extended, and the width and depth of these fractures also
gradually increased. In the second week of soaking, the existing
fractures were further extended and branched out. Meanwhile,
some new fractures were generated under high-pressure CO,
due to cracking along structural weakness such as the bedding
surfaces and the interlayer surfaces. This resulted in a significant
increase in the complexity of the fracture network. Furthermore,
these changes in the rock structure may lead to a dramatic
decrease in the rock material strength.””

3.2. Study on the Interaction between Supercritical
CO, and Formation Fluid. Compared with conventional
CO,-EOR, the soaking stage after CO, fracturing makes it

20763

possible for supercritical CO, to give full play to its miscibility
and extraction effect on crude oil under high pressure, thereby
enhancing oil recovery and CO, sequestration of tight oil
reservoirs.””***® To explore the interaction mechanism of
supercritical CO, and crude oil under high-pressure conditions,
the lab experiments described below were carried out.

3.2.1. Determination of CO,—Qil MMP. CO,—oil MMP
refers to the minimum pressure at which CO, and crude oil
could form a miscible phase through multistage contact at the
reservoir temperature. It is an important parameter for the CO,
soaking stage. The MMP of the oil in block H 87 was determined
by the slim tube test, as described earlier. The results are shown
in Figure 6.

100

95 +

90

85

80

Oil Recovery of 1.2 PV/%

75 4
MMP=27.45 MPa
70 T T T T T T
20 22 24 26 28 30 32 34
Pressure/MPa

Figure 6. Injection pressure vs oil recovery.

With a continued increase in the injection pressure, the oil
recovery increased rapidly. When the pressure reached 28 MPa,
oil recovery exceeded 95%. Then, the oil recovery tended to
stabilize and the miscible process between oil and CO, reached a
dynamic equilibrium. By fitting the curve, the MMP in this block
was found to be 27.45 MPa. During the conventional CO,-EOR
processes, the pressure is about 18—21 MPa; hence, CO, would
be unable to dissolve into the reservoir oil to form a miscible

phase.
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The visualization results of the miscibility process are shown
in Figure 7. The interface between the tight oil sample in the

¢ O
e
10MPa

¢
Figure 7. Miscible process of CO, and crude oil.

25MPa

27MPa 28MPa

=
20MPa

lower layer and the supercritical CO, in the upper layer was clear
at 10 MPa. As the pressure increased to 20 MPa, the volume of
crude oil expanded. At this time, the interaction between CO,
and crude oil is mainly dissolution, with a few misty areas formed
by a small number of light components that are extracted. When
the pressure was increased to 25 MPa, large quantities of
hydrocarbon components in the crude oil were extracted,
forming a hydrocarbon-rich zone.”” When the pressure reached
27 MPa, the mass transfer of oil—gas at the interface intensified.
The interface became increasingly indistinct. Finally, when the
pressure was increased to 28 MPa, the 0il—-CO, interface
completely disappeared and the CO, and crude oil were
miscible. CO, cannot form a miscible phase with crude oil
during the conventional CO,-EOR process due to the relatively
low pressure (18—21 MPa), resulting in a lower oil recovery
than what is possible with the higher pressures utilized during
miscible CO,-EOR or used during fracturing with CO,.

3.2.2. Evaluation of CO, Solubility in Formation Fluid for
Sequestration. To illustrate the influence of CO, solubility, the
CO, dissolution experiments in crude oil and formation water
were carried out. The results are shown in Figure 8. The
solubility of CO, in oil and water both increased significantly as
pressure increased. Under the conventional CO,-EOR con-
dition (20 MPa), the CO, solubilities in crude oil and formation
water were 149.1 and 24.5 m*/m?, respectively. As the recovery
of tight oil is typically less than 10%," a large amount of of CO,
can be sequestrated in the reservoir through dissolution in the
formation fluid. As mentioned above, the injection pressure and

rate of CO, fracturing are much higher than that of conventional
CO,-EOR. Under the high-pressure condition (30 MPa), CO,
can contact the formation fluid more efficiently on a larger scale.
This further increases the amount of CO, dissolved into the pore
fluid, and this should in turn enhance the CO, sequestration
effect.

3.2.3. Core Displacement Experiment. The core displace-
ment experiment further demonstrates the advantages of CO,
fracturing. The results are shown in Figure 9. After conventional
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Figure 9. Oil recovery of core displacement experiments.

CO, huff and puff, the oil recovery was 24%. After the CO,
soaking stage of CO, fracturing (at higher pressure), the oil
recovery was 36%, which was higher than that in CO, huft and
puff. In the soaking stage of CO, fracturing, the pressure was
higher than that in CO, huft and puff. Under high-pressure
conditions, CO, could diffuse more deeply into the cores and
form a miscible phase with crude oil, making the mixture more
mobile, thereby leading to a higher rate of oil recovery. After 10
PV CO, flooding, the oil recovery was 38%. However, in
practical engineering, the injection volume of CO, is generally
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Figure 8. CO, dissolution experiment (a) with crude oil and (b) with formation water.
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limited. The oil recovery after the CO, soaking stage of CO,
fracturing is higher than those of both CO, huff and puff and
CO, flooding with low injection volume. Thus, compared with
conventional CO,-EOR technology, CO, fracturing a)p;)ears to
have technical advantages in enhancing oil recovery.”””’

3.3. Field Tests of CO, Fracturing. Field tests were carried
out to validate the advantages of CO, fracturing. Block H 87 was
the main test area for CO, fracturing for tight oil, where the
fracturing test was conducted seven times. In this block, the
porosity is 4.0—12.3% and the permeability is 0.01—6.0 mD. The
production data after the CO, fracturing treatment were
acquired, and the results are shown in Figure 10. For the CO,
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Figure 10. Daily oil production after CO, fracturing.

fracturing wells, the average CO, injection volume was 632 m®
and the injection pressure was 40—70 MPa. The average daily oil
production after fracturing was 1.62 t. In the same area, there are
more than 20 wells that were subjected to hydraulic fracturing
treatment, and the daily oil production after fracturing was 0.6 t.
CO, fracturing has apparent advantage in enhancing oil
production.

Meanwhile, CO, conventional flooding field tests were carried
out in the adjacent Block H 79. In this block, the porosity is 4.5—
13.0% and the permeability is 0.02—4.5 mD. In this CO,
flooding test, the injection rate of CO, is about 4.3 t/day. The
production data after the CO, flooding treatment were acquired,
and the results are shown in Figure 11. The average daily oil
production per well after CO, flooding was 1.14 t, and the daily
oil production per well without CO, flooding was 0.2 t. CO,
flooding can enhance oil production significantly.

Although both of the CO, flooding and CO, fracturing can
enhance oil production, the average oil production after CO,
fracturing is 1.42 times higher than that after CO, flooding.
During CO, flooding, the formation pressure is lower than
MMP and CO, cannot form a miscible phase with crude oil.
Furthermore, under a relatively low pressure, CO, does not
diffuse as effectively into the reservoir and the swept volume of
CO, is limited. As a result, the capability of EOR is relatively
weak. In summary, the comparison of field tests further validates
the advantages and demonstrates the huge application potential
of CO, fracturing, which merits further investigation and testing.
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4. CONCLUSIONS

In this paper, the CO,—rock and CO,—oil interaction
mechanisms were systematically analyzed under high-pressure
conditions. In combination with field tests, the stimulation and
sequestration mechanisms of CO, fracturing in continental tight
oil reservoirs were comprehensively analyzed. The conclusions
are as follows:

(1) After entering the reservoir, the liquid CO, rapidly turns
into a supercritical state due to the changes in temperature
and pressure, and CO, can remain in the supercritical
state for an extended period during the entire fracturing
process.

It can be seen that after CO, soaking, the surface
morphology of reservoir samples has been changed
significantly. In this process, supercritical CO, can extract
the hydrocarbon component of the organic matter and
dissolve parts of the rock matrix, causing a significant
increase in the diameter and total volume of pores in the
rock. At the same time, existing fractures are extended and
new fractures are generated. Furthermore, these changes
in the matrix structure may lead to a dramatic decrease in
the rock material strength.

Compared with conventional CO,-EOR, the pressure
during the soaking stage of CO, fracturing is much higher.
Thus, the CO, can form a miscible phase fluid with crude
oil and diffuse more deeply into the formation.
Furthermore, the CO, solubility in crude oil and
formation water increases with the increased injection
pressure. Therefore, under higher pressure conditions,
CO, fracturing could enhance oil recovery and CO,
sequestration more effectively than conventional CO,-
EOR.

The core displacement experiments show that after the
CO, soaking stage of CO, fracturing, the oil recovery is
36%, which is higher than those of both CO, huft and puff
and CO, flooding with low injection volume. The field
tests show that the average oil production after CO,
fracturing is 1.62 t/day, which is 1.42 times higher than
that after CO, flooding. These field tests further validate
the advantages and demonstrate the huge application
potential of CO, fracturing, which merits further
investigation and testing.
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)
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