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Introduction: Contrary to the traditional recognitionthatCO2has large injectivity
(the ratio of CO2 injection volume to pressure drop) in low permeability oil
reservoirs to keep the formation pressure at a high level, the CO2 injection rate
usually cannot attain the set value. It is essential to study the factors that influence
CO2 injectivity and propose the optimal strategies to improve the CO2 injectivity.

Methods: Therefore, in this study, several core samples collected from low
permeability oil reservoirs are used to experimentally investigate the influences
of CO2 injection rate, formation permeability, pressure and water saturation on
CO2 injectivity, and the corresponding pressure drop, oil and gas production are
examined. To determine the primary factor that influences the CO2 injectivity,
orthogonal experimental design (ODE) and numerical simulations are utilized. In
addition, to improve CO2 injectivity, the techniques of mini-fracturing and radial
perforation are presented, and the threshold values for these two parameters
are determined.

Result anddiscussion: The results demonstrate that according to themagnitude
of the extent that influences CO2 injectivity, the rank for the above factors is CO2

injection rate, reservoir pressure, formation water saturation and permeability.
The oil recovery is mainly influenced by CO2 injection rate and formation
permeability, and the influences of reservoir pressure and water saturation on
oil recovery are smaller. The threshold values for radial perforation and fracture
half-length are 25 m and 50m, respectively, which can provide some guidance
for the strategies that should be taken to improve the CO2 injectivity and recover
more oil from low permeability oil reservoirs.

KEYWORDS

CO2 injectivity, low permeability oil reservoir, CO2 flooding, experimental study,
numerical simulation

1 Introduction

Plenty of laboratory experiments and field pilot tests show that CO2 flooding can
enhance oil recovery significantly. According to the magnitude of formation pressure and
minimummiscible pressure (MMP), there are two typical flooding types, miscible flooding
and immiscible flooding (Dong et al., 2019). In the condition of miscible flooding, CO2
can mix with the oil phase easily, which reduces the oil viscosity and density greatly, and
the displacement efficiency is much higher than the immiscible flooding (Liu et al., 2020;
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Wang et al., 2020). In addition, the effects of CO2 viscous fingering
and gas override are weakened largely (Singh, 2018). Therefore,
to improve CO2 sweep efficiency and oil recovery, CO2 miscible
flooding should be utilized preferentially. To keep the condition of
miscible flooding, the formation pressure should be larger than the
MMP, and the amount of injected CO2 should be increased as large
as possible. However, in some low permeability oil reservoirs, the
CO2 injection rate cannot attain the set value, which causes the rapid
decline of formation pressure, and the status gradually changes from
miscible to immiscible flooding. Hence, it is significant to study the
primary factors that influence the CO2 injectivity, and to present the
optimal strategies that improve the CO2 injectivity.

As there are complex fluid distribution patterns, more researches
focused on the abnormality of CO2 injectivity during the water-
alternating-gas/CO2 (WAG) process. Experimentally, the effect of
some primary features, such as relative permeability, water saturation,
WAG ratio and CO2 slug size, on CO2 and bring injectivity
during WAG flooding were studied and analyzed (Prieditis et al.,
1991; Kamath et al., 1998; Shen et al., 2010; Yang et al., 2015). As
the laboratory experiments are complicated and time-consuming,
analytical or numerical methods are always used to evaluate the
WAG injectivity. Some simple analytical models were developed
to analyze the reasons that result in the differences of laboratory-
and filed-observed CO2 tertiary injectivity (Christman and Gorell,
1990;Meng et al., 2018;Meng et al., 2020).Nevertheless, for analytical
models, it is difficult to consider some complex effects, such as
phase behavior, dispersive mixing, gravity, viscous instability and
crossflow.Therefore, numerical simulators are widely utilized to study
the impact of these factors onWAG injectivity (Jr et al., 1992; Jr et al.,
1992; Faisal et al., 2009; Qiao et al., 2016). For the factors that affect
WAGinjectivity (JohnandRogers, 2001), summarized thatwettability,
chemical effects, entrapment, relative permeability, saturation effects,
interfacial tension (IFT), formation heterogeneity, anisotropy, and
stratification have significant impacts on the injectivity.

In analogy to the abundant studies on the injectivity during
WAG flooding, the evaluation of CO2 injectivity during CO2
sequestration has been researched comprehensively. In terms of
the factors that affect CO2 injectivity (Sokama-Neuyam et al.,
2017), found that the fines mobilization can seriously impair
CO2 injectivity in sandstone cores, which is more important than
salt precipitation. In addition, the effects of SO2 as an impurity,
irreducible water saturation in a near-well region, non-Darcy flow,
phase miscibility and gas compressibility on CO2 injectivity in
sandstone saline aquifer also have been investigated (Mijic et al.,
2014; Raza et al., 2015; Wang et al., 2016; Parka et al., 2019). To
select the suitable sites for CO2 storage, and determine the CO2
injectivity and storage capacity for these sites, some reactive
transportmodels, which consider salt precipitation, andCO2-water-
rock geochemical reactions, were established properly (Xie et al.,
2016; Dai et al., 2017; Cui et al., 2018). However, during the CO2
injection process, several CO2 storage reservoirs exhibit insufficient
formation properties to support commercial-scale injection.
Therefore, the application of hydraulic fracturing to enhance
CO2 injectivity was explored, which could significantly increase
the CO2 injection rate and reduce the well bottom-hole pressure
(Raziperchikolaee et al., 2013; Huerta et al., 2020; Jung et al., 2020).

According to the above comprehensive reviews about CO2
injectivity, we can see that the factors that cause the abnormality of

CO2 andwater injectivityduringWAGfloodinghavebeeninvestigated
sufficiently. However, few studies pay attention to the evaluation of
CO2 injectivityduringCO2 flooding in lowpermeabilityoil reservoirs.
Furthermore, specific measures to improve CO2 injectivity have not
beenpresented.Although themethodofhydraulic fracturinghas been
implemented to enhance CO2 injectivity during CO2 sequestration,
there aremany differences between CO2 flooding in low permeability
oil reservoirs and CO2 storage in saline aquifers. Hence, firstly, this
paper studies the principal factors that influence CO2 injectivity
during CO2 flooding in low permeability oil reservoirs through an
experimentalapproach.Then,with thenumerical simulationandODE
methods, the primary factors that affect CO2 injectivity are ranked.
Finally, the threshold values for two measures, mini-fracturing and
radialperforationaredetermined,whichcouldprovidesomeguidance
for the practical operations.

2 Experimental

2.1 Materials

The core, oil and brine samples are collected from a low
permeability oil reservoir in the Shengli oil field.Themeasured size,
porosity and permeability for eight cores are shown in Table 1. In
addition, the pore volume (PV) of cores is also calculated. As can
be seen, for all of the cores, the permeability is lower than 10 mD,
whereas the porosity is almost the same.

For oil samples, through the PVT experiments, the viscosity and
density for live oil aremeasured to be 2.46 mPas and 0.7914 g/cm3 at
the initial reservoir pressure 43.6 MPa and the reservoir temperature
126°C. The measured bubble-point pressure is 10.2 MPa, and the
oil-gas ratio and formation volume factor are 37.6 and 1.144,
respectively. With the slim-tube displacement tests, the MMP of
the oil sample utilized in experiments is 28.9 MPa under reservoir
temperature. The detailed compositional analysis for the oil sample
is shown in Table 2. It can be seen that the oil samples mainly consist
of light or medium components, particularly for C1, which accounts
for 14.77%, while themole fraction of heavy component C11+ is only
27.19%. The measured molecular weight for C11+ is 313 g/mol.

For formation brine, the total salinity is 62428 mg/L, and the
concentrations for Chloride, Sodium/Potassium are 37764 mg/L
and 20617 mg/L. Then, according to the measured results, the
salinity of synthetic brine for core experiments could be prepared.

2.2 Experimental setup

Figure 1 shows a schematic of the laboratory experimental
setup utilized in this study. In this experimental set-up, there are
five subsystems, which include the pump system, storage system,
displacement system, monitoring system and temperature control
system. For the fluid pump system, on the one hand, the fluids of
oil, synthetic water and CO2 are injected into the core sample under
constant injection rate with a syringe pump, on the other hand,
the nitrogen with high pressure is used to support the overburden
pressure to the core holder. The back pressure at the outlet is set to
be greater than the critical pressure of CO2 (7.39 MPa), which can
make theCO2 keep in a supercritical state. In themonitoring system,

Frontiers in Earth Science 02 frontiersin.org

https://doi.org/10.3389/feart.2024.1418087
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Meng et al. 10.3389/feart.2024.1418087

TABLE 1 Measured size, porosity and permeability for collected cores.

No. Diameter/cm Length/cm Permeability/mD Porosity/% Pore volume (PV)/cm3

1 2.5 20 5.2 16.6 16.3

2 2.5 20 5.6 16.3 16.0

3 2.5 20 8.1 17.4 17.1

4 2.5 20 8.2 17.5 17.2

5 2.5 20 5.8 16.8 16.5

6 2.5 20 5.6 16.3 16.0

7 2.5 20 2.5 16.0 15.7

8 2.5 20 0.63 15.8 15.5

TABLE 2 Components of oil sample with compositional analysis.

Component Mole fraction/% Component Mole fraction/%

CO2 0.98 C5 3.41

C1 14.77 C6 11.65

C2 1.71 C7 10.53

C3 2.85 C8 8.17

IC4 0.63 C9 6.97

C4 3.34 C10 4.97

IC5 2.83 C11+ 27.19

FIGURE 1
Schematic of the experimental setup for CO2 flooding.

the CO2 injection pressure, the produced oil and gas, are measured
with pressure gauge, liquid collector, and gas flowmeter, respectively.
With the temperature control system, the experiment temperature is
maintained at reservoir temperature.

2.3 Experimental procedure

The factors that affect CO2 injectivity could be classified into
geological features and production parameters. In this experimental
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TABLE 3 Core sample specifications and designed parameters for four scenarios.

Scenario Core no. Original oil in
place
(OOIP)/cm3

Connate water
saturation

Production
pressure/MPa

Injection
rate/(cm3/min)

Formation
permeability/mD

#1
1 9.5 0.42 20 0.1 5.2

2 7.5 0.53 20 0.05 5.6

#2
3 10 0.41 20 0.01 8.1

4 10.5 0.39 10 0.01 8.2

#3
5 9.5 0.42 20 0.01 5.8

6 5 0.69 20 0.01 5.6

#4
7 9.5 0.40 20 0.01 2.5

8 9.8 0.37 20 0.01 0.63

study, the effects of four primary factors on CO2 injectivity and
oil recovery, which are CO2 injection rate, formation pressure,
water saturation, and formation permeability, are investigated. Some
scholars had also studied these four parameters. The presence of
residual natural gas saturation, in the short term, would decrease
the CO2 injectivity considerably. However, with a permeability
dependent rate, the situation would improve as more natural gas
is recovered (Saeedi and Rezaee, 2012). In addition, it would
be wised to evaluate injectivity experimentally or numerically by
considering the residual constraints (fraction of water, remaining
gas, and condensate (oil phase)) as it varies with the injection rates,
formation pressure (Raza A., et al., 2017; Lzgec O., et al., 2008).
However, to further investigate the effect of these four parameters
on CO2 injectivity, four scenarios are designed reasonably, and
the detailed information of used cores in each scenario is
listed in Table 3. The introduction for each scenario is shown
as follows.

(1) Scenario #1. CO2 is injected into the two core samples with
similar porosity, permeability and connate water saturation at
rates of 0.1 mL/min and 0.05 mL/min.

(2) Scenario #2. The production pressure is set to be 20 MPa
and 10 MPa for two core samples with similar porosity,
permeability and connate water saturation.

(3) Scenario #3. Two core samples with similar porosity and
permeability, whose connatewater saturation are 0.42 and 0.69,
are selected and used to conduct CO2 flooding.

(4) Scenario #4. Two core samples with similar porosity and
connate water saturation, whose formation permeability
are 2.5 mD and 0.63 mD, are employed to conduct
CO2 flooding.

The experimental procedure is as follows.

Step 1: to simulate the oil reservoir under the initial condition, the
core samples should be evacuated with a vacuum pump
before the implementation of CO2 flooding.

Step 2: synthetic water is injected into the cores at different rates.
Subsequently, the core samples are flooded with live oil at a

constant rate until there is no water production. Thus, the
irreducible water saturation (connate water saturation) and
original oil in place (OOIP) for each core sample can be
acquired, which is shown in Table 3.

Step 3: The production pressure is set to be 20 MPa, which makes it
identical to the current formation pressure.

Step 4: During the CO2 flooding process for these four scenarios,
the pressure drop, gas production and oil production are
measured. Then, the oil recovery and CO2 injectivity are
calculated. In this study, CO2 injectivity is defined as the
ratio of CO2 injection rate to a measured pressure drop.
Once the CO2 flooding is terminated, by reducing the
backpressure in a stepwise manner, the system pressure
could be reduced to the atmospheric pressure.

3 Experimental results and discussion

3.1 CO2 injection rate (scenario #1)

Scenario #1 evaluates the effects of CO2 injection rate on CO2
injectivity. For different CO2 injection rates, the oil recovery and
cumulative gas production versus injected volume are shown in
Figure 2, and the pressure drop and CO2 injectivity versus injected
volume are shown in Figure 3. As can be seen from these two
figures, in the beginning, the CO2 is compressed and injected into
the core sample, in this stage, the injection pressure drop increase,
and there is no oil production. It is obvious that the ultimate
oil recovery and pressure drop increase with injection rate, while
the gas breakthrough time and CO2 injectivity in the later period
decrease with it. The reasons for this phenomenon can be attributed
to the fact that a larger CO2 injection rate can greatly increase
formation pressure, which increases the miscibility between CO2
and oil and reduces the moving velocity of the CO2 displacement
front. Due to the better miscibility under a high CO2 injection
rate (0.1 cc/min), thus the swept efficiency of CO2 and oil recovery
are improved, and after CO2 breakthrough the CO2 injectivity

Frontiers in Earth Science 04 frontiersin.org

https://doi.org/10.3389/feart.2024.1418087
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Meng et al. 10.3389/feart.2024.1418087

FIGURE 2
Measured oil recovery, cumulative gas production versus CO2 injected
volume.

FIGURE 3
Measured injection pressure drop, calculated CO2 injectivity versus
CO2 injected volume.

is much lower than the injectivity under a small CO2 injection
rate (0.05 cc/min).

3.2 Formation pressure (scenario #2)

The influences of formation pressure on CO2 injectivity are
studied in scenario #2. Figure 4 and Figure 5 show the oil recovery
and cumulative gas production versus injected volume, the pressure
drop and CO2 injectivity versus injected volume, respectively.
Since a larger formation pressure can increase the miscibility
of CO2 and oil, then as shown in Figure 4, the growth rate of
cumulative gas production for this case is less than the case with
lower formation pressure, and the ultimate oil recovery is higher.
As the CO2 injection rate is the same for both cases, the gas
breakthrough time, maximum pressure drop and injectivity are
almost identical. Nevertheless, with the decline of pressure drop,
the CO2 injectivity increases gradually. Since on the condition of
large formation pressure, the mixing of CO2 and oil is sufficient,

FIGURE 4
Measured oil recovery, cumulative gas production versus CO2 injected
volume.

FIGURE 5
Measured injection pressure drop, calculated CO2 injectivity versus
CO2 injected volume.

thus the rising rate of CO2 injectivity is less than the case with lower
formation pressure.

3.3 Formation water saturation (scenario
#3)

Under the different water saturation conditions, Figure 6
and Figure 7 plot the measured oil recovery, cumulative gas
production versus CO2 injected volume and measured pressure
drop, calculated CO2 injectivity versus CO2 injected volume,
respectively. As shown in these two figures, for the case with higher
water saturation, themaximum values of cumulative gas production
and pressure drop are significantly less than the case with lower
saturation, which also causes the CO2 injectivity for the former
case to be larger than the latter case. Through the comprehensive
analysis for the above phenomenon, it can be speculated that with
highwater saturation, CO2 flooding is similar to carbonatedwater or
WAG displacement, thus CO2 mobility is greatly reduced, and CO2
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FIGURE 6
Measured oil recovery, cumulative gas production versus CO2 injected
volume.

FIGURE 7
Measured injection pressure drop, calculated CO2 injectivity versus
CO2 injected volume.

swept efficiency is improved. In addition, influenced by the capillary
trapping effect for cases with high water saturation, a large amount
of CO2 is trapped in the porous media, which results in the decline
of gas production. Since the mobility of oil is much lower than the
water, the CO2 injectivity in the formation with lowwater saturation
is less than the formation with high water saturation.

3.4 Formation permeability (scenario #4)

For core samples with different permeability, Figure 8 shows
the oil recovery, gas production versus CO2 injected volume, and
Figure 9 shows the injection pressure drop, CO2 injectivity versus
CO2 injected volume. As the porous space for formation with
lower permeability is mainly consisted of micro and nanopores,
the CO2 moving velocity in these pores is slower, and a large
number of CO2 is trapped in the micropores, which causes that
the rising rate of oil recovery and gas production is lower, as
shown in Figure 2. To obtain a higher oil recovery, more CO2
is needed for tight formation in practice. Furthermore, impacted

FIGURE 8
Measured oil recovery, cumulative gas production versus CO2 injected
volume.

FIGURE 9
Measured injection pressure drop, calculated CO2 injectivity versus
CO2 injected volume.

by the large portion of micro and nanopores, the CO2 injectivity
for tight formation is significantly less than the formation with
larger permeability.

4 Numerical simulation

As shown in the above parts, the factors that influence the
CO2 injectivity have been studied through experiments; however,
due to the complexity and time-consuming of experiments, it is
difficult to evaluate the influence of these factors on CO2 injectivity
quantitatively. Therefore, the combinations of numerical simulation
and OED methods are used to solve the mentioned problems.

4.1 Basic model

The oil reservoir of interest is located in Bohai Bay Basin,
Shengli oilfield, which has 19 production wells and 11 injection
wells in total. As can be seen from Figure 10A that there are many
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FIGURE 10
(A) Well locations in the reservoir of interest and (B) the presented model in this paper.

TABLE 4 Formation and production parameters for target well group.

Parameters Values Parameters Values

Well space/m 350 Rock compressibility factor/MPa-1 2.6×10−4

Formation thickness/m 10.6 CO2 injection rate/(sm3/d) 254.5

Porosity/% 13 Oil production rate (depleted exploitation)/(m3/d) 1.65

Permeability/mD 4.7 Oil production rate (CO2 flooding)/(m3/d) 3.3

Reservoir datum depth/m 2950 CO2 diffusion coefficient/(m2/d) 0.589

Reservoir temperature/°C 126 Depleted exploitation period/yr 5

Initial reservoir pressure/MPa 42.6 CO2 flooding period/yr 10

faults in this reservoir, which belongs to a complex fault-block oil
formation. Currently, CO2 flooding is only implemented in the
main body of this reservoir, and the well group is a classical five-
point pattern. To evaluate the CO2 injectivity of injection wells
and the production performance of production wells directly, one
of the well groups is selected, and the detailed information about
formation and production parameters is shown in Table 4. The
fluid compositional components are shown in Table 2. With Eclipse
compositional simulator, a grid system of 70 × 70 × 5 is developed
and represented the target well group, which results in a grid block
size of 5 × 5 × 2.12 m, as shown in Figure 10B.

Initially, the depleted development is adopted, and after 5 years
of depleted production,CO2flooding is used to enhance oil recovery
in the low permeability reservoir. The relative permeability curves
for oil/gas phases and oil/water phases used in this study are shown
in Figure 11, which are acquired from the laboratory experiments.
The measurement process of the relative permeability curve for
oil/water phases and oil/gas phases is as follows:

The oil and water are injected into the core at a certain flow rate
at the same time, which creates a pressure difference at both ends
of the core. When the oil/water flow rate are stable, the oil/water

saturations in the core do not change. According to Darcy’s law,
the permeabilities of the oil/water phases at a certain saturation are
calculated. By changing the oil/water flow ratio, the permeabilities
of the oil/water phases under different saturations can be calculated,
and then the relative permeability curve for oil/water phases can be
drawn.The same is true for the relative permeability curve of gas and
oil.

4.2 Orthogonal experimental design (OED)

To evaluate the influences of four factors (CO2 injection rate,
formation pressure, water saturation, and permeability) mentioned
in the experimental study quantitatively, the OED method is
employed. According to a practical variation range for injection
rate, formation pressure, reservoir water saturation, and rock
permeability, the levels for these parameters are designed reasonably,
which are shown in Table 5.

Since there are four factors, thus orthogonal array L9 (34)
is used to design the schemes, which is shown in Table 6. For
each scheme, through the application of the numerical simulator,
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FIGURE 11
Relative permeability curves for (A) oil-water phase and (B) oil-gas phase.

TABLE 5 Design of levels for four primary influential factors.

Level CO2 injection rate/(m3/d) Formation pressure/MPa Water saturation/% Formation permeability/mD

1 300 42.6 37.5 2.5

2 350 37.6 40 5

3 400 32.6 42.5 7.5

the production performances for the reservoir and wells can be
obtained. The other essential parameters during the simulation
can be found in Section 4.1. In Table 6, the CO2 injectivity is
defined as the ratio of total CO2 injection volume to formation
pressure drop. The used pressure drop is the difference between
the formation average pressure in the last moment and the value
before CO2 flooding.

According to the numerical simulation results, the mean value
for each level can be calculated, which is expressed as K1, K2and
K3in Table 7. In addition, the range for each level, R, can also be
obtained.

It can be seen from Table 7 that the range R for different
CO2 injection rate is the largest (342.1 t/MPa), while for formation
permeability it is the lowest (107.5 t/MPa), which indicates that
CO2 injectivity is primarily influenced by CO2 injection rate, and
the formation permeability has few effects on CO2 injectivity.
The formation water saturation and permeability have moderate
impacts on CO2 injectivity. The results are identical to experimental
observations. For instance, through the comparisons of Figures 3,
5, 7, and 9, we can see that the difference of maximum CO2
injectivity for different injection rates is largest, which is 7.15
cc/(hMPa). Whereas the difference of maximum injectivity for
different permeability is 0.07 cc/(hMPa), which is lower than the
other factors. For different formation pressure and water saturation,
the differences of maximum injectivity are 0.76 cc/(hMPa) and
0.25 cc/(hMPa), respectively, which are intermediate between the
injection rate and formation permeability. Therefore, through the

combination of OED results and experimental observations, we can
conclude that the rank for the influential factors of CO2 injectivity
is CO2 injection rate, reservoir pressure, formation pressure, and
permeability.

4.3 CO2 injectivity improvement strategies

Asmentioned above, the CO2 injection rate is the primary factor
that affects CO2 injectivity, therefore, reasonable measures that can
improve the CO2 injection rate should be presented. In this study,
two measures are proposed, which are radial perforation and mini-
fracturing. The locations of radial perforation wellbore and mini-
fractures are shown in Figure 12. To simulate the mini-fractures
properly, Local Grid Refinement (LGR) technology is utilized, and
the refined grids conform to the logarithmic distribution pattern.

On the one hand, the employment of radial perforation and
mini-fracturing can enhance the CO2 injectivity, on the other hand,
the implementation of radial perforation and mini-fracturing can
result in the appearance of gas channeling in advance. To obtain large
CO2 injectivity and avoid the early gas breakthrough simultaneously,
the lengths for radial perforation and mini-fracturing should
be optimized. The parameters that are used have been listed
in Section 4.1.

4.3.1 Radial perforation
Figure 13 plots the relationship curve between radial perforation

length and CO2 injectivity. The method to calculate CO2 injectivity
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TABLE 6 Orthogonal design schemes and simulation results.

Schemes CO2 injection
rate/(m3/d)

Formation
pressure/MPa

Formation water
saturation/%

Formation
permeability/mD

CO2
injectivity/(t/MPa)

1 300 42.6 37.5 2.5 551.8

2 300 37.6 40 5 845.0

3 300 32.6 42.5 7.5 431.8

4 350 42.6 40 7.5 658.9

5 350 37.6 42.5 2.5 392.1

6 350 32.6 37.5 5 195.8

7 400 42.6 42.5 5 429.3

8 400 37.6 37.5 7.5 169.1

9 400 32.6 40 2.5 203.8

TABLE 7 Analysis for the simulation results of designed schemes.

CO2 injectivity for
different injection
rate/(t/MPa)

CO2 injectivity for
different formation
pressure/(t/MPa)

CO2 injectivity for
different formation
water
saturation/(t/MPa)

CO2 injectivity for
different formation
permeability/(t/MPa)

K1 609.5 546.7 305.6 382.6

K2 415.6 468.7 569.2 490.0

K3 267.4 277.1 417.7 419.9

R 342.1 269.5 263.7 107.5

FIGURE 12
Numerical simulation models for (A) radial perforation and (B) mini-fracturing measures.
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FIGURE 13
Relationship between radial perforation length and CO2 injectivity.

has been stated in Section 4.2. It can be seen from this figure
that when the radial perforation length is less than 25 m, the CO2
injectivity increases with the radial perforation length; when it is
larger than 25 m, the CO2 injectivity for different radial perforation
lengths is nearly the same, which demonstrates that the threshold
value for radial perforation length is 25 m. The reasons for this
phenomenon may be attributed to the fact that on the condition of
identical injection volume for different radial perforation lengths,
when it is lower than one certain value, the formation energy
cannot be supplemented in time. However, when it is larger than
this critical value, the formation energy can be supplemented,
and the rise of radial perforation length has few effects on the
CO2 injectivity.

4.3.2 Mini-fracturing
The relationship between mini-fracture half-length and CO2

injectivity is shown in Figure 14. As can be seen from this figure,
in the beginning, the CO2 injectivity increases with min-fracture
half-length drastically. Nevertheless, when the half-length is larger
than 50 m, the increasing rate of CO2 injectivity decline obviously.
Therefore, it can be concluded that the threshold value for min-
fracture half-length is 50 m in this study. In addition, it can be seen
that the relationship curves in Figure 13 and Figure 14 are similar,
which indicates that the reasons for interpreting the variation rule
are also the same as each other.

5 Conclusion

This paper studies the factors that affect CO2 injectivity and oil
recovery through the experiments. With the numerical simulation
and OED method, the rank for primary factors that influence CO2
injectivity is given, and the optimal radial perforation length and
mini-fracture half-length are presented. Some highlights of this
work include the following.

(1) CO2 injection has the largest impact on CO2 injectivity,
while the formation permeability has the lowest influence on
CO2 injectivity, and the formation saturation and pressure

FIGURE 14
Relationship between mini-fracture half-length and CO2 injectivity.

are intermediate between the CO2 injection and formation
permeability.

(2) For formation with large water saturation, the injectivity and
displacement efficiency is higher, while the gas production
is lower, which indicates that it is more suitable for the
implementation of CO2 flooding and sequestration.

(3) On the condition of large formation pressure, due to the
sufficient solution and diffusivity of oil and CO2, the gas
production is less, and the CO2 injectivity increases gradually,
which indicates that the earlier CO2 flooding is implemented,
the better production performance can be obtained.

(4) To enhance CO2 injectivity, the measures of radial perforation
and mini-fracturing can be taken, and the threshold values for
the perforation length and the fracture half-length are 25 m
and 50 m, respectively.
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