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Abstract: Global tight-oil reserves are abundant, but the depletion development of numerous tight-oil
reservoirs remains unsatisfactory. CO, injection development represents a significant method of
reservoir production, potentially facilitating enhanced oil recovery (EOR) alongside CO, storage.
Currently, limited research exists on advanced CO; injection and well pattern adjustment aimed at
improving the oil recovery and CO, storage within tight-oil reservoirs. This paper focuses on the
examination of tight oil within the Ordos Basin. Through the employment of slim-tube experiments,
long-core displacement experiments, and reservoir numerical simulations, the near-miscible pressure
range and minimum miscible pressure (MMP) for the target block were ascertained. The viability of
EOR and CO; sequestration via advanced CO, injection was elucidated, establishing well pattern
adjustment methodologies to ameliorate CO, storage and enhance oil recovery. Simultaneously, the
impacts of the injection volume and bottom-hole pressure on the development of advanced CO,
injection were explored in further detail. The experimental results indicate that the near-miscible
pressure range of the CO,—crude oil in the study area is from 15.33 to 18.47 MPa, with an MMP of
18.47 MPa, achievable under reservoir pressure conditions. Compared to continuous CO, injection,
advanced CO; injection can more effectively facilitate EOR and achieve CO, sequestration, with the
recovery and CO, sequestration rates increasing by 4.83% and 2.29%, respectively. Through numerical
simulation, the optimal injection volume for advanced CO; injection was determined to be 0.04 PV,
and the most favorable bottom-hole flowing pressure was identified as 10 MPa. By transitioning from
a square well pattern to either a five-point well pattern or a row well pattern, the CO, storage ratio
significantly improved, and the gas—oil ratio of the production wells also decreased. Well pattern
adjustment effectively supplements the formation energy, extends the stable production lives of
production wells, and increases both the sweep efficiency and oil recovery. This study provides
theoretical support and serves as a reference for CO, injection development in tight-oil reservoirs.

Keywords: advanced CO; injection; well pattern adjustment; enhanced oil recovery; CO, storage;
tight oil

1. Introduction

Global tight-oil reserves are abundant [1,2], but numerous tight reservoirs still face
the difficulty of efficient development, which is characterized by rapid production decline
and low oil recovery [3,4]. CO; injection development is an important method of reservoir
development, and the main mechanism is to supplement the formation energy [5-8],
volume expansion [9-11], interfacial tension reduction [12,13], and viscosity reduction of
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the crude oil caused by the oil-gas interaction [14,15]. During CO, flooding development,
injected gas can form the miscible phase with crude oil (exceeding the miscible pressure),
reduce the interfacial tension between the o0il and gas, and improve the oil displacement
efficiency [16-19]. However, CO; flooding is greatly affected by reservoir heterogeneity
and viscous fingering, leading to gas channeling in fractures or high-permeability channels,
which make it difficult to maintain the formation pressure [20-24]. There are limited
oilfield pilot projects concerning CO; injection development in tight reservoirs, and the
methods for enhancing oil recovery, alongside efficient development strategies, necessitate
further investigation.

Numerous scholars have conducted extensive research on CO; injection development
in tight reservoirs, verifying the feasibility of such development through experiments
and confirming the potential of CO, injection for EOR [25-27]. The numerical simulation
method is used to conduct reservoir simulation research, and the impact laws of the key
parameters are analyzed, including the injection pressure, gas injection rate, well-spacing,
bottom-hole-pressure, and fracture parameters [28-30]. Through core displacement ex-
periments, Fatemeh Kamali et al. [31] demonstrated that CO, flooding can EOR, and that
the near-miscible displacement is close to the miscible displacement in oil recovery, which
is about 18% higher than the immiscible displacement. Sheng and Chen [32] conducted
reservoir simulation work on post-depletion gas flooding development, post-depletion
gas injection huff-n-puff, and direct gas flooding through numerical simulation. The
results indicate that the oil recovery factor of gas injection development is higher after
depletion development.

As a promising technology, CO, injection development has the significant potential
to enhance the production capabilities of oil reservoirs [33]. At present, CO; injection
development has been widely used in conventional reservoirs (medium/high permeabil-
ity, low permeability) [34]. In the Permian Basin of the United States, characterized by a
permeability of 4.9 mD, the inverse five-point well pattern was chosen for the oilfield well
arrangement, employing the vertical well type with a well spacing of 160 m. Additionally,
all wells undergo acid-fracturing treatment. After production testing, CO; flooding had
a significant effect on increasing the oil production, with a stable production of 3000 bar-
rels/day, which can effectively exploit the remaining oil [35-37]. For the Monell Oilfield
(20 mD) in the United States, the current block production is about 5500 barrels/month after
nearly 20 years of gas injection development. Field test results demonstrate that the average
oil recovery utilizing the inverse nine-point well pattern increases by 12~13% compared to
that of the inverse five-point well pattern, thereby exhibiting an enhanced development
performance. For the gas flooding of tight-oil reservoirs, the CO; injection pilot was con-
ducted for the Bakken Oilfield (0.13 mD) in Canada [38—40]. The pilot block is dominated
by fracturing horizontal-well development, with horizontal wells as the injection wells
and vertical wells as the production wells, forming an approximate inverse five-point well
pattern with a well spacing of 300 m. After the trial production, CO, flooding achieved
good results. For gas injection development in low-permeability reservoirs, it is crucial to
reasonably arrange the well patterns based on the fracture strike. The Qiaojiawa Oilfield,
located in China (with an average permeability of 0.75 mD), has also conducted a CO,
flooding pilot, with a total of 5 injection wells and 18 production wells, manifesting a good
CO;, injection performance. From the oilfield flooding effect, the cumulative oil increase
is 1806.2 t.

Although CO, flooding can achieve good development results, the development of
tight reservoirs is still faced with the problems of insufficient natural energy and the rapid
decline of oil well production [41,42]. Therefore, advanced CO, injection is proposed to
solve this problem and further improve the oil recovery of CO; flooding. Advanced CO,
injection means that, before the production well is put into production, the injection well
injects CO; in advance to increase the pressure of the formation, so that the formation
pressure is higher than the original formation pressure, so as to establish a more effective
displacement system [43,44]. Currently, there are few studies on advanced CO; injection
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development for tight reservoirs. Formulating reasonable advanced-injection strategies
has great potential for enhancing oil recovery in tight-oil reservoirs [45]. CO, injection
development can not only effectively enhance oil recovery, but it can also store plentiful
greenhouse gases (e.g., CO;,) for geological storage, which has attracted extensive attention
from global scholars [46—48]. The combination of CO,-EOR and CO, storage targets the
maximization of oil production and CO; storage [49].

Given the absence of advanced CO; injection pilot projects for tight-oil reservoirs, this
study, through the execution of slim-tube and long-core displacement experiments, along
with reservoir numerical simulations, verifies the feasibility of advanced CO, injection for
tight-oil reservoirs. It evaluates the potential increase in the oil production and CO; storage
efficacy afforded by advanced CO; injection, and it establishes well pattern adjustment
methodologies to facilitate EOR and CO, storage. This study provides theoretical support
and serves as a reference for the development of CO, injection strategies in tight reservoirs.

2. Experiments and Simulation
2.1. Experiments
2.1.1. Materials
Reservoir Cores

Measurement was conducted using a vernier caliper, revealing that the lengths of the
core samples utilized in this study were approximately 7 cm, with diameters of around
2.5 cm. The core samples were obtained from the M block of the Changqing Oilfield at
a depth of approximately 2650 m. The porosity and permeability of the core samples
were determined using the TCLTS-1 porosity tester and the PDP-200 permeability tester,
respectively. The porosity was determined via the helium porosity meter method, while
the permeability was assessed utilizing the pulse decay method. The test results revealed a
porosity ranging from 5.79% to 9.06% and a permeability ranging from 0.21 to 0.522 mD.
Specific parameters of the experimental rock cores are provided in Table 1. Corel-Core8
were employed for conducting continuous gas injection experiments, while Core9—Corel6
were designated for advanced gas injection experiments.

Table 1. Physical parameters of cores from target blocks.

Core Diameter (cm) Length (cm) Porosity (%) Permeability (mD) Experiment

1 2.528 7.974 5.79 0.37

2 2.524 7.983 5.95 0.21

3 2.524 7.966 6.35 0.27

g ;g;g ;Zég 87.694 82; Continuous CO; injection
6 2.531 7.973 8.07 0.34

7 2.528 7.971 7.43 0.48

8 2,521 7.939 6.84 0.3

9 2.521 7.956 7.06 0.3

10 2.531 7.955 6.76 0.21

11 2.521 7.966 7.92 0.36

i3 2o 7955 764 024 Advanced CO, injecton
14 2.531 7.954 9.06 0.34

15 2.523 7.981 8.49 0.32

16 2.524 7.993 8.56 0.522
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Formation Oil

The saturation pressure of the formation oil is 10.27 MPa, the oil density is about
733 kg/ m?3, the oil viscosity is 1.21 mPa-s, and the dissolved gas—oil ratio is 85.34 m3/m3,
which classifies it as low-viscosity light oil. Utilizing the surface degassed crude oil and
associated gas obtained from Block M, the formation crude oil was formulated in accordance
with the gas—oil ratio. Chromatography was utilized for the determination of the crude-oil
constituents, relying on the principle that each component exhibits varying distribution
coefficients between the mobile and stationary phases within the chromatographic column.
The specific composition of this formulation is outlined in Table 2.

Table 2. Composition of crude oil.

Component Mole Fraction (%) Component Mole Fraction (%)

CO, 0.051 Cia 130 2.455
N, 0.952 CisH32 2.764
CH4 20.959 Ci6 134 2.214
Corie 7.283 Ci7 136 2.148
Csps 11.595 Cig H3s 1.955
iCap10 2.774 C19 Hao 1.892
I’IC4H10 4.889 C20 H42 1.811
iCsp12 2.256 Co1 a4 1.724
nC5H12 2.211 C22 H46 1.431
C6H14 3.096 C23 H48 1.346
Cngg 2.599 C25 H52 0.985
C9H20 2.659 C26 H54 0.797
Ciom22 2.598 Co7 1156 0.743
C11H24 2.643 ng H58 0.548
C12 H26 2.658 C29 H60 0.498
Ci3 Hos 2.609 Cao4 0.837

Formation Brine

The composition and properties of the oilfield formation brine are shown in Table 3,
with a total salinity of 35,420 mg L}, a brine type of CaCl,, and a pH value of 6.62, showing
weak acidity. The simulated formation briner was prepared according to the ion content in
Table 3 for the subsequent experimental study:.

Table 3. Formation water composition and properties.

Cationic (mg-L~1) Anionic (mg-L-1) Mineralization
_1 Hydrated PH
K* + Na* Ca2* Mg2* cr S04 HCO;5~ (mg-L~1)
6619 4742 325 22,919 716 186 35.4235,420 CaCl, 6.62

2.1.2. Experimental Setup
Slim Tube

The miscible state of the CO,—crude-oil mixture significantly affects the effectiveness
of the CO; flooding. Consequently, slim-tube experiments were conducted to determine
the minimum miscibility pressure and the near-miscibility pressure range, in order to
determine whether the CO, flooding in the target reservoir is in a miscible or near-miscible
phase. As illustrated in Figure 1, the fine-tube experimental system comprises an ISCO
pump, an intermediate container, fine tubes, a back-pressure valve, a return pump, and a
flow meter, among other components. By evaluating the displacement efficiency at varying
pressures, both the minimum miscibility pressure and the near-miscibility pressure range
are ascertained.



Processes 2023, 11, 3104 5o0f 23

Thermostats

Back pressure

Slim tube 'T pump

4

Gas flowmeter

l B High pressure
i £ s PR .
. -z. x = viewing window
) I Back press}.lre
ISCO pump valve |
1 1
"""""""""""""""""""" Gas-liquid
separation

Figure 1. Schematic diagram of the slim-tube experimental setup.

Long-Core Displacement

The long-core displacement experiment aligns more closely with actual conditions, ren-
dering the experimental results more representative. Figure 2 provides a schematic diagram
of the long-core displacement system, which comprises an ISCO pump, storage vessels, a
long-core holder, a back-pressure valve, and a flow meter, among other components. By
assessing the oil and gas production from advanced injection and continuous injection, the
recovery and CO; storage rates of various development methods were determined.

Pressure
gauge Long core holder
- B - Back H'
1A pressure

1 "4 Back pressure
valve
pump

Temperature
control system

flowmeter

separation

I
I
I
Gas-hgquid |
I
I
I

r——ft—-—=—=—=—=—=—=—=—=—-=--

(2]
[ ' Confining

pressure pump

Data acquisition
system

Figure 2. Schematic diagram of the long-core displacement experiment system.



Processes 2023, 11, 3104

6 of 23

2.1.3. Experimental Procedure
Slim Tube

Under reservoir temperature conditions, slim-tube experiments were conducted by
establishing a series of experimental pressures and assessing the oil displacement efficiency
at these various pressures. More dense testing was executed at the inflection point of the
oil displacement efficiency. The specific experimental steps are as follows:

(1) Initially, the slim tube was saturated with kerosene. Subsequently, under reservoir
conditions, reservoir live oil was injected to displace the kerosene within the slim tube,
with the injection volume reaching 2 PV (double pore volumes). Continuous measurements
of the volume and composition of the produced crude oil and gas at the outlet were
undertaken until the composition of the outlet crude oil matched that of the live oil,
signaling the conclusion of the saturation process;

(2) Displacement was carried out at a constant rate of 0.15 mL/min until there was no
more oil production at the outlet, indicating the end of the displacement process;

(3) After adjusting the back-pressure value, changing the pressure, and cleaning the
slim tube and experimental pipeline, steps (1) and (2) were repeated to determine the oil
displacement efficiency under different pressures.

Long-Core Displacement

Core displacement experiments were conducted under reservoir temperature and
pressure conditions. In order to make the experiment more representative, the specific
experimental steps were as follows:

(1) After cutting and cleaning the core samples and drying them to remove any oil,
they were subjected to a 24 h vacuum process. Afterwards, pressure was applied to saturate
the core samples with formation brine;

(2) The core samples were arranged in a snug fit, and, to reduce the influence of the
end effects, a piece of filter paper was placed between each core sample;

(3) The system was heated to a reservoir temperature of 91.73 °C and the back pressure
was set to a reservoir pressure of 19.74 MPa in order to displace the formation with saturated
crude oil until no more water flowed out of the core outlet. This process was carried out to
achieve oil saturation;

(4) The displacement rate was set to 0.1 mL/min to conduct continuous gas displace-
ment experiments, and the volumes of the produced fluids at different injection volumes
were collected and recorded;

(5) To conduct the advanced CO, injection experiment, the core sample was replaced,
and then steps (1)—-(3) were repeated. We began by closing the outlet end of the core
and injecting CO; until the system pressure stabilized and exceeded the original reservoir
pressure by 4.0 MPa. Afterwards, CO, displacement at a rate of 0.1 mL/min was conducted,
with the produced fluids at different injection volumes collected and recorded.

2.2. Simulation
2.2.1. Simulation Background

Advanced CO, injection. To enhance the performance of the gas injection development
in the early stage, this study adopted the method of advanced CO; injection. Advanced CO,
injection entails opening the injection well to introduce a substantial quantity of CO, into
the reservoir and closing the production well prior to commencing production; essentially,
it is engaging in injection without production. Following a period of gas injection, the
production well is reopened, and conventional gas injection development is initiated. This
method can effectively elevate the formation pressure, extend the stable production lives
of production wells, and further enhance oil recovery. Concurrently, this method can
also augment the interaction between the injected gas and crude oil, resulting in higher
displacement efficiency.

Well pattern adjustment. For the phenomenon of severe gas channeling in the middle
and late stages of gas injection development, this study proposes a method of well pattern
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adjustment to retard gas channeling and improve CO, storage: Adjust the square well
pattern (initial well pattern) to the five-point well pattern or the row well pattern, as
shown in Figure 3. Based on the constant injection volume in the block, the four horizontal
production wells in the square well pattern are converted to gas injection wells, thereby
realizing the transferring to a five-point well pattern.

P P .
= =
e e e e
= e . i i
% y | |
E = OmE . =
N : __'_(/ e __:__
i S B e =
== =N
& N
?I“q—\ @ i i
__Fi (@) £ : =
/.,..4.._.. \é{ /-.‘-4-— N——
( 't ) 7‘_{_— (\—i—/) 7_{_—
N 7 Ve
(b)

Figure 3. Well pattern adjustment method. (a) The transferring of a square well pattern to a five-point
pattern. (b) The transferring of a square well pattern to a row well pattern.

The transferring of a square well pattern into a row well pattern is similar to the
above-mentioned transformation, but the difference is that this method converts two side
wells on the opposite sides of the square well pattern, thereby realizing the transferring to
a row well pattern.

2.2.2. Numerical Simulation Model

The target reservoir for this study is the tight-oil reservoir in Block M of the Ordos
Basin, with a buried depth of 2650 m, a formation thickness of 8.5 m, an average porosity of
8.1%, an average permeability of 0.28 mD, an initial oil saturation of 65%, and an original
formation pressure of 19.74 MPa.

The phase change occurring during the dissolution and mass transfer process between
the injected gas and formation fluid serves as the basis for accurately predicting the pro-
duction performance of the gas injection development through the numerical simulation
of multiphase and multicomponent systems, which can precisely characterize the phase
behavior of the formation fluid. This study established a multiphase and multicomponent
numerical model at reservoir scale based on geological characteristics and reservoir data,
with the specific parameters delineated in Table 4. In alignment with the well pattern and
well spacing utilized in Block M, a square well pattern with a well spacing of 425 m was
employed for the injection and production wells. Development was facilitated through
the use of a vertical well for injection and a horizontal well for production. Under the
reservoir temperature 91.73 °C, the saturation pressure of the crude oil was 10.27 MPa.
Based on the crude-oil composition data, the P-T phase diagram of all the components of



Processes 2023, 11, 3104 8 of 23

the formation crude oil was calculated using the CMG-Winprop module (Figure 4), which is
a coordinate graph that represents the changes in the system state parameters. It essentially
serves as a graphical representation of the equation of state. The crude oil was divided
into 10 pseudo-components through phase-state fitting (Table 5). Pseudo-components
refer to the combination of components with similar properties as one component. The
pseudo-component division results in a reduction in the number of components, which
improves the speed of the numerical simulation and minimizes the impact on its accuracy.
Figure 5 depicts the oil-water- and gas-liquid-phase relative permeability curves for the
target reservoir. In the figure, Sw represents the water saturation, Sg signifies the gas
saturation, and Krw, Krg, and Krl represent, respectively, the relative permeabilities of the
water, gas, and liquid. Tables 4 and 5, along with Figures 4 and 5, provide a basis for the
subsequent establishment of the numerical model.

Table 4. Basic parameters of numerical simulation model.

Model Parameter Value
Number of grid blocks, xy z 69 x 69 x 1
Dimensions, X y z (m) 12.5 x 12.5 x 85
Length of horizontal well (m) 100
Horizontal-well spacing (m) 425
Long/short hydraulic-fracture half-length (m) 125/75
Hydraulic-fracture spacing (m) 25
Hydraulic-fracture conductivity (mD-m) 100
Matrix porosity (%) 8.1
Matrix permeability (mD) 0.28
Natural-fracture porosity (%) 0.5
Natural-fracture permeability (mD) 2.8
Natural-fracture spacing (m) 25
Initial oil saturation (%) 65
Reservoir temperature (°C) 91.73
Original formation pressure (MPa) 19.74
16
—— Whole component
14 F Pseudo component
12 -
10 -

P, =10.27MPa

Pressure/MPa
]

0 50 100 150 200 250 300 350 400

Temperature/°C
Figure 4. Well pattern adjustment method.

Table 5. Pseudo-component data of crude oil in tight reservoir.

Component C1 Cz C3 C4 C5 CG-C13 C14 -C19 Czo-C30+ COZ Nz
Content (%) 20.959 7.283 11.595 7.663 4.467 21.849 13.427 11.754 0.051 0.952
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Figure 5. Relative permeability curves of tight-oil reservoir. (a) Oil-water relative permeability curve.
(b) Gas-liquid relative permeability curve.

For the target tight reservoir, the effects of depletion or water injection development
proved unsatisfactory, and gas channeling may have occurred during the gas injection
development. Therefore, suitable development strategies need to be adopted to improve
the development outcome and enhance oil recovery.

3. Results and Discussions
3.1. Experimental Results
3.1.1. MMP and Near-Miscibility Pressure Interval

Through slim-tube experiments, the oil displacement efficiency at varying injection
pressures was obtained. The results of these experiments are illustrated in Figure 6. In
traditional slim-tube experiments, classification is typically based on the non-miscible
phase and the miscible phase. However, within the pressure range proximate to the MMP,
the oil displacement efficiency does not escalate linearly; instead, it gradually deviates from
a linear relationship and eventually transitions slowly into the miscible phase. Hence, a
scenario termed the “near-miscibility pressure interval” arises [50]. The “near-miscibility
pressure range” refers to a range of pressures that are close to but consistently lower
than the MMP. Within this range, CO; and crude oil are not fully miscible but are in a
transitional phase between non-miscible and miscible. The precise definition of “near-
miscibility” currently lacks consensus both domestically and internationally [51]. However,
a widely accepted method is to determine the miscibility state of the system based on the
recovery. Specifically, a recovery exceeding 90% signifies that the CO, and crude oil have
attained a miscible state. Conversely, when the recovery ranges between 80% and 90%, it is
considered to be in the near-miscibility state, corresponding to the near-miscibility pressure
range [52].

According to the method described, the near-miscibility pressure range for Block
M was determined to be from 15.33 MPa to 18.47 MPa, with the MMP being 18.47 MPa,
which allows for CO, miscible flooding. An analysis suggests that with increasing injection
pressure, the oil displacement efficiency shows a linear increase. During this stage, the oil
displacement primarily relies on the displacement action of CO,, and this pressure range
is categorized as non-miscible flooding. As the injection pressure continues to escalate,
the CO; becomes more compatible with the crude oil, facilitating enhanced component
exchange between them. CO, gradually exhibits its effects, including dissolution, expan-
sion, and viscosity reduction. The relationship between the oil displacement efficiency and
pressure diverges from a linear trend, achieving a higher level of oil displacement efficiency.
Within this pressure range, the phenomenon is classified as near-miscible flooding. Subse-
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quently, as the injection pressure further increases, the CO; and crude oil eventually reach
a miscible state, and the oil displacement efficiency no longer significantly changes.

100
o o —0 —0 —
- ’ -
90 4//.—
/(
80 |- 7
P k4 MMP = 18.47 MPa
5 ’
> 70 Y b
8 + Near-miscible
é /’ pressure = 15.33 MPa
60 - ,
’
¢
’
50 ’
40 1 1 1 1 1
10 12 14 16 18 20 22

Pressure/MPa
Figure 6. Results of slim-tube experiments.

3.1.2. Oil Recovery

Through the long-core displacement experiments, we obtained the gas displacement
efficiency under two development scenarios: continuous CO; injection and advanced CO,
injection. Figure 7 displays the curves of the oil recovery over time for continuous CO,
injection and advanced CO, injection. The red and blue lines, respectively, depict the
changes in the recovery for the advanced gas injection and continuous gas injection as a
function of the amount of CO; injection. Under continuous CO; injection, the recovery
was 66.82%, while under advanced CO, injection, the recovery was 71.65%. Compared to
continuous CO; injection, advanced CO; injection increased the recovery by 4.83%.

100

—o— Advanced CO, injection

—=— Continuous CO, injection

60 -

Recovery/%

40 |

20 -

I I
0.0 0.2 0.4 0.6 0.8 1.0 12

CO, injection volume/PV

Figure 7. Relationship between recovery and CO, injection volume.

In the initial stages of continuous CO; injection, the primary mechanism for oil recov-
ery hinges on CO; displacement. As some CO,; dissolves in the crude oil, it is imperative to
establish a sufficient displacement pressure difference, leading to a concave-down curve for
the recovery with escalating CO, injection. With an increase in the CO, injection volume,
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the CO; begins to contribute to the expansion of the oil and the reduction in its viscosity,
culminating in a sharp rise in the recovery. Upon the CO; injection volume reaching 0.65
PV, gas breakthrough transpires, and the oil recovery mechanism predominantly involves
extraction and carrying actions. This shift results in an obvious reduction in the increase
in the recovery, which eventually stabilizes. Advanced CO; injection involves injecting
some CO, before the gas drive, increasing the reservoir pressure, and interacting with the
crude oil, which reduces its viscosity. Therefore, the gas drive efficiency is higher, and the
recovery shows a nearly linear increase with the injection volume. The increased reservoir
pressure and reduced oil viscosity make the front edge of the advanced CO; injection more
stable. When the injection volume reaches 0.7 PV, gas breakthrough occurs, and thereafter
the recovery gradually increases until it stabilizes.

Figure 8 also illustrates the variation in the displacement pressure differences over
time for continuous CO; injection and advanced CO; injection. The highest displacement
pressure difference for continuous CO; injection is 5.2 MPa, while for advanced CO; in-
jection, it is 6.65 MPa. Advanced CO; injection demonstrates a higher oil displacement
efficiency, and, in the late stage of the gas drive, only a small amount of crude oil remains
in the core pores, resulting in low gas flow resistance and a lower displacement pressure
difference. These experimental results indicate that, under the same conditions, advanced
CO; injection performs better in terms of the gas displacement efficiency compared to con-
tinuous CO; injection, and it also maintains a more stable displacement pressure difference.

10
o —=o— Advanced CO, injection
jan . .. .
é —#— Continuous CO, injection
0]
Q 8
=
Q
3
g
3
o] 6
5
&
o]
-
=5
= 4
Q
=
L
Q
=
Z o2
a

0 | 1 | 1 |

0.0 0.2 0.4 0.6 0.8 1.0 12

CO, injection volume/PV

Figure 8. Relationship between displacement pressure difference and CO; injection volume.

3.1.3. CO, Storage

By evaluating the injection and production of CO,, the CO, storage efficiency and
volume for both continuous and advanced injection could be calculated. Figure 9 illustrates
the variation in the CO, storage efficiency in correlation with the injection volume for
both injection methodologies. In the initial stages of continuous injection, the CO, had
not yet achieved breakthrough, and crude oil infused with CO, had not been produced,
leading to a 100% CO, storage efficiency. As the injection volume escalated, dissolved CO,
in the crude oil began to be produced, prompting a slight decrement in the CO, storage
efficiency, which fell below 100%. Upon the occurrence of gas breakthrough, the CO,
storage efficiency precipitously declined, ultimately registering at 38.22% for continuous
injection. For advanced CO; injection, because the CO, was injected ahead of time and
interacted with the crude oil, some CO, was already produced with the oil during the
early gas displacement phase, leading to a CO, storage efficiency below 100%. When gas
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breakthrough occurred, the CO; storage efficiency rapidly decreased, reaching 40.51% in
the end.
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Figure 9. Relationship between CO, sequestration rate and CO, injection volume.

The primary mechanisms of CO, storage encompass structural storage, residual stor-
age, dissolution storage, and mineralization storage [53,54]. Compared to continuous
injection, advanced injection exhibits a higher oil displacement efficiency, as it dislodges
more crude oil from the core, thereby availing more structural storage space for CO,.
However, advanced injection yields less residual oil, which is not conducive to CO, disso-
lution storage. Consequently, the CO, storage efficiency of advanced injection surpasses
that of continuous injection, signifying that structural storage plays a more predomi-
nant role in the CO, storage efficiency, while the contribution of dissolution storage is
relatively diminished.

3.2. Simulation Results
3.2.1. Optimization of Development Parameters
Injection Volume

In order to explore the influence of advanced CO; injection and the injection volume
on the development effect, advanced-injection volumes of 0.02 PV, 0.03 PV, 0.04 PV, 0.05 PV,
and 0.06 PV were designed via the experience of gas injection development and the actual
situation in the Changqing Oilfield. Production prediction was simulated for 20 years to
verify the development performance of advanced CO; injection and optimize the advanced-
injection volume. Compared to conventional CO; injection development, advanced CO,
injection can upraise the formation pressure by 12.21~32.88% and increase oil production
by 2.16~10.50%, which proves that the effect of advanced CO; injection is better (Figure 10).
Meanwhile, the CO, storage ratio improves with the increase in the advanced-injection
volume. Especially in the early stage of gas injection development, the effects of the oil
increase and CO, storage ratio are better.

The oil recovery increased with the increase in the advanced-injection volume, but
when the injection volume exceeded 0.04 PV, the increase rate of the oil recovery became
slower (Figure 11). During the 20-year development process, the oil recovery increased with
the increase in the injection CO; volume, but the CO, storage ratio gradually decreased
(Figure 12). Therefore, there was a collaborative optimization of the injection volume,
which can enhance oil recovery and maximize the CO, storage ratio.
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Figure 10. Oil recovery and CO; storage ratio at different advanced-injection volumes. (a) Oil
recovery. (b) CO, storage ratio.
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In conjunction with the average formation pressure (Figure 13), it is observed that, at
an injection volume of 0.04 PV, the degree of the formation pressure uplift is more favorable.
Should the injection volume continue to increase, it would result in elevated injection costs
and excessive production pressure differentials, which are adverse to oilfield production.
Therefore, considering the optimal indicators, such as the oil recovery, CO, storage ratio,
and average formation pressure, the reasonable advanced-injection volume is determined
as 0.04 PV.

—— Synchronous gas injection
—— Advanced gas injection 0.02PV
— Advanced gas injection 0.03PV
— Advanced gas injection 0.04PV
Advanced gas injection 0.05PV
— Advanccd gas injection 0.06PV

16

Average formation pressure/MPa

Time/year
Figure 13. Average formation pressure at different advanced-injection volumes.

Bottom-Hole Pressure

In order to explore the impact of the bottom-hole pressure on the gas injection develop-
ment, three different bottom-hole pressures of 8 MPa, 10 MPa, and 12 MPa were designed, and
the production prediction was simulated for 20 years to optimize the bottom-hole pressure.

By comparing the oil recovery and COj; storage ratio of different bottom-hole pressures,
the development effect was further analyzed. When the bottom-hole pressure is 8 MPa and
10 MPa, the oil recovery is higher, and a higher bottom-hole pressure can obtain a higher
CO; storage ratio (Figure 14). However, when the formation pressure drops below the fluid
saturation pressure (10.27 MPa), the formation crude oil will undergo degassing, increasing
the density and viscosity of the crude oil, which is not conducive to subsequent gas injection
development and adjustment. Simultaneously, at a bottom-hole pressure of 10 MPa, the
gas—oil ratio does not escalate rapidly, the effect of gas channeling is minimized, and the
sweep efficiency of the injected gas is higher (Figure 15). Therefore, taking into account
both the oil recovery and CO; storage ratio comprehensively, a bottom-hole pressure of
10 MPa is recommended for the production well.

3.2.2. Well Pattern Adjustment
Transferring to Five-Point Well Pattern

For investigating the development performance of well pattern adjustment to the
five-point method and the impact of the adjustment time on the development performance,
five different adjustment times were designed: after 2 years, 3 years, 4 years, 5 years, and
6 years of gas injection development.

Upon transitioning to the five-point well pattern, both the oil recovery and CO, storage
ratio improved (Figure 16), demonstrating the efficacy of this adjustment mode in gas
injection development. Additionally, a notable reduction in the gas—oil ratio was observed
(Figure 17), indicating that this adjustment mode effectively mitigates gas channeling.
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Figure 14. Oil recovery and CO, storage ratio at different bottom-hole pressures. (a) Oil recovery.
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Figure 16. Oil recovery and CO, storage ratio after transferring to the five-point well pattern. (a) Oil
recovery. (b) CO, storage ratio.
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Figure 17. Gas—oil ratio after transferring to the five-point well pattern.

The adjustment of the well pattern effectively supplements the formation energy,
elevates the average formation pressure (Figure 18), and effectively prolongs the stable
production life while enhancing oil recovery. In conjunction with the distribution of the
remaining oil after 20 years of gas injection development (Figure 19), the well pattern
adjustment amplifies the sweep efficiency of the injected gas, thereby further exploiting the
remaining oil.

28

—— No adjustment
—— 2 years adjustment
—— 3 years adjustment
——— 4 years adjustment
5 years adjustment
6 years adjustment

Average formation pressure/MPa

Time/year

Figure 18. Average formation pressure after transferring to the five-point well pattern.

By comparing the oil recovery at the different times of well pattern adjustment
(Figure 20), it can be seen that the highest oil recovery of 22.44% was achieved when
the well pattern adjustment was conducted after 4 years of gas injection development.
Other development indicators exhibited minor differences for varying adjustment times.
Therefore, the optimal timing for transitioning from the square well pattern to the five-point
well pattern is identified as 4 years after the gas injection development.
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Figure 19. Oil saturation distribution after 20 years of development. (a) Square well pattern. (b) Trans-
ferring to the five-point well pattern.
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Figure 20. Relationship between oil recovery and adjustment time for square well pattern transferring
to the five-point well pattern.

Transferring to Row Well Pattern

For studying the development regularity of the well pattern adjustment to the row
method and the impact of the adjustment time on the development performance, five dif-
ferent adjustment times were designed: after 2 years, 3 years, 4 years, 5 years, and 6 years
of gas injection development.

Similar to the five-point well pattern, the row well pattern significantly enhanced both
the oil recovery and CO, storage ratio after 20 years of development (Figure 21), showcasing
the positive impact of this adjustment mode on gas injection development. Concurrently,
a notable reduction in the gas—oil ratio was observed (Figure 22), demonstrating that this
adjustment mode can also effectively mitigate gas channeling.

This modification substantially augments the formation energy, enhances the mean
formation pressure (as depicted in Figure 23), and effectively extends the duration of stable
production, while also improving oil recovery. When combined with the distribution of the
remaining oil after two decades of gas injection development (illustrated in Figure 24), the

row well pattern elevates the sweep efficiency of the injected gas and further optimizes the
extraction of the remaining oil.
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Figure 21. Oil recovery and CO, storage ratio after transferring to the row well pattern. (a) Oil
recovery. (b) CO, storage ratio.
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Figure 24. Oil saturation distribution after 20 years of development. (a) Square well pattern. (b) Trans-
ferring to the row well pattern.

Upon comparing the oil recovery at various time intervals of well pattern adjustment
(as illustrated in Figure 25), it becomes evident that implementing the row well pattern
after four years of gas injection development results in the highest recovery factor, which
stands at 22.54%. There are only minor variations in the other development indicators for
different adjustment timings. Therefore, the optimal time for transitioning from a square
well pattern to a row well pattern is five years after the gas injection development.
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Figure 25. Relationship between oil recovery and adjustment time for square well pattern transferring
to the row well pattern.

Comparison of Well Pattern Adjustments

Based on development indicators such as the oil recovery factor and formation pres-
sure, a comparison was made between transferring to a five-point well pattern and trans-
ferring to a row well pattern, and the best pattern adjustment method was determined for
tight reservoirs.

Both types of well pattern adjustments enhance the CO, storage and mitigate CO,
channeling, as shown in Figure 26, with only minor differences between the two approaches.
Nonetheless, the row well pattern outperforms the five-point well pattern in terms of
the oil recovery and mean formation pressure, and it is more effective at enhancing the
formation energy, as illustrated in Figure 27. Consequently, taking into account the optimal
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performance indicators, such as the oil recovery and mean formation pressure, the most
appropriate pattern adjustment for Block M involves transitioning to the row well pattern.
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Figure 26. CO, storage ratio and gas—oil ratio after transferring well pattern. (a) CO, storage ratio.
(b) Gas—oil ratio.
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Figure 27. Development indicators after transferring well pattern. (a) Oil recovery. (b) Average
formation pressure.

4. Conclusions

This paper employs the actual tight-oil reservoir in the Changqing Oilfield as a case
study to innovatively examine the performance of advanced CO; injection techniques. It
also establishes methods for well pattern adjustment aimed at improving CO, storage and
enhancing oil recovery. This research offers theoretical guidance and serves as a reference
for the development of tight reservoirs.

(1) The results of the slim-tube experiments indicate that the near-miscible pressure
range in the study area is from 15.33 to 18.47 MPa, with an MMP of 18.47 MPa. Under
reservoir pressure conditions, CO, miscible flooding can be achieved;

(2) The results of the long-core displacement experiments show that advanced CO,
injection can effectively increase the recovery rate and achieve CO; sequestration. The
recovery rate achieved via advanced CO; injection is 71.65%, which is 4.83% higher than



Processes 2023, 11, 3104 21 of 23

that observed with continuous CO, injection. Advanced CO; injection is more effective at
facilitating CO, structural trapping; however, it also diminishes the volume of CO; that
can be sequestered through dissolution. Moreover, the efficiency of advanced CO, injection
is influenced by the total quantity of CO, injected. When compared to continuous CO,
injection, the rate of CO, sequestration rises by 2.29%;

(8) Compared to conventional CO; injection development, advanced CO; injection can
upraise the formation pressure by 12.21~32.88% and increase oil production by 2.16~10.50%.
The optimal injection volume for advanced CO, injection was determined to be 0.04 PV,
with the best bottom-hole flowing pressure of 10 MPa;

(4) Upon transitioning from a square well pattern to a five-point well pattern, the
CO; storage ratio significantly improved, while the gas—oil ratio of the production wells
correspondingly decreased. This adjustment in the well pattern effectively supplements the
formation energy, prolongs the stable production phase of production wells, and enhances
both the sweep efficiency and oil recovery;

(5) The impact of converting a square well pattern to a row well pattern shares
similarities with that of transitioning from a five-point well pattern. This conversion
effectively augments the CO, storage capacity and EOR. Nonetheless, the shift towards
a row pattern is particularly advantageous in terms of reinforcing the formation energy.
Consequently, in light of the prevailing conditions in tight reservoirs, it is advisable to
consider the adjustment of the square well pattern in favor of the row well pattern.
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