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ABSTRACT: With the increasing oil demand, more attention has been paid
to enhancing oil recovery in old oil fields. CO, flooding is popular due to its
high oil displacement efficiency and ability to reduce greenhouse gas emissions.
Laboratory experiments and on-site application cases have shown that the
minimum miscibility pressure has a greater impact on CO, flooding than other
factors. If the reservoir pressure is below the minimum miscible pressure, then
there is CO, immiscible flooding. Both theoretical analysis and experimental
results show that the recovery rate of CO, miscible flooding is 2—5 times
higher than that of immiscible flooding. If the reservoir pressure is increased by
water flooding before CO, injection, it is easily limited by the physical property
parameters. Therefore, accurately determining and effectively reducing the
minimum mixing pressure has become the focus of research. Currently, there
are two types of methods for determining the minimum miscible pressure:
experimental and theoretical methods. The experimental method is generally
considered more accurate, including the slim tube test, rising bubble apparatus, and vanishing interfacial tension, etc. However, it is
worth noting that the minimum miscibility pressure is dynamically changing, and there will be high economic costs if measured
repeatedly through experimental methods during reservoir development. Therefore, it is recognized that the minimum mixing
pressure can be determined at any time using theoretical calculation of initial data, which will reduce economic and time costs to a
high degree. In this paper, the theoretical calculation method is divided into empirical correlation, state equation, and artificial
intelligence algorithm. The techniques for reducing the minimum miscibility pressure can be classified into two categories: miscible
solvents and surfactant methods. The miscible solvent method can be further divided into monocomponent and polycomponent
methods. This paper compares the advantages and disadvantages of the existing techniques for measuring and reducing MMP and
selects the best method.

Article Recommendations |

1. INTRODUCTION

The process of petroleum production is complex. Oil field
development has traditionally been divided into three stages.
Primary recovery refers to relying only on the reservoir’s own

great potential to improve oil recovery for CO, flooding, which
can bring significant economic benefits." ~*

Although the prospect of the application of CO, flooding is
promising, it should be considered that CO, flooding is usually

pressure for displacement. Secondary recovery usually involves
the injection of water to maintain the reservoir pressure.
Tertiary recovery is that developing remaining oil using various
enhanced oil recovery (EOR) technologies such as heavy oil
thermal recovery and chemical and gas injection based on
secondary recovery to further increase oil production. The
rational application of EOR technology could enable the
efficient utilization of old oil fields. With the development of
industry, a large amount of CO, emission has led to global
warming, which has created a serious problem with how to
deal with greenhouse gases. To address this issue, the CO,
EOR technology, which has two distinguished advantages, has
been noticed by scholars. On the one hand, the application of
CO, flooding can store CO, in the reservoir and reduce CO,
emissions, playing a significant role in environmental
protection. On the other hand, except for low cost, it has
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divided into two categories: CO, miscible flooding and CO,
immiscible flooding. The oil displacement efliciency was
directly influenced by the degree of miscibility.

Both theoretical analysis and experimental results have
indicated that the recovery rate of CO, miscible flooding is 2—
S times higher than that of immiscible flooding. Given this, the
CO,-EOR is mainly driven by miscible displacement in the
United States and other countries.” The project of CO,
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flooding application mainly depends on accurately determining
and reducing the minimum miscible pressure (MMP).° 1t is
necessary to have a comprehensive understanding of MMP
because it is a crucial parameter for selecting reservoirs as well
as for selecting models for simulating or predicting reservoir
performance in CO, flooding. The definition of MMP varies
among scholars. Some define it as the optimal pressure
required to inject gas into hydrocarbon fluids to achieve first
contact miscibility,” while others define it as the minimum
pressure required to achieve miscibility of oil and injected gas.®
In general, MMP is determined by crude oil composition and
reservoir conditions.” Through a large number of inves-
tigations, we found that the type of crude oil can affect the
level of MMP. However, due to the different classification
criteria, there are many evaluation criteria for crude oil types.
In this paper, the effect of the crude oil type on MMP is
analyzed from the perspective of crude oil composition. Crude
oil composition can be divided into: volatile components, C;;
intermediate components, C,—Cg; and heavy components, C-+.
The volatile components and heavy components were
positively correlated with MMP, and intermediate components
were negatively correlated with MMP. As for the importance of
MMP, it is mainly reflected in two aspects. One is that the
determination of the injection method depends on MMP."
The other is that the part oil displacement efficiency of CO,
gas injection highly depends on MMP."" CO, miscible
flooding can only be achieved when the pressure is higher
than MMP, thereby enhancing oil recovery.12’13 If the injection
pressure is lower than MMP, miscible flooding will not occur,
and only immiscible flooding can be achieved. * In conclusion,
as one of the key parameters affecting gas injection for
improving oil recovery, MMP has great significance for
reservoir exploitation.15

First, this article reviews the measurement methods for
MMP, which consist of experimental and theoretical
calculation methods. Second, the technology of reducing the
minimum miscible pressure is illustrated, which mainly
includes the miscible solvent and surfactant methods. Finally,
the advantages and disadvantages of each method are
discussed, and the corresponding suggestions are given for
accurately determining and efficiently reducing MMP.

2. MMP DETERMINING METHODS

Injecting gas at a pressure lower than the MMP can lead to
immiscible displacement, resulting in a decrease in oil recovery.
Conversely, injection under an excessively high pressure can
increase process costs and pose healthy risks. The process of
miscible injection could be made more effective, economical,
and feasible by accurately estimating the MMP.'® Currently,
there are mainly two methods for measuring MMP, including
experimental and theoretical calculation methods.

2.1. MMP Laboratory Methods. The experimental
method is generally considered the most accurate and reliable
method.'” Under laboratory conditions, methods for determin-
ing MMP include slim tube test (STT), rising bubble
apparatus (RBA), vanishing interfacial tension (VIT), X-ray
computerized tomography (CT), sonic response method
(SRM), magnetic resonance imaging (MRI), fast fluores-
cence-based microfluidic (FFBM), oil droplet volume
measurement (ODVM), pressure—composition diagrams
(PCDs), vapor density method, and expansion extraction
method (VDM), etc.'®=*°

2.1.1. Slim Tube Test (STT). The STT was first proposed by
Stalkup in 1983,”' which currently has become the most
commonly used method in the laboratory for MMP. It aims to
study the effect of phase on displacement efficiency by
eliminating reservoir heterogeneity, gravity overlap, and
viscous fingering.””

The experimental device is shown in Figure 1. The main
operational process is as follows: First, the crude oil is injected
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Figure 1. Schematic diagram of the STT.

into a spiral slim tube until it becomes saturated, and the
temperature is adjusted to match that of the reservoir. Next,
the back pressure regulator is adjusted at the outlet of the slim
tube to maintain a fixed pressure. Finally, gas is gradually
injected to displace the crude oil. Please refer to reference 23
for a detailed illustration of the process. It is important to clean
the slim tube before each test. If asphaltene precipitates during
the experiment, then cleaning may be particularly challenging.
Furthermore, STT involves many operating steps, but the
MMP predicted by STT is the most reliable.

Ahmad et al.”* tested the uniqueness and repeatability of
MMP determination in three different samples of Oman crude
oil (crude oil compositions of L-721, MZE, and N are shown
in Table 1) using three different coil lengths of equal diameter
and three different injection speeds, repeating the process S5
times.

Figure 2 shows the schematic diagram of the STT device.
Ahmad et al.”* made several improvements to the STT device.
To ensure constant measurement of permeability and porosity,
they tightly wrapped 1/4° OD and 100 mesh sand particles by
three different lengths of 12, 18, and 24 m spiral tubes. The
liquid storage tank and gas storage tank are placed in an oven
outside the slim tube to maintain the required temperature of
the reservoir. Additionally, a back pressure regulator (BPR) is
added at the outlet of the tube to control pressure reduction. A
check valve is installed at the outlet to prevent crude oil and
injected gas from returning to the liquid storage tank (CV-01)
and the gas storage tank (CV-02).

Ahmad et al.** found that the error of MMP predicted by
the improved STT was approximately 2% through collecting
5SS sets of experimental data measured by STT. This indicates
that the MMP measured by STT is more accurate. Zhang et
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Table 1. Crude Oil Samples Composition

Component Sample L-721 Sample MZE Sample N
N, 0.22 0.89 0.54
CO, 0.29 0.21 0.30
H,S 0.00 0.00 0.01
C, 28.51 3491 18.66
C, 577 3.69 4.64
C, 5.42 2.45 4.79
i-C, 2.09 1.04 1.56
n-C, 4.03 1.85 3.39
i-Cs 2.80 1.25 1.66
n-Cg 2.87 1.41 2.06
Cg 5.40 3.08 5.10
Co, 42.60 49.22 57.29
Total 100.00 100.00 100.00

s B

Oven Facility

HV-03

Figure 2. Modified schematic diagram of STT. Reprinted with
permission from ref 24. Copyright 2016 Elsevier.

al.”® analyzed the MMP measured by STT and discovered a
linear relationship between MMP and reservoir temperature.
With every 10 °F increase in temperature, MMP increased by
approximately 130 psi. Moreover, Ahmad et al.** found that ol
displacement performance and recovery increased with longer
coil length when using the same crude oil samples. Further
studies have shown that a coil length of 40 feet can achieve the
best result.”

Scholars have studied the effect of injection rate on MMP
and found that viscous fingering can be promoted by
increasing the gas injection rate.”” Furthermore, the displace-
ment speed is greater with a smaller diameter of the slim tube
and smaller porosity, resulting in a smaller MMP. Although the
porosity and permeability of the samples in STT may not
precisely reflect the actual reservoir conditions, the MMP
obtained by STT can accurately reflect the actual situation of
the measured oil and gas system. Therefore, it is important to
consider the cost and time consumption of using STT.
However, STT has some drawbacks, such as being expensive
and time-consuming. Some STT experiments may take 2—6
weeks to estimate MMP.*

2.1.2. Rising Bubble Apparatus (RBA). RBA was proposed
in the 1980s as an alternative to STT. It requires less crude oil
and CO,, which reduces costs and time.””** The schematic
diagram of the RBA experimental apparatus is shown in Figure
3. The device features a flat glass tube that is vertically installed
in a high-pressure sight in a temperature-controlled bath. The
glass tube is flat to allow better observation of bubbles rising in

Detail of “Flat™ Glass Tube

Air Bal — A(th,_,l

Figure 3. Schematic of the RBA.

opaque oil. To record the evolution of the rising bubble shape
permanently, a videotape was installed on the rack parallel to
the bubble path in the visual acuity chart. The device magnifies
the view of the bubbles and records their ascent on the
videotape for subsequent inspection. The following are the
main steps of the operation procedure:

Initially, the sight gauge with the glass tube and the hollow
needle was all filled with distilled and deionized water. Then,
oil is injected downward into the flat glass tube, displacing the
water. At the end of this step, the lower circular portion of the
glass tube is filled with water, while the remainder of the tube
contains oil. The pressure inside of the sight gauge can be
adjusted to the desired level by the addition or removal of
water. After the pressure is set, a bubble of gas is formed at the
tip of the hollow needle in the water phase. When the buoyant
force lifting the bubble exceeds the adhesive forces holding the
bubble to the needle, the bubble rises through the water,
through the water—oil interface, and up through the column of
oil. The behavior of the rising bubble is recorded on video
tape. After one or more bubbles have risen through the oil, the
contaminated oil can be replaced with fresh oil. After
completing the experiment, it was found that RBA required
1-2 h for each determination of MMP (excluding preparation
time) for the gasification or condensation system, and the
pressure at which the miscible flooding occurred could be
visually observed. However, it takes 1—2 weeks for each
measurement of MMP using the slim tube method. In
addition, Elsharkawy et al.>* analyzed the relationship between
MMP results measured by the device and the temperature,
finding that MMP measured by RBA had a linear relationship
with temperature. On average, for every 10 °F increase in
temperature, MMP increased by about 150 psi.

The determination of MMP by RBA is rapid, but some
scholars believe that there is a certain degree of subjectivity
involved due to its reliance on naked-eye observation.
Although RBA can provide quantitative information on
composition change and displacement efficiency, its reliability
needs further verification.”””° In this regard, some scholars
have proposed the Rapid Pressure Increase (RPI) method as
an improvement to RBA. The main principle of the RPI
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method is to identify the MMP as the point corresponding to
the change in the ratio of pressure increase to volume
reduction after the initial pressure drop in the CO,-crude oil
system. It is important to note that volume reduction refers to
the decrease in the volume of CO, dissolved in the crude oil
when complete miscibility occurred. In comparison to RBA,
RPI can achieve reasonable results quickly in the experimental
process without disrupting the CO,-crude oil system'®

To enhance the reliability of RBA determination of MMP,
some scholars have proposed new qualitative and quantitative
evidence. The qualitative basis is bubble breakup (BBU), while
the quantitative basis includes the bubble rise height (BRH)
and bubble rise velocity (BRV). This evidence has been
verified by experiments, and it has been found that BBU has
strong applicability. This is because BBU is relatively
independent from experimental factors such as glass tube
height and bubble size but sensitive to experimental conditions
such as test pressure and gas composition. The BBU qualitative
criterion is easier to apply than the existing four qualitative
criteria, namely, bubble shape, size, color, and rising height."'1

2.1.3. Vanishing Interfacial Tension (VIT). MMP is
determined experimentally by measuring the decrease of the
CO,-oil interfacial tension (IFT) with increasing pressure and
extrapolating the trend to zero.” It can also be understood that
when CO, and crude oil reach complete miscible flooding the
IFT between them will completely disappear, and the pressure
at which the IFT becomes 0 is regarded as MMP. VIT can be
used to determine the miscible conditions of various CO,-
crude oil systems'® and to obtain MMP values from the
measured IFT equilibrium data.*

The method is considered good due to its quantitative
measurability, time-saving nature, simplicity, and low cost. The

14750

measurement of MMP in CO, miscible flooding involves
determining the IFT of a high-pressure system, which can be
achieved by using the hanging drop method. This involves
measuring the shape parameters of droplets suspended on the
top of a capillary probe and applying the surfactant selection
method proposed by Andreas et al.’* It is important to note
that the instruments for testing IFT cannot measure the IFT
when complete miscibility is reached, and the miscibility
should not be observed only when the IFT is zero. Therefore,
the extrapolation method is used to calculate the MMP when
the interfacial tension is zero. To determine MMP, the VIT
method can be used and is easy, rapid, and economical.
However, it is important to note that this method can be
greatly affected by subjective factors. Several studies have
shown that the accuracy of MMP measured by VIT is low, with
an overestimation of MMP.*® The composition of the mixture
used by VIT also affects the accuracy of the measured MMP.*
Therefore, further demonstration of the accuracy is required.
However, recent studies have indicated that the MMP
measured by VIT are consistent with those measured by
STT and RBA, with a difference of only 5% to 8%.”

VIT is capable of measuring IFT in high-temperature and
-pressure conditions up to 10,000 psi and 300 °C. When
measuring MMP in the 10,000 psi range, it is recommended to
use a high-resolution charge-coupled device (CCD) camera to
capture an image of the droplet. This image could be
transmitted to the computer supported with drop shape
analysis software based on the axisymmetric droplet shape
analysis (ADSA) technique. The software fits a set of
theoretical differential equations to the experimental droplet
profile to evaluate its shape. A profile optimization algorithm is
applied to calculate the IFT along with the drop volume. This
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method provides a more accurate calculation of IFT.*® If
experimental conditions do not allow the use of VIT,
alternative instruments can be used to determine IFT. For
instance, VIT is suitable for determining MMP in the South
Sumatra Basin oil field in Indonesia®” and the Oman oil field.
The experimental device used to determine MMP in the Oman
oil field is shown in Figure 4, and the specific experimental
process is detailed in ref 23.

The calculation of MMP by VIT reveals that MMP is less
dependent on the crude oil composition. Additionally, the
higher the molecular weight of the heavier components in
crude oil, the higher the MMP value that can be obtained.
Temperature significantly affects MMP, and there is a linear
relationship between MMP and temperature.”**’

2.1.4. Other Determining Methods. 2.1.4.1. X-ray Compu-
terized Tomography (CT). Under the influence of MMP, the
oil—gas interface disappears as the pressure increases until it
reaches MMP, at which point the interface completely vanishes
and the two phases mix. The entire process can be captured by
the micro-CT scanning system by increasing the pressure at
any time. Therefore, CT technology (the experimental device
is shown in Figure S) can directly determine MMP. The device
can adjust the temperature and measure MMP at the required
temperature.40
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Figure S. Schematic diagram of the CT. Reprinted with permission
from ref 40. Copyright 2015 Springer Nature.

2.1.4.2. Sonic Response Method (SRM). However, CT
technology has higher capital and operating expenses as well as
potential health risks. In comparison, SRM (as shown in Figure
6) avoids radiation exposure, reducing health risks, and
provides accurate volume distribution of the two fluids and
their interfaces during the experiment without invading the
system. However, SRM is deficient since it can only determine
miscibility based on the disappearance of the boundary
between two fluids under increasing pressure at constant
temperature. This method does not provide an accurate
determination of the MMP."*

2.1.4.3. Magnetic Resonance Imaging (MRI). At a fixed
temperature, MRI (Figure 7) can be used to obtain proton
density images of n-decane at various pressures. The average
image intensity of the decane phase is then plotted as a curve,
which shows an exponential relationship with pressure. When
CO, and n-decane are mixed into a single phase, the average
intensity of the mixed phase reaches zero, excluding back-
ground noise. Currently, the MMP value can be determined by
identifying the intersection of the exponential curve and the

OVEN
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PUMP PUMP

Figure 6. Schematic diagram of the SRM.

zero-intensity line. However, due to the requirement of a high
current supply for the experimental equipment, the cost of
MRI is significant. In addition, the density of hydrocarbon
fluids can also be measured by MRI intensity. For example, if
the mechanism of condensed gas prevails as a result of the
dissolution of gas in oil, the oil density decreases, thereby
decreasing the intensity of MRI in the oil phase.”'

2.1.4.4. Fast Fluorescence Based Microfluidic (FFBM), Oil
Droplet Volume Measurement (ODVM), and Pressure—
Composition Diagrams (PCDs). 1f FFBM (the experimental
device shown in Figure 8) is used to qualitatively detect MMP,
the measurement time is only about 30 min. This method has
the advantage of measuring MMP at the nanoscale.'” The
ODVM (the schematic diagram shown in Figure 9)** is similar
to the VIT. However, instead of measuring the IFT of oil and
gas, the ODVM method measures the change in droplet
volume with pressure and time. It is proposed based on the
thermodynamics principle that the gas/oil miscibility process
occurring at the minimum pressure condition is not an
instantaneous process but takes a period of contact and mass
transfer process between each other to achieve complete
miscibility. At the MMP point, the oil droplet will gradually
shrink and finally mix with the surrounding CO, fluid. Taking
advantage of the quick but accurate quantitative volume
measurement technique in a state-of-the-art drop shape
analyzer, the MMP of the studied two-phase system could
therefore be determined as the pressure under which the
pendent oil volume in the CO, environment continuously
decreases with a certain criteria speed.*’ Therefore, ODVM
can be considered a time-consuming method for determining
MMP. The ODVM is employed to determine the MMPs of
the CO,/oil system with water present under different
temperature levels by Cui et al. The results show the water
presence could obviously reduce the MMPs of the CO,/n-
C,6H,, system by up to 1.4 MPa.*”?

PCD (the schematic diagram shown in Figure 10) plots the
phase state of the fluid in the visual high-pressure grid at the
reservoir temperature by measuring the composition repre-
sented by the mole fraction of the injected gas. Miscibility
occurs outside the phase line, while immiscibility occurs within
the phase line. The pressure at which oil and gas fluids become
completely miscible at reservoir temperature and a specific
composition can be calculated using the pressure—composition
diagram (PCD). However, PCD is seldom used due to its high
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Figure 7. Schematic diagram of the MRI. Reprinted with permission from ref 41. Copyright 2016 Elsevier.

CO'IL— ) l Downstream

Figure 8. Schematic diagram of the FFBM. Photograph courtesy of
ref 19. Copyright 2024.

Figure 9. Schematic diagram of the ODVM. 1: Oil sample; 2: hand
wheel; 3: piston pump; 4: computer; S: CCD camera; 6: pressure
gauge; 7: test chamber; 8: capillary burette; 9: illumination source;
10: temperature control unit; 11: CO, tank; 12: intermediate
container; 13: hand wheel; 14: piston pump; 15: water supply for
CO, pressurization; 16: gas inlet; 17: gas outlet; 18: liquid outlet.
Reprinted with permission from ref 42. Copyright 2023 Elsevier.

cost, requirement for a large amount of fluid, and potential for
experimental errors.'”

2.1.4.5. Vapor Density Method (VDM).** The vapor density
method is a dynamic experimental technique that can establish
the relationship between the density of the injected gas phase
and the pressure. Additionally, it can determine the MMP of
gas and crude oil by utilizing their solubility characteristics.
CO, can be injected into a container containing experimental
oil samples multiple times, and the vapor density can be
measured after each injection cycle for a period of time.

14752

A
Pressure
Liquid single phase

MMP at a specific <}
temperature and
mole % of

Two phase region

injection gas.

>
Mole%

Figure 10. Typical PCD.

Equilibrium is reached when the pressure and vapor density of
the system remain stable. The vapor density is then measured
to create a vapor density curve based on the pressure and
corresponding vapor density. The point of sudden change in
the gas phase density on the curve is the MMP that requires
measurement. This method is frequently used to test at low
temperatures and then determine the MMP at high temper-
atures. The test time is short, taking only a few hours. While
this approach saves time and reduces costs, its repeatability is
not strong.

In this section, the characteristics of experimental methods
for the determination of the MMP have been illustrated. When
we need to use the experimental method to determine MMP,
we should consider the actual situation of the reservoir and
other factors such as the difficulty of operation, economic cost,
and time cost. For example, as an international standard
method, STT has a high accuracy in the determination of
MMP, but it takes a long time and has high requirements for
instruments. RBA spends less time, but the accuracy is easily
affected by human factors. VIT can adapt to high temperatures
and high pressures, but it is also susceptible to human factors.
MRI can measure the density of hydrocarbon fluid, but the
experimental cost is high. To provide a more concise
introduction of the experimental methods, this paper gives a
comparison table of the advantages and disadvantages of the
commonly used experimental methods (see Table 2)

This section outlines the characteristics of experimental
methods determining the MMP. When selecting a method,
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Table 2. Comparison of Characteristics of Several Commonly Used Methods for Determining MMP

Laboratory
Methods Advantages
STT International common determination method. More accurate.
Repeatability.
RBA Rapid determination of MMP. Require lower precision of the
instrument.
VIT Experimental time is short. Suitable for high-temperature and
-pressure state.
CT Adjust the temperature. Observe MMP intuitively.
SRM Avoid radiation exposure. Reduce health risks.
MRI Measure density of hydrocarbon fluid.
FFBM Determination time is short. MMP can be determined at the
nanometer scale.
VDM Direct determination of the relationship between the density and

the pressure of the injected gas.

Disadvantages

Time consuming. Require higher precision of the instrument.

Seriously affected by human factors. When the temperature is lower than 40
°C, the error is large. Reliability needs to be verified.

Seriously affected by human factors. Application limitations.

High cost. Potential health risks.

MMP can be measured only when the constant temperature pressure is
increased.

Experimental equipment consumes too much electricity. High cost.

There can be no human intervention.

Limitation is large. Only the MMP at low temperature can be measured.

factors such as reservoir conditions, operational difficulty,
economic cost, and time constraints should be taken into
account. As an internationally recognized method, STT has
high accuracy in determining MMP. Moreover, RBA experi-
ments are short, but their accuracy is easily influenced by
human factors. However, it is time-consuming and requires
advanced instruments. VIT can adapt to high temperatures and
pressures but is also susceptible to human factors. MRI can
measure the density of hydrocarbon fluids, but the
experimental cost is high. Finally, Table 2 compares the
advantages and disadvantages of common experimental
methods.

2.2. MMP Theoretical Calculation Methods. Exper-
imental methods are generally considered accurate and reliable
for determining the MMP, but it is important to note that the
MMP is a dynamic process. Dividing the miscible region solely
based on the MMP measured in the initial experiment is
inaccurate.”® This is because the miscibility of the injected gas
is largely dependent on the injection pressure and equipment
limitations.** Additionally, the experimental method is costly,
time-consuming, and susceptible to human error. Therefore,
determining the MMP through experimentation multiple times
is currently challenging. To enable oil fields determination of
MMP at any time, scholars have attempted to use theoretical
calculation methods due to their cost-effectiveness, speed, and
stability.”” The prediction of MMP through theoretical
derivation can save time and money. The difference between
the MMP predicted by the theoretical calculation method and
the MMP measured by the experimental method is still within
an acceptable range. The MMP of crude oil can be rough
estimated by using the theoretical calculation method.
Currently, the methods for estimating MMP through
theoretical calculation include the empirical correlation,
equation of state, and artificial intelligence algorithm.

2.2.1. Empirical Correlation (EC). The simplest method to
measure MMP among theoretical methods is to use EC
calculation.” This method can be easily used by other
researchers.”” The accuracy of the ECs generally increases with
the mathematical complexity of the equation.’® Three main
factors affect MMP in CO, flooding: temperature, crude oil
composition, and injected gas composition. All empirical
correlations are based on these three factors.”’ However, each
EC has a different focus, resulting in different applicable
conditions.” This work provides specific forms of some ECs.

2.2.1.1. Johnson and Pollin (J-P) Correlation.”

14753

P, =P, +Ka(T — T,) + KI(BM — M, )* (1)

m ~ “cin

For Pure CO,: [ = 1.2762, a = 18.9, and f = 0.285. P, is the
MMP, in MPa; T is reservoir temperature, in °C; P, is the
critical pressure of injected gas, in MPa; T, is the critical
temperature of injected gas, in °C; M is the average molecular
weight of crude oil, in g/mol; M, is the molecular weight of
the injected gas, in g/mol; and K, I is a constant (depends on
reservoir physical properties).

2.2.1.2. Glaso Correlation.”* The Glaso Correlation is
proposed based on the work of Benham et al. It takes into
account the effect of medium components on the MMP. Glaso
discovered that when the molar percentage of the medium
component exceeded 18% it had no effect on the MMP.
Therefore, Glaso used the 18% molar percentage as the
boundary for the medium component and proposed two
relationships.

1. When the molar percentage of medium components in
crude oil is less than 18%:

P, = 29479 — 3.404M,[1.700
+ 107°ME]X TGN T — 121 2F, )

2. When the molar percentage of medium components in
crude oil is greater than 18%:

B, = 810.0 — 3.404M,,

1

—1.058
+ [1.700 x 107°M2]307868Me e 3)

M, is the molecular weight of C;+ in degassed oil; Fy is the

molar content of C,—Cg in reservoir fluid; T is temperature, in
°F; and P, is MMP, in psia.

2.2.1.3. Alston et al.”” Correlation. Alston et al. discovered
that the reservoir temperature and Cg+ components have a
significant effect on the MMP for most reservoirs. The
influence of volatile and intermediate components on MMP is
not clear. Heavy components are better suited for establishing
a correlation to calculate MMP. Therefore, they proposed an
EC to predict pure CO, and live oil MMP.

0.136
- 06 <1.78] Mvol
B, = 878 X 10 ()" *M¢, (i]
mint (4)
Mc, is the molecular weight of fractions above pentane, in g/
mol; 1, is the molar fraction of volatile components (C; and

N,) in crude oil; 1, is the molar fraction of the intermediate
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component (C,—C,, CO,, and H,S); and Ty is reservoir
temperature, in °F.

2.2.1.4. The Petroleum Recovery Institute (PRI) Correla-
tion.’® The Petroleum Recovery Institute gives two
correlations for the prediction of the CO, MMP.

The first EC PRIL:

P =0.0.51 X 102.772—1579/RT (5)

mm

where R = 1.8T + 492.
The second EC PRIII:

P, = — 48913 + 0.415T — 0.0015974T> (6)

mm

where T is reservoir temperature.

2.2.1.5. Yelling and Metcalfe Correlation.”” Yelling and
Metcalfe proposed an EC for predicting the MMP of CO,-
crude oil systems based on the reservoir temperature in 1998:

P, = 1.5832 + 0.19038T — 0.00031986T" )

where T is reservoir temperature.

Due to the continuous improvement of relevant theories, the
number of ECs has increased. However, different ECs possess
distinct characteristics. Blindly using them can result in a
significant discrepancy between predicted and actual MMP.
Therefore, when applying an EC, it is crucial to carefully select
the appropriate one based on the actual reservoir conditions.
Using Daging Oilfield as a case study, Zhao et al.”® compared
the MMP of crude oil and CO, in the test area predicted by
the EC. Table 3 shows that the MMP values calculated by each

Table 3. MMP Prediction Results Comparison Table

Determining Methods MMP (MPa) Relative error value (%)
STT 29.10 0.00
Johnson and Pollin 26.58 8.66
Glaso 42.60 46.40
Alston 21.95 24.58
PRII 28.78 1.09
PRIII 21.52 26.04

EC were significantly different. Among them, the PRII model
had the smallest prediction error with a relative error of 1.09%.
Therefore, the PRII model can be applied to predict the MMP
in other blocks of the test area.

2.2.2. Equation of State (EOS). In comparison to the EC,
the EOS can categorize the complex multicomponent system
into three groups: light component C;, intermediate
component C,—Cg, and heavy component C, systems.’
While the EC has certain advantages, the oil industry prefers
EOS as it can provide results that are almost consistent with
the experimental method.”” EOS is a calculation method based
on state equation and system phase equilibrium theory, which
can accurately calculate MMP. Based on the cubic EOS
proposed by van der Waals in 1873, scholars have developed
new EOS, including RK-EOS, SRK-EOS, and PR-EOS. The
equations are given in the following sections.

2.2.2.1. van der Waals EOS.°’ In 1873, van der Waals
established the van der Waals equation of state (VdW-EOS)
based on the ideal gas equation of state, taking into account
intermolecular forces. The introduction of VAW-EOS sig-
nificantly improves the predictive ability of the ideal gas state
equation. The equation’s specific form is

_RT a

V-b V? (8)

V is the thermal motion volume of the system; a is the
molecular attraction constant; b is the molecular repulsion
constant; and R is the gas constant.

Pure CO, injection:

22
_ 7 RT

1 RT,
a= b=-—SC
64 P

2R 9)

Impure CO, injection:

u1=ZZcich, bIZZcibi
i

i (10)

a are the gravitational parameters; b is the Co-volume; R is the
gas constant; T is reservoir temperature; V is the total volume;
and ¢; is the molar fraction of component i.

The proposed equation presents a two-parameter contrast
state principle that accurately describes the phase behavior of
equilibrium gas—liquid two-phase systems. However, it only
provides a simple correction to the ideal gas model,
disregarding the actual molecular geometry and molecular
force field asymmetry as well as the influence of temperature
on intermolecular attraction and repulsion.

2.2.2.2. RK-EOS.°" In 1949, Redlich and Kwong proposed a
modification to the VAW-EOS by introducing a functional
relationship between the gravitational parameter ‘a’ and
temperature “T". This modification resulted in the development
of the Redlich—Kwong equation of state (RK-EOS).
Subsequently, numerous examples were used to verify the
accuracy of the RK-EOS. The study found that correcting the
VAW-EOS by changing parameter a was more effective than
changing parameter b. Additionally, RK-EOS had a higher
prediction accuracy than VAW-EOS. The specific form of RK-
EOS was not mentioned.

RT _ a
V—b T™V(V+b) (11)

)

P=

RZTé.S
ke
is critical temperature; and P is critical pressure.

RK-EOS is also known as a cubic equation of state because it
can be transformed into a cubic polynomial of the molar
volume and compressibility factor. The cubic form of RK-EOS
is as follows.

V- (E)V?‘ + %(% — bRT — sz)v LI

where a = 0.42748 ;b= 0.08664%; R is gas constant; T
C

P TS
(12)
72— 722+ (A-B+B)Z-AB=0 (13)
Pure CO, injection:
_ b g _bP PV
R*T*’ RT’ RT (14)
Impure CO, injection:
a, = Z Z cc; [aa;; by = Z b,
i i (15)
_aP _ bP _ PV
CRTY T RT T ORT (16)
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The equation considers the impact of molecular density and
temperature on intermolecular gravity and incorporates the
temperature to modify the gravitational term. However, the
equation still relies on T and P; to determine the two
parameters a and b, which means that RK-EOS is still
restricted to extremely simple hard spherical nonpolar
symmetric molecules.

2.2.2.3. SRK-EOS.%” In 1961, Pitzer introduced the concept
of eccentric factor @ from the perspective of molecular physics.
(w = —lg(P,)r = 0.7 — 1), and Soave introduced the

eccentricity factor proposed by Pitzer as the third parameter
into EOS and improved it to obtain SRK-EOS.

In 1961, Pitzer introduced the concept of the eccentricity
factor @ from a molecular physics perspective. The eccentricity
factor reflects the degree to which the interaction force
between two molecules deviates from the force between their
molecular centers. In 1972, Soave incorporated Pitzer’s
proposed eccentricity factor as the third parameter into EOS
and improved it to obtain SRK-EOS, which was highly
successful. The introduction of the eccentricity factor has
enabled the establishment of the three-parameter correspond-
ing state principle, thereby improving the two-parameter
corresponding state principle theory proposed by van der
Waals. The specific form of SRK-EOS is

p= RT _ a
V—-b V(V+b) (17)
where
RT. 22
a=aa(T, ®); b=008664—; a, = 0.42748—FC
PC C
(18)

a(T, w) = [1 + (048 + 1.574w — 0.1760°)(1 — JT,)T’

@ = _loglo(Prsat) — 1 loglopr ~ a(%) + b; Tr = Tlc;  is

.. . L. t pt t
eccentricity factor; Tc is critical temperature; Pi* = —; P*®

r PC
is the saturation pressure at T,= 0.7; and P is critical pressure.
The cubic form of SRK-EOS is as follows

72— 722+ (A-B+B)Z-AB=0 (19)
Pure CO, injection:
. bpP
RTY RT (20)

Impure CO, injection:

PEDIDI T Jaa (1= ky); by = Dch
i j i
(21)
a,P _bp
RT* = RT (22)

k; is the binary interaction coefficient that characterizes the
degree of interaction between components i and j.

Compared with RK-EOS, SRK-EOS incorporates a temper-
ature function a(T,) to better account for the impact of
complex molecular systems, such as hydrocarbons, on PVT
phase behavior.

2.2.2.4. PR-EOS.5*%* In 1976, Peng and Robinson noted
that SRK-EOS had poor accuracy in predicting physical
properties and liquid volume characteristics of systems
containing strong polar components. To address this issue,
they used different fitting functions to fit experimental data and
obtained different values for a. As a result, they established the
PR equation of state (PR-EOS). Compared to SRK-EOS, PR-
EOS provides improved predictions of fluid density. PR-EOS is
widely used due to its simplicity and ability to accurately
predict the phase equilibrium of mixtures. The specific form of
PR-EOS is

P = RT aa(T)
V—b V(V+b)+bV-0>) (23)
where
22
a=045724—<; a(T)
C
= [1 + (0.37464 + 1.542260 — 0.269920°)(1 — \JT,)I’
; and

RT,
b = 0.07780—<
PC

The cubic form of PR-EOS is as follows:
7> — (1 - B)Z*+ (A — 2B — 3B*)Z — (AB — B> — BY)
=0 (24)

It should be noted that for the same system the results of pure
CO, injection and impure CO, injection using PR-EOS are
similar to those obtained using SRK-EOS, except for the value
of k; In 1978, Peng and Robinson discovered that a is
influenced not only by the fitting function but also by the
eccentricity factor @. Therefore, they further adjusted o based
on the magnitude of @. The modified « fitting correlation takes
a specific form as follows

[1+ (0.374640 + 1.542260 — 0269920 (1 — (T)I o < 049

a(T) =

[1 + (0379642 + 1.48503w — 0.164423w" + 0.016666°)(1 — T,)I" @ > 0.49

The cubic EOS mentioned above, in combination with various
mixing rules, can be used to calculate the phase equilibrium of
a CO,—crude oil system. For instance, Choubineh et al.*®
selected crude oil samples from the bottom of an Iranian
reservoir, with a crude oil sample gravity of approximately 30°
APL. They utilized the SRK-EOS to estimate the PVT
properties of the crude oil samples and obtained accurate

(28)

results, demonstrating the high precision of the SRK-EOS.
However, EOS still has some limitations. For instance, the
criteria for judging the miscible function of EOS are unclear,
and it is less sensitive to crude oil composition and reservoir
temperature.49

2.2.3. Artificial Intelligence Algorithm (AIA). When
determining MMP, experimental methods are more reliable
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but can be costly and time-consuming.°® Theoretical methods,
such as EC and EOS, can be advantageous for reducing costs.
However, companies involved in CO,-EOR seek a faster and
more accurate method for determining MMP.®” Compared to
the aforementioned methods, AIA exhibits superior robustness,
speed, and accuracy, and are capable of modeling complex
variable relationships.* To calculate MMP using AIA, three
main factors are taken into account: injected gas composition,
crude oil composition, and temperature. The collected data
will be divided into a training set and a test set. The training set
is used to select the most suitable method for calculating
MMP, and the accuracy of the method is verified using the
data in the test set. For cases with fewer data sets, cross-
validation can be used. AIAs are divided into machine learning
(ML) and deep learning (DL). ML builds models by training
data and discovering patterns and rules. DL is a special
machine learning technology that uses deep neural networks to
autonomously learn data features. Furthermore, it has a broad
range of applications and high practical value.’® These
advantages have made it a popular choice among scholars
who have conducted research on predicting MMP using AIA.

Emera et al.”” identified reservoir temperature and injected
gas composition as key parameters and used a genetic
algorithm (GA) to predict the corresponding MMP. The
results demonstrate that GA can be used to predict MMP with
an acceptable level of accuracy, even in the absence of a large
number of accurately measured MMP data.

Shokrollahi et al.”’ proposed using a least-squares support
vector machine (LSSVM) to predict the MMP of pure and
impure CO,. The model was constructed and evaluated using
approximately 147 data sets from the literature that employed
experimental methods to determine MMP values and the
corresponding gas/oil composition information. The results
indicate that the proposed model significantly outperforms all
existing methods and provides predictions that align with
experimental data. Furthermore, the model can simulate the
actual physical change trend of MMP with the five most
important input parameters, including reservoir temperature,
molecular weight of C,%, hydrogen sulfide, and nitrogen
concentration.

Sayyad et al.*’ utilized particle swarm optimization (PSO) to
optimize the initial and bias values of the artificial neural
network (ANN) and predict MMP. The optimized model
resulted in a lower average absolute deviation (AAD) and a
higher coefficient of determination (R?).

Hemmati-Sarapardeh et al.”' proposed a reliable model to
predict MMP using a feedforward artificial neural network.
The model takes into account the reservoir temperature, crude
oil composition, and injected gas composition as input
parameters. The results demonstrate that this model is more
accurate and reliable than the existing models. Furthermore,
correlation factors indicate that the reservoir temperature has
the most significant impact on MMP.

Valluri et al.”” established a prediction model for MMP
based on the power law and compared its accuracy with
previously established EC. The results indicate that the power
law model is more accurate. If the reservoir temperature and
geothermal gradient as well as the composition of the
produced fluid in the block are known, the power law model
can be used to quickly and accurately determine the feasibility
of miscible CO, injection into the reservoir, provided that the
reservoir pressure is known.

Hamdi et al.”” used heavy hydrocarbon molecular weight,
reservoir temperature, volatile matter, and intermediate
components as input variables, and MMP as the output
variable. They employed an ANFIS model to predict the
MMP, and the accuracy was estimated using the root-mean-
square error (RMSE). The simulation results indicate that the
ANFIS model has higher accuracy (average RMSE = 1.846)
and a wider application range than the traditional correlation
method (RMSE = 4.25). It is worth noting that ANFIS is a
faster and more cost-effective method than the experimental
approach. Among all ANFIS models, the hybrid algorithm that
uses the Gaussian membership function to optimize ANFIS
has the highest accuracy with an RMSE of 1.44.

Dargahi-Zarandi et al.”* compared the predicted MMP
values using three different algorithms: data processing
combination algorithm (GMDH), adaptive enhanced support
vector regression (AdaBoost SVR), and multilayer perceptron
(MLP). The results showed that the AdaBoost SVR model had
the highest accuracy with an average absolute percentage
relative error (AAPRE) value of 3.09% and a root-mean-square
error (RMSE) value of 0.9 MPa.

Sinha et al.”> proposed a hybrid method based on random
forest (RF) regression, which is defined as a super learner
model. The model can solve the problem of inaccurate MMP
prediction caused by excessive injection pressure (>4000 psia).
It can also be used as a tool to quickly check the quality of
existing experimental data in the absence of experimental data
for predicting MMP.

Al-Khafaji et al.”® compared the predicted MMP values of
the model using five machine learning algorithms: Multiple
linear regression (MLR), Support vector regression (SVR),
Decision trees (DT), Random Forest (RF), and K-nearest
neighbors (KNN). They evaluated the effects of different
parameters on MMP through sensitivity analysis using two
types of data: literature and specific PVT reports from Iraqi oil
fields. The study concluded that SVR is a suitable method for
predicting the MMP with smaller data sets. Among the five
algorithms tested, DT had the smallest error index and the
highest determination coefficient, making it the best method
for predicting the MMP. MLR had low accuracy in predicting
MMP in the high-pressure range. KNN, on the other hand, has
a low complexity and is suitable for various training models.
The composition of the injection gas has the greatest influence
on the MMP, accounting for approximately 46%. This is
followed by reservoir temperature, C¢* molecular weight, Cs*
molecular weight, C,- molecular weight, and volatile and
intermediate components.

Lv et al’® compared several machine learning models,
including extreme gradient boosting (XGBoost), categorical
boosting (CatBoost), light gradient boosting machine
(LGBM), random forest (RF), deep multilayer neural network
(deep MLN), deep belief network (DBN), and convolutional
neural network (CNN), to predict the AARD of MMP. The
study found that the empirical formula has an AARD of
approximately 19% for better prediction effect. In contrast, the
CatBoost model has an AARD of only 1.34%, demonstrating
its reliability and a wide range of applications in the database.

Liu et al”’ integrated seven baseline machine learning
models, including SVM, KNN, CART, LRR, Ridge, Lasso,
Elastic, and EC models, into a Stacking Model. The
performance of the Stacking Model was evaluated using
MAE, RMSE, and R% The results indicate that the Stacking
Model has strong robustness and high accuracy with an R’
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value of 0.98 and an MAE as low as 0.62. The model can make
more accurate predictions of the MMP of the CO,-crude oil
system, although its calculation time increases.

In this study, various AIAs were evaluated for their ability to
estimate MMP. These algorithms included the data processing
combination algorithm (GMDH), adaptive enhanced support
vector regression (AdaBoost SVR), multilayer perceptron
(MLP),”* genetic algorithm (GA), particle swarm optimization
(PSO), imperialist competitive algorithm (ICA), ant colony
algorithm (ACO), and differential evolution algorithm (DE).”®
AlAs including over algorithms and their hybrid models have
been utilized to predict MMP values, resulting in accurate
predictions.

This section introduces several commonly used theoretical
methods for calculating the MMP. To determine the MMP of
the reservoir more accurately, a combination of experimental
and theoretical calculation methods can be used. However, the
MMP predicted by theoretical calculation methods is
comparable to that measured by experimental methods. As
reservoir exploitation progresses, the MMP is subject to
change. Repeatedly determining MMP through experimental
methods can be costly in terms of both time and money.
Therefore, it is advisable to use theoretical calculation methods
to predict MMP during reservoir exploitation. When the MMP
is determined using theoretical calculation methods, it is
important to consider the specific situation of the reservoir and
choose the appropriate calculation method accordingly. Table
4 compares the advantages of the various theoretical methods.

Table 4. Comparison Table of the Theoretical Methods

Theoretical
Calculation
Methods

ECM Easily obtained. Low
application difficulty.

EOS Accurately simulate the
miscible process. Low cost.

Advantages Disadvantages

Different application range. Low
accuracy.

Large calculation. Need to be
solved iteratively.

AJA Save calculation time. Higher Need a large amount of data. If the
prediction accuracy. Better amount of data is small, it is
generalization performance.  prone to overfitting or

underfitting.

3. MMP REDUCING TECHNIQUES

When the formation pressure of the reservoir is below the
MMP, miscible flooding of CO, cannot be fully realized. In
such cases, only CO, immiscible flooding with a low
displacement efficiency can be used to further expand the
swept volume and improve the local displacement efficiency,
which will lead to higher oil recovery,”” CO, miscible flooding
should be implemented as much as possible. To achieve this
goal, two methods have been proposed: (1) increasing the gas
injection pressure to reach the MMP and (2) reducing MMP
by altering the composition of the injected gas.”®

Due to the fact that the MMP of some reservoirs may exceed
the formation fracture pressure, achieving CO, miscible
flooding using the first method can be challenging and
costly.”” Additionally, research has shown that the addition of
alcohol reagents and surfactants can effectively reduce MMP
by 1—9.4 MPa.®" Therefore, this review focuses on the second
method. The reduction technologies for common MMP are
mainly divided into two categories: miscible solvents and
surfactants. The miscible solvents are based on extracting light
hydrocarbons from crude oil, increasing the solubility,

promoting crude oil expansion, reducing oil—water interfacial
tension, and other oil displacement mechanisms. The addition
of surfactants is based on reducing the interfacial tension
between oil and water.”

3.1. Miscible Solvents. The method principle is as
follows: a slug of a certain size of miscible solvent is injected
into the reservoir. The miscible solvent gradually diffuses and
its leading edge completely mixes with the crude oil after full
contact, forming a mixed zone of the two fluids. The front end
of the mixing zone is in contact with the crude oil, and the end
of the mixing zone is in contact with the injected CO,. Under
lower -pressure conditions, the mixed fluid of crude oil,
miscible solvent, and CO, achieves miscibility, forming a
miscible zone. The miscible solvent reduces the miscible
pressure of the displacement front. The miscible zone may
disappear gradually during the displacement process. The
actual situation should be determined based on the size of the
miscible solvent injection slug.*’ If the size of the miscible
solvent injection slug is large, then only the front part of the
miscible solvent slug will mix with the crude oil to form a
mixing zone. The miscible solvent at the back end of the slug
will still exist in its own separate phase state. Currently, the
CO, injection is in direct contact with the rear of the miscible
solvent slug, creating a miscible zone of CO, and miscible
solvent. This zone also helps to reduce the miscible pressure of
the displacement front. This work summarizes various
methods of reducing MMP using the miscible solvent method.
The methods are categorized into monocomponent miscible
solvents and polycomponent miscible solvents based on the
injected solvent’s components.

3.1.1. Monocomponent Miscible Solvents. Monocompo-
nent miscible solvents mainly refer to the injection of low
molecular hydrocarbons, such as benzene, alkanes, liquefied
petroleum gas (LPG), etc. They can increase the content of
light hydrocarbons in crude oil and enhance the extraction
effect of CO, on intermediate hydrocarbons (C;—C,,), which
can achieve a more efficient miscibility enhancement effect.®
Salari et al.*” investigated the effect of adding small molecular
hydrocarbons, such as benzene, toluene, and xylene, to the
injected gas. The experimental results indicate that the
inclusion of aromatic hydrocarbons can considerably decrease
the MMP. Toluene, in particular, has a more pronounced
effect.

The addition of benzene and other small molecular
hydrocarbons can impact MMP. Similarly, the addition of
alkanes can also affect MMP, but it is not necessarily used to
reduce it. Nitrogen or methane in CO, can significantly
increase the formation pressure to achieve the required
pressure for the miscible phase. However, ethane and higher
molecular weight hydrocarbons in CO, may reduce MMP.**

To confirm the reliability of this conclusion, Choubineh et
al.% utilized the eclipse reservoir simulator to investigate the
impact of nitrogen, methane, ethane, and propane on MMP.
The findings are presented in Figure 11.

The study concluded that increasing the ethane content did
not have a significant impact on MMP. However, adding a
small amount of Jropane was found to be more effective in
reducing MMP.” Chinese scholars Tang et al.*® also
discovered that MMP is proportional to the molar content
of methane and nitrogen in crude oil during CO, flooding.
MMP decreases as the concentrations of methane and nitrogen
in crude oil decrease. Within a certain range, the concentration
of methane and nitrogen has a linear relationship with MMP.
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Figure 11. MMP versus carbon dioxide (percent) for four binary mixtures of nitrogen, methane, ethane, and propane with CO,. (a) C, mixed with
CO, in the gas injection stream. (b) C, mixed with CO, in the gas injection stream. (c) N, mixed with CO, in the gas injection stream. (d) C;
mixed with CO, in the gas injection stream. Reprinted with permission from ref 65. Copyright 2019 Petroleum Science.

In their study of the Cooper Basin reservoir in Australia, Bon
et al.*® discovered that the addition of a small amount of Cy- to
CO, can significantly reduce the MMP from 23.7 to 19.8 MPa.

Some scholars do not fully support the conclusion above.
They believe that ethane can also reduce MMP. For instance,
Javid et al.*” predicted the MMP of the CO,-crude oil system
after injecting nitrogen, methane, and ethane into two crude oil
samples from the Abu Dhabi carbonate reservoir using the
component simulation method. They found that ethane was
more effective in reducing MMP, and the MMP of the first
crude oil sample decreased by 100 psi/10 mol % after injecting
ethane.

Currently, many oil fields opt for direct discharge of crude
oil-associated gas due to economic benefits rather than
collecting and utilizing it. However, better utilization of
crude oil-associated gas can not only effectively utilize
resources but also play a role in protecting the environment.
In light of this, scholars propose adding processed oilfield-
associated gas to CO, and injecting it into the ground for
miscible flooding.

Peng et al.®® determined the MMP between CO, and crude
oil using a high-temperature and -pressure interfacial tension
meter. The hanging drop and extrapolation methods were
employed in VIT. The results indicate that MMP can be
reduced by adding a certain proportion of liquefied petroleum
gas (LPG) to the CO,. MMP decreased gradually with the
decrease in the CO, content (after adding LPG), and the
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addition of about 38% LPG reduced MMP to 68.88% of the
original. Jeong et al.*’ conducted numerical simulation
experiments on crude oil in the Webern reservoir using
CMG software to explore the effect of LPG injection on CO,
flooding enhanced oil recovery. The MMP of the CO,-crude
oil system was predicted by PR-EOS, and the simulation

results are presented in Figure 12.
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Figure 12. Variation of the MMP with the temperature.
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Figure 12 shows that MMP decreases as the LPG
concentration increases. This reduction in MMP increases
the likelihood of implementing a CO, miscible flooding in the
reservoir, which significantly improves oil recovery. Scholars at
home and abroad have studied LPG and found that it has a
certain effect on reducing the MMP of oil and gas in two
phases.

3.1.2. Polycomponent Miscible Solvents. Polycomponent
miscible solvents are primarily hydrocarbon-based due to their
wider range of applications. These solvents are formed through
the interaction of oxygen atoms with CO, and include
alcohols, ethers, ketones, and esters etc.

Permadi et al.”® found that low-carbon alcohols, such as
methanol and ethanol, can enhance the extraction performance
of CO,, thereby reducing MMP.

To confirm the reliability of this conclusion, both domestic
and foreign scholars have conducted numerous experiments
and obtained the following results:

Methanol, ethanol, n-hexane, n-octane, petroleum ether,
gasoline, and four different light oils were selected as miscible
solvents. Zhang et al.*’ tested the antihypertensive effect of
miscible solvents using a self-developed high-temperature and
high-pressure interfacial tension tester. The results showed that
n-octane and petroleum ether were the most effective in
reducing MMP.

Yang et al.”' measured the IFT of the CO,-crude oil system
and the CO,-crude oil and 5% alcohol mixture system at
different pressures but the same temperature. They used a
visual high-temperature and high-pressure autoclave. Please
refer to Figure 13 for the results.
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Figure 13. Comparison of interfacial tensions between the CO, +
crude oil system and CO, + crude oil with 5% alcohols mixture
system under different pressures at 343.15 K. Reprinted with
permission from ref 91. Copyright 2019 Elsevier.

At the same temperature, as the pressure increases, the IFT
of both systems gradually decreases. When the pressure is
lower than 13.5 MPa, the IFT of both systems decreases
sharply with increasing pressure. However, when the pressure
is higher than 13.5 MPa, the rate of decrease in IFT gradually
decreases with increasing pressure, and the IFT of the second
system is significantly lower than that of the first system. After
adding a 5% alcohol mixture to the crude oil, the MMP
between CO, and crude oil decreased by 9.21%.

Saira et al.” utilized the VIT method to measure the IFT of
a pure CO,-crude oil system and an alcohol-treated CO,-crude
oil system at 70 °C and varying pressures. The results showed
that the MMP was reduced by 0.2 and 1.1 MPa after methanol
and ethanol treatment, respectively. Ethanol was found to have
a better antihypertensive effect than methanol. Furthermore,
the addition of methanol or ethanol greatly improved CO,’s
ability to promote crude oil expansion.

In summary, alcohol reagents can have a positive impact on
reducing the MMP of the CO,-crude oil system and have great
potential for application in the CO,-EOR. However, it should
be noted that alcohol reagents may not always be the optimal
choice for reducing MMP in different physical reservoirs. In
some cases, ethers, ketones, and esters may have better MMP
reduction effects.

Liu et al.” investigated the CO,-crude oil system’s MMP
using the high-temperature and high-pressure interfacial
tensiometer with the VIT on a crude oil sample from the H
block in X oilfield. This block belongs to a low permeability,
high temperature, and high salinity reservoir. The study also
compared the effectiveness of alkanes, alcohols, petroleum
ethers, and oil-soluble surfactants in reducing MMP. It was
discovered that four types of reagents have the ability to reduce
MMP levels. Among these, petroleum ether with a boiling
range of 30—60 °C was found to be the most effective,
reducing MMP levels by 12.17%.

Novriansyah et al.”’ established a VIT device to determine
the original MMP of two crude oil samples from the Air
Benakat reservoir in the south of Sumatra Basin, Indonesia.
The VIT device was established under high-temperature and
high-pressure conditions, with measurements taken in the
pressure range of 3000 psi and the temperature range of 300
°C. Subsequently, methanol, ethanol, and acetone were added
to the CO,-crude oil system, and the MMP was measured in
the corresponding samples after altering the experimental
environment. The results indicate that acetone is more
effective in reducing MMP, regardless of the temperature or
crude oil composition. Moreover, the greater the amount of
acetone injected, the more pronounced the reduction in MMP.

In summary, miscible solvents can decrease the MMP of the
CO,-crude oil system to some extent. However, this method
requires a large volume of miscible solvent injection, which is
costly and has limited application due to hydrocarbon gases.
Therefore, it is essential to develop more economical and
effective methods to reduce MMP.”*

3.2. Surfactants. Surfactants are commonly used to
promote the mixing of oil and water and reduce IFT between
the two phases due to their unique amphiphilic structure.”
The mechanism by which surfactants reduce IFT is as follows:
when surfactants accumulate spontaneously at the interface
between the two phases, the interaction between the CO,-
philic end and the CO, becomes similar to the interaction
between the lipophilicity end and crude oil. This reduces the
polarity difference between the two phases and the asymmetric
force applied by the two phases, resulting in a decrease in the
IFT of the oil-gas in two phases. The addition of surfactants
during CO, flooding can increase the solubility of CO, in
crude oil and reduce the IFT of the CO,-crude oil system.
This, in turn, reduces the MMP and improves oil recovery.”

In recent years, oil companies have sought more cost-
effective ways to enhance oil recovery due to frequent
fluctuations in oil prices.”” The method of adding surfactants
has gained attention due to its small dosage, low economic

https://doi.org/10.1021/acsomega.4c00469
ACS Omega 2024, 9, 14747—-14765


https://pubs.acs.org/doi/10.1021/acsomega.4c00469?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00469?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00469?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00469?fig=fig13&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00469?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EVE

cost, and wide field application. Furthermore, the inclusion of
surfactants can significantly decrease the MMP of the CO,-
crude oil system, with a reduction range of approximately 2.3—
27.4%.°® Therefore, numerous domestic and international
scholars have conducted extensive experimental studies to
verify the effectiveness of adding surfactants to the CO,-crude
oil system. The following are some of the research findings:

Wu et al.” conducted a study to address the issue of high
MMP preventing CO, miscible flooding in certain blocks of
Zhongyuan Oilfield. They compared the effectiveness of five
antimixing agents, ethylene glycol butyl ether, isopropyl citrate,
alkyl phenol polyoxyethylene ether, Span 80, and mixed
benzene, in reducing MMP in a CO,-crude oil system. The
crude oil sample used in the study was obtained from
Zhongyuan Oilfield Qiao 18—10, and the experiments were
conducted at 100 °C. The experimental results indicate that
ethylene glycol monobutyl ether is more effective in reducing
MMP compared to isopropyl citrate and Span 80. Additionally,
the addition of ethylene glycol monobutyl ether with a mass
fraction of 0.5% can reduce IFT by 17.66%. To enhance the
reduction of MMP, a new compound system chemical agent
was designed (a mixture of benzene with a mass fraction of
0.3% and ethylene glycol butyl ether with a mass fraction of
0.2%). The MMP was determined using the VIT method
before and after the addition of the chemical agent. The results
showed that the new compound system chemical agent
reduced the MMP between CO, and crude oil by 17.86%.

Yang et al.'” developed two new surfactants for use in
microemulsion of CO,-water systems. The surfactants have a
fluorinated alkane chain and nonfluorinated OAc (acetoxy)
chain as the CO,-philic end (fluorinated alkane for
comparison) and alkane structure as the lipophilic end. The
surfactants are peracetyl glucose dodecyl ester molecule and
citric acid triisopropyl ester molecule. The study revealed that
both surfactants exhibit a positive mixing effect, with peracetyl
glucose dodecyl ester demonstrating the most significant
impact. The addition of peracetyl glucose dodecyl ester
resulted in a 27.47% reduction in MMP between CO, and
crude oil.

Achieving CO, miscible flooding can be challenging in
Malaysia due to the high reservoir temperature, particularly
when maintainin$ MMP within the range of 2300—4380 psi.
Qayyimah et al."”' added fatty acid methyl ester (FAME)
extracted from rubber seed oil (FAME composition analysis is
shown in Table 5) to crude oil samples from the refinery of

Table 5. FAME Composition Analysis for Rubber Seed Oil
Methyl Ester

Formula IUPAC name Composition (%)
C,,H;,0, Methyl palmitoleate 0.50
C,7H3,0, Methyl palmitate 12.56
CoH;,0, Methyl linoleate 32.73
CoH560, Methyl oleate 8.68
C1oH350, Methyl octadecanoate 9.56

Malaysia National Petroleum Corporation in Malacca,
Malaysia (crude oil composition is shown in Table 6) and
determined MMP after the experiment by STT. The
experimental results indicate that the addition of 10% FAME
can decrease the MMP of the CO,-crude oil system by 15%.

Qayyimah et al.'"’> added FAME to two crude oil samples
from Petronas Refinery, Melaka, Malaysia, and used the VIT

Table 6. Composition of Crude Oil

Component Mole fraction (%)
Pentane 2.6
Hexane 4.38
Heptanes 115
Octanes 2.27
Nonanes 5.08
Decanes 6.68
Undecanes plus 77.87
Total 100
Molecular weight (kg mol™") 224.46

method to determine MMP in the CO,-crude oil system. The
experimental results, shown in Figure 14, indicate that the
addition of FAME to crude oil can effectively reduce MMP.
The use of alkoxy FAME is more effective than that of methyl
laurate.
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Figure 14. IFT between CO, and crude oils with FAME at different
pressures. Reprinted with permission from ref 102. Copyright 2017
Springer Singapore.

Sun et al.'” added isobutyl citrate with a slug size of 0.3%
HCPV to crude oil samples from the YSL oilfield. The MMP
between CO, and crude oil was measured by using the STT
method before and after adding the surfactant. The results
showed that the MMP decreased from 32.4 to 30.1 MPa, a
decrease of 2.3 MPa. At this stage, the oil recovery rate was the
highest during the miscible flooding process with an oil
recovery rate of 17.22%, which was 7.97% higher than that of
the simple CO, flooding scheme.

Guo et al.'** designed an oil-soluble surfactant, CAE, to
address the issue of MMP being much higher than the
formation pressure in low permeability reservoirs, which
prevents CO, immiscible displacement. They conducted two
groups of displacement experiments at a temperature of 85 °C
and a pressure of 22.64 MPa, using different concentrations of
CAE and pure CO, flooding. The experimental results indicate
that the optimal injection concentration of CAE is 0.2%. At a
CAE concentration of 0.2%, the measured MMP is 6.1 MPa
lower than that of pure CO, flooding. This demonstrates
CAE’s effective ability to reduce MMP. The application of
CAE preslug displacement can significantly improve oil
recovery.

Luo et al.'” used the pendant drop method combined with
axisymmetric drop shape analysis (ADSA) technology to
measure the IFT of the CO,-crude oil system. They
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determined the MMP by using the VIT method. The effect of
the addition of propoxylated surfactant CPO; (where C; = tail
chain hydrocarbons, PO, = oxygen-containing allyl, i = 12, j =
4~9) and the addition of pentane or ethanol on the reduction
of IFT in the CO,-crude oil system was subsequently
compared. The results indicate that the addition of 0.5 wt %
CPO; resulted in a significantly greater reduction in IFT
compared to the addition of 20 wt % pentane or 5 wt %
ethanol. The comparison is illustrated in Figure 15.
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Figure 15. Measured interfacial tension between CO, and crude oil
with different additives at different pressures and temperatures of 333

K

To address the issue of high MMP of CO, flooding in the
beach-bar sand reservoir of Shengli Oilfield, Zhang106
employed a compound chemical system consisting of self-
made DYJ-13 chemical agent and solubilizer S6. The system
was added to the crude oil sample of the Fan 142—9-S5 well in
the Fan 142 block at a mass fraction of 3%. The MMP of the
CO,-crude oil system was then determined using the STT
method after the addition of chemical surfactants. The study
revealed a decrease in MMP from 31.65 to 24.60 MPa,
representing a 22% decrease of 7.05 MPa.

Due to the low reservoir maturity, strong reservoir
heterogeneity, extremely low reservoir permeability, and
MMP of 29.6 MPa, which is far higher than the reservoir
pressure in some blocks, Zhao et al.'”” selected two surfactants,
isobutyl citrate and isoamyl citrate, to reduce the MMP
between CO, and crude oil in the study area. The effect of
reducing the MMP by the STT method was determined. The
experimental results indicate that increasing the size of the
chemical reagent injection slug leads to a significant reduction
in MMP, although the reduction becomes less pronounced as
the slug size increases. The optimal injection slug size for the
chemical reagent is 0.003 PV (pore volume). At this size, the
MMP of isobutyl citrate decreased by 6.1 MPa, and the MMP
of isoamyl citrate decreased by 5.5 MPa, representing
decreases of 20.61% and 18.58%, respectively. The results

indicate that the addition of isobutyl citrate can significantly
reduce MMP, resulting in a crude oil recovery increase of
6.5%—11.6% compared to the scheme without isobutyl citrate
injection. Therefore, isobutyl citrate is recommended as the
most effective chemical reagent for reducing the MMP.

Almobarak et al.'”® investigated the effect of surfactants and
multicomponent miscible solvents on reducing MMP in CO,-
crude oil systems containing methane at different temper-
atures. The study found that surfactants can reduce MMP by
9% at 373 K, while polycomponent miscible solvents have no
significant effect on MMP.

Sun et al.'” investigated the ability of different volume
fractions of the gas-soluble surfactant JS to reduce MMP. The
experimental results showed that the original MMP between
CO, and crude oil was 22.05 MPa. After injection of JS with a
volume fraction of 3% and 20%, the content of heavy
components in crude oil decreased by 25.07% and 48.21%,
respectively. The average viscosity of crude oil decreased by
61.51% and 96.88%, respectively. Under the same pressure, the
IFT between crude oil and CO, was reduced by 30.36%, while
the MMP decreased to 19.95 and 17.14 MPa for CO, and
crude oil, respectively, representing a decrease of 9.52% and
22.27%.

All in all, there are two main categories of methods for
reducing the MMP: miscible solvents and surfactants. Miscible
solvents can be further divided into monocomponent and
polycomponent miscible solvents, depending on the injected
solvent’s component. Table 7 displays the types of mechanisms
for MMP reduction and their respective characteristics.

4. RESULTS AND DISCUSSION

There are several experimental determination methods in this
review, including STT, RBA, VIT, CT, SRM, MRI, FFBM,
ODVM, and VDM. First, STT is an international common
determination method with high accuracy and repeatability,
but it is time-consuming and requires high-precision instru-
ments. Second, RBA has a short determination time and low
instrument requirements, but it is seriously affected by human
factors. Third, VIT is a cost-effective and time-efficient method
suitable for high-temperature and high-pressure conditions.
However, it is subject to human factors and has limitations.
Next, CT allows for temperature adjustment and visual
observation of the MMP, but it is expensive and poses
potential health risks. Then, SRM has the advantage of
avoiding radiation to reduce health risks. However, it can only
measure the MMP when the constant temperature pressure
increases. In addition, MRI can measure the density of
hydrocarbon fluids. Nevertheless, the experimental equipment
required for this method consumes too much electricity,
resulting in higher costs. Furthermore, FFBM has the
capability to measure MMP at the nanoscale in a short
amount of time. However, it is prone to human error and,
therefore, cannot be used with human intervention. Finally,

Table 7. Comparison of Advantages and Disadvantages of the MMP Reduction Methods

Reducing Techniques Advantages
Miscible Monocomponent Efficiently promote CO, flooding to
Solvents Miscible Solvents miscible.

Polycomponent
Miscible Solvents

Effect of reducing IFT is better.

Surfactants remarkable. Low cost.

be

Less dosage. Effect of reducing MMP is
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Disadvantages

High cost. MMP may increase sharply during the displacement process.
Large amount of injection. Economic benefit is low.

It is easy to cause chromatographic separation. The selection of reagents needs
to evaluate the adaptability to reservoirs.
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VDM can directly measure the relationship between injected
meteorological density and pressure but is limited to
measuring MMP at low temperatures.

There are three main theoretical calculation methods: ECM,
EOS, and AIA in this review. ECM is advantageous due to its
ease of obtaining and applicability to oilfield use, but its range
of application is limited. To calculate the MMP, it is necessary
to select and compare the results of different ECMs based on
the specific characteristics of the reservoir. In addition, EOS
can simulate the miscible process, but it requires iterative
solving, which is time-consuming. AIA is a popular method due
to its shorter calculation time, higher prediction accuracy, and
better generalization performance. However, there is an
important defect that needs a large amount of data to ensure
accuracy. Insufficient data may result in inaccurate calculations,
leading to overfitting or underfitting phenomena.

There are two types of solvents for the miscible solvent
method: monocomponent and polycomponent. Monocompo-
nent solvents, such as benzene, alkanes, and LPG, promote
CO, flooding to be miscible, but their cost is high and may
lead to the increase in MMP during the displacement process.
Polycomponent solvents include alcohols, ethers, and ketones.
Alcohols can reduce the MMP between the CO,-crude oil
system by 9.21%, which is effective in reducing MMP.
However, it is recommended to add ethers or ketones to the
CO,-crude oil system to reduce MMP under high-temperature
and high-pressure conditions. Therefore, it is not advisable to
add alcohols to the CO,-crude oil system under such
conditions.

This review illustrates the characteristics of surfactants by
enumerating numerous cases. Compared with the miscible
solvent method, it offers several advantages, including lower
dosage, a significant reduction in MMP, and higher economic
benefits. It involves synthesizing a new material from existing
materials using technical means to reduce the IFT between
CO,-crude oil. However, it can also cause chromatographic
separation. When selecting reagents for adaptability evaluation,
it is recommended to sample them from the reservoir in
advance.

5. CONCLUSION

Considering CO, flooding, the efficiency of crude oil recovery
is related to the achievement of miscible flooding. This paper
discusses the methods for measuring and reducing the MMP,
which is crucial for CO, miscible flooding. The conclusion
drawn from this investigation is listed as follows:

(1) Although the STT method has the drawbacks of high
cost and time consumption, it provides the highest
accuracy among existing laboratory methods for
measuring MMP. Therefore, the STT method is
recommended for obtaining a more precise MMP value.

(2) In terms of the research content, it can be concluded
that artificial intelligence algorithms have become the
prevailing method for calculating MMP in recent years.
The AIA is valued for short calculation time and various
methods to fit a correlation suitable for calculating the
MMP of the reservoir based on its physical parameters
such as temperature, crude oil composition, and injected
gas composition. Generally speaking, its R* can reach
85% or more, indicating a better fitting effect and high
prediction accuracy.

(3) If miscible solvents are used to reduce MMP, it is more
economical to add monocomponent miscible solvents.
Among the monocomponent miscible solvents that can
be added, alcohols have a better effect on reducing
MMP.

(4) To reduce MMP, surfactants can be added to the CO,-
crude oil system, which has been proven effective. In
terms of the economic benefit, it is more appropriate to
add surfactant to the reservoir.
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