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ABSTRACT

Miscible CO; injection appears to be an important enhanced oil recovery technique for improving sweep
efficiency and eliminating CO,-oil interfacial tension resulting in up to 10% higher oil recovery compared
to immiscible flooding, in addition to the environmental benefits of reducing greenhouse gas emissions
through carbon capturing utilising and storage (CCUS). Moreover, this technique could be similarly
applicable to natural gas and nitrogen projects to increase oil recovery and to reduce the associated gas
flaring. However, miscible displacement may not be achievable for all reservoirs, in particular, reservoirs
with high temperature where high injection pressure would be needed to reach miscibility which likely
exceeds the formation fracture pressure. Therefore, to further achieve reservoirs’ potential, there is a
pressing need to explore a viable means to decrease the miscibility pressure, and thus expand the
application envelop of miscible gas injection in reservoirs with high temperatures.

In this work, we aim to provide insights into minimum miscibility pressure (MMP) reduction by
adding chemicals into CO, phase during injection. We achieved this objective by performing a
comprehensive review on chemical-assisted MMP reduction using different chemical additives (e.g.,
alcohols, fatty acids, surfactants) and different experimental methodologies.

Previous experimental studies have shown that a fraction of chemical additives can yield up to 22% of
MMP reduction in CO,-oil system. Based on results analysis, surfactant based chemicals were found to be
more efficient compared to alcohol based chemicals in reducing the interfacial tension in the CO;-oil
system. Based on the current experimental results, adding chemicals to improve the miscibility and
reduce the MMP in the CO,-oil system appears to be a promising technique to increase oil recovery while
reducing operating cost. Selection of the effective chemical additives may help to expand the application
of miscible gas injection to shallow and high temperature reservoirs. Furthermore, our review provides
an overall framework to screen potential chemical additives and an injection strategy to be used for
miscible displacement in CO; and/or gas systems.

© 2021 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Hydrocarbon resources, in particular oil and gas, remains
essential in the rest of the 21st century in order to meet the
increasing global energy demand [1—3]. Typically, only up to one
third of the original oil in place (OOIP) is recovered after the sec-
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ondary recovery process [ 1,4—7]. Therefore, more than two thirds of
the OOIP remains in reservoirs. To further unlock the remaining oil
resources, several enhanced oil recovery (EOR) techniques (e.g.,
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been proposed and applied in fields with a significant output of the
incremental oil recovery, as shown in Fig. 1. To be more specific,
there is a continuous increase in the global attention for gas in-
jection EOR projects, especially CO, injection which has been
identified as a cost-effective and environmentally friendly
approach to further enhance oil recovery by decreasing interfacial
tension and boosting reservoir energy by swelling in-situ crude oil
[8—10].

In this context, CO, injection is the most widely applied EOR
method for light and medium crude oil recovery in carbonate and
sandstone reservoirs [12—14]. In this method, the gas is injected
into the reservoir to maintain the reservoir pressure along with
improving microscopic efficiency through oil swelling and
lowering oil viscosity and thus improve oil recovery [15—18]. The
injected gas may include mixtures of hydrocarbons from methane
to propane, and nonhydrocarbon gases such as CO, and N, [19].
However, the incremental oil recovery achieved by gas injection
would be greater, up to 10% or even more, while the process is
operated under miscibility conditions [20—24]. The miscibility be-
tween injected gas and crude oil occurs in the reservoir through in-
situ compositional changes as a result of multiple contacts while
the injected gas moves through the reservoir [24]. In order to
achieve a miscible condition, the interfacial tension between oil
and gas phases needs to be reduced significantly from the original
value to almost zero, which allows gas and oil phases to become a
single phase, resulting in improved sweep efficiency and recovery
factor [25].

Miscibility between gas and oil phases can be formed through
(1) first contact miscibility, which is achieved while both fluids are
completely miscible in all proportions [6,26,27], or (2) multi-
contact miscibility when the miscibility is achieved through
several contacts between the injected gas and crude oil, which is
sub-divided into two processes: condensing gas drive and vapor-
ising gas drive, where the injected gas is enriched through the
extraction (vaporisation) of the light and intermediate crude oil
components, then the enriched gas is dissolved (condensed) into
the crude oil, where a miscibility (transition) zone is formed be-
tween gas and oil phases [28,29]. The miscibility is improved when
the pressure increases as the distance between CO, molecules de-
creases and the interaction force between the molecules increases
significantly. The same effect occurs with crude oil but with much
less significance due to the fact that the crude oil is much less
compressible compared to CO; [30,31].

The MMP is dependent on many factors such as reservoir tem-
perature, reservoir pressure, the composition of crude oil, and the
injected gas composition [32,33]. Two approaches have been pro-
posed to reach the miscibility during CO, flooding, such as (1)
increasing gas injection pressure to reach the MMP value, and (2)
decreasing MMP by changing the injection gas composition, for
example, adding chemicals or other gases in order to make the
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Fig. 1. Number of EOR projects worldwide [11].
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miscibility achievable at the same injection pressure and reservoir
temperature [34]. In this context, increasing gas injection pressure
can improve the miscibility between the gas and crude oil at the
same temperature [31]. To be more specific, this process can change
the condition from immiscible to multi-contact miscibility, and can
also possibly shift multi-contact miscibility to first contact misci-
bility. However, some limitations remain in this process [35]. For
example, the increased injection pressure may exceed the forma-
tion fracture pressure to reach MMP, which is not practical in field
implementation. Moreover, increasing pressure to a certain value
would definitely increase the operation cost, which might not be a
cost-effective process.

Reducing MMP by adding chemical additives into gas phases
appears to be an emerging technique to achieve miscible flooding
process thus enhance oil recovery [36]. Although to the best of our
knowledge, there is no reported field application for this technique.
However, a few studies at laboratory scale show that adding a
certain concentration of chemicals into CO,-0il systems leads to up
to 22% MMP reduction [37—39] implying a promising perspective
to unlock remaining hydrocarbon in fields. In this work, we per-
formed a comprehensive review on chemical-assisted MMP
reduction across a wide spectrum of evaluation methodologies and
chemicals. To be more specific, we reviewed the advantages and
disadvantages of the most common implemented methodologies
to measure the MMP, e.g., rising bubble apparatus, vanishing
interfacial tension technique and slim tube experiment. Moreover,
we reviewed the published work to reduce the MMP using various
chemical additives, e.g., alcohols, fatty acids and surfactants.
Furthermore, we summarised the effect of different gas impurities
on the miscibility pressure of CO»-0il system.

2. MMP measurement methods in CO,-Crude oil systems

Determination of the minimum miscibility pressure (MMP) in
CO3-o0il system is a critical factor to evaluate the potential of
miscible CO; flooding. Therefore, several experimental procedures
were proposed to accurately determine the MMP value. In this
section, we reviewed the most widely used experimental ap-
proaches to identify the MMP.

2.1. Slim tube test

Slim tube test is the most widely used method for MMP mea-
surement and it is considered by the industry as the standard
experiment to measure the MMP due to its accuracy [40]. The slim
tube method provides more data about oil recovery and break-
through time as well. Furthermore, slim tube can determine the
change in produced fluid density and composition through the
analysis of the effluent liquid [41].

The design of the slim tube was first suggested by Yelling and
Metcalf, 1980 [40] and it depends on certain parameters. First, tube
length, which should be long enough (normally between 12 and
20 m) to provide room for miscible displacement to be achieved
[42,43]. Second, tube diameter, which should be thin enough
(normally between 4" and 3/8”) to eliminate possible viscous
fingering occurrence [42,44]. Third, the packing material which
controls the porosity and permeability of the system. In the liter-
ature, the tube is normally packed with fine sand or glass beads
with size ranges between 60 and 200 mesh. A schematic of slim
tube equipment setup is shown in Fig. 2.

The slim tube experiment starts by saturating the slim tube with
crude oil at the required temperature and pressure followed by 1.2
pore volume of gas injection to measure the recovery factor [32,45].
The MMP is calculated as the pressure required to achieve a re-
covery of 90% at 1.2 hydrocarbon pore volume (HCPV) of gas
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Fig. 2. Schematic diagram of slim tube equipment.

injection [46—49]. Four experiments at least would be required to
determine the MMP value, two experiments below the MMP and
another two experiments over the MMP, then two lines are drawn
and the breakpoint of this curve indicates the transition from
immiscible to miscible flooding, and the pressure at this point is
considered the minimum miscibility pressure. However, there is no
standard design or procedure for the slim tube experiment [50]
including tube length, tube diameter, packing material, porosity
and permeability. In literature, several studies were performed to
investigate the effect of the design parameters on the MMP value.
For example, Glaso [51] tested the oil recovery by nitrogen gas in-
jection using different tube lengths (12, 24 and 36), he reported a
significant increase in oil recovery with increasing the slim tube
length. In another study, Ekundayo et al. [52] performed several
slim tube experiments using different flow rates, tube inside di-
ameters and tube lengths to measure the MMP in natural gas-oil
system. They concluded that MMP value decreases with
increasing tube length from 12 to 24 m, they also reported a lower
MMP for the larger inside diameter (0.18” compared to 0.12”),
where the effect of gas injection flow rate did not have a clear trend
with MMP value.

The slim tube method has some associated disadvantages
[52,53]. Beside having no standard design, there is no standard
procedure in terms of flow rate or criteria for measuring MMP.
However, the main concern with this method is being expensive
and time consuming, as a single experiment could take between 2
and 6 weeks to estimate the MMP.

2.2. Vanishing interfacial tension

Vanishing interfacial tension (VIT) technique has been consid-
ered by many researchers as a well-validated method to estimate
the MMP compared to the traditional slim-tube method
[48,54—56]. The VIT method provides a fast, economic and reliable
approach to determine the miscibility pressure in the gas-oil sys-
tem [12,57]. A schematic diagram of the IFT equipment is shown in
Fig. 3. In this method, the gas is injected and pressurised into a
high-pressure cell, then the cell is heated to the desired experi-
mental conditions. Then, an oil droplet is introduced into the sys-
tem and the interfacial tension between gas and oil phases is
calculated based on the drop shape using the axisymmetric drop
shape analysis (ADSA) technique [18,58]. The equilibrium IFT
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measurement is repeated at different pressure points at the same
temperature. Then the data is extrapolated using linear regression
to estimate the value of zero interfacial tension, based on the
concept that the miscibility is achieved when the IFT is eliminated
between two different phases.

The MMP and first-contact miscibility (FCM or Py.x) pressures
under reservoir conditions can be identified based on the IFT slope
[28,59]. The IFT curve generates two different slopes depending on
the oil composition. In the first pressure region, the lighter com-
ponents from the oil pendent drop are extracted by the gas, where
the intersection of the extrapolated IFT values in the first region
with the pressure axis represents the MMP value. In the second
region, the heavier oil components require a higher pressure to be
extracted, thus the slope of the IFT curve changes more slowly with
increasing pressure, where the intersection of the extrapolated IFT
values in the second region with the pressure axis represents the
FCM value [29,33,60].

In the literature, some studies reported low accuracy in MMP
estimation using VIT in the gas-oil system. For example, Kristian
et al. [61] reported that the IFT values resulting from extrapolation
of low IFT values are least accurate in the gas-oil system when the
there is a high difference between MMP and FCM, and they
concluded that the VIT is not a reliable single source for MMP
estimation in the gas-oil system. Furthermore, several researchers
suggested that the VIT method overestimates the MMP values
measured by slim tube experiment in CO»-oil system [32,57,62].

Based on the literature, the VIT remains a well-validated and a
reliable technique to initially predict the MMP and FCM values, in
addition to being fast and economic method. However, for more
accurate determination and for additional data about the misci-
bility process the traditional slim tube method could be
recommended.

2.3. Rising bubble apparatus

The rising bubble apparatus (RBA) is a commonly used method
to visually determine the MMP as it is considered a reliable and fast
alternative to the slim tube method [63—65]. This approach con-
sists of a vertical high pressure sight glass tube with a controlled
temperature. Initially, the glass tube is filled with oil and heated
and pressurised up to the desired conditions. Then gas bubbles
would be injected into the tube from a needle at the bottom of the
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Fig. 3. Schematic diagram of IFT equipment.

sight gauge as shown in Fig. 4. Then, the shape of the produced gas
drop would be recorded and analysed using a camera attached to
the equipment setup [42,66].

In this method, The MMP is determined through monitoring and
interpreting the dynamic behaviour of the gas bubble (e.g., bubble
size, shape, and height) while travelling through the oil column
[66,67]. For example, at the immiscible conditions, the shape of the
injected gas bubble is spherical and then evolves into ellipsoidal
with increasing the pressure. When the pressure is increased to the
MMP, the bubble may still be spherical with a gradually formed tail
at the bottom. While the bubble may vanish or immediately

disappear at the first contact miscibility pressure [66].

This visual observation of the miscibility allows a fast determi-
nation of the MMP within a reasonable accuracy compared to the
slim tube method [50] where the experiment can take only few
hours to complete. Zho and Orr [68] concluded that the RBA
method could be used to measure the MMP during vaporising gas
drive process, but this approach is less accurate in condensing gas
drive. However, the main drawback of this method is that it cannot
provide a quantitative data to support the results due to being only
dependent on visual observation.
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Fig. 4. Schematic diagram of rising bubble apparatus (RBA).
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3. Existing results and discussion

Literature shows that the addition of a fraction of some chemical
additives can reduce the MMP in the CO,-crude oil system thus
improve miscibility behaviour at reservoir conditions. In the
following subsections, chemicals which have been tested are
reviewed and discussed.

3.1. Alcohols

Alcohols which are semi-polar solvents [69] have been used in
the petroleum industry because of its ability to dissolve nonpolar
substances. Addition of alcohols into CO,-oil system increases the
viscosity and density of the displacing fluid (CO;) while reducing
the viscosity and density of the crude oil (displaced fluid) [70], thus
reducing the IFT between the two fluids and improves the misci-
bility. Upon adding the alcohol into gas-oil system, gas and crude oil
(non-polar) attach to the non-polar end of the alcohol. This process
would enhance the solubility of gas thus reducing the interfacial
tension between the gas and crude oil.

In a recent study, Yang et al. [31] investigated the effect of
adding a 5 wt% of monohydric alcohols (1-butanol, 1-pentanol and
1-hexanol) on the miscibility between CO, and crude oil using the
vanishing interfacial tension technique. They examined the effect of
pressure on CO, solubility with and without alcohols at 343.15 K.
Their results show that increasing pressure increases CO; solubility
in crude oil especially under relatively higher pressures regardless
of the type of the alcohol. For a system without alcohols, CO; sol-
ubility also increases with pressure and this could be due to the
decrease of the intermolecular forces of crude oil with increasing
the pressure. However, adding alcohols indeed helps to extract the
heavy components of the crude oil and to increase the CO; solu-
bility. It worth noting that, increasing carbon chain in the alcohol
increases CO; solubility in crude oil up to a certain limit. This could
occur due to the fact that longer carbon chain yields an increase in
the contact area with crude oil in particular asphaltene, and thus
forms a stronger interaction with crude oil through intermolecular
forces.

Besides, Yang et al., have also examined the effect of adding 5%
of alcohol mixture (1-butanol, 1-pentanol and 1-hexanol with a
volume ratio of 8:1:1) on the interfacial tension between CO; and
crude oil. They observed a 9.21% reduction in the MMP compared to
the original case without adding alcohols. They attributed the
reduction to the synergistic effect of the different alcohol types
(different carbon chain length) which improves the solubility and
volume expansion, where alcohol with short carbon chain extracts
the light crude oil components and the alcohol with long carbon
chain has more impact on extraction of heavy oil components [71].

In another work, Moradi et al., [72], investigated the effect of 5
commercial alcohols with different concentrations (2.5 wt%, 5 wt%
and 10 wt%) on the interfacial tension between crude oil and carbon
dioxide using pendant drop method over pressures up to
16.55 MPa at 375.15 K. The tested chemicals were ALFOL 1214
(C12H260), ISOFOL 12 (Cq2H270), ISOFOL 16 (C16H240), ISOFOL 28
(ngHng), LIAL 123A (Clz—cl3, Cy Mono branched alcohol). Their
results show that tested alcohols have been effective in reducing
the IFT between the crude oil and CO,. They also reported that
branched alcohols resulted in a higher IFT reduction compared with
linear alcohols with same number of carbon chain. This is sup-
ported by the hypothesis that alcohols with branches likely help to
increase the contact area between the CO, and crude oil and thus
enhances the solubility of CO, in the oil and reduces the interfacial
tension [73,74]. However, the branching of alcohols for reducing the
IFT may be negligible after reaching a certain carbon chain length.
In other words, the increase of the carbon chain length or branches
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may not have an increasing impact on reducing IFT after reaching a
certain carbon chain [73].

3.2. Fatty acids

Carboxylic acid has been also used to improve the miscibility in
the CO,-crude oil system due to the presence of the carboxyl polar
tail [75]. The presence of branching and polar functional groups
such as hydroxyl, carboxyl, and carbonyl help in enhancing the
solubility of CO, into crude oils. Fatty acid methyl ester (FAME) is a
type of fatty acid ester that is produced from transesterification of
fatty acids, and it has high solubility in CO, [76].

The effect of fatty acid methyl ester (FAME) on MMP reduction in
CO3-0il system has been tested by Qayyimah et al. [77] using slim
tube method. The Experimental pressure ranges from 18 to
31 MPa at 90°C using crude oil sample with API 42.90. They re-
ported that the addition of 5% vol. of rubber seed oil methyl ester
resulted in 4% MMP reduction. However, the reported MMP
reduction is considered minor compared to other chemical additive
like surfactants or alcohols despite using high fatty acid
concentration.

3.3. Surfactants

Surfactant (surface active agent) molecules are amphiphilic in
nature [ 1], where it is characterized with two functional groups, the
hydrophilic head and hydrophobic tail [78]. Surfactants are used in
different EOR applications due to its ability to decrease the inter-
facial tension and to alter reservoir wettability. A surfactant can
reduce the interfacial tension force by getting adsorbed at the
interface between two liquids or liquid and a gas [79] and thus
decreases the capillary pressure and allows water to move the
trapped oil. There are different types of surfactants used in EOR
applications depending on the type of the hydrophilic head group
like anionic, non-ionic, cationic and zwitterionic surfactants [80].

In carbonate rock, using cationic surfactants is preferred due to
its ability to alter the carbonate rock wettability from oil-wet to
water-wet system, where the negatively charged components of
the crude oil are adsorbed into positively charged minerals on
carbonate rock surface. When the surfactant is introduced in to the
system, the ion pair formation interaction occurs between mono-
mers of the surfactant and anionic components of the oil, resulting
in desorption of the oil phase from the rock surface and altering
rock wettability [1,81—83]. In contrast, using anionic surfactants is
preferred in sandstone reservoirs because of the likeness of their
charge which makes them efficient for the respective rock system.

Several investigations have been performed to address the in-
fluence of the head and tail group type and structure on the ability
of surfactants to improve solubilising power of super critical CO, for
EOR application [84]. It was found that using fluorocarbon chain as
a tail group can improve the miscibility of CO,, however it is not
utilised in the industry due to being expensive and hazardous
[69,85,86]. Polyoxypropylene, polyoxyethylene and carbonyl
groups are among the other proposed CO,-philic groups to improve
the solubility between CO; and crude oil.

The effect of surfactant on reducing the MMP in the CO,-oil
system has been investigated in a few researches recently. Luo et al.,
2018 [39] examined the effect of non-ionic surfactants to reduce
the MMP and the interfacial tension between the CO, and crude oil
system using vanishing interfacial tension technique. Their results
show that the addition of 0.6 wt% of propoxylated surfactants in
CO, yielded a reduction in the MMP from 19.1 to 13.8 MPa (27.7%
reduction) and a significant reduction in first contact miscibility
from 43 to 19 MPa. The reduction of the IFT could be attributed to
the interaction between CO, molecules and Oxypropylene group
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(CO,-philic) in the tested propoxylated surfactants, where the
crude oil molecules are attached to the carbon chain of the sur-
factant. This arrangement can significantly eliminate the difference
of intermolecular forces from the two phases for the molecules at
the interface and reduce the interfacial tension [87].

In another work, Guo et al. [37] investigated the effect of a
synthesised oil-soluble liquid surfactant (CAE) on the MMP using
slim tube method under a pressure ranging from 18 to 30 MPa at
85°C. They report a 6.1 MPa (22%) reduction in the MMP using
0.2 wt% as a pre-slug in the slim tube experiment. Based on their
experiments, they concluded that adding the chemical as a pre-slug
leads to higher recovery factor compared to mixing the chemical
with CO; injection stream.

Furthermore, Rommerskirchen et al. [34] examined the poten-
tial of five surfactant based chemicals (ME-1, ME-2, ME-4, ME-5 &
ME-6) to reduce the MMP between CO, and crude oil using pres-
sure resistant visual observation cell. Their experiments were per-
formed with a model oil with the following composition (41 wt%
paraffins, 8 wt% aromatics, 21 wt% naphtenes, and 30 wt% wax) at
65°C. The original MMP and reduced MMP is shown in Table 1. As
per the MMP results in Table 1, the achieved MMP reduction using
the selected chemical is ranging between 870 psi for (ME-4) and
1117 psi for (ME-1), which represents 16% and 21% respectively. It
worth noting that the solubility of the chemical additives didn’t
reflect the MMP reduction. For example, ME-6 had the highest
solubility in CO5, but it didn’t yield the highest MMP reduction. The
experiments were repeated using light Asian crude oil with an API
of 38° at a constant temperature of 65°C. They reported a reduction
of MMP between 10 and 18% using 2 wt% of chemical additives for
the light Asian crude oil, which suggests the significant impact of
crude oil composition on the MMP reduction.

Based on the preceding experimental results it is obvious that
synthesising an effective chemical is essential to improve the
miscibility in gas-oil system. Where the selection of head and tail
groups (CO,-philic and lipophilic) and optimising carbon chain
length is related to the crude oil composition and its heavy com-
ponents content. For example, long carbon chain in the lipophilic
tail group may help to extract more heavy oil components, thus
improve the miscibility. Similarly, in light oil conditions, short
carbon chain will easily extract light crude oil components. In
addition, optimising chemical concentration appears to be neces-
sary to achieve miscibility within economical limits. In other words,
increasing chemical concentration does not necessarily mean more
MMP reduction. Moreover, chemical injection strategy needs to de
designed for each individual project based on reservoir condition as
it has a significant impact on oil recovery, core flooding experi-
ments and reservoir simulation tools could provide a good input in
this case.

3.4. Gas impurities effect

The presence of gas impurities in CO, injection stream has a
significant effect on the oil recovery of CO, flooding. Generally, the
contamination of CO, by CH,4 or N5 can increase the MMP, whereas

Table 1
Summary of MMP reduction using different chemicals.
Additive MMP,, (psi) AMMP,, (psi)
no additive 5294 —
2 wt% ME-1 4177 1117
2 wt% ME-2 4119 1175
2 wt% ME-4 4424 870
2 wt% ME-5 4293 1001
2 wt% ME-6 4235 1059
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the presence of C;Hg, intermediate hydrocarbon or HS can reduce
the MMP [88].

CO; is rarely pure in the field operations, where it usually con-
tains N3 and other flue gases. The process of purifying the gas will
be associated with additional cost which may affect the feasibility
of the project. Therefore, it is important to understand the effect of
gas impurities on the miscibility pressure of CO, gas injection to
determine the feasibility of removing the impurities from the
recycled gas. In this context, Zhang et al. [89] investigated the effect
of different impurities and concentrations on the MMP in the CO,-
oil system using the rising bubble apparatus (RBA). The results
show that CO, contaminated by C; or N; has a negative impact on
the MMP. In contrast, the addition of C;—C4 and H>S had a positive
impact effect on reducing the MMP value. The list of tested gas
compositions and their effect on the MMP are shown in Table 2.

In another work, Hawthorne et al. [55] used the capillary rise
VIT method to measure MMP values in CO;-o0il system in the
presence of methane or ethane with different concentrations. They
reported a significant increase in the MMP in the presence of
methane, and a significant decrease in MMP in the presence of
ethane. For example, The MMP of the tested crude oil (API 38.7°) at
110°C increased from 2540 psi with pure CO; to 3430 psi with 43%
methane, and to 4510 psi with pure methane. However, with the
addition of ethane at the same conditions, the MMP decreases from
2540 psi to 2197 psi with 22% ethane, and to 1500 psi with pure
ethane. The results also suggest that the effect of methane on the
MMP is not significant when the concentration of methane is below
10 mol%, where the presence of methane reduces bulk gas viscosity
and density which makes the gas less compressible, resulting in a
higher miscibility pressure.

In another study by Hawthorne et al. [90], they used the capil-
lary rise (VIT) method to determine the MMP of CO; and different
hydrocarbon gases for four different crude oils at temperatures
ranging from 28 to 127°C. The results showed that the propane
achieved the MMP at the lowest pressure with all crude oils, fol-
lowed by ethane, then CO,, where the methane resulted in the
highest MMP. Moreover, they estimated the MMP using several
hydrocarbon gas mixtures. For instance, they indicated that a
mixture of methane, ethane and propane with the ratio of 70:20:10
could achieve the miscibility at a pressure similar to the CO, gas,
suggesting that enriching the gas stream with propane or ethane
could increase the potential of miscible gas injection to shallow
reservoirs. In another study, Jin et al. [12] examined the effect of
methane impurities in CO; injection project in Bell Creek oil field
using VIT method, the results show that the measured MMP
increased from 1410 psi (with pure CO,) to 4080 psi (with pure
methane), concluding that a miscible gas injection could still be
achieved in the presence of 30 mol% methane in the recycled gas
where the MMP increased to 2500 psi.

The addition of hydrocarbon enriching gases like ethane or
propane to CO, or methane seems to be a practical method to

Table 2
List of tested gas impurities [89].

Gas Composition MMP (psi) MMP% change
Gas 1 Pure CO, 1697 —

Gas 2 94.1%C0; + 3.1%N3 + 2.8% CH4 2103 23.9%

Gas 3 90.1%CO; + 9.9% CH4 2321 36.8%

Gas 4 89.8%C0O; + 5.1%Na2+ 5.1% CHy 2973 75.2%

Gas 5 70%CO; + 30% HaS 1508 -11.9%

Gas 6 70%CO; + 30% SO, 1262 —26.3%

Gas 7 85%C0O, + 15% Ny 4786 179.7%

Gas 8 65%C0O, + 15%N3 + 20% SO, 4931 188.1%

Gas 9 80%CO, + 5%Ny +5%0, + 10% SO, 3263 90.7%
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reduce the MMP and to achieve the miscibility at the same injection
pressure. Furthermore, it could expand the application of miscible
gas injection to more candidate reservoirs, including shallow res-
ervoirs and high temperature reservoirs. Therefore, the selection of
the optimum gas composition is critical factor to improve the
miscibility conditions and to maximise the recovery factor. How-
ever, there are several factors affecting the selection of the opti-
mum injection gas composition, including gas availability and
reservoir conditions (e.g., reservoir temperature, reservoir pres-
sure, injected gas composition and oil composition), therefore, gas
injection process should be designed according to each specific
reservoir conditions.

4. Summarisation of existing results

The chemical-assisted MMP reduction could be an effective way
to increase oil recovery due to the synergistic effect between
chemical and gas injection EOR techniques. Where the chemical is
proposed to be injected downhole with the injected gas stream.
However, the feasibility of this method depends mainly on the
chemical’s cost and concentration. To date, there is no field appli-
cation reported for this new method. However, few experimental
studies have been done to investigate the potential of certain
chemical additives to decrease MMP in CO,-oil system. The pre-
liminary results indeed show a promising reduction of MMP
(10—20%) using only a fraction of chemical additives. To be more
specific, Table 3 summarises the methodologies and experimental
results of the recent experimental studies to reduce the MMP using
chemical additives. Besides, Table 3 summarises the performance of
the various chemicals, showing that among all the tested chemicals
in several studies, surfactants based chemicals resulted in the
highest MMP reduction in CO,-oil system. In particular, propoxy-
lated surfactants which resulted in 27% MMP reduction despite its
low concentration (0.6 wt%). The improved miscibility in the
presence of the propoxylated functional head groups could be
attributed to the enhanced gas extraction capacity which increases
the miscibility zone and assists in reducing the interfacial tension
between gas and oil phases. It worth noting that, some of the
published experiments reported only the IFT reduction in the
presence of different chemicals as an indication of the improved
miscibility between CO, and oil phases (MMP reduction has not
been measured), as shown in Table 4.

The initial results achieved to date appear to be promising and it
may enable more successful applications for miscible gas injection
projects. However, more experimental work needs to be done to
understand the controlling factors in the miscibility process in the
gas-oil system.

5. Conclusions and outlook of future work

This review aims to highlight the significance of reducing the
miscibility pressure in the gas-oil system using chemical additives,
which would likely expand the application envelop of miscible gas
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injection due to the increased recovery factor and improved eco-
nomics, in addition to the much needed environmental benefits of
reducing greenhouse gas emissions which is gaining a global
attention recently, where the carbon dioxide would be captured,
utilised and stored in the reservoir in case of CO, injection. More-
over, the chemical-assisted gas injection could be applied to natural
gas injection (recycle) projects, which would reduce gas flaring and
emissions while increasing oil production. Furthermore, we high-
lighted the effect of different gas impurities on the MMP of CO,-oil
system.

Chemical-assisted MMP reduction combines the benefits of
chemical EOR and gas EOR methods, where the synergistic effect of
eliminating the interfacial tension between gas and oil phases
(chemical effect) is combined with improved sweep efficiency (gas
injection effect) through achieving the miscibility at lower pres-
sure. However, the success of this method depends on several
factors, including gas availability, chemical’s cost and reservoir
conditions. The preliminary experimental results show that a
promising MMP reduction (10—20%) could be achieved using a
fraction of chemical additives, where decreasing the MMP by
5—10% could help to reach the miscibility condition at the same
injection pressure, which will likely yield a higher recovery factor
(up to 10%) while decreasing the operation cost. Therefore,
reducing the MMP (to a value lower than the formation fracture
pressure) could expand the application of miscible gas injection to
more candidate reservoirs, including shallow reservoirs and high
temperature reservoirs.

Based on the published work, the following conclusions can be
drawn:

(1) Chemical-assisted MMP reduction appears to be an effective
technique to improve the recovery factor in CO, EOR projects
by achieving the miscibility conditions at a lower pressure.

(2) Surfactant-based chemicals were the most effective chem-
icals to reduce the interfacial tension in CO,-0il systems due
to its amphiphilic nature.

(3) Enriching gas stream with rich hydrocarbon gases (e.g.,
ethane and propane) could be a good alternative to reduce
the miscibility pressure between CO, and oil.

(4) The successful application of chemical-assisted MMP
method could increase the oil recovery factor, decrease the
operating cost and reduce greenhouse gas emissions.

(5) More experimental work is recommended to find a safe,
economic and effective chemical to reduce the MMP in CO5-
oil system.
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Table 3
Summary of main MMP reduction experiments.
Chemical additive Conc. Wt.%  Gasinj. Method Oil API Temp  Pressure (MPa) MMP reduction
Study °C
Z.Yang (2019) Monohydric Alcohols mixture 5% CO, VIT 16.7 70 2—433 9.2%
Luo et al. (2018) propoxylated surfactants 0.6% CO, VIT — 60 4—43 27%
P. Guo (2017) Surfactant 0.2% CO, Slim-tube — 85 18-30 20.0%
Rommerskirch-en (2016) Surfactant 2% CO, Observation cell 38 65 20-35 10% - 18%
Qayyimah M (2016) Fatty Acid Methyl Ester 5% CO, Slim-tube 42.9 90 12.4-31 4.0%
Voon (2015) Alcohol (ALFOL 1214) 10% CO, Slim-tube - - 15-30 10.6%
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Table 4
Summary of main IFT reduction experiments.
Chemical additive Conc. Wt.%  Gas inj. Method Oil API Temp Pressure (MPa) IFT reduction
Study °C
Y. Yang (2016) Toluene, benzene, (DMC) and (DEC) 2%—8% CO, Slim-tube — 143 20 Toluene to improve the miscibility
Voon (2014) Alcohol-based 2.5%, 5%, 10% CO, VIT — 100 5.5-16.5 Reduced IFT
Moradi (2014) Alcohols-based — CO, Pendant drop 37.8 102 16.5 Branched alcohols reduced IFT
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