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Abstract: CO2 flooding is an important method for improving oil recovery for reservoirs with
low permeability. Even though CO2 could be miscible with oil in regions nearby injection wells,
the miscibility could be lost in deep reservoirs because of low pressure and the dispersion effect.
Reducing the CO2–oil miscibility pressure can enlarge the miscible zone, particularly when the
reservoir pressure is less than the needed minimum miscible pressure (MMP). Furthermore, adding
intermediate hydrocarbons in the CO2–oil system can also lower the interfacial tension (IFT). In this
study, we used dead crude oil from the H Block in the X oilfield to study the IFT and the MMP changes
with different hydrocarbon agents. The hydrocarbon agents, including alkanes, alcohols, oil-soluble
surfactants, and petroleum ethers, were mixed with the crude oil samples from the H Block, and their
performances on reducing CO2–oil IFT and CO2–oil MMP were determined. Experimental results
show that the CO2–oil MMP could be reduced by 6.19 MPa or 12.17% with petroleum ether in the
boiling range of 30–60 ◦C. The effects of mass concentration of hydrocarbon agents on CO2–oil IFT
and crude oil viscosity indicate that the petroleum ether in the boiling range of 30–60 ◦C with a mass
concentration of 0.5% would be the best hydrocarbon agent for implementing CO2 miscible flooding
in the H Block.

Keywords: CO2 miscible flooding; interfacial tension; minimum miscibility pressure; hydrocarbon
agent

1. Introduction

CO2 is a greenhouse gas and an effective oil displacement agent. Injecting carbon dioxide into an
oil reservoir to enhance oil recovery and realize carbon dioxide geological storage has profound impacts
on reducing carbon emission and maintaining sustainable development of an oil field. Supercritical
CO2 flooding is a proven tertiary oil recovery technology with an increasingly positive track record
in the United States and other regions for the past 40 years [1]. Gas injection, mainly CO2 flooding,
produces approximately 60% of domestic tertiary oil recovery in the US, and thermal enhanced oil
recovery (EOR) methods produce another 40%, while all chemical methods combined produce less
than 1% of domestic tertiary oil [2]. Many properties of CO2 make it an ideal agent for EOR purposes.
At reservoir conditions (reservoir pressure greater than 1200 psia and temperature less than 250 ◦F), CO2

can be miscible with a wide range of crude oils through a multi-contact miscibility process [3]. Even for
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reservoirs with temperatures below 120 ◦F (49 ◦C), some liquid/liquid and liquid/liquid/vapor equilibria
could occur during EOR [4]. In the Permian Basin alone, more than 1.6 BCF/D of naturally-sourced
CO2 is injected into oil fields to produce 170 MSTB/D of crude oil [5]. Furthermore, for reservoirs
with low permeability and/or heavy oils, CO2 miscible flooding can also be an effective EOR method.
For example, the technical limit for CO2 miscible flooding is about 1.1 billion tons in China alone [6].

The CO2 injected into an oil-bearing reservoir will swell oil and reduce oil–water IFT and oil
viscosity after dissolved in crude oil. The synergetic mechanisms significantly increase oil recovery [7].
Additionally, CO2 flooding can supplement reservoir energy by effectively injecting supercritical CO2

into a reservoir with low permeability. Therefore, it is very suitable for improving oil recovery in
low permeability reservoirs. Additionally, CO2 flooding has two advantages: (1) CO2 can achieve
miscibility at a lower pressure than methane; (2) injection of CO2 can help carbon dioxide sequestration
to a certain extent by reducing greenhouse gas emissions [8,9]. In addition to continuous CO2 flooding,
CO2 huff-n-puff is also considered as a preferred approach for ultra-low permeability reservoirs, or it
can be used as a precursor technique for CO2 flooding [10–13].

In the late 1950s, the earliest CO2 miscible flooding project had been implemented in the Permian
Basin. Field test results showed that CO2 flooding was an effective EOR method [14]. TPAO (Turkish
Petroleum Corporation), JNOC (Japan National Oil Corporation), and JEORA (Japan EOR Research
Association) conducted a CO2 immiscible flooding field test in the Ikiztepe oilfield with a 200 m/200 m
inverted five-spot well pattern. The test results proved that CO2 immiscible flooding was a promising
method for improving oil recovery in low permeability reservoirs [15]. In 1972, the world’s first
commercial CO2-EOR project with nine well groups was implemented at the SACROC (Scurry Area
Canyon Reef Operators Committee) block of the Kelly-Snyder oilfield in Texas, US, with an initial
average production increase of more than three times per well [16]. In 2014, the CO2 flooding well
groups in this block increased to 503, and the annual EOR production was up to 138 × 104 t. CO2

miscible flooding projects in the US were mainly implemented in low-porosity and low-permeability
reservoirs. The average porosity and permeability were 13.23% and 38.1 × 10−3 µm2. The minimum
porosity and permeability were 3.00% and 1.5 × 10−3 µm2. According to the statistical data of the
2014 worldwide EOR project, a total of 128 CO2 miscible flooding and nine CO2 immiscible flooding
projects were conducted in the US, and 81.25% of CO2 miscible flooding projects were successful.
Among these projects, there were 52 reservoirs with permeability lower than 10 × 10−3 µm2, and the
average production per well was 2.43 t/d [17–22]. CO2 slug miscible flooding technology also has
been successfully applied in the Olikhov oilfield, where the oil recovery reached up to 94%~99% with
larger CO2 slugs [19]. While the injection of CO2 has great potential for increasing oil production,
this potential is limited by many site conditions and operational constraints, including limited
economical CO2 sources, CO2-associated corrosion of infrastructure, lack of adequate infrastructure,
and premature breakthrough of injected CO2. Sourcing CO2 for EOR is a location specific and costly
process. Anthropogenic CO2, such as that produced by power plants, needs to be captured, compressed,
and routed to the injection site, which makes the CO2 a very expensive commodity. Additionally, a
CO2 recycle plant needs to be constructed for conventional CO2 flooding. These factors make miscible
CO2 limited to particular locations and fields. For example, there is still no commercial application of
CO2-EOR in the North Sea [23–25]. However, the combination of EOR and CCS (carbon capture and
storage) is considered as a more profitable situation in the North Sea [25,26].

CO2 flooding was widely tested and applied in China, and some prominent results for EOR were
realized. In the X oilfield, a CO2 flooding project was conducted in an abandoned oil reservoir with
water-alternating-CO2 technology. After injecting 0.65 PV of water and 0.29 PV of CO2 in the Pu 1-1
well group, the cumulative oil production increased 5753 t, and the incremental recovery factor of OOIP
(Original Oil in Place) was up to 6.5%. The density and the viscosity of the produced oil decreased
from 0.864 g/cm3 to 0.835 g/cm3 and from 24.66 mPa·s to 7.99 mPa·s, respectively. Additionally, the
intermediate hydrocarbon components increased, and heavy hydrocarbon components decreased.
The project showed that the injected CO2 displaced unswept regions from water flooding, and CO2
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achieved miscible flooding in the formation [27]. In the Pubei oilfield, both flowing bottomhole
pressure and formation pressure were higher than the CO2–oil minimum miscible pressure (MMP) in
CO2 flooding; fluid viscosity decreased from 0.67 mPa·s to 0.20 mPa·s, bubble point pressure increased
from 29.44 MPa to 32.86 MPa, and intermediate hydrocarbon components in produced oil increased
from 23.79% to 25.12% [28]. Other field tests in the Daqing and the Shengli oilfields stated that CO2

miscible flooding could improve oil recovery by 4.7%~17.2%. Most of the field tests disclosed that CO2

miscible flooding played a dominant role in improving oil recovery. However, CO2 miscible flooding
cannot be fully implemented in some reservoirs, particularly in highly depleted reservoirs. For these
reservoirs, even if the miscibility is achieved in the near wellbore region due to high injection pressure,
the miscibility may break in the deep reservoir if the pore pressure is less than the needed miscibility
pressure [29,30].

For reservoirs that cannot realize CO2 miscible flooding under their own reservoir pressures, there
are two ways to realize miscible flooding. One way is to increase formation pressure by injecting water
or gas to achieve the minimum miscibility pressure. Another way is to change the properties of oil and
CO2 and thus change their interactions to achieve miscible flooding. Based on the analysis of Cooper
Basin (located in central Australia) reservoir fluid, Bon et al. proposed to reduce the MMP by adding a
small pentanes-plus fraction into CO2 to significantly reduce the MMP from 23.7 MPa to 19.8 MPa in
their study [31]. Liu et al. found that the MMP of CO2–oil would be significantly reduced after adding
miscible solvent into crude oil. The miscible solvent can be some light components, such as propane or
butane [32].

The H Block in the X oilfield has low permeability, high temperature, and a salinity reservoir.
Conventional chemical flooding could not achieve a desirable result. CO2 EOR was used for this Block.
The reservoir depth in the H Block ranges from 1880 m to 2550 m, and its reservoir pressure coefficient
is around 1.0. The reservoir pressure is far lower than CO2–oil MMP. Therefore, reducing CO2–oil
MMP is an important way to develop this reservoir efficiently. In this paper, the effect of hydrocarbon
agents on CO2–oil MMP was studied firstly by laboratory experiments. Then, the mechanisms of
reducing CO2–oil MMP by hydrocarbon agents were discussed. Four types of hydrocarbon agents
(including alkanes, alcohols, oil soluble, and petroleum ether) were used to evaluate their performances
on reducing CO2–oil MMP, and a suitable hydrocarbon agent and its concentration were successfully
screened. Finally, the injection capacity of the hydrocarbon agent was measured.

2. Mechanism of Reducing CO2–Oil MMP with a Hydrocarbon Agent

In different reservoirs, the factors affecting CO2 flooding miscibility pressure are different due to
different reservoir conditions and oil properties. In regard to the H Block in the X oilfield, the main
factors affecting its MMP are reservoir temperature, injected gas composition, oil properties, CO2

extraction capacity, and CO2 solubility in oil [33]. Decreasing the reservoir temperature and changing
the injected gas composition are two methods to achieve CO2 miscible flooding. However, it is difficult
to decrease reservoir temperature, and gas source is a limiting factor affecting injected gas composition.
Therefore, it is necessary to find a suitable hydrocarbon agent to decrease CO2–oil IFT and further
reduce MMP.

2.1. Experiment on Reducing CO2–Oil Interfacial Tension with Petroleum Ether

In the process of CO2 flooding, the IFT between the displacing CO2 phase and the in situ oil
phase usually becomes less and less with the increase of CO2 concentration in the oil phase. Once
a miscible state is achieved, the IFT should be zero. The CO2–oil IFT was measured with interfacial
tensiometer after adding petroleum ether in order to study the effect of reducing CO2–oil IFT by the
hydrocarbon agent.

2.1.1. Sample Preparation

The crude oil was sampled from a wellhead at the H block in the X oilfield and dehydrated for
laboratory experiments. The dead oil density was 0.8512 g/cm3, and the oil viscosity was 9.8 mPa·s at



Energies 2019, 12, 1975 4 of 17

70 ◦C. The detailed dead oil components and the compositions are listed in Table 1. The CO2 purity
used in the experiments was 99.9%. In the tested sample, the light ends (C1–C4) did not exist in the
crude oil, which may have led to a different MMP when compared with live crude oil samples. Some
empirical correlations for MMP predication indicated that C1 and C7+ (heavy content) compositions
had a positive correlation with the MMP, while C2-C6 compositions had a negative correlation [34–36].
However, the correlations often only fit a specific reservoir.

Table 1. Composition of dead crude oil components used in this study.

Components C1–C4 C5-C8 C9-C12 C13-C18 C19-C22 C23-C27 C28+

Mole fraction (%) 0 14.972 10.067 28.737 13.778 15.918 16.529

2.1.2. Experimental Instrument

The methods of measuring CO2–oil MMP in the laboratory included the bubble rising method [37,38],
the IFT method [39,40], the slim tube method [41], the magnetic resonance imaging method [32], the
acoustically monitored separator method [42], and so on. Among these, the slim tube method is the
most reliable and classical experimental method, but it is time-consuming, has a higher cost, and
lacks uniform criteria [43]. The bubble rising method requires a shorter time and has a reliable result.
However, the observed bubble appearance is affected by the lower light transmittance when the oil
color is dark and thus lacks quantitative information [38]. The magnetic resonance imaging method
uses image intensity to deduce the minimum pressure when the proton densities of the hydrocarbon in
the liquid and the gas rich phases are equal. It is costly due to the expensive equipment facility and the
high demand for electric current supply [32]. The acoustically monitored separator method provides
real volume distribution of two fluids and their interface without encroachment into the system. It also
requires a relatively low capital and avoids radiation exposure. However, its measurement accuracy is
adversely affected by the phenomena of emulsion during mixing two fluids [42]. The IFT method
is based on the concept that IFT between a crude oil and CO2 becomes zero when they are miscible.
The CO2–oil MMP can be estimated by extrapolating the experimental data to intersect with the pressure
axis where the IFT is equal to zero. It is a simple and indirect method in which the measuring time is
shorter and the consumed oil is less. This method is based on theory described in literature [39,40].

In this study, a high temperature and high pressure interfacial tensiometer (Figure 1) was used
to determine CO2–oil MMP from measuring IFT. A needle located in the central part of the high
temperature and high pressure autoclave was used to form a fluid pendant droplet. When the reactor
was raised to a certain pressure and temperature, liquid was slowly squeezed out of the needle
using a hand pump to form a pendant droplet. A high speed camera was used to record the shape
changing process of the droplet, and pictures were analyzed with shape analysis software [44]. Using
the captured shape data, we calculated the IFT according to the surface selection method proposed by
Andreas et al. [45].

The exact MMP at the moment of zero IFT may not have been accurately determined by the IFT
method. The traditional method is to linearly extrapolate the measured data to obtain the pressure at
which IFT is zero [46].

The experiment devices included a high pressure and high temperature interfacial tensiometer, a
CO2 storage bottle, a CO2 intermediate container, a crude oil intermediate container, a constant flow
pump, needle valves, and so on. The schematic diagram of the IFT experimental apparatus is shown in
Figure 2.



Energies 2019, 12, 1975 5 of 17

Energies 2019, 12, x FOR PEER REVIEW 4 of 16 

 

70 °C. The detailed dead oil components and the compositions are listed in Table 1. The CO2 purity 
used in the experiments was 99.9%. In the tested sample, the light ends (C1–C4) did not exist in the 
crude oil, which may have led to a different MMP when compared with live crude oil samples. 
Some empirical correlations for MMP predication indicated that C1 and C7+ (heavy content) 
compositions had a positive correlation with the MMP, while C2‒C6 compositions had a negative 
correlation [34–36]. However, the correlations often only fit a specific reservoir. 

Table 1. Composition of dead crude oil components used in this study. 

Components C1–C4 C5‒C8 C9‒C12 C13‒C18 C19‒C22 C23‒C27 C28+ 
Mole fraction (%) 0 14.972 10.067 28.737 13.778 15.918 16.529 

2.1.2. Experimental Instrument 

The methods of measuring CO2–oil MMP in the laboratory included the bubble rising method 
[37,38], the IFT method [39,40], the slim tube method [41], the magnetic resonance imaging method 
[32], the acoustically monitored separator method [42], and so on. Among these, the slim tube 
method is the most reliable and classical experimental method, but it is time-consuming, has a 
higher cost, and lacks uniform criteria [43]. The bubble rising method requires a shorter time and 
has a reliable result. However, the observed bubble appearance is affected by the lower light 
transmittance when the oil color is dark and thus lacks quantitative information [38]. The magnetic 
resonance imaging method uses image intensity to deduce the minimum pressure when the proton 
densities of the hydrocarbon in the liquid and the gas rich phases are equal. It is costly due to the 
expensive equipment facility and the high demand for electric current supply [32]. The acoustically 
monitored separator method provides real volume distribution of two fluids and their interface 
without encroachment into the system. It also requires a relatively low capital and avoids radiation 
exposure. However, its measurement accuracy is adversely affected by the phenomena of emulsion 
during mixing two fluids [42]. The IFT method is based on the concept that IFT between a crude oil 
and CO2 becomes zero when they are miscible. The CO2–oil MMP can be estimated by extrapolating 
the experimental data to intersect with the pressure axis where the IFT is equal to zero. It is a simple 
and indirect method in which the measuring time is shorter and the consumed oil is less. This 
method is based on theory described in literature [39,40].  

In this study, a high temperature and high pressure interfacial tensiometer (Figure 1) was used 
to determine CO2–oil MMP from measuring IFT. A needle located in the central part of the high 
temperature and high pressure autoclave was used to form a fluid pendant droplet. When the 
reactor was raised to a certain pressure and temperature, liquid was slowly squeezed out of the 
needle using a hand pump to form a pendant droplet. A high speed camera was used to record the 
shape changing process of the droplet, and pictures were analyzed with shape analysis software 
[44]. Using the captured shape data, we calculated the IFT according to the surface selection method 
proposed by Andreas et al. [45]. 

 
Figure 1. High pressure and high temperature interfacial tensiometer. Figure 1. High pressure and high temperature interfacial tensiometer.

Energies 2019, 12, x FOR PEER REVIEW 5 of 16 

 

The exact MMP at the moment of zero IFT may not have been accurately determined by the IFT 
method. The traditional method is to linearly extrapolate the measured data to obtain the pressure at 
which IFT is zero [46]. 

The experiment devices included a high pressure and high temperature interfacial tensiometer, 
a CO2 storage bottle, a CO2 intermediate container, a crude oil intermediate container, a constant 
flow pump, needle valves, and so on. The schematic diagram of the IFT experimental apparatus is 
shown in Figure 2.  

 
Figure 2. Schematic diagram of the interfacial tension (IFT) experimental apparatus. (1) CO2 storage 
bottle, (2) CO2 intermediate container, (3) constant flow pump, (4) manual pump, (5) water storage 
tank, (6) and (11) pressure gauge, (7) crude oil intermediate container, (8) high pressure and high 
temperature interfacial tensiometer, (9) camera, (10) computer, (12) insulated device, (13) and (14) 
gas needle valve, (15) oil needle valve. 

2.1.3. Experimental Procedures 

(1) Preparing samples. Pour 50 g of dehydrated crude oil into a cleaned sample bottle. Then, 
add 0.5% mass concentration of petroleum ether and shake them to mix evenly. Then, put the 
sample bottle in a water bath pot with a constant temperature of 70 °C and keep it over 12 hours to 
make petroleum ether and crude oil fully mixed. Finally, transfer the petroleum ether and crude oil 
mixture into the crude oil intermediate container. 

(2) Clean the whole experiment system (including instrument, connected lines) with petroleum 
ether, and then purge the experiment system with hot air to remove the remaining petroleum ether 
in the connected lines. 

(3) Vacuum the experiment system, inject pure CO2, and discharge it to minimize the impact of 
air on the measurement. 

(4) Close all needle valves and heat the autoclave to 109 °C. Open the CO2 storage bottle, inject 
the CO2 into the autoclave room, and keep the temperature constant. After the pressure between the 
autoclave room and CO2 storage bottle achieve a balance, close gas needle valve 13 and open gas 
needle valve 14. The CO2 intermediate container is used to further pressurize the autoclave room to 
20 MPa. Then, close all gas needle valves. 

(5) Pressurize the crude oil intermediate container to 7 to 20 MPa with manual pump 4. Open 
oil needle valve 15 and change the manual pump slowly. Observe the oil droplet formed at the 
needle end. When the oil droplet is about to fall off, ensure it remains in this state for 1 minute to 
stabilize it. Take photos with the camera system and calculate the IFT with the surface selection 
method. 

(6) Close oil needle valve 15, open gas needle valve 14, start the constant flow pump to 
pressurize the autoclave room, and repeat Step 5 to obtain IFTs at pressures step-wisely. Increase 
pressure by 2 MPa in each step until reaching the final pressure of 40 MPa. 

2.2. Experimental Results 

Figure 2. Schematic diagram of the interfacial tension (IFT) experimental apparatus. (1) CO2 storage
bottle, (2) CO2 intermediate container, (3) constant flow pump, (4) manual pump, (5) water storage
tank, (6) and (11) pressure gauge, (7) crude oil intermediate container, (8) high pressure and high
temperature interfacial tensiometer, (9) camera, (10) computer, (12) insulated device, (13) and (14) gas
needle valve, (15) oil needle valve.

2.1.3. Experimental Procedures

(1) Preparing samples. Pour 50 g of dehydrated crude oil into a cleaned sample bottle. Then, add
0.5% mass concentration of petroleum ether and shake them to mix evenly. Then, put the sample bottle
in a water bath pot with a constant temperature of 70 ◦C and keep it over 12 hours to make petroleum
ether and crude oil fully mixed. Finally, transfer the petroleum ether and crude oil mixture into the
crude oil intermediate container.

(2) Clean the whole experiment system (including instrument, connected lines) with petroleum
ether, and then purge the experiment system with hot air to remove the remaining petroleum ether in
the connected lines.

(3) Vacuum the experiment system, inject pure CO2, and discharge it to minimize the impact of
air on the measurement.
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(4) Close all needle valves and heat the autoclave to 109 ◦C. Open the CO2 storage bottle, inject
the CO2 into the autoclave room, and keep the temperature constant. After the pressure between the
autoclave room and CO2 storage bottle achieve a balance, close gas needle valve 13 and open gas
needle valve 14. The CO2 intermediate container is used to further pressurize the autoclave room to
20 MPa. Then, close all gas needle valves.

(5) Pressurize the crude oil intermediate container to 7 to 20 MPa with manual pump 4. Open oil
needle valve 15 and change the manual pump slowly. Observe the oil droplet formed at the needle
end. When the oil droplet is about to fall off, ensure it remains in this state for 1 minute to stabilize it.
Take photos with the camera system and calculate the IFT with the surface selection method.

(6) Close oil needle valve 15, open gas needle valve 14, start the constant flow pump to pressurize
the autoclave room, and repeat Step 5 to obtain IFTs at pressures step-wisely. Increase pressure by
2 MPa in each step until reaching the final pressure of 40 MPa.

2.2. Experimental Results

When the mixture of petroleum ether and crude oil contacted with CO2 under different pressures,
the oil droplet formed at the needle end showed different shapes, as shown in Figure 3. With the
increase of pressure, the oil droplet shape became thinner and longer and finally reached the miscible
state. At this condition, the CO2–oil IFT was zero, and the oil droplet could not be formed. When the
pressure was in the range of 20-28 MPa, the oil droplet shape did not change significantly. When the
pressure was in the range of 34-38 MPa, the oil droplet was pulled longer. As the pressure reached
46 MPa, the oil became a mist fluid rapidly [47]. Finally, it reached a miscible state. In the experiment,
two distinct characteristics could be observed before the crude oil and the CO2 reached the miscible
state: (1) they were unable to form a complete fluid droplet (it was considered that the IFT was
equal to zero at this time), and a relatively obvious wire drawing phenomenon occurred; (2) the light
components in crude oil showed an obvious mist phenomena with diffusing to CO2.
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Figure 3. Droplet shapes under different pressures after adding petroleum ether in the crude oil.

The calculated CO2–oil IFTs under different pressures are shown in Table 2. Although the MMP
could have been determined by observing the corresponding pressure when the oil droplet could not
be formed, the experimental process would have been longer, and the process control would have
been difficult. Figure 4 shows that the IFT had a linear relation with pressure; therefore, the CO2–oil
MMP could be obtained with the linear extrapolation method. The calculated CO2–oil MMPs for the
original crude oil and the mixture of crude oil and petroleum ether were 50.86 MPa and 42.70 MPa,
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respectively. The reduction of MMP was about 16.0% after adding petroleum ether into crude oil. This
indicates that the CO2–oil MMP could be effectively reduced by adding some hydrocarbon agents.

Table 2. Calculated CO2–oil interfacial tensions under different pressures.

Pressure (MPa)
CO2–Oil Interfacial Tension (mN/m)

with Petroleum Ether without Petroleum Ether

20 3.55 4.18
22 3.26 3.82
24 2.77 3.45
26 2.49 3.06
28 2.09 2.88
30 1.72 2.56
32 1.39 2.45
34 1.16 2.06
36 0.95 2.02
38 0.80 1.65
40 0.71 1.56Energies 2019, 12, x FOR PEER REVIEW 7 of 16 
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2.3. Discussions

The hydrocarbon agent reduced the IFT between crude oil and CO2 and further decreased the
MMP. This was related with the change of crude oil property caused by the enhanced extraction of
light components from crude oil with the hydrocarbon agent.

The critical point of CO2 is at 31.2 ◦C and 7.38 MPa. At most reservoir conditions, the CO2 injected
into the reservoir is in a supercritical state. Theoretically, supercritical CO2 can enter any void space
larger than its molecules. CO2 is highly sensitive to changes in pressure and temperature when the
system is around its critical point, and its physical properties—including density and viscosity—change
rapidly [48].

In the supercritical system, when CO2 makes contact with a raw material such as a solvent,
some light components in the raw material will be vaporized by the solvent. After that, the solute
dissolved in supercritical fluid can be precipitated with changing temperature and pressure. Then, the
component extraction can be realized.
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The component contents of the crude oil mixed with petroleum ether and extracted by CO2 at
30 MPa of pressure were measured with a total hydrocarbon gas chromatograph, and the statistical
results are shown in Figure 5. The mole fraction of C5-C12 in crude oil under atmospheric pressure
was higher than that extracted by CO2 under high pressure. For the crude oil sample, which was
mixed with petroleum ether and extracted by CO2, the mole fractions of C5-C12 in it were about 6%
lower than that without petroleum ether under the same pressure condition and CO2 extraction. This
indicates that the hydrocarbon agent (petroleum ether) could promote CO2 to extract light hydrocarbon
components from crude oil. The mole fractions of the middle distillate (C13-C18) for three scenarios
were close. However, the mole fractions of the residual hydrocarbons (C19-C35+) were significantly
different. Among them, the mole fraction of C19-C35+ of petroleum ether under 30 MPa of pressure
was up to 52.1%, which was approximately 15.6% higher than that of crude oil under atmospheric
pressure conditions.
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The hydrocarbon agent improved the ability of CO2 to extract light components from crude oil.
Under reservoir temperatures and pressure conditions and without a hydrocarbon agent, CO2 would
not further extract hydrocarbons; CO2 and crude oil achieve an equilibrium state. In terms of the carbon
atom number of the selected hydrocarbon agents, they were the light components in the crude oil.
The addition of such hydrocarbon agents in crude oil was equivalent to increasing the mole fraction of a
light hydrocarbon component. Under the reservoir condition, the CO2–oil miscibility development was
a multi-contact process in which CO2 vaporized the light components in the leading front and condensed
at the trailing end. If the reservoir oil did not have sufficient light components, the vaporization process
would fail, as would the later condensation process. When a light component such as petroleum ether
was added, it enriched the oil in places, which facilitated the miscibility development. Since the added
light components had high affinities to CO2, the IFT between the CO2 and the enriched oil decreased.
Usually, the stronger the affinity between CO2 and oil is, the less the IFT between CO2 and oil will be.
As the data show in Table 2, the IFT between CO2 and crude oil with a hydrocarbon agent (petroleum
ether) was lower than that without it at the same pressure. The experimental and the theoretical results
verify that reducing the IFT directly led to the decrease of CO2–oil MMP.

Additionally, CO2 dissolved in crude oil could not only cause the crude oil swelling and increase
the reservoir pressure, but it could also reduce viscosity and IFT, which is beneficial for improving
oil recovery [49–51]. A high solubility of CO2 in crude oil was beneficial in decreasing the CO2–oil
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MMP. The solubility of CO2 in crude oil mixed with different hydrocarbon agents was measured, and
the results are shown in Figure 6. The solubility of CO2 in crude oil increased with the increase of
pressure in isothermal conditions. There were no significant changes between the crude oil samples
with and without hydrocarbon agents. Therefore, it can be concluded that the hydrocarbon agent had
no impact on the solubility of CO2 in crude oil, and it only affected the extracting capacity of CO2 on
intermediate hydrocarbons.
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3. Screening and Evaluation of Hydrocarbon Agents

3.1. Influence of Hydrocarbon Agents on CO2–Oil IFT and MMP

In order to select a suitable hydrocarbon agent for reservoir crude oil in the H Block, four types of
hydrocarbon agents (including alkanes, alcohols, oil-soluble surfactants, and petroleum ethers) were
tested and evaluated. The IFTs for different hydrocarbon agents were measured under the temperature
of 109 ◦C and a mass concentration of hydrocarbon agents of 0.5%.

3.1.1. Alkane Type

According to the previous research experiments on CO2 flooding in the Cooper Basin, South
Australia by Bon and Sarma, C5+ can significantly reduce CO2–oil IFT [52]. Therefore, we selected
n-pentane, n-hexane, and iso-octane for evaluation, and the results are shown in Figure 7. Figure 7
shows that the CO2–oil IFT decreased with the increasing pressure. For the same alkane, the difference
of CO2–oil IFT between 20 MPa and 40 MPa was about 3 mN/m. Under the same pressure condition, the
CO2–oil IFTs with different alkanes were lower than those without the hydrocarbon agent. The CO2–oil
IFT without a hydrocarbon agent was 1.563 mN/m at 40 MPa, which was about 0.5 mN/m higher
than that with different alkanes. Therefore, alkanes could reduce the CO2–oil IFT. Using the linear
extrapolation method, the CO2–oil MMPs for n-pentane, n-heptane, and iso-octane were 45.93 MPa,
46.10 MPa, and 46.27 MPa, respectively. The addition of alkane hydrocarbon agents could reduce the
CO2–oil MMP. With the increase of carbon numbers in alkanes, the ability to reduce CO2–oil MMP
decreased [53]. Compared with the crude oil without a hydrocarbon agent, the IFT of CO2–oil with
n-pentane was reduced by 4.93 MPa or 9.69%.
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3.1.2. Alcohol Type

N-butyl alcohol and n-amyl alcohol were used to evaluate their capacities on reducing CO2–oil
MMP, and the results are presented in Figure 8. For the same alcohol, the difference of CO2–oil IFT
between 20 MPa and 40 MPa was about 2.8 mN/m. However, the difference of CO2–oil IFT between
n-butyl alcohol and n-amyl alcohol was small under the same pressure. The CO2–oil IFT with n-butyl
alcohol was 1.11 mN/m at 40 MPa, which was about 0.453 mN/m lower than that without a hydrocarbon
agent. The extrapolated CO2–oil MMPs for n-butyl alcohol and n-amyl alcohol were 46.58 MPa and
46.76 MPa, respectively, which indicates that they had similar abilities to reduce the CO2–oil MMP.Energies 2019, 12, x FOR PEER REVIEW 10 of 16 
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3.1.3. Oil-Soluble Surfactant Type

Alkylphenol polyoxyethylene ether [APO, C8H17-C6H4-O-(CH2CH2O)10-H)], fatty alcohol
polyoxyethylene ether [AEO, C12-O-(CH2CH2O)15-H], and ethylene glycol butyl ether were added in
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the crude oil to determine their abilities in reducing CO2–oil IFTs. The changes of the CO2–oil IFTs
with pressure after mixing with different oil-soluble surfactants are shown in Figure 9. For the same
oil-soluble surfactant, the difference of CO2–oil IFTs between 20 MPa and 40 MPa was about 2.6 mN/m.
The CO2–oil IFT with ethylene glycol butyl ether was smaller than that with APO and AEO at the same
pressure. However, there was no significant IFT difference between crude oil without a hydrocarbon
agent and that with APO and AEO, which indicates that APO and AEO had little effect on reducing
CO2–oil MMP. The extrapolated CO2–oil MMPs for ethylene glycol butyl ether, APO, and AEO were
46.65 MPa, 49.29 MPa, and 49.05 MPa, respectively. Among these oil-soluble surfactants, the ethylene
glycol butyl ether reduced the CO2–oil MMP by a maximum of 4.21 MPa or 8.28%.
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3.1.4. Petroleum Ether Type

Petroleum ether is a colorless liquid, and its main compositions are pentane and hexane. The boiling
points of different petroleum ethers can be 30–60 ◦C, 60–90 ◦C, or 90–120 ◦C. Their effects on CO2–oil
IFT under different pressures are shown in Figure 10. Under the same pressure condition, the lowest
CO2–oil IFT was petroleum ether with a boiling range of 30–60 ◦C, and the highest was that of 90–120 ◦C.
The deduced CO2–oil MMPs for boiling ranges of 30–60 ◦C, 60–90 ◦C, and 90–120 ◦C were 44.67 MPa,
45.52 MPa, and 45.84 MPa, respectively. With the increasing boiling range of petroleum ether, the
reduction on CO2–oil MMP gradually decreased. Among these petroleum ethers, the boiling range of
30–60 ◦C was superior to others, which resulted in a pressure reduction by 6.19 MPa or 12.17%. This
indicates that the petroleum ether with a lower boiling temperature had a higher affinity with CO2

than others. Therefore, the effect of reducing the CO2–oil MMP was also more remarkable.
Based on the above measurements, the best hydrocarbon agent for reservoir oil in the H Block to

achieve MMP is the petroleum ether in the boiling range of 30–60 ◦C.
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3.2. Influence of Mass Concentration of Petroleum Ether on CO2–Oil Interfacial Tension and
Miscibility Pressure

The mass concentration of petroleum ether not only affects CO2–oil interfacial tension and
miscibility pressure; it also affects the operation cost. To determine the optimal mass concentration
for petroleum ether (the boiling range of 30–60 ◦C in this study), petroleum ether with different mass
concentrations (0.1%, 0.3%, 0.5%, 0.7%, and 0.9%) was mixed with crude oil to study the effect on
CO2–oil interfacial tension and miscibility pressure. The results are shown in Figures 11 and 12.Energies 2019, 12, x FOR PEER REVIEW 12 of 16 
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Figure 12. CO2–oil MMPs for the crude oil diluted with different mass concentrations of petroleum
ether in the boiling range of 30–60 ◦C.

We can see that both the CO2–oil IFT and MMP decreased with the increase of mass concentration
of petroleum ether. When the mass concentration of petroleum ether was between 0.1% and 0.5%, the
CO2–oil MMP was sensitive to the mass concentration. The CO2–oil MMPs with mass concentrations
of 0.1% and 0.3% were about 3.47 MPa and 1.22 MPa higher than those with a mass concentration
of 0.5%, respectively. The sensitivity of CO2–oil MMP to the mass concentration of petroleum ether
decreased when the mass concentration was above 0.5%. The CO2–oil MMPs with a mass concentration
of 0.5% were 0.72 MPa and 1.17 MPa higher than those with mass concentrations of 0.7% and 0.9%,
respectively. Given the additional cost of petroleum ether and the potential of reducing CO2–oil MMP,
the mass concentration of 0.5% is recommended for reservoir crude oil in the H Block.

3.3. Influence of Hydrocarbon Agents on Crude Oil Viscosity

Different hydrocarbon agents with a mass concentration of 0.5% were mixed with crude oil, and
their viscosities under different temperatures were measured (Table 3). The oil viscosity had a strong
sensitivity to temperature within the scope of 40–50 ◦C, and it declined slowly when the temperature
exceeded 50 ◦C.

Table 3. Oil viscosities for the diluted crude oil with different hydrocarbon agents and undiluted crude
oil under different temperatures.

Temperature
(◦C)

Viscosity (mPa·s)

Ethylene Glycol
Butyl Ether

N-butyl
Alcohol

Petroleum
Ether N-pentane Crude

Oil

40 88.5 58.5 70.5 49.8 76.4
50 17.6 14.2 15.1 15.2 17.4
60 10.5 10.2 10.8 9.8 12.8
70 7.4 7.7 8.7 8.6 9.8

The effects of mass concentrations of petroleum ether with a boiling range of 30–60 ◦C on crude
oil viscosity were also measured at the temperature of 70 ◦C. The results are given in Table 4. With the
increase of mass concentration of petroleum ether, the crude oil viscosity decreased. The oil viscosity
difference between mass concentrations of 0.5% and 0.9% was 0.8 mPa·s. This indicates that the effect
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of excessive increase of the mass concentration of petroleum ether on crude oil viscosity was not very
prominent. Considering the economic factor, the recommended mass concentration of petroleum ether
is 0.5%.

Table 4. Oil viscosities for the crude oil diluted with different mass concentrations of petroleum ether
at the temperature of 70 ◦C.

Mass concentration of
petroleum ether (%)

0.1 0.3 0.5 0.7 0.9

Viscosity (mPa·s) 10.5 9.5 8.7 8.2 7.9

3.4. Influence of Hydrocarbon Agents on Injectivity

As the hydrocarbon agents are usually injected as slugs prior to CO2 flooding, we studied four
types of hydrocarbon agents (including ethylene glycol monobutyl ether, n-butyl alcohol, petroleum
ether in the boiling range of 30–60 ◦C, and n-pentane) with a mass concentration of 0.5% to evaluate
their injectivities. Four synthetic cores with a length of 60 mm, a diameter of 25 mm, a porosity
of 15.4 ± 0.2%, and a gas permeability of 10 ± 0.2 × 10−3 µm2 were used to conduct injection tests.
The measured pressure differences and the calculated pressure gradients at different injection rates
are shown in Table 5. According to the method of calculating pseudo-starting pressure from a typical
non-Darcy flow curve [54], the linear extrapolated minimum starting pressure gradients for petroleum
ether in the boiling range of 30–60 ◦C, n-pentane, n-butyl alcohol, and ethylene glycol monobutyl ether
were 0.0411 MPa/cm, 0.0436 MPa/cm, 0.0662 MPa/cm, and 0.1295 MPa/cm, respectively. The results
show that petroleum ether in the boiling range of 30–60 ◦C is easiest to inject into the reservoir.

Table 5. Pressure gradient of different hydrocarbon agents at the temperature of 70 ◦C.

Q (mL/min)

Pressure Gradient (MPa/cm)

Ethylene Glycol
Monobutyl Ether

N-butyl
Alcohol

Petroleum Ether
(30–60 ◦C) N-pentane

0.05 0.187 0.125 0.086 0.087
0.10 0.290 0.191 0.155 0.151
0.20 0.412 0.289 0.242 0.252
0.30 0.554 0.427 0.351 0.343

4. Conclusions

The mechanism of using a hydrocarbon agent to reduce CO2–oil MMP was studied through
IFT measurement and oil compositional analysis, and the optimal hydrocarbon agent and its mass
concentration suitable for reservoir crude oil in the H Block were screened. The influence of hydrocarbon
agents on crude oil viscosity and its injection capacity were also evaluated. From these studies, the
following conclusions can be drawn.

(1) Adding hydrocarbon agents into crude oil can reduce the CO2–oil IFT and lower the MMP.
(2) Alkanes, alcohols, oil-soluble surfactants, and petroleum ethers tested in this study are all

beneficial to reducing CO2–oil interfacial tension and CO2–oil minimum miscibility pressure for the
reservoir crude oil in the H Block. Among these, the petroleum ether in the boiling range of 30–60 ◦C
was selected, since it yielded the minimum MMP.

(3) The mass concentration of hydrocarbon agents has a remarkable effect on CO2–oil minimum
miscibility pressure and crude oil viscosity. The experiments on CO2–oil interfacial tension and crude
oil viscosity under different mass concentrations suggest that the petroleum ether in the boiling range
of 30–60 ◦C with a mass concentration of 0.5% would be the best hydrocarbon agent for implementing
CO2 miscible flooding in the H Block.
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