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a b s t r a c t

The effective development of unconventional tight oil formations, such as Bakken, could include
CO2 enhanced oil recovery (EOR) technologies with associated benefits of capturing and storing
large quantities of CO2. It is important to conduct the gas injection at miscible condition so as to
reach maximum recovery efficiency. Therefore, determination of the minimum miscibility pressure
(MMP) of reservoir live oileinjection gas system is critical in a miscible gas flooding project design.
In this work, five candidate injection gases, namely CO2, CO2-enriched flue gas, natural gas, ni-
trogen, and CO2-enriched natural gas, were selected and their MMPs with a Bakken live oil were
determined experimentally and numerically. At first, phase behaviour tests were conducted for the
reconstituted Bakken live oil and the gases. CO2 outperformed other gases in terms of viscosity
reduction and oil swelling. Rising bubble apparatus (RBA) determined live oileCO2 MMP as
11.9 MPa and all other gases higher than 30 MPa. The measured phase behaviour data were used to
build and tune an equation-of-state (EOS) model, which calculated the MMPs for different live oil-
gas systems. The EOS-based calculations indicated that CO2 had the lowest MMP with live oil
among the five gases in the study. At last, the commonly-accepted Alston et al. equation was used
to calculate live oilepure CO2 MMP and effect of impurities in the gas phase on MMP change. The
Bakken oileCO2 had a calculated MMP of 10.3 MPa from the Alston equation, and sensitivity
analysis showed that slight addition of volatile impurities, particularly N2, can increase MMP
significantly.

Copyright © 2017, Southwest Petroleum University. Production and hosting 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/).

1. Introduction

The atmospheric concentration of greenhouse gases (GHG),
particularly CO2, has increased significantly during the last
several decades, which is believed to largely contribute to the
global warming. According to an investigation by the National
Oceanic and Atmospheric Administration, the CO2 concentration

in the atmosphere has been >400 parts per million (ppm),
compared to 280 ppm 250 years ago [1]. As a result, it is desirable
to capture CO2 at large point sources such as power plants and
store it before it is released to the atmosphere. Common places
for CO2 storage include depleted oil and gas formations, deep
oceans, and deep saline aquafers. In particular, oil and gas pro-
ducers have been implemented CO2 injection for enhanced oil
recovery (EOR) together with CO2 storage.

The late Devonianeearly Mississippian Bakken formation is
considered one of the largest and most productive tight oil for-
mations in North America since its discovery in the 1950s.
Located beneath the Williston Basin, it is estimated to contain at
least 16 billion m3 (100 billion barrels) of crude oil, of which
approximately 25% is geographically located in Saskatchewan,
Canada [2]. Canada's National Energy Board and the Saskatch-
ewanMinistry of the Economy evaluated this resource and stated
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that about 1.4 billion barrels of oil and 2.9 trillion cubic feet of
natural gas are deemed to be marketable from the Canadian
Bakken [3].With cumulative production of 160million barrels up
to the end of 2014, this means that there remain 1.24 billion
barrels of recoverable oil on the basis of today's exploration and
production technology, and this value can be significantly
increased through technology advancement.

At present, the majority of Bakken oil producing wells are at
the primary production stage, which relies on the internal en-
ergy of the reservoir fluids and compressibility of the formation
rock. However, due to the extremely low porosity and perme-
ability, a steep decline in production rate and reservoir pressure
is often observed within 12 months after the well is put on
production. This decline is mainly attributed to capillary hold-up
and Jamin effects in extremely small pore throats that prevent
fluid flow from the reservoir matrix to natural/hydraulically
induced fractures and eventually into production wellbores [4].
When matrix grains are small and tightly compacted, flow con-
ductivity and capacity are strongly limited. How to delay the
drastic production decline while maintaining productivity has
become an urgent issue for the sustainable and economic
development of Bakken tight oil reservoirs.

Waterflooding (i.e., secondary recovery) normally works well
for conventional oil reservoirs; however, it is often impractical
due to extremely low injectivity in tight oil reservoirs. On the
other hand, gases with much less viscosity than water can pro-
vide considerably higher injectivity [5]. Among all the gases, CO2

is considered to be the best candidate after worldwide evalua-
tion at pilot and commercial scales in many tight carbonate and
sandstone oil reservoirs, including Bakken oil reservoirs in the
United States [6]. The major recovery mechanisms of CO2
flooding are believed to be viscosity reduction, wettability
alternation, interfacial tension (IFT) reduction, and oil swelling.
With suitable geological and reservoir conditions and successful
experience in analogous reservoirs, CO2 flooding techniques are
expected to be promising for many tight Bakken oil reservoirs in
southeastern Saskatchewan.

In a typical gas flooding project, one of the most important
design parameters is the minimum miscibility pressure (MMP),
which is defined as theminimum pressure at which the reservoir
oil is miscible with the injected fluids and the displacement ef-
ficiency approaches 100% theoretically [8]. With the condensing
and/or vapourizing recovery mechanisms, the miscible injection
process increases oil displacement efficiency at the pore level
and sweep efficiency at the field scale. Steven et al. stated that
hydrocarbon in the very fine pores can be mobilized by CO2 if
miscibility was reached [8]. They also observed dramatic mass
transfer between oil and CO2 in a high pressure view cell when
pressure was near or above MMP [9].

Laboratory experimental studies have been conducted to
investigate gas flooding for Bakken oil reservoirs [10e13].
However, most of these experiments used stock tank oil, whose
phase behaviour and measured MMP could be significantly
different from the live oil that contains solution gas. Practically, it
is important to utilize a live oil sample in an MMP evaluation
study to represent actual reservoir cases. Nevertheless, literature
suggests that different gases have seldom been compared in one
study. From the field application perspective, due to limited CO2

sources and to the cost for facility anti-corrosion treatments,
other gases such as flue gas or produced gas are also considered
as economic alternatives [14,15]. Their MMP needs to be evalu-
ated and compared with that of CO2 as well.

In this study, the phase behaviour for five gases, namely CO2,
CO2-enriched flue gas, natural gas, nitrogen, and CO2-enriched
natural gas, were studied for live oil samples from the largest

Bakken reservoir in southeast Saskatchewan, the Viewfield
reservoir. The laboratory-measured phase behaviour data were
used to build and tune an equation-of-state (EOS) model. After
that, MMPs for the five gases were calculated using the cell-to-
cell simulation and multiple-mixing-cell methods, based on
the previously tuned EOS. As well, the commonly used Alston
et al. equationwas used to calculate theMMP for the live oileCO2
system [16]. Experimentally, the Rising Bubble Apparatus (RBA)
tests were conducted for each type of gas. The MMPs were
determined by observing the shape of the gas bubbles at
increasing system pressures. The experimental and simulation
results revealed that CO2 has significantly lower MMP than other
gases studied.

2. Experimental

2.1. Sampling and characterization of reservoir fluids

Separator oil and gas samples were collected from the Bakken
Viewfield reservoir in southeast Saskatchewan, Canada. The
density and viscosity of the flashed dead oil were measured at
ambient pressure and temperature. The true boiling point (TBP)
distribution for the dead oil was measured using the simulated
distillation technique with gas chromatography. Asphaltene
content was measured using n-pentane. The composition of gas
sample was analyzed by gas chromatography too.

2.2. Phase behaviour studies

The reconstituted reservoir fluid (i.e., live oil) was prepared at
the reservoir temperature of 63 �C by physically recombining the
collected separator oil and gas in the laboratory, such that its
measured gas/oil ratio (GOR) was equal to the reported field
producing GOR of 100.4 sm3/sm3. The saturation pressure of the
live oil was determined from a standard constant composition
expansion (CCE) test by recording the break point in the
pressure-versus-volume plot using the traditional Y-function
technique. The gas/oil ratio and formation volume factor of the
live oil were determined by withdrawing a known volume of the
undersaturated fluid at the reservoir temperature and flashing it
to atmospheric conditions in a sampling bottle. The oil was
accumulated in the bottle and the gas was collected in a
gasometer. The collected oil was weighed, and the gas volume
was recorded and its composition analyzed by a gas
chromatograph.

In the viscosity measurement, the live oil was compressed at
several pressures above the bubblepoint and then flowed
through an in-line capillary viscometer at a constant rate at each
pressure. The pressure drop across the viscometer tube was
recorded, and the live oil viscosity at every pressure was calcu-
lated using the HagenePoiseuille equation. The live oil density
was determined at several pressures above the saturation pres-
sure using a high-pressure densitometer. Then, the viscosity and
density of the live oil at the bubblepoint pressure were obtained
by a short linear extrapolation of the measured data for viscosity
and density versus pressure.

Using the same experimental methods as for the live oil,
phase behaviour measurements were then performed for the
recombined live oil saturated separately with five gases, namely
pure CO2, CO2-enriched flue gas (30 mol% CO2 þ 70 mol% N2), a
field-produced natural gas (9.0 mol% N2 þ 71.1 mol%
CH4 þ 16.1 mol% C2H6 þ 3.8 mol% C3H8), pure N2, and CO2-
enriched natural gas (6.17mol% N2þ 31.47mol% CO2þ 48.99mol
% CH4 þ 10.72 mol% C2H6 þ 2.52 mol% C3H8 þ 0.08 mol%
C4H10 þ 0.05 mol% C5H12). Recovery effectiveness and source

S. Li, P. Luo / Petroleum 3 (2017) 79e8680

http://en.wikipedia.org/wiki/Hagen%E2%80%93Poiseuille_equation
http://en.wikipedia.org/wiki/Hagen%E2%80%93Poiseuille_equation


availability were considered as major criteria when selecting
these five gases as candidate injection gases for Bakken reser-
voirs in southeast Saskatchewan.

2.3. Minimum miscibility pressure measurements

The minimum miscibility pressure (MMP) is a critical
parameter for designing a miscible gas flooding project for light
or medium oil reservoirs. In the laboratory, slim tube tests and
rising bubble apparatus (RBA) tests are the two most widely
accepted techniques tomeasure theMMP [7]. Compared to time-
consuming and expensive slim tube method, the RBA method is
a significantly faster and more cost-effective technique with
satisfactory accuracy [17]. Fig. 1 shows the rising bubble appa-
ratus used in this study. In a rising bubble test, a gas bubble is
injected into the live oil column from the bottom of the appa-
ratus at a pre-specified system pressure. The MMPs are deter-
mined from direct observations of the bubble behaviour during
the rising process in the test. The pressures are recorded at which
the bubbles just rise to the top of the oil column and at which
they totally disappear at the bottom. The average of these two
pressures is estimated to be the MMP.

3. Equation-of-state modeling and MMP calculation

Themeasured PVT data from the reconstituted live oil and the
live oilegas mixtures were utilized to tune an equation-of-state
model built by a reservoir fluid property modeling program
WinProp (Computer Modelling Group, Version 2014.10). The
reconstituted live oil sample was represented by a 10-
component model, which was composed of individual compo-
nents below C6 and a lumped pseudo-C6þ fraction. The Peng-
Robinson equation of state was tuned using a regression tech-
nique to match experimental results for both live oil and the live
oilegas mixtures. The volume shift, acentric factor, Omega A, and
Omega B in the WinProp model of the pseudo-component C6þ
were adjusted. Parameters in the Jossi-Stiel-Thodos correlation
were also tuned to match the viscosity measurement for the
Viewfield Bakken live oil. The Yoon-Thodos and Herning-
Zipperer correlations were used to calibrate the viscosity of the
live oil at low pressure.

MMPs between live oil and different injection gases were
calculated in WinProp using either cell-to-cell or multiple mix-
ing methods. The live oilegas system was grouped into three
pseudo components: volatile components (CH4 and N2); inter-
mediate components (CO2, C3H8, and C4H10); and heavy com-
ponents (C5þ). The MMP of live oileCO2 system was also
calculated using the Alston et al. equation [16]. The MMP was

calculated from reservoir temperature, heavy components (C5þ)
fraction, and mole ratio between volatile components and in-
termediate components. The correlation was also used to
investigate effect of impurity on MMPs.

4. Results and discussion

4.1. Crude oil characterization

The cleaned dead oil is a typical high-quality Bakken light oil
with rather low density of 805.0 kg/m3 (44.1�API) and viscosity
of 2.04 mPa$s at atmospheric pressure and 15 �C. The carbon
number distribution of the dead oil, characterized by the
equivalent carbon number pseudo-components up to C30þ, is
listed in Table 1. The crude oil has a molecular weight of 162 kg/
kmol with a fairly low asphaltene content of 1.9 wt%, which
makes the oil less susceptible to asphaltene precipitation by CO2

flooding in the field.

4.2. Phase behaviour tests for live oileinjection gas systems

For the recombined reservoir fluid (i.e., live oil), a single-stage
flash was conducted to measure its gas/oil ratio and flashed gas
composition. The composition of live oil was calculated based on
the mass balance. Fig. 2 shows the carbon number distribution of
the live oil, along with the dead oil composition for comparison.
The measured physical properties of the live oil are presented in
Table 2.

Five candidate injection gases considered in field applica-
tions, namely, CO2, CO2-enriched flue gas, a field-produced nat-
ural gas, nitrogen, and CO2-enriched natural gas were tested in
this work. The measured PVT properties of gas-saturated live oils
are listed in Table 3. Figs. 3e6 show how the viscosity, density,
gas/oil ratio, and formation volume factor (FVF) change with the
increase in saturation pressure of the live oileinjection gas sys-
tem. A 10-component EOS (including a lumped pseudo-
component C6þ) was built and tuned to match the measured
results. Figs. 3e6 indicate that calculated results matched lab test
results reasonably well, with the highest average absolute de-
viation (AAD) being 4.5%. Table 4 lists the ten components used
in the EOS and their important properties.

The dissolution of CO2 into the reservoir oil was studied at
four incremental pressures up to 14.81 MPa. The total solution

Fig. 1. Rising bubble apparatus used for MMP determination.

Table 1
Carbon number analysis of the flashed-off dead oil.

Component Mole percentage
(mol%)

Component Mole percentage
(mol%)

C1 0.00 FC14 3.55
C2 0.00 FC15 3.37
C3 0.53 FC16 2.66
i-C4 0.41 FC17 2.33
n-C4 1.67 FC18 2.14
i-C5 0.80 FC19 1.72
n-C5 1.35 FC20 1.45
Other C5 0.13 FC21 0.03
i-C6 0.87 FC22 2.25
n-C6 0.84 FC23 1.05
Other C6 0.94 FC24 0.83
FC7 18.55 FC25 0.77
FC8 15.39 FC26 0.67
FC9 7.82 FC27 0.59
FC10 7.37 FC28 0.54
FC11 5.92 FC29 0.40
FC12 4.82 C30þ 3.75
FC13 4.49 Total 100.00
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gas/oil ratiosdwhich consider both the original solution gas in
the recombined live oil plus the added CO2dincreased sharply
from 100.4 sm3/sm3 to 485.8 sm3/sm3 with increasing saturation
pressure during the process of CO2 addition, which indicates the
favourable solubility of CO2 in Bakken oil. Moreover, experi-
mental results showed that, as more CO2 was dissolved with
increasing saturation pressure, the oil phase viscosity sharply
decreased and the formation volume factor significantly
increased. These phenomena clearly demonstrated the two
major recovery mechanisms of CO2 flooding: viscosity reduction
and oil swelling caused by significant CO2 dissolution.

The natural gas and CO2-enriched natural gas showed mod-
erate solubility in this study, and adding CO2 into the natural gas

enhanced the solubility of natural gas. Natural gas's GOR reached
200 sm3/sm3 when it was pressurized at 23.0 MPa (Fig. 5);
however, if CO2-enriched natural gas was used, a lower pressure,
19.5 MPa, was required to reach the same GOR. Fig. 6 shows that
mixing CO2 into the natural gas slightly increased the formation
volume factor for live oilegas mixtures.

PVT experiments were also conducted using, separately, a
CO2-enriched flue gas (70% nitrogen þ 30% CO2) and pure ni-
trogen mixed with the reservoir fluid. Compared to CO2 and
hydrocarbon gases, N2 is a highly volatile gas that tends to stay in
the gas phase [7,17]. Because nitrogen is also the dominant
component in the CO2-enriched flue gas, the GORs and FVFs in
Table 3 indicate that the two types of gases behaved very simi-
larly: at the saturation pressure of 24 MPa, the GOR was around
140 sm3/sm3, and the FVF was nearly 1.4 m3/sm3.

Themeasured phase behaviour data of the five injection gases
in this study clearly showed that CO2 was the best candidate
because it had the highest solubility and FVF and the lowest
viscosity for the live oileCO2 system. Natural gas and CO2-
enriched natural gas are within the second tier: they increased

Fig. 2. Carbon number distribution of the0. dead oil and reconstituted live oil.

Table 2
Physical properties of recombined reservoir fluid at 63 �C.

Properties Measured value

Saturation pressure Psat (MPa) 11.61
Density at Psat (kg/m3) 713.1
Viscosity at Psat (mPa s) 0.53
Formation volume factor (m3/sm3) 1.328
Gas/oil ratio (sm3/sm3) 100.4

Table 3
Equilibrium liquid properties of reservoir oileinjection gas mixtures at 63 �C.

Injection Gas Fluid Saturation
pressure
(MPa)

Total GOR
(sm3/sm3)

Mixture density
at Psat (kg/m3)

Mixture viscosity
at Psat (mPa,s)

FVF (m3/sm3)

Live Oil 11.61 100.4 713.1 0.53 1.328

CO2 1st addition 13.49 213.8 721.5 0.28 1.608
2nd addition 13.98 292.5 724.6 0.23 1.803
3rd addition 14.46 379.8 728.4 0.20 2.017
4th addition 14.81 485.8 731.8 0.19 2.275

CO2-enriched flue gas 1st addition 15.86 112.0 717.5 0.56 1.346
2nd addition 20.40 125.6 721.8 0.55 1.371
3rd addition 24.91 143.0 726.2 0.54 1.403

Natural gas 1st addition 13.52 129.4 697.1 0.42 1.403
2nd addition 16.70 155.0 678.3 0.37 1.477
3rd addition 19.62 196.2 665.2 0.35 1.571
4th addition 22.06 232.1 653.8 0.34 1.648

Nitrogen 1st addition 15.71 107.2 712.9 0.64 1.339
2nd addition 20.23 118.1 714.1 0.62 1.360
3rd addition 22.70 125.1 715.3 0.61 1.370
4th addition 23.59 128.1 716.0 0.61 1.375

CO2-enriched natural gas 1st addition 13.69 122.0 705.5 0.43 1.376
2nd addition 15.58 148.0 696.1 0.39 1.436
3rd addition 17.6 173.1 687.0 0.35 1.493
4th addition 18.43 184.5 683.1 0.33 1.519

Fig. 3. Measured and calculated viscosities of live oil with different gases.
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the GOR and FVF to some extent. Although flue gas is often
considered a more economical alternative as injection solvent,
the presence of nitrogen in the gas stream, when compared with
pure CO2, tended to significantly reduce the gas solubility in the
oil. From the solubility point of view, nitrogen and flue gas are
not good solvents because they require very high saturation
pressure. As well, the natural gas did not swell the oil as
dramatically as did CO2 because of the relatively low solubility of
natural gas in the reservoir fluid.

4.3. Minimum miscibility pressure measurement by the RBA
method

The minimum miscibility pressure is a function of the com-
positions of the reservoir oil and injection gas, as well as the
reservoir pressure and temperature [17,18]. Fig. 7 shows the
behaviour of a CO2 gas bubble at the system pressure below, at,
and above the MMP. From Fig. 7a, it is clearly seen that a well-
formed bullet-shaped CO2 bubble could rise to the top of the
RBA. When the injection pressure was very close to 11.9 MPa, as
shown in Fig. 7b, the CO2 bubble completed disappeared in the
middle of the oil column. With the high content of light hydro-
carbons in the live oil, both vaporization and condensation
mechanisms are expected to contribute to miscibility [7]. When
the injection pressure was increased to 13.6 MPa, which was
considerably above the MMP, the CO2 bubble quickly dispersed
into the oil once it was injected into the oil column. Thus, the
MMP between live oil and CO2 was determined to be equal to or
slightly above 11.9 MPa.

On the other hand, for CO2-enriched flue gas, natural gas,
nitrogen, and CO2-enriched natural gas, the gas bubble was
clearly seen to rise in a bullet shape even when the system
pressure was increased to 30.0 MPa that reaches the pressure
limit of the apparatus. The distinct interface indicates that the
live and gas bubble was still immiscible to restrain the bubble
shape. Thus, the MMPs for these systems were determined to be
considerably higher than 30.0 MPa by the RBA test. It is worth-
while to note that, though the fracturing pressures in Saskatch-
ewan Bakken reservoirs are reported to be higher than 40 MPa,
an extremely high gas injection pressure above 30 MPa would
pose stringent requirements on operation facilities such as gas
compressors. Therefore, miscible gas flooding would likely be
impractical for these four gases in Saskatchewan Bakken reser-
voirs. Theoretically, the presence of N2 impurity in a gas mixture,
even at a level of several percent, can significantly increase the
MMP due to the highly volatile nature of N2.

The RBA experimental results demonstrated that CO2 has
much lower MMP than other gases tested. Technically, misci-
bility in CO2 flooding could be achieved as long as the injection
pressure is higher than 11.9 MPa, which is essentially lower than
the virgin pressures of most Saskatchewan Bakken reservoirs.
Flue gas, natural gas, and nitrogen injection, on the other hand,
would be considered as an immiscible flooding process.

4.4. MMP determination by EOS calculations

In this study, the MMPs of live oil and five gases were
calculated using WinProp; this required characterization of the
live oil with a well-tuned EOSmodel so that the properties of the
live oil could be represented accurately. Prior to the MMP
calculation, three pseudo-components, which determine the
grouping of components for the ternary diagram, were defined:
the volatile components, N2 and CH4, belonged to pseudo-
component 1; the heavy components, C5þ, belonged to
pseudo-component 3; the remaining components belonged to

Fig. 4. Measured and calculated densities of live oil with different gases.

Fig. 5. Measured and calculated gas/oil ratios of live oil with different gases.

Fig. 6. Measured and calculated formation volume factors of live oil with different
gases.
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pseudo-component 2. After that, the MMPs were calculated us-
ing both the cell-to-cell simulation and the multiple-mixing-cell
method.

The traditional cell-to-cell simulation is conducted by
flashing a mixture of oil and injection gas to two phases. This
allows the driving mechanism to be determined. For a
condensing drive, the liquid phase is removed while the flashed
gas is contacted with the original oil. The process is repeated
until all the gas dissolves into the liquid phase. For a vaporizing
drive, the gas phase is removed while the flashed liquid is con-
tacted with the original gas. The process is repeated until all the
liquid is extracted into the gas phase [19]. While the multiple-
mixing-cell method uses more than two cells, which enables it
to determine the combined drive mechanism, it is also easier to
converge and believed to have better accuracy [19,20].

Table 5 summarizes WinProp-calculated MMP values using
the above-mentioned two methods, as well as how the misci-
bility conditions are reached. The calculated results clearly
demonstrate that CO2 has a significantly lower MMP than the
other gases. The live oileCO2 MMP calculated by the multiple-
mixing-cell method was 12,548 kPa, which was in a good
agreement with the measured RBA result of 11.9 MPa. However,
the multiple-mixing-cell method yielded a higher MMP for CO2-
enriched flue gas (34,785 kPa) than for pure nitrogen
(34,745 kPa). Although the difference was minor, this result is
physically impossible because adding CO2 into nitrogen is
believed to reduce its MMPwith oil. The error could be caused by
instability of the algorithm, because the change of some input,
such as solvent increment ratio and equilibrium gas/original oil
mixing ratio, can change the calculated MMP to a smaller or

Table 4
Characteristic parameters of formation non-aqueous fluid pseudo-components.

No. Component Mol. Weight Pc (atm) Tc (k) VC (m3) Acentric factor Omega a Omega b

1 CO2 44.01 72.8 304.2 0.094 0.225 0.457236 0.077796
2 N2 28.013 33.5 126.2 0.0895 0.04 0.457236 0.077796
3 CH4 16.043 45.4 190.6 0.099 0.008 0.457236 0.077796
4 C2H6 30.07 48.2 305.4 0.148 0.098 0.457236 0.077796
5 C3H8 44.097 41.9 369.8 0.203 0.152 0.457236 0.077796
6 i-C4 58.124 36 408.1 0.263 0.176 0.457236 0.077796
7 n-C4 58.124 37.5 425.2 0.255 0.193 0.457236 0.077796
8 i-C5 72.151 33.4 460.4 0.306 0.227 0.457236 0.077796
9 n-C5 72.151 33.3 469.6 0.304 0.251 0.457236 0.077796
10 C6þ 173.150 22.5 664.7 0.627 0.499 0.447884 0.077538

Fig. 7. Determination of CO2elive oil MMP from rising bubble apparatus.

Table 5
MMP calculation for reservoir oileinjection gas mixtures at 63 �C.

Calculation
method

WinProp calculated minimum miscibility pressure, kPa

Miscibility mechanisms

CO2 CO2-enriched
flue gas

Natural gas N2 CO2-enriched natural gas

Cell-to-cell
method

15,875 32,875 23,250 43,250 26,500
vaporizing
gas drive

condensing
gas drive

vaporizing gas drive condensing gas drive condensing gas drive

Multiple-
mixing-cell

12,548 34,785 34,188 34,745 26,615
condensing
gas drive

vaporizing
gas drive

Vaporizing and condensing
combined gas drive

Vaporizing and condensing
combined gas drive

Vaporizing and condensing
combined gas drive

S. Li, P. Luo / Petroleum 3 (2017) 79e8684



greater extent, depending on how the method converges to a
certain pressure.

4.5. Effect of impurity on live OileCO2 MMP

Many researchers have stated that the miscibility of CO2 and
oil is strongly related to reservoir temperature and oil compo-
sition. Holm and Josendal correlated MMP with C5þ molecular
weight [21]; and Rathmell et al. indicated that the ratio between
volatile and intermediate fractions of oil also plays an important
role in achieving miscibility [22]. On the basis of these findings,
Alston et al. [16] proposed an equation to calculate MMP be-
tween CO2 and live oil:

PCO2�LO ¼ 8:78� 10�4ðTrÞ1:06ðMc5þÞ1:78ðxvol=xintÞ0:136 (1)

in which PCO2-LO is the MMP for the CO2elive oil system in psi; Tr
is reservoir temperature in degrees Fahrenheit; MC5þ is the
averaged molecular weight for pseudo-component C5þ; and xvol
and xint represent the mole percentage of volatile and interme-
diate fractions. It is worthwhile to note that, this correlation is
only applicable for small quantity of impurity in CO2 stream.
Therefore, it cannot be used to calculate MMP of other gas
mixtures in this study. In the tested Bakken oil, the molecular
weight for C5þ was 143.6 g/mol. The respective volatile and in-
termediate fractions accounted for 26.07 and 19.25 mol% in the
total live oil. As a result, the MMP was calculated to be
10,305 kPa, which was moderately lower than the measured RBA
result of 11.9 MPa from this work.

In actual field CO2 flooding process, pure CO2 injection is
usually impractical due to extremely high cost for removing trace
impurity gas in the CO2 injection stream. In this study, we also
attempted to calculate the MMP for live oil with CO2 that con-
tains different type and percentages of impurity gases, using the
equations provided by Alston et al. in the same paper. The im-
purity correction factor, Fimp, was calculated as:

Fimp ¼ ð87:8=TcmÞ1:935�87:8=Tcm ; (2)

where

Tcm ¼
Xn

i¼1

wiTci � 459:7 (3)

inwhich the Tcm is the weight average critical temperature of the
injection gas in degrees Fahrenheit; wi is the weight percentage
of each component in the injection gas; and Tci is the critical
temperature of components in the injection gas in degrees
Rankine.

Fig. 8 shows the MMPs for live oil-CO2 with three respective
impurity gases up to 10 mol%. It is clearly seen that all the three
impurities, N2, CH4, and natural gas (composition: 9.0 mol%
N2 þ 71.1 mol% CH4þ16.1 mol% C2H6 þ 3.8 mol% C3H8) increased
the MMP to different extents. Particularly for nitrogen, mixing
10% of N2 and 90% of CO2 increased the live oilegas MMP from
10,305 kPa to 20,785 kPa. It indicated that miscibility was much
harder to be reached if nitrogen was mixed with injection gas.
And the maximum allowable nitrogen content was also related
to the reservoir pressure and injection pressure. On the other
hand, MMP was slightly increased when pure CH4 or natural gas
was mixed with CO2. It is because the major component in nat-
ural gas was CH4, and C2H6 and C3H8 in natural gas could reduce
the MMP between live oileinjection gas.

5. Conclusions

This comparative study evaluated the minimum miscibility
pressures for Bakken oil and five candidate gases (pure CO2, CO2-
enriched flue gas, natural gas, pure nitrogen, and CO2-enriched
natural gas). The oil analysis indicated that Bakken oil was very
light. Several gas swelling tests showed effective swelling and
viscosity reduction of the reservoir oil. Among all the gases, CO2
had the best performance: it had the highest solubility (GOR
reached 485 sm3/sm3 with slightly elevated saturation pressure)
and reduced viscosity to the lowest level (viscosity dropped
more than 60% compared with the original live oil), and it had
the most significant oil swelling (oil formation volume factor
increased by 70% from the original live oil FVF). The second tier
included natural gas and CO2-enriched natural gas, which
behaved very similarly. Since these two gases include a fair
amount of medium hydrocarbon and CO2, they showed moder-
ate solubility in live oil. Nitrogen and flue gas performed the
poorest among the five gases we tested. This was mainly because
the major component, nitrogen, has very low solubility in
reservoir oil. As a result, the major mechanism for nitrogen/flue
gas injection in the field is pressure maintenance.

Experimentally, the rising bubble apparatus (RBA) was also
used in this study to determine the MMP between live oil and
gas. The MMP for the live oileCO2 system was determined to be
11.9 MPa, while MMPs for the other gases exceeded the pressure
rating of 30 MPa for the RBA. Numerically, all the phase behavior
measurement results were used to tune an EOS model. Then it
was used to calculate MMPs for live oil and each gas. The results
clearly showed that CO2 had the lowest MMP (15,878 kPa for the
cell-to-cell method and 12,548 kPa for the multiple-mixing-cell
method). The other gases, however, all had MMP values higher
than 20 MPa, which makes injecting these gases at miscible
condition almost impractical in the field operations.

The widely used Alston et al. equation was employed to
calculate the CO2elive oil MMP. The live oil was characterized by
C5þ molecular weight, and volatile and intermediate mole frac-
tion. The equation yielded an MMP of 10,305 kPa. Sensitivity
analysis of CO2 with impurity gases up to 10 mol% indicated that
all the three impurities, N2, CH4, and natural gas increased the
MMP to different extents. For the most non-volatile nitrogen,
addition of 10% N2 into CO2 stream increased the live oilegas
MMP to 20,785 kPa. It indicated thatmiscibility wasmuch harder
to be reached if nitrogen was mixed with injection gas. On the
other hand, pure CH4 or natural gas addition moderately
increased MMP.

Fig. 8. Calculated MMPs for live oileCO2 system with gas impurities.
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