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Abstract
Carbon dioxide (CO2) injection is an enhanced oil recovery technique used worldwide to increase oil recovery from 
hydrocarbon reservoirs. Immiscible CO2 injection involves injecting the CO2 into the reservoir at a pressure below which 
it will become miscible in the oil. Even though immiscible CO2 injection has been applied extensively, very little research 
has been conducted to provide a comprehensive understanding of the mechanism and the applications of immiscible 
CO2 injection. This research performs an in-depth data analysis is performed based on more than 200 experiments and 
20 field tests from more than 40 researches to show the conditions at which immiscible CO2 injection has been applied 
and the most frequent application conditions. Histograms and boxplots have been generated for temperature, CO2 injec-
tion pressure, oil viscosity, molecular weight, and API gravity, CO2 solubility, and finally oil swelling to show the ranges 
and frequency of application for all these parameters. Finally, crossplots have been generated from the data to show 
the relation of pressure and temperature to CO2 solubility and oil swelling. The crossplots function to illustrate a relation 
between the variables and draws a conclusion as to what effect each parameter will have on the other.
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List of symbols
Fs	� Oil swelling factor
Vso	� Volume of swelled oil
Vuo	� Volume of unswelled oil
δ	� Binary interaction parameter
T	� Temperature
Tc	� Critical Temperature
ω	� Acentric factor
Rs	� Solution gas
Ps	� Saturation Pressure
γ	� Specific Gravity
SCO2	� CO2 solubility
MW	� Molecular weight

1  Introduction

One of the most widely applied, and highly advantageous 
and productive enhanced oil recovery (EOR) methods is 
carbon dioxide injection. CO2 can be injected into the res-
ervoir as a miscible solvent, or an immiscible fluid [1–3]. 
The choice of whether the CO2 should be miscible or 
immiscible is based on many factors mainly the reservoir 
fluid properties, including oil viscosity, molecular weight 
(MW), API gravity, and composition, and reservoir rock 
properties, including pay zone depth, thickness, and min-
eralogy. Generally, when miscibility is difficult to achieve, 
as is the case in moderately to heavily viscous oils, immis-
cible CO2 becomes extremely valuable [4].

When the immiscible CO2 is injected into the reser-
voir, one of the most significant interactions that occur 
between the gas and the oil is manifested in CO2 solubility. 
During solubility, the CO2 will diffuse into the oil and thus 
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the oil will begin to swell [5–7]. Different crude oils will 
have different solubility based on their composition and 
properties, such as API gravity and Molecular Weight (MW) 
[8, 9]. Another important parameter that has been shown 
to impact CO2 solubility in crude oil is the thermodynamic 
conditions of the reservoir. Increasing the CO2 injection 
pressure will result in a higher solubility, whereas increas-
ing the temperature will result in a decrease in solubility 
due to the CO2 molecules having a much higher activity of 
the CO2 molecules at higher temperatures [10, 11]. Solubil-
ity will occur in both miscible and immiscible solvent injec-
tion, with the main difference being that during miscible 
injection, the interfacial tension between the oil and the 
CO2 will become zero [12, 13]. Due to the high solubility of 
CO2 in crude oil during immiscible CO2 injection, this appli-
cation can have a strong influence on increasing oil recov-
ery, even from heavy oil reservoirs [14, 15]. Even though 
solubility has been proven to be an extremely important 
factor during immiscible CO2 injection, no comprehen-
sive data analysis has yet been performed to determine 
its overall impact on different crude oil from lab and field 
studies.

CO2 solubility will result in the oil increasing in size, or 
swelling. This swelling will help the crude oil acquire sev-
eral beneficial characteristics, such as a lower viscosity, a 
higher relative permeability, and a larger volume. In order 
to measure the extent to which the crude oil has swollen, 
several experimental methods have been investigated. 
Most of the experiments conducted to evaluate oil swell-
ing depended on transparent visualization experiments 
that can permit the ability to see the swelling phenom-
enon. Of these setups, the flow visualization experiments, 
and the pendant drop methods are the most widely 
utilized [6, 16, 17]. Core flooding experiments have also 
been conducted to study the ability of immiscible CO2 to 
increase oil recovery [18]. Immiscible CO2 injection has also 
been coupled with other injection fluids such as water, and 
steam in hopes of increasing oil recovery [19–21]. Due 
to the abundance of methods by which oil swelling can 
be measured, and the many ways by which immiscible 
CO2 injection can be applied, it is important to provide 
a guideline to these methods and their advantages and 
limitations.

Several mathematical and simulation modellings have 
also been used to study immiscible CO2 injection. Several 
empirical correlation have been developed along the 
year to predict CO2 solubility in crude oil and oil swelling 
[22–24]. CO2-Oil interaction using reservoir simulation and 
computer modelling have been studied using basic black 
oil reservoir models, and also complex models that can 
distinguish the different phases and the interfacial tension 
[25–27]. Recently, a more complex computer modelling 
technique referred to as Gene Expression Programming 

was used to develop a novel correlation used to deter-
mine CO2 swelling in oil as a function of oil MW, oil specific 
gravity, reservoir temperature, bubble point pressure, and 
saturation pressure [28].

A plethora of researches and studies have been con-
ducted using immiscible CO2 injection in reservoirs and 
cores with light and intermediate crude oil. Immiscible 
CO2 injection has been shown to be successful in produc-
ing from reservoirs with heavy oil as well. It is unclear at 
what conditions is immiscible CO2 injection best applied. 
In order to be able to accurately and successfully apply 
immiscible CO2 injection in both lab experiments and 
field studies, it is important to have a comprehensive 
understanding of the CO2-oil interactions, and the extent 
to which they can alter different crude oil properties and 
characteristics. This research performs a data analysis 
based on more than 200 experiments and 20 field tests 
from more than 40 researches to show the conditions 
at which immiscible CO2 injection has been applied and 
the most frequent application conditions. This will help 
determine the applicability range of immiscible CO2 and 
improve on its application by illustrating where it can be 
applied most effectively.

2 � Immiscible CO2 injection data analysis

The data analysis was performed on more than fifty 
researches and field studies done on immiscible CO2 injec-
tion in order to determine the ranges at which immiscible 
CO2 injection was applied, and the most frequent applica-
tion conditions. The data collected was from laboratory 
experiments, field tests, simulation models, review papers, 
and empirical researches using mathematical models. The 
percentage of data collected from each type of study is 
summarized in Fig. 1. Almost half of the data was collected 
from experimental results, followed by simulation results 
which represented almost third of the data collected, and 
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Fig. 1   Types of studies and their percentage



Vol.:(0123456789)

SN Applied Sciences (2020) 2:448 | https://doi.org/10.1007/s42452-020-2242-1	 Research Article

then finally the field, empirical and review data which rep-
resented close to a third of the data as well.

2.1 � Data processing methods

2.1.1 � Histograms

Histograms, also known as frequency plots, are usually 
depicted as column plots that represent different ranges 
of a variable and the frequency at which each range has 
been observed. Histograms are extremely important sta-
tistical analysis tools since they can easily show the most 
frequent range of application of a specific parameter or 
factor and thus determine the best applicability range 
based on previous studies and tests. Histograms are there-
fore essential when developing a new screening criteria for 
a specific application. The histograms developed in this 
research include Pressure and Temperature, Oil properties 
including oil MW, viscosity, and API Gravity, and finally the 
CO2 impact on oil, which includes the CO2 solubility, and 
oil swelling as a result of CO2 interaction with the oil. An 
illustration of a typical histogram can be shown in Fig. 2.

2.1.2 � Boxplots

Boxplots are important statistical analysis tools that can 
reveal much information about the data available. The 
boxplots can be used to determine how well the data is 
distributed. A common boxplot, such as the ones gener-
ated in this study, can be divided into five main compo-
nents. The top part of the boxplot represents the maxi-
mum value found in all of the data points, whereas the 
bottom part represents the minimum value. The top box 
represents the third quartile range (75th percentile), while 
the bottom box represents the first quartile range (25th 
percentile). The middle line represents the median value, 

or the second quartile range (50th percentile). The cross 
mark points out the mean value of the data points. Box-
plots for the CO2 injection pressure, porous media tem-
perature, oil properties, and CO2 solubility and oil swell-
ing have been generated in this research. Figure 3 shows 
an illustration of a boxplot and all the important sections 
within it.

2.1.3 � Crossplots

Crossplots are plots that relate one parameter to the other 
or attempts to illustrate or determine a relation between 
two, or more, parameters. A general trend can be observed 
in a crossplot, and sometimes a relation or mathematical 
model can be generated if enough data is utilized. This 
research generates four crossplots in an attempt to relate 
oil swelling and carbon dioxide solubility to both pressure 
and temperature.

2.2 � Methodology

After the data was collected, a data set was created and 
then the data was processed by converting the units for all 
the values, determining and removing outliers, and plot-
ting histograms, boxplots, and crossplots to reveal several 
relations between the variables. Table 1 summarizes all the 
histograms, and boxplots that were generated, and the 
units used for each studied factor.

Four crossplots were also generated using the data; 
these include pressure and temperature vs both CO2 solu-
bility and oil swelling respectively. The histograms, box-
plots, and crossplots will all be presented in this research 
and the significance of each plot will be explained.
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Fig. 2   Histogram example Fig. 3   Boxplot example
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3 � Results and analysis

3.1 � Pressure and temperature histograms

The CO2 injection pressure and the reservoir tempera-
ture are two extremely important factors that will impact 
the CO2 dissolution in the oil, and also the oil swelling, 
and thus will impact the productivity of the immisci-
ble CO2 injection process. As the reservoir temperature 
increases, the CO2 solubility in the oil will decrease due 
to the increase in the activity of the gas molecules which 
will result in a tendency of the molecules to liberate from 
solution rather than become soluble in the oil [29, 30]. 
This decrease in solubility will result in a lower oil swell-
ing, which in turn will result in a decrease in oil recovery 
due to the decrease in the interaction of the CO2 with the 
oil. Increasing the CO2 injection pressure on the other 
hand will result in an increase in the CO2 solubility, and 
thus an increase in the CO2 interaction with the oil. This 
is due to the gas molecules being compressed into a 
smaller volume and thus will tend to solubilize in the 
oil. Increasing the pressure to an extremely high value 

will eventually result in the CO2 becoming miscible in 
the oil [31, 32]. Therefore, for immiscible CO2 injection, 
a lower reservoir temperature, and a higher CO2 injec-
tion pressure is more favorable, as long as the pressure 
remains beneath the miscibility pressure, and the forma-
tion fracture pressure.

The histograms for both the temperature and the 
pressure are shown in Fig.  4. The highest frequency 
range is depicted in orange, the second highest is 
depicted in yellow, and the lowest frequency range is 
depicted in blue. The highest frequency range for the 
temperature histogram was between 20–30 °C, which 
is due to the higher CO2 solubility at lower tempera-
tures, as was explained before. The second highest was 
between 41–50 °C which is considered a medium tem-
perature range; this range has a high frequency since 
CO2 is usually preferred in its supercritical phase due to 
its advantageous properties at this phase. Supercritical 
CO2 occurs at approximately 31.4 °C, and 1071 psi and 
thus this temperature range also had a high frequency. 
The highest frequency range of pressures occurred at 
pressures ranging from 10 to 500 psi and pressures 
between 501 and 1100 psi. The majority of the values 
were near the 500 psi and 1100 psi, with most of the 
data coming from experimental results. The lower pres-
sure ranges were tested more frequently due to most of 
the experiments testing immiscible CO2 injection, and 
thus most of the researches tried to prevent the CO2 
from being miscible or partially miscible and thus lower 
pressures were preferred. The researches that used high 
pressures used crude oil with extremely high viscosity 
and thus miscibility was extremely difficult to reach. The 
range between 500 and 1100 psi was also very frequent, 
with most of the values in this range being close to the 
1100 psi to ensure the CO2 was in the supercritical state.

Table 1   Summary of All Plots Generated

Factor Units Histogram Boxplot

Pressure psi x x
Temperature  °C x x
Oil MW g/mol x x
Oil viscosity cp x x
Oil API gravity °API x x
CO2 solubility mol fraction 

(

mol

mol

)

x x

Oil swelling ml/ml x x

Fig. 4   Temperature and pres-
sure histograms
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3.2 � Oil properties histograms

Histograms for three oil properties were generated in this 
research, including oil MW, oil viscosity, and oil API gravity. 
Figure 5 shows the histograms for both the oil MW and the 
oil viscosity. The highest oil MW frequency was found to 
be the oil MW above 500 g/mol. This is mainly due to the 
immiscible CO2 injection becoming a common research 
direction and field implementation in heavy oil reservoirs 
due to its potential to increase oil recovery, and its lower 
cost and higher applications compared to thermal meth-
ods such as steam injection [33–35]. The highest frequency 
oil viscosity range was found to be between 100–500 cp, 
which complements the results for the oil MW since in this 
range the oil is classified as heavy oil, based on the defini-
tion of heavy oil provided by Gao et al. [15] who defined 
heavy oil as having a viscosity greater than 100 cp.

The histogram showing the oil API gravity is repre-
sented in Fig. 6. The highest frequency oil API gravity was 
in the range between 10.1–20°API, while the second high-
est frequency was between 30.1–40°API, both of which 
fall under the classification of heavy oil, above 10°API [15]. 
These results indicate that immiscible CO2 injection has a 
high potential to produce from heavy oil reservoirs.

3.3 � Solubility and swelling histograms

The interaction of CO2 with the crude oil was also studied 
in this data analysis by generating histograms for both 
CO2 solubility, and oil swelling, shown in Fig. 7. The high-
est frequency for the CO2 solubility was found to be the 
0–0.1 mol/mol, while the highest frequency for the oil 
swelling was 1–1.1 ml/ml, both of which were the lowest 
ranges in the histograms. This can be explained through 
the CO2 injection pressure histogram in Fig. 4, where most 
of the application for immiscible CO2 injections were found 
at the lowest pressure range, and since both CO2 solubility 
and oil swelling are a strong function of injection pressure, 

the lowest ranges for both were found to be the ones with 
the highest frequency. This could be due to the researches 
being focused on immiscible CO2 injection and thus lower 
pressure ranges were used to avoid CO2 miscibility, since 
an increase in pressure may lead, at some point, to the CO2 
becoming miscible in the oil, especially if the oil viscosity is 
low as was used in many of the researches analyzed, based 
on the results presented in Fig. 5.

3.4 � Pressure and temperature boxplots

The boxplots for both the CO2 injection pressure and the 
temperature are shown in Fig. 8. The maximum pressure 
used was 5000 psi, which is considered extremely high. 
This pressure was used for bitumen since, even at this high 
of a pressure, the CO2 was not miscible. The lowest pres-
sure used was close to 10 psig, equivalent to 24.7 psi. The 
highest temperature used was 315 °C, whereas the lowest 
used was 16 °C. For both boxplots, the distribution of the 
data in the first quartile range was much better than in 
the third quartile range, which is evident from the size of 

Fig. 5   Oil MW and oil viscosity 
histograms
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the rectangles within the boxplot. The median value was 
closer to the first quartile range which signifies than the 
majority of the data was closer to the lower values, which 
was the same conclusion observed from the histograms 
in Fig. 4.

3.5 � Oil properties boxplots

The boxplots for the oil MW and viscosity are shown in 
Fig. 9. The boxplot for the oil MW shows no maximum 
value bar since the maximum value was integrated within 
the third quartile range due to the distribution of the 
data being extremely well. The minimum MW observed 
was 80 g/mol. The median value is much closer to the 
third quartile range since the majority of the data points 
were within this range, which is evident from the his-
togram shown in Fig. 5. The oil viscosity boxplot shows 

an opposite trend with the median and the first quartile 
range being almost unnoticeable. This is due to the maxi-
mum frequency being extremely close to the median, with 
the majority of the data points closer to the first quartile 
range. The maximum viscosity observed was 23,000 cp, 
which was for the bitumen.

Figure 10 shows the boxplot for the oil API gravity. The 
maximum value recorded was close to 80°API, which sig-
nifies a very light oil, while the minimum was 3°API. The 
median value is closer to the first quartile range due to the 
highest frequency of data being close to that range, as was 
shown in the histogram in Fig. 5.

3.6 � Solubility and oil swelling boxplots

The solubility and oil swelling boxplots are shown in 
Fig. 11. The CO2 solubility shows an almost symmetrical 

Fig. 7   CO2 solubility and oil 
swelling histograms
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boxplot, which may signify that the data points are very 
closely distributed. This can be clearly seen in the CO2 
solubility histogram in Fig. 7 where most of the peaks are 
extremely close in value. The highest solubility recorded 
was close to 1, which signifies that most of the CO2 was 
soluble in the oil; this is a strong indication that misci-
bility was almost achieved at that point. The oil swelling 
boxplot shows a maximum swelling of 2.2, which is con-
sidered an extremely high value, and a minimum swell-
ing of 1, which indicates no swelling. The median value 
is closer to the first quartile range since this is where 
the maximum frequency was observed in the histogram, 
Fig. 7.

3.7 � Crossplots

Four crossplots were generated in this research to study the 
impact of CO2 injection pressure and porous media tem-
perature on CO2 solubility and oil swelling. Figure 12 shows 
the effect of pressure and temperature on CO2 solubility. 
The blue data points were found to be outliers. For the CO2 
solubility versus pressure plot, the data points show a trend 
of increasing solubility with pressure. This shows that as the 
CO2 injection pressure increases, the solubility of the CO2 
in the oil will also increase, which is the same conclusion 
reached by most researchers. The plot showing CO2 solubil-
ity versus temperature shows no obvious trend, however, at 
the highest temperatures, almost all the data points show 
a very low CO2 solubility, which is what most researchers 
also observed as the temperature increased. For example, 
at 150, and 190 °C, all of the data points show a solubility of 
less than 0.05 mol/mol.

The effect of pressure and temperature on oil swelling is 
shown in Fig. 13. The blue data points represent outliers. As 
was stated earlier, as the CO2 injection pressure increases, 
the oil swelling will increase as well. This is the same trend 
that can be observed in the plot showing oil swelling ver-
sus pressures. Regarding oil swelling versus temperature, 
the general trend shows a decrease in oil swelling with 
the increase in temperature, which is identical to what was 
explained previously.

Fig. 9   Oil molecular weight and oil viscosity boxplots

Fig. 10   Oil API gravity boxplot
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4 � Conclusions

This research performs a data analysis based on hun-
dreds of experimental, simulation, and field data to 
generate multiple histograms, boxplots, and crossplots 
in order to determine the data distribution and most 
frequent data range found for immiscible CO2 injection. 
The main findings from this research are summarized as 
follows:

•	 Oil swelling is one of the main mechanisms that 
occurs during immiscible CO2 injection, and is 
dependent on CO2 solubility. Many factors will impact 
oil swelling including reservoir thermodynamic, rock, 
and fluid properties.

•	 Based on the data analysis performed, most of the 
data shows that lower pressures and low tempera-
tures were used during immiscible CO2 injection. This 

Fig. 11   CO2 solubility and oil swelling boxplots
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Fig. 12   Effect of pressure and temperature on CO2 solubility
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was to avoid miscibility of CO2 since the main focus 
was immiscible CO2.

•	 Based on the oil properties data analysis, immiscible 
CO2 has been used to produce from heavy oil, since 
the histograms showed the highest frequencies in the 
heavy oil zone.

•	 Crossplots generated showed that CO2 solubility, and 
oil swelling are highly dependent on the CO2 injection 
pressure, and the reservoir temperature.
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