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Abstract

Miscible CO,-based enhanced oil recovery (CO,-EOR) flooding has been used, on many occasions, to maximize the recov-
ery by mobilizing the residual oil. The success of this method, however, depends highly on the minimum miscibility pres-
sure (MMP), the compatibility of CO, with the reservoir rock and fluids. Although there have been several studies on the
application of CO,-EOR, the impact of oil compositions associated with MMP on the feasibility of this technique has not
been addressed elsewhere. In this study, a simulation study was carried out to investigate the effect of three different oil
compositions on the miscibility and ultimate oil recovery of miscible CO,-EOR method. The results obtained indicated the
oil type does not pose a significant impact on the success of miscible CO,-EOR. It was also found that the ultimate recovery
of oil increases in a short period of time by injecting CO, at the miscible conditions at the early stage of natural production.
Comparatively, the reservoir with the fluid sample S2 seems to be a suitable choice for the miscible CO, flooding once the

recovery factor was considered together with the total amount of the fluid injected and produced.

Keywords Simulation - Miscible flooding - CO,-EOR - Oil composition - Recovery

Introduction

Natural depletion of hydrocarbon reservoirs often does
exceed 20% to 40% in the primary recovery phase (Orr
et al. 1982; Muggeridge et al. 2014; Raza et al. 2019). As a
result, certain EOR methods such as gas, chemical or ther-
mal injections are used for production enhancement (Mug-
geridge et al. 2014). Given the characteristics of CO,, it is
comparatively considered as one of the best option of gas
injection during the tertiary recovery stage (Bachu 2016).
CO, injection is done under the miscible or immiscible
phases depending on the minimum miscibility pressure
(MMP) (Gao et al. 2013). This MMP depends on a variety
of different parameters including the purity of CO,, reser-
voir pressure, and temperature as well as the composition
of the reservoir oil. Some other factors such as the pres-
sure, residence time, slug size, and fluid properties (i.e.,
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surface tension, density, viscosity, and purity) have also
been indicated as the major parameters controlling the mis-
cibility of injected CO, (Kurdi et al. 2012; Choubineh et al.
2019; Bhatti et al. 2018). There have also been different
mechanisms suggested as the reason behind the increase
in ultimate recovery in the miscible CO, injection process
which include: (1) oil swelling, (2) oil viscosity reduction,
(3) mobility ratio reduction, (4) interfacial tension reduc-
tion, (5) vaporization of light oil component, (6) weak acid
impact, and (7) solution gas drive (Mangalsingh and Jagai
1996) as shown in Fig. 1.

Many studies have been done to understand the oil recov-
ery enhanced posed by the miscible CO, injection using
experimental and numerical simulation approaches. For
example, Huang (1992) performed a number of experiments
to determine the minimum miscibility pressure by the slim-
tube experiments of West Texas crude oil. The calculated
MMP was 2150 psi, and Berea core sample was flooded by
CO, at 2500 psi. It was observed that CO, was not miscible
with the oil, and miscible core flooding was not achieved
even at a higher pressure than MMP (Huang 1992). Izgec
et al. (2005) performed an experimental study on the mis-
cible CO, injection in carbonate reservoirs. The effects of
the chemical changes that occurred due to CO, injection
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Fig. 1 Miscible CO, displacement process

were studied by the computerized tomography (CT) method.
It was observed that the permeability of the reservoir ini-
tially increases and then decreases for slow injection rates
while calcite scaling was influenced by the direction of flow.
Nasir and Amiruddin (2008) developed a simulation model
to check the sensitivities of the fluid properties on the mis-
cible CO, injection. For this purpose, the effects of different
fluid properties such as the density of oil and injected gas,
formation volume factor, and viscosity were analyzed. The
results obtained indicated that the success of the miscible
CO, injection depends on the properties of the injected gas
and recovered oil. Moreover, the formation volume factor
has a significantly higher impact on the ultimate recovery
than the density of oil (Nasir and Amiruddin 2008). Abbasi
et al. (2010) performed an experimental study on the core
samples of an Iranian reservoir. Different percentages of
CO, gas were injected into the core samples at different
injection pressures. The increment in the recovery factor was
observed with the increase in the injection pressure close to
the miscible conditions. It was shown that the incremental
percentage of CO, helps to achieve the miscible condition,
and the value of the minimum miscibility pressure (MMP)
decreases as the percentage of CO, increases (Abbasi et al.
2010). Chen et al. (2018) presented different CO, injection
schemes such as continuous CO, flooding, water alternat-
ing gas, and carbonated water injection. It was observed
that under the miscible condition, the performance of CO,
EOR reduces due to the presence of initial gas. Thus, it was
recommended to go for CO,—water injection flooding when
the initial gas saturation is low (Chen et al. 2018). Bhatti
et al. (2018) assessed one of the oil reservoirs in Pakistan for
miscible CO, injection. It was revealed that the continuous
CO, and CO,-water alternating gas (CO,-WAG) injection
give a very high recovery than the primary recovery. In the
tertiary recovery stage though, CO,-WAG was found as the
most suitable method given its significant recovery of 200%
(Bhatti et al. 2018). Likewise, Chen et al. (2019) performed
different experiments in the laboratory to implement the
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Fig.2 Research methodology layout used in this study

miscible CO,-EOR technique at an Indian oil field. They
indicated that implementation of the miscible CO,-EOR
could improve oil production while reducing CO, emission
in the atmosphere. Having said that, the feasibility of differ-
ent oil reservoirs for a successful miscible CO, flooding has
not been deeply addressed yet. Moreover, the effect of the oil
composition/API on the MMP has not been properly studied
at the reservoir scale.

In this study, attempts are made to numerically assess the
feasibility of different oil reservoirs for the miscible CO,
flooding. Three oil samples with different APIs were consid-
ered ranging from 22.5° to 33.8° APIL. The results presented
as part of this study help to understand the importance of
MMP in the selection of oil reservoirs and the injection
strategy.

Methodology

The main objective of this study was to analyze the effect
of different oil compositions on the minimum miscibility
pressure and injection strategy of the CO,-EOR technique.
Figure 2 shows the methodological layout used in this study.
Different compositions of light, medium, and heavy oil
reported in the literature (McCain Jr 1994; McCain 1990)
were considered as given in Table 1. PVTi analysis was,
however, performed to measure the physical properties of
these fluids. A simulation model of the slim-tube experiment
was then used to measure the MMP for each fluid. Three res-
ervoir models were developed for each fluid sample to simu-
late the natural depletion of the reservoirs. Each simulation
was upgraded by incorporating the miscible CO, injection
technique. Two cases were generated for different injection
schemes. In the first injection scheme, CO, gas injection
was started after the natural depletion of the reservoir (Case
1). In the second injection scheme, CO, gas injection was
started from the first day of natural production (Case 2).
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Table 1 Compositional analysis of three oil samples

S1-composition of oil sample of API 22.5°

S2-composition of oil sample of API 28.7°

S3-composition of oil sample of API 33.8°

Components  Mole %  Molecular weight ~ Components Mole %  Molecular weight Components Mole %  Molecular weight
Cco, 2.8 44.01 Co, 1.17 44.01 Cco, 1.59 44.01
N2 2.54 28.01 N2 0 28.01 N2 0 28.01
Cl 24.58 16.04 Cl 16.87 16.04 Cl 34.28 16.04
Cc2 451 30.07 C2 4.56 30.07 Cc2 7.52 30.07
C3 3.08 44.09 C3 5.05 44.09 C3 5.64 44.09
IC4 0.87 58.12 1C4 1.66 58.12 IC4 0.97 58.12
NC4 1.48 58.12 NC4 4 58.12 NC4 2.49 58.12
ICS 0.86 72.15 ICS 2.07 72.15 ICS 1.1 72.15
NC5 1.43 72.15 NC5 3.63 72.15 NC5 1.41 72.15
Co6 2.31 84.0 Co 4.19 84.0 Co 1.97 84.0
C7+ 55.54 230 C7+ 56.8 217 C7+ 43.03 215
Total 100 - Total 100 - Total 100 -

A comparative analysis was then performed based on the
results obtained to select a feasible injection plan.

Data sources and model setup

As it was mentioned earlier, three fluid samples with dif-
ferent compositions and API gravity were considered as
part of this study as reported in Table 1. Fluid properties
were calculated using the PVTi module of Schlumberger
Eclipse (E300) software based on the reservoir pressure of
2315 psi and the temperature 149 °F. The pressure—tempera-
ture (phase) diagram was then plotted as shown in Fig. 3.
This figure shows the phase behavior of the reservoir oil,
bubble point pressure, and the percentage of the liquid and
gas below the bubble point pressure. Black oil and volatile
oil reservoirs fall in this region on the left side of the criti-
cal point. It appeared that the bubble point pressure of the
samples S1, S2, and S3 would be 1675 psi, 867 psi, and
2057 psi, respectively. Figure 4 shows the calculated forma-
tion volume factor, solution gas—oil ratio, and oil viscosity
of S1, S2, and S3, and the effect of compositions on PVT
properties is evident. S3 is high energy oil with high solution
gas—oil ratio compared to S1 and S2 samples. Formation
volume factor and solution gas—oil ratio trends of S1 and S2
show the difference before and after bubble point pressure.
The trend of viscosity against API is inverse, while trend of
viscosity against pressure is typical that decreases till bubble
point pressure and then starts to increase.

Binary interaction coefficient was used in the Peng-
Robinson equation of state to accounts for the effect of the
polar forces in the interaction between components. This
equation of state was also used in the numerical simula-
tion model for the calculation of the minimum miscibility
pressure. Three-phase diagrams which is also known as the
ternary diagram was then plotted as shown in Fig. 5. The

envelope in the diagram shows a two-phase region, and the
black point shows the composition of the samples. Thus, any
line crossing the two-phase envelope shows the immiscibil-
ity of the gas in the oil. If the connecting lines do not pass
the phase envelope, it shows the complete miscibility of the
gas in the oil.

Minimum miscibility pressure calculation was done after
the calculation of the fluid properties and parameters used
in the Peng—Robinson equation of state. In this study, a
simulation method was adopted for the calculation of MMP
by Eclipse E300. The simulation was run for a series of
different pressures. The recovery factor corresponding to
each pressure value was then recorded. A graph was plotted
between the pressure values on the x-axis and the oil recov-
eries at the y-axis. The break in the curve gives the value of
the minimum miscibility pressure. Figure 6 shows the graph
of the minimum miscibility pressure.

The relative permeability values were calculated using
the Baker model (Baker 1988). Figure 7 shows the relative
permeability and the saturation data used in this study at
0.65% oil saturation and 0.35 gas saturation. These values of
the oil saturation and gas saturation become 50% and 55%,
respectively, after the natural depletion stage. A numerical
simulation model was then developed to observe the effect
of the composition on the minimum miscibility pressure and
the injection strategies. The data used to create the reservoir
for the simulation model are reported in Table 2.

As discussed earlier, two injection schemes were adopted
in this study for different oil reservoirs to assess the perfor-
mance of the miscible CO, flooding. Given these two cases
and three oil samples, a total number of six simulations were
run by keeping all the parameters constant except the com-
position of oils. Figure 8 shows the reservoir model devel-
oped for this study with one injection and five production
wells. The injection rate was kept constant, and CO, gas was
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Fig.3 Schematic two-phase diagrams of three oil samples used in
this study

injected in the upper layer, while the production well was
completed in the lower structure.

Results and discussion
This section explains the results obtained from the meth-

odology proposed earlier. The results are categorized into
the following three categories of: (1) primary recovery, (2)
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miscible CO, injection, and (3) ultimate oil recoveries from
two different injection schemes. The base case involves the
natural depletion of the reservoir to the economic limit of the
reservoir. In the second case, CO, is injected in the reservoir
above the specific minimum miscibility pressure from the
very first day. In the third case, CO, injection is started after
the natural depletion of the reservoir. At the end, a com-
parative analysis was performed to select a suitable injection
scheme from these two cases. Table 3 gives different devel-
opment schemes used in the base, first, and second cases.

Primary recovery (base case)

In the base case, the reservoir produces from its natural
energy. The solution gas drive mechanism was involved,
and the reservoir pressure was already lesser than the bub-
ble point pressure (free gas is present). As the production
starts, the pressure of the reservoir starts to deplete, and free
gas maintains the reservoir pressure. Figure 9a shows the oil
recovery efficiency (FOE) trend against time for sample S1,
S2, and S3. It was observed that only 23% to 24% of oil can
be recovered from the natural energy in all cases. Thus, an
external drive mechanism is required to produce the rest of
oil from the reservoir. Figure 9b shows the oil production
rate (FOPR) and reservoir pressure (FPR) for 15 years for
sample S1, S2, and S3. For S1 and S2, the reservoir pressure
declines with oil production after 15 years. Thus, an external
energy is required for further production. This reservoir is
considered as a suitable choice for the miscible CO,-EOR.

Case 1: injection from the first day of production

In this case, a reservoir model was developed to incorporate
miscible CO, injection into the base case from the first day
of production. The injection pressure of CO, was kept above
the minimum miscibility pressure, exceeding the threshold
of the initial reservoir pressure to maintain the miscible con-
ditions throughout the reservoir. CO, gas becomes miscible
in the reservoir by the multi-contact miscibility as a result
of vaporization and condensation drive mechanism. Thus,
a miscible front of CO, and oil was developed in the reser-
voir which could sweep oil out toward the production well.
Figure 10a shows a comparison between the oil production
rate (FOPR) and reservoir pressure (FPR) obtained from all
three samples.

More pressure buildup was observed in the reservoir with
the sample S1 due to a high MMP and a higher injection rate
compared to other cases. On the other hand, the reservoir
with the sample S3 had a higher MMP than S2. Thus, the
pressure rate curve for S3 is between the reservoir with the
sample S1 and S2. The fluid sample S2 had the lowest MMP
value and attains the miscibility conditions earlier than the
other two samples. Similarly, a higher oil production rate
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Fig.4 Calculated formation volume factor, solution gas—oil ratio and oil viscosity of S1, S2 and S3

was observed in the reservoir with the sample S1 due to the
high gas injection rate. It was also seen that the reservoir
recovery with these fluid samples is almost the same despite
their different fluid compositions. Similarly, the oil produc-
tion rates and cumulative CO, production from each case
were close because different fluid compositions did not have
a significant impact on the total recovery. However, due to
different percentages of light and heavy components in the
samples, changes in the pressure buildup and gas produc-
tion rate were clearly observed. Figure 10b compares the
gas injection rate (FGIR) and gas production rate (FGPR)
obtained from all three cases. As it is seen, at the begin-
ning of production, a higher gas injection rate was selected
to maintain the miscible conditions in the reservoirs. Once
the MMP is achieved, the gas injection rate was reduced to
maintain the reservoir pressure above the MMP. A lowest
gas injection rate was, however, selected for the sample S2
due to its lower MMP. A total volume of 569 MMScf gas
was injected into the reservoir with sample S3 while 599

MMScf gas was injected for the sample S1 due to its higher
MMP. Correspondingly, gas production rates at the end of
the production period remain constant Fig. 10c compares
the oil recovery efficiency (FOE) and the total fraction of
CO, production (FZMF1) obtained from all three cases.
Apparently, the ultimate recoveries are almost the same
for all three samples. However, slightly higher oil recov-
ery efficiency (FOE) was observed in the sample S3 since
it contains more fraction of light components with higher
fraction of methane. At the end, a total recovery of 79% was
achieved in the sample S3 while the remaining two sample
(S1 and S2) had the recovery of 78%. It was also noted that
the fraction of CO, is higher in the sample S1 due to the gas
channeling and fingering effect. As the mobility difference
between the injected gas and sample S1 is high, a slight
fraction of gas passes through the oil and will be produced
at the surface. On the other hand, more delay of gas break
through was observed in the reservoir with sample S2 due
to less amount of gas injection and early attainment of the
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MMP. Figure 10d compares the total oil production volumes
(FOPT) obtained for all fluid samples. It was revealed that
the reservoir with the fluid sample S2 can produce a higher
volume of oil than the other reservoirs because of its low
MMP and miscibility conditions.

Case 2: injection after natural depletion

In this scenario, miscible CO, injection was initiation when
almost 75% oil was still left in the reservoir. In this case,
the miscibility was achieved by maintaining the injection
pressure of CO, above the minimum miscibility pressure.
Figure 11a plots the oil production rate (FOPR) and res-
ervoir pressure (FPR) against time for the reservoirs with
different fluid samples.

More pressure buildup was observed in the S2 reservoir
due to the early attainment of MMP and presence of free
CO, gas in the reservoir. Similarly, the reservoir with the
fluid sample S1 gave a higher oil production rate due to
the high gas injection volume and rate than the other fluid
samples. Figure 11b shows the variation of the gas injection
rate (FGIR) and gas production rate (FGPR) against time
in all three cases. The residual oil in the reservoir contains
more fraction of heavy components and as such more gas is
required to produce the residual oil. Similarly, the reservoir
with S1 requires a large amount of injected gas for produc-
tion. Figure 11c plots the oil recovery efficiency (FOE) and
the total fraction of CO, production (FZMF1) against time
in all three fluid samples. There is not a significant differ-
ence in the recovery of different cases; however, the reser-
voir with sample S1 had a higher FOE compared to S2 and
S3 that could be due to the favorable fluid displacement.
The injected gas reduces the oil viscosity and gas condensa-
tion drive increases the mobility of oil and oil produces at
the production wells. The mobility difference between the
injected gas and the oil samples may lead to CO, bypassing
and production at the surface. Figure 11d plots the total oil
production volumes (FOPT) against time in all three fluid
samples. It appears that the reservoir with sample S1 per-
forms better than S2 and S3 due to the higher injected gas
volume. The fluid sample S3 had the lowest oil production
volume due to a higher fraction of heavy components in the
residual oil.

Overall comparison

Table 4 summarizes the results obtained from all the cases
generated in this study. It was revealed that miscible CO,
injection is a suitable technique for the reservoir under con-
sideration, but the main objective of the study was to select
the most suitable injection scheme that could increase the
recovery in a short time period. It appears that the case-1 in
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Table 2 Hypothetical reservoir data used to build the numerical
model

Parameters Values

Grid blocks 200

No of injection wells 01

No of production wells 04
Permeability 100 mD
Porosity 0.3
Thickness 20 ft

Depth (ft) 3040

Initial OIP (MMSTB) 90

Initial oil saturation (%) 100
Heterogeneity Homogenous
Reservoir temperature 149 °F
Reservoir pressure 2315 psi

No of components 11

Injected gas Carbon dioxide (CO,)

the reservoirs with the S2 fluid sample would be the most
suitable scheme where CO, injection starts from the very
first day of production. It was also seen that the reservoir
with the S2 fluid sample gives the maximum recovery with
lesser injected gas in a period of 15 years. In case 1, the
reservoir pressure was already at the initial reservoir pres-
sure and a lesser amount of gas was needed to achieve the
minimum miscibility pressure. In case 2, the reservoir was
already depleted and does not have any potential to pro-
duce further oil. Thus, a large amount of gas was required
to achieve the minimum miscibility pressure. The results
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Table 3 Different development schemes

Case Oil API Injection stage
Base 22.5 Primary recovery
28.7
33.8
1 22.5 Injection from
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obtained are useful to understand the effect of oil type on
the performance of the miscible CO, flooding.

Conclusions

In this study, a numerical simulation was done to evalu-
ate the performance of the miscible CO,-EOR in the oil
reservoir with different oil compositions. The study results

indicated that the miscible CO,-EOR is perhaps the most
suitable technique for the selected fluid samples given the
improvement in the oil recovery. It was also found that the
fluid composition would affect the recovery performance of
the miscible CO,-EOR. MMP calculation in a similar condi-
tion for all three oil samples showed that the MMP increases
with the increase in C; and Cs_, components and decreases
with the increase in C,—C, components. The miscible front
in the case of volatile oils is much stable than the heavy oils
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Fig. 11 Comparison between a FOPR & FPR, b FGIR & FGPR, ¢ FOE & FZMP, and d FOPT of S1, S2 and S3 samples

due to the lower mobility of heavy oils. The results obtained
indicated that the reservoir with the fluid sample S2 would
be the most suitable choice for the miscible CO, flooding if
the recovery factor is counted together with the total amount
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of CO, injected and produced. It was also found that the
ultimate recovery increases in a short time period by inject-
ing CO, at the miscible conditions from the very first day
of production.
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Table 4 Results for base case, case 1, and case 2

Cases Samples Total oil production  Total oil recov-  Total gas injected Total CO, pro- Simulation time  Injection
(MMSTB) ery (%) volume (MMscf) duction (%) (years) period
(years)
Base S1 22 24 - 1 15 -
S2 20 24 - 1 15 -
S3 19 23 - 1 15 -
1 S1 70 78 599 82 15 15
S2 71 78 495 78 15 15
S3 62 79 569 79 15 15
2 S1 61 69 2697 79 20 05
S2 58 65 1978 66 20 05
S3 52 66 2797 77 20 05

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
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