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Abstract

The minimum miscibility pressure (MMP) is one of the most important parameter to be determined
in miscible gas injection projects to ensure and maximize the displacement sweep efficiency inside the
reservoir. Usually the most effective way of determining the MMP is to run slim tube experiments.
However, in the early screening stage, we often relay on the published empirical correlations to
estimate the MMP and identify the candidate fields for EOR gas injection projects. The main
objective of this paper was to examine different published empirical CO; MMP correlations using
measured data mainly obtained from Libya and other published resources, and also to develop a new
simple reliable correlation to be applied in the oil industry. The data collected covered a wide range
of CO; MMP (1544 — 6244 psia) and oil API gravity (28 — 52 °API). Minitab regression tool was
extensively used in our study and a wide range of new constructed correlations ranging from simple to
complex ones were developed and statistically evaluated. The proposed simple COs MMP correlation
is mainly function of the measured Pb, API, T, and Rsi and has very reliable degree of accuracy
(SD=6.7%, RE =0.44%, AbsRE = 5.74%, R2 =95.22%) for the examined data and is more superior
to all other industry published correlations. The new correlation was validated against 100 measured
PVT variables (Pb, Rsi, T & API) obtained from Libya, and the predicted COy MMP results have
demonstrated very reliable trend (within the measured CO; MMP trend) with no anomalies.

Keywords: COg MMP, EOR Screening, PVT variables.

1. Introduction suitable surface facilities. In view of its impor-
tance, the operator is strongly advised to deter-
Through research over the past 30 years, mis- mine the MMP for site-specific candidate gas-oil
cible phase displacement processes that use cer-  gystem under representative reservoir conditions.
tain gases as inject agents have been developed as [1]
successful means for enhancing oil recovery from CO>MMP is usually determined by experimental
many reservoirs. COy is regarded to be an ex-  4pn0ach. The experimental methods are time-
cellent solvent for miscible COs floods but still consuming and expensive and are usually con-
there are both advantages and disadvantages to jycted when the company decide to proceed with
take into consideration for applying CO,; EOR 1}, implementation of COy EOR project. On
projects. the other hand, empirical correlations are used
MMP is defined as the minimum pressure that i, estimate the CO5 MMP and have their own
is required to attain the miscibility between an limitations, though they are extremely useful for
injected CO; gas and oil at reservoir conditions. fag¢ prescreening reservoir candidates for poten-
The MMP is the single most important parame- 5] COy injection. Therefore, it is of principal
ter in the design of a miscible gas flood. A re- importance to develop a reliable and accurate gen-

liable estimation of the MMP helps the opera- gpa] correlation for determining the CO5 MMP for
tor to develop injection conditions and to plan
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most of the worldwide crude oil.

In the petroleum industry, the most widely used
experimental methods are the slim-tube and the
rising bubble apparatus. Slim-tube measurements
are the preferred method for establishing MMP
experimentally as both condensing and vaporiz-
ing effects can be captured discretely.[2]

In several empirical correlations, different param-
eters that are mainly related to PVT properties,
reservoir temperature, and oil composition have
been considered as the most important variables
that affect the MMP. For example, all the correla-
tions in the literature suggest that the calculated
MMP should increase with the reservoir temper-
ature.[3]

The early attempts for establishing COy MMP
correlation was made by Holm and Josendal[4]
in 1974, and was then extended by Mungan[5].
Their correlation requires the knowledge of the
reservoir temperature and C5" molecular weight
of the reservoir oil. According to this correlation
the effect of oil composition becomes more pro-
nounced as temperature increases above the 120
t0140 °F.

In 1978, Cronquist[6] proposed an empirical equa-
tion that was generated from a regression fit on
58 data points. Cronquist characterizes the misci-
bility pressure as a function of reservoir temper-
ature, molecular weight of the oil pentanes-plus
fraction, and the mole percentage of methane and
nitrogen. In 1979, Lee[7] has based his correlation
on equating MMP with CO4 vapor pressure when
T < COg critical temperature, while using the
corresponding correlation when T > COs critical
temperature.

In 1980, Yellig and Metcalfe[8] proposed a cor-
relation for predicating the CO; MMP that uses
the temperature, as the only correlating parame-
ter, where system temperature (T) is in °F. Yellig
and Metcalfe pointed out that, if the bubble-point
pressure of the oil is greater than the predicted
MMP, then the CO; MMP is set equal to the
bubble-point pressure.

In 1985, Alston et al.[9] developed an empirically
derived correlation for estimating the MMPs for
pure or impure COs/oil systems. Alston and
coworkers used the temperature, oil C5" molec-
ular weight, volatile oil fraction, intermediate oil
fraction, and the composition of the COs stream
as the correlating parameters.

Glaso[10] also, 1985, proposed a correlation for

predicting minimum miscibility pressure of multi
contact miscible displacement of reservoir fluid
by hydrocarbon gases and COs. His correlation
is mainly function of reservoir temperature and
molecular weight of C77.

In 1988, Eakin and Mitch[11], were observed the
minimum miscibility pressures (MMP) for 102 com-
binations of oil, temperature, and solvents using
Rising Bubble Apparatus. The data were repre-
sented with 4.5% standard deviation by an equa-
tion which needs only the solvent composition,
oil C7" fraction molecular weight, and the pseu-
doreduced temperature. A slightly better stan-
dard deviation of 3.5% was obtained by extending
Peng’s procedure for critical points of mixtures to
calculate MMP.

Here in this paper the approach we have adopted
for developing our correlation is based on the fol-
lowing key steps:

1. Establish a relation between measured CO,
MMP and only one selected variable to find
out which of these variables has direct effect
on minimum miscibility pressure (MMP) pre-
dictions.

2. Comingle the most effective variables together
in different forms of equations and relate them
with the measured COy MMP to find out the
most suitable form of correlation that will pro-
vide a reliable accuracy of results.

3. Examine different forms of correlations ranging
from simple to complicated form and highlight
the features/limitations of each one and finally
conclude the most reliable and practical corre-
lation for use in the oil industry.

4. Test the correlations for their validity, quality
and applicability against measured PVT data
to ensure of no abnormal predictions. The cor-
relations were tested against 100 PVT data
points obtained from Libya.

5. Compare the new correlation with the most
popular correlations to check its reliability.

2. Data Collection and Screening

Experimental CO; MMP measurements were col-
lected from different fields, mainly in Sirte basin
of Libya|12|, and from other worldwide literature
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Table 2.1: Range of experimental data used in this re-
search

Parameter Range
COsMMP psia 2065 6224
Solution GOR (Rsi) SCF/STB 162 1971
Stock-tank Oil Gravity oAPI 32 50
Reservoir Temperature  oF 164 262
Bubble-Point Pressure psig 645 3780
Bubble-Point FVF RB/STB 1.141  2.320

data. A total number of 40 data points were ini-
tially obtained but some of the main related PVT
parameters are not available in these data. There-
fore, the actual number of data after screened
were reduced to 20 data points to develop our cor-
relation. However, when we examined the former
industry correlations, different number of sam-
ple data points were used depending on the re-
quirements of each correlations.Table 2.1 below
describes the range of experimental data used in
this research.

3. Testing the Relationship between
Variables

It was our initial objective to test the possibility
of finding a relationship between the measured
CO2MMP and a single independent variable that
allows the user to calculate the MMP using one
variable without the need for a relationship based
on the use of more than one variable. The rela-
tions covered the following forms:

1. Relation between measured COy; MMP and oil
API gravity

2. Relation between measured CO, MMP and Pb

3. Relation between measured COy MMP and MW
Ccrt

4. Relation between measured CO, MMP and T
5. Relation between measured COy; MMP and Rsi

by statistical means of Minitab standard devia-
tion (SD), R-squared value, Sum square of errors
(SS), mean square (MS). It should be pointed out
that none of these relations could be adopted or
considered reliable, as standalone, for CO; MMP
predictions due to high percentage of errors.

4. Simple CO,; MMP Correlation

In most published empirical correlations, different
PVT parameters were used as basic input param-
eters for COy MMP predictions. All these cor-
relations in the literature[4-11] suggest that the
calculated MMP should increase with reservoir
temperature, while some of them apply different
parameters to address the effect of the oil com-
position on MMP. Other empirical correlations
predict CO, MMP as a function of three vari-
ables; namely temperature, molecular weight of
plus fraction, and the mole fraction of a light com-
ponent in the reservoir oil.

In our study we have adopted different approach
than those available in literature and we have con-
sidered other PVT parameters such as API, Rsi
and Pb that could contribute to the improvement
of COy MMP predictions. Not only that, but
also with the help of Minitab, we have tried to
examine different forms of 4 parameter correla-
tions until we achieved the best fit. After many
trails we reached the below form of correlation
(Equation 4.1). The chosen parameters are easy
to measure at the wellhead and in the absence of
Pb value, other correlations such as Standing|[13]
and or Khazam[14] can be used to predict this
variable.

MMPco, = 5578 +10.37 %« T + 0.929 * Pb
+ 10220 « API/Rsi — 166.3 x API

—8.71 % Pbx API/Rsi
(4.1)
where:
MMP o2 : Minimum miscibility pressure of COq
solvent (psia).
T : Reservoir temperature (°F).

For the above examined variables and using Minitab Pb : Bubble point pressure (psia).

regression function, different correlations were es-
tablished ranging from linear (API) to quadratic
relation (T and MWCT7") to cubic relation (Pb
and Rsi). The criteria for classifying these cor-
relations were based on the best fit as indicated

Rsi : Initial solution gas oil ratio (Scf/Stb).

API : Oil gravity (*API).

A scatterplot of each independent variable with
the COs MMP for this correlation are shown in
Figure 4.1. It is clear that relatively all variables,
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as separate, have a trend except for API with
more scattered relation.

In the model building sequence section, Figure
4.2, shows that the value of R-squared is adjusted
as the software try to add and multiply variables
in the displayed order until it reaches the maxi-
mum possible value of R-squared.

where:

X1: APIL

X2: (API)/(Rsi).

X3: Bubble point pressure (psia).

X4: Temperature (°F).

The new developed correlation yielded a close to
accurate prediction of the experimental CO; MMP
with R-squared equal to 95.22%, as shown in Fig-
ure 4.3 in the green side.

Figure 4.4 shows a comparison between the CO9
MMP calculated with the above simple new cor-
relation and the measured MMP data. Standard
deviation was determined to be about 6.77%, av-
erage relative error equal to 0.44%, and the aver-
age absolute relative error determined to be about
5.74%.
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Figure 4.4: Comparison between measured and calcu-
lated CO2 MMP

As outlined above, and to verify the reliability of
the proposed new COy MMPcorrelation, consid-
ering all statistical evaluation and indicators with
the help of Minitab software, the correlation was
tested across a wide range of measured variables.
Due to the unavailable extra measured COy MMP
experiments, therefore we adopted different ap-
proach to test the correlation against the mea-
sured variables and compare the trend of MMP
prediction and find out if there are any anomalies
behavior. This correlation was tested using ap-
proximately 100 measured PVT data points (Pb,
Rsi, T and API) obtained from Libya. [14].

The new correlation has demonstrated very reli-
able trend with no anomalies and all the predicted
COy MMP are positive as it can be observed in
Figures 4.5 through 4.8 below. Also when com-
pared with the measured value (orange dots) are
all within the overall prediction trend.
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API Gravity

Figure 4.5: Compression between the measured API
variable and predicted COy MMP
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Figure 4.6: Compression between the measured T vari-
able and predicted CO2 MMP

5. Statistical Analyses

The accuracy of the proposed new COy MMP cor-
relation relative to the experimental data as well
as other published correlations was computed us-
ing the following well known statistical means:

e Average Percent Relative Error

e Absolute Average Percent Relative Error

Standard Deviation

R- Square

e Sum of squares
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Figure 4.2: Simple model building sequence
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The results of statistical analysis, focusing on the
top four indicators, were presented in Table 2.
Our new correlation has demonstrated very reli-
able accuracy and is more superior to the other in-
dustry published correlations, tested for our data,
with calculated standard deviation of 6.77%, aver-
age relative error of 0.44% and absolute average

% of variation explained by the model

relative error of 5.74%. The industry published
correlations demonstrated an absolute relative er-

L 100 ror ranges between 14.04% to 20.40% which are

Low — High much higher percentage of error than our corre-

R-sq = 95.22% lation and the standard deviation ranges between

95.22% of the variation in ¥ can be explained by the regression 14.67% to 29.52% which almost triple times of
model. . . P

our correlation. Despite the limited number of

Figure 4.3: R squared value of the improved simple data uged to develop our ?Orrelatlo.n’ but it C9V_

model ers a wide range of crude oil properties and a wide

range of measured CO2 MMP. This gives the abil-
ity of our correlation to perform very well when
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Figure 4.8: Compression between the measured Rg; vari-
able and predicted CO2 MMP

compared with other industry published correla-
tions and also provides high confidence on its ap-
plicability in the oil industry.

A graphical diagrams show a comparison between
the calculated and measured MMP with the new
correlation and other popular industry correla-
tions using 45 line graphs. Figures 5.1 through 6.7
below provide a better understanding of the reli-
ability of the proposed simple correlation in com-
pression to the industry published correlations as
one can see how the points are within a close fit
of the line.

7000
=
E 0] &
E 000
i" L0 »
s r "
S 3000 ‘-—'
= 2000 '
S 1000
£
= i}
1000 2000 SO0 S000 5000 bO0O ook
mieaswred MMP
Figure 5.1: Comparison between MMP calculated by

new correlation and the measured COs MMP

6. Complex CO, MMP Correlation

Having established the simple correlation along
with its parameters and statistical indicators, we

turned efforts toward forming more complex cor-
relation and see how contribution could be made
for accuracy improvement.

LK)

o 40K
s o
= L]
?_" 10K ','I =]
: g,
3 S ‘
£ ¢
= 100(

{4)

i 1000 A0 L0000 LK SO0
meeasured MMP
Figure 6.1: Comparison between MMP calculated by

Yellig et al correlation and the measured CO2 MMP
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Figure 6.2: Comparison between MMP calculated by
Cronquist correlation and the measured COy MMP

This complex correlation takes into consideration
the effect of the mole fraction of the light com-
ponents, and the molecular weight of the C7™, as
additional variable parameters to the simple cor-
relation form discussed above. All these param-
eters are comingled and tested with the help of
Minitab to provide the complex correlation with
following form, Equation 6.1:
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Table 5.1: Statistical analysis of CO2 MMP correlations

Statistical Holm et al  Yelling et al  Cronquist’s  Alston’s  Glaso Eakin et al  Lee New
Mean% Correl. Correl. Correl. Correl. Correl. Correl. Correl. Correl.
ARE 3.66 -11.22 13.31 3.63 0.18 14.92 13.00 0.44
AARE 14.10 15.82 18.08 22.79 14.04 20.40 19.91 5.74
SD 15.81 14.67 21.00 29.52 17.48 19.74 25.51 6.77
R? 10.4 50.8 77.5 67 56 68.7 53 95.2
Number of 16 25 29 24 29 29 29 20
data points
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MMPco, =11664 —2.179 « Pb+ 9.7 T
—156.2 x API — 10695651

Yic2-ce)

x T + 0.00033 * Pb?
MWery

Yico—ce) o
T % MWC7+

Yica—ce)
T % MWC7+

+ 5166348768 * |

7 42221 % Pb *

(6.1)
where:
MMPco,: minimum miscibility pressure of CO2
solvent (psia).
T : Reservoir temperature (°F).
Pb : Bubble point pressure (psia).
API : Oil API gravity.
Y(c2—ce) : total mole fraction of light compo-
nents.
MWCTT : Molecular weight of C7™ fraction.
Table 6.1 above summarizes the complex corre-
lation statistical indicators. The accuracy im-
provements over the simple correlation are neg-
ligible, where the SD is 5.2% compared to 6.7%
and the AARE is 4.2% compared to 5.7% and R?
is 97% compared to 95%. These improvements
are within the resolution of experimental errors
and therefore practically will not justify the pref-
erence of this complex correlation over the simple
correlation. On the contrary, the simple equation
will receive more acceptance in the oil industry
for its simplicity and ease of use and more impor-
tant is the availability of correlation parameters

Table 6.1: Statistical analyses for complex correlation

SD (%)  R2 R ARE (%) AARE (%)

5.23 0.971  0.985 -0.25 4.20

that are easy to obtain compared to the above
complex form.

7. Conclusions

Twenty (20) data points, mostly collected from
Libyan experimental data, were used to assess the
widely used COs MMP correlations and also to
develop a new correlation. The collected data cov-
ered a wide range of COy MMP (1544-6244 psia)
and oil API gravity (28 — 52 °API). A new sim-
ple COy MMP correlation, function of the mea-
sured Pb, API, T, and Rsi , was developed and
has demonstrated very reliable degree of accuracy
(SD=6.7%, ARE =0.44%, AARE = 5.74%, R2
=95.22%) for the examined data. The new corre-
lation is more superior to the other industry pub-
lished correlations, examined in this study. The
range of the published correlations errors (AARE
and SD) are almost triple times of our new cor-
relation’s accuracy. Due to the unavailable other
sources of measured CO; MMP experiments, the
new correlation was validated against 100 mea-
sured PVT variables (Pb, Rsi, T & API) obtained
from Libya, and the predicted COy MMP results
have demonstrated very reliable trend (within the
measured CO; MMP trend) with no anomalies.
Introducing more variables such as mole fraction
of the light components and the molecular weight
of the C7™ to the simple proposed correlation will
add negligible improvement to the accuracy.

8. Recommendation

The authors would like to express their gratitude
to the Advance Centre for Technology, Tripoli-
Libya for manufacturing the mould. Grateful ac-
knowledgement is also addressed to the Petroleum
Research Centre and Industrial Research Centre,
Tripoli-Libya for providing facilities for carrying
out the work. MMP predictions are very essential
in the early screening stage of CO; EOR candi-
date fields. The new proposed simple correlation
can be reliably utilized in Libya to screen EOR
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field candidates for COs injection as well as can
be utilized worldwide.
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10. Nomenclature

RSi : Initial Dissolved Gas Oil Ratio

Bo : Formation Volume Factor

co : Oil Density

po : Oil viscosity

MW : molecular weight

Yg : specific gravity

 : Viscosity

Pb :Bubble Point

Y (C2-C6) : Intermediate Components of the oil
MWC7+ :Molecular weight of the C74+ Compo-
nents

API : Stock-tank oil gravity

MMP : Minimum Miscibility Pressure

DL : Differential Liberation

CCE : Constant Composition Expansion

GOR : Gas Oil Ratio

ARE : Average Relative Error

AARE : Absolute Average Relative Error

References

[1] [1] Odd, Magne, and Mathiassen. “CO2 as
Injection Gas for Enhanced Oil Recovery and
Estimation of the Potential on the Norwegian
Continental Shelf”, Norwegian University of
Science and Technology, May 2003.

[2] [2] Stalkup, Jr., F.I.. “Miscible Displace-
ment”, Henry L. Doherty Series, SPE Mono-
graph, 1983.

[3] [3] Osamah Alomair and Magsood Igbal, O.
A. (2014). “CO2 Minimum Miscible Pres-
sure (MMP) Estimation using Multiple Lin-
ear Regression (MLR) Technique”, Kuwait
University, 2014.

[4] [4] Holm, L.W. and Josendal, V.A. “Mecha-
nisms of Oil Displacement by Carbon Diox-
ide”, J. Pet. Tech. (December 1974) 1427-
1438.

ICCPGE 2016, Al-Mergib University, Alkthoms, Libya

[5] [5] Mungan, N. “Carbon Dioxide Flooding —
Fundamentals”, J Cdn. Pet Tech (January -
March 1981) 87 - 92.

[6] [6] Cronquist, C. “Carbon Dioxide Dynamic
Miscibility with Light Reservoir Oils”, Paper
presented at the 1978 US Doe Annual Sym-
posium, Tulsa, August 28 - 30.

[7] [7] Lee, J I “Effectiveness of Carbon Diox-
ide Displacement Under Miscible and Immis-
cible Conditions”, Research Report RR-40,
Petroleum Recovery Inst, Calgary (March
1979).

[8] [8] Yellig, W. F. and Metcalfe, R. S. “Deter-
mination and Prediction of CO2 Minimum
Miscibility Pressures”; Society of Petroleum
Engineers of AIME, (1980).

[9] [9] Alston, R. B., Kokolis, G. P., and James,
C. F. “CO2 Minimum Miscibility Pressure:
A Correlation for Impure CO2 Streams and
Live Oil Systems”, SPE Journal, 25(2), 268-
274. (1985).

[10] [10] Glasg, @. “Generalized Minimum Misci-
bility Pressure Correlation”, SPE 12893. Pre-
sented at the SPE Annual Technical Confer-
ence and Exhibition, Dec. 1985, San Antonio,

TX.

[11] [11] Eakin, B.E. and Mitch, F.J. “Measure-
ment and Correlation of Miscibility Pressure
of Reservoir Oils”, SPE 18065, Presented at
the Annual Technical Conference and Exhi-

bition, 2-5 Oct, 1988, Houston, TX.

[12] [12] M Khazam, M Werfilli and A Mesallati
“Screening of Libyan EOR Candidates (Ap-
plying MMP and MMC Criteria)”, PRC-IOR
Symposium, (July 1999). Tripoli, Libya.

[13] [13] Standing, M.B.: “A Pressure-Volume-
Temperature Correlation for Mixtures of
California Oils and Gases”’, Drill. &Prod.

Prac. , API (1947) 275-87.

[14] [14] Khazam, M. M. “Statistical Evaluation
and Optimization of PVT Correlations for
Libyan Crudes”, National Oil Corporation.

(1995), Tripoli. Libya.

440



	Introduction
	Data Collection and Screening
	Testing the Relationship between Variables
	Simple CO2 MMP Correlation
	Statistical Analyses
	Complex CO2 MMP Correlation
	Conclusions 
	Recommendation
	Acknowledgment
	Nomenclature

