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Abstract

High oil prices and concerns about future oil supply are leading to a
renewed emphasis on the unconventional hydrocarbon and the remaining oil
in mature fields. These resources could be recovered by EOR, Enhanced Oil
Recovery, which is defined as the reservoir treatment process to inject
certain substances, usually not included in the reservoir, to improve the oil
recovery. These processes have gained more attention as a result of
increasing costs of exploring the new oil fields and reducing opportunities of
discovering the high reserve and good quality reservoirs.

Since the oil production by EOR 1is a rather difficult, risky and
expensive, the selection of proper EOR method according to the reservoir
condition is important to attain a successful and profitable project. The main
tool for predicting reservoir performance after EOR application, hence
selecting a proper method, 1S a reservoir simulation which requires extensive
information about the reservoir that may not be available or can be
unreliable at the initial evaluation stage and also extensive time. Another
method 1s using an expert opinion, but it tends to be biased by operational
experience of the expert.

In this study, the Artificial Neural Network model is developed to solve
the technical problem in selecting the EOR method. The model is composed
of the four layers which consist of one input layer of the seven neurons,
one output layer of the five neurons, the first hidden layer of the ten
neurons, and the second hidden layer of the eight neurons. The input
neurons contain the main reservoir parameters, and the output neurons

contain the EOR methods to be evaluated. The tangent-sigmoid function is



used as an activation function of the first hidden layer, the log-sigmoid is
used in the second hidden layer, and the pure linear function is used in the
output layer. The data used in training and testing the networks are
extracted from the special report of Worldwide EOR Survey published by
the O/ Gas Journa/ at 2006. The network is trained by the scaled
conjugate gradient algorithm.

After trained successfully, the noise test is performed to examine
whether the model overcomes the error that may be included in the data.
After that, the model is tested by data which are not used for training to
evaluate the model applicability. Finally, the model is applied to the most
successful producing EOR projects. The noise test and applicability test
show that the ANN model developed in this study can be used to select the
most appropriate EOR process based on the basic reservoir properties in a
very short and cost effective way. Technical characteristics, limitations in
application, and application ranges of each EOR method presented in the
previous literatures are also discussed here as a basis for the model

development.
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EOR Classification According to Oil Recovery Mechanisms
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Figure 2.2. EOR classification according to oil recovery mechanisms

(Korea National Oil Corporation and University of Texas, 2007).
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Parameters Past Recommendation Current
Crude oil
Gravity, °API X >15 13.6 to 34
Viscosity, cp 0.01 to 1,494 <150 7 to 80
Composition - Not critical -
Reservoir
OIP at project startup, % OOIP 36 to 97.1 >50 60 to &2
Formation - Sandstone -
preferred
Net pay thickness, ft 4 to 432 Not critical -
Average permeability, md 0.6 to 15,000 >10 173 to 5,000
Depth, ft - <9,000 400 to 9,500
Temperature, °F 46 to 235 <200 74 to 185
Brine salinity, % TDS 0.3 to 21.3 - -
Producing WOR at project startup 0 to 100 - -
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StE S35 o] Foj 4w wud np JH(Wyatt ef o/, 1995).

F oA Aoz AFF2 Hl i Z A (heterogeneity) S & & ULk &
AR Al dAd B oojet #AdE JFELES BE 5T Qo] T4
g Aoy 53 FPEHe] vt ety A By o ou sz
ok Bds THT ARFTLTFE IFFEE0] Fov k¥ o e EFY
Holl o3 HFFEo] 50% o] AgdelA Agg Ao dejx dvh(Taber
et al, 1996).

A A Adzdozs ARG 4TS & 7 Uk gy g A
o AFFAAT o]FojA =1 o= wAFAUS AS G fFA A AW
Al AHEAA ] FF(adsorption)o] WAYsH7] wiiEolh. e A ule A A
iL(anhydrite) % A i(gymsum)®t HEAEC] A5 E&4oH AFF9
o 3} & (chloride)©] 20,000 ppm ©]&}o]ar Zrsgolt} vl 143 28 27} o] & o]
500 ppm ©]&tQl A HolA EE&EAQ oz L&A Ath(Taber er @/, 1996).
Tl AAE stetHe A8 49E Table 2.20] & °Fst it}

Table 2.2. Technical screening guides for micellar solution flooding

(Taber es a/ 1996).

Composition

Parameters Recommendation
Crude oil

Gravity, °API >20
Viscosity, cp <35

Light intermediates are desirable.

Reservoir

OIP at project startup, % OOIP
Formation

Net pay thickness, ft

Average permeability, md
Depth, ft

Temperature, ‘F

>35
Sandstones preferred
Not critical
>10
<9,0001ft
<200

,16,
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Pr=gi-d={1-B-exp(-A-d}-d (2.2)

Pf : formation fracturing pressure, psi
gf : fracture gradient, psi/ft

A, B : local fitting parameters
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Figure 2.3. COs MMP and fracture pressure with depth for a 40 "API oil

of Permian Basin reservoirs(Heller and Taber, 1986).
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Table 2.3. Technical screening guides for CO: flooding
(modified Taber ez @/, 1996).

Parameters Recommendation Current projects
Crude oil

Gravity, °API >22 28 to 44
Viscosity, cp <10 0.3 to 6
Composition High percentage of intermediate hydrocarbons

(especially Cs to Ci2)

Reservoir

OIP at project startup, % OOIP >20 30 to 89

Formation Sandstones or carbonate and relatively thin
unless dipping

Average permeability, md Not critical if sufficient injection rates can be
maintained

Depth and Temperature Must be enough to allow injection pressures

greater than the MMP

,22,
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Table 2.4. Technical screening guides for hydrocarbon miscible flooding
(modified Taber ez a/, 1996).
Parameters Recommendation Current projects
Crude oil
Gravity, °API >23 19 to 57
Viscosity, cp <3 0.1 to 73.5
Composition High percentage of light hydrocarbons
Reservoir
OIP at project startup, % OOIP >30 30 to 98
Formation Sandstones or carbonate with a minimum of
fractures and high permeability streaks
Net thickness Relatively thin unless formation is dipping
Average permeability, md Not critical if uniform 20 to 3,100
Depth, ft >4,000 4,040 to 13,750
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Table 2.5. Technical screening guides for nitrogen miscible flooding

(modified Taber ez @/, 1996).

Parameters Recommendation Current project

Crude oil

Gravity, °API >35 51

Viscosity, cp <04 0.2

Composition High percentage of light hydrocarbons

Reservoir

OIP at project startup, % OOIP >40 Not available

Formation Sandstones or carbonate with few fractures
and high permeability streaks

Net thickness Relatively thin unless formation is dipping

Average permeability, md Not critical

Depth, ft >4,000 15,400

Temperature Not critical due to the deep reservoirs

,25,
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.
Table 2.6. Technical screening guides for steam EOR
(modified Taber ez a/, 1996).

Parameters Recommendation Current projects

Crude oil

Gravity, °API 8 to 25 8 to 29

Viscosity, cp <100,000 20 to 5,000,000

Composition Not critical but some light ends for steam

distillation will help

Reservoir

OIP at project startup, % OOIP >40 40 to 90

Formation Sand or sandstone with high porosity and

permeability preferred

Net thickness >20

Average permeability, md >200 0.1 to 10,000

Transmissibility, md-ft/cp >50

Depth, ft <5,000 200 to 5411

Temperature, °F Not critical 45 to 150

,29,
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Table 2.7. Technical screening guides for in—situ combustion

(Taber ez a/, 1996).

Current projects

Recommendation

Parameters

Crude oil

10 to 40
6 to 5,000

Some asphaltic components to aid coke depositon

10 to 27

Gravity, °API
Viscosity, cp
Composition

<5,000

Reservoir

62 to 94

Sand or sandstone with high porosity

>50

OIP at project startup, % OOIP

Formation

>10
>50

Net thickness

85 to 4,000

Average permeability, md

Depth, ft

400 to 11,300
100 to 122

<11,500
>100

°F

Temperature,
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Table 2.8. Technical screening guides for MEOR(modified Bryant, 1991).

Parameters Recommendation Application
Crude oil

Gravity, °API 30 to 40 >20
Viscosity, cp Lower values preferred
Reservoir

Average permeability, md >75 1 to 1,000
Depth, ft >6,800

Temperature, °F >158

Pressure, psi >20,000

TDS, ppm >100,000

,33,




o T RN R CENC
. ) of =
R ow S G
]L o ﬂ7.H o \mwl ‘_lﬁ_AlL
< " TR T AR
o S CES
g N o
o m U @/ =
) N Rl o Ak s
- 2T B Mo 8
° ,OI .MMO ﬁo ° I:AII E._o -W
OL \NL Mﬂ ,U| ﬁo 5
ol mm - < mﬁ 8
— ! Ol o
%o -~ & o H = oo /s
=R E T oy o |
T < . )
= -lT iz 2 |
— o ooy X -
._U W N oo M T mm
X’ oo D oo
NJo o T = of 3 &
G+ O N~
) N —_
ol oy v Wr W o ~ m T R
o= o o T ~ 5 7
A il I OO
— uArﬁ -~ X T 0 are ,rl;l
oF " o ¥ Mﬂ M Lam Mo
T 2T B T g m° = B
N om A= oo
X0 G © B
3 o o T ]
= Mo T BT ol g kT
™M SO o WO ~ JE
N ™ ~ & 2
— ™ To o T om
03 BT o 3 Ny

Figure 3.1. Schematic diagram of the biological neuron(Mohaghegh, 2000).
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T AFALFHE 54 Hokol A g AAAE A§ BAN G

WA Y EH dugse R Kohonend 7 A & <5 (competitive learning)

7} Grossberg®] ART(Adaptive Resonance Theory) =2 % o] 9t} Table 3.1

Table 3.1. Classification of ANN models in terms of learning method.

(Korea National Oil Corporation and Seoul National University, 2006).

Learning Method ANN Model
Hebb's rule Boltzman machine
Supervised Delta rule Perceptron
Generalized delta rule Back propagation
ART

. . . Self-organizing model
Unsupervised Competitive learning

LVQ(Learning Vector Quantization)
BAM (Bidirectional Associative Memory)
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Table 3.2. Classification of worldwide EOR projects by project evaluation
(Moritis, 2006).

Project Evaluation
FEOR Method Total
Succ” | Prom” |TETT? | Disc” N.E”

Hot water 3 - - - - 3
Steam 92 9 4 6 8 119
Combustion 10 5 2 4 - 21
Polymer 7 7 1 0 5 20
CO2 miscible 57 16 7 5 1 86
HC miscible 30 4 2 0 1 37
N2 miscible 1 n - - - 1
Acid gas miscible E 1 - - - 1
CO2 immiscible 2 6 = - - 8
HC immiscible 1 '} o - - 1
N2 immiscible 1 1l & - 2 4
Microbial 1 = - - 1 2
Total 205 49 16 15 18 303

1) Succ = Success
2) Prom = Promising
3) TETT = Too Early To Tell
4)
) N

)

Disc = Discouraging
= Not Evaluated
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Table 3.3. Number of EOR projects after pre-screening

Number

EOR Projects
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Steam
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Hydrocarbon miscible
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Figure 3.4. Area vs

depth of producing EOR projects.
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vs depth of producing EOR projects.
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Figure 3.6. Porosity vs oil saturation of producing EOR projects.
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Table 3.4. Data sampling by grouping variable

STEP 7

STEP 2

STEP 3

STEP 4

STEP 5

Divide the input variables as two sub—groups by their effects
- Group 1 ' porosity, log permeability, oil saturation, log viscosity
- Group 2 : depth, temperature, °API

Multiply each group

- V1 ! porosity x log permeability X oil saturation x log viscosity
- V2 ! depth x temperature x °API

Generate the grouping variable dividing V1 by V2

Rank each data by grouping variable

Sample two per three data

o] g3t HA = o 2/35 FF
Aete] AAH Az 7t

/A7 A T 7R AT, hFel
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Table 3.5. Distribution of the training data by their type

EOR Projects

Before sampling After sampling

Steam 85 56
COz miscible 48 32
Hydrocarbon miscible 31 21
Combustion 14 10
Polymer 12 9

Total 190 128

Table 3.6. Ranges of reservoir parameters after data sampling

Parameters Minimum Average Maximum
Reservoir depth, ft 200.0 4221.6 13,750.0
Reservoir temperature, °F 55.0 130.6 290.0
Porosity, % 4.0 23.7 65.0
Permeability, md 0.1 1,412.5 11,500.0
Initial oil saturation, % of OOIP 30.0 63.6 98.0
API gravity, °API 8.0 24.9 57.0
In-situ oil viscosity, cp 0.1 4170.3 100000.0
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2. 55 A
A% wdo JeEss F8 AFxs SYHTES o] &stdn. 77
of dEWTEL THEAA Fo A4 AFAAS Hste A Bl o 07 1
Atol2 A sl sttt AafrstE 4 MG E9 X Table 377 2t 535
Gel RE 2 FARAER AHEE 202 ARan
X—X .
X — min
e ‘X;naX - ‘X;nin (31)
Xyew © Modified value of each parameter
X : Real value of each parameter
X o Minimum value of each parameter
Xyew - Maximum value of each parameter
Table 3.7. Ranges of input parameters used for training.
Parameters Minimum Average Maximum
Reservoir depth 0.00000000 0.29679457 1.00000000
Reservoir temperature 0.00000000 0.32169215 1.00000000
Porosity 0.00000000 0.32263064 1.00000000
Log permeability 0.00000000 0.67197284 1.00000000
Initial oil saturation 0.00000000 0.49469210 1.00000000
API gravity 0.00000000 0.34587851 1.00000000
Log viscosity 0.00000000 0.44759620 1.00000000
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Sensitivity on the no. of neurons in the 2nd layer
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Figure 3.10. Sensitivity on the no. of neurons in the hidden layers.
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Performance is 9.97095e-007 , Goal is 1e-005
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Figure 3.11. Error performance of the ANN model during the training.
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Table 4.1. Prediction performance of the ANN model for the new data.

Total

Failed

Successful

Results

29

3(10%)

26(90%)
16(100%)

Steam

16

0(0%)
2(20%)

CO2 Miscible

10

8(80%)
4(100%)

3(100%)

Hydrocarbon Miscible

0(0%)
0(0%)

Combustion

Polymer

62

5(8%)

57(92%)

Total
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Figure 4.1. Accuracy performance of the noise test.
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30 9 AAEA Y9 Midway-Sunsetolth, =8 A {5 542 Table 4.29F %
t}. Cold Lake®} Wason Denvers ¥ =

Midway-Sunset> {9 FAEE EgAe A4 2 71459 o

Table 4.2. Reservoir characteristics for model application

Field Cold Lake"! Wason Denver'" Midway*Sunset[Z]
Location Canada TX, USA CA, USA
Operator Imperial Oil Occidental Berry
Formation type Uu.s Dolomite S
Depth, ft 1,509 5,200 1,000
Temperature, °F 55 105 101
Porosity, % N.A N.A 30
Permeability, md 1,500 8 2,500
Oil saturation, % 70 51 68
API gravity 10.2 33 12
O1il viscosity, cp 10,000 1.2 N.A

% Data source
[1] Korea National Oil Corporation and University of Texas, 2006
[2] Moritis, 2006
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