creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

[ UCI ]1804: 24011- 200000266197

2017a 24

ERERES



B 2 AFE vRd e

A% SAGD 7' 484 A7

A Study on the Applicability of SAGD Process in

Fractured Bitumen Carbonate Reservoirs

20173 249 249

EREEER DT

ol v A 2} 913 8 3

Collection @ chosun



i #E AR vEA RS

A% SAGD 7' 484 A7

o)
i
Sl
io
ol
%

>

SPEERE

r-{u
Hu
by
i
wt

2016 10

Collection @ chosun



2016 11<¥

Collection @ chosun



- R R CEERCEN NS L L

23
24
25
26
30
30

11
12
13
13
16
18
18
21
21

=1
A
2

0

& AbEE

g
d
b A WY
)

iz
K
il
‘Z_O

=
A
ol
SAGD 71% %873
=

SAGD 714

‘Z_O
do ¥

(Naturally Fractured ReSerVOirS)

o
4.2 O]%%Q‘E@(Dual POTOSIty, DP)

‘Z_O < gl

=
T
=
=
<)
Els

R
& ol

%_(Fault)
i
]ﬁ
7
(ﬂ

o]
5
gl
o
i=]
31 Steam-Assisted Gravity Drainage(SAGD)
=
4.3 o]%E;—T%EE‘ﬂE](Dual Permeability; DK)

iy
41 AATEE A T+

A

) o ~ BV

3
4
1
2.
3
4

%
w24 A} AHEF F Grosmont
)

A
List of Tables -weeeeeereremenerenenennes

)1\_]:
A4z Alae ol d
55

A

2
=

37

A
=

L

]

H

ZEl

4

A
il

| &2 o]

UIZ-"IE]}\

e 1

A2+ DP 2493 DK

Collection @ chosun



45
45
61

A34d DK 298 o]-&3%t Grosmont

74
Vi
31
)
94
06

5 wEAR HEol uf
A48 SAGD 7| &9 F

A5

5
iz
oy

"

o)
eyl

L

!

0
sl

e

Collection @ chosun



List of Tables

Table 2.1 Comparison of sandstone and carbonate reservoir characteristics(cont’d)

(Choquiette and Pary, 1970), -ssrwrrsssererremsssssisemsinssssemmssssesssssssesssessanes 4
Table 2.1 Comparison of sandstone and carbonate reservoir characteristics
(Choquiette and Pary, 1970), -ssrwrrsssererremsssssisemsinssssemmssssesssssssesssessanes 5
Table 2.2 Characteristics, definitions, and origins of natural fractures of widespread
importance to the petroleum industry(Narr et al.,2006). ---eemeereeemmeneee 10
Table 4.1 Reservoir properties for numerical simulation model. -«wweerrmererseereeeess 32
Table 42 Saturated steam table' ...................................................................................... 35
Table 4.3 Simulation conditions of the SAGD process. s, 36
Table 4.4 SAGD simulation results of DP & DK model. =rereeereeneereseneneenennene 44
Table 4.5 History matching parameters of Grosmont Formation(Qi and Yuan,
Q()]3). ++errreesseessresseesseess e 46
Table 46 Summary of operating steam injection pressure simulation results(cont’d).
................................................................................................................................. 49
Table 4.6 Summary of operating steam injection pressure simulation results.
................................................................................................................................. 50
Table 4.7 Summary of maximum steam injection rate simulation results(cont'd).
................................................................................................................................. 52
Table 4.7 Summary of maximum steam injection rate simulation results(cont'd).
................................................................................................................................. 53
Table 4.7 Summary of maximum steam injection rate simulation results. - 5
Table 4.8 Matrix permeability sensitivity analysis results of optimal SAGD
Operating COHditiOHS. .......................................................................................... 56

Table 4.9 Optimal SAGD operating condition simulation results of 50 md & 500
md case modeL .................................................................................................. 60

Table 4.10 Summary of operating steam injection pressure simulation results(cont'd).

Collection @ chosun



Table 411 Summary of maximum steam injection rate simulation results(cont’d).

................................................................................................................................ 65
Table 411 Summary of maximum steam injection rate simulation results(cont’d).

................................................................................................................................ %
Table 4.11 Summary of maximum steam injection rate simulation results. -« 67

Table 4.12 Fracture permeability sensitivity analysis results of optimal SAGD operating
COHditiOHS. ............................................................................................................. 69
Table 4.13 Optimal SAGD operating condition simulation results of 3,000 md & 10,000
md case model(matrix Dermeablhty S(X) md) ................................................ ’73
Table 4.14 Minimum criterion for economy of SAGD process according to matrix
Dermeablhty ......................................................................................................... 76
Table 4.15 Minimum criterion for economy of SAGD process according to fracture
Dermeablhty ......................................................................................................... 76
Table 4.16 Fracture spacing sensitivity analysis results(Matrix permeability 100 md).

Table 421 Optimal SAGD operating condition for fractured bitumen carbonate reservoirs
(fracture permeability ratio 51) ....................................................................... o
Table 4.22 Optimal SAGD operating condition for fractured bitumen carbonate reservoirs
(fracture permeability ratio 2.5 1) .................................................................... 03

_iv_

Collection @ chosun



List of Figures

Figure 1.1 The Grosmont formations holding bitumen in north central Alberta,

Canada(Stephen RaSSanOSS, 2013) ............................................................... 2
Figure 2.1 Naturally fractured reservoir classification system(Bratton et al., 2006).
................................................................................................................................. 6
Figure 2.2 Location of Grosmont Formation(Buschkuehle et al., 2007). -eeeeeeeeeeees 7

Figure 2.3 A SW-NE stratigraphic section highlighting Grosmont Formation in
relation to other key successions in northern Alberta(Ezeuko et al., 2013).

................................................................................................................................. 8
Figure 2.4 Common fracture styles, their displacements and their orientation
relative to principal stress orientations common in the Earth’s upper
CIUSE(NATT €t al., 200B). w-erreerereeressssrersesmsssssesinssesssssssssesissessnssessssesss s 9
Figure 2.5 Joints in a well-bedded sandstone(Narr et al., 2006). -weeeeeeeeeeenseeeans 11
Figure 2.6 Main drive mechanisms in fractured reservoirs(Taber et al., 1997).
............................................................................................................................... 16
Figure 2.7 Oil sands development utilizing the SAGD process(http.//www.japex.co.jp).
............................................................................................................................... 18
Figure 2.8 Cross section of the SAGD process(ZF& A €], 2009). -eereemermeresceees 19
Figure 2.9 Fractured reservoirs modeling(CMG, 2016). «ereeeeerereesssesssrmsessinnencenes 22
Figure 210 Dual DOTOSity mOdel(CMG, 2016) .............................................................. 23
Figure 211 Dual Dermeabﬂity mOdel(CMG, 2016) ...................................................... 24

Figure 3.1 Time variation of oil rate and cumulative steam-to—oil ratio from 2D

SAGD simulation for two cases of Grosmont multiple object reservoir

Model(Ezetko et al., 2013). - wweresssserrerssssseseresssssssessssssesssssssssessssse s 7
Figure 3.2 Impact of fracture space(©]9A] ] 2000). «rwrerereserssersseemssemssssassemasninenes 28
Figure 3.3 Oil production profile for single porosity and dual porosity conceptual
models(0] AT 9] D009). wwrressssererrrrsssssserssssssessssissessesssssiesssssis s 28
Figure 3.4 Cumulative oil production and daily oil rate of SAGD(# & <], 2014).
............................................................................................................................... 29

v -

Collection @ chosun



Figure 3.5 Cumulative SOR and oil recovery factor of SAGD(# g <], 2014).

............................................................................................................................... 29
Figure 4.1 Grid system and well location for SAGD base model. «-xeeereereereeeees 31
Figure 4.2 Three dimensional view of fractured bitumen carbonate reservoirs.
............................................................................................................................... 31
Figure 4.3 Relative permeability CUIVES. s wwseeessessesssssssstuseissisissiisiisisiiiis 33
Figure 4.4 Characteristics of bitumen viscosity to temperature. --«----wsseeeeeereeees 34
Figure 4.5 Temperature distribution of DP & DK model. -=rrermeremermeremsesseeaeneene. 37
Figure 4.6 Conceptual models for fracture characteristics. wwrrmerrmerrmsrmeseeneen 38
Figure 4.7 Temperature and oil saturation distribution of DP model. -eeeeeeeeeee 41
Figure 4.8 Temperature and oil saturation distribution of DK model. --weeereeeee 42
Figure 4.9 Cumulative oil production of DP & DK model. ---rrerrmerresermesreeeneseeenne 43
Figure 4.10 Cumulative steam-oil ratio of DP & DK model. «ererrermeemeeesernemeeees 43
Figure 4.11 Flow diagram of this study. e A7

Figure 4.12 Maximum operating injection pressure sensitivity analysis according to
matriX Dermeabﬂity ChangeS USing STEP .............................................. 51
Figure 4.13 Steam injection rate sensitivity analysis according to matrix permeability
ChangeS uSing STEP ..................................................................................... 55
Figure 4.14 Matrix permeability sensitivity analysis results of economic classification
using STEP(fracture permeability 5,000 md). «eesessesessesessesessissisnaes 57
Figure 4.15 Comparison of temperature distribution for matrix permeability 50 md
and 500 md ...................................................................................................... 58
Figure 4.16 Comparison of Cumulative oil production & oil recovery factor for matrix
permeablhty 50 md and 500 md ................................................................ 59
Figure 4.17 Comparison of cumulative steam-oil ratio for matrix permeability 50 md
and 500 md ...................................................................................................... 59
Figure 4.18 Maximum operating injection pressure sensitivity analysis according to
fracture permeabﬂity ChangeS USing STEP ............................................ 64
Figure 4.19 Steam injection rate sensitivity analysis according to fracture permeability

ChangeS USing STEP ..................................................................................... 68

_Vi_

Collection @ chosun



Figure 420 Fracture permeability sensitivity analysis results of economic classification
using STEP(matrix permeability 300 mid). wweeesseesessmssessenssnssnssnininees 70
Figure 421 Comparison of temperature distribution for fracture permeability 3,000 md
and 107000 md(matrlX Dermeablhty 300 md) ........................................... 71
Figure 4.22 Comparison of cumulative oil production & oil recovery factor for fracture

permeability 3,000 md and 10,000 md(matrix permeability 300 md).

Figure 4.23 Comparison of cumulative steam-oil ratio for fracture permeability
3,000 md and 10,000 md(matrix permeability 300 md). «-eeeeeeereeeeeees 72
Figure 4.24 Various fracture permeability sensitivity analysis results for economic
ClaSSification uSing STEP ........................................................................... 75
Figure 4.25 Various matrix permeability sensitivity analysis results for economic
ClaSSification uSing STEP ........................................................................... 75
Figure 4.26 Comparison of fracture permeability sensitivity analysis results according
to fraCture Dermeabﬂity ratio ChangeS. ..................................................... 78

Figure 4.27 Comparison of temperature distribution for fracture permeability ratio 2.5:1

and 5 1(matrix permeability 200 md). «wwessessesessessessssmsnisnissisiniiines 79
Figure 4.28 Comparison of oil recovery factor for fracture permeability ratio 2.5:1
and 5:1(matrix permeability 200 md). «wseesesesessesssssssssssnsiisnisniinee. <)
Figure 4.29 Comparison of cumulative steam-—oil ratio for fracture permeability ratio
251 and 5:1(matrix permeability 200 md). s-weeeesessemssessessssssissnisninenn. <)
Figure 4.30 Criterion of fracture spacing sensitivity analysis. «crerrersemermemmeeas 31

Figure 4.31 Fracture spacing sensitivity analysis results(matrix permeability 100 md

and fracture permeability 6,000, 8000, 10,000 md). - -eeereemeemememseesenenns 37
Figure 4.32 Fracture spacing sensitivity analysis results(matrix permeability 200 md
and fracture permeability 5,000, 6,000, 8,000, 10,000 md). ----eeereeeereees 37

Figure 4.33 Fracture spacing sensitivity analysis results(matrix permeability 300 md
and fracture permeability 3,000, 5,000, 6,000, 8,000, 10,000 md). - 38
Figure 4.34 Fracture spacing sensitivity analysis results(matrix permeability 400 md
and fracture permeability 3,000, 5,000, 6,000, 8,000, 10,000 md). - 38

= Vil -

Collection @ chosun



Figure 4.35 Fracture spacing sensitivity analysis results(matrix permeability 500 md
and fracture permeability 3,000, 5,000, 6,000, 8,000, 10,000 md). - 39
Figure 4.36 Comparison of temperature distribution for fracture spacing 0.5, 1, 3 and
5 m(matrix permeability 200 md, fracture permeability 6,000 md). - 90
Figure 4.37 Comparison of cumulative oil production for fracture spacing 05, 1, 3

and 5 m(matrix permeability 200 md, fracture permeability 6,000 md).

Figure 4.38 Comparison of cumulative steam-oil ratio for fracture spacing 0.5, 1, 3

and 5 m(matrix permeability 200 md, fracture permeability 6,000 md).

— viii -
Collection @ chosun



ABSTRACT

A Study on the Applicability of SAGD Process in

Fractured Bitumen Carbonate Reservoirs

Na, Ju Hwan
Advisor : Prof. Jang, 11 Sik, Ph.D.

Department of Energy & Resource Engineering
Graduate School of Chosun University

The resources of heavy oil in the carbonate reservoirs around the world are
about 1.6 trillion barrels and the amount of bitumen at the Grosmont Formation
in northern Alberta, Canada, is estimated to be about 406.5 billion barrels.
However bitumen in the fractured carbonate reservoirs is frequently overlooked
as a resource due to the problems and expenses involved in its production
methods by injecting steam. It's no doubt that there would be enormous effort
on the development of bitumen in fractured carbonate reservoirs, which are
potentially a enormous resource for future. It is considered that the current
thermal processes like SAGD(Steam-Assisted Gravity Drainage) and CSS(Cyclic
Steam Stimulation) would be utilized or modified in developing fractured
bitumen carbonate reservoirs.

This study generated the DP(Dual Porosity) model and DK(Dual Permeability)
model to simulate the fracture characteristics and bhehavior of fluid in the
fractured carbonate reservoirs. SAGD process was analysed in the fractured
bitumen carbonate reservoir model and that resulted in signigicant difference in
the DP and DK model.

Grosmont Formation is known to consist mainly of bitumen-saturated matrix
of 70% and fracture of 17.5%. In order to simulate vertical flow and voluntary

bitumen production in the matrix system by steam injection, the DK model was

_ix_
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selected. Sensitivity analysis of matrix permeability and fracture characteristics(such
as fracture permeability and spacing) was performed in order to establish minimum
criteria for commercial viability of SAGD process. The results suggest that SAGD

may be viable in some of these fractured bitumen carbonate reservoirs.
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Figure 1.1 The Grosmont Formations holding bitumen in north central Alberta,

Canada(Stephen Rassenfoss, 2013).
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Table 2.1 Comparison of sandstone and carbonate reservoir characteristics(cont'd)

(Choquette and Pary, 1970).

Reservoir
o Sandstones Carbonates
Characteristic
Amount of
25~40% 40~70%

primary porosity

Amount of
ultimate porosity

Half or more of primary

porosity (commonly 15~ 30%)

Small fraction of original

porosity(commonly 5~15%)

Type of primary
porosity

Almost exclusively interparticle

interparticle, intraparticle,
intercrystalline, moldic,
vuggy, carvernous, fenestral

or “constructed void”

Type of ultimate
porosity

Almost primary interparticle

Highly variable owing to
different origins or pore

types

Typical pore

size

Throat size and diameter

relate to depositional texture

Throat size and diameter
may not be related to

depositional texture

Typical pore

Dependent on particle shape;

typically a “negative” of

Varies from strongly

related to particle shape to

shape .
particles totally unrelated
Variable from fairly
Uniformity of . . . uniform to extremely
. Relatively uniform in Co
pore size and heterogeneous—even within

shape distribution

homogeneous sand bodies

a body made up a single

rock type

Influence of

diagenesis

Minor-usually reduction by

compaction or cementation

Major-can create, obliterate
or totally modify porosity;
cementation and solution

important
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Table 2.1 Comparison of sandstone and carbonate reservoir characteristics

(Choquette and Pary, 1970).

Reservoir

Characteristic

Sandstones

Carbonates

Influence of

fracturing

Not of major importance in

reservoir properties

Major importance in
reservoir properties if

present

Visual
estimation of
porosity and

permeability

Semiquantitative estimates

may be relatively easy

Semiquantitative estimates
may be easy or impossible;
instrumental
measurements commonly

required

Adequacy of
core analysis
for reservoir

evaluation

Core plugs of 1-inch diameter
may be adequate to determine

matrix porosity

Core plugs commonly
inadequate, may require
whole core analyses for

large pore sizes

Porosity &
permeability

relationships

Relatively consistent; may be

dependent on particle texture

Highly varied; may be
independent of particle

texture

Reliability of log
characteristics
as indicator of

depositional
facies
(electrofacies

mapping)

Standard practice that may
provide reliable proxies for

depositional facies

Not reliable because of logs
cannot generally detect
differences in carbonate

grain types or textures
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100% fracture
permeability

Increasing natural-fracture influence
(decreasing matrix influence)

Total permeability, %

100% matrix
permeabilityce’ Type d

100% matrix Total porosity, % 100% fracture
porosity porosity

Figure 2.1 Naturally fractured reservoir classification system(Bratton et al.,

2006).
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SW NE

Pre-Cambrian

Figure 23 A SW-NE stratigraphic section highlighting Grosmont Formation in

relation to other key successions in northern Alberta(Ezeuko et al., 2013).
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Table 2.2 Characteristics, definitions and origins of natural fractures of widespread

importance to the petroleum industry(Narr et al., 2006).

Fracture

Term

Definition

Characteristics, Evidence

Fracture

Discontinuity caused by
brittle failure. All the features
defined in this table are

fractures

Distinct discontinuity that
post—dates formation of the

rock

Crack

Individual, isolated fracture
showing no shearing offset.

May be natural or induced

Isolated (not necessarily part
of a set)
No shear offset

Joint

One of a group(set) of
naturally occurring spaced,
parallel fractures showing no
shearing offset. In stratified
rock, joints are usually at a

high angle to layering

No shear offset

At high angle to bedding in
sedimentary rock

With parallel fractures forms

a set

Fault

Naturally occurring fracture
along with opposite sides
have been displaced parallel

to the fracture surface

Shear offset
Fault-induced deformation

adjacent to fault

Deformation
band

Planar, failure-induced
discontinuities containing
disaggregated or broken

particles of host rock. They
form in porous, granular

strata

Shear offset, braided
appearance
Occur in groups with parallel
and frequency conjugate,

faults

Vein

Fracture filled by precipitated

mineralization

Mineral—filled fracture

_10_
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Figure 2.9 Fractured reservoirs modeling(CMG, 2016).
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Figure 2.11 Dual permeability model(CMG, 2016).
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5. Simple Thermal Efficiency Parameter(STEP)
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o] AAAH oJ¥s A A E(Performance Indicator)l %] 4=&-(recovery factor;
RF), 94 A & (calender day oil rate; CDOR), 2% 2 dH](steam—oil ratio; SOR)
9 ZeAE 7 7Hproject life)d] o8] ARFIL, o|Hd AN AR 4RE
¢1ZHReservoir Parameters)ell @32 W=THShin and Polikar, 2005; Shin and Polikar,
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CSOR)7} Zba, dAYAabeks) 8480 ol SAGDE ZAlAe] Eua B 4 )
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(return of investment; ROR) A4t
ddslE AL o gk

el SAGD X2 A E 9] /3}0“4 oJE2E ey 98l 219t Simple Thermal
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A A xo]th(Shin and Polikar, 2005; Shin and Polikar, 2006). STEP #-2 -
st &S A QD el om, 28 dr[r) o] sl ARl A A
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ZAAFS] SAGD ZR2AE9] 7% STEP g 1 Kt} A7 AXEEA, CAPEX (capital
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STEP kel 2 Bt} & 4o AAY SEse Aoz dusio)

— 25 —
Collection @ chosun



Fod Grosmont &

)

AL

o=

©

=

[
H‘j],—

g8l JFEAES] GUMA
F ok SAGD 7' A8 Al & o

S

Z 70 A (multiple object) 7]

[e)

R

Ezeuko et al. (2013)

A37G 4k 8 AFS SAGD 7' A8 A4

o
il
oh
Bh
<

ns

¥
B

4
o]

B

]

<

5

=]
=

o

-

7F

&

|
&

A A=, #H)
}ol SAGD 79 ]

)

)

]
+ A5
)

]

A
BN

27
=

AR e

[0}
T8

-

)

1
il
7}

4

A
il

=

o v

SAGD 719 o]

stk 2 A, SAGD 71d HE Al HHo Aat

olgt B =+

S

[e)

R

[e)

| AlEde]

o+ A7}

(2009)

Z
S|
S
x|

-

el

A
A
<k

R

2

[e=]
=

=

& SAGD 7'

<)
A

A WeH(Figure 3.1), SAGD%}

[ox]

&
13

S

aeal AgFEAEEE AR

A==4

Sadaee and Rashidi (2006)

[e]

el M= o]

°F 15 m°/day ©
3

“i

A

=
A

7

ol

7F

o

=

st tH(Figure 3.2). &3t A5 3w 7)

o
o
ol
B
e
B

—_
"o

3159 tH(Figure 3.3).

S

]

<l

=

‘Z_O

[e)
=

(2014)

-
<

22

il

ol
el

o}
aul
rh

)

N
N

[e]

i

}oith. SAGD 719

T

=]
=

R

_26_

Collection @ chosun



2 AL A FFe] = &4
23| 7+A4e L (Figure 3.4), F3
E Y 9 ok (Figure 3.5).
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Figure 3.1 Time variation of oil rate and cumulative steam-to-oil ratio from 2D
SAGD simulation for two cases of Grosmont multiple object reservoir

model(Ezeuko et al., 2013).

— 27 —
Collection @ chosun



800

—— Fracture Space: 0.5 m
_________ Fracture Space: 2.0 m
................. Fracture Space: 4.0 m
600
E-?
=
Q
2]
G 400
2
k=
3
E
=
(8]
200
0 i y
2010 2015 2020 2025 2030
Time (Date)

Figure 3.2 Impact of fracture space(o]<14] 2], 2009).
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Figure 3.3 Oil production profile for single porosity and dual porosity conceptual

models(e]<4] 2], 2009).
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Figure 4.1 Grid system and well location for SAGD base model.
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Figure 4.2 Three dimensional view of fractured bitumen carbonate reservoirs.
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Table 4.1 Reservoir properties for numerical simulation model.

Parameter Value
Number of cells, ea 1,500 (50x1x30)
Initial pressure, kPa 1,000
Reservoir Initial temperature, C 12
Thickness, m 30
Depth to top of reservoir, m 300
Porosity, % 30
Oil saturation, % 70
Matrix Horizontal permeability, md 50
Vertical permeability, md 50
Capillary pressure, kPa 0
Porosity, % 25
Oil saturation, % 90
Horizontal permeability, md 5,000
Fracture
Vertical permeability, md 1,000
Spacing I/ J/ K, m 05/05/05
Capillary pressure, kPa 0
Formation compressibility, 1/kPa 1.4x10°°
Formation heat capacity, J/m’C 2.6x10°
Thermzl Rock thermal conductivity, J/m-day-C 3.1x10°
rocktypes Oil thermal conductivity, J/m-day—"C 1.15x10"
Water thermal conductivity, J/m-day-C 5.35x10"
Gas thermal conductivity, J/m-day-<C 1.4x10°
- 30 -
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Table 4.2 Saturated steam table.

Saturated Steam Table

Temperature Pressure Temperature Pressure
(C) (kPa) (C) (kPa)
0 0.02 150 501.69
5 0.07 155 571.63
10 0.17 160 648.90
15 0.35 165 734.04
20 0.66 170 327.58
25 116 175 930.11
30 1.89 180 1,042.22
35 2.94 185 1,164.53
40 4.39 190 1,297.69
45 6.35 195 1,442.33
50 3.93 200 1,599.18
h5 12.25 205 1,768.93
60 16.46 210 1,952.33
65 21.72 215 2,150.13
70 28.18 220 2,363.12
75 36.05 225 2,592.11
30 45.52 230 2,837.93
35 H6.82 235 3,101.45
90 70.18 240 3,333.54
95 35.85 245 3,685.13
100 104.10 250 4,007.14
105 125.23 295 4,350.54
110 149.54 260 4,716.32
115 177.35 265 5,105.49
120 209.02 270 5,519.10
125 244.90 275 5,953.22
130 285.39 280 6,423.95
135 330.87 285 6,917.40
140 381.78 290 7,439.73
145 438.57 295 7,992.13
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Table 4.3 Simulation conditions of the SAGD process.

Constraints Value
Maximum steam injection pressure, kPa 3,000
Injector
Maximum water rate, m>/day 300
Minimum bottom hole pressure, kPa 1,000
Producer Maximum liquid rate, mg/day 450
Maximum steam rate, m>/day 2
DP model: 1.0x10°
Heater, J/day 9
DK model: 1.5x10
Proportional heat transfer coefficient DP model: 1.0x10
Heat rate . q
(UHTR), J/day-T DK model: 1.5x10
Temperature setpoint(TMPSET), T 224

Collection @ chosun
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Figure 4.7 Temperature and oil saturation distribution of DP model.
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Table 4.4 SAGD simulation results of DP & DK model.

Model Results Value
Production period, days 5,479
Cumulative oil production, m’ 53,076
DP Model s 3
Cumulative steam-oil ratio, m”/m 5.1
Recovery factor, % 32.3
Production period, days 5,479
Cumulative oil production, m® 123,484
DK Model s 3
Cumulative steam-oil ratio, m”/m 39
Recovery factor, % 75.1
- 44 -
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Table 4.5 History matching parameters of Grosmont Formation(Qi and Yuan, 2013).

Reservoir properties Range
Matrix oil saturation 0.8~0.85
Matrix porosity 0.13~0.33
Matrix permeability, md 50~500
Fracture oil saturation 0.8~0.85
Fracture volume fraction, % 1~5
Fracture permeability I & J, md 5,000 ~20,000
Fracture permeability K, md 1,000~10,000
Fracture spacing DI, m 0.15~05
Fracture spacing D], m 0.15~05
Fracture spacing DK, m 0.15~10
— 46 -
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Figure 4.11 Flow diagram of this study.

— 47 —
Collection @ chosun

F 3




STEP

)
=

Table 4.6 A5 3 =9

=
5]

F3te)

A

o}
=

sheith WA

Qe

2.
=

&k

Hol A gk

§ e Ass
49l 7ol

Aabgko] zhol STEP kol #HAl AL AT 3500 kPa ©]

2,000~3,000 kPa #4714

o

s

T
R

=]

o] o]
= =2

tel STEP ghol =LA AXEE St

7}3]

gol =2A F

101/@)1\1.

Q

=

oAl ~eE9skeE o] 3500~4,500 kPad w, STEP zkel

7V = AREE AT

o]
H

QoA 1 gk Fol7) wm & AL e F

roict e 3

S

82 3,500 kPa 1¥]31 4,000

42979
715 AT,

otd case REL AA
kPaZ # = Table 469 E=A=

-
st

_48_

Collection @ chosun



Table 46 Summary of operating steam injection pressure simulation results(cont’d).

Case SO cpot RF" STEP
(m*/m®) (m’/d/m)
1) Matrix permeability: 50 md
2,000 kPa 3.27 0.0514 0.63 0.47
2,500 kPa 3.29 0.0691 0.62 0.62
3,000 kPa 3.34 0.0844 0.62 0.73
3,500 kPa 3.36 0.1499 0.58 1.19
4,000 kPa 3.35 0.1499 0.58 1.20
4,500 kPa 3.35 0.1508 0.57 1.19
2) Matrix permeability: 100 md
2,000 kPa 2.84 0.0551 0.69 0.78
2,500 kPa 2.92 0.0686 0.69 091
3,000 kPa 2.96 0.0928 0.67 1.16
3,500 kPa 2.98 0.1495 0.66 1.81
4,000 kPa 2.93 0.1498 0.63 1.80
4,500 kPa 2.89 0.1496 061 1.80
3) Matrix permeability: 200 md
2,000 kPa 2.56 0.0601 0.72 1.14
2,500 kPa 2.56 0.0777 0.72 1.47
3,000 kPa 2.63 0.0917 0.73 1.65
3,500 kPa 2.59 0.1524 0.69 2.170
4,000 kPa 2.58 0.1499 0.69 2.68
4,500 kPa 2.58 0.1511 0.69 2.70

V'SOR=4 9 v =43% 7
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Table 4.6 Summary of operating steam injection pressure simulation results.

Case SO cpot RF STEP
(m*/m®) (m’/d/m)
4) Matrix permeability: 300 md
2,000 kPa 2.49 0.0630 0.73 1.30
2,500 kPa 251 0.0799 0.73 1.61
3,000 kPa 2.55 0.0962 0.74 1.90
3,500 kPa 2.53 0.1496 0.70 2.84
4,000 kPa 2.53 0.1498 0.70 2.84
4,500 kPa 2.52 0.1500 0.70 2.87
5) Matrix permeability: 400 md
2,000 kPa 2.45 0.0664 0.73 1.40
2,500 kPa 2.48 0.0816 0.73 1.69
3,000 kPa 2.53 0.0965 0.73 191
3,500 kPa 2.50 0.1499 0.70 2.93
4,000 kPa 2561 0.1499 0.711 2.94
4,500 kPa 2.50 0.1504 0.70 2.94
6) Matrix permeability: 500 md
2,000 kPa 2.43 0.0655 0.73 1.43
2,500 kPa 2.46 0.0844 0.73 1.79
3,000 kPa 251 0.0987 0.73 1.99
3,500 kPa 2.48 0.1495 0.70 2.98
4,000 kPa 2.48 0.1499 0.70 2.99
4,500 kPa 2.46 0.1465 0.70 2.98

V'SOR=4 9 v =43% 7
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22 2~EFEAdEL 300 m/dayel AL WEkan 300 md o] 4ol A So =
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Table 4.7 Summary of maximum steam injection rate simulation results(cont'd).

c cSOR" CDOR" - STEP
ase
(m*/m®) (m*/d/m)
1-1) Matrix permeability: 50 md, steam injection pressure: 3,500 kPa
200 m*/day 3.18 0.0745 0.58 0.68
300 m*/day 3.36 0.1499 0.58 1.19
400 m*/day 3.43 0.0962 0.63 0.79
500 m*/day 3.46 0.0966 0.64 0.79
1-2) Matrix permeability: 50 md, steam injection pressure: 4,000 kPa
200 m*/day 3.19 0.0699 0.58 0.63
300 m*/day 3.35 0.1499 0.58 1.20
400 m*/day 3.48 0.1064 0.65 0.87
500 m*/day 3.50 0.1105 0.65 0.89
2-1) Matrix permeability: 100 md, steam injection pressure: 3,500 kPa
200 m*/day 2.64 0.0998 0.68 1.66
300 m*/day 2.98 0.1495 0.66 1.81
400 m’/day 3.07 0.1028 0.69 1.21
500 m*/day 3.17 0.1052 0.69 1.15
2-2) Matrix permeability: 100 md, steam injection pressure: 4,000 kPa
200 m*/day 2.61 0.1000 0.67 1.69
300 m*/day 2.93 0.1498 0.63 1.80
400 m*/day 3.19 0.1249 0.67 1.30
500 m*/day 3.25 0.1118 0.70 1.16
Y SOR=4 o w 4% 3t
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Table 4.7 Summary of maximum steam injection rate simulation results(cont'd).

c cSOR" CDOR" - STEP
ase
(m*/m®) (m*/d/m)

3-1) Matrix permeability: 200 md, steam injection pressure: 3,500 kPa
200 m*/day 2.50 0.1028 0.72 2.07
300 m*/day 2.59 0.1524 0.69 2.70
400 m*/day 2.76 0.1078 0.73 1.73
500 m*/day 2.87 0.1168 0.72 1.68

3-2) Matrix permeability: 200 md, steam injection pressure: 4,000 kPa
200 m*/day 2.45 0.0995 0.71 2.07
300 m*/day 2.58 0.1499 0.69 2.68
400 m*/day 2.79 0.1378 0.72 2.13
500 m*/day 2.93 0.1292 0.73 1.80

4-1) Matrix permeability: 300 md, steam injection pressure: 3,500 kPa
200 m*/day 2.46 0.0996 0.73 211
300 m*/day 2.53 0.1496 0.70 2.84
400 m’/day 2.70 0.1120 0.74 1.92
500 m*/day 2.76 0.1190 0.73 1.91

4-2) Matrix permeability: 300 md, steam injection pressure: 4,000 kPa
200 m*/day 2.43 0.0998 0.71 212
300 m*/day 2.53 0.1498 0.70 2.84
400 m®/day 2.63 0.2001 0.68 3.36
500 m*/day 2.81 0.1294 0.74 2.02

V'SOR=4 9 vl =44 3
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Table 4.7 Summary of maximum steam injection rate simulation results.

c cSOR" CDOR" - STEP
ase
(m*/m®) (m*/d/m)

5-1) Matrix permeability: 400 md, steam injection pressure: 3,500 kPa
200 m*/day 2.42 0.1014 0.72 2.20
300 m*/day 2.50 0.1499 0.70 2.93
400 m*/day 2.64 0.1149 0.74 2.08
500 m*/day 272 0.1198 0.73 1.99

5-2) Matrix permeability: 400 md, steam injection pressure: 4,000 kPa
200 m*/day 2.46 0.0995 0.74 2.14
300 m*/day 2.51 0.1499 0.71 2.94
400 m®/day 2.57 0.1996 0.68 3.55
500 m*/day 277 0.1310 0.73 2.09

6-1) Matrix permeability: 500 md, steam injection pressure: 3,500 kPa
200 m*/day 2.41 0.1000 0.72 2.19
300 m*/day 2.48 0.1495 0.70 2.98
400 m’/day 2.62 0.1176 0.74 2.17
500 m*/day 2.67 0.1238 0.73 2.15

6-2) Matrix permeability: 500 md, steam injection pressure: 4,000 kPa
200 m*/day 2.41 0.0999 0.72 2.19
300 m*/day 2.48 0.1499 0.70 2.99
400 m®/day 2.55 0.1998 0.69 3.67
500 m*/day 274 0.1345 0.74 2.23

Y SOR=4 o w 4% 3t
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Figure 4.13 Steam injection rate sensitivity analysis according to matrix

permeability changes using STEP.
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Table 4.8 Matrix permeability sensitivity analysis results of optimal SAGD

operating conditions.

Matrix Optimal SAGD

perm. I:;—Iéiﬁgg C(;E?itg?e ((;:ZI: ) (;I;;E) REF | STEP
(md) Pa) | (niYd)
50 3,500 300 3.36 0.1499 0.58 1.19
100 3,500 300 298 0.1495 0.66 1.81
200 3,500 300 2.59 0.1524 0.69 2.70
300 4,000 400 2.63 0.2001 0.68 3.36
400 4,000 400 2.57 0.1996 0.68 3.55
500 4,000 400 2.55 0.1998 0.69 3.67
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Figure 4.14 Matrix permeability sensitivity analysis results of economic

classification using STEP(fracture permeability 5,000 md).
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Figure 4.15 Comparison of temperature distribution for matrix permeability 50
md and 500 md.
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Table 4.9 Optimal SAGD operating condition simulation results

md case model.

of 50 md & 500

Case model

. Results Value
(Matrix perm.)
Production period, days 5,479
Cumulative oil production, m’ 126,244
50 md s
Cumulative steam-oil ratio, m”/m 4.14
Recovery factor, % 76.0
Production period, days 5,479
Cumulative oil production, m’ 137,581
500 md s
Cumulative steam-oil ratio, m”/m 401
Recovery factor, % 83.7
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Table 4.10 Summary of operating steam injection pressure simulation results(cont'd).

Case SO cpot RF" STEP
(m*/m®) (m’/d/m)
1) Fracture permeability: 1,000 md
2,000 kPa 3.22 0.0518 0.67 0.53
2,500 kPa 3.32 0.0638 0.67 0.60
3,000 kPa 3.41 0.0749 0.67 0.66
3,500 kPa 3.47 0.0885 0.67 0.75
4,000 kPa 3.54 0.0984 0.67 0.80
4500 kPa - - - -
2) Fracture permeability: 3,000 md
2,000 kPa 2714 0.0583 0.72 0.94
2,500 kPa 2.79 0.0746 0.72 1.15
3,000 kPa 277 0.0864 0.72 1.36
3,500 kPa 281 0.1500 0.68 2.15
4,000 kPa 281 0.1499 0.68 2.15
4500 kPa 2.82 0.1498 0.68 2.13
3) Fracture permeability: 5,000 md
2,000 kPa 2.49 0.0630 0.73 1.30
2,500 kPa 2.51 0.0799 0.73 1.61
3,000 kPa 2.55 0.0962 0.74 1.90
3,500 kPa 2.53 0.1496 0.70 2.84
4,000 kPa 2.53 0.1498 0.70 2.84
4500 kPa 2.52 0.1500 0.70 2.87

V'SOR=4 9 v =43% 7
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Table 4.10 Summary of operating steam injection pressure simulation results.

Case SO cpot RF" STEP
(m*/m®) (m’/d/m)
4) Fracture permeability: 6,000 md
2,000 kPa 2.44 0.0635 0.73 1.37
2,500 kPa 2.46 0.0809 0.73 1.71
3,000 kPa 2.50 0.0960 0.74 1.98
3,500 kPa 2.49 0.1496 0.71 2.99
4,000 kPa 251 0.1495 0.73 3.02
4500 kPa 2.43 0.1477 0.71 2.98
5) Fracture permeability: 8,000 md
2,000 kPa 2.34 0.0674 0.73 1.61
2,500 kPa 2.39 0.0826 0.74 1.90
3,000 kPa 2.44 0.0991 0.74 2.17
3,500 kPa 2.46 0.1492 0.73 3.16
4,000 kPa 247 0.1498 0.74 3.19
4500 kPa 247 0.1503 0.74 3.20
6) Fracture permeability: 10,000 md
2,000 kPa 2.30 0.0690 0.73 1.72
2,500 kPa 2.36 0.0852 0.74 2.02
3,000 kPa 242 0.1008 0.75 2.28
3,500 kPa 241 0.1498 0.73 3.33
4,000 kPa 243 0.1485 0.74 3.28
4500 kPa 2.43 0.1472 0.74 3.25

V'SOR=4 9 v =43% 7
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Figure 4.18 Maximum operating injection pressure sensitivity analysis according

to fracture permeability changes using STEP.
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Table 4.11 Summary of maximum steam injection rate simulation results(cont'd).

c cSOR" CDOR" - STEP
ase
(m*/m®) (m’/d/m)

1-1) Fracture permeability: 1,000 md, steam injection pressure: 3,500 kPa

200 m®/day 3.28 0.0996 0.64 093
300 m*/day 3.47 0.0885 0.67 0.75
400 m*/day 3.54 0.0896 0.67 0.73
500 m*/day 3.54 0.0894 0.67 0.73
1-2) Fracture permeability: 1,000 md, steam injection pressure: 4,000 kPa
200 m*/day 3.28 0.1000 0.64 0.93
300 m*/day 3.54 0.0984 0.67 0.80
400 m*/day 3.64 0.1050 0.67 0.80
500 m*/day 3.66 0.1057 0.66 0.78
2-1) Fracture permeability: 3,000 md, steam injection pressure: 3,500 kPa
200 m*/day 2.58 0.0998 0.69 1.78
300 m*/day 281 0.1500 0.68 215
400 m’/day 3.03 0.1051 0.72 1.33
500 m*/day 3.09 0.1075 0.71 1.28
2-2) Fracture permeability: 3,000 md, steam injection pressure: 4,000 kPa
200 m*/day 2.58 0.0999 0.69 1.78
300 m*/day 2.81 0.1499 0.68 2.15
400 m*/day 3.10 0.1163 0.72 1.39
500 m*/day 3.15 0.1278 0.71 1.45

V'SOR=4 9 vl =44 3
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Table 4.11 Summary of maximum steam injection rate simulation results(cont'd).

c cSOR" CDOR" - STEP
ase
(m*/m®) (m*/d/m)

3-1) Fracture permeability: 5,000 md, steam injection pressure: 3,500 kPa
200 m*/day 2.46 0.0996 0.73 211
300 m*/day 2.53 0.1496 0.70 2.84
400 m*/day 2.70 0.1120 0.74 1.92
500 m*/day 2.76 0.1190 0.73 1.91

3-2) Fracture permeability: 5,000 md, steam injection pressure: 4,000 kPa
200 m*/day 2.43 0.0998 0.71 212
300 m*/day 2.53 0.1498 0.70 2.84
400 m®/day 2.63 0.2001 0.68 3.36
500 m*/day 2.81 0.1294 0.74 2.02

4-1) Fracture permeability: 6,000 md, steam injection pressure: 3,500 kPa
200 m*/day 2.42 0.0996 0.72 2.16
300 m*/day 2.49 0.1496 0.71 2.99
400 m’/day 2.61 0.1152 0.74 2.14
500 m*/day 2.64 0.1221 0.72 2.15

4-2) Fracture permeability: 6,000 md, steam injection pressure: 4,000 kPa
200 m*/day 2.43 0.0998 0.73 2.18
300 m*/day 2.51 0.1495 0.73 3.02
400 m®/day 2.55 0.1984 0.69 3.64
500 m*/day 2.69 0.1391 0.74 2.41

Y SOR=4 o w 4% 3t
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Table 4.11 Summary of maximum steam injection rate simulation results.

Case

cSORY

(m*/m®)

CDORY
(m*/d/m)

RFI)

STEP

5-1) Fracture permeability: 8000

md, steam injection pressure: 3,500 kPa

200 m*/day 2.42 0.0996 0.73 2.19
300 m*/day 2.46 0.1492 0.73 3.16
400 m*/day 2.53 0.1203 0.75 2.45
500 m*/day 2.55 0.1292 0.73 2.51
5-2) Fracture permeability: 8000 md, steam injection pressure: 4,000 kPa
200 m*/day 2.48 0.099 0.76 2.15
300 m*/day 2.47 0.1493 0.74 3.19
400 m®/day 251 0.1998 0.72 3.98
500 m*/day 2.61 0.1422 0.74 2.65
6-1) Fracture permeability: 10,000 md, steam injection pressure: 3,500 kPa
200 m*/day 2.50 0.0997 0.77 2.14
300 m*/day 2.41 0.1493 0.73 3.33
400 m’/day 2.48 0.1204 0.75 2.57
500 m*/day 2.52 0.1296 0.74 2.63
6-2) Fracture permeability: 10,000 md, steam injection pressure: 4,000 kPa
200 m*/day 2.48 0.0984 0.76 2.13
300 m*/day 2.44 0.1485 0.74 3.25
400 m®/day 2.46 0.2013 0.72 421
500 m*/day 2.56 0.1479 0.74 2.89
Y SOR=4 o w 4% 3t
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Figure 4.19 Steam injection rate sensitivity analysis according to fracture

permeability changes using STEP.
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Table 4.12 Fracture permeability sensitivity analysis results of optimal SAGD

operating conditions.

Optimal SAGD

Fracture ) o SOR CDOR

perm. operating COIlfllthIl c RF STEP
Pressure Inj. rate | (m/m’) | (/d/m)

— (kPa) (/)
1,000 3,500 200 3.28 0.0996 0.64 0.93
3,000 3,500 300 281 0.1500 0.68 2.15
5,000 4,000 400 263 0.2001 0.68 3.36
6,000 4,000 400 2.55 0.1984 0.69 3.64
8,000 4,000 400 251 0.1998 0.72 3.98
10,000 4,000 400 2.46 0.2013 0.72 421
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Effect of reservoir fracture permeability on STEP
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Figure 4.20 Fracture permeability sensitivity analysis results of economic

classification using STEP(matrix permeability 300 md).
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Figure 421 Comparison of temperature distribution for fracture permeability
3,000 md and 10,000 md(matrix permeability 300 md).
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Figure 4.22 Comparison of cumulative oil production & oil recovery factor for

fracture permeability 3,000 md and 10,000 md(matrix permeability 300 md).
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Figure 4.23 Comparison of cumulative steam-—oil ratio for fracture permeability

3,000 md and 10,000 md(matrix permeability 300 md).
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Table 4.13 Optimal SAGD operating condition simulation results of 3,000 md &
10,000 md case model(matrix permeability 300 md).

Case model
Results Value
(Fracture perm.)
Production period, days 3,653
Cumulative oil production, m’ 131,298
3,000 md -
Cumulative steam-oil ratio, m>/m 3.59
Recovery factor, % 30.0
Production period, days 3,653
Cumulative oil production, m’ 134,745
10,000 md -
Cumulative steam-oil ratio, m>/m 3.38
Recovery factor, % 32.0
—_ 73 —_
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Effect of reservoir matrix permeability on STEP
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Figure 4.24 Various fracture permeability sensitivity analysis results for

economic classification using STEP.
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Figure 4.25 Various matrix permeability sensitivity analysis results for economic

classification using STEP.
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Table 4.14 Minimum criterion for economy of SAGD process according to matrix

permeability.

Fracture perm.

Matrix perm.

Applicability of SAGD

Process

1,000 md All Non-economic

3,000 md 240 md 1 Economic

5,000 md 130 md * Economic
6,000~10,000 md 80 md 1 Economic

Table 4.15 Minimum criterion for economy of SAGD process according to fracture

permeability.

Matrix perm.

Fracture perm.

Applicability of SAGD

Process

50 md All Non-economic

100 md 5500 md 1 Economic

200 md 3,200 md 1 Economic
300~500 md 2,800 md 1 Economic
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Effect of reservoir fracture permeability on STEP

50

—&— MP50
—8— MP100

STEP

—8— MP200

MP300
—&— MP400
—&— MP500

0 2,000 4,000 6,000 8,000 10,000 12,000

Fracture Permeability (md)

(a) fracture permeability ratio 2.5:1

Effect of reservoir fracture permeability on STEP
5.0

—8—MP50
—e—MP100

STEP

—e—MP200
MP300
—8— MP400

—&—MP500

0 2,000 4,000 6,000 8,000 10,000 12,000

Fracture Permeability (md)

(b) fracture permeability ratio 5:1
Figure 4.26 Comparison of fracture permeability sensitivity analysis results

according to fracture permeability ratio changes.
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Table 4.16 Fracture spacing sensitivity analysis results(Matrix permeability 100 md).

Fracture spacing (m)

Fracture perm.

6,000 md 0.5 1 3 5
Value 2.23 2.22 1.54 1.26
STEP | Difference - -0.01 -0.69 -0.97
Economic Certain Certain Uncertain Uncertain
Fracture perm. Fracture spacing (m)
8,000 md 0.5 1 3 5
Value 2.25 2.25 1.75 1.32
STEP | Difference - 0.00 -0.50 -0.93
Economic Certain Certain Uncertain Uncertain
Fracture perm. Fracture spacing (m)
10,000 md 0.5 1 3 5
Value 2.27 2.27 1.65 1.25
STEP | Difference - 0.00 -0.62 -1.02
Economic Certain Certain Uncertain Uncertain
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Table 4.17 Fracture spacing sensitivity analysis results(Matrix permeability 200 md).

Fracture perm.

Fracture spacing (m)

5,000 md 0.5 1 3 5
Value 2.70 2.67 2.27 1.50
STEP | Difference - -0.03 -0.43 -1.20
Economic Certain Certain Certain Uncertain
Fracture perm. Fracture spacing (m)
6,000 md 0.5 1 3 5
Value 3.42 3.35 2.87 1.65
STEP | Difference - -0.07 -0.55 -1.77
Economic Certain Certain Certain Uncertain
Fracture perm. Fracture spacing (m)
8,000 md 0.5 1 3 5
Value 3.77 3.72 3.28 2.27
STEP | Difference - -0.05 -0.49 -1.50
Economic Certain Certain Certain Certain
Fracture perm. Fracture spacing (m)
10,000 md 0.5 1 3 5
Value 3.82 3.80 3.69 2.58
STEP | Difference - -0.02 -0.13 -1.24
Economic Certain Certain Certain Certain
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Table 4.18 Fracture spacing sensitivity analysis results(Matrix permeability 300 md).

Fracture perm.

Fracture spacing (m)

3,000 md 0.5 1 3 5
Value 2.15 2.14 1.95 1.27
STEP | Difference - -0.01 -0.20 -0.88
Economic Certain Certain Uncertain Uncertain
Fracture perm. Fracture spacing (m)
5,000 md 0.5 1 3 5
Value 3.36 3.35 3.13 1.72
STEP | Difference - -0.01 -0.23 -1.64
Economic Certain Certain Certain Uncertain
Fracture perm. Fracture spacing (m)
6,000 md 0.5 1 3 5
Value 3.64 3.62 3.45 2.23
STEP | Difference - -0.02 -0.19 -1.41
Economic Certain Certain Certain Certain
Fracture perm. Fracture spacing (m)
8,000 md 0.5 1 3 5
Value 3.98 3.95 3.73 271
STEP | Difference - -0.03 -0.25 -1.27
Economic Certain Certain Certain Certain
Fracture perm. Fracture spacing (m)
10,000 md 0.5 1 3 5
Value 421 4.20 4.01 2.84
STEP | Difference - -0.01 -0.20 -1.37
Economic Certain Certain Certain Certain
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Table 4.19 Fracture spacing sensitivity analysis results(Matrix permeability 400 md).

Fracture perm.

Fracture spacing (m)

3,000 md 0.5 1 3 5
Value 2.28 2.26 2.05 1.24
STEP | Difference - -0.02 -0.23 -1.04
Economic Certain Certain Certain Uncertain
Fracture perm. Fracture spacing (m)
5,000 md 0.5 1 3 5
Value 3.55 3.50 3.29 2.01
STEP | Difference - -0.05 -0.26 -1.54
Economic Certain Certain Certain Certain
Fracture perm. Fracture spacing (m)
6,000 md 0.5 1 3 5
Value 3.77 3.73 3.54 2.26
STEP | Difference - -0.04 -0.23 -1.51
Economic Certain Certain Certain Certain
Fracture perm. Fracture spacing (m)
8,000 md 0.5 1 3 5
Value 4.08 4.05 3.94 2.57
STEP | Difference - -0.03 -0.14 -1.51
Economic Certain Certain Certain Certain
Fracture perm. Fracture spacing (m)
10,000 md 0.5 1 3 5
Value 4.30 4.23 4.06 2.81
STEP | Difference - -0.07 -0.24 -1.49
Economic Certain Certain Certain Certain
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Table 4.20 Fracture spacing sensitivity analysis results(Matrix permeability 500 md).

Fracture perm.

Fracture spacing (m)

3,000 md 0.5 1 3 5
Value 2.38 2.37 2.27 1.37
STEP | Difference - -0.01 -0.11 -1.01
Economic Certain Certain Certain Uncertain
Fracture perm. Fracture spacing (m)
5,000 md 0.5 1 3 5
Value 3.67 3.64 3.45 1.89
STEP | Difference - -0.03 -0.22 -1.78
Economic Certain Certain Certain Uncertain
Fracture perm. Fracture spacing (m)
6,000 md 0.5 1 3 5
Value 3.87 3.83 3.70 2.39
STEP | Difference - -0.04 -0.17 -1.48
Economic Certain Certain Certain Certain
Fracture perm. Fracture spacing (m)
8,000 md 0.5 1 3 5
Value 412 4.12 4.02 2.60
STEP | Difference - 0.00 -0.10 -1.52
Economic Certain Certain Certain Certain
Fracture perm. Fracture spacing (m)
10,000 md 0.5 1 3 5
Value 4.38 4.36 4.28 2.92
STEP | Difference - -0.02 -0.10 -1.46
Economic Certain Certain Certain Certain
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Fracture spacing sensitivity analysis
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Figure 4.31 Fracture spacing sensitivity analysis results(matrix permeability 100

md and fracture permeability 6,000, 8,000, 10,000 md).
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Figure 4.32 Fracture spacing sensitivity analysis results(matrix permeability 200

md and fracture permeability 5,000, 6,000, 8000, 10,000 md).
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Fracture spacing sensitivity analysis
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Figure 4.33 Fracture spacing sensitivity analysis results(matrix permeability 300

md and fracture permeability 3,000, 5,000, 6,000, 8,000, 10,000 md).
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Figure 4.34 Fracture spacing sensitivity analysis results(matrix permeability 400

md and fracture permeability 3,000, 5,000, 6,000, 8,000, 10,000 md).
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Fracture spacing sensitivity analysis
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Figure 4.35 Fracture spacing sensitivity analysis results(matrix permeability 500

md and fracture permeability 3,000, 5,000, 6,000, 8,000, 10,000 md).
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3 and 5 m(matrix permeability 200 md, fracture permeability 6,000 md).
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Table 421 Optimal SAGD operating condition for fractured bitumen carbonate

reservoirs(fracture permeability ratio 5:1).

Matrix Fracture Optimal SAGD operating condition
permeability permeabilityl) —
(md) (md) Pressure Injection rate
(kPa) (m/d)

1,000 3,500 200

. 3,000~ 10,000 3,500 300
1,000 3,500 200

100 3,000~5,000 3,500 300
6,000~ 10,000 4,000 400

1,000 3,500 200

200 3,000~5,000 3,500 300
6,000~ 10,000 4,000 400

1,000 3,500 200

300 3,000 3,500 300
5,000~ 10,000 4,000 400

1,000 3,500 200

400 3,000 3,500 300
5,000~ 10,000 4,000 400

1,000 3,500 200

500 3,000 3,500 300
5,000~ 10,000 4,000 400

Y fracture permeability ratio 5:1
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Table 4.22 Optimal SAGD operating condition for fractured bitumen carbonate

reservoirs(fracture permeability ratio 2.5:1).

Matrix Fracture Optimal SAGD operating condition
permeability permeabilityl) —
(md) (md) Pressure In]ectlg)n rate
(kPa) (m’/d)

1,000 3,500 300

. 3,000~ 10,000 4,000 300
1,000 3,500 200

100 3,000 3,500 300
5,000~ 10,000 4,000 400

1,000 3,500 200

200 3,000 3,500 300
5,000~ 10,000 4,000 400

1,000 4,000 300

300 3,000 3,500 300
5,000~ 10,000 4,000 400

1,000 4,000 300

400 3,000 3,500 300
5,000~ 10,000 4,000 400

1,000 4,000 300

500 3,000 3,500 300
5,000~ 10,000 4,000 400

Y fracture permeability ratio 2.5:1
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