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Figure 1. Proportion of CO; storage by trapping mechanism over time (IPCC,
2005) 1
Figure 2. A schematic diagram of material balance. (a) and (b) refer to states
before and after CO; injection, respectively. 4
Figure 3. Example graph of OWIP estimation. The blue dots and the red solid
line represent estimated OWIP and true OWIP, respectively. 9
Figure 4. Cross-sectional schematic diagram of the reservoir during CO-
injection. 10
Figure 5. A schematic diagram of material balance with CO; dissolution. (a)
and (b) refer to states before and after CO; injection, respectively. 11
Figure 6. 3D schematic diagram of the basic case. The scale ratio of x, y, and z
direction is 1:1:70. 19
Figure 7. Relative permeability curve of water and oil. The blue dots and red
triangles represent relative permeability of oil and water at given water
saturations, respectively. 21
Figure 8. Relative permeability curve of gas and oil. The blue dots and red
triangles represent relative permeability to gas and oil at given gas
saturation, respectively. 21
Figure 9. Well bottom-hole pressure at the CO; injection well. 22
Figure 10. Amount of CO; phases in the reservoir. The red triangles, blue dots,
and black crosses represent the amount of CO> in gas, supercritical, and
liquid phases respectively. 24
Figure 11. Well bottom-hole pressure and cumulative CO; volume at the CO;
injector in the base case, which represent the red triangles and blue dots,

respectively. 25
Figure 12. OWIP estimated using MBE. The blue dots and the red solid line
represent estimated OWIP and true OWIP, respectively. 25

Figure 13. Well bottom-hole pressure at the CO; injector in the base case with
and without CO; dissolution, which represent the blue dots and red
triangles, respectively. 26

Figure 14. OWIP estimated using MBE with CO; dissolution and without CO;
dissolution, which represent the blue dots and red triangles, respectively.

27

Figure 15. Dissolved CO; amounts of reservoir simulation and MBE, which
represent the blue dots and red triangles, respectively. 28

Figure 16. OWIP estimated using MBE : (a) CO; injection rate, 1,500 m3/day;,
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(b) CO2 injection rate, 3500 m3/day. The blue dots and the red solid line

represent estimated OWIP and true OWIP, respectively. 30
Figure 17. CO2 mole fraction at [ = 51, which is the x-direction index of the CO»

injector : (a) base case 2,500 m3/day, (b) CO; injection rate, 1,500 m3/day.

31
Figure 18. Dissolved CO; amounts of reservoir simulation and MBE in the
lower CO; injection rate (1,500 m3/day) case, which represent the blue
dots and red triangles, respectively. 32

Figure 19. CO; mole fraction at [ = 51, which is the x-direction index of the CO»
injector : (a) base case 2,500 m3/day, (b) injection rate, 3,500 m3/day. 32
Figure 20. Dissolved CO; amounts of reservoir simulation and MBE in the
higher CO- injection rate (3,500 m3/day) case, which represent the blue
dots and red triangles, respectively. 33
Figure 21. OWIP estimated using MBE : (a) Horizontal permeability, 50 md,
(b) Horizontal permeability, 250 md. The blue dots and the red solid line
represent estimated OWIP and true OWIP, respectively. 34
Figure 22. Well bottom-hole pressures at the CO; injector in the base case (150
md) and the lower horizontal permeability (50 md) case after shutting in
the CO; injector at 90 days. The red and blue lines represent the base case
and the lower horizontal permeability case, respectively. 35
Figure 23. Well bottom-hole pressures at the CO; injector in the base case (150
md) and the higher horizontal permeability (250 md) case after shutting
in the CO; injector at 90 days. The red and blue lines represent the base
case and the higher horizontal permeability case, respectively. 36
Figure 24. OWIP estimated using MBE : (a) Porosity, 0.15, (b) Porosity, 0.25.
The blue dots and the red solid line represent estimated OWIP and true
OWIP, respectively. 37
Figure 25. Well bottom-hole pressures at the CO; injector in the base case (0.2)
and the lower porosity (0.15) case after shutting in the CO; injector at 90
days. The red and blue lines represent the base case and the lower
porosity case, respectively. 38
Figure 26. Well bottom-hole pressures at the CO; injector in the base case (0.2)
and the higher porosity (0.25) case after shutting in the CO; injector at 90
days. The red and blue lines represent the base case and the higher
porosity case, respectively. 39
Figure 27. OWIP estimated using MBE : (a) Salinity, 0 mol NaCl/kg H-0, (b)
Salinity, 4 mol NaCl/kg H0. The blue dots and the red solid line represent
estimated OWIP and true OWIP, respectively. 40

Vi



Figure 28. Dissolved CO; amounts of reservoir simulation in the base case (1
mol NaCl/kg H,0) and lower salinity (0 mol NaCl/kg H,0) case, which
represent the red triangles and blue dots, respectively. 41

Figure 29. Dissolved CO; amounts of reservoir simulation in the base case (1
mol NaCl/kg H,0) and higher salinity (4 mol NaCl/kg H,0), which
represent the red triangles and blue dots, respectively. 42

Figure 30. OWIP estimated using MBE : (a) Reservoir size, 505 X 505 X 5 m3,
(b) Reservoir size, 1515 X 1515 X 15 m3. The blue dots and the red solid
line represent estimated OWIP and true OWIP, respectively. 43

Figure 31. Well bottom-hole pressures at the CO- injector in the base case
(1010 x 1010 x 10 m3) and lower reservoir size (505 X 505 X 5 m3) case
after shutting in the CO> injector at 90 days. The red and blue lines
represent the base case and the lower reservoir size case, respectively. 45

Figure 32. Dissolved CO; amounts of reservoir simulation in the base case
(1010 x 1010 x 10 m3) and lower reservoir size (505 x 505 X 5 m3) case,
which represent the red triangles and blue dots, respectively. 45

Figure 33. Well bottom-hole pressures at the CO; injector in the base case
(1010 x 1010 x 10 m3) and higher reservoir size (1515 X 1515 X 15 m3)
case after shutting in the CO; injector at 90 days. The red and blue lines
represent the base case and the higher reservoir size case, respectively. 46

Figure 34. Dissolved CO; amounts of reservoir simulation in the base case
(1010 x 1010 x 10 m3) and higher reservoir size (1515 X 1515 X 15 m3)
case, which represent the red triangles and blue dots, respectively. 47

Figure 35. OWIP estimated using MBE in the lower well shut-in period (3
days) case. The blue dots and the red solid line represent estimated OWIP
and true OWIP, respectively. 48

Figure 36. OWIP estimated using MBE : (a) Input data period, 0.5 years, (b)
Input data period, 5 years. The blue dots and the red solid line represent
estimated OWIP and true OWIP, respectively. 50

Figure 37. Well location of brine extractor and CO; injector, which represent
the red dot and blue dot, respectively. 52

Figure 38. OWIP estimated using MBE in the higher brine extraction rate (2
m3/day) case. The blue dots and the red solid line represent estimated

OWIP and true OWIP, respectively. 53
Figure 39. Pressure at K = 5: (a) base case, 0 m3/day, (b) brine extraction rate,
2 m3/day. 54

Figure 40. Dissolved CO; amounts of reservoir simulation and MBE in the
higher brine extraction rate (2 m3/day) case, which represent the blue
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dots and red triangles, respectively. 55
Figure 41. Dissolved CO, amounts of reservoir simulation in the the base case
(0 m3/day) and higher brine extraction rate (2 m3/day) case, which

represent the red triangles and blue dots, respectively. 55
Figure 42. Histogram of the heterogeneous porosity 57
Figure 43. Histogram of the heterogeneous horizontal permeability 57
Figure 44. Top view of the heterogeneous porosity 58
Figure 45. Top view of the heterogeneous horizontal permeability 58

Figure 46. OWIP estimated using MBE in the heterogeneous case. The blue
dots and the red solid line represent estimated OWIP and true OWIP,
respectively. 59
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v, = A— BP — CP? + Dw, + Ew? — FPw, — GPw?2
—0.5HP?w;

A =5916365 — 1.035794-1072-T
+0.9270048- 107> - T?
—1127.522- T~' + 100674 - T2
B =5.204914-1073 — 1.0482101-10—-5-T
+8.328532-1077 - T?
—1.1702939-T~1 + 102.2783 -T2
C =1.18547 - 1078% — 6.599143-107'1- T
D =—-2.5166 + 1.11766-1072-T — 1.70552-107° - T?
E = 2.84851 — 1.54305-1072-T + 2.23982-1075-T2
F=-1.4814-10"3 + 8.2969-107¢-T
—1.2469-107°- T2
G =27141-10"3 — 1.5391-1075-T + 2.2655-1078 -T2
H =6.2158 1077 — 4.0075-107°-T
+6.5972-10712 . T2

Equation 11

Equation 12



2.1.2.C0: A% £F H7} #F

~
ﬁo

MBEZ ©]

5 AYsHA &

COo, &3

0
_50

b

—

_Z#O
o

T

B

X

I
J_,NO
~

0

ﬁo

15

539

WA 1 A oA

Fod AlZkel w2 Wk

S

Equation 8¢f %]

=
=

o] ¥

ol Figure

=
=

Iy

=
=

[e)
W= 24 x

2~y ©
=K

W 7} Figure 33 %ol

=
-

Azl wh

A g},

=
~1-

o]

3_7

_50

ﬁo

el

OWIP #HOo =

=

£kl

= o]

REuA

%3}

sty

a4

o
ﬂNO

i

rH

ﬁo

_50

A%

]

7do

=

s OWIP % €O, %] =
Equation 81 ¢!

Xé -
Q(Pstop)

3) 2AlelA F

&

Alrt

S
=

)

S
=

e

==
=

o}
H

]'o% VCOZIp,sc

E —%—Zjoﬂj\:isb/] VCOz,p,SC Oﬂ COZ'OJ X]/\O]-

4 %

il

}1\_]__

4) 3etAelA A

i



%10°

sea'sasassaaaneasa

2 1Ceemeeeras0ea

=
“n
,

OWIP (m®)
—_

e
n

0 1000 2000 3000
Time (days)

Figure 3. Example graph of OWIP estimation. The blue dots and the red solid
line represent estimated OWIP and true OWIP, respectively.

)

8

51

-1:11 [=

I

1L



2.2.C0; €3 E 11283 MBE

2.2.1.MBE §%

-

L 4
=2

miv)

CoE Aws Ul TYA At co, HE A= QA
A 5 FES Figure 49 Zth €O 8 AFT
9 Al A% el Figure 49} 7ol €O, 493 A5 I F 7HA

ddol AT A Fdele & Aol EAE,  Co:

=3
Fdel= co, ¥RE obyEt FdhE At EAgTh €09 &3le
Al AA gyt S Aelwt st & AFeME ART
el F9¥ o7t AFahs el galdvka 7Hd skl

l C0, Injection

cO, brine

g

r

Figure 4. Cross-sectional schematic diagram of the reservoir during CO-
injection.

Cox7t &alle A Co7b &allEA o2 e v 4=
7hAek wEbq 0.2l £3lES MBEOl 1dEd FA¢ AFE & AF
H-3] 5 Figure 59 #o] FEsof k. o]F
Equation 139} #11, C0,°] €315 1183 MBE fL5 93t 7]E 2]9]
@t} Equation 139 Vycp,, Vo= 2H2F CO7F &8ll¥ A5 73, CO.7t
el > A FIE 94 Eiciass

Co; +Y4 ol9el ¢ FEAHor A5 AT 4+ cost

A

Sl A2 co7t %OHﬂxl A A BF AAE ThsAel slth



VCO: in pore

COZ Injection VCOZ—dissoived brine

I’;oore > | Vproduced brine

VCOZ —free brine

(a) (b)
Figure 5. A schematic diagram of material balance with CO; dissolution. (a)
and (b) refer to states before and after CO; injection, respectively.
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Figure 6. 3D schematic diagram of the basic case. The scale ratio of x, y, and z
direction is 1:1:70.
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Table 1. Input data for the reservoir model of the base case

Parameter (unit) Value
Number of grid cell 101x101x10
Size of grid cell in %, y direction (m) 10
Size of grid cell in z direction (m) 1
Porosity (fraction) 0.2
Permeability in x, y direction (md) 150
Permeability in z direction (md) 75
Reservoir top depth (m) 1,200
Reservoir pressure at top depth (kPa) 11,800
Reservoir temperature (°C) 50
Rock compressibility (1/kPa) 5.8E-7
Water gas contact (m) 1,150
Salinity of brine (mol NaCl/kg H,0) 1

Table 2. Input data for the well model of the base case

Parameter (unit) Value

Well location index (%, y) 51,51
Well perforation interval index (z) 8,9,10
Injection rate (m3/day) 2,500
Wellbore radius (m) 0.0762
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Relative Permeability
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Water Saturation
Figure 7. Relative permeability curve of water and oil. The blue dots and red

triangles represent relative permeability of oil and water at given water
saturations, respectively.

Relative Permeability

0 0.2 0.4 0.6 0.8 1
Gas Saturation
Figure 8. Relative permeability curve of gas and oil. The blue dots and red

triangles represent relative permeability to gas and oil at given gas saturation,
respectively.

21 2 M E g



21,716

1o

°©

3L

H

1 psi/f)e}t A

T3t Fh(27,145 kPa)oll <HdE& 0.8

22.621 kPa/m (

=

bk

s

S|
=

3.1.2. A% 9
710](1,200 m)

kPa=

140

Moo ® o I E W
of M & B oz T W oF AR
LI T =
o o = Ak T
X o X oo
EOZO‘NE J@.,._Oﬁ‘mﬂ
of Zm i J- o T
n}
T AT o _zﬁ i
oo TEs T
ot mW = o - o/
W S
N 9 B
R ot i ﬂﬂ
L EEFgNRT T o
® 8 PomVELE g
R el T a e
%%Wrﬂﬂﬂ%ﬂ )
XY = 0 J :
R I .
e BN gy T o R
5 %%aﬂ T o
o) ww o] of 2 T of uw Ko A
qos R W T R iy
. X o= N Ju.._ -~ —
o1 X ﬁ_,oTﬁooE o X
JJ o B \%ﬁ% © & © o T o
1= o W T T 8§ § § 8 § 9N
P EL TR TR D ) e oomuoned om
2T DE LR a1 d ooy g 1oM
o T X =
Mo o Mg PN <
E BT T m DN
T o o = o WE
ROST AR BT NN =
R Ak 8 R B oM

150

110 120 130
Time (days)
22

100

90
Figure 9. Well bottom-hole pressure at the CO; injection well.



MBES] A&wi AEdold wde AnE Fgow N
Equation 343} #o] kel st Adl @ =} (Relative error, %) ©]-& 3}
A2ratoleh. Equation 34914 Mg, e = A EHCIAS T3l 22 €O,
A% &%, Mco,mpri= MBEE &3l §718 €O, A% &F= 9

iz

off

¢

o
o
iuf

|MC02,true B MCOZ,MBE

Relative error (%) = Equation 34

M CO,,true

23 .__:rxq _kIJ_ -|_- ] -



3.2. 7]& Ao|xoX HF

Co9 &7k xele =4 B3I HFel A coo &7t
1A F B HFAE ATt AT REe AT
311904 AT 7] Alo]AE AFE-3FA T Figure 102> %1% €029

A

“F(Phase) ™ S YEhdI, FYE ot EF 294 AH=E
A5k Tt Figure 11> Al 7t mh& EL

UERATh €09 FHOoE 3l €09 FUF B FASte] ek
Co; A% &% Hrisky] A 9 dHoleE tdo=m Azte] wE
OWIPE Figure 129} #o] LA3F a1, OWIP7F 43 Aoz HrhE et
B owIP7F 4] dow di4 BdE FUtE agstolok st
AAtEl OWIPE HMEeo®E MBEE AHgdl F4s co. A &F
Aladelds Fall B7FE co, A &% Blwst A3= Table 39}
#h Co, A &%l e MBES ] b= 07614 %= oatsigbA
A 9 2 AR Ptk

AL

—

¢

|

0!

4__><10
o
o
O
s
O\_
© 3 oF
= o
= O
2 2 o
o
£
o o] A €O, Gas (mole)
o1 =g o
e x €0, Liquid (mole)
OOOO o €O, Supercritical (mole)
O
OB 4 £ L0 ‘
0 1000 2000 3000 4000

Time (days)
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represent estimated OWIP and true OWIP, respectively.

Table 3. Estimated CO; storage capacity and relative error

Reservoir
_ _ MBE
simulation
CO; st i
2 storage capacity 13.451 13.553
(MMton)
Relative error (%) 0.7614
25 -":rxi ":'l::r'
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respectively.
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Figure 14. OWIP estimated using MBE with CO; dissolution and without CO;
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Table 4. Estimated CO storage capacity and relative error of the MBE with CO>
dissolution and without CO; dissolution

Reservoir  MBE w/ CO; MBE w/o CO;
simulation  dissolution dissolution
CO; st it
2 STOTage capatily | - 13 789 14.534 14776
(MMton)
Relative error (%) 5.405 7.163
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Table 5. Cases for sensitivity analyses of MBE in estimation of CO; storage

capacity
Variable unit Base case Cases
COzInjection rate m3/day 2500 1500, 3500
Horizontal
o md 150 50, 250
permeability
Porosity fraction 0.20 0.15,0.25
Salinity mol NaCl/kg H.0 1 0,0.4
o 505x505x%5,
Reservoir size m3 1010x1010x10
1515%x1515%15
Well shut-in period days 3
Input data period years 0.5,5
Brine extraction rate m3/day 2
Heterogeneity of
porosity and homogeneous heterogeneous
permeability
29 ] 2-1]




3.3.2.C0; &Y=

=

€09 T390l 1,500m3/day 2 3,500m3/dayd Wl €02l §31&
13 MBEZ A& A]7ke] w2 OWIP 714 A3 Figure 163} 7.
7zt Aelze AlEHolA B FrhE o, A &Fe AT
A= Table 63 Ul €02 FYHC] 1,500 m3/dayq! -$ €09
gllE e = EshA ¢ MBES Ath eAb= 77 7.109 %,
9.074 %= C0:° &E A A7 °F 20 % " A
] Z3kAth 0.9l FYFol 3,500 m3/day?l AF €00 &= e
kA ok MBEQ] Al @Ab= 747 4.086 %, 5.681 %2 CO29
SAE LSt A7 oF 16% B sl 553k

hia

m

!_4

%10° %10°
2.5
G [e) 2 O
(“"A (""A
g 15 i< 15~
e N
= =
2 1- 2 L-
o (@]
0.5 0.5
0 L L L " 0 L L L L
0 100 200 300 400 0 100 200 300 400
Time (days) Time (days)
(@) (b)

Figure 16. OWIP estimated using MBE : (a) CO; injection rate, 1,500 m3/day,
(b) CO2 injection rate, 3500 m3/day. The blue dots and the red solid line
represent estimated OWIP and true OWIP, respectively.
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Table 6. Estimated CO; storage capacity and relative error of the MBE in the
lower CO; injection rate (1,500 m3/day) and the higher CO; injection rate
(3,500 m3/day). The numbers in parentheses in the relative error represent

the increase or decrease from the error in the base case

CO2 injection rate
1,500 3,500
(m3/day)
Reservoir MBE w/CO2 MBE w/o CO: Reservoir MBE w/CO2 MBE w/o CO:
simulation dissolution dissolution simulation dissolution dissolution
CO2 storage capacity
13.827 14.811 15.082 13.888 14.455 14.677
(MMton)
Relative error (%)
. 7.109 9.074 4.086 5.681
(Difference from the
(+1.704 %) (+1.911 %) (-1.319 %) (-1.482 %)
base case)
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Figure 17. COz mole fraction at [ = 51, which is the x-direction index of the CO,
injector : (a) base case 2,500 m3/day, (b) CO: injection rate, 1,500 m3/day.
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Figure 18. Dissolved CO; amounts of reservoir simulation and MBE in the
lower CO; injection rate (1,500 m3/day) case, which represent the blue dots
and red triangles, respectively.
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Figure 19. CO; mole fraction at [ = 51, which is the x-direction index of the CO,

injector : (a) base case 2,500 m3/day, (b) injection rate, 3,500 m3/day.
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Figure 21. OWIP estimated using MBE : (a) Horizontal permeability, 50 md,
(b) Horizontal permeability, 250 md. The blue dots and the red solid line
represent estimated OWIP and true OWIP, respectively.
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Table 7. Estimated CO; storage capacity and relative error of the MBE in the
lower horizontal permeability (50 md) and the higher horizontal permeability
(250 md). The numbers in parentheses in the relative error represent the

increase or decrease from the error in the base case

Horizontal
permeability 50 250
(md)
Reservoir MBE w/CO> MBE w/o CO: Reservoir MBE w/CO> MBE w/o CO:
simulation dissolution dissolution simulation dissolution dissolution
CO2 storage capacity
13.723 14.823 15.072 13.829 14.485 14.727
(MMton)
Relative error (%)
. 8.011 9.822 4.744 6.490
(Difference from the
(+2.606 %) (+2.659 %) (-0.661 %) (-0.673 %)
base case)
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Figure 22. Well bottom-hole pressures at the CO; injector in the base case (150
md) and the lower horizontal permeability (50 md) case after shutting in the
COz injector at 90 days. The red and blue lines represent the base case and the

lower horizontal permeability case, respectively.

35 A &1



LSS
79 F FAYel AFSS F di¥Eete] co, A 8 ATt

k10t x10*
N T T T N
= «
o ——Base Case, 150 md o
& 1.223 Hori o &
o —— Horizontal Permeability, 250 md | {1,223 7
® 1.222 “
4 11222 @
& =D
S 1.221 -
£" 11221 &
E :
& LZ2+¢ o
£ Yigs &
A m
T 1.219 C
s 11219 =

90 160 110 120 1?;0 140 150
Time (days)

Figure 23. Well bottom-hole pressures at the CO; injector in the base case (150
md) and the higher horizontal permeability (250 md) case after shutting in
the CO; injector at 90 days. The red and blue lines represent the base case and
the higher horizontal permeability case, respectively.
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Figure 24. OWIP estimated using MBE : (a) Porosity, 0.15, (b) Porosity, 0.25.
The blue dots and the red solid line represent estimated OWIP and true OWIP,
respectively.
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Table 8. Estimated CO; storage capacity and relative error of the MBE in the

lower porosity (0.15) case and the higher porosity (0.25) case. The numbers

in parentheses in the relative error represent the increase or decrease from
the error in the base case

Porosity
. 0.15 0.25
(fraction)
Reservoir MBE w/CO2 MBE w/o CO: Reservoir MBE w/CO2 MBE w/o CO:
simulation dissolution dissolution simulation dissolution dissolution
CO2 storage capacity
10.354 10.759 10.926 17.300 18.453 18.776
(MMton)
Relative error (%)
. 3.910 5.520 6.665 8.532
(Difference from the
(-1.495 %) (-1.643 %) (+1.260 %) (+1.369 %)
base case)
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Figure 25. Well bottom-hole pressures at the CO; injector in the base case (0.2)
and the lower porosity (0.15) case after shutting in the CO; injector at 90 days.
The red and blue lines represent the base case and the lower porosity case,

respectively.
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Figure 26. Well bottom-hole pressures at the CO; injector in the base case (0.2)
and the higher porosity (0.25) case after shutting in the CO; injector at 90
days. The red and blue lines represent the base case and the higher porosity
case, respectively.
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Figure 27. OWIP estimated using MBE : (a) Salinity, 0 mol NaCl/kg H-0, (b)
Salinity, 4 mol NaCl/kg H20. The blue dots and the red solid line represent
estimated OWIP and true OWIP, respectively.
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Table 9. Estimated CO; storage capacity and relative error of the MBE in the
lower salinity (0 mol NaCl/kg H,0) case and the higher salinity (4 mol
NaCl/kg H,0) case. The numbers in parentheses in the relative error represent
the increase or decrease from the error in the base case

Salinity 0 4
(mol NaCl/kg H20)
Reservoir MBE w/CO2 MBE w/o CO: Reservoir MBE w/CO2 MBE w/o CO:
simulation dissolution dissolution simulation dissolution dissolution
CO2 storage capacity
14.467 15.278 15.596 12.415 13.048 13.159
(MMton)
Relative error (%)
. 5.603 7.806 5.097 5.988
(Difference from the
(+0.198 %) (+0.643 %) (-0.308 %) (-1.175 %)
base case)
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Figure 28. Dissolved CO; amounts of reservoir simulation in the base case (1
mol NaCl/kg H,0) and lower salinity (0 mol NaCl/kg H;0) case, which
represent the red triangles and blue dots, respectively.
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Figure 29. Dissolved CO; amounts of reservoir simulation in the base case (1
mol NaCl/kg H,0) and higher salinity (4 mol NaCl/kg H,0), which represent
the red triangles and blue dots, respectively.
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Figure 30. OWIP estimated using MBE : (a) Reservoir size, 505 X 505 X 5 m3,
(b) Reservoir size, 1515 X 1515 X 15 m3. The blue dots and the red solid line
represent estimated OWIP and true OWIP, respectively.



Table 10. Estimated CO; storage capacity and relative error of the MBE in the
lower reservoir size (505 X 505 X 5 m3) case and the higher reservoir size
(1515 x 1515 X 15 m3) case. The numbers in parentheses in the relative error

represent the increase or decrease from the error in the base case

Reservoir size
505 x 505 x5 1515 x 1515 x 15
(m3)
Reservoir MBE w/CO2 MBE w/o CO: Reservoir MBE w/CO2 MBE w/o CO:
simulation dissolution dissolution simulation dissolution dissolution
€02 storage capacity 1.7230 1.7353 1.7442 46.379 53.740 54.798
(MMton)
Relative error (%) 0.7146 1.232 15.87 18.15
(Difference from the (-4690%)  (-5.931%) (+10.47 %) (+10.99 %)
base case)
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Figure 31. Well bottom-hole pressures at the CO; injector in the base case
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Figure 32. Dissolved CO; amounts of reservoir simulation in the base case
(1010 x 1010 x 10 m3) and lower reservoir size (505 x 505 X 5 m3) case,

Ly
wn
:

[y
T

e
th

x10
A
A
AL
AL
AD
A
AL
A
A
AL
e ]
A No\Y
AA o0
AR 00P
AT O O
AAA 009
AL e iciad
A
A7 | & Base Case, 1010X1010X10 m*
AZ00| - . :
%OOO O Reservoir Size, 505X505X5 m>

0 500 1000 1500 2000 250
Time (days)

0 3000

which represent the red triangles and blue dots, respectively.

45



AFZFe A717F 1515 X 1515 X 15 m3?l B¢ 7] Alo] 2o
vl g expzh v Frbskslth AR A7) & A AR
A7k A Ak R AR A7 S7EE Qe =) FyE
S7kste], Al s B oSbE dge] 7] Alolzel mls gzt
Figure 3304 A 7359 27|17} & A5 7] Alojxel vl3l] 3459
TH SR de =3 mEb FUds 22 F 74 7 AL
Afses & s X8kl €0 A% &9 Be=rt dasislit
gh, ZF MBES] ZJth @aF Apo|7} 7] Alo] el nls AR AFS 9
A717F #2 Af-oe WE ot daiE ¢ sle 9 Fyle
S 7Fstt). Figure 34914 A 758 A7|I7F & AF 718 Aol A vl
COo; Gefefol Wtk w71 Aleolxe wls} €O, S Yol

Z7ksko] 2t MBES] Al @3 Zpol7} Zrbakgic

| 10 x10*
= j j I 11.203 =
= —— Base Case, 1010X1010X10 m® &
& 1.223 s g,
55) — Reservoir Size, 1515X1515X15m™| | 1 202 E
» 1.222 ]
<8 <8}
ey 11.201 £
@ @
E 129 S
; 12, =5
= =
8 122} S
a 11.199 &
@ 1.219 c
= ‘ ‘ ‘ =
90 100 110 120 130 140 150

Time (days)

Figure 33. Well bottom-hole pressures at the CO: injector in the base case
(1010 x 1010 x 10 m3) and higher reservoir size (1515 X 1515 X 15 m3) case
after shutting in the CO> injector at 90 days. The red and blue lines represent
the base case and the higher reservoir size case, respectively.
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Figure 34. Dissolved CO; amounts of reservoir simulation in the base case
(1010 x 1010 x 10 m3) and higher reservoir size (1515 X 1515 X 15 m3) case,
which represent the red triangles and blue dots, respectively.
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Figure 35. OWIP estimated using MBE in the lower well shut-in period (3
days) case. The blue dots and the red solid line represent estimated OWIP and
true OWIP, respectively.
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Table 11. Estimated CO; storage capacity and relative error of the MBE in the
lower well shut-in period (3 days) case. The numbers in parentheses in the

relative error represent the increase or decrease from the error in the base

case
Reservoir MBEw/CO, MBE w/o CO;
simulation  dissolution dissolution
CO; storage capaci
? ge capacity 13.789 14.623 14.868
(MMton)
) 6.055 7.827
Relative error (%)
(+0.6500%) (+0.6640 %)
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Figure 36. OWIP estimated using MBE : (a) Input data period, 0.5 years, (b)
Input data period, 5 years. The blue dots and the red solid line represent
estimated OWIP and true OWIP, respectively.
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Table 12. Estimated CO; storage capacity and relative error of the MBE in the

lower input data period (0.5 years) case and the higher input data period (5

years) case. The numbers in parentheses in the relative error represent the
increase or decrease from the error in the base case

Input data period
0.5 5
(years)
Reservoir MBE w/CO2 MBE w/o CO: Reservoir MBE w/CO2 MBE w/o CO:
simulation dissolution dissolution simulation dissolution dissolution
CO2 storage capacity
13.789 14.823 15.095 13.789 14.049 14.186
(MMton)
Relative error (%)
. 7.503 9.473 1.891 2.881
(Difference from the
(+2.098 %) (+2.310 %) (-3.514 %) (-4.282 %)
base case)
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Figure 38. OWIP estimated using MBE in the higher brine extraction rate (2
m3/day) case. The blue dots and the red solid line represent estimated OWIP
and true OWIP, respectively.

Table 13. Estimated CO; storage capacity and relative error of the MBE in the
higher brine extraction rate (2 m3/day) case. The numbers in parentheses in
the relative error represent the increase or decrease from the error in the base

case
Reservoir MBE w/ CO; MBE w/o CO;
simulation  dissolution dissolution
€02 storage capacity | /0 22.417 22.875

(MMton)

7.867 10.07

Relative error (%) (+2.462 %) (+2.907 %)
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3.3.10. 743 AFS
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Table 14. Input data for the heterogeneous porosity and horizontal
permeability modeling

Geostatistical parameter Unit Value
Variogram model type - Spherical
Search radiuses of SGS ]
: Number of grid cells 40, 20,7
(max, med, min)
Ranges of the variogram )
) Number of grid cells 60, 30,10
(max, med, min)
Most correlated direction degrees N45°E
Nugget - 0
Correlation coefficient
between porosity and 0.7
common logarithm of '
horizontal permeability

Table 15. Means and variances of the heterogeneous porosity and horizontal

permeability
Parameter unit Mean Variance
Porosity fraction 0.172 0.00134
Common logarithm
of horizontal logio(md) 2.03 0.0333
permeability
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Figure 46. OWIP estimated using MBE in the heterogeneous case. The blue
dots and the red solid line represent estimated OWIP and true OWIP,
respectively.

Table 16. Estimated CO; storage capacity and relative error of the MBE in the
heterogeneous case. The numbers in parentheses in the relative error

represent the increase or decrease from the error in the base case

Reservoir MBE w/ CO; MBE w/o CO;
simulation dissolution dissolution
CO2 storage
) 11.870 12.501 12.703
capacity (MMton)
. 5.314 7.011
Relative error (%)
(-0.091 %) (-0.152 %)
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Nomenclature

B, = formation volume factor of brine

By,; = initial formation volume factor of brine
B¢, = formation volume factor of CO:

C, = rock compressibility, 1/kPa

f = fugacity, MPa

H = henry’s constant, MPa

Hgq;: = henry’s constant at mg,;;, MPa

H® =henry’s constant at saturation pressure, MPa
ksq: = salting-out coefficient

Mo, = mass of dissolved COz at surface condition, kg
My co, = mass of COz-dissolved brine, kg

m;, = mass of CO2z-free brine, kg

Mgq; = salinity of brine, mol NaCl/kg H20

Ny co, = mole of COz-dissolved brine, mol

MW, = molar weight of brine, g/mol

MW¢,, = molar weight of CO2, g/mol

MW, o, = average molar weight of COz-dissolved brine, g/mol
P = pore pressure, kPa

Pjj,0 = saturation pressure of H20, MPa

P; = initial pore pressure, kPa

Pstop = COzinjection stop pressure, kPa

cm3-MPa

R = gas constant, 8.3145 ol

Swirr = irreducible saturation of brine

T = temperature, K

Ten,0 = critical temperature of H20, K

v = partial molar volume of COzin liquid phase, cm3/mol

v, = specific volume of brine, cm3/g

Vagu = partial molar volume of CO2-dissolved brine, cm3/mol
Vco,bsc = volume of dissolved CO: at surface condition, m3
Vco,,inj,sc = injected volume of CO: at surface condition, m3
V, = pore volume, m3

Vi = initial pore volume, m3

Vpiume = volume of CO2 plume, m3

Vb,proa,sc = produced volume of brine at surface condition, m3
Vp,p = volume of brine in pore, m3

Vp.co, = volume of COz-dissolved brine, m3

V, = volume of CO2-free brine, m3

Vco,p = volume of COz in pore, m3
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Vco,p,sc = volume of COz in pore at surface condition, m3
V. =reservoir volume, m3

w, = weight fraction of NaCl in brine

Wco,=weight fraction of COz in brine

W = original water in place, m3

x = mole fraction of CO2 in brine

Symbols

¢ = porosity

¢; = initial porosity

pp = brine density, kg/m?3

pp,; = initial brine density, kg/m3

Ppsc = brine density at surface condition, kg/m3
Pco, = CO2 density, kg/m?3

Pb,co, = density of COz-dissolved brine, kg/m3

Pco,,sc = COz density at surface condition, kg/m3
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Abstract

Estimation of CO; Storage Capacity in Saline
Aquifers Using Material Balance Equation
Considering CO; Dissolution Trapping

Hyunmin Oh
Department of Energy Systems Engineering

Seoul National University

Accurate estimation of CO; storage capacities is essential in investment
decision-making for geological carbon storage projects. The estimated CO:
storage capacity is affected by what CO; trapping mechanisms are considered.
In the early stages of CO; injection, the structural and dissolution trappings
account for a large proportion of the CO, storage capacity. However, previous
studies have not considered the dissolution trapping and have not verify the
appropriateness of the boundary conditions of the reservoir when estimating
the CO; storage capacity. In this study, we verify the boundary conditions when
estimating CO; storage capacity and develop a material balance equation (MBE)
that considers the structural and dissolution trappings for saline aquifers. The
performance of the proposed MBE was validated by comparing the estimations
of the proposed MBE with those of a commercial reservoir simulator. For a base
case, the estimated CO; storage capacity of MBE with CO, dissolution was 1.8%
more accurate than that of MBE without CO; dissolution, the relative errors of
which were 5.405% and 7.163%, respectively. A sensitivity analysis was
conducted for nine parameters, including 1) CO; injection rate, 2) horizontal
permeability, 3) porosity, 4) salinity, 5) reservoir size, 6) well shut-in period, 7)
input data period, 8) brine extraction rate, and 9) heterogeneity of porosity and
permeability. For all the parameters, MBE with CO; dissolution was more
accurate than MBE without CO; dissolution in estimating the CO; storage
capacities. The differences of the relative errors between MBEs with and

without CO. dissolution were larger in the cases that have larger CO:
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dissolutions.

Keywords : Geological Carbon Storage, CO, Storage Capacity, Material Balance
Equation, CO; Dissolution
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