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CO, MIES &017] SJaiiM T €O, =3 W A 7)ol B3k A7t dAAIF oz dhils] Wax 3 gk, Zufjof
AFEHSS ddo R 3t co, A 77t Eits] WayE an Qlrt. o]efdt Co, A ATl 7Y T3 24 F
i= Qb Ehio|th XS4 ok SR s SJsli 413 00,2 7F 7T T B dISee A vl 5

Ble}. 12 AFelM = SR Tl A Coyt E5S Bolod 7EE ol AlvEl e g & X Fek ul Co,
it 9 & AT-S TOUGH2-MP ECO2NS ARE-sto] AlEH O SISt dlid AA= 150 m 42 diE5 dlA
825 m Aol o= F7 150 me] FFZ0)aL, FEo| M=+ A2 FU7gN4 1,000 m ol 5ot} A%
H COA= F9] by el ost Falof oA o) 53k Frt. CO/t iR F2E7] A FU7gelA
Q7 FE A7 COE & shetell =2e 4= QA & vk 58] Aok sttt w5 shekel] =t COA= F714<l
4 T Qo1 Feoll olaliA FERLE CO, F=UT Al T COF FEHY] AR AEHH 02 AW
°& FEHEY. Coyt aAH T2 39572 FES FUHE L, FEEE COAH A-gshe dlgrt e vt
o] 2-g-o = 3 BFoZ FYHE A0E AT 74 £ 9 grls] $lsted <7t co,
43 1005 =, 757 & 500 = o tfd MRS el o dojk A 7Y = 747 11.3 4,
15.64, 23.2d 0% AXFEATE B3, F910] F£7 H o]Fo e FEL £ 717t B¢ X &HE o AAEIT
2 1%k tin] ¥4 FEEL A7 o, FUFO] 1005 =, 757+ &, 508 =1 F9- 22 19.5%, 11.5%, 2.8% ©|t}.

ol FEol v

Abstract — To mitigate the greenhouse gas emission, many carbon capture and storage projects are underway all
over the world. In Korea, many studies focus on the storage of CO, in the offshore sediment. Assurance of safety is
one of the most important issues in the geological storage of CO,. Especially, the assessment of possibility of leak-
age and amount of leaked CO, is very crucial to analyze the safety of marine geological storage of CO,. In this
study, the leakage of injected CO, through fault was numerically studied. TOUGH2-MP ECO2N was used to simu-
late the subsurface behavior of injected CO,. The storage site was 150 m thick saline aquifer located 825 m under
the continental shelf. It was assumed that CO, leak was happened through the fault located 1,000 m away from the
injection well. The injected CO, could migrate through the aquifer by both pressure difference driven by injection
and buoyancy force. The enough pressure differences made it possible the CO, to migrate to the bottom of the
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fault. The CO, could be leaked to seabed through the fault due to the buoyancy force. Prior to leakage of the
injected CO,, the formation water leaked to seabed. When CO, reached the seabed, leakage of formation water
stopped but the same amount of sea water starts to flow into the underground as the amount of leaked CO,. To ana-
lyze the effect of injection rate on the leakage behavior, the injection rate of CO, was varied as 0.5, 0.75, and 1
MtCO,/year. The starting times of leakage at 1, 0.75 and 0.5 MtCO,/year injection rates are 11.3, 15.6 and 23.2
years after the injection, respectively. The leakage of CO, to the seabed continued for a period time after the end of
CO, injection. The ratios of total leaked CO, to total injected CO, at 1, 0.75 and 0.5 MtCO,/year injection rates are

19.5%, 11.5% and 2.8%, respectively.
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FH 7|1 FRISERE Qlte] ti7]29] CO, WiES EoldE 8o
AAAA o7 o]Fo)x 1 i}, o]akaleks 3 W AAH(CCS,
Carbon Capture and Storage) 7|&-> S, A7, AlWE 4k 7}
A2 tiZe] Co, viEd Oﬂ/ﬂ CO= x4 —?'F Azl Ash= 71
=52 7129 Co, MlES F7IHoR &Y 7 Qo] H* vls-
#kan glrk. Co, A 72}7% FRAZE 4 vﬂiﬁ, A, ﬁT
s 5ol = ARHE, olF vdasel A% 7hs 830l
7V A3 AAAA 02 I3 o] Qlo], gl A det
= Wl Fsh At H EdsiAl R&8E 1 QITHIPCC[2005).

CCS 7S A5 9 Agskshzt o] M 2% 24= 7
A eF3 vl FE 7Fs e e oA e) g
(Folger[2009]). CCS ZZAENA CO, FTE Ao A 7
RS ARA1Z Bl oke} o, HiEE AYAIES S g53
WiEAE] A 2 Cese] P el g ARl A ol
T Stk @A) of2] H7hEo] WELHA A St 1 SATIAE
Zo0]7] §lal] =ata Ut} CCS AHAS SallM AEE 2A7kA

Ed-E H7Ee] Adatr] el FEol B A AL Joint
Implementation) == % 7 7l A S2(CDM, Clean Development
Mechanism)$] 7S THSA|AL 8t o] & flaiAl= Sl
ok ksl Ago] Q). vhekel] tigfiLe] o] HASHA
=, et FERke] meto] ol Bk opz}, o]e|$t FEE
QI3t CO, AEFZ F3AL J1 = CDM ARIS] 5<1 AHAIE of
HAl 3Rz FollEo] & 4 9l

=ellA] djeF Bl 4SSt o gt Co, AgAe] 51l
A 5hAn0] A4 %@*é it ofyel A oyt rEE
93] Wl AP H 2 3 3 el <Jste] A%
ot} g FEH CO7t 174& ol AF=H7IE/A] Aty
9w ARl wpAE o8 = it wEhA Co2 oH°¥X]%21 <]
o= FE ARESt ulg- sk A
o=t Avkar & 5 9oL, “FEel st 7
AR A8 O kS CCS AFS Al ﬁa‘}ﬂ l OpA] WIEA] 1}
gxofof gt
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A AEA QA 3) @ T B2 FE AR FA, 4) st
29 (trapping) HIAUS. YREdo R FE2 %}7] 3)ell 3ldshes
FE AZVT S v dojdt), YR R & AlYR]| = 2

3 WA= 917 E+= #F (abandoned
wellj& &8 523 FEol1, 7 WA= v X 953 22
15t HAQI rFolrh. U4 9 Hes
T oA e] AR gl A 1
Z Agel At AR L H}Oﬂ oJEtd €04l ¥71 & &
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ﬁP ofe] 7] EAIE op7 & < Uk
FL CCS ZRAEQ| Qbde] tigh vhilo] HAAIA o= Feligel
i}, CO, As A7daelA] AFHF o2 E] CO, ‘=l #st 3
A A-go] Wol W= Qltt. Zeidouni T(Zeldoum et al.
[2014])2 22+ =A|14 2 F3l ﬁ%?ﬂ CO, & Al oF|El=
=] Hsks AR, olF E8f & @5l €o0l rE S
EUHH & 5 3l= RS #1Q18IIT. Esposito} Benson(Esposito
and Benson[2011]}& TOUGH2 A2 E¢||o]& AM-310] CO, T& Al
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7] wiiel, FEE QIsk €O, Wske 13 E = gk Wo] 9l
T}, Pruess(Pruess[2008])= 32l 3742] X]FollA] CO,% =2
ol gt A& 33T Pruess A7) A9 AEH &
Aol 9] & YTkS Sl o2 wEste], A3k Aol 2
CO, 7-s< vl Hgs] BAtH= 45 o] 9lev, Co, 7
9] 3 9l += AR gk U8 1 =R LFT Aoyagi &
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(Aoyagi et al[2011])> U LAl tift= @5o] 2707F Q=
A9, @029 CO, FEIES TOUGH2 AZEYo|E A48}
o] 34313t Aoyagi 59 A7+= Y ATS oz A3
A sl oL, kel YIS AAFA TAA o E A8skA] K3
I, FYHE AT ARdell A3t A7F 1005+ 9]l Hilol] &)
Fehs AxE sovk = FUES A 2o Al el
M= CO, AFA% Al Tl tigh A7) FHel s A 9k, 7

1% 5 (Kim et al.[2013])
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Fig. 1. Cross sectional schematic of geometry including location of
injection well and faults. The white and grey colors represent sand-
stone and mudstone respectively. Axes are not scaled.

Ao| o]gd FAks 1 = Qlrt.

2 ATE A =1 AT T35 (well logging data)
9} FAFSE XS deslsle]l RElE 1911, Fig 1> BEE #
4] W (stratigraphic profile)¥} 34 AXIE- BT}, 14 o
9] ZAINA COo, FYOE At o= 2] ko] A=A
TR A o7 GAZAS A 8st717F vl oA Erk. whebA
A o] AAA CO, FHLE A S Ao Gaks
A7 SlsiA AA 1A Fe Fig. 244 1.2 kme] S 2=
12 kmx12 km2] 321 F7+o 2 A3} Fig, 104 afja] g
e AFaghet 23etal, W AT Al A He R
150 m= 7P| ek, 34 elld 300 m sHF- G elli= Aol
FAskar, 71 oFlE 150 m 7 02 o] (mudstone)2} A[to] ok
7h A 900 m7HA] EAEEE. @A 900 m oFeie] npe
ofli= o|gto] EAIFTaL 7SSt COn= AREEoll FU=H -
A Al F9] AL Fig. 10 E7]3F vhe} 7o) X=6,025m, Y=
6,025 m, Z=-875 me|th. &5 1& 9 JOoRFE X Yoz
-1,000 m golA] lvta 7P EGlrh. @A o' F8F9) v
1 km <ol At @5o] A7 = v ofef-put 2 Aol A=
=S4 23S 7Pdste] Al bYAS Hrkstaal st A A
FF2 |7t | m 2o} 2 A5 AL Lok (Walsh er al[1998]),
2 ATl E FREIAE PgAE EREb] e B A&
6 me 78ISt & Aol xH FAEA 994 2717F 12 km
x12 kmx1.2 km 2 "}~ =37, 100 doleh= 71 AIRHS 314
&17] S8, At 7HA (Atime)o] v$- Aok &k, Wb CFL
(Courant-Friedrichs-Lewy) 2715 RESAI7]7] 3llx= Ao 2
71 vlE] = olstE FA| & 7= §lvh. ek 2 AFelAE
PEARI FHAE 271 2EiA W A71E B ARl
ot A 7PgsIGlth. F A A 5 101x80x26 7o)t T
A 2 S 24 T AR UHlE 100 me]aL 1L 0] £]2] Ao
200 me|t}h. ©5:0] A} Yhl= 2 m2 2UshA s, T
T8¢ AAE Fig. 10 TAIE vl o] Tl e85 2
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Table 1. Properties of rock materials
Parameter Sandstone Mudstone Fault
Density 2,640 kg/m’ 2,445 kg/m’ 2,640 kg/m’
Porosity 0.2 0.1 0.2
Permeability 100mD (X,Y) 500nD (X, Y) 100 mD (X)
(direction) 10 mD (Z) 50 nD (Z) 10,000 mD (Y, Z)

Table 2. Relative permeability parameters

Parameter Value
Irreducible liquid saturation, S, 0.3
Irreducible gas saturation, S,, 0.05

S A3tsAc. 94t 2] 951 Table 191 7155ick
(Hildenbrand ef al.[2002]; Aoyagi et al.[2011]).

1 Aol AR ) A R Al SFe BELe- TOUGH2-
ECO2N(Pruess[2005]) T30l AMS-E Rdly} 7+2 mdlg
et FaEglelA] ARGE BEe Co, A7l ]
S5 TS M AR A €O, A% A5 WAk
Sl do|g), A £ RElR = Corey B2 (Corey[1954]
ol 3L, TAHR FAE ThEt e
=8*, k= (1-8)’(1-5"), when §,<S<S,,
=0, k, = 1, when S<S,,
=1, k, = 0, when S>S,,

A9kt

filo

ke
krl

k, ()

ke Z7F Vg3t F1ge) AT B, s FERRE
(liquid saturation), S, irreducible llquld saturation, S,a= irreducible
gas saturation®|TF. o17]ol] ARE-E W= Table 201 YERASITE

4714, k

s

T3 S A FESER O}Eﬂfﬂr ol o] #t.

S — (s:=5u)

> (1=s1— 5, @
B e REl2 = van Genuchten E<7(Van Genuchten [1980])
= paag, et 2ok

Pey = =Py([ST"=1)"" when S,<S<S, (3)

Pcap: _Pmaxr when Slr>S1

*_ (si=5s1)
ST @

O£|7]}\-1 Pcapt ‘JA/H]J\:]_— ?ﬂ]—, Pog 701_}3_:— 7:”T5 max“ ﬂ‘:H U}\ﬂ_’ 0 H>
T2}l S8R0}, 0]7]4 AMLE MAE(NIAIST [2001];

Table 3. Capillary pressure parameters

Parameter Value
Irreducible liquid saturation, S, 0.29
Exponent, y 0.457
. 18.7 kPa (Sandstone)
Strength Coefficient, P, 59.10 kPa (Mudstone)
Maximum capillary pressure, P, 107 Pa
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1,200 mI

12 000 -

Fig. 2. Three-Dimensional meshes.

Pruess et al.[2002])2 Table 31 T8A|sIAt

Aol AR ZBAIEAE TR At tiE5-0) S 150
7Hdsted iAW (Fig. 12 73t AANe] Aoy 16 714 &
10 °C9] 5= 73A ]Zﬁ% 7RItk 713k an, Alite] XlsgE o
z719] g 25 ks frAlekES sIQlt). o= aiAES
o] A7gas} %3 A sl m 57 A HollM 9] ok
S ) 4% ptol FAE] wizoltt A o] 9] ke A ]

< 459 =301 gl Al 27 (no-flow boundary condition)S
Satqlct. njF AARA Tl AAll EAEtE 45 B84 o%
no-flow 713} vl fAkskaL, 71 ko] 9ol 3= 5
F34E = Q= A7 9Tt No-flow 2719] -9, Y€ C02°ﬂ
oJElA ol fA= A Bt ZeuriA] oAl HEE AR
e A &H 07 et dck A 2 °ﬂ?°ﬂ/\17qaq
50 2 0] 0] Q= 4 T UA =9€ cot EiAH
= &9l R FEHT] = lelM ] s Zﬂ
StA Y 4= vbol] gtk = 9& Coyt AREE
FHT} F28] FA AAsted, AT W &4 Fd 45
A= oF 3 MPa= H7l9e] A 40 MPa(Goodarzi and
Settari[2009]) Rt} @&l Zro} gl g7 Aot
A ok 9] = st
7] 202 et (Eew
IAAIZIL, CO, T4 flo] Alitste
By 2 At} AJertys H
T TElE 0.03 °C/mz 7PYEkaL, Hes
2 3A4] A1) 255 IHAT F Co, TY flo] Ailste]
B 04045} 7] 23 AL A3, A 949 et
ZAANA 4T} 5= 247 13.6 MPa,
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of gas)®| Wg}E UElE 17lo] 1, Fig. 45 @59 WS et
U= X=5,025 m o149 714 E3}wo] Wals Yehdic, 2 A
oAl A== et 52 WS dlellAl, 71738 g7 AA
71AVdeNe] AkelA ApAJah= o vlEL 0.5~1.8% F=o]7] o
o]l (Spycher et al.[2003]) THF-22] 714> CO,= o]F01 4 Ut}
Fig. 37} 4= CO/F @55 AA sIAHOZ 55 S A
ATl whet HolFa, 9o BAE FS COo, FEo| AlFtE]
e wo} FEo] FHEUES wWE 2P HolFrh Fig. 37 404
FRIE Co= FYo] HFIZ =30 years ©]F o]5o] 23] ¢
t]o] A= Agks HolErh F90% Coi= b el F2of] o4
w2 olAl "k, ot Tl 9% €0,0 =2 o oR Qs
ks, 9] FkE o)Felli= =9 fAlel w438 WS ©
FA HERE gt b Tl etk 79 S o) F
H o= XK= 0,2 o]F 18 (driving force) 784x2] €glo]
Fig. 37} 4014 =30 year?! 7%, &ZolA AL 714 X3
T7F vebsith el =28 COLe TR Fgof] oJsiA Al
a17) WlEel, ol 2 Co, B&S FE9 o] Fslth=
Z& VERAL kA Coyt EAH O R fEEvhE 2 St Al
AkS] mEREE 2Q1 =40 year M= TS 1A Ho| This F
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Fig. 3. Cross sectional section contours of CO, gas concentration at
Y=6,025 m at 1 MtCO,/year injection rate.
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Fig. 4. Cross-sectional contours of CO, gas concentrations at fault
at 1 MtCO,/year injection rate.
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CO,7} B o) F2o|A] 9ka gA|= o] vk aiAd 4= irh
CO, A%l 7F8 & 93 vAl= g7l Co, 87 1ktell=
AR FYo] FREY e A7) wiEel, 741717l
COt 5ol =3l Jahd Tl &0l dold 7S
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and seabed meet at different injection rates of 0.50 MtCO,/year, 0.75
MtCO,/year and 1 MtCO,/year.
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Fig. 7. CO, gas concentrations as a function of time at point where
fault and seabed meet at different injection rates of 0.50 MtCO,/
year, 0.75 MtCO,/year and 1 MtCO,/year.
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Table 4. Injected CO, mass and leaked CO, mass

Injection rate Injected CO, mass for 30 years

Total leaked CO, mass

Ratio of leaked CO, mass to injected mass

1.0 MtCO,/year 30.0 MtCO, 5.86 MtCO, 19.5%

0.75 MtCO,/year 22.5 MtCO, 2.58 MtCO, 11.5%

0.5 MtCO,/year 15.0 MtCO, 0.42 MtCO, 2.8%
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Fig. 8. (a) Total CO, leakage rates and (b) total accumulated leaked

CO, mass at different injection rates of 0.50 MtCO,/year, 0.75 MtCO,/year
and 1 MtCO,/year.
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