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ABSTRACT: A series of thermo-hydrological numerical modeling is performed to predict and analyze behavior
of carbon dioxide injected into target geologic formations in the Bukpyeong Basin, which is one of the prospective
offshore basins for geologic carbon dioxide storage in Korea. The results of the numerical modeling for the two
areas show that the structure (i.e., layered structure), spatial distribution, and hydrological properties (i.e.,
anisotropy of intrinsic permeability) of the target geologic formations have significant impacts on
three-dimensional behavior of carbon dioxide injected. The horizontal movement of carbon dioxide along the
spatial distribution of a storage formation (unit C-4) is more dominant than the vertical movement. As the injection
amount of carbon dioxide increases, carbon dioxide plume expands furthermore and reaches to the more shallow
depth region from the mean sea level. Even in cases of the maximum injection of carbon dioxide, carbon dioxide
does not leak through the top boundary of the modeling domain (sea floor) for both of areas. It indicates that the
carbon dioxide can be stored in the two areas up to their effective storage capacities of free phase carbon dioxide
presented in the previous study. As time progresses, the carbon dioxide stored by hydrodynamic trapping decreases,
and the carbon dioxide stored by solubility trapping increases. The total mass of carbon dioxide stored by solubility
trapping evaluated in this study is significantly greater than that presented in the previous study. It indicates that
the storage efficiency of aqueous phase carbon dioxide is greater than that of free phase carbon dioxide. Therefore,
this difference in the storage efficiencies of the two phases of carbon dioxide must be considered when evaluating
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the effective storage capacities of carbon dioxide on the basin or site scale.

Key words: Bukpyeong Basin, geologic carbon dioxide storage, carbon dioxide injection, behavior prediction and

analysis, numerical modeling

(Jung-Hwi Kihm, Department of Resources Recycling and Environmental Engineering, Jungwon University,
Goesan-Gun 367-805, Korea; Jun-Mo Kim, School of Earth and Environmental Sciences, Seoul National University,
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1. ME

o|AksletA 2% A #H(geologic carbon dioxide
storage)-Z 2| A A0l 7|5 Wske] Yjle s
FEUT i ojbsfRkae] WEE A7els 7}
B B 9 stuE uHEHn Yot
(Holloway, 1997; Metz et al., 2005). o]AFs}gt4s A
T At AF(el, S AT 2 7S
et 5ol FUE olitstgtart ofg 714 23
712l &Js = o] 7] e hdstA £
9 B2 5= 942 oju| gtk (Metz et al., 2005).

o|itgteta A5 Aole thdt 71eE0] &8
Ho, I FolA B o2 FHE ook = 6T &
4 71&L o2 i (Metz et al., 2005): (1) A&
E4% 2 B7H 71, Q AF R =Y 71, O) As
A% 71&, @) AT TS5 71, 6) &F ¥F 7171
&, (6) U T 7A &g 2 &8 7|&. o] FolA
0), (@), ), (©)°l Y= 71 SEL %A A1
(Monitoring, Mitigation, and Verification, MMYV)

= ZA-A S Ak Monitoring, Verification, and
Accounting, MVA) 7|&2 FEE7|% Jtch(Metz
et al., 2005; Litynski et al., 2012). |+ 2|2 =
(Bali Roadmap)ollAl &4, 231 9 AF 7135 7
= Weholl gt g o] SodRtoll webA] o]9F 2
HA-AR-AS = JA-A5-ALt 7es9 $8
dol B % 7211 Qe Aol

AE A5 71e2 ofe 7K B9 X 2hY 7)E
= skt I FolA AF ¢S 24E 7S
drkz o2 o} B-2-H8H4]- 518k (multi-phase
thermo-hydro-mechanical-chemical, T-H-M-C) <=
% 59 g Fojol o B2 EE 2A9] o|4kst
Thao] 7% S ol U BASiE, olkeieka
o 28 9 =% 7|14 TR Tgolct. olzie
AT dE 299 712 i A4 E= FA U A

Fo) (e, A% U U 4%5) Boheh e ¢
d 2Ao) JEHoR BL 02 v sled @
Alste] -8-(Litynski et al., 2011) 50 2H A5 o
2 7% AANA FAHA e ST et
A olAltERA A% AR ZRAE] 43l 44
2 e olelE AT % 59 714S B8
31 o] W]k,

=2 A= GEM-GHG (CMG, 2009), STOMP
(White and Oostrom, 2006), TOUGH2 (Pruess et
al., 1999) 59 bt AF S 2dY Ve =
T2 2ol ATEgen, oj5o] thid ATl
FUH olikelekao] AF2 Skl o]of 4hty
= e S dlAsk=T A8 HE Ytkeg,
Rutqvist et al., 2002; Johnson et al., 2004; White et
al., 2005; Lindeberg et al., 2009; Zhang et al., 2009;
SCCS, 2011; Smith et al., 2011; Xu et al., 2011).

UM = T S0 AT & 2dE™ 7eS
o] &3t o|itsteta A5 74 9 Bt 2EstA
Y=L Y= Aot HA olitdtgra 25 A
Zo] ot oM 74 s R 4 olF A4S THEsH
7] Slatel AW Fxo} A2 BuE Zrekslet 2
A) Fme) 0|29l Texrel elold Qo] g4
23] 2] mdgo] 43 E Iek(Kihm and Kim,
2007; Kim, 2008, 2009). 18] 1L o]At5}ELA 2|5 A
ol ok oh Al 5 E ol AN HFE
THH L2 sty flste] s &S 5 AE
TZ25 T A 29 o] 3p THAF G Ho A
(Kihm and Kim, 2008), 22|31 AMgT Aldo] s
She 24 PRE T 24 19 o9 WAt
A &3 G oA (Park, S.U. et al., 2011) Z+2; |-
Se)-olsta 43 mElgo] SaE Yk Ea o)t
Sheka ol oF o FA st € ol 2 A
T2 dha-A 84 olFe TR EAskL
o] & vl o &2 FUH oJAlsteta o AF F3F




ot SEEA U the K30 =

912 Brhel7) Sistel A AS o] nete o)%h
o AR ST ol Daeal-sfa A B
A o] = JHKihm et al., 2012a; Kihm et al.,
2012c). o] AFE2 oiIE A AT AF I
71&o] el A =UE7] AR A RE 3
ol & AR F2 8wz gttt 2ey G99
tfotel Q-selaty, dgeal-olakd W o-see)-a)
b2 S-S k2o Agket A wd= et
1 H84E BT & oleles X% A%
o Zagt 84 7|&E(Ee T 7)Y SEge T
A& 7H AL AF7F A g E o] ik

St o|FA Fje] AvEa gHE AF A5
Rdg Ve uige s it A59 dsolv &
A B7HE 3T A=) ATHA ohgstA
Pelo] gieh HA oj4kslgrao] Yo W o
A5 9 I FHA sk B4 4SS 9
Ssta 4 XS A A= B7HsH] st
Aot A ZRto] e 4k oA 9 gt
Z(Kim et al., 2009; Oh et al., 2010, 2011), E-4~2]
814 (Kihm and Kim, 2010; Kihm et al., 2011), €-
8]-3}8H4(Kihm et al., 2012b) X 2@} =
U TS TR AR G oA Y 8-g5t
Z(Kim et al., 2011) 4=2] A o] 3=t} E
gholitstea FE 7R EAR FE AE 2
¥ 459 B7HE flste] B 725 gt £
A R 9 ]2 oA EH7IER 7S A&
g E|ehs] 2] mdgo] £ FTh(Park, E. et
al., 2011). 212831 AR XFvto] wad A
BN olitRltetA o] AFE ASshe E-Hst
2 A By ZAE AR AFEAA HE
9 &35S 33 1= 717 ASste A 29
o] BgH A" 2(system-level) Q] =2 ZE
o] =i ie(Kim, 2012). ol ThFet AT
S FOIN Bie] ATES Yo 242t
AT HHo] W 6l W BAS Saelr] stod
7128 53 B The )4 W Ei %) B
= AAIS= PHS ARESATHKihm and Kim,
2010; Park, E. et al., 2011; Kim, 2012). 3}A|gqt o] &
Q75 B AakE Ahee] EL sk ol3hel
o mee Qelolx SaAEPow, B 72 o4t
of tht 4R B e Gele e Balglc.

ol A= Park et al. (2009)9]] &J3] X222 3F
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o7 Fm2) o|itsteka A% o2 mlzo] S
Sk o] ATAE HAY A% BAL o] g3}l
53 25HA) 0] Bne) Fxo] ste] olkseta
A% o2 U BASGT AT oltsftac] &
ool A A4 §%S BrAsHch SR of
AT AT AGUE el o) ol kst A
Eabo] o2 9 4= glek. 3l Kim (2011a)& 4F
A A% B 9 ek 1) BeYe A
A ol¥shes A% A §% B $He A
SHAT 0|2 B EAo) H8ste] A4 452 B
ShTt. o] ATolAE BA) FRelA AAkerme
ohUjet WAlgTH Zjulet Bol BE X5L ARk
% mdlo] SR o] F ol §3le] F-4efatd
Sx) BYYE SaAstg AT o] ATAE
olabsfet 7] o H A4 AEY) X% 4] ¢l
3} LEgto] APYEGIT o Akaket o] F¢lo] Tk
S A 5L oS D BAEA) e o9 2
o Sl BAY ¥ Fmo) iz ARk
29 Jeof et o|ABtets AT o2 5% =
Weo] AT Abel7h WS Ae Agolct. wehy
Ho) A% o male 7o) 72 Eol7] 93
A BAY R4 FRoA AFe B7H BEEg
ohUjet X4 FAE BAIH O vhlshs AR X
% melo] 7|9hg £ olksiEks A% o) W 24
%) mele A7} 4y ojolgt gk,

£ AT BAe F olaskah A% A% %
o Qo HAEA) B sbel BB o) i A
Zoll 7T olkBet i) AFL oS 9 EAshs
Atk 0% $lote] WA MW AT AnksS 7%
0% o] BB Yol ojiksheih 92 1%
5 A9g AT o] ATl et AR A%
n9Ye +Ystgct T80 oy delsty
%) meel g Saysho] olaksheka Felof o tht
$H $5 9L & o5 B o2 L LAt o}
Ao 2 T X So] thato] ol kBheid I ¥
sl that WIzhE S BAlsgc

2. AT XA I

BRRAL BT Bkl BN L AR 2
Aol RES], A= Ao 2 K| 37° 35 40", §
212920 5" Q12of) A TTHLY 1). HHRAE
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StdE webs BN EE WIFOE HES):
weo) Bhgo] ur} Wo) EAfsin, 1%
7F &/l =g Ho Atk BEEAY] 7|H
Aualolr|9] Sbwvleat o) el sl 1
A9 H3]9to =2 A HTH(Won et al., 1994). A3
7] S o5 FIHISt ARlo] R BAZ 5
ofm, thAl 47| @A) =& Eo] ofs) v = ek
EEEA O digh ST FARE F0] A= R
7} 200194 2002 A9 A4 KIGAM (2004)]]
ofa) e v} 9ok, 0|9 S= A2 uigke
2 EPEAE Z33 FG A A Hof izt edut
Z A (seismic stratigraphy) H 2|2 229} Ex]9]
raabgo] sjAE vh glck(Kwon, 2005; Kwon et
al., 2009). ZLo|= BBER] 7} o] Aksbeka 2|%
X §F Qleh BA2 Rl et 19 B4}

4o R

ol

0

£ st A2 A4 Ao tigt AF AR} AR
A3, 221 2719 Ban AR sjao] ol ol
ZtHKwon, 2011; Kim, 2011a). Kwon (2011)2 ©]
9 A= HEE A2t oldel F49 ARE F
HH o shistol grant 720} 5 BHE
Sk B2 ZdE AAE AXE FEEXY
2o oJ5 HAekEEe| eyt 2HE 2A A
S(unit group), BEw @ C5H9 Al 7o =2
FEEY SRR CET U BEES A7
=l %jFoln, 212k ] AjeHC4, C3, C-2, C-1) A 7]
o|(B3, B2, B1) 202 LR g AFe] AZ
-8 A|47]9) Hagtol, o] F(A2, Al) o
FEEY o5 7 29 HAtastHl S4o)
Kwon (2011)¢] &Jsf #H=om, 3 1o EH =
of ck. ofelet S40] 278t C-4, C2 9 B2%
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Fig. 1. Location and geologic maps of the Bukpyeong Basin with modeling domains. The geologic map is modified
from Kwon (2011). The regional modeling domain was used for evaluating CO, storage capacities by Kim (2011a).
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Table 1. Lithology of seismic units in the Bukpyeong Basin (Kwon, 2011).

Age Unit group Unit Lithology
A-1 Alternation of clay and sandy silt layers with intercalations of sand or
gravel layers (more sand-prone facies)
Quaternary Group A ; ) o )
Alternation of clay and sandy silt layers with intercalations of sand or
A-2
gravel layers (probably basal lags of sand or gravels)
B-1 Alternation of clay and sandy silt layers with intercalations of sand layers
Group B B-2 Sand-prone or gravelly sand sediments with intercalations of mud layers
B3 Alternation of sand and mud layers with intercalations of sand or gravel
layers
Alternation of clay and sandy silt layers with intercalations of sand or
. C-1 . .
Tertiary gravel layers (probably prograding unit)

C-2 Sand-prone or gravelly sand sediments with intercalations of mud layers

Group C
layers

sediments)

Alternation of sand and mud layers with intercalations of sand or gravel

Gravel, sand, and mud (probably correlated with onshore Tertiary

& Aetom 123 7 AAere] Ael] PAsHs
C-3, C-17} B-3, B-137H A2 k7 drjjoto 2 Akg
2 4 SITH(Kim, 2011a). E3F BHEA] QLo
2,000 MW} Absielubd el A1 Wi 271 &
) A4 Fo) 9o, o] WHLE AAH o] 4ts)
Sha 2Eee) Qe B 4 Y 300 MW ol4
sieka 24 AAS Tkl Qleh(ad 1). web
olgiat X AsHe B4 YA AL DT ) B
R L FUje) gk BAS FoA olAtseke 4
2 A% B2 B4 4 Qo

olgiat i stoll BB et AA ol
7l glen, ofu) A8 el mYe Aol
29 1) Ao} YEK(Kim, 2011a). o] AFA
£ AR A2 mEY 9 95ty 41w
o AAF olkshers % A 87 B HEe
AxsIRom, of HHe BEAe] 8t
ola¥siErs 3 AR SoL olAksletaTl 2917
2 245k Fo|AE oF 141 Mton, S|4 7|1%
Al 500 m oJA} G Hoj A= 2F 877 Mton2. 2 7tz
ATE k. =3k B EA) o] 2907 ol bsieka
7} 2T 5 A Fode Ao 37 ) 2o &
7)ol gt A4Sl HA) A4 o] W) 5
g v} Qch(Kim, 2011a). o] AFCIA L sfettol
A% @ o) A, Aue) NeE, A4 BE, €

fu
ol
o

= oAbt Y 5, oiteiea A% 5,
ol W 5 A& 7HA] Il it B4
B7HE s, I FollA 17 100 EAIE A
QAR A B7FOHE 7 A Fofl vl o 2 A
SHE 7 A2 YERdT mEbA 2 AtellA
= A9 AR A BE oitaeka Fof| &%t d-4
2eHa @A oS 9 #A48] % A i A
Qo2 AL 7|HketT} B So] ARt XS
FTHH L2 13t 7 A9 2] Ry Y9
AARTATHE 19 M H LA 99 A=)

o

3. xR XS 2HE

Ol

2 A @ Boj| tf3}e] Visual COFAT3D (Kim,
2011b) ] GUI AA- 2 71E o83t ARt A5 el

L)

) A== 281,100 mojoh X9 B ey Fo
ZA Hgko 2 9oF 28 km, Y& W3O & oF 24 km
o, Htj A== 2F 2,200 mo|t}. o] X|F oA
£ 7I8RH(AZi B ejolr] 7t Hukeh & SRR L
A A 3]9h)2 =] X] Al B HUS(AST B
S 9 CEF) o] =] Sict. 34 H(sea floor) 2]
T=(3eH 71E) 2 2 S FAAEY 1%+ Kwon
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(2011)°] o3 sjME 7= ARE o]-833eH, o
£ 5Ask 0 2 A2l F2]7](kriging) (Isaaks and
Srivastava, 1989) 7|2 o]83}o] Ulil(interpolation)
9 oiH(extrapolation) sttt o] |5 HE o) Al= Z}
2o] 7b4 BEmYk ol £, A% 2 25T
So) A7} g o DHE I v o
2do xjFo0] ZH W3l 9l dH(lateral change and

(a)

Number of elements : 97,440
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lief), Z2]31 HA3} Ei= wijAL L2 SJaf A4
o2 edjd AFEBIT C3 E 7Rk o] 3f
Ao leEE = Y S Ul BHF o HoE
TH2E 2a, 2b, 2¢, 2d). o|FA 2HJH A9 A U B
of tiigk 213 =g 212} 974007124 97,30072] 413}
A SHA| AR} @ AR o] ASSH A TH1H 2a, 2b).
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Fig. 2. Three-dimensional geologic formation models with (a) and (b) grid elements and (c) and (d) fence diagrams,
and (e) and (f) isopach maps (thickness contours) of whole sedimentary formations (units) for Area A (left column)

and Area B (right column) in the Bukpyeong Basin.
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Table 2. Thermo-hydrological properties of sedimentary units in the Bukpyeong Basin.

Property A-1 A-2 B-1 B-2 B-3 C-1 C-2 C-3 C-4
Porosity'"” 0421 0416 0301 0338 0305 0276 0293 0227  0.143
Horizontal

INMINSIC g 65510713 6.75x10™ 1.20x10™ 1.40x10™2 1.50%10™ 2.50x10™ 1.40x10722.00%10™ 1.80x 1072
permeability

[mZ](2)

Vertical

INIINSIC 1 67010717 8.33x10™% 1.00x1077 9.99x107° 1.41x10™7 1.00x10779.99x10™° 1.19x107'7 5.00x10™
permeability

[mZ](3)

[Slf;}fn‘f]%s“y 2,660 2,790 2,820 2,780 2,720 2,720 2,800 2,770 2,800
Specific heat

kg C 1 1,020 960 960 1,020 960 960 1,020 960 1,020
Heat

conductivit;/ 2.47 2.07 2.07 2.47 2.07 2.07 2.47 2.07 2.47
[(W/m/C1°

Residualwater 159 0074 0149 0159 0149 0207  0.159 0207  0.159
saturation

Reﬂd@l%gs 0.050  0.050 0050 0050 0050 0050 0050 0050  0.050
saturation

van Genuchten’s (1980) unsaturated hydraulic parameters

Gas-entry
pressure [Pa]

Exponent'” 0471 0270 0291  0.471

© 7.36x10* 1.57x10* 1.96x10" 7.36x10* 1.96x10* 9.81x10° 7.36x10" 9.81x10° 7.36x10*

0.291 0.187 0.471 0.187 0.471

Notes: (1) and (4) the raw data of porosities and solid densities are acquired by KIGAM (2004), Kim (2011a), and
Kwon (2011), and their representative values of each unit are obtained by Kwon (2011) for seismic interpretation;
(2) and (3) the horizontal and vertical intrinsic permeabilities of each unit are up-scaled by arithmetic and harmonic
averaging intrinsic permeabilities of lithologic layers (i.e., gravel, sand, silt, and mud) (Freeze and Cherry, 1979;
Fetter, 1994), respectively; (5) and (6) for the thermal properties (i.e., specific heat and heat conductivity), all units
are classified as the two groups (i.e., reservoir and cap rocks), and their representative values of the two groups
are obtained by Kim (2009) from the work of KIGAM (2005); (7), (8), (9), and (10) the residual water and gas
saturations and unsaturated hydraulic parameters (i.e., gas-entry pressure and exponent) of all units are obtained
from the work of Carsel and Parrish (1988) considering their homogeneous intrinsic permeability.

Eloka A salshy BARLS 71E] BUES
) W pafslo] 1 ThEEGhS ARSI 3 20f e
o] Qlth(Freeze and Cherry, 1979; van Genuchten, 1980;
Carsel and Parrish, 1988; Fetter, 1994; KIGAM,
2004; KIGAM, 2005; Kim, 2009, 2011a; Kwon, 2011).
oA A58 RGEASE 28 THE
(horizontal intrinsic permeability)} <=2 315
FEA9x(vertical intrinsic permeability) & 7}X]
= Tefalsth A2l 47 TR 51 1

FESASL FAE (Kwon, 2011) S E-838t9 A&

Wl ZF SS(ol, AES, A R S 1L
FEFATE 4 95 FAR 7ISEH 1k
Harithmetic average)¥} Z3}EH harmonic aver-
age)= o= W4 (Domenico and Schwartz, 1990)
o 2 77k 4-2A Y % (up-scaling) ko] AP = ict

g d-gelet 4
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g2 TOUGH?2 (Pruess et al., 1999)0]t}. TOUGH2
= HER3AHEH (integral finite difference or IFD
method) (Narasimhan and Witherspoon, 1976)2
o] gslo] F7tolAkS}spatial discretization)S 3}
52 mlolo). ol g M e e Bl
o A (grid) & Teie 4 7] el A1 Aol
e §1918 Bkl 8} T stoh el gle.
o, Wby Thepeti BRrek A1 27Ao|M e o
7 %5 2 A2 o5g molald] e Al
o}, TOUGH2E thopst B5-8 Ealo] 2 §419] 5
e 1T o glon, B dFtoAs drbEl o
Astekas 215 A 7ol A & o itsteta: B A5l
o] fAl E4E dEld o= a2 o Qle ECO2N
(Spycher and Pruess, 2005) &S AME-31 ST

42 Q-7 #x| Dgg 43

Al A B A Bof| tjste] 354 22 tha 2
= A 23& AAstaL A4 AdH Y 2 e
& saelo] ojkafRia 9] o] AF|E A}
oh #A) 53w Gelo] SUA(EAA )] chsted
A% A YL SlrroniiE of 418 Hhes)
of 44l0] 22 W43t Alef ] Qrelo] S7take
Dirichlet 27| 2718 #8319t} =gt L=o] o
AE=4T 2 L3 AL 2 7173} Dirichlet 7
A 272 9eskc 1) B Qo) vpet
ofl tiste] o Al 2l frgol FAYSHA] g no-flux
AA 2% Agsgon, Add) de AT
Ao FH ol 2|8 EA(Kim and Lee, 2007; Lee et
al., 2010)2 ¥k 3lo] x| Q2eF 0.083 W/m?0] o
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Fig. 3. Three-dimensional spatial distributions of CO, plumes (left column) and CO, saturations in two vertical
sections (right column) after 1,000 years in Area A for (a) and (b) Case A-1, (¢) and (d) Case A-2, (¢) and (f) Case
A-3, and (g) and (h) Case A-4.
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Fig. 4. Depth maps (elevation contours from the mean sea level) of top boundaries of CO, plumes after 1,000 years
in Area A for (a) Case A-1, (b) Case A-2, (c) Case A-3, and (d) Case A-4.
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Fig. 5. Temporal changes in masses of CO; stored by hydrodynamic and solubility trapping mechanisms in Area
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