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meso-scale region after (a) 5, (b) 10, (c) 15, (d) 20, (e¢) 25 and (f) 30 days of CO,
leakage(case 3, 3,800t0n/year, CO; bubble ratio 90%) «e+wwsreeesessessesessusiniintntisiiiiiiis 95
Fig. A.5-4 Contour maps of ApCO: including leakage point in xz-plane(y= 108,000m) in
meso-scale region after (a) 5, (b) 10, (c) 15, (d) 20, (e¢) 25 and (f) 30 days of CO,
leakage(case 4, 94,600t0n/year, CO; bubble ratio 10%) « e weeseeeserseeesmsensiniiniss 926
Fig. A.5-5 Contour maps of ApCO: including leakage point in xz-plane(y= 108,000m) in
meso-scale region after (a) 5, (b) 10, (c) 15, (d) 20, (e¢) 25 and (f) 30 days of CO,
leakage(case 5, 94,600t0n/year, CO; bubble ratio 50%) « e wweereserseeereseseiniinrniiniss 97
Fig. A.5-6 Contour maps of ApCO, including leakage point in xz-plane(y= 108,000m) in
meso-scale region after (a) 5, (b) 10, (c) 15, (d) 20, (e¢) 25 and (f) 30 days of CO,
leakage(case 6, 94,600t0n/year, CO; bubble ratio 90%) «wwwweseeeserseseeseeuntiniisrniinis 08
Fig. A.5-7 Contour maps of ApCO, including leakage point in yz-plane(x= 63,000m) in
meso-scale region after (a) 5, (b) 10, (c) 15, (d) 20, (e¢) 25 and (f) 30 days of CO,
leakage(case 1, 3,800t0n/year, CO; bubble ratio 10%) « e wwereeesessesesmsrsintiniis 99
Fig. A.5-8 Contour maps of ApCO; including leakage point in yz-plane(x= 63,000m) in
meso-scale region after (a) 5, (b) 10, (c) 15, (d) 20, (e¢) 25 and (f) 30 days of CO,
leakage(case 2, 3,800t0n/year, CO; bubble 1atio 50%) « e weswsrererseeesessestusminmsiinins 100
Fig. A.5-9 Contour maps of ApCO; including leakage point in yz-plane(x= 63,000m) in
meso-scale region after (a) 5, (b) 10, (c) 15, (d) 20, (e¢) 25 and (f) 30 days of CO,
leakage(case 3, 3,800t0n/year, CO; bubble 1atio 90%) «:wswsresesseseeseseestusmismsiinissiiite 101
Fig. A.5-10 Contour maps of ApCO, including leakage point in yz-plane(x= 63,000m) in
meso-scale region after (a) 5, (b) 10, (c) 15, (d) 20, (e¢) 25 and (f) 30 days of CO,
leakage(case 4, 94,600t0n/year, CO; bubble ratio 10%) « e wweeressereeessemsinsinnstinisiine 102
Fig. A.5-11 Contour maps of ApCO, including leakage point in yz-plane(x= 63,000m) in
meso-scale region after (a) 5, (b) 10, (c) 15, (d) 20, (e¢) 25 and (f) 30 days of CO,
leakage(case 5, 94,600t0n/year, CO; bubble ratio 50%) « e wweereesereesesseneentinmstiniisn, 103
Fig. A.5-12 Contour maps of ApCO, including leakage point in yz-plane(x= 63,000m) in
meso-scale region after (a) 5, (b) 10, (c) 15, (d) 20, (e¢) 25 and (f) 30 days of CO,
leakage(case 6, 94,600t0n/year, CO; bubble ratio 90%) «wwwsesesserseesseeustisnstiniisisiine 104
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ABSTRACT

A Fundamental Study for Numerical Simulation of Multi-Scale
Diffusion of CO, Leaked from Sea Floor

Jeong Dae Sung

Advisor : Prof. Jeong Se-Min, Ph.D.

Department of Naval Architecture & Ocean Engineering
Graduate School of Chosun University

Carbon Capture and Storage(CCS) is a technology to capture and store carbon dioxide(CO,), which is a representative
greenhouse gas. Since its potential to reduce large amount of CO, and feasibility, many countries are working on various CCS
methods and projects. CCS can be categorized by geological sequestration(=storage), occan sequestration and geological
sequestration under seafloor, among which the last one is the most proper option to Korea since there is not enough inland
space to store CO,. However, public acceptance is an unknown factor in developing public policy involving CCS technology.
Characteristics of CCS substantially differ from other options for CO, mitigation, particularly when assessing the risks of
leakage and development of appropriate regulatory penalties in implementing some form of CCS. Therefore, to carry out
geological sequestration of CO, under seafloor, it is inevitable to evaluate the risk of leakage, to monitor the behavior of
leaked CO, and to assess the environmental effect by the leaked CO,.

The CO, in seawater can exist as liquid or gas phase depending on its surrounding environments, mainly pressure and
temperature. Therefore, the behavior of CO, bubbles with dissolving into surrounding sea-water and diffusion of dissolved CO;
(DCOy) by ocean flows should be accurately predicted for the assessment of environmental impacts.

In this study, the behavior and diffusion of CO,, which is purposely stored under seafloor and leaked from it, bubbles
and DCO, in the sea-water was numerically predicted by multi-scale ocean model, where hydrostatic approximation and
Eulerian-Lagragian two phase model is applied for meso- and small-scale region, respectively. Two cases are selected by
assumed leaking-amount of CO,, that is 3,800ton/year and 94,600ton/year, and numerical simulations are performed for the
cases. The results including the change of partial pressure of COy(pCO,), which is one of the most important criteria for

environmental impacts on marine biota, are qualitatively compared with each other.
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Eot e =25 as=2 el drdsk(pHat ZA)E OFIIAIZICH Portner et

al.2004)2 HLMZ0| Z2 pHOl === JR, oY ME AXUHAIESD &AL
SIS ZAAIE WS 2HGIFU 20, Kroeker et al.(2013)2 oY AH SOt
Cratet M2 2o ME, 4 S0l 0IXl= 20l CHoll & EotA2M, pHIE 2

2 MAHIIAII R (World
Meteorological ~ Organization, ~ WMO)2t S HIHAS 2B H &l (United  Nations
Environment Program, UNEP)2 4t &M So| WESH UK AES2Z 25t
= 2a0tA9 Bit2 AE UL

NAHESZ 2AtAS HIES =017 IoH, 20158 OielolA g8l |l D]
213t 3| 2[(The United Nations Frameworks Convention on Climate, UNFCCC)E
ot0d Itel& & (Paris Agreement)2 I ZotACt Table 12 Di2IE@EUHA 2=0l

O -on

A= &&0 SN 288 2480tA =

= = H(Nationally Determined Contribution,
2 203089t 24a0tA BHEMEZX

NDC)E =20l UCh 0 = stel=
= g

(Business as Usual, BAU)2! 8% 50602t

H

b UCH

ol

il 37% 25 =

Table 1 Major countries’ NDC(Nationally Determined Contribution) for Paris Agreement
<http://ebizdiary.tistory.com/513>

Object . _ _ 2 HIEFAAIE
2ESH | SHUEZ | JIEHE | SERE
Nation AENHS

== 60 ~ 65% 2030 2005 dere -
E.U. 40 % 2030 1990 SN X

2 Al OF 25 ~ 30% 2030 1990 SN X
o= 26 % 2030 2013 SN O
Chetol= 37 % 2030 - BAU O
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tHE=S M2 AIAHOFStE 24 JtA 9
SFEAN0), =

(Kyoto Protocol,
RACt. Table 22

=223t

19970l REEIASH, DelEEH 20150 AME

ERE =R,

I==Ne] b~
=) EOI'}”
"HEE 24D1A 9

2= UEHHCH XR2tetkls== 2

|

12 £&st

ESFE= 0l&EHEA(CO,), DIIEH(CH,), OF&t

EHA(HFCs), Mt=3tBHA(PFCs), S=2t&(SF)E WE2EAM

& ot

ANR2LtatXl=, 2:3H]

JbA 1kgl EA 0N X

gt 0l Ct.

HFCs, PFCs, SFe= CO2CH X#2ttstXle== O =X, 23802 U
BHEES DdoltAS M, =W IS 210 E=2 =Xt I W20, X
22430l CO 0t Bt 2AMARL O e Fets 01t & = UL

Table 2 Greenhouse gases & their contribution to global warming

<https://gscaltexmediahub.com/energy/about-greenhouse-gas/>
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GHG Type HFCs,
O, CH. Na0
PFCs, SFs
e HEKANE | EDiesY | Az 0 Of
= D Ea | HlEAg | HES
NP 1,300 ~
1 21 310
(€O = 1) 23,900
EESIE
55 15 6 24
(%)
S e
88.6 4.8 2.8 3.8
(%)
- 3 -




CO,E MZAIDlE= Jlsll= CO, HES MZAIZI= Jlsl 21 S0l i
E COE MZAIII= J1=0] ULL CO, HIEE2 M2AIe YEH2 FHAZ9
MEZS Z0/HL, 012 UIME AHMUHUHXIE WY, AMEot0 HIEES £0l=
2 BIE 20 Filter S ZUIAHA CO2 BHE2 =0l= Jl= S0l UL 3
Jl =0l BHEE CO,E MZAIDl= Jl=2 BiEE CO,E Z&olW MEot= Il
=0l EA XA Y X E(Carbon Captured and Storage, CCS) J|=1t L& = (2
=22 PHEolH MEsStE B ZE 2 0lE(Carbon Captured and Utilization,
CCU) J|=0l RUCH 0I= ccse CHE M2 JI=0l HISHH COE UAR=2 25
tsst EE0| U200, MHARSZ 22 ProjectIt = THAM HEHQI CO, M2
Jl=2 e UL Fig. 22 NAHE2Z 8 =21 CCS ProjectS 2011 UCH

i

TYPE

<+ Enhanced Coal Bed Methane
B Enhonced Gas Recovery
=+ Enhanced 0il Recovery

sTotal Lacg R POL
- : @ Nagaoka
+»Central Appalachian

==Teapot Dome

‘r\\ [
N
® WESTC Salt River p

< SWP Paradox EOR

OF €O, STORAGE OPERATION

i

<+ Qinshui Basin
<+ Allison Unit

< SWP SACROC
= MGSC Huffn Puff
%+ Black Warrior

s}z Otway Project-1 "

i< Depleted gos field
& Depleted oil field

¢ Offshore saline agquifer

@ Onshore saline aquifer

v
Fig. 2 CCS projects worldwide

small) < 20kt (Medium) < 500kt (Large]> 500kt

<https://pubs.rsc.org/en/content/articlehtml/2009/ee/b822107n>
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CCS2l CO,E M &(Storage/Sequestration)ot= ZHE Fig. 32 20/ M&ESt=
Xz 2FRECL SXNUHA &8 & A SO NS M2 = 24

st 320l CO.E MAEGt= &l XIS NE(Geological Sequestration)H 3t CO,E
Nl ME =2 SdlAldl= -l oY M&(Ocean Sequestration)H 0l UCH
% HEHE2 HH HAAS CO,E EdAIII= &Yl =6 (Dissolution
Type)dt, oY XS0l H&ESt= 2RSS NEH(Geological Sequestration under the
% MNEH SollEe CoJt HdEEu OlXle I&2

Sot0 SXI= AL

Separation and Collection Platfarmm

] .
Methane Recove » o . Mowing

Shlp-‘h

Kang & Huh(2008)2 CI2 2ZJtS° CCS ¢ HLESHS 2460 2 &
o 2ot ot 2AotCH 1O Zu, feluete B2= AsHEEE A
olJ] 8 |4 2210 BF6IH 212 oo aleXEs HE-H0| EIEaditin
Ot AL,
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HeXNES MEHEHS Sotl CO,E Mo didMs & =EE(Public
Acceptance) =2It ZR0IC 018 fIoiM= K& S THol 2oz ME A
Of 2Z0l Mol XS0 MEE COIt =2 +EL= B=R(Fig 4), +
=& COoJt = did&td o DiX=s /g it =2 XN === CO,
o Ns ZLIHE E 58 = di=2 EdlE CO2 ol+==S 7 & A0l et
GI=1t Ol0l 28t =8 ol &F0l OlXl= S0l et EoHt 2 L6t

Biological Impact

Earthquake

/\aquifer

Fig. 4 Schematic view of CO, leakage
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o Hote oY U= & oY 230

02

o

ol==0l Edli=el CO, 5%
. Sato & Sato(2002)= o ==0l =8t MUKl CO0l

nio
=)
al

Ct 2 o2 pHOl H3IIE %
X Al2d0l&dE S0 0= % Mortality CurveS ZA0H0 HYSEISHIIE
TR L, Sato(2004)= oY HF AWM A COE HE g FRE &
oo, S8 =24 EYIEL HELHES COQ 202 pCOo2 Hetes =X
HAS Sot0 H=oIA2M, Kita(2006)= W+ CO, FEAl pHELH pCO2 H
SH(ApCO,)0l SHAMENAHIO 2HEO0 A0, SSH EEYIAE0 UsH dES S
off ApCO,It 5000ppmO| 2t [H 99.9%It MEGIH, A& H+E 1Dedst 500ppmE

JI=XIZ Metst gt ACHEFig. 7).

B Acute [ Chronic 3=

108
Survival of 50% of Copepods in the middle depth of ocean
(by Experiments)
e Survival of 99.9% of Copepods
‘g 104 (by Experiments)
AN
@) NOEC of Copepods
g 103t
o Safety Factor 10
d
|PNEC for the organisms in the middle depth of ocean|
102 L
1 0] 1 1 1
107! 10° 10! 102 108

Exposure Time (h)

Fig. 7 Quantitative criteria for biological impacts by ApCO,
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ZtEE oielel H7 Atdle OGS 20, E=2 Co.E XS0 H&E =,
2 N =

& FHO CO, BHet s£E =FTot= QICS(Quantifying

—_

=
and Monitering Environment Impacts of Geological Carbon Storage) ProjectE &leHo

OH, =22 Tomakomai HOHW CO,& MAEGIHH, Ol0 LISt & ZLIHES
et SO0l UCH =X Al2dl0l@S 0/1E8 H+ 2 Kano et al.(2009)= 750/ &
ot HIE0l HESE A48 AWM COIt &= B2 COo, JIES +
=, Zoff UE L SollEl Co.2l &k HFO e =X AlEdIol8sS =&t
2= AN HLXNS0H HEE COIb +2EH= ER0 Uoll Os 72 =4t
ANEd0IES =35t0H, Ol et B HSHIIE = 6HULCHKano et al., 2010).

x

Mori et al.(2015)2 E=2| Ardmucknish B0l CO,E M&ot=s BRE &&EHOGIN,

ATH

0

T 24 A2 Al2d0ES =oAL

= AP A2l B, Hong et al.(2005)2 CO,2 HLR=SMHES et U
SHRIFNME D= S HE & ol saS =456tn, felutetel HE It
S&H2 ZESIULE 012 Sot0, tHetel= Aot = &oliel =24 22X, golel Al
= 21X, solel 258 22X M&E 22 XEo=2 N otol YU (Fig. 8), st=X&
NAAZRNME 20143 OlAHSEIA RISHE 352 /st HEXS S43 ¥
I8 Jlz o Uis BONE ZEE2EXNE Uacz 4o, 38cs
201582 H A2 1008 E9 CO,E MNEE H=Es HECH)| RSt Z2NES Al
ot ASB 20178 1ERH 3ENMA EE o2 XGUM K& EAME A
=, CO, & 100=0l CHE =2 AIES =AXLH 20179 110 ZS0HAM 2
St AR 5429 XN&o=Z 25t ZT2MEIL Al S & ACHKwon, 2018).
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Fig 8 Candiche siies for geological stage of CO, under sea floar
<https://www.google.com/maps/>

=W =Xl AIZd0I&2 0lE8 HARZ Jeong et al.(2010)2 S0 AX|
CO,E X&E F2ol0 SolAIIl= 2Eol HYEMNE =3 Al Edile CO2 =
A Y HFES 2EIGE IE U= A2 AMEdIoI8=E2 Sot WSotU2M,
Choi et al.(2015)= #Xl RELAS S& ZEHZXUHM A7H2 CO, = &5 7
X0l CHoll CO, =& ZAIE oI LE Kang et al.(2015)= HEXNS HE Al

HESEMUOZ S oM ==HE0l et =Xl S JHoHALH
20N 24H= Hi2t 201, =HlIMA=E CO, NS HEHU 2HAs A5H
F=XI& AL < OldliotH, Olol CHet 20t 20t

4 017 2

2d
W
[
)

= =20ME HYNSH MEE COOb HHBHUAN HEE02 wEE=
YLE AFSO, HLE SEEE JHA €02 JIE MHE 45 L NS,
COJt G4 ZO2 SIS BHD 40l SHE CO0l HHE UL HAS OHF
P2 HYLIDLES 01SS AISHO0IMS S50 KIS, HLIU et
gas FHNOR FFE O AT
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H2& OS2 g2

2 =0M AIZ8 =Xlois 22 L2 Hsts|(Japan Society of Naval
A

Architects and Oceans Engineers, JASANAOE) &tol of &&tZ 12| & 3l (Marin
Environmental Committee, MEC)0llA & Xl oHE2l oH+=R= M L ofLtH A
HIIE fIst SHoZ HYE Y 2Ol MEC Ocean 22 JIBI2Z 3t U
Ct. MEC Ocean 22 5 A2 WYL Z, =8 Y HTE Hos & 59
E Sot0 g2 Haole 22 2 Abl(Hydrostatic Approximation)S & ZA|2!

(Meso-scale, ~100km) 22, Full-3D o4& S =8ote 22 (Small-scale
~lkm) 2= = 52 X80l 27 L NExs S92 ol = & 3= M

>

2 Zi(Muti-Scale Ocean model) Ol Ct.
AMESH A= Ofeflet 2Ch Mizumukai et al.(2007)2

=)
MEC Ocean 2Z2E 0|E6t0H Ariake oHOlA &FA B E 2=(Oxgen-deficient water) 2
o]

A2 M, Zhang & Kitazawa(2015)= L&

9| Gokasho PHUHIA &

Jl HOI=2l ZAtH st XA S +=SHGHAULE Lee et al.(2010)= MEC Ocean

i =2 S
SHAIRFO0| Hast pAS &I 9ol

AN Ot 220AM 2

2 =20l M AIES =XIoHd 2EE2 MEC-CO, 22 (Kano et al., 2010)Z, S+

£ NE 28 (Full-3D i IS )OH Eulerian-Lagrangian J| 82| 0|& S S(Two
Phase Flow)2 20Ol GiAIIHES MEoI0, $&H= JIAMA CO, JEo AS,
of== SOM Eob 2 ol S2 HAsh, Eollel COo2 di= &2 &a & =
=2 =Sttt

ChAl Zol, Full 3D model ZHOAM, == XNEUA S=EHs 244

(Dispersed phase)@! JIXl CO, JIE2| HAS
|=0t0, ™=54&H(Continuous phase)?! oH+2 RS ol
2 SHAHY OHSH oHA2 Eulerian Method2 &2

A LHOIAS oAt S Lot

o
of &2
A
T

=2

02 qu
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=
2 PAWMNO KHEHAL

ASHEHAA (1)t & XM &8t Navier-Stokes 2 & A(A (2)- A
(4)0ICH. = A HZCZ 2 Poisson LHAS HAGHA 20F HAHA|
2t0l SH=El0
ou , ov , ow
o1 oy 0z @
Yy 0z
2 2
ou  Bu o B L op o, (07w 27 +i( 8_u) 2
at 3 3 a9z Py O ax® oy’ a9z a9z
v, v v v 1 ap o’ | 8% i( av)
ot u8x+ Y Yoy~ ! Po OY M( 8x2+ 3y2) 9z \" Moz (3)
1 op w H
=P =0 ~ = < o0 4
Po ox g ( ’ ) L ( ) ( )
HIIA u, v, we 22t x,y, z B&2 L, f= Coriolis A==, 4,2 =8 &
2tE A H==(Horizontal Eddy Viscosity Coefficient), K, & ==& Z& AFH H=>
(Vertical Eddy Viscosity Coefficient)2 2 Richardson Z=(& (7))2t H=0 O
Richardson B E!(Al (5), (6))2 Ol 5HC}.
A, 4/3
 _ (3) 5)
Ao D,
K]\J A\
Ko = (1+BMRZ) ) (6)
ap
(5]
Pol 55
HIIM DE AHLAILl 31010, Dy= J1E 22X AJI0IC o, 2 86, = 2
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2! Webb(1970), Munk & Anderson(1948)2 8tS ArE3dtALH.
Al (8) - A(10)= =2 22%(T), S=(S), === EMdt= COy(Dissolved

CO,, DCOy)2 U= Erat BHA0ICH

2z

(& 82

2 2
oT  oT  oT  oT (.(aT aT)+ a( aT) ®

25 051,85, 85 ‘(8 ) )

ot ox oy 0z o
ac . a_C+ 9C,  oC_ ‘(a C’) P (K aC) (10)
ot oy 0z 0z 0z
A 4/3
A (E) (11)
A(:O DO
Kc Q.
K. = (1+B(:Rz) ‘ (12)

JA

HIIM A= =% 2A&A H2=(Horizontal Eddy Diffusivity Coefficient), K,& =

N
]

QtEtat Hl2=(Vertical Eddy Diffusivity Coefficient)OICt. A, K= 212t & (11
Al (12)22H HAGHH .2 Webb(1970), 5.= Munk & Anderson(1948)2 =2
A ESHALCH
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2. 2% Full 3D Lagrangian-Eulerian 2!

ZHANAE Y Wl oi=2 RS CO2l HES=S H&ol W=at)| <ok
S

=28 2490 0l4 2 S(Two Phase Flow) oH&® = Eulerian-Lagrangian J
= Ct

t(Kano et al., 2009).

@ﬁé(Contmuous phase)@! off==2| XIHHZ&E A2 CtS0t &Ch

g

1

|l:H
=

0
—(ap)+V - (apu,) = 2T (13)
t Vcelanl
1 Ny Dd
(a(pcu)+v : (a(pcucuc) + V—Eﬁ(pd‘/dud) ==VP+V - [a(pc(vc+vt)dc] (14)
celln=1

0 Uy

(Oé(C(T'() ° (pcccircu‘c) =V - pCCC(k“F—)VTL +¢ (15)
ot Pr,
d.= Vu,+(Vu,)" (16)
a.to; =1 17)
= Vel 23 Va (18)

1
¢ = 2p(vd d, (19)

Al (13)2 Eulerian 2 0ML HASHHZAOCZ ['= JIMAL COHAM ol
2 g e, a,= AKX W It KB HIE, p= 2o L&V,
= AXNS ME, u.= =2 =&, n,= 8 IHS 2X LHUHIA Z2M6t=E S JIE
O #=0|Ct.

Al (149)= di=2 28 BE YFACZ p,2 JIH&2 Co8 2L&, P=
228010, V,= JIH&2 Cco2 HMA, ve= o2 sSE4A  H(Kinematic

Viscosity)O0I(H, v,= 24& & H=~(Eddy Viscosity)OlLC}.

A (52 =2 UK 2& SEHALZ c = EHtHH =, Pr,e HE

NumberOI(H, & (17)2 a,= CO,2 J|iEZS| Z=5(Void Rate)0|LC}.
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ljl-gl

JZ
Ja
v
M
I
0z

T OtAf(Dispersed phase)@! CO, JIE2| X|H

H e
s 2& SFHAS A 2002 A (210 LIEHHRUCH

V) = T @0)
D,
E[(pd+ﬁp(:>vdud] = Vd[_ VP + (/%‘Pd)g_fD_fL] (21)
f,= 5 Coggrlulu (22)
fr= Cpu, Xw, (23)
U, = U; — U, (24)
w, =V Xu (25)
HIIM fp, [ 2 22 CO, JIZ0l ZE6t= &= (Drag force)dt 2 (Lift force)Ol
Ct. B= CO, JIEQ 2IE SO H 2010, u,= CO, JES =&, 4 2 a2t
CO, JIE2 AUEZ0IMH, w.s CO, IIE2 2H&(Vorticity)Ol Ct.

Full 3D ZH0A2 Eulerian 2 0AM2 SEU DCO2 UFE SAHFAS
Ct=21 2L
2 (0,8) + U,V (0,8) = [ (D, + S—Ct)vs} (26)
i(Och’)wLuCV (@.C) =V [O&C(DCﬂL Ui )Av } if 27)
ot Se, Ve =1
I'=nd’k(C,— C.;) (28)
OJIM Se,2 Y& Schmidt Number, D, D.= 22 SE1 DCO,2 & 4&HH 20|

pS[ES RS

0, d,= $3&= Co,2 =A, 2 o, RS HH, 0,2 AN
=
=

LIEFHCE

™

CO, JI%
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H1ZE AlZ2dold =H

A0 XHE UK
CtKwon, 2018). 0l 0]
oAl ooz HGIULH oied Il

US Geological Survey(USGS)2| GTOPO 30
2 A

B
|0
HU
ro
Qi
=)
b
=
Ol
j
0
52 4y

datasS, oM XIE datac= L=2oHLX
JODC)2| DataE AHEZGHRUCH.

oA 92 &= 129° ~ 131°, ®I% 35.1° ~ 36.73°2] RF2Z2 42
2,200m(2.2km)0ICt. =X Al2H0l&2 Hi A2 x, y & z g&oz %
180km, 180km 2 2.2kmOI|C}. Fig. 92 oi& Aol XEe

g
Sol0 €2 =XoiA&0l At=2E XS 20110 UL

MIE{(Japan Oceanographic Data Center,

Iy 12

0 60000 X 120000 180000

(@) (b)

Fig. 9 Comparison between (a) satellite view and (b) topography data in top view
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25| ol SAL YU e 2X 28 HAEE 4806t

E U2H &3ot¥ 10(Table 3), 2E caselll A

o= S26HH Z&GH0{(Table 4) =oIACHES A.
2.

? ==
1 &X). 0 20 SA2 SANA HXE case 7(80 x 80 x 68, 435200 HH)E

Table 3 Cases for grid dependency test

Number and sizes(dx) of horizontal(x, y direction) grids
case 1 20/ 9,000m
case 2 30/ 6,000m
case 3 40/ 4,500m
case 4 50/ 3,600m
case 5 60/ 3,000m
case 6 70/ 2,571m
case 7 80/ 2,250m
case 8 90/ 2,000m
case 9 100/ 1,800m

Table 4 Number of grids and sizes(dz) in z direction for grid dependency tests

Number of vertical grids Grid number and water depth Grid sizes(dz)
Il ~6 2m ~ -10m) 2m
7 ~49 (-10m ~ - 250m) Sm
68 50 ~ 54 (- 250m ~ - 300m) 10m
55 ~ 56 (- 300m ~ - 400m) 50m
57 ~ 62 (- 400m ~ - 1,000m) 100m
63 ~ 68 (- 1,000m ~ - 2,200m) 200m
- 17 -
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Fig. 10 Selected grid system for meso-scale region
(No. of grid in x, y, z direction: 80 x 80 x 68)
(a) top ward, (b) perspective views
L. 22
289 Ao Az S22 Ao & el AKX oHZott(Fig 11.), Z Xt
0 x 452 MAHl 450,000040/CH2,250m x 2,250m x 230m). Fig.

10
122 SH2 GH0AS 2EHe AXNE BEAE A &S AX0 et 1

n‘:‘\)% N
- A
Small scale region :-&\b
=4
230m
0.23km,
Grid = 45)
2,200m 2,250m
(2.7km, (2.25km,
Grid= 68) Grid = 100y

180,000m(180km, Grid = 80)

Fig. 11 Computed domain of small-scale region in

meso-scale region
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0 60000 X 120000 180000

(2) (b)

Fig. 12 Location of small-scale region in (a) meso-scale region and

(b) small-scale region grid

3. ZH XA
MEC Ocean model2 JMNZE A
[ —

M3, MEC-CO, model

30
e oM
o o

=
0

P4 O
FA
10

=
nio

S 0ok AT

Table 5 Tidal components for simulation

[of JHZ S0l NAO-99b2l £ data(Matsumoto et al., 2000) = 4JtX]

| d=(Table 5)& F00I0, o= === MEotRA 1L, Hino(1987)2 S EFA

ol
=

30
o 4>

=

Tidal Type 0Ol K1 M2

S2

92,952sec 86,148sec 44,712sec
(25.82h) (23.93h) (12.42h)

Period

43,200sec
(12h)

_19_

Collection @ chosun



cC

1

ro

, OHAMS D o=

(31), & (32)).

oH oH
—+v—+w=0, z= — H(z,y)
ox 0
T, = 72p0u Vu® +0?, T, = 'yQva Vu? + 0
oT 0 0
Kh _0 KS S_O K 8—570

Y w, z=((t,z,y)

oy 0,2
oy

7, = Cpp, UV U+ V?, 1, = Cpp, VV U+ V*

aT a8

aC
Kh 9z = Qheat’ KS 9z = Qsa.linity’ K 9z = Qcarbon

HUHA2 =0 CHoHA No-slip
(29), (30)), 2%, &=, DCO,2 2= ZHWA Neumann

ral

B

o mio
b b
0 ol

el
0 R
Jz Iz

ol

X
x 2

o

29)

(30)

G

(32)

(33)

(34)

T, 7,2 HMOUAMS =8Be BHSH0IH, y= ol HOtEAH=0I0H, H=E =& 0l

Ch. K= 2%, €2, DCO8| =& =4t H=(Vertical Diffusivity Coefficient)O| Ct.

T, 7,2 SSBIOIMS AT waol WMo

MBOAMe 550104, U, Ve o=
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4. A& =2
It

Hydrostatic model

AEIE 2500, 25,

(Kano et al, 2010) 20 otA20 =& 500m O|ct2 Sl gt

2ot 2EotATh

0.09 0.092 0094 € 0096 0.098 0.1
I —_——TT —
336 33.8 S 34 342
| T T T I T T T I T T
of
-100 |-
B T(°C)
| S(Permil)
—~-200 C(kg/m®)
£ B R(kg/m®)
e i
2 300}
[ B
o B
400 |-
-500 |-
'6009 L8 T 12 16 20
1025 1026 R 1027 1028

Fig. 13 Initial condition (temparature [T], salinity [S],
dissolved CO; [DCO,, C], and density [R])
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Ll. CO, =2, == HIE &£ & XN &
ZEANMM ZZ0] 2M6HH CO2l =20 =0t AEHGIA2H, Ol =
&2 RITE(The Research Institute for Innovative Techonology for the Earth) 20040
N JtEsH 22 AtEottH =& XIEUHAM oi=0l Ediel COo2 CO, JIES =

Jl =& HIES Z2IotH &S =25t CH(Table 6).

Table 6 Cases of leakage & initial CO, bubble ratio

Leakage Amount | Initial CO, bubble ratio
case 1 10%
case 2 3,800ton/year 50%
case 3 90%
case 4 10%
case 5 94,600ton/year 50%
case 6 90%
2999 e =& I92 Fig. 1410t 20| JtESIRULH =& HE 2 f =Y

CO, 32 22t 50,625m°, 5.9254x<107°  kg/(s - m?)Dt 238021

0
kg/(s - m?)OICH SEEE LS MNAEE 20m(0.02m, B S 1emES & FGHRUCH

Fig. 14 Leakage area in small-scale region
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Ct. 4 parameter

Table 72 S+2 FF9 Aot LA A0 ArEE H=+2 gtS LE
Wi HOICH
=% 2&AH H=(Horizontal Eddy Viscosity)= Fujino & Tabeta(1991)2] gt¢!

20m%/sE AFESIFOM, == AAA H 2 (Vertical Eddy Viscosity)e= 0.0001m?%/s
Z AIZ6ILCH DHE HE== 0.00255 AME6IYUSM, Coriolis &1t= DHAGHA &

ULH.

Table 7 Simulation parameters

Parameter Value Parameter Value
Time step lsec Cloud 6.63
Air Density 1.226kg/m? Precipitation 0.2743mm/h
Water Density 1025 k:g/ m’ Vapor pressure 26.86 Pa
Horizontal Edd
. Y 20m?*/s Wind 2.12m/s
Viscosity
Vertical Eddy ) . .
R 1E-4m?/s Air Temperature 26.2TC
Viscosity
Horizontal Eddy
e o 10m?/s Courant Number 0.5
Diffusivity
Vertical Eddy ) Diffusive
oo e 1E-5m°/s 0.5
Diffusivity Number
Frictional
) 0.0025
Coefficient
Coriolis
) 0.0
Coefficient
- 23 -
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H4Z =Xl AIE2dI0ld 21
M1E =9 Bl
2% HlIE Fig. 152 &4& W2 XL (Point 7, 9)2 =& ol 2 AR (Korea

Hydrographic Oceanographic Agency, KHOA)2| data?t NAO-99jb2| data “12|l1) Al
Sd0/& ZUE, 0 22 IA2 NAO-99b2| data®t AlE0l& Z2E Hlwot

AL
180000
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HoZ W Yol SAE MASt SAUA K= |40 FHdHe=Z X[ &
CH(Fig. 16 ~ 29).
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Fig. 16 Comparison of tidal level at north boundary(No. 4)
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Fig. 17 Comparison of tidal level at south boundary(No. 2)
08
06 ;w“ﬁm
04
E o2
% o
E -02
-04
06
o B ‘ID Tim etl(ﬁdly s) = *
Fig. 18 Comparison of tidal level at east boundary(No. 3)
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Fig. 19 Comparison of tidal level at southeast boundary(No. 13)
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Fig. 20 Comparison of tidal level at northeast boundary(No. 14)
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Fig. 21 Comparison of tidal level near land area 1(No. 5)
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Fig. 22 Comparison of tidal level near land area 2(No. 6)
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Fig. 23 Comparison of tidal level near land area 3(No. 7)
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Fig. 24 Comparison of tidal level in the central area of simulation domain(No. 1)
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Fig. 25 Comparison of tidal level in the central area of simulation domain(No. 10)
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Fig. 26 Comparison of tidal level in the central area of simulation domain(No. 11)
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Fig. 27 Comparison of tidal level in the central area of simulation domain(No. 12)
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Fig. 28 Comparison of tidal level at leakage point(No. 8)
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Fig. 29 Comparison of tidal level in the southwest area of simulation domain(No. 9)
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H2E 249

(Void rate)= 2 caseE CO, == 302 = S=&8= Zgol
o yz = 1,125m)0l A LIEFH OZ0ICH COo, JIIE Hl
o120 CO, IIXEII 2 210] E0lH, 2 caselllA =2 100m

JIZIE Eollele 22 2010
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Z i
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Fig. 30 Comparison contour maps of void rate including leakage point
in xz-plane(y= 1,125m) after 30 days of CO, leakage with the different leakage
amount in small scale region ((left): 3,800ton/year, (right): 94,600ton/year)
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Fig. 31 Comparison contour maps of void rate including leakage point

in yz-plane(x= 1,125m) after 30 days of CO, leakage with the different leakage

amount in small scale region ((left): 3,800ton/year, (right): 94,600ton/year)
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Fig. 322 20 A CO, JIXE HIE0l 10%010{ =501 H2(H2t 3,
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Fig. 32 Comparison contour maps of ADCO, including leakage point
after 30 days of CO, leakage with the different leakage amount
in small scale region((a) : xz-plane(y= 1,125m), (b) : yz-plane(x= 1,125m))
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Fig. 332 220N CO, JIE HIE0| 10%0/H SZ201 = &(3,800ton/year)
case 11Ut 0| H2
=

& 2(94,600ton/year) case 42| CO, & 302
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Fig. 33 Comparison contour maps of ApCO, including leakage point

after 30 days of CO, leakage with the different leakage amount

in small scale region((a) : xz-plane(y= 1,125m), (b) : yz-plane(x= 1,125m))
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Fig. 34 Comparison contour maps of ADCO; including leakage point
in xz-plane(y= 1,125m) with the different CO, bubble ratio
in small-scale region after (a) 10, (b) 20 and (c) 30 days of CO, leakage
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Fig. 35 Comparison contour maps of ADCO; including leakage point
in yz-plane(x= 1,125m) with the different CO, bubble ratio
in small-scale region after (a) 10, (b) 20 and (c) 30 days of CO, leakage
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Fig. 36 Comparison contour maps of ApCO, including leakage point
in xz-plane(y= 1,125m) with the different CO, bubble ratio
in small-scale region after (a) 10, (b) 20 and (c) 30 days of CO, leakage
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Fig. 37 Comparison contour maps of ApCO, including leakage point
in yz-plane(x= 1,125m) with the different CO, bubble ratio
in small-scale region after (a) 10, (b) 20 and (c) 30 days of CO, leakage
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Fig. 38 Comparison contour maps of ADCO; including leakage point
after 30 days of CO, leakage with the different leakage amount
in meso-scale region((a) : xz-plane(y= 108,000m), (b) : yz-plane(x= 63,000m))
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Fig. 39 Comparison contour maps of ApCO, including leakage point
after 30 days of CO, leakage with the different leakage amount
in meso-scale region((a) : xz-plane(y= 108,000m), (b) : yz-plane(x= 63,000m))
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Fig. 40 Comparison contour maps of ADCO; including leakage point
in xz-plane(y= 108,000m) with the different CO, bubble ratio
in meso-scale region after (a) 10, (b) 20 and (c) 30 days of CO, leakage
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Fig. 41 Comparison contour maps of ADCO; including leakage point
in yz-plane(x= 63,000m) with the different CO, bubble ratio
in meso-scale region after (a) 10, (b) 20 and (c) 30 days of CO, leakage
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Fig. 42 Comparison contour maps of ApCO, including leakage point
in xz-plane(y= 108,000m) with the different CO, bubble ratio
in meso-scale region after (a) 10, (b) 20 and (c) 30 days of CO, leakage
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in xz-plane(y= 1,125m) in small-scale region
after (a) 5, (b) 10, (c) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 2, 3,800ton/year, CO, bubble ratio 50%)
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Fig. A.2-3 Contour maps of ADCO; including leakage point
in xz-plane(y= 1,125m) in small-scale region
after (a) 5, (b) 10, (c) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 3, 3,800ton/year, CO, bubble ratio 90%)
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Fig. A.2-4 Contour maps of ADCO: including leakage point

in xz-plane(y= 1,125m) in small-scale region
after (a) 5, (b) 10, (c) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 4, 94,600ton/year, CO, bubble ratio 10%)
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Fig. A.2-5 Contour maps of ADCO; including leakage point
in xz-plane(y= 1,125m) in small-scale region
after (a) 5, (b) 10, (c) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 5, 94,600ton/year, CO, bubble ratio 50%)
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Fig. A.2-6 Contour maps of ADCO; including leakage point
in xz-plane(y= 1,125m) in small-scale region
after (a) 5, (b) 10, (c) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 6, 94,600ton/year, CO, bubble ratio 90%)
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Fig. A.2-7 Contour maps of ADCO; including leakage point
in yz-plane(x= 1,125m) in small-scale region
after (a) 5, (b) 10, (c) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 1, 3,800ton/year, CO, bubble ratio 10%)
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Fig. A.2-8 Contour maps of ADCO; including leakage point
in yz-plane(x= 1,125m) in small-scale region
after (a) 5, (b) 10, (c) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 2, 3,800ton/year, CO, bubble ratio 50%)
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Fig. A.2-9 Contour maps of ADCO; including leakage point
in yz-plane(x= 1,125m) in small-scale region
after (a) 5, (b) 10, (c) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 3, 3,800ton/year, CO, bubble ratio 90%)
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Fig. A.2-10 Contour maps of ADCO; including leakage point

in yz-plane(x= 1,125m) in small-scale region
after (a) 5, (b) 10, (c) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 4, 94,600ton/year, CO, bubble ratio 10%)
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Fig. A.2-11 Contour maps of ADCO; including leakage point

in yz-plane(x= 1,125m) in small-scale region
after (a) 5, (b) 10, (c) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 5, 94,600ton/year, CO, bubble ratio 50%)
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Fig. A.2-12 Contour maps of ADCO; including leakage point

in yz-plane(x= 1,125m) in small-scale region
after (a) 5, (b) 10, (c) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 6, 94,600ton/year, CO, bubble ratio 90%)
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Fig. A.3-1 Contour maps of ApCO: including leakage point
in xz-plane(y= 1,125m) in small-scale region
after (a) 5, (b) 10, (c) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 1, 3,800ton/year, CO, bubble ratio 10%)
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Fig. A.3-2 Contour maps of ApCO: including leakage point
in xz-plane(y= 1,125m) in small-scale region
after (a) 5, (b) 10, (c) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 2, 3,800ton/year, CO, bubble ratio 50%)
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Fig. A.3-3 Contour maps of ApCO: including leakage point
in xz-plane(y= 1,125m) in small-scale region
after (a) 5, (b) 10, (c¢) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 3, 3,800ton/year, CO, bubble ratio 90%)
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Fig. A.3-4 Contour maps of ApCO: including leakage point
in xz-plane(y= 1,125m) in small-scale region
after (a) 5, (b) 10, (c) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 4, 94,600ton/year, CO, bubble ratio 10%)
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Fig. A.3-5 Contour maps of ApCO: including leakage point
in xz-plane(y= 1,125m) in small-scale region
after (a) 5, (b) 10, (c) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 5, 94,600ton/year, CO, bubble ratio 50%)
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Fig. A.3-6 Contour maps of ApCO: including leakage point
in xz-plane(y= 1,125m) in small-scale region
after (a) 5, (b) 10, (c) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 6, 94,600ton/year, CO, bubble ratio 90%)
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Fig. A.3-7 Contour maps of ApCO, including leakage point
in yz-plane(x= 1,125m) in small-scale region
after (a) 5, (b) 10, (c¢) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 1, 3,800ton/year, CO, bubble ratio 10%)
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Fig. A.3-8 Contour maps of ApCO, including leakage point

in yz-plane(x= 1,125m) in small-scale region
after (a) 5, (b) 10, (c¢) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 2, 3,800ton/year, CO, bubble ratio 50%)
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Fig. A.3-9 Contour maps of ApCO, including leakage point
in yz-plane(x= 1,125m) in small-scale region
after (a) 5, (b) 10, (c¢) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 3, 3,800ton/year, CO, bubble ratio 90%)
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Fig. A.3-10 Contour maps of ApCO, including leakage point

in yz-plane(x= 1,125m) in small-scale region
after (a) 5, (b) 10, (c) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 4, 94,600ton/year, CO, bubble ratio 10%)
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Fig. A3-11 Contour maps of ApCO, including leakage point

in yz-plane(x= 1,125m) in small-scale region
after (a) 5, (b) 10, (c) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 5, 94,600ton/year, CO, bubble ratio 50%)
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Fig. A.3-12 Contour maps of ApCO, including leakage point

in xz-plane(y= 1,125m) in small-scale region
after (a) 5, (b) 10, (c) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 6, 94,600ton/year, CO, bubble ratio 90%)
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Fig. A.4-1 Contour maps of ADCO, including leakage point
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in xz-plane(y= 108,000m) in meso-scale region
after (a) 5, (b) 10, (c) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 1, 3,800ton/year, CO, bubble ratio 10%)
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Fig. A.4-2 Contour maps of ADCO; including leakage point

in xz-plane(y= 108,000m) in meso-scale region
after (a) 5, (b) 10, (c¢) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 2, 3,800ton/year, CO, bubble ratio 50%)
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Fig. A.4-3 Contour maps of ADCO; including leakage point

in xz-plane(y= 108,000m) in meso-scale region
after (a) 5, (b) 10, (c) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 3, 3,800ton/year, CO, bubble ratio 90%)
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Fig. A.4-4 Contour maps of ADCO; including leakage point

in xz-plane(y= 108,000m) in meso-scale region
after (a) 5, (b) 10, (c¢) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 4, 94,600ton/year, CO, bubble ratio 10%)
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Fig. A.4-5 Contour maps of ADCO; including leakage point

in xz-plane(y= 108,000m) in meso-scale region
after (a) 5, (b) 10, (c¢) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 5, 94,600ton/year, CO, bubble ratio 50%)
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Fig. A.4-6 Contour maps of ADCO; including leakage point

in xz-plane(y= 108,000m) in meso-scale region
after (a) 5, (b) 10, (c¢) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 6, 94,600ton/year, CO, bubble ratio 90%)
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Fig. A.4-7 Contour maps of ADCO; including leakage point
in yz-plane(x= 63,000m) in meso-scale region
after (a) 5, (b) 10, (c) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 1, 3,800ton/year, CO, bubble ratio 10%)
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Fig. A.4-8 Contour maps of ADCO; including leakage point
in yz-plane(x= 63,000m) in meso-scale region
after (a) 5, (b) 10, (c) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 2, 3,800ton/year, CO, bubble ratio 50%)
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Fig. A.4-9 Contour maps of ADCO; including leakage point
in yz-plane(x= 63,000m) in meso-scale region
after (a) 5, (b) 10, (c) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 3, 3,800ton/year, CO, bubble ratio 90%)
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Fig. A.4-10 Contour maps of ADCO; including leakage point
in yz-plane(x= 63,000m) in meso-scale region
after (a) 5, (b) 10, (c¢) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 4, 94,600ton/year, CO, bubble ratio 10%)
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Fig. A.4-11 Contour maps of ADCO; including leakage point
in yz-plane(x= 63,000m) in meso-scale region
after (a) 5, (b) 10, (c¢) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 5, 94,600ton/year, CO, bubble ratio 50%)

_91_

Collection @ chosun



dC: 0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01

Y
0
-100
N
-200
0 30000 60000 90000 120000 150000 180000 0 30000 60000 90000 120000 150000 180000
Y Y
(a) Sdays (d) 20days
0
-100
N
-200
0 30000 60000 90000 120000 150000 180000 0 30000 60000 90000 120000 150000 180000
Y Y
(b) 10days (e) 25days
0
-100
N
-200
0 30000 60000 90000 120000 150000 180000 0 30000 60000 90000 120000 150000 180000

(c) 15days (f) 30days

Fig. A.4-12 Contour maps of ADCO; including leakage point
in yz-plane(x= 63,000m) in meso-scale region
after (a) 5, (b) 10, (c¢) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 6, 94,600ton/year, CO, bubble ratio 90%)

_92_

Collection @ chosun



A5 S22 UM COo,

Z 2 (PC0o,) B3 ApCO,)

dpC0O_2:

0 20 40 60 80 100 120 140 160 180 200

0 50000

100000
X

(a) Sdays

0

-100

-200

-300
150000

0 50000

100000
X

(b) 10days

-100

-200

-300
150000

0 50000

100000
X

(c) 15days

-100

-200

-300
150000

N

0 50000

100000
X

(d) 20days

150000

0 50000

100000
X

(e) 25days

150000

0 50000

100000
X

(f) 30days

150000

Fig. A.5-1 Contour maps of ApCO, including leakage point
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in xz-plane(y= 108,000m) in meso-scale region
after (a) 5, (b) 10, (c¢) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 1, 3,800ton/year, CO, bubble ratio 10%)
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Fig. A.5-2 Contour maps of ApCO: including leakage point

in xz-plane(y= 108,000m) in meso-scale region
after (a) 5, (b) 10, (c¢) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 2, 3,800ton/year, CO, bubble ratio 50%)
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Fig. A.5-3 Contour maps of ApCO: including leakage point

in xz-plane(y= 108,000m) in meso-scale region
after (a) 5, (b) 10, (c¢) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 3, 3,800ton/year, CO, bubble ratio 90%)
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Fig. A.5-4 Contour maps of ApCO: including leakage point

in xz-plane(y= 108,000m) in meso-scale region
after (a) 5, (b) 10, (c¢) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 4, 94,600ton/year, CO, bubble ratio 10%)
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Fig. A.5-5 Contour maps of ApCO: including leakage point

in xz-plane(y= 108,000m) in meso-scale region
after (a) 5, (b) 10, (c¢) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 5, 94,600ton/year, CO, bubble ratio 50%)
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Fig. A.5-6 Contour maps of ApCO: including leakage point

in xz-plane(y= 108,000m) in meso-scale region
after (a) 5, (b) 10, (c¢) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 6, 94,600ton/year, CO, bubble ratio 90%)
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Fig. A.5-7 Contour maps of ApCO: including leakage point

in yz-plane(x= 63,000m) in meso-scale region
after (a) 5, (b) 10, (c¢) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
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Fig. A.5-8 Contour maps of ApCO: including leakage point

in yz-plane(x= 63,000m) in meso-scale region
after (a) 5, (b) 10, (c¢) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
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Fig. A.5-9 Contour maps of ApCO: including leakage point

in yz-plane(x= 63,000m) in meso-scale region
after (a) 5, (b) 10, (c¢) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
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Fig. A.5-10 Contour maps of ApCO; including leakage point

in yz-plane(x= 63,000m) in meso-scale region
after (a) 5, (b) 10, (c) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 4, 94,600ton/year, CO, bubble ratio 10%)
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Fig. A.5-11 Contour maps of ApCO; including leakage point

in yz-plane(x= 63,000m) in meso-scale region

after (a) 5, (b) 10, (c) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage

(case 5, 94,600ton/year, CO, bubble ratio 50%)
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Fig. A.5-12 Contour maps of ApCO; including leakage point

in yz-plane(x= 63,000m) in meso-scale region
after (a) 5, (b) 10, (c) 15, (d) 20, (e) 25 and (f) 30 days of CO, leakage
(case 6, 94,600ton/year, CO, bubble ratio 90%)
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