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Abstract — CO, mineral carbonation technology, fixation technology of CO, as carbonates, is considered to be an
alternative to the CO, geological storage technology, which can perform small- or medium-scale CO, storage. We pro-
vide the current R&D status of the mineral carbonation with special emphasis on the technical and economical feasi-
bility of CO, mineral carbonation taken into consideration of the domestic geological and industrial environment. Given
that the domestic industry produces relatively large amount of the industrial by-products, it is expected that the technol-
ogy play a pivotal role on the CO, reduction countermeasure, reaching the potential storage capacity to 12Mt-CO,/yr.
The economics of the overall process should be improved via the development of advanced technologies on the pre-
treatment of raw materials, method/solvents for metal extraction, enhanced kinetics of carbonation reactions, heat inte-
gration, and the production of highly value-added carbonates.
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Fig. 1. Schematic of mineral carbonation [1].
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Fig. 2. Conceptual figure of mineral carbonation; direct vs. indi-
rect carbonation.
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Table 1. Extraction agents and examplary chemical reactions for carbonation technology

Extraction agent Feedstock Exemplary chemical reactions Process description/Remark References
N/A Serpentine Mg;Si,05(0OH),(s) > 3MgO(s)+2Si0,(s)+2H,0 [9]
Steam Serpentine Mg;Si,05(0OH),(s) + H,0—3Mg(OH),(s) +2SiO,(s) [9]
Water Waste cement  3Ca0-28i0,-3H,0+6H'—3Ca”" + 2Si0,+6H,0 [10]
Ca(OH),+2H"—>2Ca*+2H,0
Steel slag? CaO+H,0—Ca(OH),(s)—>Ca*"(aq)+20H(aq) Direct carbonation [11]
MgO+H,0—->Mg(OH),(s)—>Ma**(aq)+20H (aq)
Chloric acid Serpentine Mg;Si,05(OH),(s) + 6HC(al)— HCl route. Gas-solid carbonation [21°
3MgCl,(aq)+2SiO,(s) + SH,O(1)+236 klJ/mol follows.
MgCl,-6H,0(s)>Mg(OH)Cl(s)+HCl(g)+5H,0(g)-398 kJ/mol
2Mg(OH)Cl(s)HZ—O> Mg(OH),(s)+MgCl,(aq)+127 kJ/mol
Acetic acid Wollastonite  CaSiO5(s)+2CH;COOH(aq)— Acetic acid route or artificial [12]*
Ca?*(aq)+2CH;CO0 (aq)+H,O(1)+Si04(s)+105 kJ/mol weathering.
Crystallization and precipitation
step follows.
Steel slag MgSiO;(s)+2CH;COOH(aq)— Both Ca/Mg-silicates can be [4]
Mg (aq)+2CH;COO (aq)+H,0(1)+Si0,(s) used as raw materials.
Other acids Serpentine MgSi,05(OH),(s)+3H,S0,(aq)— Mg(OH), can be produced by the [13]°
3MgS04(aq)+2Si0,(s)+5H,0(1)+590 kl/mol reaction of MgSO, with NaOH.
MgS0,(aq)+H,CO;(aq)—>MgCO4(s)+H,SO4(aq)—154 kl/mol
Caustic soda Serpentine Mg, Si,05(s)+20H+3H,0—3Mg(OH),4+2Si0O(0H); Multi-step carbonation [14]
2Si0O(OH); +2C0,(aq)—>2HCO5 +2Si0,+2H,0
2Mg(OH),+2HCO; —2MgCO+H,0
Molten salt Serpentine Mg;Si,05(OH),(s)+3MgCl,-3.5H,0()—> Indirect molten salt process [15,5]
6Mg(OH)Cl(s)+2Si0,(s)+2.5H,0(1)
2Mg(OH)Cl(s)>MgCly(s)+Mg(OH)x(s)
Mixture solvents ~ Serpentine Mg;Si,05(OH),(s)+6H"(aq)—> pH swing (8]
3MgZ(aq)+2Si0(s)+5H,0(1)+286 kl/mol
“Carbonation reactions of mineral-phases(portlandite, erringite, Ca-silicate) are explained in Ref. [5]
PReaction heat values are adpoted from Ref.[4].
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[25], $92/t-CO,(net avoided, €1.0=$1.2 714, CO, H]E& A ] y71A] o
SE3L QUEH27]. FE, 70 el thgh v]E- AellA= 24l vl
80l $18/t-CO,= 71 & A o= 597 aFlTH27].

2-3-4. 71e} @Ak} s

A5 F-& 1 wEs) 7| Qo] thest ghaks) H 27} ARk 7]
= 35t} Druckenmiller®} Maroto-Valer[28]:= $35=(brine)E ©]-&
St CO, ¥ts} Aol A] &%, o, pH7} 'Hils) BhS-ol] 11X
& ATl 27] pH7) ZHR o E A4S AJulshk=

L

% o

ko r

QLo 2] BE ghils} 7] el 141

ZlolH, 2527} pHell vIR& FEe] she Rt 55wtk 1
Yo, 9= Al =l gigh ICP-AES(inductively coupled plasma-atomic
emission spectroscopy) -2 A¥E F3l AT B, g3l 714
(mechanism)Z} ZH U0 E B4 7ke] PHAIS = o) H83) o]3li5h]
AaME 21 HhgAIRIe] stk 3Tt

A 27 A AeJAO1E 441 €] &35} 2H8-(weathering of rocks)
< W7 % CO, FEE FAsk= 7 Tosh el ok
S B A ol gk 280 ATk oF 19E o] de] 't
ZEE(bound by silicate-weathering, [29))c F< 53 7}
Stk oy dojii= kg2 COoyt ol S-3=mA] oFikyd
S 0] I 3 T g FL vlivles FF
SHA FlL}. o] % HFA 0% vt SEEo]7HA] 'k o] 23 vk
sto] o] <ot wiiilsr 'Y FElE FAEche] 13).

fresh silicaterock + H,O + CO,—>soil + M>*+HCO; -»M?>"

+CO02” ->MCO,d 13)
MCO;(s) = H,CO; <> M**(aq) + 2HCO; (aq) (14)

1o ¥
oo
12

Wl

)

CO,% &3l W eilsl=2] &3t dd airuielr ] Fd vhg-
& Tt 2ol sl = Sk 14); sliseel]l COy7E E-eliA™
O B2 ghtte] A7) wpebs g8f ' gEo] ol Rith®
C0,°| §=30] s = 1A gkl o] dojuhs wke-
o] FAIsHAl i},

Kojima -[30R Tt AejAlo|E b4 o] 53} 218l tfal] 1
Z3153.0m, 0.1 wi%e?] 73T 0,2 BikE) WS S=3%t Ay,
oF 400113 L7t A delrt, Zg FrF Bl et AT
As Bsioit, vEstA] TRl olldAell g co, R
A F3} 2hgof| 23t COo, 18R] 2.5% PINES Z ulj§- A
Ao 7 F7 el o, M2 153 AErF A obs # A
YARIE b4 ] F3} 714kS o] &8t 'AksE 389 g8k ol
& 0% Helth,

23} 21-8-9] 57 (enhanced weathering) 7S 2F338)14, Schuiling
¥} Krijgsman[311 < =4 7149 & g 0% 2] Aot
Mg B4kl Lol E (dunite, ZHEHA 0] HHRER] 9FA) w24
sl pHE TV B T3A17IM EAlel COo,E EA3E
WS ARSI, e, o] WP e E 9] A o] AlghA
o]ar, 2Mdu] A oLk A Egfo] o A-go] ol 2
o2 3= £ 9l COo, ol B njmwge| os AEEE
1 g gl AR o s oy mix|eoltt

o]gle] A B vhibel 7] Wo| AFE =, 3 =
A 32 AAAN COE TR Z-(bicarbonate F/3)S sH=
F-8kAF8} & A (carbonic anhydrase, CAYE ©]&3l= 7|%°] St}
[32-35]. Jeong 5[36]2 H A& wk2™, v]=12] Carbozyme, Inc.
s CAS SR Eeluhs o]dste] 7IE MEA 371t
1004 #HE WESS =S VERAA S 1/4 552] oURA|7F Q=&
+4& Mdsisia, ZVERe] €O, Solution Inc., W]=2] New Mexico
Tech(New Mexico Institute of Mining and Technology), £52] CSIRO
(Commonwealth Scientific and Industrial Research Organisation), 7]
kel gjxtolut ofgk (University of Regina) SolA % o]} fAF
Sk A2 FAstaL Qi oA 7EA] flellE CAE ©]83t CO,
A A77F vl AolARE, Shol|q#]7 ] dolA 2}
AATFAI S F3to] CAS DAl 553 G4 255 /iete] o]

flo rlo
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of thet At YHESIE =ul] 2ol &9 Foll Tt HE g

M CA 0] Hhel SR (M, AR W Ay
oS A SOl ool COS WM 240 WElR
How AR /1% NS A ST

2-4. ERMSLEO| 8
CO, & ehlst 340 HF AHEwe 2 Feje it 2u =5
< B ek dlg 5 ealkshEo] ot whebA, o] Z)zell Ca)

A sk
]Jl: E) 7]

&g 52 7P 'ibskE Y] Al
A A L] AA S #Feehe 8% 94 F 5t
oot d ‘algi—r‘ﬂ e g e ?—i% gl
P Al S YRR dE Tl Ves
Z= A2 A7re] Bub ehal Zhr A% V)4
o] Hoflxl= 'k Zre] S5 9 APl tish
S}, o 3291 eREsHE91 41 8]4] (limestone)y S E &5 BHAL
T8 A48 S, AME 297, AR AlelM= 2%
A (filler)el X FE] 2% 7Fa7kA] A9 4] 571 5 W 7k
T Ao® deA Qlnk. 58] 1] ' 2 ]l B4
% (precipitated calcium carbonate, 37373 €A+ 2, 413814
gHow 7P‘°H’\1 DS R CJokEou 213 ALY Foll A
| 7 QL ek 22 Al ArkehE s v 2] A3
Fols B9 7]'7—:‘101 FAES BB % st 18, B &
2ol ok =7 7t W2 BAE 2 B8] A9 AF, S8
28 A FollM SR8 0® AR lvh ' 2 A A
AAR = ATE —M‘J‘”E OVJ% i}x] skal glem[37], ¢l vt
o] A oF 19E AeE = Row defA Stk 53], AA
Al B 'k e AR oF Qﬂlzt Lﬂﬂ(2007bﬂ R sty
7,2007H=[38], 744 ¥k Zh 2k 1,0009HE )2 FAME ™, wiid 9= %
A Ad7data lvk. U] A °ﬂ *ﬂﬁﬂ APge] ok 1%5 2FA3)
a1 glem o]elelE AES] ' 12 ARE SrligkEe) o] 21
glof, =] g 'k 7 —’F
15 A4 7= A A */FL
@ e 1= 109H 7).

A1e) FEo] 7hsshtaL

N

G

= O
o=

j
=l
KX
=

L

O

mkw

Mo

% o) ek w2
| 282 @EE Co,
H%%l gk Al 4
318} 31718 Aele) ool o

s e Eww
AL 1

&
N
o
o
_,E

W wgq Tl B4 9,2 B 0
7}2—% sl% AR 34 AL, Co, AT A% 7I1LE Wik 3}
Holrl sk, ArhAOZ vk 21 ARG Qftehe
Aol frol@ Besk glom, ueh] ANk o PE BasetL 5
W 4ES7] 52 ol 8, WA S AITHE AR ol o] oAl

R It
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S5 0% ol 4 vk,
716, AR el HE WASRe Theat B WS 7
A3 gk RO delA ek 1) AR B4 vk ol e vl

o[U=] &H](CO, T, AZA|ES ZH%OW etslelis ex-situ
carbonation SollA == 2HAY), 2) WS- ¥rof Bk gEout
T FESo] WA W= LHl“i—iﬁl Hkgo] A|skd, 3)

FMollA HEEA] CO,2l G382 15k CO, T g oz 5
7¥eht =912 Eell g3l Wl Folal= Co,8 ol AlFHE.
Olﬂiﬂ ofe] 7K @ellw Etetar, ddgakEo] FE wils 7
=5 CO8 A% 71 skl ol ol therat 2tk A,
AA Ak FEEEYEe] 23 M (peridotite) 2 ARESE
(serpentinite) -0l 3 wlTU|¢0] Sy HMAIG 0= w9 F5
ato] %i}oﬂ st dA FE AA Y o] AAA Arkat
(10 000 Gt 779)S 84 Jsleh= Z o2 7|digth2]. B4, =it
Coﬁu}c 3}skA o 2 o3tk EX]E oAl J_Zﬂ/\]’i Co,
2 70 AT 5 glor A F-88 242 BT 5 9
Th= o] ik, A, BE Bhlsh 1SS ol kg0 ofule)
WRSIL 0] 88 29 1AL oA
A, AT A WHS o0 AT Wl 7
3 sl EHOHH UigLOVﬂ ]OHQX]

3-2. HAE A S
19901 Seiftitz[29]7}F &5 ©]&-¢k CO, Ae] NEE Hx= A

=, WS, A& 55 FHO0R AT Jlido] Eis] Xy
%32 AT} v]=2] 7Z-$- LANL(Los Alamos National Laboratory), <.
Y7 o 42A0%F NETL(National Energy Technology Laboratory)-
Albany(@# Albany Research Center), =HH]o} tf 8}l (Columbia
University) 5ollA @@abA A7+ st Qlvh. A= F5E
ERA13} 1= ofR. o}71|u] thekal (Abo Akademi University)2} 2
%371 ¥} tigk il (Helsinki University of Technology) -s-¢ll4 REg-ll

=3 = U]—T’- A=,

A2 oA T RS IS ARPE S TS el o)
o A0 B-= A Bl A2 Ak HYES ol BE '
*J@} A7t Esdstias FHOR o] FeiA| 1 %E}.

0, 3= WAlsle}l st HAl A7 $32 A 20061 A
*.-i% 8}3] Q1 ACEME(Accelerated Carbonation for Environmental
and Materials Engineering)®] ¥ W8S 402 delsr o= gl},
ACEME= 35 ¥lshs 78 =9t o= 2= 7] fdg <A
8k3] 2 2008 109 ogzjo} ZrlollA 7= = $131(28], ACEME2008),
201010 A=A JHFH Uk, A ACEME2008°1141:= 209971
=2 o|ake] EkAFE0] 500]7 o]Ake] RS ukgalel on 7leka]
AREA] 5] A B ok, A, Al SRl 5 TRk A
Y FARES te® st A vhitsl 7|, 18| 98 R
Aol st Aut% 4715 9 th(Proceedings of 2™ International
Conference on Accelerated Carbonation for Environmental and
Materials Engineering, Rome, Italy(2008)).
3-2-1. 0=
ul=+2] 7% COo, UlitE A ¥l 3]<(Enhanced Oil
Recovery, EOR)E HIEFCZ §F 2|5 #7Jo] cCSe] 58 okt &
I ek 22, A 1990 H] TH-E] Mineral Carbonation Study

Z

o AQ =z

S T



= A] 37 13t co, A H

Program ©. %= ARC, LANL, ASU(Arizona State University), SAIC
(Science Applications International Corporation), NETL 5-°llA 3=
EREsE AE AIRISATE A A] o3 AREA, ARk o
FES o= 3 G5 vl s F2 Adskar 9la[2,8,14,
39-41] €S o] g5k A7 F= Tk}, gl o] g5k ehhlsl, &
A7l CO,E o183 F= TS} 55 A7ele. 1ok Mgl wF
373 Tl T3 & 7R olewo® I8iA A ol A
o]l oJ2]B-(heat treatment 5 ) AL QAT Sk A FE o]2e]
5 AFROIARE A FAMES o] 88 CO, FE v A7 E 71
8lar Qi Ao oleltH25,42,43). thEA 02 w|=r A7 &
(American Iron & Steel Institute, AISI)*|X= CO, A7+ £t
E13(CO, Breakthrough Program)s %18 Zoll 91 2™, Phase I
(2005'3~2008'A Yol A1+= “Concept Discovery and Assessment” THA| =
Z &l IA F 207} CO, BE et} T Zo]qUTH26,44].
T, A A 33 ASRS ARG T el F= 't
3} 718 §lal A7 A=A ghot SHE Adujolu, o7k
TN ok AU APE7EE B9k A AR 7heE < QL
£ Z 0= Helt),

3-22. F

o A=, YEEs S5 SHOE 20009 So1414
v 0w P st ¥ A7E 3 Foll 3lom[4,5,39],
A FEolU AFEUL 55 o]&st FE TS} 7S sk
e AT A9 AH-0] A7H|E AR ATE 3 Fo k.
HAToM 2] CO, FaE TS 7S 2437] 33 tistar, ofi. of
7Hdu] o|gka, VTT(Technical Research Centre of Finland) 5-ollA]
T2 s glon, A8 EHEE AE S 9 YANI) B
T2](Cu) FollX AFu)= Fak ARES-S t o= akar olot. st
EolM= AR 'RbsHS S8l 2-3Gt 9 COE A2E Sl
Zlow vlotetH4]. a1 vAlste] A9 3 v 2 Ak
Aol AAEE 250 Qlvkar deks] ], AZE 10092 o 2
Ash= Al e8] Aol fefsirhar Azt 2719 A5
= R0 E Cas £ $ wkstels Wk o 2 A9} 113
DARE, AV EAE H A AAE o] ofe] TR Ak ok
F 9EHT 955 (ammonium carbonate, (NH,),SO,), ZAF iF
(ammonium nitrate, NH,NO,) 5)& ©]-83t F& &5 AFE 33
skl §lom, o] 5 F4l CaCO; 1= 99.8%, S 50~70% J =2
A3 A2 vk lTh4s).

UG @=E 2000 7 AF=re] Mgk #W'e% (ECBM, Enhanced
Coal-Bed Methane) "ol #3t A5 4351510}, o|uf TS
2 Peel, Zuid Limburg, Achterhoek, Zeeland 5132 ©]& A4
of thsk A2 CO, AEEZ 714, A Ad 7Fsde 1%
TAAQ A7 =3 ATH46]. TE3E, 2004 K12B ZE2AEES £
8l EORS H& oz A 1008 FEZE CO,5 TU| A58
2006015 A 1,00052] CO, % A1F, & FUH: 8007HE,
[1]). 12} 4| 20003t ECN(Energy Research Centre of the Netherlands)
oflXE Ak A7 &S o]l & vhake) A7-E skl [5], Al
=2 A& 12) 37 E4 714 (contaminant leaching 5) 02
AT7F H=BE 1 Q). # A, COo, FE Tilsle} A-dsio] vga=
1 EU(7th framework program)ellA] Al&lekar Sl F5sh 22
A= Aow oty 9lon, ECNelAE= CORUS steel(IJmuiden
AN A5 21 vh QLo ofAIA] AA|L-Se AAEHA]

il

i
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f=a .
U2oM e €O, 17g3} Bl o] & olgslaLl sk woke] Ve

M= CCSE Fo% 7I=Jshbz Frstar Qlow, tivti vis
AellXe] co, &S wel/Elr, AFA%, dAne] 371 ot
T8 7R AFEHIL JlrH4g]. olF 719 B AR eE A
KW, 202097k CO, #-2]/3] FolelX& Anl87]=2] 7ids,
CO, A% wofelA = AFAEe] 71545 9 20204 o] 5 24
U= FEE okal Qlnk. €O, BE wils) 71=e] A9 co, W
FrEolg wokw g}ehA Mgk lew ekl Itk 59,
Akt 71 Co, A7 1249 fFardo] =71 wiitel Tk
1%k ofjfx] Fjo] oA k1 ¢ ERLE o8-8 Co
Aetel T3t ZmAAe] QI91A F2E FE e T Tt
7} AuE A et

20000 tl) ZH+ RITE(Research Institute of Innovative Technology
for the Earth)l|X1& 438} 5 (ammonium chloride, NH,Cl) 5=
olgsto] HFEITNEY AH EH10] i Tkl A4E et
Hl 9l 0 [49], Bt u o= HEZAE 5 A A Bgst
T i AL Tes Esk] f19E w8 T1Eolar ik
[10,12,20,50]. A} 571t 2 0 2 o =)= w232 E 2872010
i 2F 40005HE o), [50])y= B 0% Ashy] & HEAeE
£ o] g3 B3} 7%= ‘pressure-swing’®] 7S o] &3t A2
&g 7150] ARFEATHS0]. B3, FZoll 18] E £ (concrete
sludge)E tid o= ehitsl 7149 3-8l A5 (Nippon Concrete
Industries Co. Ltd.2] 7}etAIm} Al25h= A= 32 Qoi(51].

3-2-4. 35

ZFo-= CSIRO, CCSD(The Cooperative Research Centre for
Coal in Sustainable Development), cLET(Centre for Low Emission

(B
o ﬁ;ﬂ_!

N

i o
L T o Ui A il

Technology), CO,CRC(Cooperative Research Centre for Greenhouse
Gas Technologies), GCCSI(Global CCS Institute) 5= SO =
CCS 7= /et glom, dAl s8], AF, 4sdst Afe =
7] Al Aok, Begt ek w W A7k g CCS 71szell thgk 1070
oPde] bR ZRAES ekl gl o FE BlslR = 0,2
A5 A Hotel] W TS 7]8ola Q). 53], BEoF 4173
H3lo] Fairview ZZAEE F3)| CO,E &5l FYUste] CSM
(coal seam methane gasyS F%, Wof ARE3I3ATH52). 52 4
5 ARl g e o, 2] CCS 7l T FE Talshe
The AT Aol B od5s AFsta Sl 2oz vetdrt
GCCSIeIA 2 ke WaroM e Co, A7l thet 6702 CCs
ZRAES AL QARE, A 7sEA FE TAShs AEy
A I 53]

2
5
i

=

3-3. FUe| oyt sig 9l

AAR SR FEF o)A Tk dujdoR e 27 g=fz) 2
= An)o] EA) TO= Qlslo] ARIAAR} W AFAE tlfato]
‘CCS 71ES =& welli= AL AT AE A5l T ik
W ccs &l e 200092 AEE AIREIU T B 4
O}, CCS oM % R Folel| ATdto] HFEo] Qlo] A%
3 gAY A= AF o g 20381 FHFE XA ¢k Ho] &
Aolt}, 11 FoHE 53], FE vl 71&E o83t co, AT
A A= v)S) B S AR vle)] S A e
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-9~ vl ekgh 7o),

AT =] s TS e A7) ARk o m dedA
A77E ol Fo RSt o, A AAb AT SollA 2000 55
HEZolA FE eilst i A7k 245kl o, HEH R o
H AT, 52 7|3 A AT o JAaw L Qls Aol 3
gRxtslel FE S A9 Byeon F[111914 3E A &Sl
o 0|85 TS} whEoll Tt AE 11 SAIR = QA o]

ehlsle] 24S v ARt BEE SAlR

d-goh= AdEUL] Ca A §3ol 23 pH @z
SE5] AN, 28l o) Z 1k WEE Ao EAE Co,8H
18-S 58l AFd Aelsle] 87 oS stk As 78 54
© 7 3t} SR A AAT- A2 71 R el whEH[54], DA
HES o183 HE Bl 7% i) e ARl g oF
30% TEolH, AR FARES o] 43t FE vk A= A9 ot
E UE F Sls v A o]Ho] A& Ao Wkt gk A
w2009 Z3AIGFERITA oA = SR SJF| R COo, FE '
2ksl 71%2] = 717 ebgAdell thgt 18918 S=a%t il 9l
ow22], Hele= A Ll 25 o83t nith B Al S BallA
A FAREe] AR okl o] F o]&-st Al B 2 Co,
1783} 55 TRk G551 A Ak o8¢k co, A3 AT
S A&H o2 skl Q)

3-4. 29F Y AJAKY
o] AejM= F= Wit} 7lee] S S1g 7le B, A

73, 7 Bl A Soll Bt ANkl W85 elslarat gtk WA,
Fa wtst 710 71 219) A gl v ZhsAdell thal AR

W, i WAL 7)s oA AAVdE SES] SRE Vs of
U, $42 1R CO, F= ThhlE ¥R A V)eR A e
ZHZF Qlhar ekt 53] FE 'kt jkS Al ofn) & &
B 71ER Ve BhddS 2ar glov, AAKdslE 3 Vs
o] FuE el W A /o] Badh Aot P w7
= 7lE e AR BokE o o7k 27 @A A A
o8 W3 Ve oAt Q7] vl A=) Ve Axke
#o] 7l e BpdAdS Stk = 5 Sivk

AR FE S 7] AN AR 7)) SHellA of
7l CO, AT A% 71l visl B2 2 Aqid gl Akist
Az} st g ofe} CCS 7]=ell Hish vl w)3te] Ak
7} 7Fe @ A0 oPdE. o] 7] AlskE flaiM = dR =
A A FAkEe] A Ael7E Faste, 53] Ak akad: o
2] sigheo] EAEe] Slo] 'hlst Al oz 28H7] St &
5 A7 Fesith webA, 'hiks) Golgh Fakee] Ae
7es HA TS - SRR 0 7 AT ke Fdsteiof & 2o
2 AYzhEnt, w9k, A SHE flaii A o] 'kt Al

S8 Falol 59, Tiake Bkl AlEe] fro] B 41915} 1
2o] 74 W 7o) W T o7 Az,
[e;

Avs} o) Bea7, B9, )R ), ARl e Aa-E
oF o9 Wt d BAeq WAS 93 AR AF A7 Fol A1
of) b FeElofo} & lole. o) Slal whg 54 71, 54
wels, BUHY, $7 9% Bk 5 T S
A o] Aesi,

slAetow Alelale Slal e Hed w2 Al B
B0 K] BAEAIERe] BB BAY) 93 ARYS Q4

sfo] WA 71eho] d 5 Q=S A Wil A ol w
ga 107k ole. EE AR B9l Goll ThkE Y BE-2 99
Fu Yz u g A 454 pde] a7

4. 2= Eiiel S J|EiEe| Eed

4-1. =L REE &M

QA Al wle} o] FE wilsle] 8 BAE AR 5 Qe
EAL I EFEo] S A FE A e E)E
A vz Sl A Ak 9] A =l midE gl co, 1L
AeEE EUE CO, T 187 s 2HE31 Table 291 2TH54].
U] A FEel| ot F 1F7Fs CO, T oF 1,3007FE oo
A 4 9lom o] T Az F CO, BIEHS] oF 2.5%(
7t 62E 71yl sk Jolth. A A 9 T 7 &E
Aog AR T Sl A A (] S oF 57%)e1A
ok, =rdlell= 518 Fato] glo] ¥Ribel du s AdskH] ot =
Ul vgsgo] 71w AREAo] wakle] YR AME rksAdo]
=5 707 ek, o] ek el sE v W 24 co, 1
sle, W a2 B3 3= wabsle] 3 A4 Agoleh= A
< v, 2 Ueke] A A FES o83 co, vk
ok & alojo] Qlvka fekst 4= Qi webA, ] EuSE
FHIBIAL Qi AR FARES FE vRlslel Agetthd W) g}
Aow A8k 4 Qg F 0% ket

O

2 ekl o8 7Fsdt Sl e ERAS $hE T A
o FakEe] Q17 ubger 9 whslel A Qe 34 B 5

4 2 Co, 1338} Ve A UlE-S Table 390 FElsiith FE
ghakslrt 7hs st o] WA FES oF 1,3009HE21 WEd(Table 2),
U A] FARE-S v 5,0009HE o] @AslaL, o) & E8-3 o,
17 Ve oF 1,200RFES AdS|sithEM oL 5 VIR A A
&, AL 571 7bE Tl Qs Al Sl 2 55 st
W 5 oF 1,5007KE oo 2 F4hy, mdh Alg] FARES FE
Abslol] Abgsh - M QA FEe] Aok g A, w4, A, =
A7sliee] whE oA Q7 iAo R stom, uihd x|&5A 0

Table 2. Production capacity and CO, fixation potential utilizing domestic natural minerals [S54]

Nature minerals Alkali content [%)]

Estimated Reserve [Mt]

CO, fixation potential

Rate [%] Amount [Mt]
Wollastonite, CaSiO5 433 5.4 34.0 1.8
Serpentine, Mg;Si,05(OH), 43.7 18.0 48.1 8.66
Talc, Mg;Si,0,,(OH), 319 7.7 35.1 2.70
Olivine, Mg,SiO, 57.3 - 63.0 -
Total 31.1 132
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Table 3. Production capacity and CO, fixation potential utilizing domestic industrial by-products [22, 54]

Production  Content of alkali metal [%] ~ Metal oxide amount® [Mt/yr] ~ Potential amount of carbonates [Mt/yr]

Industrial by-products

[Mt/yr] CaO MgO CaO MgO Sum CaCO, MgCO4 Residue
BF slag 10.2 40.0 8.6 32 0.97 42 7.3 1.8 53
Slag Converter slag 9.0 41.5 6.5 29 0.64 3.6 6.7 1.2 4.7
Fe-Ni slag 1.0 0.3 313 0.002 0.34 0.35 0.005 0.66 0.68
Waste concrete 30.0 15.0 1.4 3.5 0.46 4.0 8.0 0.88 25.0
Ash Coal ash 5.8 7.5 1.7 0.34 0.11 0.45 0.78 0.21 53
MSWI? ash 0.4 5.4 2.6 0.017 0.011 0.028 0.039 0.022 0.37
Asbestos(chrysotile) 0.09 0 433 0 0.042 0.042 0 0.08 0.05
Total 56.5 10.0 2.6 12.6 22.8 49 41.4

YPotential amount of metal oxide which can react with CO, and consequently produce carbonates.
BMSWI - municipal solid waste incinerator

2 BAYeE] wstoll PYA o2 Algd 4= 9lar, X1EEE 0= 4] =y 98 F= YA i @9 st A], A, CaO
A7 =S AEE T Jivhs oM = A de & 7t sk 5y 95 549 Ca0 T, & 5ol Oist 7es g3t
] 2 gA| 7)=e] sido] MeiE|ofof gt} Hhgh, $9] Q1 &
4-2. 7|2 AH JI5d ¥ JIE VY 2R &0} 2bel RES-& FRIA717] A BAIZQ 24 7%, 5 &80l =1
FErlsl o] AviE o]F R FE vAIsle] e S of bl 7hs s 58] dEARl 55 98 55 5419 g
A AT AR E 5 QAN gibs) BES 2R E 245 AlskET) 2 AR 75 52 PR vl FR8k 71e Fofoltt. a8,
olakslebAio] ¥k 2 ofn] 2 Azl ¥hgo|t}, st JE vils) A5 B w3 Co, 7k As EE(EAl 7)) 1 E 5
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AT 34 23, S F5sks A & duixl 88 ik 2] AV ThE A8l Frailslais o83 eitel 3 A9t
el 7|Hketar Qlok. ZfelE ETtetaL o 7] A 2o 2o] vi7k oA Co,8 23S A 7 Qirkd Bt 84
AT7} FE o] FL & ol 71 HAV whitol2kal B 4 9L A Ao}, 14 gL S8 e # AIEE AL Q1= pressure-swing
). o]of] ue} =l 2] AAFER #1712 At Ak E-4-4,5,50,56, (15149 A28 7ide) elsl 3 /e Hesit) co, 3a &
57], 98 =48] AAE 71 N, E8AQ 55 54 A9 Y Ak} 714 7 # e o) 9 18] ARERS- Table 401 Y 2I3F3AT).
N, gitksl S5 o, vhEE ] W3R AL [9] 52 A
d LS SIeh vkt e AlEskar Qick 4-3. 2= EMNERb €O, XIT ME2| 7IE & HIE Hlw
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Table 4. Selected R&D and process development issues associated with the CO, mineral carbonation technology [58, 59]

Technology Category Issue Details

- Mining, milling, and related environmental issues
- Selection and transportation of raw materials
- Pretreatment of raw materials(ore/industrial by-products): impurities removal(separation), activation or treatment(thermal,
chemical, mechanical, etc.)
- Fundamental understanding on carbonation; reaction mechanism and thermodynamics, reaction condition(temperature, pressure,
etc.) and solution chemistry
- Selection/Development of accelerated carbonation route
cf) Carbonation reaction in nature is a slow process.
Carbonation Reaction - Maximizing heat recovery
cf) Carbonation reaction is exothermic.
- Reaction condition(temperature, pressure, etc.) & solution chemistry
- Selection/Development of extraction(leaching) agent/method for carbonation
- Construction & operation of reactors for continuous carbonation

Pre-processing

- Product specification/characterization: purity, yield, color, etc.
- Application/Usage of carbonate products
Post-processing - Recovery and usage of by-products
- Separation/Purification process
- Disposal of process effluents
- Carbonation reactor design, heat exchanger concepts and BOP (Balance of Plant) requirements Process optimization & heat integration
Engineering Design, - Cost estimates, sensitivity studies and LCA (Life Cycle Analysis)
Assessment and - Design and cost estimation of pilot plant, demonstration plant and commercial facilities for
Integration? CO, sequestration via mineral carbonation
- Construction & operation of integrated carbonation unit

“Engineering issues for commercialization are quite common for almost all the process/technology development.
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Table 5. Comparison of CO, storage technology between geological storage and mineral carbonation

Category CO, Geologic Storage CO, Mineral Carbonation

- Guideline: purity > 95% [1] . . . . .
CO, ) . ] o - High purity preferred, but no specific purity requirement.
Specification Impurity control: H,0 removal for inhibition of hydrates - Possible to use flue gas without CO, capture.

Removal of impurities such as H,S, SOx, NOx, etc.

- Major factor for cost evaulation is the distance between CO,

CO, Transport ~ emitting
source and the storage site site.

- Cost reduction is plausible, since carbonation can be conducted near the
CO,-emitting sources; relatively low transportation cost

- Large initial investment cost: storage site exploration, drilling of - Small initial investment cost

CO, Storage injection well, etc. - Pre-treatment of raw materials: grinding/separation, etc.
- Geology- or country-specific option; limits the technology application - Various raw materials including industrial by-products and waste materials
- Long-term & slow carbonation reaction under the ground due to the
high temperature/pressure conditions - Acceleration of the carbonation at high temperature/pressure
Technology/ [N . . .. .
Reaction - Large initial investment for high pressure injection — additional energy required
: High pressure(~100bar) operation due to the storage depth - Initial investment for high temperature/pressure carbonation reactions
(> 1,000 m)
Capacity of ]
CO, Storage Large scale Medium or small scale
ﬁg;;frﬁ?g’ - Long-term investigation on the CO, leakage - No need for CO, leakage surveillance
&Veri ﬁca%ion (Monitoring cost: 0.1~0.3$/t-CO, [1]) - Environmentally benign: CO, is safely stored as thermodynamically
(MMV) - Safety verification needed stable carbonates
Carbonates & Impossible to reuse Possible to reuse as valuable products
by-products
{“S:%le/PUbhc Need public acceptance Need new regulations for waste disposal
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Fig. 5. CO, transportation cost estimation by the method and distance; (A)IPCC Report [1], (B)RITE Presentation [60], figure captured from

http://maps.google.com/.

Table 6. Cost estimation of CO, storage options; CO, geological storage(domestic capture and export) and mineral carbonation

Cost/Benefits Geological storage [$/t-CO,] Mineral carbonation [$/t-CO,]
CO, capture 30~50 30~509

CO, transport (transporation distance) 30~60 (5,000~8,000 km) <5 (~<100 km)

CO, storage (reaction) 0.5~8" 50~100°)
Monitoring, Measuring & Verification 0.1~0.3 x

Utilization of carbonates x —a

Recycling of by-products x B9

Total 60~120 55~155 (—o—P)

“Capture cost can be estimated to be zero if the flue gas is directly used for mineral carbonation.

®)Cost of geological CO, storage largely depends on the characteristics of storage site such as injection speed, number of injection wells, CO, permeability, etc. [1].
9Mining cost included. Cost of CO, storage via mineral carbonation largely depends on the pretreatment and carbonation reaction conditions [1].

9o.: price of high value-added CaCO;: (100k-300k) KRW/t-CaCO;—>(44k-132k) KRW/t-CO,—>(36-110) USD/t-CO, (Assumption: 1 USD is equivalent to the

converted amount of 1,200 KRW).

9B: treatment cost of industrial wastes, for example, 300-600k KRW/ton for waste asbestos.
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