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Development of Techno-Economic Evaluation Model for CCS
(Carbon Capture & Sequestration)
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ABSTRACT

In this study, Techno-economic evaluation model for carbon capture & sequestration (CCS) technologies are
reviewed. Based on a key parameters of Korea's electricity market, performance data of 10 MW-scale post-combustion
CO;, capture pilot plant in Boryong station, the cost of CO, avoided was evaluated followed by international guideline
suggested by IEA CCS costing methods task force. The result showed that Korea's Electricity cost including CAPEX
& OPEX of reference power plant is relatively low compared to OECD nations which lead to a lower CCS cost (33
USD t/CO,). And future work using newly evaluated CAPEX & OPEX data of power plant with/without CCS is

recommended.

Key words: Carbon Capture & Sequestration, Carbon Dioxide, Techno-Economic Evaluation

2| A2t A sdS SR A7 I 8o
IAA R X3 °ﬂ Utk ddste] 92 ARo|ME =7t
LA 7 A 710
i“ﬂ/\ = Oﬂfﬂ AYs }- ot s EF|Sto]

52 A5l Adsh= oikslera 23] 9 A& (Carbon Capture
& Sequestratlon, CCS) 7|&of we E4E sl 9ok

Felielel CS 71 A B
e 2o Y 2 2wk
Ate] st *H’J%’“ﬂc—r 9 Xl o8 3 FA A
&3 A= ?LE—%] I Utk o]F T=dEo] = Ve s
7 Sl dax F CO, 279 A9, 20159 AR 4383}
214 S 2] 10 MWE F5(CO, A 2]2k 200%/<, 500 MW
& BRI 1/50 425)9] COo, Y ZMEY} 3t
FRUH RYslelRy U SRR sEslelR

o] Z47) AA|E o] E7IEe] s ds H dht

i‘i-ﬂl

B A= CO, ZXEWHE AH100 MWH oA ¢Jgt Track
record EHE HEE A7|AL2H ASAIE SOl AUck
=] CCS 7]&o| =7l2eWo) ula} 2020 ©]% 100 MW
= ol AFol A 2 7kl A = CCS SHE A
A Al = A APl vz FRE EAISH] o]F AR
e = Qe o] gt 84t7F F7hE|AL Stk oo 2
%E#Oﬂ*ii AR BgstolA x18 F21 10 MWF a4 &
H4 CO, ZYZME 29 53l TRIH Ve e
2, Y % E—ﬂ. A SRS Hhdet CCS 7]4&9) vl8-& 7Kt
i ol BAE Aol disto]
Al ﬂJJ} gt}

o] =2 thaat o] HgHnk the AollAl= CCS H§
47 S ] ol sl 71&glt) Al 3%ol A=
CCS 7] H[§-84 Ha/ike Qg W2 9 gue5s
AABHIL, Al 4ol A= =l AGAE dlolEE o= &
AtollA] ZiEEE CCS 714 vl8-EA BdS Faf Wrke 2
= AABIE vpR|e; ol A= B =] A We-S aoF

' Corresponding author: jihyun@kepco.co.kr

Received February 5, 2016 / Revised March 18, 2016(1st), April 15, 2016(2nd) / Accepted June 10, 2016



112 OIX[31 - et -
22 Wtk

2. CCS 7|= - BHIE=EY =g

2.1 L2l =&

HEAA AXE vlo o], T 2A7A A 7]
o] WA AFE3 AATA o AAE] aigo] o
2} CO, TS 917t R2715(CO, T4, =834 H A4
A 5) MET A CCS 7] Al A A3 vk 9
g R - A=A HER FAO] RI9Y Fofl ik 1Eat o]y
P &2 o]l whet oA CCS 7ol AA| shedbda
Ag Al dPdERs W7} s, COy A= 9 A8
of thgt Akzo] a7t SThE L .
e @AY ”}ﬂﬂ CCS 7]&9] ARjist 9 ;ﬁzﬂ-’F%% Sk
Z0 B g ) YA u)z]=
o= Bl EH - Q=ollA] AAE A= vige= sy
AmE Sk ASstal e Aotk I Al We
O = CCS 7 =YXl HIE AP H derte] wjA)= ok
= A7) Q8 7P Bl 422191 CO, A|7H]-8{Cost
of CO, avoided)2 £ 4 Qlth CO, AH]-EE CCS HjgE
Aol 9lo1A] 73 o] BEEE A2 CCS BUET} 44
o] QA ke 7]E W 4o} CCS BHETL MR)E s
of 9] B 00, AZIEL HFHoR Balsi do] &
2514 EETHIEA-GHG, 2013).
oI5} gkl e ] T AR AN
Y CCS Z2HE 7| A4S $J%t CO, A8 Am2E= gif
A I E X]7HL(Internat10nal Energy Agency, IEA) 5ol A
AABHE B A2 Faste] AXET gl AL 42
USDACO,0)| A @AI= 74 USDACO,71A] AIA=ETL QITHIEA,
2011).
AAIE vpel o] CCS 7]459] vl-gof et Axte] HAr}
=7] wjszofl CCS R FAIMAL el A= CCS 7=

[oZ

oln 2 r°l'

Table 1. Cost of CO, avoided (IEA, 2010)

OIS - AT - OFS

>
X
(o3
4
=)
o

Aoklo] gL ofele

€O, A3 Hl.gol Thsl thape Auprk AN Ehe olf

8 7|eA 45 0 A ARl] A
eIsi] sitolrk A CO, Aglgel a2 ok CO
Fo] Bt Y=L
5 el tﬂOIH% wi Sp—— EJ*O] 44

Soluieh HeIA o] Msol A Shonz dolelel
A==} ol o] glck A= IEA BIAolA] A1)
H =7p/AEE CO, A7 Aas 45 =37),

NFEE 9 ot 2R 00, A7l AT 24 o)
7} U= 1S 3H013F 2= 9JrHTable 1).

westo] 53] 53 vkt A= SollA Z8E CCS
Zleol gk v-8A Akmo|t} 2011'd F= Huaneng 1F
£ 471 120,000% CO, X722 CO, ZHZ2NE(Shidong-
kou No. 2 Power plant, Shanghai) % Z21}& v}E O Z CO,
A8 oF 30~35 USDACO 0= AASF3A=T, ] 44
= A HlE " {Re e dAq|elA AAIRE CO, A
H1-8-9] oF 120 sfig=]aL, 2011 f-ollx] AA| Ae wi&
A 7H o= AT w22 gex]olnt o|2gh Aute] o
sto] nlate] 2o AR AR FHOR g wolr} =g
o AEHo R 8 AXEI Hlwste] 29 w2
Azt 9l lega]gof oste] o|gjgt Ayt mEH AoRE
3 71E] AckJeft, 2011).

olefgl F=2] A= vl 7Y <91 CCS 7=
o] vl B4 QoIHE B AAES AN Seluet
Agirde] 39, iAol 5Akd|(overnight cost)i=
OECD =7} B3} H|usto] 2 4ot o= k=g 3%
ARSI S AR 0 & Adste] BAlE W A 719l
3 a7} 2, 20108 AN A7 oA AAE Azl T

Organization, region

MIT, USA NETLY, USA  GCCSI?, Australia IEA-GHG®, UK NZECY, China
Year of cost data 2007 2007 2009 2009 2009
Cost of CO, avoided 58 69 74 59 4

(USDACO5)

Y NETL: National Energy Technology Laboratory, ? GCCSI: Global Carbon Capture & Storage Institute, * IEA-GHG: International
Energy Agency Greenhouse Gas R&D Programme, ¥ NZEC: Near Zero Emission Control project.
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2013)
Government Industry NGO
+ Operators
- Policymakers + Vendors - Environmental
- Analysts + A&E Firms - Media
- Regulators + Venture Capital - Academia

- R&D agencies - Tech developers - Foundations

+ R&D Organizations

o 2 113

gagste] xIgjo] Hojop & Zow PEE]E} 131‘/} =9
78, CCS 7|9 vl £A47 TRiste] g A4%1E A9
Slale A7F A Xgfo] AL QlA| = oPEHOItJr 3] 2]
AFol= CCS 7|5 Blg AT Aste] 4214 = dlo]
HE AASHL Sl X0 = F7EE AL Qls 352 NETL(F]=),
MIT(u]=}), GCCSI(Z5), IEA-GHG R&D Programme( =)
5 o g sgrjRelt s,

CCS W% 43 WL S} 2 BRAAS. oh
AR 4
AE fItt 4121 31% Eﬂolﬂ(ﬂﬂﬂ‘ﬁﬁi—J FAH] 2
W] ) Shio] ofelg, CCS BAE A A WHle £ U
€Oy Wi WEE ol2517] S Sl - CCS BUE
F8 24 B 1% Ao ofelg, ol BRRE &
HARE vjEoR 2 ugRy ARG PHo}
(Levelized Cost of Electricity, LCOE) ¥ CO, *7H]-& 5)29]

MBS Sltt BESE sjolEeile] ¥4 52 Fa gele
2 = 2 o)

2.3 CCS Cost Analysis Task Force

SHA] Table 104 A4l BEe} o), CCS 7]=9] HlE- 24
Ak A7 9 84 Ao wek A @3} 9o,
18 A4S 25t HPHEA % A& Zol7) itk o]of 2013
E A7) AAE d7Ee] 8 drlae] RojA Biaa
ZARG AL FAH R CCS HE AT BEE F
del PR 9 TlolEaele 2R Hwe zbe}oict

(IEA GHG, 2013). A7] WA]o] 28 Weeo thew} 7t

jn s

CCS ZZ2AES] HQ Battery limit A%

S RS FlEow ngEAe] Wyl % k1
sz}

2y21e) vl g AEHE SIE AR B W 4, v gy
2 W K WS S Fe b Ao

£CCS HIGHA T BIA, 5 9 WS 9I% Tlo|=

2el A4

(o]

AAE HEe} Zo], CCS Cost UES =) A A|SkeEl
chFk CCS 71 ulg-EAle] gt Zto|=gkeldt W

vosla, A AA dTv|mo] U8 WHES ke
CCS 7|9 H8-2 H/RIES 3= A 512 st

e
Hes

o

2

]_

Of

20
2

3. CCS HIEEA =EY

http: //www.ekscc.re.kr



OIX[31 - et -

M @
ol
=
X
fr
o
~
Q

CS Cost YEY oA AA]
CS H]-8424] mdlof tfjsfo]
% 014%}04 = Agd %ﬂ Ab=
S vigoz B4
£ 1‘410%"% AlAekazat ek

Q

it

r_Hl
Q
o
95}

32 CCS ZAMNa
CCS H]-8-54] mdllof tigh Argofl ¢kA] CCS 7]&9] 7fa
o EHO}O% HA é—i“ﬂ% ﬂix} et fih‘:‘a q420] W HHEE]

A2 YA Tl COE EAsHaT], B4 Autaeis
9] AL, vtA = COp HEE 9F 14~15% $23=0]H, 500
MW SE A@sleilald 7] 512 oF 8,000 TH(3IZE
oF 3ujg} E 7)) COt 7] SO whEEch. ShAelR
ol ojs] L HH?P* %9 02 P $Iet B4
2 7K 50 20 BEo] i A
1 91Xkt CO, ZHBAL B3l COt
AR s AES ol ) Fom ukE, 3ol
=

E 111P

OIS - AT - OFS

7k %] COr= F4AI9} SatARS & F AR of
ek AR siols Solshe nee) 2o o

Felel 0wl St ﬂol ZolxwA A A
COn TR ThA) G4RRO.2 olela, Ao ol

SEE COe ol ;%—;L'x% AH A
ofuf CO, EATH LA §I5 HANE(HE U $57]
. AR 29 5 9 g Al e o)

83, o= HiF-E HAollA WA= odA|lA S50

of st A= A o] ' aso] AstEA Hrek 1

2]3L CCS SHE ] A djv] T34 E¥o] Yoo ule:
=

ole] BAke Sef o ge Al Tl WA, 7IE ¥
Mo FYFS WA AT Fte) ARANEY HES
I CCS 1] 18 il Eltbiol €S s

Qs oA ASFE BiFoR Wik S B

*401 g asiet,
A7) AREE: Sl 710l
o] ﬁ‘cﬂ—ﬂ E3}H }\]/\Eﬂ ar JEJH% E_f)—H

2" o™

o o

F=31ar

o fft of
o~

E
©
k
)
)
4
30
o)
]
4
s
©
i
ot
offl w2
i)
H
()
ot
N,
>
flo
e

H‘Oﬂ/ﬂ‘— Bolland —0] A2kt power
8]——‘5 HHH-S =915}t Bolland, 2003).
o] UL OEﬂQ_ﬂ"é}Zj |ARS E3) AF=E power factorS g

3?"4 ces —‘%EH*_E?J 3= Fsl HElFelA EEE oy

O
2
2
>

A7 B Z O, TABA| sl B2 Awsl Fig 2 delede Shlbshs Wotew, 8 3¢
ol AAE viok o), %xg% =7 €O, Frgat Ao R RA2 S U OCS BRG] 5T 2AYR e T
T Fig. 10] EAE WPkAe €O, B sivtom = s Bl Aiti(lLee e al, 2012).

QIEITL, B AEolA] FURR CO, FoAleh whgate] 871 WS B3 CCS BUE UA| o3 Aol 7
coal
Flue gas Gas treating treated gas

Boiler CO, capture

(SOx, NOx, EP) 2 P CO, free gas

) CO,
CO, compression

Steam Steam
turbine

Electricity

Fig. 1. General scheme of CCS.
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Fig. 3. CCS cost analysis framework.
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Fig. 4. Algorithm for Techno-economic analysis of CCS.
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Table 3. Cash flow analysis for reference case
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Operating Operation

Operating cost(mUSD/year)

Overnight Demolli- Cash flow Cash flow

. .. ion 1 m
Year (;‘:;:) Ef/“; (hrs) ACCHTICIEY fed Faed B (rncl(;SStD/ (nft;)SD/ ((I}Illeé;]};)/ Eiflcjgn)/
year) year) year) year)
2014 0000 0.0 0.0 0.0 00  —3058 ~3058  —305.8
Con- 7015 000 0.0 0.0 0.0 00  —3058 ~3058 6115
sﬁf(‘; 2016 00 0.0 0.0 0.0 0.0  —3058 ~305.8  —917.3
2017 0 0.0 0.0 0.0 0.0  —3058 ~3058 —1223.0
2018 1 60 5256 2685  —1545 —223  —60 —1223.00 ~1137.3  —1,1373
2019 2 85 7446 3804 2188 316 85 1214 —1,0159
2000 3 85 7446 3804  —2188 316 -85 1214 —8945
2021 4 85 7446 3804  —2188 316 85 1214 —773.1
202 s 85 7446 3804  —2188 316 85 1214 —6517
203 6 85 7446 3804 2188 316 85 1214 —5303
2024 7 85 7446 3804 2188 316 85 1214 —408.8
2025 8 85 7446 3804  —2188 316 85 1214 2874
2026 9 85 7446 3804  —2188 316 85 1214 —166.0
2027 10 85 7446 3804  —2188 316 85 1214 —446
2028 11 85 7446 3804 2188 316 85 1214 76.8
2009 12 85 7446 3804  —2188 316 85 1214 198.2
2030 13 85 7446 3804  —2188 316 85 1214 3196
Og(e);a' 2031 14 85 7446 3804 2188 316 85 1214 441.0
202 15 85 7446 3804 2188 316 85 1214 5624
2033 16 85 7446 3804 2188 316 85 1214 6838
2034 17 85 7446 3804  —2188 316 -85 1214 805.2
2035 18 85 7446 3804  —2188 316 85 1214 9267
2036 19 85 7446 3804 2188 316 85 1214 1,048.1
2037 20 8 7446 3804 2188 316 85 1214 1,1695
2038 21 85 7446 3804  —2188 316 85 1214 12909
2039 22 85 7446 3804  —2188 316 -85 1214 14123
2040 23 85 7446 3804  —2188 316 85 1214 1,533.7
2041 24 8 7446 3804 2188 316 -85 1214 1,655.1
2042 25 8 7446 3804 2188 316 85 1214 17765
2043 26 85 7446 3804  —2188 316 85 1214 1,897.9
2044 27 85 7446 3804  —2188 316 85 1214 20193

http: //www.ekscc.re.kr



118

Table 3. Continued

ORI - Zhedf - OIS - ARYT - OFSH

Operating Operation

Operating cost(mUSD/year)

Overnight Demolli- Cash flow Cash flow

Year  time rate O Electrici cost sion (yearly)  (accum)
(hrs) vy . (mMUSD/  (mUSD/ (mUSD/  (mUSD/
(year) (%) Fuel Fixed Etc
year) year) year) year)
2045 28 85 7,446 380.4 —2188 —31.6 —8.5 121.4 2,140.7
ngf 2046 29 85 7446 3804  —2188 316 85 1214 22622
2047 30 85 7,446 380.4 —2188 —31.6 —8.5 121.4 2,383.6
2048 31 0 0 0.0 0.0 0.0 0.0 —0.7 —0.7 2,382.9
2049 32 0 0 0.0 0.0 0.0 0.0 —0.7 —0.7 2,382.2
2050 33 0 0 0.0 0.0 0.0 0.0 —0.7 —0.7 2,381.6
2051 34 0 0 0.0 0.0 0.0 0.0 —0.7 —0.7 2,380.9
De- 2052 35 0 0 0.0 0.0 0.0 0.0 —0.7 —0.7 2,380.3
moli-
ion 2053 36 0 0 00 00 00 00 07 07 23796
2054 37 0 0 0.0 0.0 0.0 0.0 —0.7 —0.7 2,378.9
2055 38 0 0 0.0 0.0 0.0 0.0 —0.7 —0.7 2,378.3
2056 39 0 0 0.0 0.0 0.0 0.0 —0.7 —0.7 2,377.6
2057 40 0 0 0.0 0.0 0.0 0.0 —0.7 —0.7 2,377.0
3,484.1 —2,0043 —289.9 —779 —1,111.8 —4.1 0.0 —3,4879
3.3.6 YMH|E ALHCCS EUE AMX]|) Cost of CO; acoided=
CCS ZAE H3o] The 4y5Eo] e olo] 7] | (LCOB), ;— (LEOB)..,|
- (tC’OZ/]V[VWL)“,f—(tC’OQ/]WWh)ccs ¥
- :

=
= o
SHIAA(CCS vldA)e] B9k AR BAeles 3

efstol Wie 7Rt B2t W BEE AT CCS 3

[(1CO/MWh).s)0] AXFELE 181l G552
HEZL AAH shrdac] F53k AR HLCOE.) S
Alikgict.

337 CO, MZHIZ ME

7] AN A Ba) CCs7E A Eo] 9] e ]
Sl e W CCS SAE7} AAE Belubd 2(ccs)ol
sl 2424 Fs3iE WHA7HLCOE, g LCOE ) Y CO, HAY
S [(1COSMW )y, (1CO/MIWh), }S 15T Th29] 2] (2)
o we} K% €O, A7IE-S AT
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CCS 719 A Bkl AolAl 2330} o7 Sa%t 7
2 CO, =& 9 A% Bl-gof Higt Abgolt). CO, % 3
APFEES LT COy A4 Alole] A|2)4] fix|of w2}
A Gt FEoltk CO, 520 7B vt 534
(=7 wholZ=kel, Aut 9l B8 F)o] EAHH, 74 =%
ol mht Hl-gEeE okl Qls7Rld SO A7 A
SHER, o5 #EoH RH= 4Pdsh]ol= ?HAZE ek A
o] Aol AR AAEHY E2 ASADel wet &
Apr] gl 2Gu7t 2A DRAER vl APl B2 Aol
w2t weba] FAHORE CO, o5 W AHE-2 =7}
F/AE] A BAPE 27] el CCS vlgAPgel 3lo aEE
SHA| e 777 WHHIEA]L

4, HE=H



CCS(Carbon Capture & Sequestration) 7|& - XN HIt 2M 119

)
>
i)
ok
18
fl
[o
T

=2 vigo 2 ke CCS Hl-8%7t =
95 oo S AEAS et CCS Bl 2 CO, A
Rzalset. ofF BAFER Anke Ake] A7 eF
g Zxslo] AAIStaLA} gtk (Lee ef al, 2015) & H]E-
248 9fat FR /P8-S tho] Table 59 e, 7)E0] Ehe
At sjeaas] 20 dole(aaH, WAES % S
20169 = o1 AR 1, 25 7)(Z2YA, 1 GW 85H9
7% ARE e B CCS7E F71) St o
H] W gou] 58 FR OBCD 57} tJAo= 2005
WHE 20097 theket At7]e (Wl MIT, CMU, EPRI,
NETL ol 241 CCS A5e] 312w 714 9 &
oJu] 7R Z718: T5%, 2u] Z71E: 50%) Bt
e e TSI
Slo1A TeAES % TPEsem,
2l Fe) e wifste] TelE S glolek aEm
& 9 AP} BE S ok ol el o]
SRk Hl-go] FA A, A5

Sl

Table 4. Guideline & basic assumptions

Aol upehA = E2jH] Fo] @H3] zfo|7} v| ] g
gk H]gARZ O] offR Kotk olof m} & FAoljAl= CO,
olF 9 A8 11f5lA] Aotrti(Table 5 3=). E3H CO,
ZR71E9] F8 e A A HgstEela 29 F2l 10
MW SHAINETA: A A7 71 KoSol AME &
L1, A Aol Ad 4 ATH0.1 MW Test bed
©} 10 MW+ Pilot plant <) @ Fgmele) K423} 1,000
MW FRE9] ZAto] o]Fofx|rjete ZjAeqA] 5 CO,
ZRE Ak 3A Aot YA ok Zlo R o dET

A7) F8 ARE v OR vl 8RS 3t daks o
2-9] Table 63} Zt}

443 g 1 GWH 2294 4o CCS ZHE Z
& Al B18EA A3k CO, ZHEWE HEO0 = 90% o9l
olaslErA: #7to] 7hssh, ojnf] A7 = 47H(33
USDACO,) 0.2 A= 11, WPty = oF 43% AFso] oA
E|Qie}. o]igt =x]= 2J=9] AkE|et vlarste] oF 30% o]t

[e]

WE 20 o S sl AMS Slat we A

Reference plant Etc

CAPEX & OPEX

+ Plant type: USC
+ Plant capacity: 1,000 MWe

- Discount rate: 7%

+ Method: constant money value

- Plant efficiency: 44.1%
- Plant operation: 85%

- Carbon tax: 0

- CO, removal rate: 90%
- Coal: hard coal

- CAPEX reference plant: 1,223 USD/kWe
- OPEX reference plant: 4.25 USD/MWh
- CAPEX CCS plant: 2,140 USD/kWe

- CO, regeneration energy: 2.8 GJACO,

+ Fuel price: 3.6 USD/GJ

. . - CO; purity: > 99.9%
- Construction period: 4 yrs

+ OPEX_CCS plant: 6.41 USD/MWh

- CO, transport & storage: not considered

+ Economic life: 40 yrs

Table 5. Results

Results Average of OECD nations" This study
- Overnight cost_reference plant (USD/KW) 2,162 1,223
- Overnight cost CCS plant (USD/kW) 3,808 2,140
- Relative increase in overnight cost (%) 75 75
- LCOE reference plant (USD/MWh) 66 47
- LCOE _CCS plant (USD/MWh) 107 68
- Relative increase in LCOE (%) 63 43
- CO, emission_reference plant (kg/MWh) 820 712
- CO, emission_CCS plant (kg/MWh) 111 90
+ Cost of CO, avoided (USD/ACO») 58 33

Y IEA, 2011. Cost and Performance of Carbon Dioxide Capture from Power Generation.

http: //www.ekscc.re.kr
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o 471133 USDACO,) 08 EAE|9) 11, YAtk oF 439,
o] AVIEISITh of2fgt A= 2=r] ARH|e} Hlasto] oF
30% oM W2 0=, o= I WA S R w2
@7 g e42t o ik 2V s o R E HIEHT
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20142010201810)
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