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Abstract — A carbon capture and storage (CCS) plays a very important role to reduce CO, dramatically in CO, emis-
sion sources which are distributed throughout various areas. Numerous research works have been undertaken to analyze the
techno-economic feasibility of planning the CCS infrastructure. However, uncertainties such as CO, emissions, CO, reduc-
tion costs, and carbon taxes may exist in various impact factors of the CCS infrastructure. However, few research works
have adopted these uncertainties in designing the CCS infrastructure. In this study, a two-stage stochastic programming
model is developed for planning the CCS infrastructure under uncertain operating costs and carbon taxes. It can help deter-
mine where and how much CO, to capture, store or transport for the purpose of minimizing the total annual CO, reduction
cost in handling the uncertainties while meeting the CO, mitigation target. The capability of the proposed model to provide
correct decisions despite changing the operating costs and carbon taxes is tested by applying it to a real case study based on
Korea. The results will help to determine planning of a CCS infrastructure under uncertain environments.
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Fig. 1. Schematic diagram of CCS system.

Korean Chem. Eng. Res., Vol. 50, No. 3, June, 2012



2-1-2. AARIA(HT)
-HIEEEY Co, HiE T
- CO, XA, A, 75 AV E2] 941, 5 2 7} sl AP E9] Azt

CO, A]

2-2. X3 ZH2] 7y
2-2-1. HA g
Ak 1eo] B2 e W Al] AR F Co, AFHE
(TACRC, Total Annual CO, Reduction Cost)s #23}5H= %ot}
o] F{AEG= 1) A CCS A1) H]-E-(ACFC,, Annual CCS Facility
Cost), 2) A7t CO, ¥4F(ACP,, Annual Carbon Penalty)?] &3Ho.
AL A (1)) 2

Minimize TACRC = 3" (ACFC,+ACP)) )

941, Az CCS /] v]4-2 CCS Adn] AXH]E-(CCSCC, CCS
capital cost)} >JH]-E-(CCSOC, CCS operating cost)®] = 1}
b = qlrt.

ACFC=CCSCC+CCSOC, Vi @)

CCs ] AR §-E €O, EA, A, 4 Aol ghe) ]
ol Zzte] @7t An) o] Fow AN,

ccsce~EER

LR

Z Z Z CCCLL‘J"_/ -8 Ci,c,p\f,g Z CCRSN i.5.8
7
Z c p

Z Z Z (rccpon,,, . ,NTPon,,, .. + TCCPoff,, , ..NTPoff,, , ...)

vi 3)
CCS 2] 91182 €O, T, A, % Adu)e] v £gw)
Goll Z}zke] AnleolA] HelE= co, Fe] Fow EH)

12020 LIS YN
ccsoc, =Y | + ZZ > ;(UTCPon,M_, +UTCPOff,, 4, ) Ot |Vi
, ra
- Z;Z;UNBM VEP.C, ., e
“4)

g9 Co, WEs ¥

= ii}%}O% Ll %6 ‘?;XJ&J} CO, % ixl (CCS AH] $HE #
3] S A9 o o 15} €A (Clax)2}t 237 CO,
MEHAEP,, )0 o= FdE
ACP, =YY Y CtaxAEP, , ., Vi 5)
pfg
2-2-2. AleFEA

ARk HEe] Aok CCS AdH] <] Aokz7d) Co, MiEZ
Agtol] Tk Ak 0 F et 94, CCS A2 Ak &
A2 23k GREAISE 2| 0= thA] vhdTh 2] 6y ZF A9€] €O,
EQGA e A5t 1o E Oi 3k %o o] wbd ol E3E COe=
2 A Gof| A Aldo] 9lew A E 1 78R ¢hs S T A

g CCs 7] W2k Ag) 473

AR o|FH = 21E VERIT

ZZZ Ci,c,p,/;g = ZZZ (Qi,l,g,g’,d_Qi,l,g’,g,d)+zsi,s,g vi
cp f 1 g d K (6)

8 Aol w3k Zlo|t
ofelf AL

rir

2] (7~11)= CCS A9 AZF G +=
A EAE= CO, G2 W] 23] Anje] gl
&= EE 24 Adnle] % Attt

el

o

min

Ccaplcp/gBCIcpfg—ctcp/g—ccaplcpngthMs

vi,c,p,f, g @)

CO, A F2 AF} 3o Ao 1P 5 ek 53], o]
AP AQH 593} 2] 7Fset 300 s A,

S; s¢s<AScap;, Vi,s,g ®)

A7Ad e A7F AE)E= CO, R =Y A7 Adu) o] Lk <
3 A= 1, o= QFE= = (Wel)2] =5 A s

Scap!y' <NS, <8, ,<ScapNS,

i,5,8=

isg V1S, 8 (&)
EE Con= FEan el ZeRl F

2 o]lFH =], o] £ TES §7(Onshore)oll A 9} &l
(Offshore)oll A 8] =50 & et 53], g4 S5 2
FEo] o2 O, ¥Rt ope} dljofe] HFAA A 0= o] FAA
ok 31= 9<% (inflow)# -3 (outflow)?] BE-& B zh=r}, ws}
AT FFIHE CO, o T % Adu)e] S5l o8l AXE AL
Ol QEE % Adnle] i A% gttt

Tcapfi“dNTPoni, 1eg.aSQ

= 53l HET AAAL

Tcap, L dNTPon, Legd

vi,l,d,g,g";g#¢’ (10)

il,g,g,d=

Teap] ) yNTPOff, , o 4<Q, 1 o o.a< Tcapr yNTPofT,

il,gg, i,l,g,g',d

vi,l,d, g, g";g=g’ (11)

3, CO, A% 1 Aehe v1§L HH0 Fol7] 98
7 el 9151905 719] O, i el Aot
Fhko g w7l U % €O, Wi o18%E HH 0w Azl
Wk AAE R AR st ol Baid 4 (122 o
23} gk,

7} 2o vfE = CO, 2 e wiEE 1 olds =

EX’Pfg+APlpfg—Elpfg Vi7p’f9g (13)

o] 3k L CO, 75 FX(CCS A §)E HsAY 27} &
of gt IS 7H5alof Hk.

EXipra = ABPup ot 3 Cichre vip.fig (14)

2-3. 2=HIM (Uncertainty) 1124
kAl A 22004 Z7N$E A7YE4] 22 (Deterministic Model)q>

Korean Chem. Eng. Res., Vol. 50, No. 3, June, 2012



EN
)
N

ol
o —{1;

9
]_

)

] (CCS Adn] 2] whe9] 2] gl -edn]g-, ekl 57t
]‘7‘i slol] €T}, o] Rekg Mdske Aol 9
152 - vhdab sfiwict 2A=2] WskE oS
o ﬂr‘j/}}ﬂ Hr} Agglel AnE dlotabr] flal =
S X3l 524 TE(Stochastic ModelyS 7+
2 Ao, HA ) Al gl CCS
9 e e B efslela, o] & Wt
"

[e)
=
A ASEE Ak B veS HAa

2 I
N

o
ol
0 ﬂ“

b

ol o
o
P
flo v
- rlr
2k
or

o
N
Ml

ols ﬂl%

1o rlr ox
sy o

%%
g
o
_O|L

o mx i J
=
.
w8
td
1L
1o

d

e
Y
o

a:d

Minimize E[TACRC]
=3 prob, TACRC,
= > prob,(ACFC, +ACP;,) (15)
o7IM, A (15k= A (k= 2o =2t st AueE]e «
o] F3HAICT}. 712)31, prob, - o] Alfel 27} Qlofuis S-S Liehict.
R R, CCS AdH] 9] 1] gH]E Bl vha|e] 2ehdAdS
LERE 2} (16~18) 2(2,4~5)°l Al 2 e HEd$h Zlojrt

ACFC, =CCSCCACCSOC,,  Vi,r (16)

S ESUCC o+ EUSC,5. |
=y +ZZZZ(UTCPon,,d, +UTCPoﬁ",,d,) Ortoea |Visr

i e ¢ d

+ZZ;ZUNBM,EP”(,,M .
c pr g

ccsoc,,

a7
ACP,, = zzfz Ctax,AEP, ,,, Vi,r (18)
rJ g

3. &80 & o

3-1. AR M 20208 R2|LI2I2| €O, ZF AL

S2yele] 79 2020370 HlE AW (BAU) Y] 30%= =

o]FAth= B zky glomg W aAlgld s oS HiES}
L ujE50] HlE A (BAU) tln] ok 70% Ao wjEs 4
2_ ?ﬂ—r/l— H]—_‘—_-_le_ﬂ 7]_14 o]-?}];}_' w2 a]‘%‘ﬂ'«l }‘]'cxj = %/HQ_ _T’_E%
sjo, CO/Z 71 wo] WEshs F2 RIS 3 sejdng she
Aol 28L Fol Wkt Ak AR o R, AArtaw
SRS sh= A 15 3, AR SRS she A 113, A
ELo 7 3l S sl /\]M 13325 % 39329] 318 WHASS A

O

J

F

W - o0

olH
=4

R

Table 1. Generation, capture, sequestration and transport technologies
for the examined case study
Activity Type
Gas-fired electricity generation
Generation technology Petroleum-fired electricity generation
Coal-fired electricity generation

The absorption and desorption of carbon dioxide

Capture technology in aqueous monoethanolamine (MEA)

Depleted Gas Reservoir
Sequestration method  Saline Aquifer Storage
Ocean Storage via Pipeline

Transportation mode  Liquid CO,, or LCO, via pipeline
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H) LT 'haAS] A %1-4 =544 —% 3’—34 317] $13l Table 2
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A2 HE Arste] ZAAVdE vlal 43818 # w=ellA] A st
= HA3} mdle 23t g A AFHMILP) we} 218 74
3R, GAMS - ,Ej_ 1] CPLEX 9.0 solver® A& 73
3I3iTt.

Table 30114 Hehbo] CCs 7N 7152 ] 2-gn|83 &
A B3-S T s AL 27 ol5S TElEkA] S Ak 1
o} Az F Co, 7AEFH]E0] oF § 14.5 million(+0.46%) B =7 |
gttt o] gke] zlolel] 7P AA 7]oleh= A A7 F CCS AR

Table 2. Parameters used for estimating uncertain carbon tax and CCS operating cost

Parameters Activity Type Mean value Variance (%)*
Prices Carbon tax (Ctax,) Average value of each uncertain 50
parameter is offered from [6].
Operating costs Capture (UCC; . ,,) Gas-fired 26.6
Petroleum-fired 48.8
Coal-fired 20.7
Storage (USC;,) DGR 36.1
SAS 43.7
Transportation Onshore (UTCPon; ;) 25.0
Oftshore (UTCPoff;; 4,) 12.0

#Variance of each uncertain parameter was based on the economic analysis of [2].
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Table 3. Costs for optimized CCS infrastructure ($-y’1)

T3k CCS 7RkAEe] ek AlE 475

Costs Casel (Deterministic model) Case2 (Stochastic model) % change
CCS Facility Costs
Capture - Coal-fired power plant 5,100,799,000 5,112,588,000 0.23
Capture - Gas-fired power plant 944,547,400 946,750,500 0.23
Capture - Petroleum-fired power plant 0 0 0
Storage 853,128,084 853,069,764 -0.01
Transportation 788,792,416 788,568,736 -0.03
Total Annual CCS Facility Cost 7,687,266,900 7,700,977,000 0.18
Carbon Penalty Costs
Coal-fired power plant —4,590,160,000 -3,837,590,000 16.40
Gas-fired power plant —386,999,000 —870,549,000 —124.95
Petroleum-fired power plant 418,443,100 150,142,000 —-64.12
Total Annual Carbon Penalty —4,558,715,900 —4,557,997,000 0.02
Total Annual CO, Reduction Cost 3,128,551,000 3,142,980,000 0.46

In Carbon Penalty Costs, negative numbers represent selling carbon emission credit and positive numbers represent buying carbon emission credit.

200,000,000

150,000,000

100,000,000
50,000,000

0

-50,000,000

-100,000,000

Casel Case2 Casel

CO2 emissions

CO2 emission permit

Case2 Casel Case2 ‘ Casel ‘ Case2
Carbon penalty
CO2 treated by CCS

(Carbon credits

facilities
traded)
\ Coal-fired power plant | 171,211,123 | 171,211,123 | 133,035,594 | 125,515,934 | 84,077,170 | 84,077,170 | -45901,641 | -38,381,980
= Gas-fired power plant 55,178,448 | 55,178,448 | 41,872,439 | 46,709,328 | 17,176,000 | 17,176,000 | -3869,990 | -8706,879
= Petroleum-fired power plant| 15,986,985 | 15,986,985 | 11,802,554 | 14,485,325 | | 4184431 | 1,501,659 |

Fig. 2. CO, treated by each plant type in two case studies (tCO,-yr™).
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Fig. 3. CO, capture, sequestration and transport activities of CCS for cases 1 and 2.
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Fig. 4. The changes of total Annual CO2 reduction cost ($) for cases 1 and 2 according to the change of total emission permit.
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Scapmml 5

\=xk=2

: Facility name for electricity generation
: Geographical region

: Geographical region (g'#g)

: Physical form of CO,

: Type of power plant

: Scenarios

: Type of capture facility

: Pipeline diameter

: Type of transport mode

: Type of sequestration facility

: Total CO, emission permit allocated to entire power

system

iepse - Maximum CO, capture capacity of facility type ¢ to

capture CO, in physical form 7 in electricity facility
fof plant type p in region g

: Minimum CO, capture capacity of facility type ¢ to

capture CO, in physical form 7 in electricity facility
fof plant type p in region g

: Probability of occurrence of scenario
: Price of carbon tax in scenario »

: Capital charge rate - payback period of capital inves-

tment

: Learning rate-cost reduction as technology manu-

facturers accumulate experience

: Capital cost of building capture facility type ¢ capturing

CO, in physical form i in electricity facility f of
plant type p in region g

: Maximum sequestration capacity of facility type s to

sequester CO, in physical form i

: Minimum sequestration capacity of facility type s to
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sequester CO, in physical form i

: Capital cost of establishing sequestration facility type s

sequestering CO, in physical form i

: Minimum capacity of pipeline with diameter d to

transport CO, in physical form i

: Maximum capacity of pipeline with diameter d to

transport CO, in physical form i

Capital cost of establishing pipeline with diameter d
offshore to transport CO, in physical form i from
harbor region g onshore to sequestration region g’
offshore

Capital cost of establishing pipeline with diameter d
to transport CO, in physical form i between regions

g and g’ onshore

: Unit capture cost in scenario » for CO, in physical

form i captured by capture facility type ¢ in power

plant p

: Unit sequestration cost in scenario » for CO, in

physical form i sequestered by sequestration facility
type s

Unit transport cost in scenario » for CO, in physical
form i transported by pipeline with diameter d

offshore

: Unit transport cost in scenario 7 for CO, in physical

form i transported by pipeline with diameter d

onshore

: Energy penalty for type of CO, capture facility ¢

: Annual CCS Facility Cost

: Annual Carbon Penalty

: Expected total annual CO, reduction cost

: Total annual CO, reduction cost in scenario »

: Capital cost of CCS facilities for CO,

: Operating cost of CCS facilities for CO, in scenario

: CO, emission permit reallocated to electricity facility /'

of plant type p in region g

: 1 if CO, in physical form 7 is captured by capture

facility type c in electricity facility / of plant type p
in region g, 0 otherwise

: Number of well or injection facilities of type s sequestering

CO, in physical form 7 in region g

lLeg.a - Number of pipeline with diameter d for transporting

CO, in physical form i between regions g and g’
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:Amount of CO, in physical form i captured by
capture facility type c in electricity facility / of plant
type p in region g

: Amount of CO, in physical form i sequestered by
sequestration facility type s in region g

: Flow rate of CO, in physical form i transported by
transport mode / (pipeline) with diameter d between

regions g and g’
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