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(] £471 5 ORISR0, )= 7FE 2 MFS 2shod, 21958 8
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SollA BAE= CO, 7F A AA BT Ak 2R

0, HIEH

[HE/ A7/ 5kl 78A] At

O AF-20s thea whae 1% FAME)9) o)/t BAss|n gla, A7 A 24

7k wiEEQ) WS} o] Sk A ok UEskE

27k Aol AT SR U

(] @A) m]= o|4=]"d DOE(Department of Energy) ©|Fsletig A
CCS(Carbon Capture & Storage)2} CCU(CC & Utilization)©|

WAL Fu 2 71 AR 4 F9

[ oxkslebh # A7, EnlEd, Al dA A o)a, o]
3} 7]1s(CCU)= 53+ 7| sheAlE Ao & x3/H7] 7]

Y
o
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T ELR
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[ vl= olitstaa Afts 97 th ARde skl 3lem,
[e]

FE3kE 93 A GRS £ T EY A o8-S A HEre A
Zolw, M2F 7]%= EOR(Enhanced Oil Recovery)¥} CCSE 31575}

7S QAlEke, 71E CCS 7l HE IEZES

AAF&(Carbon Use and Reuse) 7]&< ESHA|T]

[ Fevehs vi=el ccu A5 FAkl diseted, 7=
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ksl Zof] AA|HOE e P Q T} oS T 7]9de] AR o] uk= uk
MRS =3 A7) Fn 2 S AHsin 18-S =
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DI CCUS Aol Mt =
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[J 19417] $47F Akdstel o] AR Aol 53] AV%}O“ %/\]7}’\
(CO, , CHy , N,O, &3t~ &) HlE= Qlgh A4 &
A AFHd 7)o 194]7] o]F ¢k 0.85C AEdh= 7%%—% &ﬂ%s}w—
21008714 3.7C 5= A ol wet AAAH ez vafet Azt S e
nomn 53] s Aol 7MY & EAY

addgee] Wbyt sopigfar flow, 1dell of 5009

o]de] =0l 3H°ok9-i FAE ] A 1001 F<F sjHo] oF 23ecm st

Sk E/AlEEe] HE A7l AL oY 75

Ak A &l 7 57}3}‘—:— zolH, ¥ JaN2 H AAl GDP 1.6%°l a3at
12% @8/ do=z 4

O NOAA(National Oceanic and Atmospheric Adminstration)«= “H|=2 H|3Z3H
/‘1]74]9] 712527k 204171 2ol ¥la] 1°F st en, 37 30d &<k 7129
& ST 7S Ha qlon, 70d Y SR o] RO A S Al
?ﬁ°ﬂ Hlé}ﬂ 3u] o] o]kl W (NOAA, 2007)

e w2 do rim

(23 1] 229 7|2 35 F9

Global Land—Ocean lemperature Index

6 —=— Annual Mean
—— S5—year Running Mean

Lemperature Anomaly ("C)

1880 1900 1920 1940 1960 1980 2000

Source: NASA GISS (http://data.giss.nasa.gov/gistemp/)
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(] 7]5¥ste] sk AHH IF JA|(IPCC, Intergovernmental Panel on Climate
Change)oll 4] WH7hel BaAe] wp=m 6t 24712~(C0O, , CHs , N,O, HFCs,
PFCs, SFe)2] HIE50] 1970~2004 3] 70% S7H1990%d ©]F 24% <7}

O 247k~ HAQ] oJASEIA(CO, )= 7HE B wEES HolH, A
ASo] AZHE 1958d0= 7] 5 557} 310 ppm AER oY ek HF 5
@)

grlolze] njekxel amz s wWd Zvlete] 20159 Al 400ppmS

A3lskal 15(CO, Now.org)

O olo] ARFANE CO, FEE 500 ppm ©|3lol A <A 7312} CO, & A7t
qUA m&3F R A olyA &8 5 i =¥e F551]

St W o
[e)

2

skot Co; o 57 FAl= AEHA s
O AAHE W o, wWiEe] A, wHA T duA FEdedA 7P B
= HojaL, AR/ E/?S_ﬂ/ﬁ}f-ﬂ A A Sl A AE = CO, 7t AA

HH%OE = il
WA F AN AT UMA e U 99 B /N Aol

F-gases 1% Waste and

%, Nitrous
N, Oxide
\.\ 8%
\l
Methane "‘\

Energy supply
6%

Carbon Dioxide
(fossil fuel use)

57% Agriculture

Carbon Dioxide .
(deforestation, decay of .."'
biomaiss, etc.) /!

14% ’,/"" \"\ Transport

N 13%

Dioxide (other)
3%

<HjE 227k >
Source: TPCC (2007)

O ATl e 3k SA7E AAE7] AREEA, ek g phae 9

%X}]A]—ﬂf}] l-:,g]7]- E.ﬁﬂ.gqiy_ o]%
O 20131 A193] 7] T3} FFALTF3](COP 19)94+= A AlAl Zh=ro] 20201
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o0 PEHEH

Zr=ro] A|AISE 20200 AEEHREQ A H2E A5 2T &&= 1.5T o8}
[e)

O 53], 1 &t A= AES
715m 38} A A Zojo] AZH|YE = L AA Hu 22712 )
(-1 olibstekA wiE: AW AAl wiEHL] 45%)0] Wlold I A33
(2014.11.12.)& E3lo], n=e 20259714 20054 ojd] vl&2S 26~28%,
T 54 HIEAE AA &2 71&0] AHE & A-S

o
v
rz

20305 o7t & ZAolgta 5 Foks Wit

O emprt tiEwd2 20307H4] w3 s S9 24V Meds diE
=0]aL (20301 d7FA] 20053 thH]| 32%% A o] A3 BlSF TS o83t
A HA & (Clean Power Plan)S 32 Wgsto] 7| EWslele] AWAS AE
(2015.8.3.). ¥k olyet F 9 A% T AA FoIE 7|FHE FAld e

2ol =42 He® Walsta 9l
O $-gyhgh= 200939 202013 7F4] A7k~ wfES wlE AW X(BAU) WH] 30%
AR S AV AEERE AAGStaL Al o RS vE 9lon,

7}
2014»#01] 2030Lﬂ 227t~ 7E BEEE BAU UH] 37%E ¥¥slal, ol
e

2001

1501

100+

50+

0-

1990 1995 2000 2005 2010

Source: BP Statistical Review of World Energy (2011)
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AZ TRt Ao R oilsleAE Agetal AR AARESH] 9% CCu
7=l A4S FiL U
O &) vl= A4 #]d <] Department of Energy(DOE)+= CCU%} CCSE 8% CCUS

(Carbon Capture Utilization (Use) and Storage) 7|& 7liHe] tbzh=
Aegspar low, o 7w 7idS Sskol AAl A @l o
AQslel A71E fA5 el oldEes e adeIA @

o>
o
i
b
Lo

)

)

[1% 6] CCUSE &3 olitsteta

Fuels

Carbonated .glge:iho se Gases
Beverages g .

« Flavors/Fragrances
« Decaffeination

Carbonates

Conversion

Liquid
Fuels

« Methanol
«Qil I Egg Enhanced Captured «Urea Fertili
- Gas : ECBM | Fuel Recovery COI «CO i
\ » Methane

qm"ﬁcs Secondary
Chemicals

Polycarbonate ; - Refrigeration
Polymers E = Dry lce

= Injected into metal castings
. - - Blanket Products « Added to medical O, as a respiratory stimulant
Fire Extinguishers - Protect Carbon Powder = Aerosol can propellant
- Shield Gas in Welding = Dry ice pellets used for sand blasting
- Red mud carbonation

Source: US DOE (2013)
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(1 @A AlA o]xtstebh Al Fo5ke A7 gxv Eow F=Aw a1 lom,
o|hkstEk A Al THF R ofglle] Iy Fow, o] 7he-d Ik o] gl
57 Eol] I35 F(EOR)A AREE AL Qlom, tiFE2 H=a} Flurtof A

(29 7] CO, 8 &3}

Other
Precipitated Calcium

Carbonate 7\,

Other liquid CO, .

Applications
Beverage
Carbonation

Oil and Gas
{non EOR)

COy enhanced oil recovery

Source: Global CCS Institute (2011)

1 )5 lola] AR gl oJshea(Gas, 2QANS) 1AL Fask Ao
wet Axprl dAEh ofR Yol AR Ay e 3
olabsherae] - =19 3~152 A 7. 2010
=9 olibsleAs =9 sgEo] Fueidlon, olw wEHlE AER vl B

O o
O szl FF ol o Fgel AReaih solmarl sl
FgH|go] ¥THE o] g 9 ~ 2690l ¥ "= Dakota Gasification

Company°l| A= AR AL FAAA A o] istebAh s fo]ZeRlS F3

B 19g9Eol &
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I. CCUS & A X BH TF

A3 22 FESR EOR, Urea 4L 22 CO, 28 7& 7 Z=AEY]
o] Fod A%, A A A 71FoE 20200 E CO, A7 o] oF 19
4749 £ o]5 A

62 of%(Industrial Use of Captured Carbon Dioxide, Global
)

E3] CCS °|v] 7}~ 7FE H-(gas processing sector)oﬂfﬂ Olﬁi}Fﬁ‘rﬁ: 1
MtCO, /yr TTEZ &9 73 7edS o9 ]_Oﬂ ocq wE og Ao 3o
A43]552(EOR) 7| <o = AR Ao 72 A}

O Visiongain (2011)°] @M=, AlA] CCS Al7g= 2011@ 1199 oAl 2021
2439 Gejo] g Ao j . lj? CCS 7%= 17494 2011~2021 51 7]3He]
ANBHFE(CAGR) 8%E, ol olo] =& JFES B o= 54

[ 1] AlA CCS A1 A (2011-2021)

1 12 13 14 15 16 7 18 19 20 21

= 39 41 44 | 48 52 56 6.1 6.7 7.3 80 88 86
=0 22 24 26 27 29 3.2 34 37 41 44 | 49 80
Ok} | 19 20 2.1 23 24 2.6 28 3.1 33 36 39 7.6
2F 16 1.6 17 18 19 20 21 2.2 23 24 26 52
55 14 14 15 16 16 1.7 18 1.9 2.1 22 24 57
=0 1.0 11 11 11 12 1.3 13 14 15 1.6 18 56

A| 19 | 126 | 1834 | 43 | B3 | 164 | 777 | 190 | 206 | 23 | 243 74
o= | 025 | 026 | 028 | 031 | 033 | 035 | 033 | 041 | 044 | 047 | 05 7.6

Source: Visiongain (2011), KISTI A& (KISTI market report Vol.2 Issue 12)

(] < CCSE &3 o) iksteta A 7+9] A= CCUS 7]<&o] Aoty ar 1al, CCUS
A
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[ 2] CCU AF 54 2 dA A =8

Urea 100 70 6 months

Methanol 40 14 6 months

Inorganic carbonates 80 30 decades to centuries
Organic carbonates 2.6 0.2 decades to centuries
Poly(urethane)s 10 <10 decades to centuries
Technological 10 10 decades to years
Food 8 8 months to years

Source: Centre for Low Carbon Futures (2011)
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I. CCUS & A X BH TF

2. ZATLE AZ AN @
(1 20143 29714 A AAlNA 127) o)itsleta A7t L2 A E
A& Z, F7F2 39719 Z2AET} thekst /A AE g 98
S 217 ZEAEE 2011 o] % 49 Yol 50% S7Hs o=, 7
A gl dF 7hsdo] T A olgE o R A ¢

7} 7V ol 97
N 7Hs T A

_

0] o
AT

[19) 8] A 9/=7bE dli+% CCS ZRAES £=HF7] WA (2014.2 7]

O

18

16

12
<+ 10
i
F 8
N
HI I

[+

s

L]

ujof It HH T E s
=03 0 4 [ 2 7
Y (s 28 1 4 4 0 2
=52 g 2 4 0 0
= FiLiC) 0 1 1 4 1
25 0 3 ] 1 1]
nEE 0 1 0 2 0
Z|Et ot Ao} 1 1 [i] 1] 0
=11} ] ] 0 0 1
opZ 2|7t 0 ] 0 0 1

Source: Global CCS Institute, =% CCS &2} (2014.2)

] 2020@7FA] 10070, 205037F4] <F 3500702 tid Z2AEZ} AlgE A
d=Hn, TRAE Bz} Fol wdl 657U FRAA 3,000%Y TEE Z=7}E
Ao Z oAslal IS(IEA, 2009; SBC Energy Institute, 2012). ZZZ A E 9] 7]
715 Azt Ay 4 Aakg ZUWE, v 2 39 741 CCS L&A
Agoke WO R Ve o] o] FojA|aL Q&
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(28] 9] AF2d3 2C Aes 913 [EAY CCS 2=
Number of large projects operating

. Total
. Power

Natural Gas Processing

. Hydrogren Production

Heavy Industry

2011 2020 2050
Demonstration phase: USD65 billion investment (public + private) Commercialization: USD3,000 billion
—’

Source: IEA (2009), SBC Energy Institute (2012)

AE7HE 95%7F 2013 Woll A8 cCS Z2AEVL & 7lsd ZAow oSl
AOH, o5 F 20% 7FEFS 10 ool FHE ZUNET}L 7hed HLEE CCS
2~
=

o] A=dttaL odetal s

e

- =
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. CCUS & AI L X TY

[Z27 10] CCS 7= &3} A7l d27F A

18%
5%

<10 years 10-20 >20 years
years

Source: SBC Energy Institute (2012)

O m=r& 20129704 EUOl o]} @l =7k Huje] 4 A olitgteka
Az opel FArsklom, o g A AIA FAF weie] o 25%¢l sk
=AY 53] A FAE Sl ol A7k ZRAES Wt £ Fels
Hzste], Rigke] oS sl e

(223 11] A AIAL olababata A% Ay Tt
12,665
NER 300

. US tax credits
I Unallocated
B Alocated

Total = 28,392 million

7,899

3,673
1,965 1,892
865 1254 -
1,100 638 P -
China

Europe us Canada S. Korea Australia

Source: SBC Energy Institute (2012)
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I. CCUS & A X BH TF

[e]
O b stu= Adshs 4o Z2AEY) difld F850] e dATel=E

g ALE 2 935 FaHoln sFaHt F ENES FA8 0 gle. Wty
_"

[]
=
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5
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=
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S,
8
>
(4]
a
=
(@]
<
o5
=
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juit]
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o
2

5

NUIA] UL FF 100 5Ot 20%7HA FAaA7]7] 3 aly]Folar 4%l

N7 R AAS Jdetal s

O 2009\ 12 Aa Al WS AJEFS
GEC12)E oA Zeke] A 7 -
G717H2 ~43)e] 2$F - 21522 (high risk, high return) A= A Q3L Q)

O ARPA-E®| 271512 pDe 93l 7|8 /s m 54 =] Foke] 7]=7dS
F7ole 5X A 22 a3 ouA7)e A ok giE] =2 FAEE

A\ oleltlolE Ak gl Zzagor P4

O] wl=rE 20133 20140l zbzb wiopd wole 7| §-3eA8a A9
N Fe ExE

O “7]%-85 A8 (Climate Action Plan)2 53l w]=ro] 7|5 3lol| o83l =W

grie] ges F3staL, 20208974 247k wlEEE 20059%= tiH] 17%

A& BRE AAEI o, “Huk9] o U X] X =H(The All-of-the-Above Energy

Strategy as a Path to Sustainable Economic Growth)= &3l A+, HA7}2, AR,

AN A], ANUAEE T vl BE UA| LS F83to] oFg 22l oYX

FFL e A Zad UA A AX
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[] 2013 12€, v]=r9] A HA]5(DOE, Department of Energy):= A%l 3}38}7]<
NS E3), oy, 37, AEA 55 sidsta, =) RS F3star Ao
A S FXlekal 8-S A=ehr] fg AlEts sl
O o] Al &= e of|uX|(Science and Energy), & <QFH (Nuclear Security), Y& <}

’J ¥(Management and Performance) ¢k AA| &3 stoll F 12714 =
AF-E37F L3t glon, 75 s Algd A olvA HdEfs Ak #13)
DOE 4&%9 ouxgs 2 AYANUAE(EERE)S 3 2015 EERE
Tz daks Addib] 21.9% TR oluxas 2 A XA
ToFe] R&DE 38l

(] 20149 11¥9, 227~ 1, 29 8= S 0= 7|5H3E of7|sh=
LA A 7FEo|| TSNS M-S 2025W7FA] ERA HlEERS 20054 O]
26~28% ZFESH|R slgon, e 20300l HiEEo] F Ao Edslal o]%

=
O "= Yoz w=2 I HYg WYy dguyx g5 Y, ©@4 3
o]-8-* 2](CCUS, Carbon Capture, Use and Sequestration), g7 th7]/4~4 7]
H7 = A 7ls, &2vtE 8=, O 55 5 st olyX] 7]s Fatol A

A= 71950l S Al e VEE Al Aow Vsl &

(120154 8¢, @upv} th&d-2 20308714 Agh-38 TS &3 247k2 a3
& Z0]31(20301d 714] 20051 thH] 32%% A 2o] 743}, B3y F5HS o] 83t
A H A E(Clean Power Plan)s &4 &isllal, A$ UN w7 4
AAA Zh=e] gee digh FA7AE S 2t & 7|FHstete] dHAds
A=

[] 7= DOE 4&:%:9] 31X UA|(FE) FER&D Z2I13S F8f 1= Qkr.ef A
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I. CCUS & A X BH TF

Climate Action Plan &35 @438}7] €3l Office of Clean Coal¥} Office of Qil and
Natural Gasol|lA] 21421 CCS 7= HIAE7I(AL7Es) 7+ /s 3%
H, vl giEHE 2015 FER&D Z 2139 oAkS Adtise] 13%

e

AdAE DHIs] g8 A%
A7} WE FAZ rhsa 1S
o

o WF FHE G 4

A
IR AE )3+ Fxle] ZAE nldsts k|, FEEE T2 AE oFALS vl
&l ccus Aulo gk HES vlHsle] §54<2 CCUS ZR2AEE F=7]3)

W 9le

O W GHi ccs TRAES] 9o % AAAA Gl F I WS
Sl8) A H Aol 4] Auleh FARIE 20134 8ol W} A ZeQ 92
H7NRFA) 2314 9] HEekS A4de) Anere] ccs A Amsh A A 2
AelE Bk S

(] ml= SR SH(EPA)S H CCS A9 M4 275 whdshy] flsf w4

CO, WMEH AF B AYES thFe o

O o] A|QtellA TxAo] CCS AH] 7] FAF Bl CCSE B8 45" &< 9l
Hi 7w ke EUE Al A i
Algrsh= NSPS fAgete] R E Q. of
HEFs Agels e bl &

O o] o]g] 7|2 CCS2 7|4 € =
@7yste] o] FolF. EPAS] Alaf ol 7|l whet b Aol whet Alaf Fxb
Anrl 8l 7] P R, S5 A8 AR sl AlgH o ey, mas o

L =X

M-S AR 7% 0

au?
g

2 CCS FEZ ¢ F7 AAe] Agto 7 =] CCS 7)o Astel 2=
% ! =

oo 3l AlEs FH-ok Aol 9 HE
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219 2] RGGI (Regional Greenhouse Gas Initiative) A7 5] 7] = o]

>
¢}
<o, = AW = ve ROV 29, 2, wEEE SO Ads
=z

=
3

Ay o

H]
O Baseline-and-Credit A| S &= UNFCCColA A Pgstar <l
HjEA CERS A= Al%o] EU-ETS 5ol 3

Aol mud

of

7Veds A aEEA] R, A= o] A Ve B ERS $ATHE S

o}A] A7) -3 oA

915 stz skal s

O SHAITF 2016'AFE CO, 9] =7} 2t ol g3} & A|lA| CDM A5+ £H|= A=
oA, FF ccs TRAE A oB B& HEF P A CCS
AANEAA(CDM) AFS #Eleh= AAp Agel] #et =97} FA A 02 thA
AEE Ao 7 o AE(Global CCS Institute, == CCS 33}, 2014.2)

O Z1htoll npEARHL A =05t 7|53t ¢ksl =, AN YEkh olF AR, A
g, 71E R A A 7R 2l A, w7 02 A e eks)t 24 T
H 23] cCcS 2xz I e EAlEC]l FATIFI oA =oE AL
o el wet vj= w7 B Fol| S = F AoH, o= AT A

A 7% 9 TRAE T 4P A & AS
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[I. CCUS & A1 &L BH TY

» Alberta cap-and-trade: $13/t
* British Colombia carbon tax: $25/t
4 *Quebec cap-and-trade (starts in 2013)

+ California cap-and-trade: $11.5/t (starts in 2012)
*RGGl in Northeastern & Mid-Atlantic: ~3.3/t

. Planned

Notes: Average 2011 prices or expected 2012 price for cap-and-trade systems.

A 847 A% ($/C02)

» Denmark carbon tax for electricity: $18/t in addition to EU-ETS -F
» Norway carbon tax on gas processing: $58/t <=
*Finland carbon tax: $24t '

= Switzerland carbon tax: $12/t "

» Tokyo specific cap-and-trade
+ Japan cap-and-trade possibly in 2012
*» Seoul cap-and-irade possibly in 2012 0

of CO, market price in » South Korea cap-and-trade on hold in parliment

2011: $15A€0, 7 . g

* Australia cap-and-trade starts in 2012 with
fixed price of $23/t
= New South Wales cap-and-trade: $3.4/t

Source: SBC Energy Institute, based on data from the IEA (global weighted average), Carbon Tax Center, DECD and Bloomberg New Energy Finance.

Source: SBC Energy Institute (2012)




1. o]2steta A Ve T2

(1 vw=e gaAzk 22338 F2 AUYAAUS DOE)ye &dllA FXEH,
2002~2012% 107 GDPE 227124 wlEeF 18% S 212 2719 ud 7|53}
0 ZRaRe TG $daue

[] CCTP(Climate Change Technology Program)2] W|=r 7]-W3} O AF71EANY

Aty A2 e 2

O 20021 7993t A 7)Ao} S f1ElA A, DOECIA F23kaL 1270
AR} 7177} o, Ak of 400 WelE Tl

O F8 A& ]f D AR, GRS, A, vlo]eolvhE, A Ae 'R AP 3
A, o, A%, AT} Q7N IA AGI Bl 5 A FEE R opjet A
kR & Eﬁﬁo}ﬂ A 7= S X

O AIF-HA dA]: =27 2 viE=Fe] (HH 4] ghael 7o she A7 A7) <=, oy A
2 7= 7, CO,  o]9] 2A7Fs 9w, FAESHE, soot of| o ®=E, HFC,
PFC 59| W& 24 &

[J 2007 DOE 4t} =HAlX]|7]<<ATA(NETL, National Energy Technology
Laboratory)2] =2 Uqf& o]4kslebl 2|14 A5 93 SECARB(Southeast
Carbon Sequestration Partnership) = A E Aol CCS 7= 7IEs 7iA1E

(] 71593} o-a->2 =213 (CCTP, Climate Change Science Program)2] €S2 CCS
7142 AFAYg o] WFE YL, CCTPe] AFAE A Ay} Ae vhS3) 2e
O WA 7|15Wstst S A2 18, 1370 AR5 9 7|97 o, Az of
189] el 2 4
O Faglpiel : AFustelA E AAH WA} AdBAT Slgte] sl
oAu st FaFs PIA=A], TS 7| TS AAA 7Ol QI &S AT
A= 715 JEE OVEUﬂ ARgstaL A A =
O A|F-ZA| oAl F1] th59] G|, A PR A o8 A, sk 27
e F1Fnsel ASAAS 9 SR shrasel e 24 5

.
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. CCUS J1& & MY X TF

() vlshe oAbs o o ksleks A% 9Istel EOR 2 CCS 714E 15898

O %7] EOR 7|8 75, ol4tsteha: A%k Bk b2 A4 3]0l 7=
AT Hol oy, oF- EOR 7]wol &85= A T4 ol itsteis b
ottt ® At 247 Agte Al sk Ve WEFeR Hg

[ 13] AAA g olrtsteta Az dd A &

Shute Creek (Labarge)
ExxonMobil, Chevron, Anadarko
Wyoming )

Val Verde (Sharon Ridge)
ExxonMobil

" Oklahoma
EOR Ho— EOR

7 MtCO,/year S CON eSS

EOR revenues EOR revenues —

Enid Fertilizer
Kock Nitrogen, Anadarko Statoil

0.68 MtCO,/year
EOR revenues

il

Snphvit

North Sea
e Aquifer

.——‘
— — 0.7 MtCO,/year —] I_

S— Carbon Tax

1986 1999 2007
T T T —>
1985 1990 1995 2010
1996 2000

Project Name Sleipner Weyburn (Great Plains Synfuel) In Salah
Owner Statoil Dakota gasification BP, Sonatrach, Statoil
Location North Sea Cenovus, Apache Saskatchewan Onshore
Storage Aquifer EOR Aquifer
Vol. CO, 1 MtCO,/year 3 MtCO, fyear 1 MtCO,/year
Incentives Carbon Tax : EOR revenues Potential gain of CERs*

C0,Source

. Gas processing

Notes: *Certified Emissions Reductions (Kyoto Protocol)
Source: SBC Energy Institute, based on Global CCS Institute project list.

. Hydrogen production & use

Source: SBC Energy Institute (2012)
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[] CO, &8 Y3955 7| (Enhanced Oil Recovery, EOR)

O fr&dol Folgle= AFE olAEHAE Fste] F7H e m A= 7= =,
FAe AF AMFES 30-60%, = 1 o]FoR =Y 4 9.
& 7heFdW B stETdReY 7 VeR B
O W=+ CO: EOR+e T4lWd &<k ARgsl] 231 9131, 4 A7 EOR Z= 4| =9

S )=o) A J3Y. X 308 5<¢F New Mexico$} Colorado?] =41 kAl

CO, & &835}9] Permian Basin®] 955 EORS E3}e] A3t 3, DOE=

AFAT) CO, EOR= 28354 24009 wide] drs F7I= 3 & =+ e
=

2
ot
5
2

o] Ak ZHto A B = oSt AR &E] HIAZ S A, olE
Fole] oxkste A A7S AdS 4 ukal AW CCUS 7]+9 EOR &5
FAA 202010 AHoll= oF 8~9HTEES] olhkslElA A g3E IS F US

Aoz oA

O CCSE 53 AA 7|4 &4 5o CcCUZE 53 v|g &8714S gagor &l
0 =7l vlsl, ml=e vlaE g T
A2 82T 4 2= EORS 53 7% Hgo] 52
EOR2 &A| ml=o] oliksleth H7HS $lste] 7P e +
shtel

O H"|=re] BP, DF2, Carsonc- petcokes EZ, IGCCHshift+A A 3|4 A%
(EOR) 71&=S 7Ndal3ila(2011d 7)
O vt W g4 23 9 A A% 22 AE 13 AAHS Abgste], AAzF 1001t

£ COo, & dolH S.dAA| oA EORELE AL&-

O wAAE Fo] Ay JFEE IGCC 582 HIZIPLEMW) T ZAE= ular
x| F-o} Fxo 2 A HH <} KBRAIA 7NeHst w55 d72~3HTRIGIM)
= AEgor Agd A 7hast W)e AR, EWRES A

= [e)
CO, HWIEFH9] 65%, = A7l oF 3507 =& ¥ 3] CO, -EOR Zdo AFE-
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II. CCUS 7|& L oY X TY

CO, B HMIEF PAE Wl WA tlEo] A7k v]gh oF AT Gelo)
19 gl olF RoE AYEE, ZRAE AAIAME AU P73
AebaE A s (Cepnel A, I ouARelA vs 20 7H ge el

[1¥ 14] EOR (&3] 53 71%) /Md=
Recycled
S?hrﬁgsigm?doo}r T Injg{at:d SRR = :E:mc';:a
Produection Well )

BEUent 4 /) )

q‘ CO, Dissolved (Sequestered) €o,
a_ T the Immobile !?l‘g:r‘:
5 Qil and Gas Phases Space

b
ispu.,;- TSt e
&&goﬁ‘,%o;’ SR S
PR obile L

Source: Advanced ReSources International and Melzer Consulting, Optimization of CO, Storage in €O, Enhanced Ol
Recovery Projects, prepared for UK Department of Energy & Climate Change, November 20710,

Source: Advanced Resources International and Melzer Consulting (2010)

2.2. CCS

O vl E39 A A 243e olabsteie A7e 98 7] ns
C

= A
M 3 5 A AEstel 233

1
H T
oliksteta Azkel FAIAQ] Y A8 Ay ot AL A




O|= CCUS &9 M& B4

[29 15] 2010—-2050 IEA CCS Global Technology Roadmap

2050
12000 - m Gas (power) M Pulp and paper 3,400 projects
: Power (48%)

Biomass (power) M Iron and steel Industry (32%)

10 000 |- M Coal (power) M Gas processing g?ggprojects Upstream (19%)
B Cement M Gas (synfuels + H2) p;wer (47%)
Chemicals Biomass (synfuels + H2 Industry (34%)
8 000 - (sy ) Upstream (18%)

" 2030

) = 850 projects
E b 0N Power (42%)
Industry (42%)
4000 - 2020 Upstream (16%)
100 projects
Power (38%)
N Industry (35%)
2000 Upstream (27%)
0 T 2 T T T T T ]
2010 2015 2020 2025 2030 2035 2040 2045 2050

Source. IEA (2009)

[ 7= W ccs &= 7= M 43
O Fluor & T8 AAYGALE S FFAZA 7l MEAS &85 7| 2477«
S
O H#3JAL Southern Company= A&t 4o 25 MWH F2o CO,
IHEANEES Adst] A7 T (MHIS] KS-1 &4 48)

O DOET stEed i A8 7153k 4719 advanced w4 CO, XERAIZ=HS
d7gstel ol wEAD A7 F® FT(011d, $6,7007b4d), ATER
TS 7K Cost of electricity, COE) &7t 25% ©lWlo|HA] CO, AAE 90%
°]%(0.5~5 MWH 4% F2okl COo, EF7]<)

O Linde : BASF9] olU*]2°F4 advanced o}l SFA1E 1MW AHlolA AHZF

Newman System : &8 CO, ST A4, A4 % 537}

O Southern Company : A EFsE A Ao A 520l CO, EH7|=2] €5 3(heat
integration) %43}

O University of Kentucky Research Foundation : ¥+ Hitachi 2] advanved &<}
A4 A5 3H(heat integration) Z 243}

O Hl=r& NETL FX2 1990 $HHH A4 7S A4S 2 2008 DOE 371
At AAS6MREIA)E T3l Aot 3 NEE T2 EoF Fista glom
2011 0.5 MW 5 A3t £ 2015 7] AREsE Al

O A& 5 AAFFA Zokell A mi=rell A 7HE o4l RTI= 2010 253 2011

O

—
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II. CCUS 7|& N oY X T8

O

119,
rk&

%

TEAN, 2015 3 55 34
S EL! M =l =i S-S AAIsl] AAE 90%E HoTlen, T/
A& A 3541 Ht AAEC] 77%H

20103 7k4] 10 ton-CO, /day(0.5 MW) 3d%E & 2AZ 3 20113 104)
TFREAANS F38) 100 ton-CO, /day(5 MW) 15 A5S 94831 20159 5HE
FAsts gashlitta w392 (Nelson, 2008)

NETL-S Encapsulated Amine-based ILAZFAo o3t E5E & 535190
MATRIC, TVA, Fuji Silysia, Georgia Tech, University Hartford, Sud Chemie<®}
A Aok FAl AlFo] 23S Wi AFE Y

ADAT 20121 1 MW TFE 9] A 54 o]& 34 AAE 9=
vhre] B A 23 3 A ZRAES Ay JheE M rhast 59
%ﬁ(IGCC) ZRAEL Jhs @el Holsal e €O, HiETe] i
90%7H =151, ¢ 7HEA] AxE co2 1009+ E& Z 3. EORO| AF8-5]A]

O}r1- 31 3] C02

s
Aol A%
=3k Ayt 52 A 7l e AEA e AL B B o] -
olM Qo™ MMV/MVA #d RYUHY 5 &4
DOE S41¢] RCSP7F g5 olH, 23/Ad= QAR Zraso] A2 dA <
CO, o]z}l H=rell 2,000 km ©]/de] CO, ®IF AXA| (F= EOR H74)
1] cross-gole EM ©]W] 2|3} A& 9 single well EM : Lost Hills Field, Cal. (both)
& Frio Brine Pilot, Texas (A} EM) cross-hole ERT (Electrical Resistance
Tomography) : Cranfield site, Mississippi LBNL U-tube sampler system : &5
QLEZo|9} 1=k Frio and Cranfield sites s°olA A3Z2l X G-3}st A5 AF
Nt} Weyburn-Midale site o1412] CO, XUHE-S =Y AF-24H o A
A% AlgAF sk By A

Frio site : X|7-8}8} FAAAIE AR 2 42 AF

s}
Z=u}
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~

[ 3] A=HAL 7IRF S8 9% CCS A%

Project name Country Status

Southern Company’s Plant Barry CCS Pilot us 25 Operating

American Electric Power’s Mountaineer CCS Pilot us 20 Completed

Huazhong University of Science & Technology’s Hubei Phase | Pilot ~ China 16.7 Operating

E.ON/Alstom Karlshamn CCS Pilot Sweden 5 Operating

Enel’s Brindisi | CCS Pilot Italy 48 In construction

CS Energy’s Callide Oxyfuel Pilot Australia 30 In construction

Source: Bloomberg New Energy Finance

Source: SBC Energy Institute (2012)
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II. CCUS 7|& N oY X T8

2.3. CCUS

[0 71 247k Azte] s o2 AARY olaksbeta E3/57](CCS) 7]=ol, T4
Me FE2 247k A7ks @S o Sivks Al =gl e, ccuel Aok
AR S5-S $18ke] DOEYIA = CCS9 CCUE §3tek JHIQl CCUS 7]&o B
A FAL Q. ol ok Al AZIEAL gl CCS VIl Ade Y T
wekeh = 9lg Zow MYalal, < CCUs 7% sl tigh Tyt 2hids
A 5

7]1%2] Challenges

Economics do Market conditions - CO, prices or carbon taxes —
not match are not high enough to allow large development of CCS

Direct government subsidies are not sufficient

Lack of clear signal for climate mitigation policy

Uncertaintios Unclear framework for storage (monitoring requirement,
long term liability)

Market Risk: Substitution by natural gas or renewables,
low electricity demand

Public opposition
to onshore storage

Management of
integrated projects

5 B T4 o, AR Hx 37 dEdow FEH,

= 10%°1 3iFSHDNV, 2011). ¥%t o}yl CCU 7]%
TS &3 FUtsstEe] ALk AAlA o] 2 i 84ES of1E 5 S o]
DOEE H|Z= o]xlslelro] zpgo 7o &8 thdl research timelines

sk, ccusel B4 /1% 2 A48 A St g

—
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(28 17] &4 A AR B AARSS] 7 7 =30 AE

2030 2040

Mineralization/ Avoid (0;
Cements Emissions at

<$10/metric ton

Chemicals

1 BB Arpiiod Resaanch (TRL 2-4)
Dravsdopenant [TRL 5-81
Largo-Scalo Testing (TRL 7-9

Source. Clean Coal Research Program, DOE 2014.12

[J 2011d NETL= o]ibsteba A 7S 9lste] CCU 7]=o] Iirbd 3h& Q1A she,
71 CCS 7=/ ek xEET] Qo) A4 &8 2 AJAL8(Carbon Use and Reuse)
5. FA3l/A) 9 E (mineralization/cement),  3}8H= 2 (Chemicals),
Z2]7lRY|e]E  Ze}2H(polycarbonate  plastics) 7]E=7/1E-E CCUS U
H EAS e 2
O FA gk FtHUolE FA = oitsterae] 1A F7] FhRUO)ERS] H
oju| st zpAANA LY e G EvE o]ilslekae) sleike-S
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II. CCUS 7|& Y oY X T

<-(Methanol),

ZH(Acetic acid), 77| 4H(Formic acid), DMC(Dimethyl Carbonate), IL+-A}3}3}=,
A5 T HE &8o] 7Is

[Z28] 18] CO.E o]&3t A3t A% tEF2EH

formic acid
methanol
hydrocarbons, O
e.g. kerosene, diesel H- C\'
Me-OH OH carboxylic acids

CH
H3C/€ 2§\CH3 . CP

OH
th urea
methane O

CHy—H o—c o - NH2

M-CO;, R’NH c
inorganic carbonates substituted ureas NHR?
RO~ C

)t\/ln RO-C

organic carbamates
cyclic carbonates organic carbonates ) \
cyclic carbamates R

1y, LLg

poly(carbonate) poly(carbamate)
monomers monomers

O ZYJIEMIo|E Zetay: ARkl Al dREAQ] Jddql e 2eddls
olibsitael ARt EQl Zolddl JHUolE Ee ZZedd
= 7= ETTHRYCIE SEkAY Ve Vs AT

E}“l Yol =

o —
H]—Ocﬂ) —‘FLPG _ﬂxg o

L | 7Fe. @Al a4 7le E ARES: sy diAluvA =
83 COo, A3 dyA agsteE g Su i 2 Zgg g XS
A A A F<l
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o

(] DOE A9 A7 /% wa AL vgw 2
o

O Solidia Tehcnology Inc.: ©]4F8}gkA &8 F-7]1ulQIT| <l Wollastonite =2 (Solidia

CementTM, SC)<= Portland Cement(PC) tAo] &8s} ¢ /s 3

(2010-2015). @A] 7]=9] A&3tE Hste] 71 A12" A oA el des
e ATE A= d 7]%2 PCol| HIEHY CO, A 60% o FHAAIA
A

O McGill University: 7]<& A2 E A ALY 5 o4Hg e = A
3t A= FIEIYUTL 2010-2014).  oARstERARS] IAIE B
o

M 3 2 AR A3 55 =R

4 T ZAE7HEV|E dH= deH Co, 7 A

(2% 19] o|AtElehas 43 2AYE 22

9} Novomer(Al &1l A& 35202 o]4kslebie} of| ZAJ =9

wkol 20131 Albemarle Corp.(21 A A&

CRO
ZYZ 2 AT Y| E(PPC)2] U Aol AE, Aatd Zdw S F

40% o]’&o] olrtateAisl
O Research Triangle Institute: ©] 7= CO, | U8R
B3] 9ste] S=3o] ¥ 131(2010-2014), LRSS A w92l pe
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Ak Slste] olibstgtael whae] whgo] FeHHE FRAAL, EI A
Gl HeAS Hol= A4 i Nele 5 A4

Feed Water
CO-Rich
Syngas
= Steam Water
3 =
Biomass
Petcoke
—
Lignite
i Refinery Waste
O — _“_I_
CO,

[ 21] F=5v &8 CO:. g

T

CO;

A :> Fuel+Useful

catalyst Compounds
. Particle . P

O Massachusetts Institute of Technology & Siemens: ©|2Fs}EbAo] g-5%4 A7k 2
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o]
Y Ph,

N, OxC/ =] ¥ B
Ph~ [~ Ph_—[~ Ph O{\ 2
Pre., | wPPhy  CO, (F"‘rf— sPPh 112 [P ML/ = //7

Mo, ‘Mo P e
p=— -— P
Phy | B ” 2N; I‘g /

oxidative

coupling RDS dimerization

o]

-hydride
Ph_—— I
<-— Py, ~PPh, elimination F’h/* plen,
“Mo=0 — g
p= (; -— |o\ /
H

Phy l\}o Ph,

k(CzH4)k(CoDyg) = 1.2(2)
AS*= 1(6) eu; AH* = 24(3) kealimol

O Plant BiologyE 913+ Helios T2 A E9] Aoz ZAAWIFE] A T4
20073 EjFol =] A+AIE Q] Helios SERC(Solar Energy Research Center)”}
AYE v} 15, & 2709] Helios 9177} Bioenery, Biofueldl Hs% o A+
R, ZAlewEE] YA SERCE HYES  Z8ste =3
olitstet A= HE HEE Fo O“Xﬂ AEE AJAFsto] Plant Biologys €43k
Zlo] F-3E 9. Helios SERCO] =8 dAmitoke BlSf 3 R A A5 =4

]

Mgk, EA4ks) 2 O]/\}g}E‘r/\ A% wES Zu] 2wk A 2E o
AT Roln H75}eta Swol A Al 2 A|2E sjate] o]FojHal, Wt}
51714 ¢l HEeAR 9% ARHWHE Zuza WIS Y5 A4S
s S

O "= Yo} =Y 7-4(Sandia National Laboratories)E 402 20100 5=
¥ dquUAE &8 O]"}EZ}EV\J ﬂﬁm % 7]% Lokl Akskedol
J =)

Agko] 7hsst 7= s SRR L E
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“S2P: Sunshine to Petrol”

Carbon-Neutral Renewable Gasoline or JP8

Proof of Conceﬁtdé'monsmted for Splitting CO2 & H20 with a Solar
driven Chemical “Heat Engine” — Needs R&D to further investigate viability

Chemical synthesis of Gasoline from the Solar
Products and Conventional Chemistries.
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Integrated CO: Capture and Catalytic
Conversion to Solar Fuels Using
Hybrid Multifunctional Materials

2014.10.01. ($167,231)

Texas A&M Engineering
Experiment Station

Photo-Thermo-Chemical CO:
Reforming of CHa by Concentrated
Sunlight

2015.08.01. ($100,000)

Texas A&M Engineering
Experiment Station

Novel Photocatalysts based on
TiO2-Passivated IlI-V Compounds for
CO2 Reduction

2015.08.01. ($330,000)

University of Southern
California

CO2 as a Sustainable Feedstock for
Chemical Commodities

2012.09.15. ($1,750,000)

Brown University

Hydrocarbon conversion on
oxysulfide surfaces: Towards the
design of sulfur-tolerant reforming
catalysts

2015.07.01. ($189,595)

Louisiana State
University & Agricultural
and Mechanical College

Combined Catalytic Conversion of
CHs and CO: to Value-added

Southern Illinois

Products over the Oxide Supported 2014.09.01. ($366,462) Universitv at Carbondale
Metal Catalysts from DFT-based Y

Multiscale Study

CO Hydrogenation to Long-chain

Terminal Alcohols and Aldehydes: A Washington State
Combined Approach by Transient 2014.10.01. ($432.000) University
Kinetics and Theoretical Modeling

Environmentally Significant

Reforming Reactions Studied Using a 2012.09.01. ($226,240) CUNY City College
Novel Catalytic Shock Tube

Tailoring the nature of the active

site of Ni electrocatalysts for . .
electrochemical co-reduction of COs 2014.09.01. ($405,452) Wayne State University
and H20

Efficient CO: Electrochemical University of Ilinois at
Reduction on Transition Metal 2015.08.01. ($329,793) C}lrllica o
Dichalcogenide Catalysts &
Viologen-catalyzed Electrochemical Bricham Youn
Conversion of Biomass for 2015.09.01. ($100,000) %niversit &
Sustainable Energy and Products y
Electrocatalytic Multielectron

Reduction of Carbon Dioxide to Fuels 2011.02.15. ($610.869) University of

Using Small Metal-Metal Bonded
Clusters

California-Davis

Source: http://www.nsf.gov/
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(1 MA Zb=2] #ARE] #71sk= ICCDU(International Conference on Carbon
Dioxide Utilization, 2013)°14 w|=r¢] cCU ¥ ¥ =5 &3y} o]kaleks
Ag 9 & A5 Foks v 2

[3 5] ICCDU XII 2013 =7} =i @3
27 P U (FE + EAE)
USA 65
China 19
UK 16
Germany 15
France 10
Korea 9
Japan 9
Singapore 8
Italy 5
Spain 5
Canada/India/Brazil/Belgium Zk3 o
Switzerland/Netherlands/Austria 22 H
Poland/Saudi/Norway/Hungary/Estonia zt1 o

O olitsteha A%k
- Zujglery  o]Abslebs A48l HES- EoK(Catalytic CO, Hydrogenation to
Alchohol, Acids, and Hydrocarbons)
- A718}e4 o]ikslerA A3k FoK(Electrochemical CO, Conversion)
- FollyA] 2 EYgE &8 o]iksiera ¥ EoK(Photocatalytic and Solar
Thermo-Catalytic CO, Conversion)
- &3 o]ikslerA A3k FoKBiochemical CO, Conversion)

- olhkslEk A el AR} AlZE 7]$(CO,  Conversion to Polymers)
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[29] 25] ICCDU XII 2013 o]xt3teth Hslk A Fof

* Catalytic CO2
Hydregenation to
Hydrocarbons
12%

- Catalytic GO2
Hydrogenation to
Alcohols and Acids

+ Biochemical
Conversion of CO2
6%

* Photocatalytic

and Solar Thermo-

Catalytic CO2

Conversion
18%

O o|itseta &g

Materials Processing)
- ME EH 7RsEE kgl A9

Reforming and Gasification)

Paper Distribution of COz Conversion parts in ICCDU XII 2013

108

papers

= CO2 Activation
and Conversion to
Chemicals
30%

+ CO2 Conversion
to Polymers
9%

* Electrochemical
Conversion of CO2
16%

olxkstElA &8 H-OoKCO, Utilization for Chemical and

o|xt3sleks &8 F-OKCO, Utilization for

- oA Az E AGE 98 o]kstE A &8 #-oKCO, Utilization for Energy

Production and Storage)

[712 26] ICCDU XII 20134 o|At3}eka g oA

o}

M

* Plasma
Processing and
Thermochemical
Cycles
12%

Life Cycle
Analysis,
Economics and
Policy Aspects
21%

= CO2 Utilization
in Energy
Production and
Storage
21%

Paper Distribution of CO2 Utilization fields in ICCDU XII 2013

A\ papers

= CO2 Utilization
for Chemical and
Materials
Processing
24%

42

» CO2 Utilization
for Reforming
and Gasification
22%
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oo & At B ofs} Foll AAH o= s Hart 5. 7Y Korea CCS
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* Global CCS Institute, Accelerating the Uptake of CCS: Industrial Use of Captured Carbon Dioxide,
(2011.3)

e Global CCS Institute, == CCS &3} (2014.2)

¢ Atlantic Council, US Policy Shift to Carbon Capture, Utilization, and Storage Driven by Carbon Dioxide
Enhanced Oil Recovery

e Centre for Low Carbon Futures, Carbon Capture and Utilisation in the Green Economy (2011.7),

e JRC Scientific and Policy Reports, Carbon Capture and Utilisation Workshop (2013)

o IVIEAARANE, 3]L3EE AHRIA A96% (2013.05.29.)

e KISTI Market Report, ©]4Fs}eta~o] E3- 278 7)<, Vol.2 Issue 12, 3-6

e NASA Goddard Institute for Space Studies (GISS)

e International Panel on Climate Change (IPCC, 2007)

e BP Statistical Review of World Energy 2011

e http://www.alstom.com

e US Department of Energy (2013)

o ofoliMY FExd, sElE 85 A A FXHEIA (2015.5.8.)

e International Energy Agency (IEA), Technology Roadmap for CCS (2009)

o SBC Energy Institute analysis of 22 answers

e SBC Energy Institute, based on data from IEA, Carbon Tax Center, OECD and Bloomberg New Energy
Finance

e SBC Energy Institute, based on Global CCS Institute project list

e SBC Energy Institute, results from answers from 27 actors in the CCS industry

e Advanced Resources International and Melzer Consulting

e Bloomberg New Energy Finance

e DOE, Clean Coal Research Program (2014.12)

e http://www.netl.doe.gov

e http://www.nsf.gov

e International Conference on Carbon Dioxide Utilization (ICCDU, 2013)
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