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CCUS Value Chain
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purification &
conditioning

Industry Pipelines

coz
injection
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Hydrogen production

l E CO2 carriers

Power generation

Trucks
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Depleted O&G fields
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Saline Aquifers

[ Utilization

Food and beverage
industry

4

Chemical (fuels,
methanol, polymers)

EmG

Concrete and mineral
carbonation
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Source : Rystad Energy research & analysis
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W Seismic and GEG
OWell service
B Drilling tools and commodities
B Transportation and logistics
W Rigs and drilling contractors
b and
@ Maintenance services
B Operational and professional services
WEngineering
W Equipment
O Procurement, construction and installation
T J
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(Source : Rystad Energy research & analysis)
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@ Development of major CO, storages
® (O, storage taken FID?
Northern

Lights (NO)

Overview of developing CO, CCS projects in Europe (2023)
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CO, cross-border transportation in Europe (2023)
@ Development of major CO, storages

o Countries adapted London
Protocol (contracting parties)

5 Countries ratified Article 6
amendment

& Countries signed bilateral
agreements

=== Allowed CO, shipping
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Overview of developing CO, storage projects in the US (2023)

Capture techs move fowards 'big-to-small’

= Compact/Dynamic unit

= High selectivity and permeable membrane or ultrathin film
+  Dry rotary with adsorbent

M States with developing
CCS projects
for industrial emitters

Summit

Decatur
Marguis

@ CO,-EOR areas

Storage techs move for storage efficiency and safety
*  In-situ mineralization

+  Injectivity enhancement

+ Al&Big data driven monitoring

121

Carbon Terro Voult
Mendota
Montezuma Carbon

— Utilization techs competing
+ CO2-EOR/EGR
- eFuel, Bio-plastic, etc
~ - = Building material

Pelican Renewables
Sutter Energy

lLoﬂg!edf

Innovations are coming along
= Black carbon

* Bio fuel(algae)

+  Metal-CO2 Battery System

R——
CENLA
Pecon Island
Pelican

Notes: 1) United States Departmant of Enengy 2] Inflation Act 3) Infr and Jobs Act
Sources: United States Enwironmental Protection Agency (EPA), Clean Air Task Force (CATF), Deloitte analysis
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Laboratory rock
mechanical tests

- 3sandstone cores
- 1shale core

CT scan/scratch test to
obtain plugs for test
Triaxial/Brazilian test
- Single stage

- Multi-stage

- Brazilian test

= EvT

- Pristine vs. treated

M-C failure envelope
- UCS, C, Fang
- MC for sandstone
- MCfor shale

Dynamic to Static
- MCfor sandstone | - = il
- MCfor shale A
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Existing 1996 Protocol To The Convention On The Prevention Of Marine Pollution By Dumping Of Wastes And Other Matter, 1972
Petrochemical

First amendment

Ca .
Pla':.,t;‘"e €02 Hub CO, Streams can be stored in
Liquefaction t 1 ; i
mi.:'c;:zfri:gyc;:p & Storage O ge‘)log'c?}i}é{:’;;itézns below o Contracting parties agree to ¢y
S ()] o provisional application o
()] o o
L o o~ o
‘
J
i O . (o))
Offshore ) “ o — °
Sequestration Landon Pictocol 8 Second amendment 8 First bilateral agreement
is adopted Cross border transport of CO, is signed
For CCS is allowed
Source: South Korea — Malaysia Carbon Capture & Storage Projé al\iaﬁ;._gmvﬁf‘h new MOU — SK Innovation Newsroom SKinno News &

-22- -23-



2. FZ2 EA 015 IH 7A
© BIE YA - 2|20| T Z EI2 015 HIE (AOI3-WI|0f-FBHI= co2 22 X MF )

CAPTURE SHIPMENT STORAGE
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Source : www.offshore-energy.biz  Mitsubishi Shipbuilding and TotalEnergies study liquefied CO2 carrier | gasworld

CCUS: Where is carbon capture working? — Energy Monitor 9
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= L NE NS # 20233 SHIOI0IA 7HEIE! 28Kt RA7|=HaFE} SAR 22

[*] Iil]i'} 7,"-_1I|-_,l-7_<1 Olgx‘mo"kl J..LI‘EI g0| 1 SE EE% (¢)  Accelerating zero- and lm--mnsswn technologies, mncluding, mter alia,

bles, nuclear, ab and 1 technologies such as carbon capturg and

.?_ﬁs_} g)éj IA ?:I‘g% _/'\-_EI‘ 2 CCUS n’-lg_)\‘l OIIl utilization and storage, particularly in hard-to-abate sectors, and low-carbon hydrogen
production;

02 ... ASEAN SiLiiel cCS
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{-7tA%0] EXHSHH 2030 3.5Gt2| HAHH HEE

Cid

o OIEHX|HE %|4 24712| CCS ZRHET
© ORIt LHOILM = QI L|AJOF2t ZZOIAOKE BIAKEA 318 HES £8617| ATt Z2HE

2184 0|0, QITLAIO 197HO] TRMES X7 QI MT(DI9 84Mt 7T
THeto| WA 271 5

QIE | AlO} 2|0l Alo} dE= El= HIES
ZOZHE 5 19 2 1 1 1
TZHE QY XE 9 BHIOIG, TE 1 Q! Exo! -2 IBCES; QIIAH
o4 8% 9.84MtCO2/yr 3.3MtCO2/yr | 2.5MtCO2/yr 7.1GtC0O2

1S 2018-2024 2020-2022 2024

FID 2024-2026 2022
Eth 215 M2| | MESE9 EORS,01E 4 XA E3t MNE(01E) EOR

ACE(2024) ASEAN CCS Deployment Framework and Roadmap. P.11. Table 2.1
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. ngd Optimal Design of
i (202 Capture chesses
» 2014-3%): w4, MBc ZMsiL2etat '
» 2013: PostDoc., MIT 2t= 3}
» 2012: YAZ A3, MECICP

Design of Onboard

CO, Capture Processes
——w—

Optimal Operation of
LNG Terminals / FSRU

» 2011 2hAL MBO] S22 eE

© HA
» AHY. (2023). ElzHA Mt ofs, Mot
» AAY. (2021). Z1Eet e FASE Hotg,
» YUHY. (2020). FlEHz M FER|A. K| HAL
e
Aaky o
el

Tt 'ﬂ

% — -——
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Optimal Operation of
H; Terminals/Stations

@D HYUNDRA)

Optimal Design of BOG
Re-liquefaction processes

Optimal Design of
Co, Re—hquefacuon

A4 227tA A ol

IMO MARPOL

* IMO MEPC (Marine Environment Protection Committee)

* MARPOL: International convention for the prevention of MARine POLIution from Ships
» Combination of MARPOL convention in 1973 and MARPOL protocol in 1978
» Has Annexes regulating different harmful substance pollutant
» In 1997, Annex VI (Prevention of Air Pollution) was added. (Applied from 2005)
* Regulation for NOx, SOx, VOCs, ozone depleting substances

» In 2011, Annex VI was modified to include CO2 regulations. (Applied from 2013)

IMO MARPOL 73/78

Annex llI

Entered into force 2005,
Updated in|2011

a8 D

Annex Il Annex V

Annex | ; Prevention of Annex IV -
Regulations for the g‘eg;llaflopf,;olzéhe Pollution by Prevention of F‘P'g‘lfl“-u;"z"b;f
Prevention of ontrol of Folution Harmful Substances Pollution o
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Mt @A7LA 3 0|2

- 2000, 2009: IMO(=H[HAFZ| ) 1%, 2" GHG study H11M
= 2011: 62" MEPC, 0| MZ}EtA HiE 78| 37t
» MARPOL 44 6(Annex VI) 7%, NEM A0 2 sH= o|M3Ehs HIZE FHIS 2013U5E| AZ, ELATIONE 37| 93 EEDI S £E.
« 2014: IMO 3 GHG study E11A]
+ 2018: IMO GHG &35 £7| T2 (initial IMO GHG strategy) &4
« 2020:IMO 4" GHG study 211A
= 2021: 76" MEPC, 2023 A5 E| #EMoi| Cist 247tA 38 =2
» SEM iy etaFEE JHIQEEX], CIl § £8, 2023HRE Mg
* 2023.07: 80" MEPC, 2023 IMO 247} F2[(2023 IMO GHG Strategy) A=

- 2024.03: 81th MEPC
» HIFE B A4 S 918 B2t E YA (GESAMP)
» 0CCS 317/7t A5 3eitt 740 B2 (CO)

+ 2024.09: 82th MEPC
» GHGHEZE Z7I004 0| (I S/ZAS L), Bk 1
» LCAJIO|E2I9! JHEt 1 (GESAMP-LCAWGAI 4, IZHISA|% CIZE 2t ZE0E)
» 5X}IMO GHG Study ZE A%

- o Ty,

SNU NAOQE
Youngsub Lim

2023 IMO GHG strategy, what is changed?

» Key features

_ Before 2023 2023 IMO GHG strategy

Goal GHG emission 50% reduction by 2050  Net-zero by or around 2050
Net-zero by 2100

Target substance  Estimation of CO2 emissions Estimation of GHG emissions

Target process TtW (Tank-to-Wake) emissions WitW (Well-to-Wake)
(in combustion stage) (from production to combustion)

« Another key point in MEPC 80t

» The interim guidance on the use of biofuels was approved.

+ Biofuels must provide a WtW GHG emissions reduction of at least 65%, compared
to the WtW GHG emissions of fossil fuel of 94 gCO2eq/MJ.

SMU NAOQE
Youngsub Lim
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2018 IMO X7|X2f > 2023 IMO GHG Xzt

« 2023 MEPC 80X10j|A{ 2023 IMO24! 7FA T =F X{EH
» 7|& SH2I 2100'H0|M 2050 AMK| 2ATtA SHIE M2 (net-zero GHG) SH A%

Outline of ambitions and minimum indicative checkpoints in the revised IMO GHG strategy (DNV, Maritime forecast to 2050)

Units: GHG emissions

Il Emission pathway
in line with IMO's
revised GHG strategy

Bl Emission pathway

in line with IMO's
2018 GHG strategy
Total: Bl Business-as-usual
20% reduction &g, emissions

Intensity: Emission gap

40% reduction

ek Net-zero
70% reduction Er;cggwss-ons

5% energy share

2008 2020 2030 2040 2050

Enlarged range

* WtW (Well-to-Wake) GHG emissions should be considered

» Previous regulation is based on the CO2 emissions in combustion stage (TtW, Tank-
to-Wake), but from now WtW GHG emissions from the production to use based on
LCA (LifeCycle Assessment), should be considered

Emission to air
r \ Emissions (gcozeq/MJ)
1 L] 1 L L WET  Ttw WHw
Extraction of Transportation
raw material Fuel production & Storage Bunkering Ship operation HFO* 13.5 78.2 91.7
| > 4;'!-“1" N
% i 9 @ “ @ LNG 185 57.6~707 76.1~89.2
Fuel 9 » » » » Hydrogen 1320 0 1320
el Tenktoweke  Ammonia  121.0 0} 121.0
Well-to-Wake ESSF?(%%F;;E;J Gh?aadrg;";fms to RMK)
SNU NAOE e ** N,O is not reflected

Youngsub Lim IMO. (2021). Guidelines on life cycle GHG intensity of marine fuels (LCA Guidelines).
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Expanded GHG

* CO2 only = GHGs

» Previous regulation is based on the CO2 emissions only, but from now CO2
equivalent GHG emissions should be considered.

» For the exhaust gas from a ship engine, CH, and N,O could be considered.
» 2023 MEPC 80%t Zut gz O|LojEtA SIHHHEYOR 24TIA HiE TA: Wot ol

* 19c0ze4/(tonne-nm)

. GWP100
IPCC 4t report IPCC 5t report IPCC 6t report Used value in REDII
(AR4, 2007) (AR5, 2014) (AR6, 2022) /FuelEUMaritime

1 1 1 1
CH, = i 27.229'(?1.:(,?;2290 o

298 265, 298 273 298

SMU NAOQE
Youngsub Lim

Fuel EU Maritime EfEtA 21

» EU ErEtA 23t Fit for 55 I{7|X|2]|
ULEZ 2021HSRE HE
» 2050ENX| EFAFEICFE 80% X2
» MRS RMIIA HIEY 7|1E
(100%): 91.16 geozeq/ (M)
* IMO2| H2 94 gippeq/(tnm)
» 20284 JHH of|™, &t o Z3HE 2o
2 0f| Ak

FUEL EU MARITIME’S TARGETS 2020-2050
TARGET GHG ENERGY INTENSITY INDEX BASE 100

100% 98%

To accelerate developments in low-carbon fuel technology and availability,
mmmﬁimeumMmommmummmm
up to

SNUNAOE 10

Youngsub Lim BV, https://marine-offshore.bureauveritas.com/sustainability/fit-for-55/fueleu-maritime
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EEDI, EEXI, CII

EEDI, EEXI, CII

» EEDI (Energy Efficiency Design Index)
» An index to estimate the carbon intensity of a ship based on the document.
+ The mass of CO2 to transport 1 tonne of cargo for 1 nm (g¢q./t-nm)
« Adopted in 2011, applied from 2013
+ EEDI is applied to a new-built ship above 400 GT

* In 2018 72th MEPC, EEXI and ClIl are adopted.
» Entered into force from 2023.
» EEXI (Energy Efficiency Existing Index)
+ Same concept with EEDI, but for the existing ships of 400 GT and above (gCO2/t'-nm).
» CIlI (Carbon Intensity Indicator)
+ CO, emissions calculated based on the actual operation data of a ship (gC02/t-nm)
« Applied to ships of 5,000 GT and above

SMU NAOE 12
Youngsub Lim (Lim, 2023)
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Cll (Carbon Intensity Indicator)

* CllI, Carbon Intensity Indicator
» CO02 emission to transport 1 tonne of cargo for 1 nautical mile, based on the actual operating data.
» For ships that achieve a D rating for three consecutive years or an E rating in a single year, a
corrective action plan needs to be developed and approved.

» Two types of indicators are used now.

» EEOI (Energy Efficiency Operational Indicator) OC CS 7H R

« CO2 emission to transport 1tonne of cargo for 1 nautical mile, based on the actual operating data.

Y FC- Cf
CAP (t) - Distance(nm)

Attained CII =

* AER (Annual Efficiency Ratio)

» To calculate EEOI, the data of actual cargo weight required. However, now there are ships that do
not have the data system about the cargo weight.

» For AER, the weight of cargo is based on DWT of the ship, not the real weight of cargo.

FC-C
SNU NAOE Attained CIl = N £

Youngsub Lim DWT (t) - Distance(nm) 13

m) . ). /[ (DWT - nm) , C C U S
Voyage-based Vessel-based Voyage-based

EEOI % AER % AER %

17.10 - 15.16 - 8.08 - 7.40
BEOFEE 1316 -231% 1219 -196% 706 -127% 661  -107%
. 4th |M0 GHG study (2020) 1167 -318% 1070 -294% 631 -220% 584  -21.0% « CCUS:CCS +CU
» CCS: Carbon Capture and Storage
140 4 /’ + Technology groups that capture CO2 from emission sources, and store it in sequestrated locations where is

no atmospheric emissions.
» CU: Carbon Utilization

+ Technology groups that convert CO2 into another product

= 1204
Based on 2008
(100%) - Seaborne trade (tnm

CO, sources

Change rate (%)
8

Utilization Liquefaction ~ CO, Transportation

8

Capture compression

$

2010 2015 2020

SMNU NAOQE 14 SNU NADE 16
Youngsub Lim Youngsub Lim Lim. 2023
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OCCsSEt

+ OCCS (Onboard Carbon Capture and Storage)Zt
» Mt 23 So| WS Selof Mo HHZEIE O|MBIEIAS T o MY KT £
7|1E CCS 3240l 5tH5I0 Muto] 2HT7IA HES Z=otXL of= M4 O|AsfEta &
3 LR AR,

Cleaned 2 AMESE A2 E oLt X imo cG
_— (Correspondence Group, 2| 7|ZH & F& ¢t =

-

|.

*0CCSS Onboard Carbon Capture Systems2| 2F X}

9|4 occs= “Onboard Carbon Capture and
Storage” 2 THESIH, O] M| MEE2 Mt LA
X Z(onboard temporary storage) 2 2 1 2{5l=
Aoz oL /5.

— Fluegases
. from main
engine

*Systems=E =0|= 2§ "0OCCS systems”" S £ X|
HIIT &,

CO2 Tank

MARITIME CCS

17
hups:igeaptain.com/d ils-concept-design-for-shipboard-carbon-capiure-system/

OCCS #=9| 0|7

- 1) 449t 22714 A2 Zst
» M= 32 2=
+ 2011: 62" MEPC, O|ASIErA B 7RI 3748 AISIQE M= FHI7} Zsteln IS,
+ £2 YHB(SH-2TUW) S RTSHE CHY Mt 44, BE MZMO T2t (Y2 3Z0| &
x| k2 g
» SEMO| ch3t »HAT 2H|
+ Mot 232 o 25-35+102, HEM CI47} EDIHOE YBtEls SUTLA HiE FHOIM X9
E7 28t
*2) CCUSSET 8= ?ISt LHET O|Liefia =549 ALY

» Net-zero=2dS ?let O|LhetEe £E5M0| 2AZFA S HIESHHA ol = ME2L?

SMU NAOQE 18
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.

» E4 (Absorption)
+ CHAH 2Z0| 5 dH|(S2 14 S4He 228 Ze 22 218t 43510 24-H0f olikl= WS 0|83t=
227|=

+ CHE E4=H|: o}l =24 (MEA, DEA, MDEA...), 22L|0}, AMP 2| C}&=

« A2 1M 7k 7|
» %t (Adsorption)
« CHY SZO0| £ DH(ZS2 AH|) SHHe 215 28 22 3heH 23510 SEHA|e| HHo|| nAtstEl= AS
o|23t= 227|&
» £2|2(Membrane)
« 2% 3000 w2t CHE R8-S 71K = Y42 0|85te] E2lsh= 7|&
» X2(low temperature) 22| | 7
« EX0| WE AHS TS 0|8510] 22|5t= 7=

EHEH HHLIS2 SA0 Ldsts A97F QoM E+/E% A USE T
CH&l O 7F YA QIR DA QIR|of whet 414 ZHES 2 L0 Yo7 = &
21

SMU NAOQE
‘Youngsub Lim

. Stripper
Ipp:

» QY 712i0fl 2 HE0| A=E Vs

» 1X} OF2I(MEA)—>2%0t2I(DEA) > 3%0}2I (MDEA), E7HH|(PZ)
ot Zo| ZHME SH| 9l o2l olof = Crfet 22|X, BH5tA g4
S0| HLE=M dUH2Z ALEE[0fS.

e

» TEXQI ofl EHH2 CO, 12 ZTLISH o 3-4GJ,, (0.8-1.1
MWh)2| OjlL{X| ER. 0= OfiL{X| A0l [HE 2UTtA HIES &
g EtA X B SS Aot

CO2 capture
Equipment (MEA)

Target vessel

« HA FHNIES BHAHY-MBAAHLUMN ~2.5 GJ, fton TS| Hs L HaSm
M gnstm e B 16m Absorber D1.5m, H10m
D 9.9 m Stripper D0.8m, H14m
» CO,7Hatete] J|H|2 EE. 0| ofEA| K2 Zelsjo] uf2p R R i
2 olEs nEp| m == o i 73m OfCensey B Dol
ChA| A28 CO2E BI=E 20| HR. 0 S0 HICO2z e
DWT 8000 tonnes MmO

Kot E3F0l| 0101 H2tZ7H0| F7}&|0{0f & 0Of= =
7HHQI ol X 2617 2REHE 2l0|

» ddle| 37| H|ef, 25 I, £A Ol

-¥. Lim. et al.. Modeling. Simulation and Validation of CO2 Capture for Coal-based Power Plant using MEA, Energy Procedia, 37, 1855-1862, 2013-

Cooler D0.3m, L6m
Pumps

Design speed 13 knots

Main engine 3000 kw

+  Van Den Akker, 1.T. Carbon Capture Onboard LNG-Fueled
Vessels : A Feasibility Study, Master of Science Thesis, TU Delft

-1, Jung etal., New Configuration of the CO2 Capture Process Using Aqueous Monoethanolamine for Coal-Fired Power Plants, frd Eng, Chemn Rex,, 54 (15), pp 3865-3878, 2015.04
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7|2 (tilting) 1t 2Z!2

DFT: differential pressure transmitter vertical line
FT: flow transmitter R

FC: fiow controller .
Uk ange () —7 |

CV: eoatrol valve

$V: salenaid valve

TT: temperature transmitter

T tenperature controller (=) "—‘E’ﬁ

PP: plastic packing

MP: metal packing ‘I_r Iraer i

—— gas line

—— liguid i

—— electric line _@
—®

iy
/'l.—*- — gliamgter (0.6.m)
] — ——_|_ Pivot pointof

@ offshore motions
water tank
sloshing machine
Fig. 2. Schematic of experimental offshore column system.
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7 vervieat  EEE Tilkange 4
6 EE miangle 2* [ Tutange o*

Absorption efficiency (-)

Column abgnment
(@)

ment of a packed height.

o 1 2 3 4 5 @
Vertial packed height (m)

(b)

Fig, 10. Effects of tilt angle on packed height. (a) Required packed height under tilted conditions, and (b) absorption efficiency with an incre-

Yongho Son, Junhyung Park, Jisook Lee, Kyungtae Park, Wangyun Won=,
“Networked column compartment model for a tilted packed column with

structured packing,” Korean Journal of Chemical Engineering, 36, 789-799, 2019,
Yongho Son, Wangyun Won*, “Liquid holdup and pressure drop in packed column
with structured packing under offshore conditions,” Chemical Engineering Science,

195, 894-903, 2019.
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mcmmﬂmmm ‘was adopted by the
MO as a mandatory

2131| EHAHETHBIR| Bt S
Mmma$§amA

E3t 40| 7ks

| NG Fueled Ships | | Land-based CC5 2 |

Ut M@ A|

» AZH/FSE 2t ollix] AR S,

» gl Co2 sE0 ul2t R gMAI 2
» HiZHA L) 242 M2|(HA2]) 2X

= Onboard Membrane Carbon Capture and Liguefaction Sysiem

*  LNG Meled ship (3500 TEU container feader) was selected as

the target ship.
B Exhians gas composition of target ship
HRIIHeeniote S —— N 7 Y
e L vt pecificatiosofahipe X P 1%
= Nitrogen 8138
L m 28 Oxygen 15,67
B m 3750  Carboudioxide 394
siaja) o S Flue gas composition. of powee plast
m Ll Spfp—
{membrane) Fliegs o action
DWT DWT BN (e
Nitrogen 701
MCR kW 18,200 Daygen a7
Carbon dioxide 135
|28 470 | e 0| Bl [ T prd

|
L
SNU NACE 8 o,

: *Juyoung Oh, Rabul A
YOUNGEUDLIM - ooy sigiaiptutel ofsl. 491e, 2023

| 30 4-71 | ObSNES SEcy CiE MR 30 S

* via ship
» Liquefied CO2
+ CO2 carrier, operated in 30+years
+ Limited in small scale (~1000 m?3), for drinks
» Issues

+ If light components (e.g. N2) is included, the
required T for liquefaction becomes lower.

* - High purity CO2 is required.

+ Solid formation: dry ice, hydrate (with H,0)
formation with too low temperature

SMNU NAGE
Youngsub Lim
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. 'Iomwcawm}#mlng&wu alternative fueks are
=] being explored M=
_0_9_ - Except for LNG, thow fuels have several challenges fo be
=2= VIS i i

. Tn-mib“mdﬂmluudn'bhhld =

N

|I*' ||a. '||~-

< The umhpumunco,w elecivity o 100 was

1 similar level of energy

onboard ap!

ko e et sk ']

108 200 Mo
€0, P (67T

*  The membrane OCCS system was much smaller than the
process.

amine-based

Unmer Zahid, PyungSoo Lee, Youngsub Lim, Process design of onbosrd membrane carbon
capture and liquefaction systems for LNG-fueled ships, Separation and Purification Technology, 282(B), 2022

Larvik Shipping, CO2 carrier Fraya

hittps:/Awww larvik-shipping no/fleet/

CO,°

* Pure CO, triple point ~-57°C, 5.1 atm

» LCO, conditions
» Medium P(10~20bar), Low T (-40~-25 °C)
= Conventional small carrier storage conditions
» Low P (7~10bar), Low T (~-50 °C)
« For large scale storage tank, research and
demonstration are ongoing.
» High P (35~45bar), Room T(0~20 °C)

= Energy for liquefaction is reduced, but high
pressure tank is required.

- Solid C0,?
» How about transport solid CO2 at
atmospheric temperature? (dry ice)

» A solid is hard to load and unload large
amounts continuously.

SNU NAOE
Youngsub Lim

Pressure [atm]
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CO4(s) COs(l)
,"II: riple point /
®'-5657'C, 5.1tatm
[ S |
-80 -60 -40 -20 0
Temperature[C]

| I8 4-75 | @8t O|MBIEIAS| PTHE

Super—
fluid

Critical point
30,98
72.79 atm
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Why: With Paris Agreement, IMO targets 50% reduction of greenhouse gases by 2050. Ships using fossil fuel must have a solution. Onboard CCS(carbon
capture and storage) can be a temporary solution for existing ships before zero-carbon fuels become viable.

ZZIHT A2 CCShip (CCS for a ship)

Current issues

- 78 O[H] (=2IF)
» SI% CCUS7|&E 0|83 Myt o|AtstEts HHS HUHOZ QNS 4 = THHQI WHE

P dnv.comjm Target vessel CO2 capture
ﬂxl IMO _H_glol HIH cx/tecarbanization-in-shippng/inges html Lwi o Equipment (MEA)
B 16m  Apsorber D1.5m, H10m
D 99 m

Stripper D0.8m, H14m
DWT goppy Condenser D0.2m, Lém
Design speed 13 knots ~ HX  D1.2m, L6m

ol Main engine 3000 kW  Cooler  DO0.3m, Lém
van den Akker, Carbon capture onboard LNG-fueled vessels, TU Delft, 2017

» MEPCO|A] 2ixj =2] 2zt
* 2024.03 MEPC 81AI0f|A HIEH/OFASHEA BiEZC| £ 8l HF J2|10 MMEAZFHAIAH(OCCS)
CHRE 31717t A Erelut JHAl0] Btol3t (CG) .
. B AlOXF = ol 105 Al & = H}
2'7'?_" E_?_Elg?-l"o“kl = I'IUJIH%OI %Bﬂ- H‘I“x“}“ -I = OCCS *I nl—’l:-kl'f?_lc JI‘OIEEI.?J JH =, Objective: to develop cost-effective solutions for CCS from ships. With solvent-based CO2 capture as a base case, different CO2 capture solutions will be

A = A =
OCCS E;I;I‘ﬁ ﬂ-ﬂi E-IHEQF $ﬂ 75'5, 0OCCS ?':_JI- Olll-:lxl iEEch QE, -Eé!'COZJ"fleaﬂ'l' ﬂg =2 investigated to identify their potential (in term of weight, compactness, integration, efficiency, and cost) for different ship types and transport applications
_:EQ_I_ (size, fuel type, voyage distance), considering both new building and retrofit-ting of vessels.

i 73m

2008 2020 030 040 2050

» ZHAe| 25X

« LTS O|MBIEIAE X FHOZ O{EA & 221717
» 2| HE =2 ¥R 2
» Qlmat pxo| 2|
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Al2l: Northern Light project

- 58| CO2 ME HEYI =
» M|IH%|E cross-border 512 1= 28

https:/fwww globalcesinstitute com/fwp
-content/uploads/2021/03/Global-
Status-of-CCS-Report-English pdf

«IMO2I EUZF OCCSEUS AE &H| &

The TtW GHG emission factors should be calculated using Equation (2):

*IMO, Resolution | 52

MEPC.376(80); . &
i : » Equinor, Shell, TotalEnergies =
Gitgc!eltlnes_ tt;n Ifn‘e cycle Equation (2) aq ! ! g . 38D PARTY VOLUMES OF COx
intensity or marine = ALTERNATIVE STORAGE PROJECTS
fuels (LCA GUIDELINES), CHGro 1 » 2024 A2E =H @ NORTHERN LIGHTS STORAGE SITE
2023 1 [(1- 155 Cotnsnio + Crug)) X (Greo, X GWPeo, + Cram, X WPy, + o X WPy 0) +

__ 100 w
T LCV 1 [ Iii i !lw
+ (m(clﬁp'lﬁip + Cfug) X Cope X GWRfu-k) = Spe X € = Specu X Eecul— Eoces e B Hﬁ'ﬁ fwm;dgmmm'“ NORDLAND

well(s)
Note: terms Sgeey, €ccu AN €ees are pending further methodological guidance to be developed by the Organization. < Womsr depth~300m
For more details refer to footnotes 11 to 13. ship Orshore fociiies ey Comeciion for future siep-ou
= Oneship per capture site. | + One jetty for ship mooring + ~100km un-insulated carbon steel pipeine
+ 7500miof LCO;pership | « Tonk volume basad on ship cargo size - 12W
* Pre 13- ot . -
European Commission, . . i -q«mmml?:m“m . Emm:mw.mmmp_mmm ﬂnﬂenm‘;‘umﬁllcm 3-:'-:
REGULATION OF THE | (33)  In the event of technological progress concerning new GHG abatement technologies, such it nait il oo Vas
EUROPEAN PARLIAMENT o L . " ormsasarn o | teseariconwe
AND OF THE COUNCIL on I as onboard carbon capture, ihe Commission should assess the possibility to reflect, in the - Bouting frem anshore  joction of CO; intareservor et
the use of renewable and . . . . . A . l;rjesiu?o i eyl 2300
low-carbon fuels in maritime GHG intensity and compliance balance formulas set out in Annexes I and IV respectively, CopeiaY) e
transport, and amendin _— . . . . . | T e TR 7 psssees e g ey
Directivr. 2009 /16/EC oy the contribution of such technologies to lowering the GHG direct emissions on board ships. e N i ki
, . « oty
Y S =1 T4 i o TSI | o e e e e
SNU NACE 30 2 ship
1xship Onshore faclities Pipeline L injectian well (the)

‘Youngsub Lim
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Northern Light project

SNU NAOCE -
vounasub Lim  https://norlights.com/what-we-do/

@ Capture plants in Oslo and Brevik

@ Onshore C0: receiving terminal, Kollsnes:
gy o @ Permanent (0: storage site !
> = Transport by tanker ship

CO, receiving terminal in the municipality of @ygarden in western Norway.
The facilities are under construction and will be ready for operations in 2024.

H|E =

« O|M3IEtA TE HI2 ZF | O LtatEt

& S0 3 FES LS.

SNU NACE
‘Youngsub

» Mt el ojariElAo SR B4 3%HE

CO2 capture cost at varying CO2 concentrations, 2020

« "ZEHIE" Ot HiE "2|mb| 8" Wt ER

» CO2ETH|E
+ O|AbstERA EFOTE AQEE HIE
» 247A HiE Z|0] H|E
- OJAtEtELA: T QIoHM oflX] 20| SO W 0|2 QB ABT

3 B0 e 7he 1 R4TIA BIHES DT HIE
é ° + 01) CO2 1ton ZE $I51A $1008 £2: $100/t0N 0, copare
200 |
?:. ' « O EH SSE fdiM 20 MGOE HAsts BHEoM 24
8 A7} 0.2 10N 200 H4: $100/0.8=5125/10Nc02eq avoides
! e
g™ » HEsls 13
. . g sl4Btoz g Be B 55 0f2E.
pmr....' . @ lron and steel
generation @ .
50 H; (SMR) Coal to chemicals
© NGprocessing g -
0. . . . . . . . . .
0 10 20 30 40 50 60 70 80 80

CO, concentration (%)
IEA, (2022), Direct Air Capture: A key technology for net zero
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400

] M Scenario | (50% design-point) 368 (2021 FAME)

350 1 m Scenario 3 (70% design-point)
4 W Scenario 4 (80% design-point)

=l Scenario 2 (60% design-point) = = = = = = = =

Chamical Tnginsering Jowrmal 483 (3034) 149136

Contents lises avallable at Seiencel i
Chemical Engineering Journal

jourmal nomepage: wiw, sasviarcomlossison

Optimal capacity design of amine-based onboard CO, capture systems 1&
under variable marine engine loads

Juyoung Oh ", Donghol Kim ™, Simon Iy, Rahul " Lim*™

" Deparmment of Wavel Archin l Nazene! 1 Gwanakira. Gwenek . Sl 05326, Republic of Karee

1M Scenario § (90% design-point) _ 304 (2023 FAME) ey i
e R e T P S L e -
? et CAPE.}( ©Oh, J., Kim, D., Roussanaly, 5., Anantharaman, R., & Lim, Y. (2024),
2504 ™ Biofuel Optimal capacity design of amine-based onboard CO2 capture systems
— 231 (2019 FAME) 3 > ? i i
E B T e B O g oo oy L = underaganable marine engine loads. Chemical Engineering Joumal, 483,
149136,
g 200 -
S 150 ]
g ]
o} ]
C 100 1
50 -
0 1
2019 price 2021 price 2023 price
Yearly average fuel price

Fig. 13. €O, avoidance cost of the onboard carbon capture system compared to the alrernative decarbonization strategy.

H|EZA]

The role of onboard carbon
capture in maritime

decarbonization @ T i e Cu—

for Zero Carbon Shipping

A case study of the largest shipping segments, main carbon-based fuels, and full and
partial appiication as part of a newbuild or retrofit

Segtember 2022
lapie & LU; apaement COST CacUaton (ViLL).
"Assumptions: Vessel Lifebme: 20 years, Inierest Rate: 5%, Debt Finance: 60%, Cost of Equity: 10%, LSFO Price; $500%n, LNG Price: $400%n,
CO2 Storage Cost: S2500n, Sailing 250 daysiyear

iy avoidance & reduced by the welkodank, 100-year GWP, emissions associsted with the addtional energy consumption (LSFO: 132 gCOyM,

LNG: 19,6 gCOuqML: LEV for LSFO: 41.2 Mlkg, LNG: 48 MJkg) and anboard mathang siip from desel genarstors (3.1%)
“Autionsl fuel cansumplion for methanol vessel assumes genset usng fusl ol

[C wio Mathanc
Totsl (0, svocanceuratyes) 46,300 300 37,700
CAPEN Slbyem) 14 iz s
OPEX BAMye 50 8 9
©0; Storage Eh¥yer 1 a8 03
Tot Cost Ahrean 04 ] 88
Apatement Cost- TTW iHtonCOH1 250350 180-180 30240
Comecten C0; avidros bornlyes? 2700 26100 32200
P T e e T, [
Avclement Cost - WIWHMLNGO) | 200330 220-230 250200 '
!

[
"

IS CARBON
CAPTURE ON
SHIPS FEASIBLE?

0 CO,

OIL AND GAS CLIHATE INITIATIVE

ST Stena Bulk
QIL AND GAS CLIMATE INITIATIVE

NOVEMBER 2021

if a25-30% 2030target

TOTALCD, (MT/Y)

CO; produced 35840 35540 35540
Emitted)/ventad 2489 30.1% 28200
Captured 0549 5326 724
% coptured (aug. over lifatime) 30% 15% 20%
Total Investment ever lifetimes (12 years] S18.5m $17m £17.6m

CHANGES TO RUNNING COSTS ($/D)

Totol extro running costs 4727 451 4358
- af which due to fied costs 4332 3803 4,022
- of which dus to variable costs 495 248 w
- of which dus to sequestration 438 m 208

sheo, wE 207 232

OVER 20 YEARS UFETIME

Totol extra nunning costs §/d L________4.1_01_ _______ as4| ______a7m

$heo, ' ‘ 153| 254 | 201y
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Chssical Dugrseying Jesal 498 [30F8] 195407

Contents lists mvailabile m sl

6290 (31%HZ)

2 Chemical Engineering Journal
<]
140 ELSEVIER Jousiat hormecige: e e ool
£ GHGpyy: Methane slip without OCCS @ GHGpyy: Generator_CO; liquefaction system
W GHG yy: Main engine without OCCS (excl. methane slip) B GHGy: Generator_CO, capture system - g s
130 W TIW ey Greegh
3 GHGgyy without OCCS & GHGyy: Boiler_CO, capture system = gas e ok shipplsg WIth onbenrd sarban captiine dndle
b A FuelEU A o of different
120 = GHGpy: Methane slip with OCCS propuidion ss T
B GHGy: Main engine with OCCS (exel. methane slip)
110 @ GHGy,; with OCCS Juyoung oh”, Donghod Kim ", Simon Roussanaly ™, Youngsub Lim *
s ot i s D M i o G b . L
ek e of v Sy Ergteeing. G Yomesd (e | Gamest m, Gewemh A Sl S0, Ryt of Lovm
100 A et o et Pewrrh twmd Srbesd (e | Gt Cnoemsh . Soms’ AR Bupvids of o
g o) = = = = lvalug;
9116
% 80
& wn GHG intensity
8 e = = = = Jlimit (2040-44):
B
=
=
=

GHG intensity
= oflimit {2045-49):
o (G20 m 2

Oh, J., Kim, D, Roussanaly, S, & Lim, Y

[} (2024). Greenhouse gas emissions of shipping
io 1 io 2 io3  Scenario4 Scenario5  Scenario 6 | Scenario7  Scenario®  Scenario 9 with_ c_mbuard carbun capture under the Fus_IEU
(MSD-4S) | (SSD-28) (LPDF-2S) (HPDF-2S) (MSD-4S) (LPDF-4S) | (LPDF-28) (HPDF-2S) (LPDF-4s) | Maritime regulation: A well-to-wake evaluation

of different propulsion scenarios. Chemical

HFO MGO LNG Engineering Joumal, 498, 155407,

37

Fig. 2. GHG intensity for each ship propulsion scenario with OCCS systems.

(s98thesb@snu.ac.kr)
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* OCCS (Onboard Carbon Capture and Storage)
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« T RIESHER IMO =2|F)
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Maritime Cluster Networking in Korea
www.macnetkorea.com



