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C Scope

C Motivations for CC(U)S

C Capture, Utilization, Transport & Storage
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Scope of this presentation

To provide an overview of the CCS system & technologies

To provide the basis for the discussion in the 2" day of the workshop
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How to supply energy in the transition time?

The greenhouse effect
e most escapes to

outer space, allowing the
Earth to cool...

o ... but some infrared

Infrared radiation is trapped by gases in
radiation (IR) the air (including CO,),
is given off by keeping the earth warm
the Earth... enough to sustain life.

aSunlight i‘)

passes through 6 ENHANCED

GREENHOUSE EFFECT
Increasing levels of CO,
increase the amount of
heat retained, causing the
atmosphere and Earth’s
surface to heat up.

the atmosphere

Of EffO l'tS and warms the
earth.

Source: Cooperative Research Centre for Greenhouse Gas Technologies (CO2CRC)
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CCS importance in GHG mitigation scenarios

Potential contribution to net emission reduction, 2030 (GtCO,-eq yr')

Mitigation options 0 5 A 6

" Wind energy
Solar energy CCUS technologies are
Lraain recognized as one of
Hydropower

the ten priority actions

Geothermal energy
in the SET-Plan

Nuclear energy
Carbon capture and storage (CCS)

u Energy

Bioelectricity with CCS

Reduce CH, emission from coal mining =
| Reduce CH, emission from oil and gas —ag

I Costs are lower than the reference

| Energy efficiency il 0-20 (USD tCO-eq)

Material effidency I I 20-50 (USD tCO-eq )

Enhanced recycling o B 50-100 (USD tCO-eq")

Fuel switching (electr, nat. gas, bio-energy, H;) S e I 100-200 (USD tCO,-2q")

Feedstock decarbonisation, process change Cost not allocated due to high
Carbon capture with utilisation (CCU) and CCS variability or lack of data

Cementitious material substitution
_ Reduction of non-C0, emissions

llndusuy

~—— Uncertainty range applies to
the total potential contribution

| Reduce emission of fluorinated gas == Fn :?n_]lsslnn reduction. The Source: IPCC Climate
-E Reduce CH, emissions from solid waste L g individual cost ranges are lso h ' 2022: Mitigati 1
5 - associated with uncertainty ~ ¢Pange 2022: Mitigation LI
| Reduce CH, emissions from wastewater of Climate Change :
(https://www.ipcc.ch/rep University of
0 7 4 6 ort/ar6/wq3/downloads/r Stavanger
GICO,eq yr eport/IPCC AR6_WGlII_SP

M.pdf)


https://www.ipcc.ch/report/ar6/wg3/downloads/report/IPCC_AR6_WGIII_SPM.pdf
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What is CCS? « Transport

¢ It oring
CO - monitoring

Capture «-- col s

ninakne)
pipeline}

_~» Storage

. \’XT' O .

(-)n‘ \.)'r ll[ )

a'ser .JJ.‘.;.U[-I

.":'J;val__‘
(09" power plant)
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CCS — A chain of processes/technologies that enable

1. Capture of CO, from 2. Transport 3. Storage of CO, in
large points sources geological formations
Power plants, steel, [Trucks, ships, pipelines } Depleted oil and gas

cement, refineries, gas
processing, etc.

fields, saline aquifers,
etc.

CO, to transport

Comprejﬂj
Lean gas

Condenser

Absorber

Flue gas

cooler Lean pump

\
JaN
3
Lean amine
cooler
Rich/Lean

Flue gas

—

Rich pump
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Utilization in CCUS

The current and

potential uses of CO,

Source:
https://www.netl.doe.qov/research/c

oal/carbon-storage/research-and-

development/co2-utilization

Algae ]
[ Carbonated Beverages ] SHtagnholse Gases [.Flavors/Fugrances
k°o°,/ § § «Decaffeination
= o
e“’o' 2ol g &
(7 22
% = 5 o | carbonates
o P Liquid
@ Fuel
“\“e uels
EOR «Methanol
«0il 22 Enhanced Chemicals «Urea
2 . -CO
Gas “ECBM Fuel Recovery \Mattane
Re N\
o
et %9% Secondary
‘}°° 2, ¢ Chemicals
EOYCARaDE 65’ {5‘ «Refrigeration
Polymers Q &‘1 - Z
S |5 ‘59@ +Dryice
oo
& 2| %
[ Fire Extinguishers «Blanket Products *Injected into metal castings
«Protect Carbon Powder *Added to medical O, as a respiratory stimulant

«Shield Gasin Welding

*Aerosol can propellant

*Dry ice pellets used for sand blasting
*Red mud carbonation
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https://www.netl.doe.gov/research/coal/carbon-storage/research-and-development/co2-utilization
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Capture techniques — Heat & power sector

Post-combustion capture

Pre-combustion capture

Fuel Reforming/
Gasification
Steam orT
Air/O,

A

A

CO, dehydration,
compression,
transport, and

storage

A

A

Oxy-fuel combustion
Recycled CO,&H,0

Fuel

A

0, N,
Air . .
Air separation

CO,

Source: M. Mansouri, 2014,

Phd Thesis, ISBN: 978-82-

7644-584-8.
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CO, separation technologies

——Methanol

Physical ——Glycol-based
: —Ilonic liquids
o Absorption g -
——Amines _ MEA (most relevant)
— AT Alkaline

——Hybrid amines
——Mlodified ionic liquids

— R zcolites
A rotion . ——Activated carbons
dso ptio ——MOFs/PPNs
_m_—Metal oxides
Membrane . —— Amine-enriched
——Modified MOFs

mm POlymeric q
Source: Based on: I 1
https://doi.orq/10.3389/fenrqg.2 H y b I d L]

020.560849

co,

-
O
)
(O
. -
(qv)
O
Q
(Vp)
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https://doi.org/10.3389/fenrg.2020.560849
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CO, capture cost — Sensitive to scale & application 1

Cost is very high at
low CO, partial
pressure and
reduces significantly
at higher partial
pressures

Source: GCCS,
https://www.globalccsinstitute.com/wp-
content/uploads/2021/03/Technology-
Readiness-and-Costs-for-CCS-2021-1.pdf

GT-CCS / Mansouri & Breuhaus
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N COST DIFFERENCE AT VARIOUS SCALE OF PLANT
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Aluminium Smelting:
0.02 to 0.2 Mtpa CO,
Captured

Steel Plant Dedusting NGCC / Steel Sinter
Chimney: 0.04 to 0.4 Plant: 0.07 to 0.66
Mtpa CO, Captured

Mtpa CO, Captured

Cement Kiln Plant:
0.8 to 1.8 Mtpa CO,
Captured

Petroleum Coke /
Natural Gas Power
Plant: 012 to 1.2 Mtpa
CO, Captured

Steel Hot Stove Plant: Steel COREX Plant:
0.2t0 2.0 Mtpa CO,; 0.2 to 2.0 Mtpa CO,
Captured Captured

Coal Power Plant:
015 to 1.5 Mtpa CO,
Captured

Biomass Power Plant:
013 to 1.3 Mtpa CO,
Captured

11
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https://www.globalccsinstitute.com/wp-content/uploads/2021/03/Technology-Readiness-and-Costs-for-CCS-2021-1.pdf
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CO, capture cost — Sensitive to scale & application 2

300

250

200

Cost of Carbon Capture (USD2g20 per tonne CO3)

T Source: GCCSI,
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https://www.globalccsinstitute.com/wp-content/uploads/2021/03/Technology-Readiness-and-Costs-for-CCS-2021-1.pdf
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CO, capture cost — Sensitive to capacity of capture unit
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https://www.globalccsinstitute.com/wp-content/uploads/2021/03/Technology-Readiness-and-Costs-for-CCS-2021-1.pdf
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100
Consequences on the performance
90 1 Fixed O&M costs M Capital costs
80
Source: IPCC Special Report on CCS g
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http://dx.doi.org/10.1016/j.ijhydene.2014.08.020
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Post-combustion capture dynamics

Acc. to a simulation study by Montafiés et al. (100-85% load change):

fv"r‘xze’hp hD Theys of Nina Enaasen F /‘”; Residence time Volumetric flow Hold-up
smlufhancle/11250/301562 tmin) solvent lm /min] L] 1. The capture addition to the NGCC plant should
A ocher sup i e e not impose any problem for stable power plant
Reboiler 5 353.2 H
Descrber sump c o 2eas operation under scheduled load changes
Desorber sump and 10 70.7 706.6
reboiler 11 1 1 1
oot onger 26 s e 2. Inefficient transient operation of the PCC unit can
and piping be expected in the long timescales
Reboiler steam side 1 5.9 5.9

3. The control parameter is also affecting the
transient performance of both GT and PCC sides

e 56.00

104 F Power ST % 5%/min F
e GT Power % 5%/m¥n 55.00 — 07 Product flow 5% min
- = = =(CC Power % 5%/min ' §
E s POwer ST % 10%/min N . ) !
= T T GT Power % 10%/min __ 5400 £ 1! ——C02 Product Flow 10%/min
_ - = =CC Povscr% I(J%/mm ‘-ED E : - o _
: = Power ST % 2%/min =£ 5300 F =02 Product Flow 2%/min
Fd e GT Power % 2%/min ™ E!
= = = CC Power % 2%/min - !
3 = 3200 E1
| T

2 g = 5100 F
4 e B

90 F !! - 1

5 F e 4
E ES 9 £

86 FE: 49,00 i |
L) L

84'! .................................. 4&[)”'|...|...|....|....|....| PRI R S T T | I
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350

b) Time [min] d) Time [min] Source: http://dx.doi.orq/10.1016/j.iigqc.2017.05.011
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https://ntnuopen.ntnu.no/ntnu-xmlui/handle/11250/301562
http://dx.doi.org/10.1016/j.ijggc.2017.05.011
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1 Depleted oll and gas resarvoirs

4 Deeop unmineable ccal seams

R
Transport
Onshore Offshore
60
Indicative T&S costs (2020 USS)
50 — Notes:
== 1. All cost ranges are approximate and are based on published studies by the European Zero
Pipeline (@) Emission Technology and Innovation Platform, the National Petroleum Council, and GCCSI
O 40 process simulation for a 30 year asset life
8 2. All costs have been converted to US Gulf Coast basis
c 3. CO, Transport Ship costs include liquefaction
S
L —_—
530
Q 150 bar
. o <200ppmvH,0
I Geological Storage Options for CO, —— Produced ofl of gas g ke 0O 1Mtpa, 300km o T
I vars Injected CO, -l 93 (0, onshore pipeline tp3, 1,500km
e B Sowco g 20 :
in enl m e : storage reservo!
§ Ol otk e s SMtpa O, 20Mtpa, 180km i
10 —
Onshoregood
20Mtpa, 180km 3
onshorepetn | tongeressmar C—
Co,
Compression & Co; jl'rartnsport CO; Tra.nsport CO, Injection & CO, Monitoring &
Dehydration Pipeline Ship Geological Storage Verification

Different geological storage (source: ircc & cozcre)

Source: GCCSI, Technology Readiness
and costs for CCS, 2021.
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CAPACITY OF CCS FACILITIES (Mtpa COz)

180

2

[EEE e e ISR
CCS projects status

ADVANCED EARLY OPERATION

OPERATIONAL IN CONSTRUCTION DEVELOPMENT DEVELOPMENT SUSPENDED TOTAL
Number of facilities 27 4 58 44 2 135
Capture capacity (Mtpa) 36.6 31 a6.7 60.9 21 149.3

In Europe (acc. to GCCSI):

- 35 projects under development
(as of Sep. 2021)

- Mostly around the North Sea

region, but also in other
I I locations
20m 2012 2013 ;4 2015 2016 2017 2018 2019 Source: GCCSI, Global Status of LS

2010 2020 2021 SEPT

¥ PM PM IN RATI CCS 2021 . .
) EARLY DEVELOPMENT [ ADVANCED DEVELOPMENT [ IN CONSTRUCTION [ OPE OMAL UnlverSIty Of

Stavanger
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CCS projects in Europe

AUSTRIA GERMANY POLAND

‘ 1. Vienna Green COz* ‘ 1. H2Zmorrow™ 1. Poland EU CCS Interconnector
2. Leilac 2

BELGIUM 3. Wilhelmshaven REPUBLIC OF IRELAND
1. Leilac [pilot capture only] m 1. ERVIA

2. Antwerp@C [Port of Antwerp)*

3. Carbon Connect Delta' R ROMANIA
4 Flite*
5 C4U ICELAND 1. Onshaore storage project
6. North-CCU-Hub 1 Orca
7 Power-to-Methanal ANerp®Y 3 elliheid SPAN |
8. Kairos@C -
@ 3. Silverstone 1. CCU Lighthouse Carboneras
Citealle — SWEDEN
1.iCORD* 1. CCS Ravenna Hub* .
2. Bio-Refinery Project* 2. Cleankerk 1. Preem CCS
2. Cementa Slite Plant
4 CinfraCap
1. Onshore storage project 1. Porthoes [Port of Rotterdam]* ‘5. BECCS@STHLM
2. Aramis [Den Helder)*
4. H-Vision*
1. Greensand* 5. Twence 1. Acorn*
2. C4: Carbon Capture Cluster Copenhagen 4. AVR-Duiven 2. Caledonia Clean Energy
3. Copenhill 7. Project Everest* 3. Zero Carbon Humber*
8. Vlissingen Cryocap FG 4. HyNet* _
FINLAND 5. Netzero Teesside™
_ NORWAY 6. South Wales Industrial Cluster
) 1 SHARC . 7. STEMM-CCS*
Source: IOGP, https;//iogpeurope.orq/wp- ; flelpn:lr rI.:_l:rz f»t:_rag:* herm Liahial* 8. C02 Sapling Transport Infrastructure
content/uploads/2022/01/Map-of-EU-CCS- m 5 P{Tgs' 'gc'gf ucding Northern Lights Project _
Projects-January-2022.pdf - Folaris 9. Nonherrll Endurance Partnership ]
1. DMX Demonstration in Dunkirk* ‘ 4. Norsk e-fuel 10. H2Teesida*
2. Pycasso*® 5. Borg CO2* 11. H2H Saltend* —
3. K6 Program 4. Fortum Oslo Varne University of
) ‘ 7. Barents Blue* Stavanger
GT-CCS / Mansouri & Breuhaus 8 Norcem Brevik g

9. Pilot CCS project


https://iogpeurope.org/wp-content/uploads/2022/01/Map-of-EU-CCS-Projects-January-2022.pdf

Robust revenue

model

OPEX

CAPEX

Competitiveness

S

\

Economic

Coordmatlon

Integration

/ failures
Transparency /
. Key |l Technical & Performance
Transport and Barriers Operational losses
storage (T&S) ~__
infrastructure
model

Policy

Societal, Political

& Legal

/
Public \ SIS
perception
Liability issues

Regulatory
aspects Inspired by, DOI:10.3390/pr8050576
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Key takeaways & discussion points

There are several challenges when considering CC(U)S as a mitigation
option more specifically for the GT users

O

Costs, performance losses, CO, partial pressure, immaturity of technologies etc.

Does it make sense to invest in such a cost intensive integration:
When operated only a couple of hundreds of hours annually?

What about other users than the utility sector?

Short-term implementation targeted or a long-term vision?
LS
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