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Greenhouse gas effect
—> electrical energy —> global warming
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The Role of CCS and BECCS d g0

S s ENERGY

CCS plays a role in all

mitigation scenarios [IPCC i ©02 1000
2023, lIASA] ~ RCP8.5E 900_

Q & 8004
"Overshoot scenarios - require % % 200
extensive development of 2 E 600
BECCS - a combination of E 8 5004
geological carbon sequestration i, RCP2.6 8 400 overshoof
and bioenergy — and sl 30040— —
afforestation in the second half 200020'2020‘4020'6020‘8021'(N 2000, 2025 2050 2075 2100
of the century" [IPCC, 2014] Negative Emission

through BECCS
IPCC (2014)
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What is CCS?
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Carbon Capture and Storage

Geological storage

23.06.2025 = Page9

Aquifer

CO,, Capture
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Point sources:

O Power plants

1 HC production

U Hard-to-abate
Emissions: Steel /cement

industry
U

> >0.1Mt CO,/a

Geological Targets:

O Deep aquifers

U Depleted HC fields
d CO, EOR operations
a...
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Carbon Capture and Storage

Point source
Injector
e e
4w asasd é )
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CO,, Capture

Aquifer
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Carbon Capture and Storage

CO,, Capture

Point source
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Storage Safety

Injector
rolos
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Impermeable Seal
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Depends on rock formation and

injection design/strategy
100

Structural &
stratigraphic
trapping

Residual CO,
trapping

Tra )ping contribution %

Aquifer Solubility

trapping
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atmosphere

Electrical power
from biomass

Injector
o -
T < WYYV

Aquifer
BECCS combines bioenergy and CCS
—> negative CO, footprint possible

Geological storage

Possible conflicts with:

U Existing woodland

U Agriculture and food production
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Carbon Dioxide Removal (CDR) €O, fromthe  BXE oV

atmosphere

Electrical power
from biomass

Injector
5 -
T < WYYV

Aquifer

BECCS combines bioenergy and CCS
—> negative CO, footprint possible
Geological storage

Possible conflicts with:

U Existing woodland

U Agriculture and food production
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Aspects of Storage Safety
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CO, core flooding expeirments

: 4\'\£Pctric Jasek
' microbial

Boris J V!'n & " gl :
COgF€cktive a Numerical
trdnsport 2 . interpretation

Johansen field

offshore Norway
Reservoir § o

Simulatig

H. Ott et al., IJGGC
(2013, 2015)

B. Jammernegg et

- al., SCA (2023)
Goal = Predictive models for Hi

Plume migration and CO, trapping potential

» Field development — injection strategy Fluid dynamics and coupling to chmical

interactions (reactive transport) and

> Storage capacity and safety mechanical rock properties
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. d DEPARTMENT
Sleipner — offshore Norway =9 = ENeroy

The extracted natural gas has a CO, content of 9% (weakly acidic gas).
CO, is separated on the Sleipner platform and injected into an aquifer
800 meters below the seabed.

Since 1996, almost one million tons of CO,, have been stored annually.

o0 OO0

Lighthouse project: 4D seismic monitoring, first real CCS project




Storage Safety

Injector
rolos
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Impermeable Seal

Aquifer

Page 23
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Depends on rock formation and
ign/strategy
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https://youtu.be/h8tL_jkPTpY

Abandoned Wells as
Potential Leakage Pathway

Injection Well Abandoned £

Vadose ‘——..—z__'_—.' - Cluster of Producing Oil Wells
Zone Flow - == - -

Many fields are highly perforated by wells

Oil and gas wells have often not the right grade of
materials (steel and cement grade) for CO,, storage
projects — can they be worked over?

23.06.2025 = Page 25
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Well Casing

Annular Cement

Well Casing

Annular Cement

Formation
Rock

Potential leakage pathways in well environments
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20_F1F2 COS 0

Pr1 — Pr2 = Pc =

r

UNIVERSITAT
M LEOBEN W

23.06.2025 = Page 27 , - MONTAN



DEPARTMENT
GEO

Capillary Trapping =)= ENERGY

20_F1F2 COS 9

r

MONTAN
UNIVERSITAT
B LEOBEN M



e . d DEPARTMENT
Solubility Trapping D =2 EXeroy

B
A
X

injection well

cap rock
‘ 100

2 4

Structural &
stratigraphic

] u e V . . -
— saline ajuif trapping

prine Residual CO,

trapping

ge Security

Tiapping contribution 6

! Solub!lity ==
dissolved CO: | trapping y

g MONTAN
10 100 ;000 10,000 UNIVERSITAT

23.06.2025 = Page 29

Time since injection stops (years)

HLEOBENE



Solubility Trapping C_| © gEéﬁZIM "
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Properties: e e w

T 1 = CO, Solubility | e AR S GRS

P 1 = CO, Solubility T 200 bar (CO,) in water ~0.062 kg /kg

Pco2 < Pwasser < Pco2-sat.water 200 bar (CO,) 4-molal NaCl ~0.024 kg/kg

Water salinity T~ = CO, Solubility , 1 bar (CO,) in water ~0.00126 kg /kg
1 bar (air) in water -~ 8X10°kg/kg

UNIVERSITAT
M LEOBEN W
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Hydrodynamic Trapping (Video) — d ke
What if we don’t have a Trapp?

Video: s &Y ssm ENERGY

https: //youtu.be /kiZ25x21F-Y

>

Required: long enough travel distance to dissolve
CO, by extensive contact with the formation water

Convective dissolution arrests the up-slope

' ||I|
W\
\
D)

migration of a buoyant current — a Hele-Shaw 4

cell for illustration performed with model fluids. /’///// -

t Christopher W. MacMmrydh Ruben Juanes, “/A:’j, = :
(2013 - e  MONTAN -
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https://youtu.be/kjZ25x2tF-Y
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Mineral Trapping
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Ongoing and Planned Projects gg_ O
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Quest CCS Project

Upgrader: facility that upgrades bitumen (extra heavy
oil) into synthetic crude oil — typically located close to

oil sands production. Example: Athabasca oil sands or

the Orinoco tar sands in Venezuela.

Fully integrated CCS project being developed for the

Athabasca Oil Sands Project (Shell Canada Energy).

Unconventional heavy 0|Is DEPARTMENT
e GEO
= &’ asm ENERGY

E
Tar sands ==

Quest (Canada)

FEEDSTOCK: (blue) Hydrogen

by steam reforming (SR) for oil-sand upgrading
CO, CAPTURE CAPACITY: 1.08 Mtpa

CAPTURE METHOD: retrofit — Amine

STORAGE OPTION: onshore deep saline formations
FORMATION: Cambrian Basal Sands at a depth of
around 2 km

MONTAN
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CCS in Austria?
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SSPs — Global Primary Energy Mix g Cey

“Systainable” Energ.y [IASA — In’rerna'fional Institute for Applied
Intensive Systems Analysis
SSP1 SSP5 Database: https:/ /intcat.iiasa.ac.at/SspDb /
2000+ 11

1500- Bavuer et al., 2017

baseline scenarios Oil extraction in baselines exceeds current

-—
o
o
o
1
suljeseg

ere . estimates of conventional and unconventional
No mitigation

[$)]

o

o
1

reserves!

2

o

o

o
1

CCS related CCS plays a role in all mitigation scenarios

volumes

-
[¢)]
o
o
1

=S Maijor role if BECCS

AE in all climate friendly and 2.6 i
LT Decarb. fossil fuels In all climare rriendly and 4.0 scenarios

[&)]

o

o O
1 1

Primary Energy Consumption [EJ/yr]
o
o
o

2000+ Fossil fuels reduced to ~0 in SSP5/2.6 —
1500 - N 26D goals can extremely high carbon price exceeding 300
1000+ 1= Us$/t CO,

5 be reached

[l oil wio ccs ¥ Gas wio CCS ] Coal wio cCS Bl Nuclear [l Wind [l Biomass

. Oil w/ CCS Gas w/ CCS Coal w/ CCS . Hydro Solar.  BECCS
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Second Austrian Assessment Report on Climate Change | AAR2, To be published in June 2025 e “pec «
Osterreichische Carbon Management Strategie (CMS) 2023 — bundeskanzleramt.gv.at ie‘m"d Austtga" .

ssessment Repor
https: //aar2.ccca.ac.at/en on Climate Change | AAR2

Wolf-Zoellner, P., Bohm, H., Veseli, A., Hochmeister, S., Kulich, J., Fazeni-Fraisl, K., Lehner, M., Kienberger,
T., Ott, H., Fleischhacker, J., Sachs, N. & Kapfer, M.; CaCTUS — Carbon Capture & Transformation,
Utilization and Storage. Berg Huettenmaenn Monatsh 170, 230-237 (2025).

Ott, H., Kulich, J. CCS: Chancen und Risiken einer umstrittenen Technologie. Berg Huettenmaenn
Monatsh 169, 553-559 (2024).

Hochmeister, S., Kihberger, L., Kulich, J., Ott, H., Kienberger, T.; Carbon Management fir ein
klimaneutrales Osterreich. Elektrotech. Inftech. 141, 299-306 (2024).

Kulich, J & Ott. H.; CCS Capacity in Austria and its Competitive Usage of the Subsurface, Proceedings e ——
of the 17th Greenhouse Gas Control Technologies Conference (GHGT-17) 20-24 October 2024 | strategie (CMs)

Hochmeister, S., Kihberger, L., Kulich, J., Ott, H., & Kienberger, T. (2024). A Methodology for the
Determination of Future Carbon Management Strategies: A case study of Austria. International Journal
of Sustainable Energy Planning & Management, 41.

CCUS in Osterreich—Potenziale, Technologien und Folgenabschatzung, Hans Bshm, Susanne Hochmeister,
Philipp Wolf-ZdlIner, Jakob Kulich, Karin Fazeni-Fraisl, Markus Lehner, Holger Ott, CCCA Policy Brief
#3 | 2025.

H. Ott, Carbon Capture and Storage (CCS),

CCCA Fact Sheet #43 | 2023, Klimawandel, Vermeidung und Anpassung.

M. Lehner, Carbon Capture and Utilization (CCU),

CCCA Fact Sheet #32 | 2021, Klimawandel, Vermeidung und Anpassung.

UNIVERSITAT
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https://aar2.ccca.ac.at/en

Austria: CO, Emission Scenarios

2045 2050

- = Emissions WEM

100,00
80,00
59 Mt/a
O 6000 e
™~ 38 Mt/a
4 m
@O 40,00
o)
O 2000 11 Mt/a
— o
E 0,00
-20,00
-40,00
1990 1995 2000 2005 2010 2015 2020 2025 2030 2035 2040
——Total emissions ——Without natural sinks CO2 aquivalent Natural sinks (LULUCF) Emissions WAM Emission Transition
23.06.2025 = Page42 Data: Umweltbundesamt 2023
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» Residual Emissions in 2040
between 10 and 60 Mt/a
depending on scenario

» The Carbon Management
Strategy 2024 considers
4-12 Mt/a

Is CCS in Austria needed?
What are residual
emissions?

MONTAN
UNIVERSITAT
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CCS = mature technology and world wide applied, but - like any
technology - not without residual risks

» CCS is banned in Austria with the original argument that there is still a

considerable need for research So—
New Carbon Management Strategy of Austria (2024) o — s
o Mitigation and efficiency first principle B e Benen I

» Emissions that are unavoidable or difficult to avoid (hard-to-abate)

o Risks of “fossil lock-in” and “stranded assets” should be avoided

o Conditional definition of hard-to-abate (considering time-dependent
availability of substitutes/alternatives)

What is the size of the problem and what are the potential and options
for CCS in and for Austria?

23.06.2025 = Page 43 MONTAN
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Spatial and sectoral

; | ”l - .-ro. 1 H H .
e é e, distribution of CO, point
L@ : ‘ sources ( data basis 2019)
Salzburg ?% 1
7\ (] . '
Bregenz f. . o
:'?ﬂ ae Ql_szgruck ¢ I

Economic Sectors
© Mining & Quarrying Machinery

@
Chemical & Petrochemical @® Food & Tobacco :ggg
Iron & Steel ® Non-Ferrous Metal 6000
Energy Suppl i
gy ~upply : Paper, Pulp & Print 4000

Transport Equipement

CO, Emissions [kt]

®@ ® 0O

Non-Metallic Minerals 2000

- . - bE MONTAN
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CO, Sources and Sinks in 2050

23.06.2025

25000

20 000

15000

10 000

jahrliche CO,-Menge in kt

5000

Ene/Ind: geogen

ne/Ind: fossil

£ Moderate (back)
B — .
g ‘ NEFI decarb. scenario
A Progressive (front)
== /
-
T o
i M Brennst.: Biogas
& ™ W Brennst.: fliissig
c é M Brennst.: Methan
B Chemie: Harnstoff

W Chemie: Olefine

Bren

B Chemie: Methanol

Chemie: Harnstoff

Chemie: Olefine
| Brennst.: M

M Ene/Ind: biogen

M Ene/Ind: fossil

Chemie: Methanol

Ene/Ind: geogen

CO,-Emissionen CO,-Bedarf

Industry and Energy

Page 45

Hochmeister et al. (2024) &
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Potential demand for
chemical raw materials
and synthetic fuels

~15Mt CO,/a
May not be covered by

Vv biogenic resources

- CCU

m MONTAN
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CO;, captured [Mt]
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CO, Sources and Sinks GEO
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Hard-to-abate Industries ————
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B Biogenic
. . —> 1500
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Domestic and European Storage Options gg_ ENERGY

Domestic hydrocarbon fields I . I\E
» Fastest to implement — limited volume il -
{7 3D seismic surveys \

(200-350 Mt CO,) L —— S i |
£ // AW T

> Decades of residual emissions

Domestic deep aquifers

» Potentially in the Gt range — insufficiently
known/characterized to date

—> Exploration required

I Production and processing of metals
Energy sector

I Paper and wood production and processing
Mineral l industry

19
B Chemical industry
Waste and wastewater management —r—r—r—r—r—r—r—
Other o 2 €0 120 Kilometers
2%

CO, export for offshore storage
» Enormous potential (North Sea 100 Gt range)

likely limited by development time and access

(transport network, contracts, etc.)

23.06.2025 = Page 47 Kulich & Oft (2024, 2025) &+ _crus Mty



Northern Lights and Longship

Northern Lights
- Industrial decarbonisation, CO, storage for Europe

Key metrics

Location: North Sea and west coast of Norway (Offshore)
Operation date: 2024

Storage capacity (Mtpa): Phase one: 1.5, phase two: 5
Feedstock: Various

Transport length (km): 110 (from onshore receiving terminal)
Transportation type: Pipeline and ship

https: / /norlights.com/about-the-longship-project
Northern Lights — CCUS around the world — Analysis — IEA

©)

DEPARTMENT
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Northern Lights: the first cross-border,
open-access CO, transport and storage
infrastructure

NL will provide companies across Europe
with the option of storing CO, deep below
the seabed in Norway

Phase one mid-2024 with a capacity of
up to 1.5 Mt/a. Phase two: expansion to
a total of 5 Mt/a, depending on demand
Partnership between Equinor, Shell and
Total

Key component of Longship, the
Norwegian government's large-scale CCS
project

MONTAN
UNIVERSITAT
B LEOBEN M


https://norlights.com/about-the-longship-project/
https://www.iea.org/reports/ccus-around-the-world/northern-lights

. d DEPARTMENT
Alternative Use — Hydrogen . coning: ik A

H2 storage potential [TWh] CCS potential in hydrocarbon fields [Mt] TO'I'CI' C02 CCIpClCify: ~300 Mf (200-350M1’)
G . 1 00 In bigger fields (>7Mt): 187 Mt (128-226Mt)
| Kulich and Ott (2024, 2025)
versus
‘Hard-to-abate’ emission: ~4-12 Mt/a by 2040
Hochmeister et al. (2024), CSM (2024)

Underground hydrogen storage (UHS) capacity:
Potential UHS in gas fields: 73 TWh

In abandoned or existing UHS sites (UGS): 26 TWh
Kulich and Ott (2024, 2025)

[ gas fields
I oil fields
[ UGS facilitiy versus
[ condensate field Storage demand expected to be between 32-56 TWh, see
Clemens et al. (2022)
-> CCS and hydrogen storage compete with each other to
some extent, but do not exclude each other in terms of the
Total theoretical UHS capacity: 60 TWh* Total theoretical CCS capacity: 303 Mt . .
Capacity in operational UGS sites: 24 TWh* Capacity in 8 largest fields (> 9 Mt): 191 Mt Sto ra ge ca pQC”y I’eqUII’ed.

*including UGS outside of CCS screening
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The Situation in Austria
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f-Permmed °
2021 i Permitedwith i The Austrian Way to CCUS
— g:::; ::meed nor ;V)rohtblted
[ Prohibited with exceptions |m p I e menfqﬁon
of EU regulations?
Lifting of the Implementation
ban (2025)? of CCUS?
v Austrian CMS
2> (2024)
Reevaluation
i (2023)
Iy Reevaluation
(2018)
CO2GeoNet
(State :: IZ report) CCS ban
play rep (2011)
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Acknowledgement — Questions? g . ENERGY
The A team
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Questions? Jakob Kulich
holger.ott@unileoben.ac.at

www.geoenergy.engineering
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