Presentations 8 February - CCS Speed Dating - Capture

e Jorild Svalestuen, Gassnova

* Jan Gabor, Mo Industripark

* Bjgrn Hglaas, Statkraft

e Tiril Fjeld, Haugaland Industrial Park

* Kjetil Bergmann, Returkraft

* Kristian L. Aas, SINTEF

* Guro Nereng, Borg CO,

« De Chen, NTNU )

e Thijs Peters, SINTEF

 Mona Mglnvik, SINTEF Energy Research
 Hanne Kvamsdal, SINTEF

* Zuoan Li, SINTEF

* Mario Ditaranto, SINTEF

 Ragnhild Skagestad, SINTEF

 @yvind Langgrgen, SINTEF Energy Research

O
-



j¢ri|d Ci_i- -iT #CLIMITS7U_I5\;/I2/IeIJr2uc;2:,
Svalestuen

MODERATOR

The CLIMIT program provides financial support for development
of carbon capture and storage (CCS) technology and consists of
two support schemes; CLIMIT R&D and CLIMIT Demo. It is run by
the Research Council of Norway and Gassnova respectively
where Gassnova has the overall coordination responsibility and
heads the program secretariat.

The Research

Council of Norway G ASSNOVA.:?

Content




CCUS Industry Clusters
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Gabor

VP BUSINESS & PROPERTY DEVELOPMENT

CO, HUB Nord, pilot CO, capture in Mo
Industrial park

Educated at Bl Norwegian Business School, worked for more than
35 yrs in construction and industry. Leading positions focusing on
business development. Currently also a member of the CLIMIT
Programme Board.
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CO, HUB NORD

v

Jan |. Gabor - e
CLIMIT Summit, 8/2—2023

A Mo industriparkas’ = -
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Roadmap for CO2 Hub Nordland CO2 Hub Nord
industry in Evaluation of Demonstration of Development
CO H b N d Nordland Technologies technology of fullscale
2 u O r 2017 2018-2021 2021-2023 CO,-capture
Industri, Industri, SINTEF, Industri, SINTEF, 2024-
SINTEF, NFK Gassnova Gassnova

* The world'’s first test of CO,-capture in ferroalloy industry

* Capture from two different sources + combination g\@

* Optimising of integration solutions and further development of | /
CO,-capture technology

Integration of energy systems and flue gas conditioning

Case studies and LCA-calculations

Benchmarking of technologies
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CO, Hub Nord

Six industrial sectors
gathered in one project

Duration of project, 2 years

MTU from ACC is now
running

Pilot testing for 6 months
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WORLD’S FIRST CARBON CAPTURE PILOT FOR
SMELTERS INAUGURATED IN MO INDUSTRIAL PARK

Today, the world's first carbon capture pilot for smelters has been officially inaugurated. The Mobile Test Unit
(MTU), delivered by Aker Carbon Capture, is now connected to Elkem's plant in Mo Industrial Park, Mo i Rana,
MNorway, which produces high-purity ferrosilicon and microsilica.

20 January, 2023 12

The carbon capture sting is a collabc 3
Mineral , SINTEF, Alcoa, Celsa Group, Ferroglobe PLC cem AS rFrakalk AS ACT Cluster and Aker
Carbon Capture. | full le implementation, 15 million tohnes of CO2 can by 1

combined emissions. In a couple of months, testing will commence at SMA Mineral.

1ed by more tha invitees, Amund Vik, State

retary at the Morwegian Ministry of Petroleumn and

oy, spoke at t
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rope. This
will be an imp
: Deputy Min
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trial Park’s CEO Arve Ulriksen says e

et fit for Mo Industrial Park's vision of

being a green in ial park of world ¢

“Mo Industrial Park is one of No

eously, is a g xample 18

nossihilities in an indostrial closter like WMo Indostrial Park®, says Mo ITndostrial Park's CFO Arve TTlriksen



Bj¢rn #CLIMITS;iI;/IIIz/IeIJrZuC;Zr_:;
Holaas

VP/DIRECTOR CCS

Mid Norway CCS Cluster

Previous role; 24 years within energy utilities.

Trondheim Energy; EVP retail and trading, EVP staff functions, CEO.
Statkraft; SVP district heating, VP leadership support and shared
services

Education:

Batchelor communication and risk management.

MBA strategic management

The Research
Content Council of Norway




Z) Statkraft

CCS cluster mid-Norway
- findings and further plans

BJIRN HOLAAS, LEADER OF STEERCO




Supported by;

CCS cluster mid*Norway CLi

~
. Verdalskalk Hylla [FMI]

. NorFraKalk [FMI]
O Equinor Lime

Tjeldbergodden Waste-to-energy
O Trondheim Silicon/microsilica
‘ " Methanol
I . :
0 Statkraft : ~ .
. Elkem Varme . Fossile COz-utslipp
Wacker Chemicals Tamehavi

Biogent CO.-utslipp
4

Qe @Ekem Megunor [WACKER 2) Statkraft

Norway

Project owner: Statkraft Varme « Concept(s) for transport and intermediate storage
Project lead; Sintef

Time; March 2021 — February 2023
1515 kton CO,/y whereof 290 kton » Contribute to realistic perception of CCUS in mid-

biogenic CO, Norway

» Possible regional business models

Content ‘-—D Statkraft

Statkraft Internal



Statkraft Internal

3 ships
* 1. Verdalskalk/NorFraKalk

e 2. Elkem/Statkraft common
intermediate storage

* 3. Wacker + Equinor

2 ships
* 1. Verdalskalk/NorFraKalk +
Elkem/Statkraft

* 2. Wacker + Equinor

2 ships

* 1. Verdalskalk/NorFraKalk +
Elkem/Statkraft + Wacker

* 2. From intermediate storage
nr.2 + Equinor

Mapped existing infrastructure as
aviable area, quay, utilities etc

Developed alternatives for transport
to Northern Lights

* pipeline vs trucks, alternative routes,
ship size, frequency, 7 bar vs. 15 bar etc

Technological and economic analysis
for comparison of alternatives
* tool; iCCS (Sintef)

2) statkraft



3 ships
* 1. Verdalskalk/NorFraKalk

* 2. Elkem/Statkraft common
intermediate storage

* 3. Wacker + Equinor

2 ships
* 1. Verdalskalk/NorFraKalk
Elkem/Statkraft

* 2. Wacker + Equinor

+

2 ships
* 1. Verdalskalk/NorFraKalk +
Elkem/Statkraft + Wacker

* 2. From intermediate storage
nr.2 + Equinor

2) statkraft
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C

Verdalskalk Hylla (FMI}

3 ships
* 1. Verdalskalk/NorFraKalk

e 2. Elkem/Statkraft common
intermediate storage

* 3. Wacker + Equinor

2 ships

* 1. Verdalskalk/NorFrakalk
Elkem/Statkraft

e 2. Wacker + Equinor

+

NorFraKalk (FMI)
- 3 O Trondheim
Equinor A— ,. Statkraft Varme
Tieldbergoclden ."\\7,"’
Elkem Tarnshavn
‘Wacker Chemicals Norway
Verdalskalk Hylla (FMI)
NorFraKalk (Fml)
O Trondheim
quiner — ,. Statkraft Varme
Tieldbergodden
Elkem Tamshavn
Wacker Chemicals Norway
Verdalskalk Hylla (FMI}
NorFraKalk (FMI)
@ O Trondheim
Equinor A— ,. Statkraft Varme
Tieldbergoclden R
" . Elkem Tarnshavn
MR ‘Wacker Chemicals Norway

Statkraft Internal

2 ships
* 1. Verdalskalk/NorFrakalk +
Elkem/Statkraft + Wacker

e 2. From intermediate storage
nr.2 + Equinor

Key findings

* Potential of approx. 35% cost reduction
with shared solutions

Optimizing ship size/storage
* Size of CO, carrier and buffertank need to be
based on shipping plan (distance and stops)

CO, volume

* «Critical» volume allows larger ships or a fleet
of ships, and potential economy of scale

Shared infrastructure/ intermediate storage
* Reduced cost and risk

Trucks more cost-efficient than pipeline

Option

* Increased CO, volume from Sweden (by
train) and others emission points

Z) Statkraft



Work packages next phase (tentative)
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Statkraft Internal

ﬂNPl: Cross-lndustrh

Collaboration

/ WP2: Concept \

Evaluation
Transport & Storage

/WP3: Business and\

legal framework

/ WP4: Stakeholder\

involvement and
communication

* Mapping and sharing of
company plans and
relevant surveys

* Contact with/knowledge
gathering from other

CC(U)S hubs (CinfraCap, UK,
Antwerp, Rotterdam...)
* Aligned partners decision

T Y

* Logistics — explore/gather
and evaluate concepts
from CO, transport
operators

e Contact with storage
operators, - aviability,
timeline,

* Evaluation of storage sites

AV )

* Evaluation of actual costs
along the chain

* Valid legal framework

* Contracts along the chain

* Cost distribution

* Risks and mitigation
actions

* Roles and responsibilities
along the chain (e.g.

* Contact, information and
cooperation with NGO's,
authorities, public actors,
etc.

* Participation in events/-
relevant conferences

Kownership and operatioy

AV )

WP5: Concept description along the value chain

Z) Statkraft
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CCS Haugalandet

Tiril has been CEO of Haugaland Industrial Park since 2019 and
previous she had 20 years' experience from the technology industry.
She has experience as board member from i.e. energy industry.
The Research "3,

Council of Norway GASSNQOVA *
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CCS Haugalandet

CLIMIT SUMMIT, February 2023

By Tiril Fjeld
CEO Haugaland Na& ringspark

Tiril.fleld @haugaland-park.no
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Kjetil
Bergmann

PROJECT MANAGER CCS

Eyde-Klyngen — Ongoing CCS projects
at Returkraft

Educated in the Norwegian Navy with 25 years of service in the
Navy including positions as Commanding officer and project
management in several large procurement projects. Have been
working in the Waste to Energy sector for the last 10 years with
focus on environment and quality. Started first CCU projects at
Returkraft in 2018 and have been working with CCS 100 percent
from 2021, with the aim of establishing a full-scale CCS chain at
Returkraft in 2030.

iT HCLIMITSUMMIT2023
7-9 February

The Research 2
Council of Norway GASSNQOVA @



Eyde-Cluster — Ongoing CCS projects at Returkraft @

Returkraft

Our goal is to establish a full scale
CCS chain by 2030

% a @@@81 2

Regional transport Ship transport fo
Carbon capture ‘ |
and local storage to intermediate storage permanent storage

Permanent storage of
€0, via pipeline to
Teservoir

M

. Studles

A study on feasebillity for capture within the Eyde- |
cluster members started in 2018. |
« Two pilots E o
.

—

Returkraft and Eramet. 3 =

« Air Products chosen as partner for Returkraft.
Membrane pilot

« Logistics - how and where to move the captured
CO, - Local HUB

Content



Returkraft CO, capture pilot project @

Returkraft
» Gas separation in Polymer Membranes | Feea  Memme paments
e Membrane is a selective barrier O.
. _ O O
e Gases permeate at different rates through the polymer material. OOOO.
e Permeability is the combined solubility and diffusability of a gas component [ ) (’
0% S
. SRR Dmusl:lloer:nu;:::gh the
« CO, capture with PRISM Membranes 2
e Flue gas is cooled and pressurized and flows inside the hollow fibers
e CO, permeates faster than N, and O, to the low pressure side =
Membrane separators Gas mixtures are
can be arranged in series or separated in the fibers
parallel depending on based on the principle of
application requirements permeation
N ibars make 8 separstor s
e o~ & AR /.
“Fast” Relative Permeation Rates “Slow" mpm =

Content



Returkraft CO, capture pilot project @

Returkraft
Project scope
- Small-sized pilot; demonstrating one full scale membrane unit
- Flexible pilot able to operate with different capture modes:
- 55% capture rate (Fossil based share of waste at Returkraft)
- 90% capture rate (Enables Bio-CCS)

{ Membrane 1. Stage

N2 rich
Flue gas > >
. -_—’ Membrane 2. Stage
{-—. CO2 rich
Goals

- Demonstrating PRISM membrane in flue gas.

Membrane lifetime in exposure to SO,, NO, and other flue gas components
Energy consumption at different capture rates and purity rates
Demonstrating full scale process design

Will be installed in march, with testing all through 2023.

Content
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Aas

SENIOR RESEARCH SCIENTIST

GICCS — A Joint Solution Approach to
CCS in Grenland

Has worked at SINTEF since 2017 when Tel-Tek became part of SINTEF.
Works with energy and climate related projects in collaboration with
the process industry in Grenland. Current topics are utilization of
surplus heat and CO, capture.

The Research
Council of Norway
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A Joint Solution Approach to CCS in Grenland

CLIiMIT

ikl
‘ [T ) POWERED BY
HEROYA .@
INDUSTRIPARK TELEMARK SINTEF

. ”
INEQS Inovyn erameT m

\NIPPON  PIPELIFE Nordi
, GASES always part of your life ° El:rctl::ofue[ "norsk e-fuel

Uni itetet
(SN (oot bouvet

ARmy
em=n Bluegreen

Totalbudget 11375 kNOK

Gassnova - Climit 50% Industry 50%

Year 2022 2023 2024

Quarter

GICCS

Grenland Industrial CCS

* Owner: Powered by Telemark

* Industrial Partners:

Ineos

Inovyn

Eramet

Norcem

Heroya Industripark
Pip elife

Bluegreen Fusion
Nippon Gases
Nordic Electrofuel
Norsk E-fuel
Bouvet

* Research Partners:

SINTEF Industry
USN

=

POWERED BY
TELEMARK



* More than 2,2 Mt CO, eq per year

~  ° Projectsongoing
- * Brevik CCS —World's first CO,-capture

facility at a cement plant -part of
"Longship". In operation 2024

* Yara —Heroya Green Ammonia -
Electrification - Pilot being build

* Reduction through process changes

* GICCS —Concept study

Ajomt solution approach for existing and new
companies in need for CCS -scale for up to
approx. 1 Mt CO, per year

Content

CO, eq/year ‘

l 2

Ref: Norskeutslipp.no 2021
Sources above 10kt CO,eq
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GICCS\F

Grenland Industrial CCS
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. Main focus GICCS™*

Capture Energy supply Joint Solutions
Base case CCS each site Excess heat and Capture, Integration, Pipeline, Digitalisation,
alternatives Utilization, Transport and Storage
>
- :
=
g s €0s
) hovyn I i L ' === |
] E N
Q v@ =] U
( \ -
Eramet DX
s
% Others % ,[]gg
o ) Fan

Techno-Economical Analysis
Tentative plan

1T POWERED BY
Content P TELEMARK




NS Joint Solution — a better solution?

ol e

i

or

Desorber

Heat integration
Liquefaction
Storage

Transport
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Guro
Nereng

PUBLIC AFFAIRS MANAGER

Borg CO,: Full-scale capture, storage and
terminal

Guro Nereng has experience from the environmental NGOs Bellona
and ZERO. There, she worked to promote better public instruments
and framework for energy efficiency in buildings and for green
public procurement.

Content
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Photo: Zero
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CCphase 2+3:

e

SAE

CC phase I
>!2 FREVAR KF

¢ KVITEBIGRN
2 BOEL g -,

BORG CO,:

Full-scale capture,
storage and terminal

SARENENERGY

CCphase 2:

~

Guro Nereng
8.February,2023

Norske Skog
Saugbrugs

Potentialannual CO, capture “
1000 550 -630000

tonnes CO .
’ tonnes in total
400 000 A

300 000

M Fossil H Biogenic

200 000

100 000

=

Phase 1 Phase 2 Phase 3 BORG CO,AS
EEEEEa
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Borg CO, owners

Shareholder % Ownership
Borg Havn IKS 24 3 %
Baker Hughes 20,9 %
Storm ka st Utvikling As 7.8 %
Beform AS 7,8 %
Norske Skog Saugbrugs AS 7.8 %
Ha fslund Oslo Celsio 7.8 %
Acinor AS 7,8 %
CO, Capsol AS 7,8 %
FREVAR KF 7,8 %

Content



Planned progress

2Q23 1Q24
FEED Start FEED end

2027

Carbon capture, >

Operation

Phase 1I:

4Q22 3Q24
Funding discussions FID
4Q22 3Q23 2Q24
QRA FEED sta rt FEED end
Termmal: >
2Q23 3Q24
Pre-FEED end FID

Content

start

2026
Operation
start
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Chen

PROFFESOR

Carbon capture by solid sorbents:
Materials and process

Dr. De Chen is a professor in catalysis at the Department of Chemical
Engineering, Norwegian University of Science and Technology (NTNU)
since 2001 (associate professor 1998-2001). He earned his PhD in
industrial catalysis at NTNU, Norway, in 1998. He was a visiting
professor at the University of California at Berkeley (2009-2010) and
East China University of Science and Technology (2017-2018). His
research is mainly on a multiscale approach at the interface between
catalysis science and industrial chemical processes.

The Research s

Council of Norway GASSNOVA #
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CO, capture process using low
temperature sorbents: materials and
process

De Chen

Department of Chemical Engineering, Norwegian University of
Science and Technology, NTNU, Trondheim, Norway

& NIT'NU

Innovation and Creativit
Content y
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Why solid sorbents

CO2 capture, utilization and storage
(CCUS) came as a first agreement in
the Conference of the Parties (COP),

named Durban Agreement, followed

by the Paris Agreement, with “zero
net anthropogenic GHG emissions”
by 2050

Temperature swing adsorption

Ads: Des:
40-60°C 140-160°C
5vol%CO2 100%CO2

Cap rock —deep
seafloorinjection

Low-temperature
CO2 adsorbents

For Post-Combustion NGCC
Power Plants

o NH MEA
Liquid sorbent HO™~ >N 2 30-40% in H,0

l

Why solid sorbent?

IHHHIIIH\IHII\I <— Pore wall

LAEAGAT

s \\J/T; %/\\/\\/ ST A SN}
J\/& /02 ;/P\ ; j\
7"“ 7uu 7

\‘/‘\\/ "~

RPN \\ ‘/’\M . l/ ..\\~ [/ "
MRS
o A NA™ /{“\

NPy 0(3,)/\}“\/\{/ 7 7
ERTN ™

‘ g7

o o

Lot S S / /
| s§——o0—s/ S0/

HHHHIIHHHHM" <+ Pore wall

$i0; Si03 5103 5104 5103 5i03i03 Si0;5i03 $i03 5103 Si03 Si0a Si03 §i0; Si035103 $i04$i04 si0

No water (Energy efficiency)

No corrosion (No expensive equipment)
Limitted amine loss

Desorption: steam or vacuum

Desorption in CO, at atmospheric pressure

& NIT'NU

Innovation and Creativity
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Development of low temperature

Regeneration energy [G)/t-C0,]

sorbents
Objective R&D
<1.5GJ/t-CO, >2 mmol/g || * Innovative Solid Sorbent
¢ !
for post-combustion L&‘i}\l
Amine
CO, capture oY g
Stable in O,, and CO + Solid Sorbent
Target
Forous support
; S
4.0 : Wapsization heat
41 B sensitic heat pa
\ _ - System Evaluation Tool
3+ 25 el
2+ . 1.5 PC power plant
1_
Capture

0 = & == Compression =* Storage

MEA solv. RITE solv. Solid sor Separation

— N TN U

NTNUO super CO, sorbents
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Advantages of NTNU/XPRUGO compared to other
early-stage adsorbents

High capacity and fast kinetics Highly stable in CO, at high

temperatures

C 24 2.4 24 2.4
23 23
21 2.2 2.2
g‘ '8 21 . s d23h | 21
o 2.0 4 2.0
[=}
£ 2 19 Weight, 1.9
E 1.5 8 cesesseas Taer;gprgrxre.'c
2 S 1.8 1.8
o
§ 1.2 3 1.7 o 1.7
o 2 18 g 1.6
S 09 3 H
g0 2 15 3 15
g 3 £
] C 14 e 1.4
206
< 1.3 w 1.3
0.3 12 ] 30 60 90 120 150 180 12
Time, min
1.1 1.1
0 o 1.0 ’ ’ ’ ’ ’ 1.0
0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 1 a5 69 103 137 171 205
Time, min Cycle no.

Stability of solid sorbent for multiple

(205 cycles) adsorption/regeneration
CO2 capture capacity at 40 °C, cycles, adsorption: 40C, 5 vol% CO,,

regeneration 140 °C, 80% CO,, N, balance

Content

www.ntnu.no

dduorptann heat | b Jimol

Extremely low regeneration heat

oAS-3-0 ExpD ®AS-3-00ExID
= AS 15tond-1-0, 3ExpD AS1snd-1-0, 3EdD
+ PEIS-40wt%-ExpD PEIS-40wt%-ExtD
PEIS-1012M 2P10 H-40wt%-ExpD -« PEIS- 10120 2Pr0 H-40w %-ExiD
¥ M EA-30wt%-ExpD «MAPA-ZM-ExpD
L
o
.
"
B .‘
é
L]
—

Adsorption heat of solid sorbent, 5 vol%

C02, N2 balance

Innovation and Creativity



Clean gas out

Breakthrough curve of CO, from the adsorption

column
GHSYV = Flow rate of flue gas / volume of adsorbent bed=2211.57 h-! I
7 =0.027 min

Flue gas in
N2 co2
100 mL/min .
0.9

0.8

0.7

[
Ln

0.6
0.5
0.4
0.3

=

mmaol CO2/e

0.2
0.1

0
0 2 4 6 8 1012141618 2022 24 26 28 30 32 34 36 38 40 42 44 46 48 50

Minute 2 to minute 9 => 7 min

Almost 100% CO, removal efficiency

& NIT'NU

Innovation and Creativit
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NTNU/XPURGO process

A aaE T g or
'

No-retrofit PCCC with MEA with PCCC with solid
solution CO2 compression sorbents With CO,
Compression

Nece Nece NGCo
Thermal input (MW) 711 711* 71
Power generation (MWe) 410 346* 383

Electrical efficiency (LHV basis) 57.7 % 48.7* 53.8%
Specific energy penalty of avoided - 9%* 3.8

CO, with CO, compression r I 1 |-\ | I I
Specific energy penalty of avoided - 3.62* 1.25
CO, without CO, compression ‘ation and Creativity

Content -
Net cost of CO2 avoided €/MT CO,

Data Tor IVIEA ake om D ARDB eport and be ad et. A



Comparison NGCC -440 MW

Solvent based NTNU/XPURGO Solid
technology loop

— High footprint - 4000 m2 (height > 50 m ) — Low footprint : 1200 m? (hight <10 m)

— CAPEX : 1007 Million kr — CAPEX: 596.8 Million Kr

— OPEX :290.66 Million kr — OPEX: 181.7 Million Kr

— Levelized cost : 308 kr/ton of CO, — Levelized cost: 176 kr/ton of CO,
removal removal

— Desorption column regeneration heat — Energy consumption with waste heat
duty 4.3 GJ/ton recovery 0.5 GJ/ton

— CO, capture efficiency < 70 % to 86% > — CO, capture efficiency 98 %

— Lower concentration CO, (below <4% ) — Handling capability below < 4% near
have consequences on higher energy to 400 ppm level
consumption

CO, capture using solid sorbents saves about 40% CAPEX,

OPEX, and levelized cost compared to solvent technology E | Q I N U

Innovation and Creativit
Content y
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Thank you for your
attention!

#V, The Research Council
“A¥ of Norway

Prof. De Chen (NTNU)- chen@ntnu.no

Dumitrita Spinu (NTNU)

Dr. Kumar R. Rout (NTNU/SINTEF)

Reza Hezari, Inrigo AS
Dr. Rajesh Kempegowda, Inrigo AS

Innovation and Creativit
Content y
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High CO, capacity and fast Kinetics

2.4 2.4

1 21

{118

Clean gas out

1158

{12 A

Adsorption capacity, mmolCQO./g

1 09 )
—_—003% Gradient

—010%
—040% | g

— 1%
e 3 %
5%
9%
20 %

e G0 %

103

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56

Time, min

Flue gas in

CO, adsorption of NTNU/XPURGO solid sorbent. CO,
adsorption profiles at 40 °C within a CO, pressure range of
0.03-80 kPa balance N,, 101 kPa, 100 mL/min.
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Highly stable in CO, at high temperatures

2.4 24
2.3 1 - 2.3
2.2 - - 2.2
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19 o 20 h-nT. 30 .1¢n 150 180 [ 1o
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1 35 69 103 137 171 205
Cycle no.

Long-term stability of NTNU/XPURGO sorbents over 205 TSA cycles.

Adsorption: 50 °C, 80% CO, balance N,. Desorption: 145 °C, 80% CO,
balance N,. Cooling down to adsorption temperature: N,. Total run time: 423 E | q I | q l I
h.
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Extremely low regeneration heat
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Peters

SENIOR SCIENTIST

A novel hybrid process for membrane-
assisted hydrogen production with CO,
capture through liquefaction

Thijs Peters is a senior research scientist and project manager at
the Department of Sustainable Energy Technology at SINTEF
Industry in Oslo since 2005. His research interests spans from
process chemistry, membrane technology, hydrogen production,
CO, capture, energy efficiency, to gas separation technologies. He
has >80 publications in international peer-review journals and
contributed to 12 book chapters and close to 200 conferences.

The Research
Council of Norway
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MACH-2 project

A novel hybrid process for membrane-assisted

hydrogen production with CO, capture through
liquefaction

Thijs Peters — SINTEF Industry, Oslo, Norway
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wibil  The MACH-2 project

* KPN project financed by CLIMIT
— Duration: 2019-2024
— Budget: 7.5 MNOK

— Partners: SINTEF Industry, SINTEF Energy, and
NTNU, CoorsTek Membrane Sciences AS

— Co-financed by NCCS

* Objectives

— Develop and optimize a hybrid process for
membrane-assisted clean H, production with
CO, capture through liquefaction

— Combines H, extraction from syngas by
membrane technology with subsequent low-
temperature CO, capture from the retentate
stream in an integrated process

Fuel

CO,-lean flue gas

T

Electricity

Liguefied and storage-
ready CO, (>99%)

Steam

Pre-reformer

membrane

l
PMR \L_-)

Low-temperature
CO, separation

—>

|

lH2{99.9+%]

Low carbon fuel

Teknologi for et bedre samfunn



ARTICLES

nature
energy hitps://doLorg/10.1038/541560-017-0029-4

Thermo-electrochemical production of compressed
hydrogen from methane with near-zero energy loss

Harald Malerad-Fjeld©', Daniel Clark'?, Irene Yuste-Tirados®', Raquel Zanén?,
David Catalan-Martinez?, Dustin Beeaff(®’, Selene H. Morejudo ©', Per K. Vestre ©1, Truls Norby?,
Reidar Haugsrud 2, José M. Serra®>* and Christian Kjolseth®™

silill  CoorsTek's PMR technology

MEMBRANE SCIENCES

* SMR with in-situ electrochemical H, separation | 2 as)
and compression i £
— Single step reforming and separation § E el .
8 40 § l.
— Net endothermic chemical reaction is balanced with the & | .
heat evolved from the galvanic operation of the 8 :
membrane ’g:jfg)) =)
* High CO conversion requires a HRF close to 100% rvdrogen tecorery (%) curentdensiy (hem

— Large membrane surface area, with economic penalties
— Operation under higher current density at fixed area

= |ncreases the heat flux evolving on the membrane beyond
that would be needed for the reforming, which in turn may

challenge the robustness of the membrane reactor i

€O
+

= |ncreased polarization losses at electrodes; reduced H,0

efficiency at high HRF

» Compressed

Content H;



miill CO, separation by liquefaction

* Vapor—liquid phase separation after compression and cooling of the gaseous mixture

— Obtainable CO, capture rate, specific separation and compression work, and thus power consumption,
are sensitive to the CO, concentration of the incoming flue- or syngas

100% 0.6

Off-gas —_

L $

s 05 =

. Compression and : 90% + = =

Gas mixture . L Cwlmg_. r_ . ‘u‘aptr:r-liquid T v ¥ . §

- > :- L ase - S

itioni se;fara1iun £ Teeel 04 3

conditioning © 80% Pl E

| 5 e 0.3 i

& ? £

Captured CO, (>99.7 %) & 70% S

o 02 E

¢ §

. . o f=

— H,-rich off-gas can be partially recycled to the 60% 2

2 © CO2Z capture ratio 01 &

reactor maximizing the overall HRF and CO O Specificseparation and compression work g
50% . 0
conversion 10% 20% 30% 40% 50%

Content

Synthesis gas CO, concentration
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siill  Performance of the hybrid system

PMR Recycled off-gas

|

* Hybrid process details

Naturalgas —>» -

— Recycled off-gas allowsto [ [ PR HX.2 PMR HX-1
recover H, and unreacted | = o T onate s
methane e HX3 | e ) MR K-:VIR
) ——>§ 2—’ """" HX-2 rogen I MR cycle
— Water gas shift reactor pump [ rrire )
€02 «— - VLV-2
downstream of the PMR to vdrogen e >
convert CO to CO, and H, produdt - 4o Jo ] [

Internal K-1 - - - MHE-2 V1
IE] Water I recycle MHE-1
SMR + MEA| ATR | MACH-2 remova .

(S
PH2 product bar 22 3 6 K-re V-2 %41—

P captured coz [bar] 1.3 1 1 0 150 -0
HRRsystem [% 87 98.9 P-CO2
90 96.3  98.9
Energy conversion 071 078  0.81
efficiency [-]
Content
Kim, et al., Design of a novel hybrid process for membrane assisted clean hydrogen production with Teknologi for et bedre samfunn

CO, capture through liquefaction, Computer Aided Chemical Engineering, 49, 2022, 127-132.



https://www.sciencedirect.com/bookseries/computer-aided-chemical-engineering

SINTEF Summa ry

* A novel technology that combines H, production by PMR with CCS is proposed.

— Combines H, extraction from syngas by membrane technology with subsequent low-
temperature CO, capture from the retentate stream

— Both high recovery rate and purity of H, and CO, are achievable from the hybrid process.

* Hybrid process has higher energy conversion efficiency than conventional H,
production processes

* |dealized PMR reactor heat integration assumed - updated PMR module model
including heat exchange and integration in development

 Both membrane and liguefaction technology is experimentally investigated
separately in the project
— See CoorsTek presentation on PMR (Harald Malergd-Fjeld) tomorrow, 10.15, Bglgen 1
— Results from GASSNOVA CLIMIT-demo on upscaling and demonstration

Teknologi for et bedre samfunn
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Mgalnvik

DIRECTOR NORWEGIAN CCS RESEARCH CENTRE,
RESEARCH DIRECTOR

CCS for the process industry
—an example from FME NCCS

Mglnvik is Research Director for gas technology in SINTEF Energy
Research, heading a department of 60 researchers, and Director of
the Norwegian CCS Research Centre, NCCS, a 600 MNOK centre of
excellence funded by the Research Council of Norway and a strong
industry cluster under the FME scheme.

Mglnvik has worked with SINTEF since 1997 and holds a doctoral
degree in Mechanical Engineering from NTNU.

The Research

Council of Norway GASSNOVA
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DIE GRUNEN

German economics and climate minister Robert Habeck (1) and Morwegian Prime Minister Jonas Gahr Stare

Ricarda Lang, leader of the German party Blindnis 90/Die Grinen
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ADVENCCS: Advanced energy recovery and CO, capture
systems for a decarbonised ferroalloy industry

ADVENCCS Concept
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Kvamsdal

SENIOR RESEARCH SCIENTIST

SCOPE - Sustainable OPEration of post-
combustion Capture plants

Senior Research Scientist in SINTEF Industry with more than 20
years of experience with research related to CO, capture
technologies. Background in chemical engineering at PhD level
within process modelling, simulation and control and experience
from offshore process engineering and refinery operation. Has
managed various large research projects and has a large 5
international network. 3:53-

The Research
Council of Norway GASSNOVA
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SCOPE - Sustainable OPEration of
post-combustion Capture plants

Hanne Kvamsdal

SINTEF IND
08/02/2023
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SCOPE - Sustainable OPEration of post-combustion
Capture plants

Building upon ACT 1: ALIGN-CCUS and ACT2: LAUNCH: Follow the continuous path of the treated gas from
source to recipient and ensure a sustainable and environmentally safe operation of the capture plant

Flue gas Emissions Biodegradation,

Emissions control Atmospheric

impurities and S monitoring and :
and mitigation, chemistry and
pre-treatment, Lo measurements of : .
minimizing dispersion

impact of load : component and :
o aerosol emissons modeling
and fuel variations whole effluent

—

Ecotoxicity,
Environmental
effect
concentrations

SCOPE sinTer



Acceleraiing
Gcs

. . . . . Technologies
SCOPE — is accelerating the decarbonisation of industry
* Objective: ensure that emission reductions in amine-based CCUS are g'lml‘;";‘gm
technically feasible, cost-efficient, and robust enough to mitigate 30.09.2024
environmental risks and gain public acceptance Budget: € 6M
* Collaboration: Interdisciplinary group of experts from academia, research, Fung g from ACT
technology providers and end-users of the technology -
artners:
” T - : | 24 (19 from Norway,
reparation for demonstration Technology Demonstration Environmental impact assessment The Netherland ) UK,
MSF B “l\l\{l\(l)} Twence' RWE mpetin Cokege - , anz gerfnrair\]/,;
hovyu ,xgg;!;t C@zxe \\ hve. wss s'“{%} NILU e T;ZE)USA and 3 from
Q ToraL {E) @ \) MICROFILT =29 CERC M
© microFiLT @ Sg‘ T OTOT:L
-hVO ccccccccc " HERIOT 2o} o G | .
Twence RWE &, g ol TNO @ §9 Knuigpment AKER CARBON E::e:ycngﬁst:m?ectse
Societal impact, risks, barriers, l[lss TNO . ﬂ\DMKROF“-T Twence hvce. :: '.:::. %Cifgm
tFicr:r:—economics and SPRINT :T, ﬁzro?:c()"ege hol CO@ s = Societal rEe:';Ill::::I::d Plan for l Egm:t
Project management,.adrtlinistration RWE Imperial College ul_(lss 2
Content > and external communication SF m London > @

SC'©PE SINTEF
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SCOPE test facilities: small pilots to larger demonstration plants

Content

Tiller CO, Lab (SINTEF IND), NO

Biomass or propane incineration: 30-40 kg CO,/h
Solvent: CESAR1 (blend of AMP and PZ)

Flue gas: CO, 11 vol.-%, O, 4 vol.-%

Focus in SCOPE: Emission monitoring

Niederaussem (RWE), DE

Lignite-fired power plant: 300 kg CO,/h
Solvent: CESAR1 (blend of AMP and PZ)
Flue gas: CO, 15.2 vol.-%, O, 5.0 vol.-%
Focus in SCOPE: Long-term test campaigns
and various emission mitigation tools

Hengelo (Twence), NL
Waste-to-energy plant 500 kg CO,/h
Solvent: 30% MEA,

Flue gas: CO, 9.5 vol.-%, O, 8.3 vol.-%,
Focus in SCOPE: Emission mitigation, effect
of particles in the flue gas on emission

SINTEF

Alkmaar (HVC), NL

Waste-to-energy plant 540 kg CO,/h

Solvent: MDEA/Piperazine blend

Flue gas: CO, 11.3 vol.-% (dry), O, 4.1 vol.-% (dry),
Focus in SCOPE: Emission mitigation, effect of particles
in the flue gas on emission

Tuticorin site, India

Alkali Chemicals and Fertilizers: 7.5 t CO,/h
Solvent: CDRmax (Proprietary solvent of Carbon
Clean Ltd)

Flue gas: CO, ~ 12 vol.-%, O, 8 vol.-%

Focus in SCOPE: Emission measurement

Mongstad (TCM), NO

Flue gas from CHP and cracker: 10 t CO,/h

Solvent: CESAR1 (blend of AMP and PZ)

Focus in SCOPE: Results from previous campaigns for
comparison and emission limits

SCOPE
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Li

RESEARCH SCIENTIST

Novel molten/solid composite oxygen
transport membranes for CO, capture

Ph.D in materials chemistry from University of Vienna (2004-2007).
Post-doc researcher at UiO (2007-2014). Researcher at SINTEF from
2014. Research area focuses on 1) ceramic and solid/liquid
composite materials development for oxygen/hydrogen separation
membranes; 2) oxygen carriers’ development; 3) chemical looping

for hydrogen/chemical production and CO, utilization.

The Research
Council of Norway
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Novel molten/solid composite oxygen transport membranes for CO, capture

* Background
— Requirement for operation at high T (>900°C)
— Stability issues such as cation diffusion
* Scope
— Developing cer-cer membranes with high O, permeation

— Developing solid/molten membranes for enhaced oxide
ion transport in liquid phase and along the interphase

— Modelling for fundamental transport and process

* Budget
— 13 MINOK for 2017-2022
— Support from CLIMIT 11.3 MNOK

* Consortium
— SINTEF (coordinator) and UiO (Train one Ph.D)

— Air Liquide, Cerpotech, CMS, CSM, Imperial College,

UTwente as advisory board
Content
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Thermochemically stable composite membranes based on LSM and BTM
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Novel solid/liguid membranes
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Infiltration of
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Ditaranto

CHIEF SCIENTIST

Accelerating Carbon Capture using
Oxyfuel technology in Cement
production (AC20Cem)

Mario Ditaranto is Chief Scientist at SINTEF Energi and has more than
20 years of professional experience in the field of combustion science
and technologies covering combustion systems for power and
industrial processes. He currently leads research projects in oxy-fuel
combustion for the Waste-to-Energy and Cement sectors, and in the
use of hydrogen and ammonia for gas turbines and furnaces.
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Accelerating Carbon Capture using Oxy-fuel
technology in Cement production

mario.ditaranto@sintef.no Accelerahng
SINTEF Energy Research <Q‘¢CS

Project website: https://ac2ocem.eu-projects.de/
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] CO, emissions scenario wes
for the cement sector

CaCO,; —> CaO + CO,
Fuel —>H,O0 +CO,

180 Mt to
be captured
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IEA, CCS deployment in the Net Zero Scenario, 2015-2030. Licence: CCBY 4.0
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CO, capture technologies
for cement production

100

SINTEF
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AC'OCem
AC?0Cem Innovation improvement of 1% Gen &

SINTEF

UP TO 100% ALTERNATIVE
FUELS TO ENABLE BECCS
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15t Gen real case techno-eco analysis @

SINTEF

COSt CAC Figure: Google maps o) §§
year | [€/tonne CO,] =
AC20Cem Plant A 2019 67
AC20Cem PlantB 2019 83 o
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z Denmark
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77 €/MWh (Eurostat)
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Innovation improvement 2"9 Gen
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2"d Gen burner development - pilot testing .

SINTEF

Area of the major changes for the adaptation for
the new burner design
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SENIOR RESEARCHER

EverLoNG

Ragnhild Skagestad is in charge of the Norwegian part of the ACT
project EverLoNG which focuses on ship-based carbon capture.
Ragnhild holds a Master's degree in mechanical engineering from
2004, and since 2017 she has worked in SINTEF with sustainable
development, CO, capture and transport and early phase cost
estimation. The objective of the EverLoNG project is to accelerate the
implementation of ship-based carbon capture, by demonstration the
technology on board LNG fueled ships. The project is led by TNO and

started up in 2021 and is planned finalized in 2024. The Research
Council of Norway
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Ship based carbon capture — SBCC
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Acr.eleraiing The EverLoNG project is funded through the ACT programme (Accelerating CCS Technologies, Horizon2020 Project No
GCS 691712). Financial contributions have been made by the Ministry of Economic Affairs and Climate Policy, the Netherlands;
Technolngies The Federal Ministry for Economic Affairs and Energy, Germany; the Research Council of Norway; the Department for

Business, Energy & Industrial Strategy, UK; and the U.S. Department of Energy. All funders are gratefully acknowledged. _
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The shipping industry is responsible for around 940 million tonnes of
CO, annually, which is at least 2.5% of the world’s total CO, emissions.

The International Maritime Organization has set a target to cut these
emissions by 50% by 2050.

Ship-Based Carbon Capture (SBCC) is proposed as a low-cost
alternative to decarbonize the maritime sector, as compared to zero-
emission fuels (ammonia, hydrogen)
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Photo by lan Taylor on Unsplash

Content


https://unsplash.com/@carrier_lost?utm_source=unsplash&utm_medium=referral&utm_content=creditCopyText
https://unsplash.com/s/photos/container-ship?utm_source=unsplash&utm_medium=referral&utm_content=creditCopyText

Objective

The objective of the EverLoNG project is to accelerate the implementation of
the SBCC technology by,

« Demonstrating SBCC on-board in LNG-fueled ships.

« Optimizing SBCC integration to the existing
shipping infrastructure.

 Facilitating the development of SBCC-based full
CCUS chains.

 Facilitating the regulatory framework for the
technology.

CO, or solvent storage
ver
Transport to end user
..: www.everlongccus.eu | 81

Content




« CO, capture- volumes, energy supply, space available
* How to handle the CO, at the ship? Liquefaction, storage, purification ?
» Unloading — port facilities, different size of ships, which harbors?
« Time for unloading- possible with container swap?
* Heat integration onboard the ship?

» Environmental footprint

SBCC -So many questions.... ? f?

e Cost
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Current status

 Piloting of TNO small scale CO, capture plant on-board of the
Sleipnir ship finalized ( 0,5 kg/h)

» Prototype ready in March 2023 followed by commission and
training of crew (10 kg CO,/h)
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e First campaign will start around August 2023, on one of the
TotalEnergies ship, located in Asia.
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Thank you for listening

Ragnhild.Skagestad@sintef.no
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@yvind
Langgdrgen

RESEARCH SCIENTIST

LOUISE - Low-Cost CO, Capture by

Chemical Looping Combustion of Waste-
Derived Fuels

He is a research scientist at SINTEF Energy Research, mostly working with CO,
capture and combustion, such as hydrogen combustion, oxyfuel combustion and
Chemical Looping Combustion - CLC. He has been responsible for the CLC activity
at SINTEF Energy Research in several projects, including design, building and
operation of a CLC pilot unit of 150 kW. He is coordinator for the Norwegian part
of the ACT-LOUISE project, which this presentation will be about.
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Low-cost CO,, capture by chemical looping
combustion of waste-derived fuels

@yvind Langergen (SINTEF)
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CLC pilot unit testing

1 MW at TU Darmstadt
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What is Chemical Looping Combustion (CLC)?

Inherent separation of oxygen from the combustion air,
using the oxygen for fuel conversion

Oxygen transported with circulating metal oxide particles

A type of oxyfuel capture technology, with possible easy CO,

separation and high CO, capture rates

Based on fluidized bed technology

Low CO, avoidance cost

Well suited for biomass and some waste-derived fuels

CLC is highly relevant as a BECCS technology

Oxidized

N, metal oxide Flue gas > » CO,
Mainly CO, + H,0
H,0

Air reactor Fuel reactor
850 -1000°C 850 - 1000 °C

Air T T

0,, N, Reduced Fuel (coal, biomass, waste)
metal oxide

Metal oxide oxygen carrier particles RDF waste (Ragnsells/Geminor)

(llmenite from Titania)
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Norwegian business case — based at @ra industry site in Fredrikstad
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Low-cost CO,, capture by chemical looping
combustion of waste-derived fuels
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