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TNO Energy transition & Materials - in short

) With ~1000 scientific experts and advisors, TNO’s ETM unit works towards developing a climate resilient and sustainable society, to
support a thriving economy

) We take an agenda-setting, initiating and supporting role in the energy transition and bring entrepreneurs, scientists and policy
makers together to contribute to a sustainable life and a brighter future

) As the national research institute, we strive to accelerate the energy transition so that in 2050 the Netherlands will have an energy
regime free of CO, emissions

)  We are the national knowledge centre on the energy transition, with an international outlook: we have four integrated innovation
roadmaps, focused on biggest challenges in the energy transition:
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Optimal Use of the Subsurface

'TNO Geosciences and technology

TNO - Largest R&D organisation in The Netherlands
~5000 staff, wide range of R&D topics

Unit Energy transition - Applied Geology (Dutch Geological Survey)

Mission: Energising the transition through the subsurface

% Maintain and publish data and models of the subsurface

% Adviser to the Ministry of Economic Affairs

% Exploration and appraisal for geo-energy resources, storage and
buffer space

% Model and predict subsurface processes, observation and monitoring

% Optimization of complex (geo-)systems (EVEReST)
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TNO has a strong track record on CO, STORAGE

TNO has a leading role in the EU and nationally on R&D in CO, storage. TNO has a long history in R&D on CO, transport and storage. TNO’s
expertise covers all elements that are needed to bring a potential storage site to permit level. TNO’s expertise covers such areas as
storage site characterisation, monitoring, well integrity, storage optimisation (& EOR), transport networks, flow assurance, fault stability,
natural sealing, site closure, conformance, policy & regulations, CO, quality specification, risk assessment, site screening, ship transport,
buffering, decommissioning, societal embeddedness, stakeholder involvement.

TNO has been involved in CO, injection (the K12-B field), developing the basis for several storage permits (for the Porthos CO, project) and
developing the design of transport pipelines and injection wells (for the Porthos and Athos projects in The Netherlands).

TNO led the CATO M€ 60 CCS R&D program in The Netherlands (2004 - 2014).

CO, storage licences
~40 Mt

W | "N ] Porthos P18 cluster
Saline formation K12-B: pilot CO, storage (2004 - 2014) | (2009 - present)
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TNO Well technologies Iab facmtles

Ruswuk Centre for Sustamable Geo energy (RCSG)
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C02 flow IOOP Construction ongoing — completed end 2024

A CO,-TIME, ENCASE

A Flexible and modular facility to investigate CO, behaviour
for e.g. bends, valves, chokes, instruments, other vertical
& horizontal appendages, porous media

A Supporting frame measurement section
B Cooling skid

C Container for storage purposes
D Control cabin

E Process module

A CO, composition: pure CO, and CO, mixtures

A Accurate control and read-out of pressure, temperature
and flow rate

A Flow lines ID of %”-1”

A Key numbers

Min | Max
Flow rate gas 20/5 m/s
Flow rate liquid 1-2 m/s
Pressure 100 bar
Pressure drop 75 bar
Temp -50°C{+40°C

BEL | CO2 transport and storage | April 17 2025
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CO, storage

Purpose of CCS

A Avoiding further emissions of CO, to
atmosphere

A Permanent isolation of captured CO,
from atmosphere

A First: emissions reduction
Second: removal from atmosphere

BEL | CO2 transport and storage | April 17 2025
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CO, storage

Geological storage of CO,

2()0
A Permanent / very long isolation from atmosphere Sandandm

gravel
extraction

.~ Soil and
] - groundwater
#7291 remediation

d pipes

Other uses of (deep) subsurface

A 0il & gas (production)

1"

, Geothermal energy

Salt.“g‘—‘/sfale oil and gas
mini

A Gas buffering (salt caverns, gas fields)

CO2 aquifer
storage |

A Geothermal energy (production of warm brine)
A Energy storage / buffering (H,, CAES)
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BEL | CO2 transport and storage | April 17 2025 | m ifg?ﬁ\frgtion
Rotliegend capacity; SCADSA study, TNO, 2024




CO, storage

A Deep subsurface (1 - 4 km)
A Storage reservoirs
A Saline formations (salt-water bearing)
A Depleted oil or gas fields
A Containment
A Sealing layer - salt, claystone
A Structural trap - immobilize the CO, ‘plume’
A Safety, risks
A Wells - punctures in the sealing layer
A Faults, seal quality, plume migration
A Legal etc
A Strict oversight (NL: Mijnwet; EU: CCS Directive)

A Site selection and development under close
scrutiny of government (national and EU)

BEL | CO2 transport and storage | April 17 2025

Illustration
shows correct
scale of depths
of storage and

of overburden
between

reservoir and
surface

Saline
formations

Depleted gas

HEGS

Depleted oil
fields

https://www.ga.qgov.au/aecr2024/carbon-capture-and-storage

AECR 7.1
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https://www.ga.gov.au/aecr2024/carbon-capture-and-storage

CCS requires open-access, cross-border, multi-user

transport networks Large emitters, A Y0 2
« i P 4 3 f} xsweden‘j;,‘ :}E:t%@ 8 31-50
" . " s0° 1 / & 51-100
. . . . / .10\-3‘4
(1) Uneven distribution of emitters { -
across EU |
(2) Uneven spread of storage capacity A
3 ,f ool u‘S'MIz:v:a:d X
To meet climate targets across EU: c'ﬂ,,.,,_i".}j. {"
. PR ; ;;; > Turkey
- Need cross-border cooperation o
Q 9 *
Norway .'p"' 2 « 7 Cypus
C R yPI
- Need open access to transport & Fagh o, @ h A el i
; Highwa A
storage capacity E?Jrop ey CO, storage . £ p—
hi . . capacity ) S &
This requires solving regulatory (NO, BE, GE, CATR) fu e G T -5
differences, setting CO, - FR, NL) g\ i f — Q-
specifications, resolving liability = e : T s 3| @
across the CCS chain, large up-front L ; Pl
investments, political support, i B I P MW:‘"ﬂ
Q and Storage in Europe 00 | Austria 7 1y » »
fundlng 2 s e e o — \ France sze“: ’ Sbvemgb\ma .
. . s o Netherlands o _ A L 4y, Dosinia-L serhia ®
Projects (planned, in development, .- N2y Fey STSSAP ﬁ*e\m‘mm
under construction) currently building " o&ﬁ%ﬁ Germany s o & & Sl "“:“".O
1 Belgium s ‘ roeces, ./ |
first stages of EU-wide CO, transport g © ’ o 7 RS, SR = N e
and storage infrastructure .= = ) A el N T
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Goals Netherlands ~1600 Mt storage Red network:
capacity in offshore current natural

coz transport and Storage depleted fields gas grid

A CCS: essential technology to meet climate goals

A NL government: CCS central role in strategy to meet emission {7\
reduction goals in 2030, 2050 |

A Focus on offshore %
A Focus on depleted fields

A Development of CCS projects is market driven

A NL subsidy schemes in place to support policy; examples:

A National schemes: contract for difference (SDE++)

A EU: Connecting Europe Facility (CEF): provides (partial) funding
for construction of transport and/or storage infrastructure

A EU: Innovation Fund (IF): funding for construction and
operation of CCS projects

innovation
TNO Al
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CO, storage in The Netherlands

Storage capacity available in depleted fields

Timeline storage capacity Dutch offshore
2000

(Mt) 1800 Aramis Ph-3

Aramis Ph-2

Aramis Ph-1 O° o ocC
()
00

1200
® Porthos
1000 © Aramis Ph-1
O Aramis Ph-2
800
O Aramis Ph-3
600 O Other
400
B
200 %
0 ﬁo O O !
2010 2015 2020 205 2035 2040 2045 2050 2055 2060 2065

Source:Carbon Collectors, 2022
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https://www.ebn.nl/wp-content/uploads/2023/02/CO2-Straight-from-Source-to-Sink_Ludo-van-Hijfte.pdf

-

CO, storage capacity | .

Green: gas fields
Red: oil fields
Circles: CO, stores

First focus: depleted fields (offshore!) _5‘ ".1‘
A ~1 Gt capacity (suitable fields) A <
A Create insight in development order (roadmap) °f «

A ‘Key’ fields (risk, location, capacity, availability) \7 =L

A Unit cost of storage ,

Second focus: saline formations (offshore!) Field
development

A Unknown potential capacity (economic limits) order left to

A Create insight in development market
A Capacity / pressure limits
A Links with depleted fields development Exploration

A Cost of storage

BEL | CO2 transport and storage | April 17 2025
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Rotliegend capaci;CADSA study, TNO, 2024



Ccs Current developments in The Netherlands

CO, T&S in NL

Currently ongoing: several projects close to operation

A Porthos project (starts in 2026)
A P18 gas field cluster (~40 Mt, 2.5 Mtpa)
A Currently constructing
A 4 suppliers; no capacity left
A Aramis project (starts 2028)
A Trunkline Rotterdam - K, L blocks: 22 Mtpa
A Launching customers - all in permitting phase
A Shell: K14-FA (47 Mt, 2.5 Mtpa)
A TotalEnergies: L4-A, K6-CA (40 Mt, 2.5 Mtpa)
A ENI: L10 fields (120-150 Mt, 2.5 - 5 Mtpa)
A CO,Next collection hub + ship terminal
A Import from BE, FR, ...
A ‘Second-wave’ storage projects

A Several operators (24 wave projects)

BEL | CO2 transport and storage | April 17 2025
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Scenarios for CCS development

Offshore transport and storage capacity expected to grow to 15 - 40 Mt per annum
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CCS: Europe

Many projects

A Current plans for CO, capture, transport and
storage in Europe

Various stages of development
Many to be online by 2030
Storage almost all offshore

Concentration in North Sea

o Io Io Do I

Large emitters (e.g., cement, lime)
developing capture solutions

BEL | CO2 transport and storage | April 17 2025

Announced projects
Project type

e Capture

o Storage

o  Terminal

Transport project type
— Offshore pipeline

— Onshore pipeline
------- Shipping

Source: JRC, 2023
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Transport infrastructure: projects and plans

CO, transport

Construction

A Porthos - no capacity left

FEED

A Aramis (storage permits pending)
Planning phase

A DSC Delta-Schelde Corridor (to Antwerp)
A DRC Delta-Rhine Corridor (to Ruhr area)

A" Fluxys (Belgium) - national network (connects to Rotterdam

and to ship transport out of Antwerp and Zeebrugge)

A OGE (Germany) - national network (connects to
Bremerhaven (ships?), Rotterdam, Denmark)

A France - ships to North Sea (from Dunkirk, Le Havre)
A Norway - ships to France, Belgium, Yara (Zeeland)
A ...and more

BEL | CO2 transport and storage | April 17 2025
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CO, transport - ship, barge

(incomplete list:)

A Carbon Collectors
A Wagenborg

A Northern Lights
A Altera

Many storage projects are developing ..
ability to accept CO, transported by -

ship

Several initiatives to develop ship
designs (including barges)

innovation
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Relevant ‘stakeholders’

A Gasunie: responsible for CO, transport in Aramis
consortium, in Delta Rhine Corridor (DRC) and Delta-
Schelde Corridor (DSC)

A Fluxys: organising CO, transport network(s) in Belgium

A OGE: CO, transport in Germany (member of DRC
consortium)

A Transport by ship or barge: Carbon Collectors, Altera,
Wagenborg, ... (list not complete)

A Transport and storage in NL
A Aramis pipeline
A CO2Next ship terminal @ Maasvlakte II
A Delta-Schelde Corridor (DSC)
A Storage: K14 (Shell), L4 (TotalEnergies), L10 (ENI)

BEL | CO2 transport and storage | April 17 2025

Delta Schelde CO:nnection:
Connecting cross-border industries
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https://www.delta-rhine-corridor.com/en
https://www.gasunie.nl/en/projects/delta-schelde-co2nnection
https://www.fluxys.com/en/about-us/energy-transition/our-co2-infrastructure-projects
https://oge.net/en/co2/co2-overview

Capture costs to Transport to the
be added! projects not

CCS in NL: cost estimates included!

, ETS level
1 |

A Transport & storage tariffs | | €60'28(;é t2o:ne
g 120 | : [ R
? i 1 1
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= * Xodusreport on cost statements by Porthos and Aramis, 2022

0 PowerPoint Presentation (stategeneraal.nl)
Aramis Aramis Porthos  Norway HyNet Teesside Acorn Gorgon Abu Petra

*Aramis Gas Liquid 2020 Longship  North West Collective Phase 1+2 Dhabi Nova 20


https://www.staten-generaal.nl/9370000/1/j4nvgs5kjg27kof_j9vvkfvj6b325az/vlutrvd2g2y4

Shell K14

CO, Gas Oon CcO Trunkline & TotalEnergies

Emitter DHUB L4A

CCS in NL: cost estimates

Transport & storage tariffs

A Xodus study: estimated T&S tariff, based on 2024 price
level

A SDE++ allowance: tariffs based on 2022 price level

Eni EN
L10CCS

CO, Ligquid CO,next
Emitter Terminal

SDE++ 2024 T&S Allowance Verification

Compiled T&S Tariff

Transport & Project lllustrative lllustrative T 31:50 ﬁ Ii?an:;:e 2024 €/t
Storage Tariff Scope Estimate Basis Capex Opex
Volume Basis Definition Accuracy Accuracy 20 Year Transport Life
2024 €/t o
15 Year Storage Life
7.5 MTPA Gas Reliable Pre-FEED +/-25t035%  +/- 30 to 40% 7.8 90.6
7.5 MTPA Liquid  Developing c°"°°"f::§':‘;"°t IPre- L 30t040%  +/-30 to 40% 86.6 n2.8

* Xodusreport on Aramis tariffs, June 2024
https://open.overheid.nl/documenten/e6b7b594 -c0a4-44c3-8546 -

788bdc9cd68e/file
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https://open.overheid.nl/documenten/e6b7b594-c0a4-44c3-8546-788bdc9cd68e/file
https://open.overheid.nl/documenten/e6b7b594-c0a4-44c3-8546-788bdc9cd68e/file

CO, transport and storage — construction in NL

A Aramis pipeline and launching storage fields
A Permits pending
A Construction not started

A Start operations planned before 2030

CO, capture plant, waste incinerator, Duiven, NL

S e #7 R m p

Porthos pipeline through Rotterdam Port aera

L

BEL | CO2 transport and storage | April 17 2025
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YOUR QUESTIONS / DISCUSSION
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