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ELEGANCY — context

CO, fra Europa

The low-carbon economy needs H,

The low-carbon economy needs CCS @ SINTEF

Combining hydrogen with CCS offers an exciting opportunity for synergies and value creation

ELEGANCY aims at contributing to fast-track the decarbonization of the European energy system
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ELEGANCY — Enabling a low-carbon economy via H, and CCS by...
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Case studies
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Publications and news at www.elegancy.no

. improving the Life Cycle Analysis performance

of hydrogen production with CCS;

. enhancing our understanding of CO, storage,

particularly stemming from H, production;

. enabling low carbon H, production with fossil-

carbon or biomass via new market models;

. designing cost-optimal and carbon footprint-

optimal H, and CO, networks;

. assessing country-specific challenges and

opportunities, and identifying feasible
country-specific pathways towards a H,
economy coupled with CCS;

. educating the next generation of European

engineers and scientists on H, and CCS.
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ELEGANCY — work packages

Case studies incl. social acceptance, environmental aspects and CCS-H, market considerations:
UK (large-scale decarbonization), Netherlands (Rotterdam decarbonization), Norway (full scale CCS
chain and H, production), Switzerland (decarbonization of transport sector), Germany (adapting gas

infrastructure and processes to H.) WP5
H,-CCS chain tool and evaluation methodologies for integrated chains: (ICL, SINTEF, PSI, RUB, TNO)
WP4
Business case development: (UiO,FirstClimate,SDL) WP3
H, supply chain including CO, transport,
H./CO, separation injection and storage
2 2 WP2
WP1
¢ CO,-brine model (RUB,ICL)
* H, from natural gas (ETH, PSI) » CO, transport-injection interface (SINTEF)
* H, from other sources (ECN) e Storage-site characterization and selection (ICL)
 Characterization of CO,-CO-H, e Mt. Terri decametre scale experiment (ETH)
mixtures (RUB) * Impact of H, in the CO, stream on storage (BGS)

e De-risking storage

e Natural gas

ELEGANCY project management, network building and dissemination (SINTEF) WP6 == Co,

— — — Hydrogen
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Adsorption infrastructure (ECCSEL) Lab-scale ETH

) = ;‘;\ Cycling adsorbent analyser Lab-scale ECN
\ Single- and multi-column reactive PSA/TSA equipment Pre-pilot, TRL5 ECN
Equipment for measurements of density, speed of sound and Lab-scale RUB
dielectric permittivity
- Vertical flow facility Pilot-scale SINTEF
. e - Pipe and vessel depressurization (ECCSEL) Lab-scale SINTEF
o Core-flooding laboratory Lab-scale ICL
! Batch-reactor for mineral-dissolution kinetics Lab-scale ICL
Equipment for measurements of CO,-brine-mineral contact Lab-scale ICL
[ angle, interfacial tension and phase behaviour
Hydrothermal laboratory (ECCSEL) Lab-scale BGS
~. Geo-microbiology laboratory (ECCSEL) Lab-scale BGS
Rock deformation laboratory (ECCSEL) Lab-scale SCCER
Micro-seismic monitoring arrays Lab-scale SCCER

Mt. Terri research rock laboratory (EPOS) Pilot-scale SCCER




, supply and H,-CO, separation
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mixtures ongoing (RUB — bottom right). Decompression of CO, with 2 mol% N, in a tube. Measured

] ) _ _ pressure (bar) vs time (s) for different positions.
* Decompression of CO,-rich mixtures in a tube

under way. (SINTEF — top right).
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Experimental geomicrobiology set-up will help understanding whether

the hydrogen in the CO, stream could stimulate microbial activity. The

%)éa\(ts%h t_esr;cs)to investigate the effect of CO, and CO,/5%H, have started
, rignt).

Experiments and modelling to answer (i; How do caprocks fail? (ii)
How do fluids mix in the subsurface? (ili) How does rock
heterogeneity influence relative permeability? Characterization of
rocks for the CH case study (ICL, below right).

Mt. Terri CS-D experiment: The transmissivity of the fault seems to

decrease with time of exposure to CO,-rich water. The impact of two

month exposure to CO,-rich water on rock permeability has been

Sthl)wn)to be negligiblein laboratory experiments at EPFL (SCCER,
elow).
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Business case development and legal aspects

* Business Model Development Toolbox
available from www.elegancy.no.

 Suite of Excel tools and accompanying
guidance applicable to CCS case studies and

projects.
PY Purpose Of the Toolbox. POLITICAL, POLICY, SOCIAL RISK TECHNICAL, PHYSICAL RISK COMMERCIAL, MARKET RISKS OUTCOME RISKS
. = 3 é % w g § é _ § % g %
* Assessment of business context, the R R 0 O O O TR A A
. L . . . = & & 2 g £ € E s & £ 2 2 i o_c 2 E g
identification and assessment of business risks, S0 B T UERE O A U N A O N O O A O
the selection of business models, and the el s
. 4}
assessment of business cases. B
* ldentification and visualization of the key c
issues for the project early in the development g
process. i
* Facilitate collaboration and engagement
among stakeholders. R
o ol A
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H,-CCS chain tool and evaluation
methodologies for integrated chains

Open-source framework
* More widespread use
* More dynamic

‘Open’ or ‘closed’” modules
Stationary-design mode

Dynamic-operation mode

Multi-scale models for the chain

components

e

Open
source
framework

Providing
consistent
model
assumptions
and
framework
for
uncertainty
estimation

~

;

Reforming process

H, production
Shift reaction

s (V)PSA/TSA
* Low temp. sep.

CO, separation
* First generation technologies (amines)

Ship transport

* Liquefaction of co,

e Management of impurities
* Injection

* Power consumption
* |njection

Storage
* |njectivity
* Capacity

Pipeline transport
* |mpact of impurities

Multi-product optimization
Market dynamics response

Market Behaviour
12




H,-CCS chain tool

Design mode:

e Able to represent “real world” scenarios using past data.

* Capable of designing infrastructure for all key resources, whilst ensuring that CO, emissions are
constrained as the total cost of the network is minimized.

e The model incorporates geographical input data relating to H, demands, geological storage volumes,
natural gas infrastructure, to be used in the optimization.

Resource Technology Framework:

Time- Multiscale concept

Space-Cellular representation
e - (day, seasonal/annual, decades)

fretespeiods

Aﬁ,“’i i - # H, Storage
\ ® Small SMR.
e . ® Medium SMR.
Optimisation model e £, Sar i .
- o Large SMR.
o Spatiallity & Temporally )
resource demands, coefficients Medium SMR &
and metrics => Network CCS.
construction/operation [arce SMR &
Typical variabl traints & e
Resources o p‘l’:’t']f;m:j”a 5 constraints Infrastructure/Networks CCS.
o Raw materials o Gas grids Natural gaS pipeS
0 Intermediate resources o H,, CO; and syngas » CO, pipeline
o End use energy vectors pipelines » | pipeline
o Wastes o Heat/Transport network 2k .
A [mport terminals
o Resource O ..
demands/availabilities o Exist and need to be built

13



Constructor of surrogates and metamodels 9’

* Free tool based on Python L *
. P nput T| ) g | D ——
* Develops surrogates (simplified «j‘ TG a9
models) from detailed models L — al
* Surrogates used for inclusion of etalecmod surrogate mode

knowledge of detailed model _ ,
* Includes novel sampling domain

* Large variety of basis functions restriction method

for the surrogates included
e Can be downloaded on:

* Uses https://github.com/act-elegancy/consumet
* Adaptive sampling for a reduction
in sampling points

* Lasso regression for simpler models

14
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ELEGANCY case studies
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4 Enabling Swiss )

co-freetransport | CO, Storage site selection and risk

L b"“z‘"”d"“ﬂ, assessment for the Eclepens area

* Arealistic subsurface model was
created that represents the
geological situation at the
Eclépens Area in N/W
Switzerland.

* The model will now be populated
with realistic porosity and

permeability values obtained RasEirvoilr
from core samples Middle Jurassic w: /] - P

* The established workflow will find (Dogger) i NS oot T e e
application to other sites when | <l ~ T - Ry s
characterizing their suitability for i : Pt £ W%&me—r
future CCS project. oo™ P ~ oty




Adapting gas
infrastructure to H,
and CCS in German

This has been achieved

Multi-discipline research

Final in-depth analysis within the four disciplines in preparation for the internal workshop to bring the results
together in a joint framework.

/

The calculation of the regional
distribution of hydrogen
demand is currently carried
out on the basis of many
statistical regional factors.
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Development of qualitative
socio-technical scenario.
The overall transformation
determines the feasibility of
infrastructure modification.

L

\ /

State of German procedural law
increases the urgency of early
deployment of CO, pipelines.
TSO system responsibility on H,
and interoperability - H, from
renewable sources is given
priority

\

Assessment of H, transport via pipeline \
and lorry (n=512)

100
80
60
40

20
. .I - - I.

Pipeline Lorry

mVery positive  mRather positive w Parilyipartly
K m Rather negative mVery negative  m Unimporiant /

Analysis of online survey on
acceptance.

The transport of H, via
pipeline is assessed quite
positively.

Next step: Refining the disciplinary results and using them for the interdisciplinary and final evaluation of the three options.



-
Decarbonizing the

pntehiEcenonty Rotterdam harbor cluster

(Rotterdam)

-

* The H-vision project (industrial
platform of Rotterdam harbour)
completed

0.80 GW |

* The industrial partnership has [ (SR

agreed upon a reference case of % e
hydrogen production, transport m, |7 (B, |28, S

Pipe: 12° pe: ipe:
(DN300) (DN450 ) (DN450)

infrastructure and industrial
application

* ELEGANCY NL case study has contributed with adaptation and
implementation of WP3 & WP4 tools, as well as development of
specialized tools for the local energy market

19




Decarbonization of
UK cities and

industrial clusters
N L

| | NG

Application of ELEGANCY chain tool

Application of the H,-CCS chain tool from WP4 to UK conditions has revealed:
* Methane-based production technologies with CCS are necessary for cost-effective decarbonisation.
* Investment capital requirements are dominated by H, storage CapEx.

 Cost of CO, avoidance may vary significantly based on natural gas and biomass feedstock prices.

Production 0.025
-~ (£34.7bn)
E 50 1
E Compression 0.020 1
= (£1.25bn)
< 40
g iy
g Transportation = 0.015
= 30" (£13.7bn) 2
ke 2
E £
% 20 oo, £ 0.010
Tél 10
S 0.005
0 .
0 10 20 30 40 50 60 70 80 90 100 "
Maximum achievable CO; reduction (%) 0.000 - 120 140 160 180 200 220 240
mEm SMR with syngas capture BB ATR with GHR and CCS (E;grgge) Cost of CO; avoidance (£/ton)
B SMR with fluegas capture Bmm Biomass gasification with CCS -6bn
M ATR with CCS Bl Water electrolysis
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/The Norwegian full\
cale co chain | ytilization and export

and synergies with
H, production

\_ ]

1

* A detailed analysis of the potential for H, utilization in Norway
was conducted based on data available from open literature.

e Scenario topics of interest for the Norwegian case study has
been identified in collaboration with industrial partners:

* Level of H, demands individual levels for Norway, Europe and g"#g
Japan/World Offshore: Industry:
* Successful development of a Norwegian CCS infrastructure 150000t - |, , -_'L'L 323,000 t
* Constraints on development of a H, transport infrastructure ’ 7,’
* Cross-boundaries transport of CO, legal status : é DN
* Learning rate level considered (impact cost reduction over the = 2 é ‘M
development horizon) = ComblEtR
» Development/collection of a consistent set of data for the 35 -60,000 t

evaluation of the Norwegian case study has been initiated.

21
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News and Events

e 20 news items
e 7 videos

e 40 deliverables
(reports, etc)

ELEGANCY news

:;h"r;ﬁ:m gl
lacroeconomic
* @ELEGANCY_ ACT e
Split natural gas into Split water i
— egal atural gas into €O, and hydrogen hydrogen |
ontribution nd hydrogen Residual gasses also electrolysis pol
s k I t t in H-vision scoj by wind and
WeeKly (re)jtweets ecologioa %
ontribution
Analysis of itted i
e fm& COF =
imosphere
A framework for interdisciplinary ELEGANCY: From Helmholtz-type ELEGANCY Dutch Case Study: TNO
collaboration and evaluation of Equations of State to Legal initiates industrial participation with
infrastructure transformation in Conditions H-Vision project
Germany ember 2019 23 May 2019
09 October 2019 ELEGANCY is an ACT (Accelerating CCS Technologies) Guest bloggers: Octavian Partenie, Rajat Bhardwaj,
The German Case Study within the ELEGANCY-project project with Germany, the Netherlands, Norway, Robert de Kler, Erwin Giling (TNO, The Netherlands) In
Switzerland and the UK as participating countries, and line with the 2015 Paris Agreement, the Dutch...

examines ways to decarbonise the German

infrastructure with H,-CCS chains, focusing on pipeline- even project...

based options for CO;...




Deliverables and publications

* 40 deliverables completed so far

 All public deliverables at
elegancy.no

* 5 scientific publications
e Several under review

<« ¢ o © & httpsypv Jelegancy/publications/ | Q search €+
A ELEGANCY Partners Project programme News and Events Publications Internal pages Contacts
You are here: ELEGANCY > Publications
Publications

Project publications and public deliverables will be uploaded here once
available.

H; supply chain and H;-CO; separation — WP1
¢ D1.1.2 Report on characterization of equilibria and transport phenomena in promising new adsorbents for CO»/H; separation
+ D1.2.1 Report on 1000 hour catalyst stability

* D1.3.1 Report on optimal plants for production of low-carbon H3 with state-of-the-art technologies
doi: 10.1021/acs.iecr.9b02817)

CO, transport, injection and storage — WP2

+ D2.1.1 Report and software on a property model for CO,-rich mixtures in contact with brines with a seawater-like composition
* D2.1.4 Validation of experimental appratus for measurement of Hy solubility in water/brine

# D2.1.5 Solubility of H in pure water at reservoir conditions

* D2.1.6 Solubility of Hy in brine at reservoir conditions

# D2.3.1 Rock and fluid sample selection for petrophysics studies

# D2.3.2 Pore and gas sorption properties of Opalinus Clay

# D2.3.3 Direct spatial mapping of fracture properties during shearing displacements in rock cores
Journal version: JGR Solid Earth 2019, 127, 7; doi: 10.1029/2019]B017301, Preprint.

m

* Novel adsorption process for co-production of hydrogen and CO; from a multicomponent stream (Industrial and Engineering Chemistry Research, 58, 37, 2019.
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ELEGANCY Conference

Brussels, 8 November 2018 — 85 participants from industry and academia.
Read all about it on www.elegancy.no

e H2@Scale
Bryan Pivovar, National Renewable Energy Laboratory

09:00
[

Welcome, HSE and introduction
Nils A. Rgkke, SINTEF/EERA

e FLEGANCY overview
Svend T. Munkejord, SINTEF

e Laboratory studies to understand the controls on flow
and transport for subsurface CO, storage
Ronny Pini, Imperial College London
Anne Obermann, ETH Zirich

{EE1)B Coffee break & Poster session

e  Accelerating the energy transition — EU perspective
Vassilios Kougionas, European Comission

e Low carbon solutions
Steinar Eikaas, Equinor

10:40 Coffee break & Poster session

11:00 e H21
Dan Sadler, Northern Gas Networks

e ELEGANCY case studies
Gunhild A. Reigstad, SINTEF

e  Economic and legal barriers and opportunities
Catherine Banet, University of Oslo

e  Blue hydrogen: The future role of decarbonised gases
e C(limate effects of various CCU and CCS measures in Europe
Ana Serdoner, Bellona

Lunch

Jorgo Chatzimarkakis, Hydrogen Europe

([ 1B End of session

({8 Dinner at Conference Hotel Restaurant
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QOutreach (partial list)

Tekna CO, Conference, Oslo, January 2018

ZEP Network Technology Meeting, Brussels, February 2018
CSLF Meeting, Venice, April 2018
Energy Technology Partnership Meeting, Glasgow, May 2018

Joint workshop on CCS risk and liability sharing, Brussels, September 2018
GHGT-14, Melbourne, October 2018

ELEGANCY Conference, Brussels, November 2018

CCUS Summit, Edinburgh, November 2018

CLUSTER Symposium, Berlin, November 2018

Radio, TV and newspaper appearances, Mt Terri (CH), January 2019
CLIMIT Summit, Oslo, February 2019

Joint workshop on CCS risk sharing and business model selection, Brussels, March 2019

Romanian International Gas Conference, Bucharest, March 2019

ZEP Advisory Council Meeting, Brussels, June 2019
TCCS-10, Trondheim, June 2019

Hydrogen storage and liquefaction symposium, Perth, September 2019

European Utility Week, November 2019




Impact

* Increased acceptance for H, as an enabler for a decarbonized Europe

* Enable the use of H, in different industrial sectors and countries — at an economically
viable cost.

* De-risk CO, injection and storage, thus reducing a major hurdle to CCS deployment.

* The development of business models and business-case templates will facilitate
economically viable deployment of CCS; it will also identify any requirements for
regulatory and policy development.

* A new open-source evaluation tool for H,-CCS integrated chains will facilitate a _
transparent and consistent evaluation of CCS development options including uncertainty
analysis of key parameters.

* The five national case studies will promote CCS development by taking national
considerations into account, while at the same time providing insights across borders.

* The inclusion of industry partners that operate across many of the ELEGANCY countries
will also strengthen pan-European insights.
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Conclusion 9

* ELEGANCY helps fast-tracking the decarbonization of Europe’s energy
system by combining CCS and H,
* By overcoming specific scientific, technological and economic/legal barriers

* By undertaking five national case studies adapted to the conditions in the
partner countries.
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