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Netto-Null-Emissionsszenario fur die Schweiz
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Take-Home Messages

1. Um dem Klimawandel entgegenzuwirken, mussen sowohl Emissionen reduziert als auch negative
Emissionen generiert werden

E'H zZUuric h Marco Mazzotti - ETH Zurich 06.09.2021



Annual CO, emissions

1. Goal 1.5°C: net-zero-CO, emissions & NETs

gross CO, emissions A Decarbonization of:
supply side demand side i .
A Electicity Buldings * Power generation;
Other Transport ® MObIIIty;
Industry * Households; Unavoidable
net amount of CO y IndUStry (_ 75_90%)1 emiSSionS, e.g.
gross released 1o the atmosphere ® AgfiCUltU re, —7 chemical ind ustry,
CO, emissions - . .
* Lifestyle. aviation
gross total CO, emissions /
v// Negative emission Net-zero-CO,
SEy e technologies, NETs emissions
020 (100-1000 GtCO,): ~ —>| solutions, in all
technological COR * Bio- : sectors and for
zero CO, emissions line (BECCS) BI,O Energy W/ CCS'
/ * Direct Air Capture everybody
total amount of CO, removed (DAC) W/ CCS,
from the atmosphere
http://www.ipcc.ch by human activities e ( CCS = Carbon
/report/sr15/Fig 2-5 Capture & Storage. )

Marco Mazzotti - ETH Zurich 06.09.2021



1. Mogliche Ansatze fur negative Emissionen

Aufforstung, Wiederauffor- Bodenmanagement
stung, Waldbewirtschaftung (inkl. Pflanzenkohle)

und Holznutzung ‘f % Einbringung von Kohlenstoff

Baumwachstum entzieht der 11 (C) in die Boden, z.B. mittels

Luft CO2. Dieses kann in Ernterlickstdnden oder

Bdumen, Bdoden und @ Pflanzenkohle, kann C im
Boden anreichern.

Holzprodukten gespeichert
werden.

Bioenergienutzung mit Maschinelle CO2-Luft-
CO2-Abscheidung filtrierung und Speicherung
und Speicherung (BECCS) (DACCS)

Pflanzen wandeln CO: CO:2 wird der Umgebungs-

luft durch chemische
Prozesse entzogen und im

in Biomasse um, die Energie
liefert. CO2 wird aufge-

fangen und im Untergrund Untergrund gespeichert.
gespeichert.
Beschleunigte Verwitterung Ozeandiingung

Eisen oder andere Nahrstoffe
werden dem Ozean zuge-
setzt, um die COz-Aufnahme
durch Algen zu erhéhen.

Zerkleinerte Mineralien binden
chemisch COz und kénnen
anschliessend in Produkten, im
Boden oder im Meer gelagert
werden.

https://www.bafu.admin.ch/bafu/de/home/themen/klima/fachinformationen/emissionsverminderung/negativemissionstechnologien.html

Marco Mazzotti - ETH Zurich 06.09.2021



Take-Home Messages

1. Um dem Klimawandel entgegenzuwirken, mussen sowohl Emissionen reduziert als auch negative
Emissionen generiert werden

2. Die punktuelle CO2-Abscheidung ist sektorubergreifend machbar, die sichere Speicherung wird
europaweit verfugbar sein.

E'H zZUuric h Marco Mazzotti - ETH Zurich 06.09.2021



2. CCS at the CarbFix project, Iceland

Emission source

Offshore
injection rigs Cargo ship for
CO, transport

ROZOX

» The CarbFix pilot project
undertaken in 2012 near the cion
Hellisheidi geothermal power plant weprns 75 —_ 10'233_

well 4

Injection

(XX

X
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« 230t of CO, in groundwater injected
to a depth of ca. 500 m into basaltic Ho |
rocks

Dissoved CO, | &

* 95% of the injected gas mineralized D
within 2 years (permanently stored) CaCO; -

C82+, M92+, F82+(aq) + CO32_(aq) - MgCO3 (s)
FeCO3 (s)

Schematic of current and prospect CarbFix operation.

» CarbFix2 project couples DAC and mineral carbonation achieving a negative emissions pathway
» Moving offshore: the CarbFix2 project will inject CO, dissolved in seawater into submarine basalts

Snaebjornsdattir, S. O., et al. "Carbon dioxide storage through mineral carbonation." Nature Reviews Earth & Environment 1.2 (2020): 90-102.
Gunnarsson, |., et al. "The rapid and cost-effective capture and subsurface mineral storage of carbon and sulfur at the CarbFix2 site." International Journal of Greenhouse
Gas Control 79 (2018): 117-126.

ETH- uric h Marco Mazzotti - ETH Zurich 06.09.2021



2. CCS

*DAC of 1.5 kt CO,/y in Hinwil, ZH
*Vacuum-Temperature Swing Adsorption
*Regeneration w/ or w/o steam at 100°C
*CO, fed to greenhouse nearby
*Operational since May 2017

Marco Mazzotti - ETH Zurich
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*120 MW net coal-fired power plant
*1 Mt CO,ly

«Storage in aquifer

*Operational since October 2014

06.09.202
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Take-Home Messages

1. Um dem Klimawandel entgegenzuwirken, mussen sowohl Emissionen reduziert als auch negative
Emissionen generiert werden

2. Die punktuelle CO2-Abscheidung ist sektorubergreifend machbar, die sichere Speicherung wird
europaweit verfugbar sein.

3. Die CO2-Nutzung ist sehr energieintensiv (und erfordert daher eine erneuerbare Energieversorgung
sowie eine Analyse auf Systemebene)

4. Die CO2-Abscheidung kann durch direkte Abscheidung aus der Luft oder durch Nutzung von
Biomasse erreicht werden.

E'H zZUuric h Marco Mazzotti - ETH Zurich 06.09.2021



4. Carbon Dioxide Removal

Direct Air Capture

*DAC of 1.5 kt CO,/y in Hinwil, ZH
*Vacuum-Temperature Swing Adsorption
*Regeneration w/ or w/o steam at 100°C
*CO, fed to greenhouse nearby
*Operational since May 2017
ETHzurich Marco Mazzott - ETH Zurich 06.09.2021



4. Carbon Dioxide Removal

Direct Air Capture Waste-to-Energy Plants

globalthermostat CO,

CO; - free air
Atmospheric air

CO, — 50% biogenic / 50% fossil

Low-temperature heat
e.g. solar heat

Pure CO, [ | l

fossil Carbon

¥4
*DAC of 1.5 kt COy/y in Hinwil, ZH

*Vacuum-Temperature Swing Adsorption CO, emissions from European W1E plants are significant
*Regeneration w/ or w/o steam at 100°C *WLE plants enable sustainable cities: waste treatment,
*CO, fed to greenhouse nearby recycling, heat & power, CO, mitigation and CDR

*Operational since May 2017 *Biogas upgraders provide even more accessible biogenic CO,
ETHzirich Marco Mazzotti - ETH Zurich

CO, release

06.09.2021



ORCA inauguration (Climeworks & CarbFix)

* Hellisheidi, Iceland — September 8t, 2021
e 4000 tons CO,/year will be captured and stored underground



Take-Home Messages

1. Um dem Klimawandel entgegenzuwirken, mussen sowohl Emissionen reduziert als auch negative
Emissionen generiert werden

2. Die punktuelle CO2-Abscheidung ist sektorubergreifend machbar, die sichere Speicherung wird
europaweit verfugbar sein.

3. Die CO2-Nutzung ist sehr energieintensiv (und erfordert daher eine erneuerbare Energieversorgung
sowie eine Analyse auf Systemebene)

4. Die CO2-Abscheidung kann durch direkte Abscheidung aus der Luft oder durch Nutzung von
Biomasse erreicht werden.

5. Es besteht ein dringender Bedarf an einem europaweiten CO2-Netz, das alle CO2-Quellen und
CO2-Senken miteinander verbindet.

E'H zZUuric h Marco Mazzotti - ETH Zurich 06.09.2021



5. CO, sources and sinks across Europe
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Sectors with the largest potential

* Waste incineration / WtE
« Cement
* Biomass and biofuel
* Refineries
« Steel
* Natural gas
* Hydrogen
» Electricity
« DAC

* Order of magnitude: hundreds of
millions of tons CO, in 2050

06.09.2021



Take-Home Messages

1.

Um dem Klimawandel entgegenzuwirken, mussen sowohl Emissionen reduziert als auch negative
Emissionen generiert werden

Die punktuelle CO2-Abscheidung ist sektorubergreifend machbar, die sichere Speicherung wird
europaweit verfugbar sein.

Die CO2-Nutzung ist sehr energieintensiv (und erfordert daher eine erneuerbare Energieversorgung
sowie eine Analyse auf Systemebene)

Die CO2-Abscheidung kann durch direkte Abscheidung aus der Luft oder durch Nutzung von
Biomasse erreicht werden.

Es besteht ein dringender Bedarf an einem europaweiten CO2-Netz, das alle CO2-Quellen und
CO2-Senken miteinander verbindet.

Es gibt einen anspruchsvollen und dringenden, aber machbaren Weg fur CCS-basierte Losungen,
um zu den Schweizer Klimazielen beizutragen.

E'H zZUuric h Marco Mazzotti - ETH Zurich 06.09.2021



Take-Home Messages (F)

1.

Pour lutter contre le réchauffement climatique, il faut réduire les émissions et générer des émissions
négatives.

Le captage du CO2 a la source est réalisable dans tous les secteurs, et un stockage sir sera
disponible dans toute I'Europe.

L'utilisation du CO2 est tres intensive en énergie (et nécessite donc un approvisionnement en
énergie renouvelable et une analyse au niveau du systeme).

Le captage du CO2 peut étre réalisé par captage direct dans l'air ou en utilisant la biomasse.

Il est urgent de créer un réseau europeéen du carbone reliant toutes les sources et tous les puits de
CO2.

Il existe une voie difficile et urgente, mais réalisable, pour que les solutions basées sur le CSC
contribuent aux objectifs climatiques de la Suisse.

E'H zZUuric h Marco Mazzotti - ETH Zurich 06.09.2021



R Separation Processes
E'HZU rICh Laboratory

Demonstration and Upscaling of Carbon
dioxide Management solutions for a net-zero
Switzerland - DemoUpCARMA

Viola Becattini and Marco Mazzotti

30 September 2021



Context

The Long-Term Climate Strategy for Switzerland published by The Federal Council (27.01.2021) shows that CCS
shall play a key role, i.e. 5 mton CO,/y CCS (fossil/geogenic) & 2 mton CO,/y NET domestic, to achieve the goal of

carbon neutrality in Switzerland by 2050.

Abbildung 1: Treibhausgasemissionen
Entwicklung der Treibhausgasemissionen und des Einsatzes von Negativemissionstechnologien im Szenario ZERO Basis, in Mio. t COz-eq

60 Total emissions (fossil and biogenic) from Swiss
CO, point sources™2:

i 40 i.  Waste-to-Energy (30 plants) 4.5 Mt CO,-eqly

& . ii. Cement industry (7 plants) 2.6 Mt CO,ly

; iii. Chemical industry (9 plants) 1.1 Mt CO,ly
0

“Countries’ net-zero emissions pledges must

20 o
1990 2000 2018 2025 2030 2035 2040 2045 2050 urgently be translated into strong near-term
policies and action”

Prozessemissionen I Energieumwandlung Industrie

mm Verkehr B Dienstleistungen mm Haushalte 3 3 A
Landwirtschaft mm \Verdampfungsemissionen mmm Abfall (Unllte(_:I Nat|0ns EnVII‘OHmentaI Program _
CCS/NET Inland NET Ausland —e—Summe Emissions Gap Report 2020 — Dec. 2020)

© Prognos AG/TEP Energy GmbH/INFRAS AG 2020

The significance of the different types of negative emissions solutions for Switzerland is discussed in the 02.09.2020 report of the Federal
Council (in fulfilment of the postulate 18.4211 Thorens Goumaz of 12.12.2018), and titled “Von welcher Bedeutung kénnten negative CO,-

Emissionen fir die kiinftigen klimapolitischen Massnahmen der Schweiz sein?”.

"Monitoring-Bericht zur CO»-Branchenvereinbarung fiir das Jahr 2019, Verband der Betreiber Schweizerischer Abfallverwertungsanlagen (VBSA).

E"HZUI’ICh DemoUpCARMA - CONFIDENTIAL 2Swiss Emissions Trading Registry, 2018. 22



Project goals

1.

Demonstrate the technical feasibility of using and storing CO, captured at a

Swiss industrial site (biogas upgrading plant) and of generating negative
emissions when CO, is biogenic by:

Carbfix
:
(i) utilizing and storing it in primary and recycling concrete via a novel

-
-
-
-
.
.
.
.
.
.
.
.
.

technology solution - domestic CCUS value chain (Neustark technology);
(ii) Transporting and permanently storing it in a geological reservoir abroad

(Carbfix, Iceland) using a novel injection technique - CCTS value chain.

Demolition

:
concrete 0
————— > f! = ;
00 ©
— Low-carbon footprint

E _____ recycling and primary

ee0—o- concrete
Biogenic CO,

Concrete recycling plant
CCUS: Carbon Capture, Utilization and Storage
CCTS: Carbon Capture, Transport and Storage

n
Biogas Upgrader
(Ara Region Bern)

ETHzurich

DemoUpCARMA - CONFIDENTIAL
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ETHzirich

Project goals

Demonstrate the technical feasibility of using and storing CO, captured at a

Swiss industrial site (biogas upgrading plant) and of generating negative

emissions when CO, is biogenic by:

(i) utilizing and storing it in primary and recycling concrete via a novel
technology solution - domestic CCUS value chain (Neustark technology);

(ii) Transporting and permanently storing it in a geological reservoir abroad

(Carbfix, Iceland) using a novel injection technique - CCTS value chain.

Assess the upscaling potential of CCUS and CCTS chains as well as that of a
Swiss CO, network in the near- and long-term, respectively, considering techno-

economic, environmental, and reliability aspects.

Address policy, legal, and regulatory challenges to ensure economic viability,
mobilization of financial investment, and acceptance of CCUS and CCTS value

chains.

» Waste-to-Energy sector (30 plants)

* Chemical industry (9 plants)

Swiss large CO, emitters?2

Kempten

Belfort 3 Mulhouse haffiiausenc Konstanz

Montbéliard (O @ ¢ : e : ) N ‘kt
g [ Hu;d o o Staallen
oy 007,
L) y
Biel&Yne OJ B "“‘o Liec°znstein
°>O ‘é ILACEO 9’
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4.5 Mt CO,-eqly

1.1 Mt CO,ly

"Monitoring-Bericht zur CO»-Branchenvereinbarung fiir das Jahr 2019, Verband der Betreiber Schweizerischer Abfallverwertungsanlagen (VBSA).

DemoUpCARMA - CONFIDENTIAL 2SWiSS Emissions Trading Registry, 2018.



DemoUpCARMA structure and work packages

WP2.

Demonstration of CO, utilization and storage in concrete (domestic solution, CCUS) — V. Gutknecht
Piloting a novel carbonation technology for primary and recycling concrete and minimizing the CO, footprint of construction
materials

WP3.

Demonstration of CO, transport and geological storage (abroad, CCTS) — S. Wiemer
Demonstrating the feasibility of the full supply chain comprising (biogenic) CO, liquefaction at a Swiss industrial emitter, trans-
national transport, and geological storage in Iceland using a novel injection technique

WP4.

Upscaling potential of CCUS and CCTS chains and CO, network — M. Mazzofti
Investigating the potential of upscaling CCUS and CCTS technologies and of creating a CO, network with optimal design with
respect to techno-economic, environmental, and reliability aspects for the near- and long-term horizons

WP5. Addressing policy, regulatory, and acceptance challenges to enable CCUS & CCTS deployment — P. Eckle

Exploring effective policy designs, relevant legal frameworks, and public acceptance to fill existing gaps and to unlock the
potential of CCUS and CCTS technologies

Project coordination and dissemination

M. Mazzotti, V. Becattini

ETHzirich

DemoUpCARMA - CONFIDENTIAL 26




List of partners

ETH Zurich — Institute of Energy and Process Engineering

[All WPs]

(Separation Processes Laboratory, Energy and Process Systems Engineering, Reliability and Risk Engineering)

ETH Zurich — Sustainability in Business Lab

ETH Zlrich — Institute of Geophysics

ETH Zurich — Institute of Science, Technology and Policy
ETH Zirich — Energy Science Center

Ecole polytechnique fédérale de Lausanne (EPFL)
University of Geneva

Swiss Federal Laboratories for Materials Science and Technology (EMPA)
Paul Scherrer Institute (PSI)

Universita della Svizzera Italiana

Ara Region Bern

Kastli

Casale

South Pole (and Perspectives)

SBB Cargo/Chemoill

Verband der Betreiber Schweizerischer Abfallverwertungsanlagen (VBSA)
Jura Cement

Entsorgung + Recycling Zurich (ERZ)

Stiftung Risiko-Dialog

Lonza

Lonza Solutions

scienceindustries

Salzmann Transporte

Sulzer Chemtech

Carbfix

Northern Lights

Neustark

Climeworks

E'HZUFICh DemoUpCARMA - CONFIDENTIAL

[WP4, 5]
[WP1, 3]
[WPS5]
[WP1]
[WP3, 4]
[WP3]
[WP2]
[WP2, 4]
[WP5]
[WP2]
[WP2]
[WP4]
[WPS5]
[WP3, 4]
[WP4, 5]
[WP4, 5]
[WP4, 5]
[WPS5]
[WP4, 5]
[WP4, 5]
[WP4, 5]
[WP3]
[WP4]
[WP3, 4]
[WP4, 5]

[WP2, 3, 4, 5]

[WP5]

Research
institutions

National
partners

ETH Spin-offs

27



WP2: Demonstration of CO, utilization and storage in concrete (domestic

solution, CCUS)

Recycled Concrete Recycling Concrete
Aggregate (RCA)
Kastli Market share: 15%
Cement
CO, supply « Accounts for about 80% of

Liquefaction, transport, and GHG emissions of concrete

temporary storage *Concrete mix design

Ara Region Bern / Neustark optimization enables
lowering the cement content

by 5-15%

— __  Primary Concrete

Concrete Mixing Water
Késtli

Market share: 85%

Total amount of CO, utilized and

stored in carbonated recycled
concrete: 500 tons

Development of concrete

Design and construction mix designs

Arabern: waste water treatment
plant, with biogas upgrader - CO,
supplier.

Kastli: concrete recycling plant.

Nuestark: carbonation of
demolition concrete and concrete
mixing water.

EMPA: material testing and
development of low-carbon
footprint concrete mix designs.

PSI: Cradle-to-grave LCA of the
overall value chain.

Challenges: optimize on-site
logistics and material flow, enhance
energy efficiency and carbonation
process, improve concrete quality
and reduce its carbon fooprint,
quantify environmental benefits of
value chain.

Demonstration Cradle-to-grave LCA Final Evaluation

ETH:zurich DemoUpCARMA - CONFIDENTIAL Neustark, Ara Region Bern, Kastli, EMPA, PSI |30




WP3: Demonstration of CO, transport and geological storage (abroad,

CCTS)
-
Storage Site ._: Total amount of CO,

. transported and
ETH, University of Geneva, EPFL permanently stored in the

Cradle-to-grave LCA of overall CO, supply chain. e~ 1ace: 1000
Comprehensive monitoring program before, during and after CO, injection.

tons over 12 months

Carbfix: CO, storage in basalt by mineralization (incl. CO, transport).

SBB Cargo: transport of chemicals, including CO,, by road and rail.

Ara Region Bern: waste water treatment plant, with biogas upgrader - CO, supplier. .
Neustark: liquefaction of CO, and loading of isotainers. a Q
Challenges: scheduling CO, provision and coordinating its supply chain from Ara n

Region Bern to Icelandic storage site via Rotterdam, injecting CO, dissolved in
seawater (first-of-a-kind demonstration), monitoring and assessing efficacy of SRR

permanent storage.

Design and plannin Monitoring Demonstration Cradle-to-grave LCA Final Evaluation
g

ETHzurich ETH-SED, ETH-SPL, ETH-EPSE, Carbfix, SBB Cargo/Chemoil, Neustark, University of Geneva, EPFL-LMS, Salzmann Transporte 31




WP4: Upscaling potential of CCUS and CCTS chains and CO, network

Upscaling of CCUS and CCTS value Swiss CO, network and shared Integration of post-combustion CO,
chains infrastructure capture with WtE and cement plants

Analysis of CCUS and CCTS chains that Develop scenario-based optimal designs of a Identify optimal integration options for post-
may be deployed in the near-term (e.g., Swiss CO, network connecting emission combustion CO, capture technology in
before 2030) by early movers, considering sources (from the WtE, cement, chemical (WtE) and cement plants with reference to
techno-economic, environmental, and and biogas sectors) to sinks domestically or specific plants (Hagenholz and Wildegg
reliability aspects of these chains from the abroad in the long-term and exploiting a plants) and generalization to other plants.
capture and liquefaction sites, to transport potential shared CO, infrastructure
and permanent storage. established at the European level.

Carbfix |8 Before 2030 Carbfix | By 2050 )

i«

o7

Storage in Acorn
Storage in concrete in CH )
concrete in CH Teeside _— -— =1
ks cluster - ?// >

Ravenna

/

ETH-SPL, ETH-RRE, ETH-EPSE, ETH-sus.lab, Neustark, SBB Cargo/Chemoil, VBSA, Casale, Jura Cement, ERZ, Lonza,
ETH:zurich Lonza Solutions, scienceindustries, Sulzer Chemtech, Carbfix, Northern Lights

32



WP5: Addressing policy, regulatory, and acceptance challenges to enable
CCUS & CCTS deployment

Scope Focus

Emissions accounting and

reporting tools, and crediting
a mechanisms for national and

trans-national CCUS and CCTS

+ Stocktaking and assessment of the climate finance landscape with applicability to
prospective CCUS and CCTS activities

* Methodology and toolsets for climate finance transactions

 Blueprints for climate finance transactions

solutions
* Investment and financing needs along the CCUS and CCTS supply chains
Analysis of effective policy  Effective support policy designs for mobilization of finance
e designs to overcome acceptance » Public acceptance of support policies
and financing challenges » Stakeholders map & knowledge and perception of the Swiss public towards CCUS and

CCTS

Other regulatory gaps emerging from WP2 and WP3
Technical regulatory gaps for CO, pipeline network
Organizational models for future CO, infrastructure

Technical and organizational
questions for transport scale-up

o ETH-sus.lab, ETH-SPL, ETH-SED, ETH-ISTP, South Pole, Climeworks, Neustark, VBSA, Jura Cement, ERZ,
ETHZUrich DemoUpCARMA - CONFIDENTIAL | Stiftung Risiko-Dialog, Lonza, Lonza Solutions, scienceindustries, USI, Carbfix, Northern Lights




PATHFNDR project

SWe et swiss energy research
for the energy transition
Partnership Council Energy — —

29t September 2021 PATHENDR —— =
Lea A. Ruefenacht
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In line with the national vision of
net-zero GHG emissions we imagine ...

Climate-related emissions in Switzerland:
net-zero scenario until 2050

an efficient, flexible,

resilient, cost-effective, 2 1111 ITT
and sustainable

-20
1990 2000 2018 2025 2030 2035 2040 2045 2050
mmm Industry & Processes Agriculture Transport
1 Households & Services s CCS/NET Domestic NET Abroad
——Sum

Source: Energy Perspectives 2050+ (SFOE), Prognos AG / TEP Energy GmbH / INFRAS AG (2020)

E'HZUFiCh 30.09.21 37



Within this future, our main goal is to ...

develop and analyze
transition pathways
for renewable energy
integration In
Switzerland.

Battery-powered cars

PV systems

Source: based on Prognos AG, https://www.bfe.admin.ch/bfe/en/home/policy/energy-perspectives-2050-plus.html

E'HZUI“/Ch 30.09.21 38



https://www.bfe.admin.ch/bfe/en/home/policy/energy-perspectives-2050-plus.html

25 cooperation partners from
the public and private sector
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The expected outcomes are:

: 1. for the
59 energy transition that enhance
flexibility and sector coupling

2.
= for assessing flexibility options
17 across sectors and along

different spatiotemporal scales

ETHzirich

Ol &~)

HBBEA o]

3.

for testing flexibility
market designs and technologies

4. Identifying new

for exploiting flexibility
and sector coupling options

5. Analysis of
for the energy transition and
decarbonization
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Fragen und Diskussion

Moderation:

SR Damian Miiller
Prasident PG BFI

PG BFI BILDUNG FOR

SCHUNG INNOVATION

FORMATION RECHERCHE INNOVATION

GP FRI FORMAZIONE RICERCA INNOVAZIONE
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Nachster Anlass PG BFI — GP FRI

Frithjahrssession 2022:

Donnerstag, 17. Marz 2022 uber Mittag

Anmeldung: info@pgbfi.ch
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