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1 Executive summary

la RSTAYSR o6& L Removal(CBRYydfeMdogthropdgehie actviies removing £O
from the atmosphere and durably storing it in geological, terrestrial, or ocean reservoirs, or in
products. It includes existing and potential anthropogenic enhancement of biologgmalhemicalor
chemical Cesinks, but excludes natural €aptake notdirectly caused by human activitieCarbon
Capture and Storage (CCS) and Carbon Capture and Utilisation (CCU) applied to fdesihdZO
gualifyas removal technologies. CCS and CCU can only be part of CDR methods fgh®ogénic

or directly catured from ambient air and stored durably in geological reservoirs or prodiRGC,
2022b)

The permanent removal of GQand other Greenhouse Gases (GHG)) from the atmosphere will be
needed to reach stringent climate goals, i.e., limibbal warming to well belo two degrees
However, it is crucial that relying on CDR muat result in lowering ambitions to reduce GHG
emissions. Nevertheles§DRshould be developed in the near tertn enable its rolein midterm
future to counterbalancéard-to-abate GHG emissions (e @missiongrom agriculturejndustry,and
aviation), and in the long term to achieve metgative GHG emissions.

According to scenarios which lingtobal warming to well belowwo degrees CDR in the order of

Megatons pe year will be needed on the Swiss national level, and in the order of Gigatons per year

on the global level by mid of this century.2 YLI NAy 3 GKS FY2dzyda 2F /5w
O2YLIH GAG0ESE &AO0SYINAR2a gA0GK @gKIF (G HKslpartob@adgal | yy 2 dz
YAGATIGAZ2Y aGNY GS3ASaz NBadzZ 6a Ay O2yaAiARSNIotS
to scale CDR above current levels, exposing a substantial shdii@dly, CDR is still as its infancy and

virtually all deployedCQ removal is associated with conventional management of land (aafied

GO2y @Sy dAz2ylfté¢ /5w YSiKgR@salon it mahdgémend aflexisting T 2 NB &
forests

However, the portfolio of CDR methods discussed is broad and includiesrfmethods such as soil
carbon sequestration, applications of biochar, bioenergy with carbon capture and storage (BECCS),
direct air carbon capture and storage (DACCS), enhanced rock weathering, peatland and coastal
wetland restoration ocean alkalinityenhancement, ocean fertilizatiorand the use of timber as
construction materialThese methods largely differ in terms of development levels, costsoval
potentials, potential cebenefits and tradeoffs, permanence of GOremoval and thus climate
effectivenessFor many of those issues, reliable knowledge and evidence is missing today. These
knowledge gaps should be filled quickly, as CDR implementation in the order of Megatons per year
(domestically) and Gigatons per yeg@lobally) requires massive upscaling and such lacgée
implementation must not take place without a solid knowledge basis.

This report contribute to building such a knowledge basis by performing environmental Life Cycle
Assessment (LCA) feeveralCDR methodgotentially relevant from a Swiss perspective for removing
CQ from the atmosphere; domesticallyand abroadLCAs the method of choice for quantifying GHG
emissiongand other environmental burdengpused by CDR methods in a comprehensive aval

thus for determining their netcarbon removaleffectiveness.Also, consistent methodologies for
certification andmonitoring, reporting and verificationR\) of CDRften build on LCA

Life Cycle Assessme(itCA)

The main goal of the LCA performed here is the quantificatiaimetf carbon removal efficienciés
of a range of CDR methodpplying LCA methodolog®esigning the LCA models in a parameterized

1Alsoreferredtoasy S OF Nb 2y NBYEBY 2 ONINGBBNBSGFBIIt /| HFetDODSWB&¥2 02 K STFAOASY O
throughout this report Specified here ag(gross amount of C@emoved from tte atmosphere for a period of 100 years or morkfe
cycle GHG emission$the CDR syste)j/ (gross amount of G@emoved from the atmosphere for a period of 100 years or more)
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way allows us to represent a broad range of boundary camtin terms ofor examplegeographical
scope, energy supply optionsansport modes and distancestc., and to investigate the impact of
different parameter settings on the LCA outcomes and thus the carbon reratfeativenessThe
scope of the LCAehe is limited taDirect Air Carbon Capture and Storage (DAG@8)}temperature
solid sorbent and higkemperature solvent based, Bioenergy with Carbon Capture and Storage
(BECCS)using wood and municipal waste as fie] biochar applied as soil ameément, enhanced
rock weathering, and ocean liminQualitative discussignincluding an outline for a consistent
framework for accounting for biogenic GQ@luxes,is performed for temporal storage of biogenic
carbon by using wood as construction materi&fle perform attributional LCA of single, hypothetical
CDR units, as if implemented and operated today, based on the currently available knotvledge.

Results

Under the right conditions, all CDR methods analyzed can achieve very high net carbon removal rates

in the order 0f80-90% or even aboveneaning that per ton of Germanently removed from the

atmosphere, 10200 kilograms(or less)of CQ-equivalenté NB NBf SF AaSR o6eori KS aLJ
& LINE R dzO (requiréddoii &Ssipetific CDR methdtuciaffor such higmet removal ratesare two

factors:

1) Low-carbon energy supply, and
2) Minimizing transport distances for feedstock (biomass and rock materiak) amohehow less
relevant¢ CQ (in case of geological storage).

If those two conditions caneéomet and purely based on net carbon removal rates, none of the
analyzed CDR methods can be considered as the preferred option and none of them should be
excluded from further development and implementation. In practice, costs, potensiais effects as

well astechnical and political barriers will determine preferred options.

If the two conditionshighlighted aboveare not fulfilled, C@&removalbecomes much less effective

and, in some settings, the GHG emissions caused by the CDR systevemaxceed the amount of

CQ permanently removed. Most sensitive in this context are DA@GS to a comparatively high

energy demand)biocharto-soil applcations(due to comparatively high amount of feedstock to be
transported)and ocean limingdue to high energy demanahd material transpoit The BECCS and

enhanced rock weathering systems represented in our LCA are less affected, as we assume that the
energy for CQO LJGi dzZNE ySSRSR o6& GKS g22R FyR ¢glaidsS 02Y06
i.e., by these plants themselves reducing the@at and/or electricity output; and enhanced rock
weathering exhibits a comparatively low energy demand

Figurel.1l shows life cycle GHG emissi@rgl net C@Qremoval rateqtons of C@eq emitted per ton

of CQ permanently removed from the atmosphere) of all CDR metlasttkessed in this report, with

Fy G2LINBYAAAADOE LI NI YSGSNI aSGGAYy3 FNRY GKS OdzN
mind that these represent selected cases and that neti@@oval rates can vary over broad ranges,

which are shown and discussed in sectibrit also needs to be considered, that the impact of co

products provided bedis the CDR service by some of these CDR metheds, heat and electricity

generated by the MSW incineratia@ns not taken into account in this comparison.

21t has to be acknowledged thattabutional LCA is not appropriate for quantifying net removalssipecificoffset projects anccredits
(Brander, 2024)as attributimal LCAloes not quantify the total systeswide change in emissioms removals caused by an intervention
or action

3¢ KSNB A& OdaNNByif e y2 Rrifokaychninfolyyagréed uponl BReast refe@ayit Siochardsoil h
applicatiors), we consider Cfbeing removed from the atmosphere for 100 years or more as permanent renMuat.recentevidence,
provided by(Brunner, Hausfather and Kutti, 2028howingthat such a short period of time is insufficiantthe context of net zero GHG
emissionscould not be considered in our analydise to temporal limitations

4 Cumulative greenhouse gas emissions are measured in terms@fqDiDalentsCQeq). We apply global warming potentiglé WP Yor
a time horizon of 100 yea® & D¢ .0
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Figurel.l: Life cycle GHG emission§diffefre nt CDR met hods, ev-apubamedtiwvct! hpar ameneéi
from a current Swiss perspectiveMSWI: Municipal Solid Waste IncineratiorDACCS: Direct Air Carbon Capture and
Storage.All methods assumed to be applied in Switzerland, excepe@t Liming (Norway)Biogenic carbon content in
the MSW: 52%all GHG emissions associated with &@nsport and storage are assigned to thisiogeniccarbon fraction
thus to the CDR servic€Q capture rates: 90% at the wood power plant, 85% at the MBWant. Spruce used as biomass
feedstock for biochar production and wood combustioGeological C®storage assumed to take place in Iceland for
DACCS, woodombustionand MSWI with CCS. Transport of 84a pipeline over 4000kmCQ storage depth: 3000m. DAC
operated with Swiss grid electricity and waste heat. Planternal heat and power supply for CQrapture at the wood
combustion and MSW!I plantsBiomass and rock transport in theange of 100km High-temperature heat supply for
quicklime production from natural gas combustiorspecific C@uptake of enhanced rock weathering: 0.35 t @Orock
material. Dashed bar segmentsn top of each barrepresent net C@ removal rates, i.e., the fraction of gros€Q
permanently removed, which is not compensated by GHG emissions from the CDR product systems.

A question relevant from the Swiss perspective is whether capturingnC&vitzerland (via biomass
or waste combustion plants or direct air capture unitsgdgermanently storing it abroad (e.g., in
Iceland or Norway, where storage conditions are currently better known) makes sense from a life cycle
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perspective in terms of net carbon removal effectiveness. Our LCA results for DACCS and BECCS
suggest that such longdistance transport of CQeven over thousands of kilometgrenly causes
relatively minor GHG emissions if pipelines are used fop t@@sport. Other means of transport

should only be used for transport of up to a few hundred kilometers durimgresition period towards
large-scale implementation and should be avoided in the long term due to assodisgber GHG
emissions.

Another question relevant from the Swiss perspective is for which purpose biomass should preferably
be used. Due to its limed scope and the fact that such a questasotouches upon policy relevant
issues, this analysis cannot provide a conclusive answer. Only from a net carbon removal perspective,
wood combustion with CCS for energy supply seems to be the efiestive option to use woody

(dry) biomass, as it removes most biogenic carbon from the atmosphdrat the same time provides
low-carbon heat and electricityBiochar used as soil amendment, however, may exhibisrefits in

the agricultural systengr could pose risks for sojlsoth ofwhich were not addressed in this analysis.

When interpreting the results presented in this report, different levels of uncertainties and reliability
for specific CDR methods need to be considecegrimarily since thedevelopment status and
experience level with the methods being part of this analysis differs: While a few first BECCS and
DACCS systems are already operated today, practical evidence angniongxperience is mostly
lacking for biochato-soil applicatbns and even more so for enhanced weathering and ocean liming.
As the last three methods interact with the natural environmerthe soil and the ocean special
caution is recommended before any largeale implementation. Not only the climate effectivese
needs to be ensured over long periods of time, but also potential negative environmental side effects
must be thoroughly investigated and kept to a minimum.

Recommendations for further research

In general, an LCBased quantification of the climate efféveness of all CDR methods is neetied
allow for a comprehensive comparison of the different metha8ach an extension of scope should
includeCDRmethods such as soil carbon sequestration(sb f f SR & Jife.qzSosySiénbdaBsedl y ¢
carbon removain marine environments ocean fertilization, peatland restoration, afforestation and
reforestation, further BECCS options beyond wood and waste incineratiohpng-term utilization

of CQ. Further,methods to removereenhouse gases beyond £0nethare and dinitrogen oxide
should be investigatedSuch a more comprehensive evaluation should also follow best practices in
LCA in the context of dealing with-pooducts, whictlwasconsidered to be out of scope of this work
by its commissioneiSuch a extension of scope should also focus on the aspect of durability of CO
removal and the differencdsetweenspecific CDR methodsthis cantextin a more meaningful way
than we were able to in this work

To enable quantification of environmental-benefits and potential tradeoffs, LCA should not only
address GHG emissions and associated climate impacts, butathigonmental burdens according
to common Life Cycle Impact Assessmeantdpoint impact categoriesuch as particulate matter
formation, ozonealepletion,biodiversity losseutrophication,and acidification An evaluation of many

of those impact categoriesmust, however,apply regionalized impact assessmetctnsidering
exposure opopulation and characteristics of ecosystems affectexiecosysta damages and human
health impactsnostoften depend on the location of burdens causédko,the fact that CDR methods
are quicklydevelopingand largescale implementation will only take place in years from now should
be considered by performing prosge® LCA. For an evaluation of any lasgale implementation,
LCA should be embedded into a system analysis in whicHimearities and interactions between
CDR, the energy system and the entire economy can be considreld.a system perspective would
also allow to quantify potential environmental burdens and benefits due to products and services
beyond C@removal, which some of the CDR methods proyidea lessarbitrary way.Examples
include the overall impact on the Swiss energy supply in caaegafdcale BEC@BDACCHstallation

or potential impacts on Swiss agriculture by lasgpale biochato-soil applicationFurther, the issue
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of permanence in terms of G@moval needs to be addressed aiming for a commonly accepted way
to address it irthe context of LCAs well aMRV.
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2 Zusammenfassung

Nach der IPGDefinition bezieht sich der BegrikEntfernung von C® (englisch:Carbon Dioxide
Removal (CDRyuf anthropogene Aktivitaten, die G&us der Atmosphare entfernen und dauerhaft

in geologischen, terrestrischen oder ozeanischen Reservoiren oder in Produkten spderdsagriff
umfasst die bestehende und potenzielle anthropogene Verstarkung biologischer, geochemischer oder
chemischer C&Senken, schlgt jedoch die natirliche GEAufnahme aus, die nicht direkt durch
menschliche Aktivitaten verursacht wird. £&bscheidung undSpeicherung(CCS)sowie CQ-
Abscheidung undNutzung (CCU), die auf fossiles £&nhgewendet werden, gelten nittals Ab
scheidungstechnologien. CCS und CCU kénnen nur dann Teil vdra@2Bssen sein, wenn das L0
biogen oder direkt aus der Umgebungsluft abgeschieden und dauerhaft in geologischen Lagerstétten
oder in Produkten gespeichert wi(tPCC, 2022hb)

Die dauerhafte Bfernung von C@(und anderen Treibhausgas€MHG) aus der Atmosphare ist
notwendig, um die strengen Klimaziele zu erreichen, d.h. die globale Erwarmung auf deutlich unter
zwei Grad zu begrenzen. Es ist jedoch von entscheidender Bedeutung, dass denaim€&DR nicht

dazu fuhrt, dass die Ambitionen zur Reduzierung der Treibhausgasemissionen nachlassen.
Nichtsdestotrotz sollte CDR kurzfristig weiterentwickelt werden, um mittelfristig eine Rolle bei der
Kompensation von schwer zu reduzierenden Treibhassmgéssionen (z.B. Emissionen aus
Landwirtschaft, Industrie und Lddthrt) zu spielen und langfristig eine Netiegativitat der
Treibhausgasemissionen zu erreichen.

Szenarien, welche die globale Erwarmung auf deutlich unter zwei Grad begrenzen, erfusdzun

Mitte dieses Jahrhunderts auf nationaler Ebene in der Schweiz Emtiernung von COin der
Grossenordnung von Megatonnen pro Jahr und auf globaler Ebene in der Grossenordnung von
DAIIG2yySy LINEP WFHKNWP +SNBONRIbOKa ¥FFYRNESKYo&ZE D
Mengen mit dem, was auf nationaler Ebene angekiindigt wurde oder Teil der natiomalén
Minderungsstrategien ist, so ergeben sich erhebliecRLickemw, da derzeit nur wenige Lander
Plane haben, die CDR Uber das derzeitigedli hinaus zu erhéhen, was auf ein erhebliches Defizit
hindeutet. Heute steadn die meisterCDRMethodennoch in den Kinderschuhen, und praktisch die
gesamte C@Entfernungwird durch konventionelle Landbewirtschaftung (oder sogenarxien
ventionelle> CDRMethoden) erreicht, hauptsachlich durch Aufforstung, Wiederaufforstung und
Bewirtschaftung bestehender Walder.

Das Portfolio der diskutierten CENRethoden ist jedoch breit gefachert und umfasst weitere
Methoden wie die Kohlenstoffbindungi Boden, Anwendungen vdeflanzekohle, Bioenergie mit
Kohlenstoffabscheidung undpeicherung (BECCS), direkte Kohlenstoffabscheidungpeitherung
ausder Luft (DACCS), verstarkte Gesteinsverwitterung, Renaturierung von Mooren und Kistenfeucht
gebieten, Erhohung der Ozeanalkalinitdt, Ozeandiingung und die Verwendung von Holz -als Bau
material. Diese Methoden unterscheiden sich stark hinsichtlich Entwicklungsstand, Kosten, Ab
scheidungspotenzial, mdglichen Nebenwirkungen, Dauerhaftigkeit deAG€heidang und damit
Klimawirksamkeit. Fur viele dieser Fragen fehlen heute verlassliche Erkenntnisse und Belege. Diese
Wissensliicken sollten rasch geschlossen werden, da eine Umsetzung von CDR issrof@riung

von Megatonnen pro Jahr (national) und Gigatomm@o Jahr (global) einmassiveAufskalierung
erfordert und eine solche gestechnische Umsetzung nicht ohne eine solide Wissensbasis erfolgen
darf.

Der vorliegende Bericht tragt zum Aufbau einer solchen Wissensbasis bei, indem er eine dkologische
Lebensyklusanalyse (LCA) fur mehrere Gd&hoden durchfihrt, die aus Schweizer Sicht fur die
Entfernung von C£aus der Atmosphareim In-und Ausland; potenziellrelevant sind. Die Okobilanz

ist die Methode der Wahl, um die Treibhausgasemissionen (und andenseltbelastungen), die

durch CDRMethoden verursacht werden, umfassend zu quantifizieren und damit die Nettoeffizienz
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der Kohlensto#ntfernungzu bestimmen. Auch standardisierte Methoden fur die Zertifizierung und
Uberwachung, Berichterstattung und Mezierung (MRV) von CDR basieren haufig auf LCA.

Lebenszyklusanalyse Okobilanzen

51 & | FdzLdJiT ASf RSNJ KASNJ RdzNOK3ISTNKOBGBwernynds! A &
S ¥ T A Yeihed RReihé von CBRethoden unter Anwendung der L@ethodik. Dagparametrisierte

Design der Okobilanzmodelle ermdglicht es, einesgrdBandbreite von Randbedingungen abzu
bilden, z.B. in Bezug augrigeografischa GeltungsbereichEnergieversorgungsoptionen, Transport
arten und -distanzen usw., und die Auswirkungearschiedener Parametereinstellungen auf die
Okobilanzergebnisse und damit auf die Effizienz der Kohlerstédfnung zu untersuchen. Der
Umfang der Okobilanz beschrankt sich hier auf die direkte Kohlenstoffabscheidurgpeizherung

in der Luft (DACCS) Niedertemperatur und HochtemperatwVerfahren ¢, Bioenergie mit
Kohlenstoffabscheidung unepeicherung (BECC&)unter Verwendung von Holz und Siedlungs
abféllen als Brennstoffe, Pflanzekohle («biochar»)zur Bodenverbesserung, verstarkte Gesteins
verwitterung undMeeresKalkanreicherungrur die Zwischenspeicherung von biogenem Kohlenstoff
durch die Verwendung von Holz als Baumaterial wird eine qualitative Diskussion gefiihrt, die auch den
Entwurf eines konsistenten Rahmens fiir die Bilanzierung berg&0-Flisse beinhaltetDie
Okobilanen werden fur einzelne, hypothetische CBRilagenerstellt, die auf der Grundlage des
derzeit verfuigbaren Wissens implementiert und betrieben wurélen.

Ergebnisse

Unter geeigneten Bedingungen konnen alle untersucht&€DRMethoden sehr hohe Netto
Kohlenstoffabscheidungsraten in der Ggénordnung von 8®0% oder mehr erreichen. Dies
bedeutet, dass fur jede Tonne &@ie der Atmosphéare dauerhagntzogen wird, 10200 Kilogramm
(oder weniger) C@Aquivalente® durch de fur eine bestimmte CDRethode erforderliche
at NPT S3a1SiiSa 2RSNJ RFa ot NPRdzlGlaeaidSya FNBAISE:
solch hoher NetteEntfernungsraten ausschlaggebend

1) Kohlenstoffarme Energieversorgung und

2) Minimierung der Transportwege fur Rohstoffe (Biomasse und Gesteinsmateriaf) etahs

weniger relevant, fir CQ (bei geologischer Speicherung).

Wenn diese beiden Bedingungen erfillt werden kdnnen, kann keine der untersuchtel&bétien

als bevorzugteOption angesehen werden und keine sollte von der weiteren Entwicklung und
Umsetzung ausgeschlossen werden. In der Praxis werden Kosten, Potenziale, Nebenwirkungen sowie
technische und politische Hindernisse die bevorzugten Optionen bestimmen.

Wenn diese belen Bedingungen nicht erfillt sind, ist die £Entfernung deutlich wenigesffektiv,

und in einigen Fallen kénnen die durch das &9&em verursachten Treibhausgasemissionen sogar

die Menge des dauerhaft entfernten gQibersteigen. Am empfindlichsten sind in diesem
Zusammenhang DACCS (wegen des vergleichsweise hohen Energiebedarfs), die Verwendung von

5Hierberechret als: [(Bruttomenge an GQdie der Atmosphaére Uber einen Zeitraum von 100 Jahren oder langer entzogen wird
Lebenszyklustreibhausgasemissionen des-8afems)] / (Bruttomenge an g@ie der Atmosphare Uber einen Zeitraum von 100 Jahren
oder langer etzogen wird).

8 Es muss eingeraumt werden, dass attributive LCA nicht geeignet ist, dieResttdtion fur spezifische Kompensationsprojekte und
gutschriften zu quantifiziere(Brander, 2024)da die attributive LCA nicht die gesamte systemweite Veranderung der Emissionen
quantifiziert, die durch einen Eingriff oder eine 84aahme verursacht wird.

7 Derzeit gibt es keine allgemein anerkannte Definiffb& NJ o 5 I dzS NXK | AEdtlerBund Ih diesemFESIINder/fiin die Anwendung
von Pflanzekohle im Boden am relevantesten ist) betrachten wir die Entfernung vera@der Atmosphare fiir 100 Jahre oder langer
als dauerhaft. NeuervidenZBrunner, Hausfather and Kutti, 2024lje zeig, dass ein solch kurzer Zeitraum nicht ausreicht, um Netto
NulkTreibhausgasemissien zu erreichen, konnten in unserer Analyse aufgrund zeitlicher Beschrankungemafutiteriicksichtigt
werden.

8 Die kumulierten Treibhausgasemissionen werden ig-&fdivalenten (C&q) gemessen. Wir verwenden daibhausgaspotenzial
(Global Warming &tential,D2 t 0 FTNNJ SAySy ®wSAGKz2hNRd@y(d @2y wmnn W KNBY o6aD2t
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Pflanzetkohle zur Bodenverbesserung (wegen der vergleichsweise groRen Menge an zu
transportierende Biomassgund dieMeeresKalkanreicherungwegen des hohen Energiebedarfs und
Materialtransports). Die iden vorliegende®kobilanendargestellten Systeme BECCS und verstérkte
Gesteinsverwitterung sind davon weniger betroffen, da davon agesggen werden kanndass die

von den Holz und Abfallverbrennungsanlagen fiir die 406 8 OKSA Rdzy3 oSyl GA3dS 9
bereitgestellt wird, d.h. durch diese Anlagen selbst, indem sie ihre Wamakoder Stromproduktion

reduzieren, und die verstarkte Gesteinsverwitterung einen vésgsweise geringen Energiebedarf

aufweist.

Abbildung2.1 zeigt die Lebenszyklustreibhausgasemissionen und die KGd-ntfernungsraten

(emittierte Tonnen C&q pro Tonne dauerhaft aus der Atmosphare enthommenes)Ger in

diesem Bericht behandelten CRRS 1 K2 RSy YA G SANBSINIAGBARIADKEFaA aQf
einstellung aus heutiger Schweizer Sicht. Dabei ist zu bertcksichtigen, dass es sich um ausgewéahlte
Falle handelt und die NetteCQ-Entfernungsrateniiber weite Bereiche variieren kdnnen, wie in

Kapitel6 gezeigt und diskutiert wird. Es muss auch beriicksichtigt wediess die Auswirkungen der
Nebenprodukte, die einige dieser GRthoden neben der CDRienstleistung lieferm z.B. Warme

und Elektrizitat aus der Verbrennung von Siedlungsabfgliardiesem Vergleich nicht berlcksichtigt

sind.

Eine aus Schweizer Sicbhtavante Frage ist, ob es aus der LebenszyRéirspektive sinnvoll ist, GO

in der Schweiz abzuscheiden (in Biomassger Abfallverbrennungsanlagen oder durch direkte
Abscheidung aus der Luft) und im Ausland zu lagern (z.B. in Island oder Norwegere wo di
Lagerbedingungen derzeit besser bekannt sind), was die Ntizienz der C&Entfernung betrifft.
Unsere LCArgebnisse fir DACCS und BECCS zeigen, dass ein solcher FerntranspartsetinsCO
Uber Tausende von Kilometern) relativ geringe Treibhausgasemissionen verursacht, wenn fig-den CO
Transport Pipelines verwendet werden. Andere Transportmittel sollten nur flr Transporte bis zu
einigen hundert Kilometern in einer Ubergangsphasezbisgrosstechnischen Umsetzung eingesetzt
werden und wegen der damit verbundenen hdheren Treibhausgasemissionen langfristig vermieden
werden.

Eine weitere aus Schweizer Sicht relevante Frage ist die nach der bevorzugten Nutzung von Biomasse.
Aufgrund desbegrenzten Umfangs dieser Arbeit und der Tatsache, dass eine solche Frage auch
politisch relevante Themen berihrt, kann diese Analyse keine abschliessende Antwort geben.
Lediglich aus der Perspektive der Neltohlenstoffentfernung scheint die Holzverbremg mit CCS

die effektivste Option fur die Nutzung von (trockener) holziger Biomasse zu sein, da sie den groéssten
Teil des biogenen Kohlenstoffs aus der Atmosphare entfernt und gleichzeitig kohlenstoffarme Warme
und Elektrizitat liefert. Die Verwendung vBflanzenkohle als Bodenverbesserungsmittel kann jedoch
zusatzliche Vorteile oder Risiken fur das landwirtschaftliche System mit sich bringen, die in dieser
Analyse nicht bertcksichtigt wurden.

Bei der Interpretation der in diesem Bericht prasentiertendbrysse ist es wichtig, den unter
schiedlichen Grad an Unsicherheit und Zuverlassigkeit spezifischevi@bBdden zu berlcksichtigen,

der hauptséchlich auf den Entwicklungsstand und die Komplexitat der Methoden zurlickzufthren ist
Wahrend einige erste BESQnd DACGSysteme heute bereits in Betrieb sind, fehlen praktische
Langzeiterfahrungen fur die Anwendung vé&flanzekohle auf Bdden und noch mehr fur die
beschleunigté/erwitterung undKalkanreicherungon Meeren. Da die drei letztgenannten Methoden

in Wechselwirkung mit der natirlichen UmwéBoden und Meeérstehen, ist vor einer geslachigen
Umsetzung besondere Vorsicht geboten. Nicht nur die Klimawirksamkeit muss tber lange Zeitrdume
gewabhrleistet sein, auch mogliche negative Umweltauswirkungesserii griindlich untersucht und
minimiert werden.
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Abbildung 2.1: Lebenszyklugreibhausgasemissionen verschiedener CR&hoden, berechnetmi t einer- ,real
optimistischen® P a r atmgertSeht edr ischwveizK\A uKehgichtveenbrennuhgeanlage DAGCS:

Direkte Abscheidungund Speicherungvon Kohlendioxid aus der LUffHG: Treibhausgaélle Methoden gehen von einer
Anwendung in der Schweiz aus, mit Ausnahme vileeresKalkanreicherun@Ocean Liming, Norwegen). Biogener
Kohlenstoffanteil im Siedlungsabfall: 52%; alle TH@&issionen im Zusammenhang mit €Qransport und-Speicherung
werden diesen biogenen Kohlenstofinteil und damit der CDfienstleistung zugerechnet. G@bscheidungsreen: 90%

im Holzkraftwerk, 85% in deKVA. Fichtenholz wird als Biomasse fur die Biokohleproduktion und die Holzverbrennung
verwendet. Geologische G&Bpeicherung in Island fur DACCS, Holzverbrennung und MSWI mit CCS angenommen.
Transport des C@lber eine 4000 km lange Pipeline; &Speichertiefe: 3000 m. DAC wird mit Schweizer Netzstrom und
Abwarme betrieben. Anlageninterne Warmeund Stromversorgung fur die GEAbtrennung in den Holzverbrennungs
und KVAAnlagen. Transport von Biomasse und Gaistim Bereichvon rund 100 km. Hochtemperaturwérmeversorgung
fur die Brennkalkproduktion aus einer Erdgasverbrennung. Spezifische &&ufnahme durch verstéarkte Gesteins
verwitterung: 0.35 t CQ/t Gesteinsmaterial. Die gestrichelumrahmten Balkerteile Uber jedemfarbigen Balken stellen

die Netto-CQ-Entfernungsraten dar, d.h. den Anteil des dauerhaft entfernten Brit103, der nicht durch TH&missionen
aus den CDRroduktsystemen kompensiert wird.
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Empfehlungen fur weitere Forschung

Generell ist eine LCBasierte Quantifizierung der Klimawirksamkeit aller @@&hoden erforderlich,

um einen umfassenden Vergleich der verschiedenen Methoden zu ermdglichen. Eine solche
Erweiterung des Anwendungsbereichs sollte GEthoden wie die Kohlenstoffbindung im Boden,
RSy a423SylyyidSy aofl dSy Y2KfSyad2FFa OR®KP® RAS
Meeresumwelt), die Ozeandingung, die Renaturierung von Mooren, Aufforstung und Wieder
aufforstung, weitere BEC@3ptionen, die Uber die Holand Abfallverbrennug hinausgehen, und die
langfristige Nutzung von G@inschliesseen. Dariiber hinaus sollten Methoden zur Beseitigung anderer
Treibhausgase als €@ Methan und Lachgag untersucht werden. Eine solche umfassendere
Bewertung sollte sich auch auf bewéahrte ER¥Aktiken im Zusammenhang mit der Behandlung von
Nebenprodukten stiitzen, die vom Auftraggeber alssathalb des Rahmens dieser Arbeit betrachtet
wurden. Eine solche Erweiterung des Umfangs sollte sich auch auf den Aspekt der Dauerhaftigkeit der
CQ-Entfemungsowiedie Unterschiede zwischen spezifischen G¥thoden in diesem Zusammen

hang konzentriererg und zwar in einer aussagekraftigeren Weise, als dies im Rahmen dieser Arbeit
moglich war.

Um den 6kologischen Zusatznutzen und mégliche Zielkonfliktetifjiggeren zu kbnnen, sollten in der
Okobilanz nicht nur die Treibhausgasemissionen und die damit verbundenen Klimawirkungen
beriicksichtigt werden, sondern auch andere Umweltbelastungen gemaR den in der Okobilanz
Ublichen Wirkungskategorien wie Feinstaildong, Ozonabbau, Verlust an biologischer Vielfalt,
Eutrophierung und Versauerung. Die Bewertung vieler dieser Wirkungskategorien erfordert jedoch
eine regionalisierte Wirkungsabschatzung unter Berlicksichtigung der Exposition der Bevélkerung und
der Eigeschaften der betroffenen Okosysteme, da die Schadigung der Okosysteme und die
Auswirkungen auf die menschliche Gesundheit in der Regel vom Ort der verursachten Belastungen
abhangen. Bei der Durchfiihrung einer prospektiven Okobilanz sollte auch die Tdisaidtisichtigt
werden, dass sich die CRthoden rasch weiterentwickeln und eine gamal3stabliche Umsetzung

erst in einigen Jahren erfolgen wird. Fir die Bewertung einesggchnischen Umsetzung sollte die
LCA in eine Systemanalyse eingebettet werdaender Nichtlinearitdten und Wechselwirkungen
zwischen CDR, dem Energiesystem und der Gesamtwirtschaft berticksichtigt werden Kéineen.
solche Systemperspektive wiirde auch eine weniger willkirliche Quantifizierung der potenziellen
Umweltauswirkungen undvorteile von Produkten und Dienstleistungen ermdglichen, die tber die
CQ-Abscheidung hinausgehen und von einigefR@®&thodenerzeugtwerden. Beispiele hierfir sind

die Gesamtauswirkungen auf die Schweizer Energieversorgung im Falle egserotidischen BECES
oder DACGHustallation oder die potenziellen Auswirkungen auf die Schweizer Landwirtschaft im Falle
einer grof3technischen Absngung vorPflanzekohle auf den Boden. Daruiber hinaus muss die Frage
der Dauerhaftigkeit der GEAbscheidung geklart werden, um einen allgemein akzeptierten Weg zu
finden, diese sowohl in der LCA als autiBezug aufJberwachung, Berichterstattung underifi-
zierungzu beriickichtigen.
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3 Résumeé

Selon la définition du GIEC, "I'élimination du dioxyde de carbone (CDR) désigne les activités
anthropiques qui éliminent le G@e I'atmosphére et le stockent durablement dans des réservoirs
géologiques, terrestr® ou océaniques, ou dans des produits. Elle comprend ['amélioration
anthropique existante et potentielle des puits biologiques, géochimigues ou chimiques dnai®

exclut I'absorption naturelle de GQui n'est pas directement causée par les activitémhines". Le
captage et le stockage du carbone (CCS) et le captage et I'utilisation du carbone (CCU) appliqués au
CQfossile ne sont pas considérés comme des technologies d'éliminationSe¢ IECCU ne peuvent

faire partie des méthode€DRjue si le O, est biogénigue ou directement capté dans Il'air ambiant

et stocké durablement dans des réservoirs ou des produits géolog(tReE, 2022b)

L'élimination permanente du CJet d'autres gaz a effet de serre (GES)) de l'atmosphére sera
nécessaire pour atteindre dexbjectifs climatiques stricts, c'estdire pour limiter le réchauffement

de la planéte & bien moins de deux degRé® A O AToutefois, il est essentiel que le recours au CDR
n'entraine pas une diminution des ambitions en matiére de réduction des @msésde gaz a effet de

serre. Néanmoins, le CDR devrait étre développé a court terme afin de pouvoir jouer un réle a moyen
terme pour contrebalancer les émissions de GES difficiles a supprimer (par exemple, les émissions
provenant de l'agriculture, de l'inttrie et de l'aviation), et a long terme pour parveniora niveau
Ré&Missions de GES nédati

Selon les scénarios qui limitent le réchauffement de la planéte a un niveau bien inférieur a deux
degrés, une réduction des émissions de carbone de l'ordreusdgges mégatonnes par an sera
nécessaire au niveau national suisse, et de l'ordre de quelques gigatonnes par an au niveau mondial
d'ici le milieu de ce siécle. Si I'on compare les quantité€D0Bnécessaires dans ces scénailits
"compatibles avedes accords d@aris" avec ce qui a été annoncé au niveau national ou ce qui fait
partie des stratégies nationales d'atténuation, on constate des lacunes considérables en matiére de
CDRétant donné que les pays n'ont actuellement que peu de projets visangmenter le€DRpar

rapport aux niveaux actuels, ce qui expose a un déficit important. Aujourd'hui, la CDR en est encore a
ses balbutiements et la quasitalité de I'élimination du COdéployée est associée a la gestion
conventionnelle des terres (caux méthodes dites "conventionnelles" de CDR), principalement par le
biais du boisement, du reboisement et de la gestion des foréts existantes.

Toutefois, le portefeuille des méthodes de réduction des émissions de carbone examinées est large et
comprend dautres méthodes telles que la séquestration du carbone dans le as@apture par

pyrolyse de biomasse @iochar» en anglais)la combustion ou gazéification deiomasseavec

capture et stockage du carbone (BECC&}aptureet stockage direct du cadme atmosphérique

(DACCS), QF £ G SNI G A 2y, IdFrestdidbefiod deR ®urbien® eddesSzbnes humides cotiéres,
I'amélioration de l'alcalinité des océans, la fertilisation des océans et l'utilisation du bois comme
matériau de construction. Ces nhétdes different largement en termes de niveaux de
développement, de colts, de potentiel d'élimination, del#néfices et de compromis potentiels, de
permanence de I'élimination du G@t donc d'efficacité climatique. Pour bon nombre de ces
guestions, degsonnaissances et des preuves fiables font défaut aujourd'hui. Ces lacunes doivent étre
O2Yo0fSSa NILARSYSyidz OFNJftF YA&aS Sy dzdzNBE RS f |
mégatonnes par an (au niveau national) et de gigatonnes par an (awmnveadial) nécessite une
Y2y(GSS Sy LlddziaalyOS YIaaragdgsSs S dzyS G4SttS YAaasS ¢
base de connaissances solide.

Le présent rapport contribue a la constitution d'une telle base de connaissances en réalisant une
analse du cycle de vie (ACV) de plusieurs méthodes CDR potentiellement pertinentes du point de vue

de la Suisse pour éliminer le £d& I'atmosphére- au niveau national et & I'étranger. L'ACV est la
méthode de choix pour quantifier les émissions de GES '&etrds charges environnementales)

causées par les méthodes CDR de maniere exhaustive et donc pour déterminer leur efficacité nette
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en matiere d'élimination du carbone. En outre, les méthodologies cohérentes de certification et de
surveillance, de déclariain et de vérification (MRV) de la CDR s'appuient souvent sur 'ACV.

Analyse du cycle de vie (ACV)

L'objectif principal de I'ACV réalisée ici est la quantification des "efficacités nettes d'élimination du
carbone® d'une série de méthodes CDR en appliquanméthodologie de I'ACV. La conception de
modeles d'ACV paramétrés nous permet de représenter un large éventail de conditions limites en
termes, par exemple, de portée géographique, d'options d'approvisionnement en énergie, de modes
et de distances deransport, etc. et d'étudier I'impact de différents paramétres sur les résultats de
I'ACV et donc sur l'efficacité de I'élimination du carbone. Le champ d'application de I'ACV est ici limité
au captage et au stockage du carbone dans l'air (DACE®)ase @ sorbants solides a basse
température et de solvants a haute températured la bioénergie avec captage et stockage du
carbone (BECCStilisant le bois et les déchets municipaux comme combustiblesu biochar
appliqgué comme amendement du sol, a |&@oration de l'altération des roches, et au chaulage des
océans. Une discussion qualitative, y compris une ébauche de cadre cohérent pour la comptabilisation
des flux de Cénon-fossile est menée pour le stockage temporel du carbooe-fossileen utilisant

le bois comme matériau de construction. Nous réalisons une ACV attributionnelle d'unités CDR
dzy AljdzSa Sl KelLR{UKSOAldzSaszs (SttSa ljdzuSttSa aSNIAS
des connaissances actuellement disponibfes.

Résultas

Dans de bonnes conditions, toutes les méthodes CDR analysées peuvent atteindre des taux nets
d'élimination du carbone trés élevés, de l'ordre de®D%, voire plus, ce qui signifie que pour une

tonne de C@éliminéede I'atmosphérede maniérepermanene!!, 100a200 kilogrammes (ou moins)

de CQ-¢équivalentd?sont rejetés par la chaineCdl LILINE @A & A 2 YV Y UNeSnethodeRGR2R LINE OS |
donnée Deux facteurs sont essentiels pour obtenir des taux d'élimination nets aussi élevés :

1) [ QF LIWNRPBAAA2YYSYSyd Sy SYSNHAS t FILA0fES (SyS«
2) Minimiser les distances de transport des matiéres premieres (biomasse et matériaux rocheux)
et - ce qui est un peu moins importantlu CQ (en cas de stockage géologique).

Si ces deux conditienpeuvent étre remplies et si I'on se base uniquement sur les taux nets
d'élimination du carbone, aucune des méthodes CDR analysées ne peut étre considérée comme
l'option préférée et aucune d'entre elles ne devrait étre exclue d'un développement et d'iseeen

dzdz&NB dzf G SNASdzZNA® 5Fya €1 LINI GALdzSE tSa O2HiGaxz
obstacles techniques et politiques détermineront les options préférées.

Si les deux conditions susmentionnées ne sont pas remplies, I'éliminati@@Qdievient beaucoup

moins efficace et, dans certains cas, les émissions de GES causées par le systeme CDR peuvent méme
dépasser la quantité de G@&finitivement éliminée. Les plus sensibles dans ce contexte sont le DACCS

9 Egalement appelé "taux net d'élimination du carbone", "taux net d'élimination du' C€¥ficacité nette d'élimination du GO ou
"efficacité nette d'élimination des GES" dans le présent rapport. Spécifié ici comme : [(quantité bruterdér€®©de I'atmospheére
pendant une période de 100 ans ou plugjmissions de GES du cycle de vie du systtme CDR)] / (quantité brutereéré®©de
I'atmosphére pendant 100 ans ou pjus

10]| faut reconnaitre que I'ACV attributionnelle n'est pas appropriée pour quantifier les absorptions nettes pour des puagstsrédits
de compensation spécifiqué¢Brander, 2024¢ar I'ACV attributionnelle ne quantifie pas le changement total d'émissions ou d'absorptions
a I'échelle du systéme causé par une intervention ou une mctio

1| n'existe actuellement aucune définition de la "permanence" de I'élimination dug@iGasse I'objet d'un consensus. Dans le cas
présent (plus pertinent pour les applications du biochar au sol), nous considérons que I'éliminationddul'@mhosmére pendant 100
ans ou plus est une élimination permanente. Les preuves les plus récentes, fourniBsupaer, Hausfdier et Kutti, 2024jnontrant
qu'une période aussi courte est insuffisante dans le contexte d'émissions nettes de GES nulles, n'a pas pu étre prise éansongpre
analyse en raison de limitations temporelles.

2 Les émissions cumulées de gaz a efteserre sont mesurées en termes d'équivalents (C@ eq). Nous appliquons les potentiels de
réchauffement global (PRG) pour un horizon temporel de 100 ans {tPRG

16
PSI ETH:zirich



(en raison d'une demande d'éneegielativement élevée), les applications de biochar au sol (en raison
d'une quantité relativement élevée de matiéres premieres a transporter) et le chaulage des océans
(en raison d'une demande d'énergie et d'un transport de matériaux élevés). Les syR&OES et
d'altérationforcéedes roches représentés dans notre ACV sont moins concernés, car nous supposons
gue I'énergie nécessaire au captage duy @& les installations de combustion du bois et des déchets
est fournie "en interne", c'esé-dire par cesnstallations ellesnémes qui réduisent leur production

de chaleur et/ou d'électricité ; I'altératiorfiorcée des roches présente une demande d'énergie
comparativement faible.

Figurel.1 montre les émissions de GES sur le cycle de vie et les taux nets d'élimination(thn0€3

de CQeq émises par tonne de G@¢&finitivement éliminée de I'atmosphére) de toutes les méthodes
CDR abordées dans ce rapport, avec un pateage "optimisteréaliste” du point de vue de la Suisse
d'aujourd'hui. Il faut garder a I'esprit qu'il s'agit de cas sélectionnés et que les taux d'élimination nette
du CQpeuvent varier dans de larges fourchettes, ce qui est montré et discuté darditanse Il faut
également tenir compte du fait que l'impact des coproduits fournis en plus du service CDR par
certaines de ces méthodes CBpar exemple la chalg et I'électricitéco-générées par l'incinération

des déchets solides municipau'est pas pris en compte dans cette comparaison.

Une question pertinente du point de vue suisse est de savoir si le captage dn S@sse (par le biais
d'installations & combustion de biomasse ou de déchets ou d'unités de captage direct de I'air) et son
stockage permanent a I'étranger (par exemple, en Islande ou en Norvége, ou les conditions de
stockage sont actuellement mieux connues) se justifient du point de vuedie dg vie en termes
d'efficacité nette de I'élimination du carbone. Les résultats de notre ACV pour les systemes DACCS et
BECCS suggérent qu'un tel transport de @ de longues distances (méme sur des milliers de
kilométres) n'entraine que des émissiode GES relativement mineures si des pipelines sont utilisés
pour le transport du COD'autres moyens de transport ne devraient étre utilisés que pour le transport

du CQ. D'autres moyens de transport ne devraient étre utilisés que potnalesport sur quelques
OSyillFrAySa RS 1Af2Y8GNBAa Fdz O2dzZNA RUdzyS LISNA2RS R
et devraient étre évités a long terme en raison des émissions de gaz a effet de serre plus élevées qui
y sont associées.

Une autre giestion pertinente du point de vue suisse est de savoir a quelles fins la biomasse devrait
étre utilisée de préférence. En raison de son champ d'application limité et du fait qu'une telle question
touche également a des aspects politiques pertinents, cattelyse ne peut pas fournir de réponse
concluante. Du seul point de vue de I'élimination nette du carbone, la combustion du boi€@&c

pour I'approvisionnement en énergie semble étre I'option la plus efficace pour utiliser la biomasse
ligneuse (secheXar elle élimine la plus grande partie du carbone biogénique de I'atmosphére et
fournit en méme temps de la chaleur et de I'électricité a faible teneur en carbone. Le biochar utilisé
comme amendement du sol peut toutefois présenter des avantages condarede systéme agricole

mais aussiles risques pour les sols, deux aspects qui n'ont pas été pris en compte dans cette analyse.

Lors de linterprétation des résultats présentés dans ce rapport, il convient de tenir compte des
différents niveaux d'incertitde et de fiabilité des méthodes spécifiques @BR principalement en

raison de ['état d'avancement du développement et du niveau d'expérience des méthodes faisant

I'objet de cette analyseseulement quelquesystemes BECCS et DACCS sont exploitésdhjapet

les preuves pratiques et I'expérience a long terme manquent g@application @ biochar au sol et

encore plus pout QI f G SNI GA 2y & NIngl&e S dccaMsP CeK Bois derniéres
méthodes interagissant avec l'environnement naturkd sol et I'océan il est recommandé de faire

LINS dzdS RUdzyS 3INF YRS LINUZRSYOS | @l yd G2dz2iS YAasS Sy
climatique doit étre garantie sur de longues périodes, mais les effets secondaires négatifs potentiels
surl'environnement doivent étre étudiés en profondeur et réduits au minimum.
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Recommandations pour la poursuite de la recherche

En général, une quantification de l'efficacité climatique de toutes les méthodes de réduction des
émissions de carbone basée slanalyse du cycle de vie est nécessaire pour permettre une
comparaison compléte des différentes méthodes. Une telle extension du champ d'application devrait
inclure des méthodes de réduction des émissions de carbone telle®qteckagealu carbone dans

le sol, le "carbone bleu" (c'estdire I'élimination du carbone dans les écosystémes marins), la
fertilisation des océans, la restauration des tourbiéres, le boisement et le reboisement, d'autres
options BECCS -aela de l'incinération du bois et des déth, et |'utilisation a long terme du Gn

outre, il convient d'étudier les méthodes permettant d'éliminer les gaz a effet de serre autres que le
CQ, tels quele méthane et I'oxyde d'azote. Une telle évaluation plus complete devrait également
suivre les meilleures pratiques en matiére d'’ACV dans le contexte du traitement des coproduits, qui a
été considéré comme hors de portée de ce travail par son commanditaire. Une telle extension du
champ d'application devrait également se concentrer sur I'aspeta derrabilité de I'élimination du

CQ et sur les différences entre les méthodes CDR spécifiques dans ce contexte d'une maniere plus
significative que nous n'avons pu le faire dans le cadre de ce travail.

Pour permettre la quantification des avantages coxe® pour |'environnement et des compromis
potentiels, I'analyse du cycle de vie ne devrait pas seulement porter sur les émissions de GES et les
incidences climatiques associées, mais aussi sur d'autres charges environnementales selon les
catégories d'impaccommunes de l'analyse de l'impact du cycle de vie, telles que la formation de
particules, l'appauvrissement de la couche d'ozone, la perte de biodiversité, I'eutrophisation et
I'acidificationdes terres et des océang'évaluation d'un grand nombre desceatégories d'impact

doit toutefois s'appuyer sur une évaluation régionalisée de l'impact qui tienne compte de I'exposition
de la population et des caractéristiques des écosystemes touchés, étant donné que les dommages
causés aux écosystémes et les inoiwks sur la santé humaine dépendent le plus souventade
distribution géographique des dommages causés outre, le fait que les méthodes CDR se

RSOSt 2LIISYy G NI LARSYSydG Sié jdzS tF YAasS Sy dzdzdNB

années doit éte pris en compte dans la réalisation d'une ACV prospective. Pour I'évaluation de toute
YA&AS Sy dzz@NB t 3INF YRS SOKStfS> fUl/ + RSONI AL
les nonlinéarités et les interactions entre €DRle systeme éergétique et I'ensemble de I'économie
peuvent étre prises en compte. Une telle perspective systémique permettrait également de quantifier
de maniére moins arbitraire ledommageset bénéficesenvironnementaux potentiels dus aux
produits et services allanau-dela de I'élimination du GO que certaines des méthodes CDR
permettent d'obtenir. Il s'agit par exemple de I'impact global sur I'approvisionnement énergétique de
la Suisse en cas d'installation a grande échelle de BECCS ou de DACCS, ou des inpiatssspote
I'agriculture suisse d'une application a grande échelle de bioghapol. En outre, la question de la
permanencela surveillance, la déclaration et la vérificatidal'élimination du C@doit étre abordée

en vue de trouver un moyen communénteatcepté de lI'aborder dans le contexte de I'ACV.
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Abbreviations

ATR Autothermal Reforming (of natural gas)
BECCS Bioenergy with Carbon Capture and Storage
CCU Carbon Capture and Utilization
CCS Carbon Capture and Storage
CEW CoastaEnhanced Weathering
CHP Combined Heat and Power generation
CDR Carbon Dioxide Removal
GRCA Carbonated Recycled Concrete Aggregate
CRCF Carbon Removals and Carbon Farming regulation
DACCS Direct Air Carbon Capture and Storage
ERW Enhanced RocWeathering
ETS Emission Trading System
EW Enhanced Weathering
GHG Greenhouse gas
GWP Global Warming Potential
HTHP High Temperature Heat Pump
HWP Harvested Wood Product
LCA Life Cycle Assessment
LCI Life Cycle Inventory
LCIA Life Cyclémpact Assessment
MRV Monitoring, Reporting, Verification
MSWI Municipal Solid Waste Incineration
NDC Nationally Determined Contribution
NET Negative Emission Technology
NGCC Natural Gas Combined Cycle
NGGI National Greenhouse Gésventories
oL Ocean Liming
RCA Recycled Concrete Aggregate
SCSs Soil Carbon Sequestration
SDO Standard Developing Organization
SMR Steam Methane Reforming (of Natural gas)
TRL Technology Readiness Level
VCM Voluntary Carbon Market
VVB Validation and Verification Body
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4 Preface and introduction

4.1 Motivation

Limiting global warming to well belotwo degreeswhile aiming for continuous economic growth
worldwide will require not only a massive reduction of greenhouse gas (GHG) emigibadly by
around mid of this century but in addition also the active removal of greenhouse gases,
predominantly Cg from the atmospheréMassonDelmotteet al., 2018; IPCC, 2022b; Panos, Glynn,
et al,, 2023) This alsoholdstrue for Switzerland: Achieving the neéro C@emission goal by 2050
will requireCarbonDioxideRemoval (CDR3in the order of several megatons per y€Kirchneret al,,
2020; Kemmleet al, 2021; Panost al, 2021; Panos, Ramachandra,al, 2023) However, it is
crucial that relying on CDR musitiresult in lowering ambitions to reduce GHG emissi@@isiquier

et al, 2022; Cartoret al,, 2023;Ho, 2023) Latest developments and policies, however, show that
unless global emissions in 2030 are brought betdosvlevels implied by existing policies and current
National Determined Gontributions, it will become impossible to reach a pathway thabwid limit
global warming to 1.5°C with no or limited overshoot, and strongly increase the chadétigeting
warming to 2°C(United Nations, 2024)Temperature overshoots, however, have consequences:
Recent research shows thathieving net zero greenhouse gas emissigngitical to limit climate
tipping riskgMoller et al,, 2024)and thatglobal and regional climate change and assted risks after
anovershoot are different from a world that avoidg(8chleussnegt al., 2024) Nevertheless,n the
context of CDR, it isrucial that mtional climate policy frameworks will have to be expandeitkly

to scale up CDR time (Smith, 2021; Smitbt al.,, 2023)

The portfolio of CDR methods broad, quickly developing, aimtludesbiological, geochemical, and
chemical optiongsection5). Their characteristics are often fundamentally different. Whim turn,
can determine both netffectiveness angbermanence ofcQ removal as well as environmental-co
benefits and potential negative side effedf€oboet al, 2022, 2023) A method welsuited for
addressing and quantifyinggome ofithese issues is environmental Life Cycle Assessment (ISCA)
2006b, 2006a; Hauschild, Rosenbaum and Irving Olsen,. 201&8atively wide body of CExlated
LCA literature existsmostly addressing Direct Air Carbon Capture and Storage (DACCS), biochar
applications, and bioenergy with Carbon Capture and Storage (BE@@SYer, the quality of a large
fraction of available LCHAterature is questional®, results mightthus not be reliable, and the
relevance from a Swiss perspective is often limitedue to inconsistent approaches, arbitrary
assumptions, geographical variability and lack of empirical (@talioet al., 2020; Brandeket al,
2021; Terlouw, Baueet al, 2021; Butnaet al, 2024) Moreover, representativepubliclyaccesible
and transparent Life Cycle Inventories (LCI) are missing for most CDR options.

The issues aifet-effectiveness and permanence of gd@movalg key factors in any Chielated LCA
¢ are alsorelevant in the context otertification schemes of CDR methods, includimgnitoring,
reporting and verification (MRV)The speedand lack of oversight with kch the certification
landscape for CDR is evolvingdsing a challenge, as there is a lack of consistetransparencyand
clarity (Arcusa and Sprenkldyppolite, 2022) Markets for carbon removals must not risk their
credibility in the same wayas carbon offset marketecently did (Allenet al,, 2020; Gifford, 2020;
Westet al, 2020; Calett al., 2021; Kreibich and Hermwille, 2021; Watt, 2021; Badeiay., 2022;
Probstet al, 2024)and therefore, a accurateand reliable certificationscheme is essential fahe
scaleup of CDR; CDRproviders, credit buyers, and policy makeatbrely oncertificationto assess,
incentivize, and purchase or sell CDR credits or serf@msand Edwards, 2019; Arcusa and Sprenkle
Hyppolite, 2022)A comprehensivevaluation ofCDReertificationschemes is not available todapd
CDReertificationin general would profit from learnings from the LCA perspective

13 Also often referred to as «Negative Emission TechnolaghST».
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Toclose some of theeknowledge andesearch gaps, tquantify neteffectiveness and permanence
of CQremoval andto contribute to abetter understandhg ofthe broaderenvironmental perspective
of various CDR optioims the contextof the Swisset zero GHG emission gptide Swiss Federalfize

for the Environmen(FOENhascommissioned this study o@ed out by the Technology Assessment
group at PSI and the Sustainability in Business Lab at ETHZ.

4.2 Goal and scope

The activities and outcomes of this project aim at closing some clloeementionedknowledge
gaps. The project goals can be summarizefbimws:

1. Provide an overview of CDR basiummarizing statef-the-art knowledge
2. Quantify the longterm carbon removal effectiveness of a range of CDR options from-a life
cycle perspectiven a parameterized settingnder currentboundaryconditions

3. Identify key drivers regardincarbon removal effectiveness

4. ldentify preferred CDR options from the environmental perspective based on comparative
LCAwith net-carbon removal effectiveness as main critetion

5. Provide transparent and opesiccesdife cycle inventories for these CDR options.

6. / 2y iNRoOodziS G2 GKS SaidlofAaKYSyd 2F /5w Ay LINI

will facilitate a market entry of CDR stanps.
7. Provide an overview and a discussion of most relevant directiérfstore research and
development in the CDR context from a Swiss perspective.

This work complement past and ongoing CDR related projects on behalf of the Federal
administration. Overall, the activities will provide decision support and scientific eddemcthe
Swiss Federal administration, which is urgently needed in the quickly developing area a$ QDR

to delay its application any furthe@nd avoid negative effects of such de(@alanMartinet al,, 2021)

In addition, the project will contribute to strengthening the scientific expertise in Switzerland in the
context of CDR.

In terms of specific CDRethods the scope of the workncludesthe following:

9 Direct Air Carbon Capture and Storage (DACCS)

9 Biocharg focusing on biochato-soil applications

1 Bioenergy with Carbon Capture and Storage (BE¢¥68)sing on wood anthunicipalwaste
combustion withcarboncapture and storagéCC$

1 Enhanced weathering of rocks

1 Ocean liming

1 Longterm storage of carbon in the construction sectahich represents a form of Carbon
Capture and Utilization (G ¢ focusing onstoring biogenic COin recycled concrete
aggregatesandusing wood as construction materi@ualitative discussion only)

This focus is mainly motivated by the relevance of these CDR methods from a Swiss perspective,
regarding both the domestic applicability of these CDR methods and the fact that rebsstars in
the context of these CDR methodee located and/or operatingn Switzerland.

Further,| y & [ / it provi@ed*fwhichcontairs parameterized LCA data for several CDR options
and allavs for a quantification of neeffectiveness of CD&s function oflife cycleGHG emissions

under various boundary conditiondor example, country of application, climate conditions,>CO
transport distances, etc.)Jdepending on the specific CDR option in focllss tool is specificall
designed to explore the CDR options with parameter settings with a broad scope beyond Switzerland.
Characterization of CDR methods represents technologies as of today based on the currently available

14 https://www.psi.ch/de/ta/tools
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knowledge. V¢ assume that CDR options would be implerssl and operated today, even if their
development stage differs and practical implementation is likely to take place only in a few years from
now. Prospective LCAI.e., modifying both foreground and background inventory data is beyond the
scope of thisanalysis

22
PSI ETH:zirich




5 CDR basics:methods, definitions, terminology , and current status

AccordingtdheL t / / = &/ 5w NBFSNB (2 | vy (#KonmBhekroSpfiecke@ndr OG A G A
durably storing it in geological, terrestrial, or ocean reservoirs, or in products. It includes existing and
potential anthropogenic enhancement of biologiagochemicalpr chemical Cgsinks, but excludes

natural CQ uptake not directly caused by human activities. Carbon Capture and Storage (CCS) and
Carbon Capture and Utilisation (CCU) applied to fossil@@ot count as removal technologies. CCS

and CCU can only be part of CDR méthib the C®is biogenic or directly captured from ambient air,

FYR &02NBR Rdz2N} ofe Ay 3IEEC2@RPIFE NBaASNIPB2ANE 2N L

This definitionis appliedthroughout this work and report

In general, the scientific community agrees on the fact that limiglapal warming well belowwo

degrees requires netero C@emissions around 2050PCC, 2022b; Smighal, 2023 ¢ KS &G SNXY ay
I SN2 ¢ NB T Ghabsonie HHG dmBsiofi.d) from agricultureaviation,industrial process

emissions, eta; cannot entirely be eliminated; these emissiangistbe compensated for by removal

of CQ (or other GHG) from the atmosphe(Bigure5.1) (Smith, 2021) The extent to which CDR will

be needed to reach netero depends on several factors sucleasnanic development, population

growth, future energy demandevelsand timingof GHG emission reductionsnd peak temperatures

(Strefleret al, 2018; Van Vuureat al,, 2018; Rogekt al,, 2019; IEA, 2021; IPCC, 2022b; Setit.,

2023; Edelenboscét al., 2024) Expected amounts required are in tggatons per year range.

Some emissions from farming and heavy
industry could persist, so removing
emissions directly from the air may be
necessary to offset these sources.

Greenhouse gases
added

Emissions will need to
dramatically drop to
achieve net negative
emissions.

\ —_
~
~
~
~ | Nature-based
o ~ - ]_carbon
- 3
2 P PR removal
[OF o) Gross carbon removed —
g2
33
Q& =
=9 L J L J
S = T Human-made
o Net-positive Net-zero Net-negative carbon
O emissions emissions emissions removal
2022 » 2100

Figureb.1: Stylized visualization of GHG emissions pathways to limit global warming well below 2 degrees and the net
zero concep{Sovacool et al., 2022)

Overall,from an international perspectiveéhere are three roles for CDR to play in the future, each
with its own temporal perspectivBPCC, 2022b)

1) Nearterm: acceleratingad adding tamitigation efforts
2) Mid-term: counterbalancing hartb-abate or leftover emissions
3) Longterm: achieving nehegative emissns
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From the current Swiss perspectiaunterbalancingesidualgreenhouse gas emissions frdrard-
to-abatesectors like agricultureaviationand industry represents the focus of CDR applicatiéns.

Current climate mitigation scenarios limiting globarming at 2 degreeand below ¢ be it on the
global or European levelbasicallyall rely on largescale implementation of CDRigure5.2)!%. CDR
employment levelsnainly depend on the level of temperature increase those scenarigduture
reductions of GHG emissions and sesionomic developmentéBoitier et al,, 2023; Smithet al,
2023)

GtCOz2/yr 2020 2030 2040 2050
O -

Virtually all current
carbon dioxide
removal, 2 GtCO2/yr,
comes from
conventional

-6 management of land
and only a tiny
fraction results from
g novel methods

Almost all Paris-relevant scenarios
-10 feature carbon dioxide removal, but
we can limit our future reliance on it
by reducing emissions faster

-12 4

-14

Figure5.2: Levels of globalarbon dioxide removal (GEQY/ a), in 2020 and in thredlustrative scenariosconsistentwith
the Paris agreement | imiting g(Bmthetdl,2828r mi ng “ wel | bel ow t w

Comparing the amounts of CDR neetéd dzOK dat  NA&a O2YLJ GAof Sé¢ &a0OSyl |
announced on national levels or is part of national mitigation strategiés a dzft 1 & Ay O2y aARS
3 | LJast¢here are currently few plans by countries to scale CDR above cueegis, exposing a

substantial shortfal(Smithet al, 2023; Lamtet al, 2024) However, delaying CDR implementation

puts climate targets at risiGalanMartin et al,, 2021; G. F. Nemett al,, 2023)and fast scalaip is

needed(G. Nemett al,, 2023) The Swissonfederation acknowledges this perspective and specified

two distinct phases for CDR development and employment:@bkof f SR G LA 2y SSNAY 3 LIKI
in which first stepsn terms of research, development and implementatame supposed to be taken

O

15 https://www.bafu.admin.ch/bafu/de/home/themenklima/dossiers/magazi2022-2-dossier/negativemissionstechnologien
notwendigesstandbeirder-klimapolitik.htm|(30.11.2023).

161t is worthwhile noting in this context that the vast majority of such mitigation scenariddsbupon the assumption of continued

economic growth(Ampahet al.,, 2@23).

¢ 2 Lzl G gidatnsof{CE D SINT 6 S NBY20OSR o6& /5w Ayidz2 LISNELSOGAGBSY ¢2RI&X T2
41 Gt of C@per year to the atmosphere. This additional @Opartially entering carbon stocks in oceans and biomass, but a net gain of

19 Gt CQper year remains in the atmosphef€he Economist, 202.3)
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and a dedicated scalgp phase after 2030, which includes also the implementation of the required
large-scale infrastructure for both CCS and CDR, domestically and gifeaBundesrat, 2022)

5.1 Options and methods for CO 2 removal

/5w YSUK2Ra FNB 2F3Sy RA&UAY3IdZAEKSR 0-bBSBRZ
However, the IPCC notes that thiequently citedd y | (i daddbnolélg  OF G SI2 NR A

valuable distinction. They instead categerlzased on the remal process:

1 landbased biological
1 oceanbased biological
1 geochemical

1 chemical

Figureb.3 provides a schematic overvieaf this categorizatioincluding the timescale of GGtorage.

Land-based Ocean-based : . Decadesto Centuriesto Tentho
Removal process: biological ‘ biological ‘ Geochemical ‘ - Timescale of storage: ol iilcaga =
(@G [ N
Afforestation, Bioenergy with & Peatland i
CDR method reforestatmn Soil carbon Biochar carbon capture Enhanced and coastal ‘Blue alkalinity Ocean
p forest i and storage weathering wetland carbon’ i o fertilisation
management (BECCS) \ restoration g >,
|
Agricultural ‘ Croppingand forestry ‘ 2 ‘ ‘ Silicate | £ ‘ Carbonate ‘ ‘ Iron
‘ Agroforestry ‘ ‘ practices ‘ residues ‘ Solid sorbeint rocks ‘ Reweting rocks fertnllsauon
. = =
Implementation ‘ Tree planting, ‘ ‘ Pasture ‘ Urban and industrial organic 2 ( 3 ‘ ‘ s ‘ ‘ N&P ‘
option silviculture management ‘ waste ‘ ‘ SiiiiCsolvent ‘ ‘ Revegctation Silicate rocks fertilisation
‘ Timberin ‘ ‘ Purpose-grown biomass ‘ Enhanced
construction crops upwelllng
‘ Bio-based ‘
products
Earth system | Land Ocean
—
Pl .
.
Storage Geologi )| formations Mlneﬁls
medium L 5 :

Vegetation, soilsand Minerals Marine sediment
sediments

Figure5.3: Schematic overview of CDR options accordingfeCC, 20224}

Other categorization schemes exist, for example as proposé@diyoet al., 2023) Thewdifferentiate
between terrestrial, marineand chemicaCDR methodsand BECC@&igure5.4).

Today, virtually all deployed Gf@moval is associated with conventional management of land (or so
Ol f £ SR & O2GDRA $ytliiodsP yhairflsia afforestation, reforestation and managemt of

existing forest§Smithet al, 2023)! Y2 y 3 { K’3CD®& yh&hod fBECCS dominates, and biochar
applications are also already place Figureb.5).

18 Figure taken fronfnttps://evetamme.com/2022/04/06/aréwgiii-report-carbonremoval/ (19.11.2022)
19 dMethods that both capture and store carbon in the land reservidiey are welkestablished practices already deployed at scale (FRL 8
9) and widely reportedy countries as part of their Lardke, Land Use Change and Forestry (LULUCF) adii{@iithet al.,, 2023)

20 gAll other methods, storing captured carbon in the lithospd (geologicaflormations), ocean or products. Generally at a TRL beldw 8
these methods are currentlyeployed at smaller scalégSmithet al,, 2023)
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Figure5.4: Overviewand categorizatiorof CDR methodand CQsequestration processeaccording to(Coboet al., 2023)

Substantially increasing CDR employment would correspond to scaling up novel CDR methods, as
maintaining or even slightly increamg conventiond CDR on land b2030, as planned by many
countriesand economic regions like the European Unisna huge challengen its ownrequiring
dedicated policies and managemefoelmanet al., 2020; Cobaet al, 2023; Gidderet al,, 2023;

Smithet al,, 2023; Gantét al., 2024; Koponeet al., 2024; Zhaet al., 2024) Further, there are major
uncertainies regardingincomplete GHGmissionmeasuremens and accountingelated to such
nature-based climate changmitigation and CDR methodBumaet al,, 2024) Substartial demand

for upscaling novel CDR methods in contradiction with most of theohgterm Low Emission
Development Strategies submitted to the United Nations Framework Convention on Climate Change
(UNFCCQyhich mostly rely oforests and soils to reaatet-zero(Smith, Vaughan arfgorster, 2022)
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-1.2 -1 -0.8 -0.6 04 -0.2 0 GtCO2/yr

Almost all current carbon _ -
dioxide removal, 2 GtCO2/yr, -

comes from conventional _ - I
management of land and a tiny 5 1
fraction, 0.002 GtCO2/yr,

results from

BECCS
Biochar
Other novel CDR

-0.003 -0.002 -0.001 0 GtCO2/yr

Figure 5.5: Total current amount of carbon dioxide removal, split into conventionéop, in grey: afforestation,
reforestation and management of existing foregtand novel(bottom, orange: BECCS, DACCS, biochar, etc.)n@ifods

(GtCQY @) (Smith et al., 2023)

5.2 Basic characterization of CDR methods

Table 5.1 provides abroad overview of CDRnethods according to the latest IPCC assessment,
includingtechnology readiness levelREY), estimated costs and potentials for @®moval, risks, co

benefts and potential tade-offs (IPCC, 2022alMery recently,(Pritz et al, 2024) provided a
comprehensive overviewna a taxonomy orco-benefits, challenges and limits GDR.

CNRY (2RIFI&Qa {6Aaa LIS MEthi8s@ré BELES (with 2 dodus dmBvese D | v
energy plants with CCS) and DACCS (likely to be implemented atpead®undesrat, 2022fFurther

CDR methods to be considered as potential domestic contributors to reach net zero GHG emissions
are landbased and include foetrelated methodsstorage of C@in recycled concrete aggregates,
long-term carbon capture and utilizatiog e.g., using wood as construction materglsoil carbon
sequestration(SCS)biochar applications, bioenergyncluding municipabkolid waste ircineration)

with CCS, DACCS, enhanced weathering (EW) and peatland restdratieever, this focus might
change in the future, as CDR potentials within the Swiss borders seem to be limited and not match
overall CDR need#o reach Swiss netero goalsand CDR application abroad might be more eost
efficientor beneficial from an environmental perspectifi&irchneret al,, 2020; Kemmleet al.,, 2021;
Brunner and Knutti, 2022; Der Bundesrat, 2022; Panos, Ramachaatlehn2023) Egecially ocean

based CDR methods promise large CDR potentials. At the same time, however, large uncertainties
exist whether these can keep their promisgeltschiThommeset al, 2024; Roman Nuterman and
Markus Jochum, 2024; YamamoideVries and Siegel, 2024)

2L A definition of technology readiness levels is provided for example hépes://en.wikipedia.org/wiki/Technology readiness_level
(18.3.2024).
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Table5.1: Overview of CDR options, their TRL, costs, potentials, riskdhanefits, and trade-offs from a global perspectivémodified, after (IPCC, 2022a)impads, ce
benefits, and tradeoffs, which can be addresed by LCA iitalics. Not all issues listed here might be relevant in a Swiss context, especially for CDR methodsriiithl
site-specific characteristics and impacts.

Cost Mitigation
(at scale) | potential Risks/impacts Caobenefits
(USDtCQ) | (GtCQlyear)

Status

(TRL) Tradeoffs, spill over events

CDR option

Ocean Increased seawater pH and saturation states Potentially increased emissions of:C
Alkalinity 1-2 40-260 1-100 may impact marine biota. Possibielease of Limit ocean acidification. anddust from mining, transport and
Enhancement toxic elementsMining impacts deployment operations
Nutrient redistribution, restructuring of the Subsurface _occ.aan aC|d|f|cat_|o_n,
) deoxygenation; altered meridional
ecosystem, enhanced oxygen consumption ai !
A . o ) . supply of macronutrients as they are
Ocean acidification in deeper waters, potential for Increased productivity and fisheries, L . . . .
I 1-2 50-500 1-3 ; ; e utilized in the irorfertilized region
fertilisation decadaito-millennialscale return to the reduced upper ocean acidification .
and become unavailable,
atmosphere of nearly all the extra carbon .
) ; . fundamental alteration of food webs
removed, risks of unintended side effects. o .
biodiversity
If degraded or lost, coastal blue carbon
ecosystems are likely to release most of their Provide manyon-climaticbenefits
carbon back to the atmosphere; poteat for and can contribute teecosystem
sediment contaminants, toxicity, bio basedadaptation, coastal protection,
accumulation andmagnification in organisms; increased biodiversity, reduced upp
Insufficient issues related to altering degradability of coas ocean acidification; could potentially
Blue carbon 2-3 <1 : . . -
data plants; use of subtidal areas for tidal wetland benefit human nutrition or produce
carbon removal; effect of shoreline fertiliser for terrestrial agriculture,
modifications on sediment rexposition and anti-methanogenic feed additive, or
natural marsh accretion; abusive use of coast as an industrial or materials
blue carbon as means to reclaim land for feedgock.
purposes that degrade capacity fGDR
L . o Enhanced plant growth, reduced erosio Potentially increase®HG and
Enhanced Mining impactsair quality impactf rock dust . . . . .
: 34 50-200 2-4 . increasedinorganic)soil carbonreduced pollutant emissions from water suppl!
Weathering on soils. . : .
pH, soil water retention. and energy generatian
DACCS 6 100-300 5-40 Increased energy and water use Water producedsolid sorbent only) Increased emissions from water

supply and energy generation
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Cost Mitigation

CDR option (S;Etf)s (at scale) | potential Risks/impacts Caobenefits Tradeoffs, spill over events
(USDtCQ) | (GtCQlyear)
Competition for land and water resources Reduction of aipollutants fuel security,
grow biomass feedstock. Biodiversity and optimal use of residues, additional Competition for land with biodiversit
BECCS 56 15400 0.511 carbon stock lossf from unsustainable biomas income, health benefits and if P 1

harvest.Potentially reduced nutrient availabilit implemented well can enhance conservation and food production.

and soil organic carbodue to biomass use. biodiversity, soil health and land carbor

Increased crop yields and reduced nhon
CQ emissions from softiepending on
properties of agricultural soilsand
resilierce to drought.

Enhanced employment, improved
biodiversity,improved renewable wood
products provisioysoil carborand
nutrient cycling. Possibly less pressure
primary forest.

Particulate and GHG emissions from produgtit
Biochar 6-7 10-345 0.36.6 biodiversity and carbon stock loss from
unsustainable biomass harvest.

Environmental impacts associated
particulate matter; competition for
biomass resource

Reversal of carbon removal through wildfire,
Afforestatlt_)n/ 8.9 0-240 0510 d|sease_, pests may occur. Reduced cat_chmer
Reforestation water yield andower groundwater level if

species and biome are inappropriate.

Inappropriate deployment at large
scale can lead toompetition for land
with biodiversity conservation and
food production.

Attempts to increase carbon

Soil carbon in Risk of increaseditrous oxide emissiordue to . . . sequestration potential at the
Improvedsoil quality resilience and

crops and 89 45100 0.69.3 higher levels of organictnogen in the soil; risk . L expense of production. Net addition
) agricultural productivity i
grassland of reversal of carbon sequestration. per hectare is very smalhard to
monitor.
Peatland and Reversal of carbon removal in drought or futul I_Enhg need e.mployment and IO.C ?l Competition for landor food
coastal . o livelihoods, increased productivity of :
89 0.52.1 disturbance. Risk dfcreased methane ) o L . . production on some peatlands used
wetland o fisheries, improved biodiversity, soil :
. emissions : . for food production.
restoration carbon and nutrient cycling.
Risk that some land area lost from food I_Enhgnced emplloyment and Ioc_al Sometrgdeoffswnh agricultural crop
Agroforestry 89 0.39.4 S . o livelihoods, variety of products improve( production, but enhanced
production; requires higlkills. . . o - . .
soil quality, more resilient systems. biodiversity, and resilience of systen
If improved management is understood as In case of sustainable forest If it involves increased fertiliser use
Improved merely intensification involving increased management, it leads to enhanced and introducedspeciesit could
forest 89 0.1-2.1 fertiliser use and introduced species, then it employment and local livelihoods, reduce biodiversity and increase
management could reduce biodiversity and increase enhanced biodiversity, improved eutrophication and upstream GHG
eutrophication. productivity. emissions.
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CDRspecific costs and removal potentiade the global level anéccording to(IPCC, 2022&re
subject to large ranges, indicating substantial uncertainties, especially for CDR methods at low
technology eadiness levels. Those ranges, however, also indicate that for example costs can be
subject to large regional variations.

A globalreview of CDR methods including théachnical maturity costs, C@removal potentials
resource us@nd a qualitative assement of potential sideffects has also been provided recently by
(Coboet al,, 2023) They identified tradeoffs between all CDR methodsjpporting the thesis that a
portfolio of CDR methosl will likdy be needed but at the same time categorize a few as most
promising:forestation, soil carbon sequestration (SCS), enhanced weathering with olivine and three
modalities of direct air carbon capture and storage (DAC®8Ysuggest thabioenergy with carbon
capture and storage (BECO&pecially if using dedicated cropad marineCDR methoslq the latter
showingimminent development levels; shouldnot be prioritized ovelpotentially more promising
alternatives

Recently(Brunner and Knutti, 2022valuated potentials and costs of various CDR metlodsnely
afforestation, reforestation andmproved forest management, bioenergy withrbon capture and
storage,soil carbon sequestration, sequestration of biochar, enhanced silicate rock weathering, and
direct air capture and storagefrom a Swiss perspectieandO 2 y Ot dzR éRroninéntaliandd
economic constraints do not fundamenafuery asubstantial contribution of CDR within Switzerland

to achieving the net zero targe{Brunner and Knutti, 2022) argest technical CDR potergiah the

order of 30 Mt Cgeq per year are available f@fforestation, reforestation,and improved forest
management BECCS, and enhanced rock weatheting.6 S@SNE (KSe& uétbsederalda G G S
limiting factors, the actual achievablmtential for CDR irswitzerland is likely to be significantly

smaller than the technical potentéa(Brunner and Knutti, 2022)

The following suksectionstouch upon those CDRethods whicharein focus of this work.

5.2.1 Direct Air Carbon Capture and Storage (DACCS)

Direct Air Carbon Capture and Storage is a process chain, which capturger@@e ambient air

and permanently stores ,ittypically in geologial reservoirs(National Academies of Sciences
Engineering and Medicine, 2019; Chauvy and Dubois, 2022¢aptured through direct air capture

can also be used or stored in products, in which case it is commonly referred to as Carbon Capture
and Use (sectioB.2.5.

Key process of this chain is the Direct Air Capture (DAC) process, which is technologically challenging
due to the low C@concentration in ambient air. Several options exishich can be categized
according to four main G@eparation mechanisms: physical and/or chemical binding to either (i) a
liquid or (ii) a solid material; (iii) separation based on differences in gas diffusivities; and (iv) separation
by differences in freezing poifiKinget al., 2023)(Figure5.6). A similar categorization is proposed by
(Bouabouleet al.,, 2024)

DAC technologies that bind €0 a liquid or toa solid material can be further categorized thgir
respective Ceregeneration driver (i.e., the driver thatleases the COrom the material it is bound
to). Similarly, theseparation by differences in diffusivity can be distinguidhetiveenpressuredriven
processes (membrane as a sieve) antfagedriven processes (electrochemical separati@itjinget
al.,, 2023) The CQcapture material allows further differentiatioMable5.2 provides an overview of
this type of DAC process categorization, including DAC companies cumisiny one of these
approaches.
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Removal (CDR)Environmental Life Cycle Assessméimal report. Paul Scherrer Institut (PSI) and ETH Zurich
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(Kunget al,, 2023)provide also further information on TRL, energy, water, raw material consumption,
and estimated land use for all DAC categorlesaddition they identif technology and material
related obstacles for largecale employmendf DACCS and perform cost estimations for each of the
main DAC categories. Similar cost estimations have been providédoomget al,, 2023; Sievert,
Schmidt and Steffen, 2024However, it should also be taken into account that DAC performance
depends on the place of employment, as some performance parameters depend on temperature and
humidity of the ambient ai(An, Farooqui and McCoy, 2022)

The CQcapture process is followed by &anditioning,compression, and transport to the geological
storage site, where Gan supercriticastate is injected. Small amounts of £{Pe often transported
by lorries, while an upscale of DACCS would most likely re@@dransport by pipeling(Eckle,
Spokaite and Kieger, 2021) Appropriate geological storages include saline aquifers and depleted
natural gasandreservoirs at depths below 80f@eter (Ajayi, Gomes anBera, 2019; Wegt al,, 2022;
Askaroveet al., 2023) However, from a current point of viewleep uncertainiesover the sustainable
CQ injection rates at any given locatiorexist and thesewill constrain the pace and scale 6Q
capture and storage deploymefitane, Greig and Garnett, 202Eyom a current point of view, also
the uncertainties regarding the potential for geologicab&@rage in Switzerland are substantial. The
most recent estimate is in the order 00t CQ (Diamondet al, 2019% | 2 ¢ SeefaNsEientists
have questioned the evaluation and argued tllé actual storage potential may be much more
significant, especially if fracture permeability can be enhaa¢@demeret al, 2024)

In addition, C@can be mineralized and sequestered in solid form by various techniques, sty gex
surficial and in situ mineralizatioKelemenet al, 2019) Risks involved in underground £0
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sequestration include leakage of g§Gholami, Raza and Iglauer, 2024hich would compromise the
CDR effect, and induced seismi¢iBhenget al., 2023)

Tableb.2: Classification of DAC processes based on the @Pture mechanism and release drivefisiinget al., 2023)

Capture mechanism

Release driver

Capture material

DAC Companies

1: absorption (with
liquid solvent)

2: adsorption (with
solid sorbent)

3: membrane
separation

4: cryogenic
separation

1A: high-grade heat

1B: crystallization & low-grade
heat
1C: low-grade heat stripping

1D: voltage

2A: high-grade heat

2B: humidity

2C: low-grade heat and/or
vacuum and/or steam

2D: voltage

3A: pressure gradient

3B: voltage

Hydroxide (KOH)
Amino acid
Monoethanolamine
(MEA)

Amino acid

Hydroxide (KOH/NaOH)
Unknown

Hydroxide (Ca(OH),)

Ammonium resins

Alkali carbonate
Amine*

MOF
Zeolites

Akali carbonate
Unknown

Redox-active molecule
(e.g., Quinone)
Ion-exchange fiber
Hydroxide (Ca(OH),)"?

Polymer membrane

Ion exchange
membrane”

4A: phase change (vapor-solid) N/A

Carbon engineering?”
(1PointFive)™

Carbon Blade® CO2CirculAir
(SMART-DAC)**

E-Quester’® Mission Zero
Technologies™

Heirloom,*® Origen®®/8 Rivers™
Avnos,™ Infinitree,*® Carbon Collect
(Mechanical Trees™)*

Clairity*

Carbyon," Climeworks,'® Emisso
Global Thermostat,'® Hydrocell>*
Airthena™ ** Carbon Infinity,*
AspiraDAC™

TerraFixing,*” GreenCap solutions®®
(Removr’”)

Sustaera®® (Susteon spinout™)

Air View Engineering,®® BlancAir,*
Carbon Capture,®® DAC City,*
InnoSepra,® Noya,®® ReCarbn,®
Skytree®”

Verdox,'® Holy Grai

50
1,

70
|

Carbominer™
ParallelCarbon”®

RepAir’™®

HighHopes™7°

14 (Eranset al, 2022) 16 (Verdox, 2023)18 (Climeworks, 202319 (Global Thermostat, 202330 (Carbon Egineering,
2023) 21 (1pointfive, 2023)33 (Carbon Blade, 202334 (CO2CirculAir, 202335 (E-quester, 2023)36 (Mission Zero
Technologies, 202338 (Heirloom, 2023)39(Origen, 2023)40(8 Rivers Capital, 2023)3 (Avnos, 2023)44 (Infinitree,
2023) 45(Carbon Collect, 202346 (Clairity Technology, 2023)9 (Cabyon, 2023)50(Emissol, 202361 (hydrocell,

2023) 52 (Airthena, 2023)53(Carbon Infinity, 2023b4 (AspiraDAC, 202355 (TerraFixing, 202356 (G.Solutions, 2023)
57 (Removr, 2023)58(Sustaera, 202359 (Susteon, 2023%0 (Air View Engineering, 20231 (BlancAir, 2023)62
(Carbon Capture, 202333 (DAC City, 2023p4 (InnoSepra, 202365 (Noya, 2023)66 (ReCarbn, 202357 (Skytree,
2023) 70 (Holy Grail, 2023)71 (Carbominer, 2023y 2 (Parallel Carbon, 2023a)3 (Parallel Carbon, 20233j5 (Rep Air,
2023) 76(RepAir, 2023)79(High Hopes, 2023)

5.2.2 Biochar to soil application

Production of biochar from biomass and subsequent use as soil amendment aither purposes

(e.g., as amendment in concrete and asphalt productizar) act as CDR methaak a result of the

one to two orders of magnitude longer persistence of biochar than the biomass it is made from
(Lehmannet al, 2021; Smithet al., 2023) In other words, (part of) the GQaken up from the

atmosphere by growing biomass is stabilized in biochar and therefore removed from the atmosphere

over decades tocenturies.Biomass is convertedtbiochar by a pyrolysi®r gasification)rocess,

whichalsod Sy SN} 6 Sa aey3alra | yR f-2I\dzk pddud HighsStybioddds T S NNE |
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yields are achieved bthe soOl f f SR & & f progesshBidhBst cBatadtetized by a lack of
oxygen, a slow heating rate, and a temperature in the range of88&0C(Hoeskuldsdottir, 2022)
Alternative process options for biochar production are fast pyrolysis and biomass gasification; both
are characterized by lower biochar, thigher syngas and bioil yields Figure5.7) ¢ therefore, these
processes might also be categorized as BECCS offfioneet al., 2023)(Figure5.9). Syngas and bio

oils are usually (partially) burned and used for energy supply of the pyrolysis preagdsis heat
and/or electricity can be supplied to the market. Syngas anddii@ombustion processes could be
equipped with CCS, which would increase the CDR potential of biochar production and application.

Moderate to

Gasification
very fast

700-1500°C Limited
Fast pyrolysis

Very fast 350-1000°C Absent

Slow pyrolysis Slow 300-800°C Absent

0% 20% 40% 60% 80% 100%

Figureb.7: Product yields and key characteristics of biochar production proces@éseskuldsdottir, 2022)

In terms of biochar application, thesa of biochar as soil amendment can be considered as the most
frequently discussedoption for CDR, even if there are many othases such as additives in
construction materials or animal feechmidt, 2012; Lehmaret al, 2021; Osmaret al, 2022;
Barbhuiya, Bhusan Das and Kanavaris, 2@idrharto-soil applications can comalong with ce
benefits such as increased crop yields, reducegdaDd NO emissiongrom the soi| or reduction of
fertilizer requirements in agriculture. On the other hand, it mighiow negative impacts on sail
biology, might lead to soil contaminatioaffect organic soil carbon, amdduce albedo effects. These
effects are, however, sitgpecific and depend on soil characteristics, climate, @gtehmannet al,
2021)¢ thus, they need to be addressed on a &#g-case basisin general, it can be stated that
although the biochar applied to soils may release nutrients originally contained in the biomass
feedstock, these are not sufficient tentirely replace conventional fertilizer@Coboet al, 2023)
Further, soil types are important: whitee crop yields of alkaline soils are more likely to decremse

to biochar application, hte fertility and productivity of acidic soils typically improf#@sserant and
Cherubini, 2019)Biochar can adst nutrients and pollutantshanks toits high reactivity and specific
surface areawhich cancontribute to soil remediation and water purificatioin highly contaminated
sites Alsothe soil's watetholding capacitycan be increase@Smithet al, 2019) However,adding
biochar to soil might result in eeduction of the efficiency of herbicides and pesticiddge to the
ability of biocharto immobilize chemicals.Depending on the biomass feedstock used for biochar
production, itcan also be a source of contaminants, such as heavy metals, organic pollutants,
particulate matter, carbon black, etc. Converselgamreduce nitrous oxide emissions frdertilized
soils(Tisserant and Cherubini, 201%urther, tie soil application of biochar can either decrease or
increaseammonia and methane emissions ratefssoils depending on the soil and biochar properties
(Tisserant and Cherubini, 2019; Schneigal., 2021)

In the Swiss context and according(BAFU, 2023}here is so far no evidence that biochar use as
agricultural il amendment leads to increased crop yields. It is also stated that substantial carbon
storage cannot be expected to go hand in hand with increased crop yields in Switzerland, as opposed
to for example tropical regions, where soil characteristics aremifft and more favorable for such
effects One critical issue according (BAFU, 2023} the potentially negativand irreversiblémpact
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of biochar application on agricultural soil on soil biolo@yerall, the lack of lonterm, practical
evidence in the field regarding both pos#éiand negative sideffects of the use of biochar as
agricultural soil amendment is stressadd thus, for the time being, larggcale application of biochar

in agriculture in Switzerland is not recommended, as long as harmful impacts especially on soil biology
cannot be exclude(BAFU, 2023)

In general, ae of the key issues regarding the CDR potential of biettaoil aplications is the
permanence of COemoval from the atmosphere.e.,the persistence ofarbon inbiocharin the soil

(or other applicationsjGurwicket al, 2013; Sanest al,, 2024) If used in londived products, such as
building materials, the biochar carbon sink is sedtitiee product is not burned. If biochar is used as
soil amendment, itscarbon persistence depends orits molecular composition and the soil
characteristics. The molecular compositianrepresented by theelative amounts of carbon to
hydrogen or oxygen atosand is determined by feedstock characteristics and pyrolysis temperature
(Lehmanret al,, 2021; Wodf et al,, 2021; Tisserardt al,, 2022)A driving soil characteristic foidzhar
stability is soil temperature. The s@ £ £ SR & O Nb 2%fs thaditheadsult bfia&ompléxO G 2 NE
interplay of many factors, but can be estimatey soil temperatve and pyrolysis temperatureased

on empirical evidenc@/Noolfet al, 2021) asshown inFigureb.8.

Carbon stability factor

25
20

15
10

[degree C]

soil temperature

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Pyrolysis temperature W >600°C ™ 450-600°C * 350-450°C

Figure 5.8: Carbon stability factor of biochato-soil application as a functin of pyrolysis and soil temperatures
(Hoeskuldsdottir, 2022pbased on(Woolf et al., 2021)

Within this project, we will focus on the LCA of bioctwasoil applications. LCA offer use options
e.g., as additives in building materials or animal festisuld be subject of further research.

5.2.3 Bioenergy with Carbon Capture and Storage (BECCS)

There is a broad variety &ioenergy with Carbon Capture and Storage (BECCS) technology chains
combining different biogenic feedstock, conversion technologies and&ure and storage options

to provide heat and electricity as well as gaseous and liquid energy carrar®f them with the
potential to permanently remove G@&om the atmospherdKemper, 2015; Fajardy and Mac Dowell,
2017; Buket al,, 2018; Pour, Weblegind Cook, 2018; Neggt al., 2021; Rosa, Sanchez and Mazzotti,
2021; Shahbaet al., 2021; Paulilleet al, 2024) All BECCS methods are based on the principle to
capturecarbon releaseduring biomass conversioas C@ which was removed from the atmosphere
during photosynthesisand subsequentlypermanentlysequesterit.

(Cobceet al,, 2023)categorize BECCS process chains as shdvigires.9. They differentiate between
biological and thermochemical processes to turn biomass into energy vestofs as heat and
electricity, liquid and gaseous hydrocarbons, and also hydrdggeneral, the effectiveness of BECCS

22Equivalent to the fraction of carbon stored in soil after 100 years relative to the originalrcadmtent of biochar applied at time of
application
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process chains in removing £m the atmosphere largely depends on the type of biomass used
biogenic carbon content, and the capture rate.
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Figure 5.9: BECCS configurations and categorizations accordingCobo et al., 2023)Not e t hat “bi ochar
considered as BECCS option, but also as a CDR method on its owtly eeizending on whether biochar production and
application is the main purpose of the process chain, or energy vector production with biochar asprdguct.23

Biomass can be sourced from agricultural and forest residbesthe overall sustainableCDR
potential of this type of feedstocls limited because of their important role in maintaining soil fertility
and soil organic carbostocks(Smithet al., 2015) Also,the energy valorization of organic wastes
coupled with CCS caepresentCDRopportunities (Feng and Rosa, 2028erennial energy crops
including grasses such as switchgrass amgtanhus, and shorirotation coppice like poplar are
particularly promising feedstocks because of their high yields, ability to grow on marginal land and
potential contribution tosoil carbon sequestratio(Coboet al., 2023) The cultivation of dedicated
bioenergy crops in agricultural and forested lands could interfere with the global food supply and
biodiversity conservatiofSmithet al,, 2015) Thus, BECCS is primarily constrained by land availability
crop productivity and the available amounts cé#sidual biomass.

Overall, he CDR potential of BEC&®ws high regional variability argtrongly depends on the
biomass cultivatiorocation with higher CDR rates achiable in subtropical and warm temperate
areas, where biomass yields are usually high and itatal use changemissions lowHansseret al,,
2020) Neverthelessany loss irsoil carbon induced bkand use changeould offset the segestered
CQ undernon-optimal conditiong(Fajardy and Mac Dowell, 201 Begarding otheclimateimpacts

23 Biochar can be produced via gasification, slow and fast pyrolysis of biomass. If biochar production is the main purgpge]ysmis
the process of choice, as it shows the highest biochar yieldHigeee5.7 in section5.2.2). If liquid and gaseous energy carrier production
is the main purpose, gasification and fast gysis are the processes of choice, as indicate#iguges.9).
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of BECCS, it is commonly assumed thdecrease in the surface albedssociated withtbiomass
plantations may further reduce the climate benefits, althougthanget al., 2021)recenty indicated

that bioenergy crops could induce a global cooling effémne of the sideeffects of landbased BECCS
could be avoided or at least reduced by using cultivated algae as bioneaisgdekc at increasing

costs, however. In general, alghased BECCS systems cannot be considered as well understood, as
impacts onmarine ecosystemsire largely unknown and net effects on CDR due to drying and
transport of feedstock poorly quantifie@Coboet al., 2023)

From a Swiss perspective, most relevant biogenic feedstocks, which can be combined with CCS, are
woody biomass, manure, and the biogenic fraction of the municipal waste. \®@odustion plants
generating heat and electricity can be equipped with CCS; wood can also be gasified to produce
hydrogen and the gasification can be combined with CCS; manure can be converted to biomethane,
which can further be converted to hydrogen arfgetmethane reforming can be combined with CCS;
municipal waste incineration can be equipped with @8& the combustion of the biogenic waste
fraction with CQ capture and subsequent G@ansport and storage can be considered as BECCS
These BECCS optiamsst relevant for Switzerland can be considered as sustainable as they can be
expected not to be associated with negative side effects in terms of competing with agriciature

land and thus food production and in terms ofducedland use changeg as bng as only residual
biomass streams and no dedicated crops and only sustainably harvested wood would be used, which
seems to be very likefBrunner and Knutti, 2022; D8undesrat, 2022)

5.2.4 Enhanced Weathering (EW) of rocks

Rock v 1 KSNRAY 3 Aa | yFddz2NFf LINRPOSaax LINI 2F (GKS
physical, chemical, or biological changes over geological time ¢Bd#ewl and Rolls, 1999 hysical

or mechanical weathering happens when the rock is broken down into smaller fragmehtitwvi
chemical altering. For example, when temperatures decrease, the water absorbed from rocks turns
into ice. When the water turns into ice, its volume increases, expanding and pressuring the rock from
the inside out, resulting in a broken rodRhemicalweathering happens when the minerals in the
rocks are changed ncounteringwater, oxygen, carbon, or other organic acids. For example, when
carbon dioxide dissolves in rainwater to form carbonic acid, it reacts with calcite or calcium carbonate
in limestone and forms calcium bicarbonate, which can be dissolved in water. In this way, this process
breaks down the limestone and consumes carbon dioxide from the atmospBéaed and Rolls,

1995) Examples of biological weathering would be when tree roots break a specific paet @dith's

surface or when algae and fungi chemically alter the minerals in rocks, they grow close to. The organic
acids released as a byproduct of their metabolic processes react with the minerals by consuming
carbon dioxide, weakening the rock, which Iedd its physical breakdown

Enhanced Rock WeatheringRW, often referred to as simply Enhanced Weathering (E%8 CDR
method based on amending soils with crushed calciuamd magnesiuntich silicate rocks to
accelerate CgsequestrationBeerlinget al,, 2020) The silicateock grains chemically react with GO
to form bicarbonate dissolved ioff{Lefebvreet al,, 2019)

CaSiO3 + 2C0; + 2H,0 — Ca®t 4+ 2HCO; )+ 8102 + Hy O

(to Ocean

Theseare transported by rivers to the oceans and potentially stored for hundreds of years and longer,
depending on calcium carbonate sedimentation proceq$asli et al, 2021) However, viren soil
conditions are favorable, some of the calcium and magnesium cations can precipitate to form
carbonate minera (Lefebvreet al.,, 2019)

Ca’* +2HC O; — CQCO;;( in soils) + CO9 + H20

24 Shown here for wollastonite as example.
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This process referred to as carbonatioilq accountsfor half the moles of CQcaptured during the
weathering of the rock. The capture potential of each path (i.e. Carbonation and EW) depends on the
type of rock usedLefebvreet al,, 2019)

Different types of rocks, such as glauconite, basalt, serpentine, olivine, limestone, andtdpbme
used for EW. Some types show quicker dissolution andi€arption rates than others. For example,
olivine and glauconite have shown faster ;C€apture/sequestration rates, while serpentine,
limestone, and basalt offer slower weathering and.G€yuestration rats (AgriTech Verde, 2023)
Beside silicate rocksarbonate minerals (e.g., calcite, CaCéuld provide an additional, rapid way
to increasethe transport of bicarbonate ion® the oceangKnapp and Tipper, 2022)

From a Swiss perspective it is im@ort that enhanced weathering ex-situ carbonatiod f
metamorphic and plutonic host rocksresent in large quantities in Switzerlams the highest
potential to permanently store GGn SwitzerlandLadneret al., 2023) However, it is also important
to realize that such enhanced wathering requires mobilization of large quantities of host rqgter
ton of CQto be stored, about 5 tons of rock is neededRemoving 1 Mt C{per year would require
excavation of rock material in a similar order of magnitude as currently performeoraduce
feedstock material for the cement industry (ca. 5 Mt per yéaadneret al., 2023)

Enhanced Weathering comatong with potential risks and doenefits, which are similar to the CDR
effectivenesg; often location and casespecific depending for example on climate conditiotesnd

cover, and application ratéLehmann and Possinger, 2020; Pogge von Strandretrah, 2022)
Among the risks are potentiakleases of metals and persistent organic compounds (compounds
resistant to environmental degradationEW has mainly been considered for application i
agriculture, less so in forestry, and occasionally in natural ecosystems and ecosystems under
restoration(Beerlinget al., 2020) One of the key ctenefits of EWn agricultureis the fact that crop
production can increaseThe added rock contains essential plant nutrients, such as calcium and
magnesium, as well as potassium and micronutrients that promote crop production in several ways
(Lehmann and Possinger, 202BW als@nhances soil fertility by buffering low soil pH and stabilizing
soil organic matter, and can improve soil water retention, thereby promoting plant growth and CDR
in agriculture(Beerlinget al.,, 2020)

One of the main shortcomings of EW as CDR method todas iack of a verifiable and costfective

carbon accounting approadAmann and Hartmann, 2022Z)uantifyingthe actualCQ removalalso
remains challenging becausediépends on many other factors besides the type of rock used. The
particle size of the applied rock can impact the dissolution rate. A smaller particle size increases the
dissolution rate, while a larger particle size has the opposite effect, which atfext€Q removal

rate. Other factors, such as the application rate, climatic conditions, and land cover, can increase or
decrease the removal efficiency of CQefebvreet al, 2019; Tan and Aviso, 2021; Eufrasical,,

2022; Abdalgadiet al,, 2023; Foteinis, Campbell and Renforth, 2023; &uwa., 2023)

5.2.5 Carbon Capture and Utilization with long-term storage of CO,(CCUS)

Carbon Capture and Utilizatig€CUYefers to the capture of COrom either the atmospherdvia

DAC or growing biomassj point sources such as fossil fuel combustion and its subsequent use for
various purposes.g.,hydrocarbon fuel productiorproduction of chemicals or plastiay;, as additive

for construction materialsHigure5.10). The direct use of biomass (wood) as construction material
globally most relevant in an urban contdRodriguez Mendeet al,, 2024) canalsobe considered as
(indirect) CCU. CCU onjyalifies as CDR method, ifthe 208 SAGKSNJ 2F 06A 23Sy A0
biomass) or directly captured from the atmosphefd\Dif the use of C@stores it at least large
fractionsq over decades to centuriggiepburnet al, 2019; de Kleijnet al,, 2022)
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Figure5.10: General scope of CCddapted from(de Kleijne et al., 2022)

The questions to which extent a shetd mid-term temporal removali(e.,for less than 100 years) of
CQ from the atmosphereprovides climate benefitsife., reducesradiative forcing) and what most
appropriate climate metrics would be requires further researRecent work byde Kleijneet al,
2022)suggessto use the GWP factors shownTable5.3 for CQ stored in CCWased products over

a certain period of timeThe GWP of zero for @@missions delagd by100 years or more indicase

G LIS NI |y, SH ¥ 2 EekefHowever, as very recently demonstrated, @&@noval for a period of
100 years is not equivalent to permanent removal in terms of climate imgBetsxner, Hausfather
and Kutti, 2024)Moreover, a broadly agreed upon dynamic concept to account for temporal removal
of biogenic C@via its use in products and the resulting climate impastsurrently still missing
(Brander and Broekhoff, 2023; Maews et al.,, 2023)and would alsdave toconsidercounterfactual
scenarios in terms of forestry and wood ugethe context of using timber as construction mategal
seeassociated discussion in sectibr2.6. Such a dynamic concept could also be applied to biechar
to-soil applications, as a fraction of the carbon in biochar is released before 100 years after
application?®

Table5.3: Global Warming Potential@WH factors for* d e | a yemi i o nteniporaryustorage of Coin CCU
products using a 100 year time horizon as calculated ty Kleijne et al., 2022)

d AFSGAYS 27 0c0.5 0.5¢1 lyear | 5Syears | 10years| 25years| 50 years| >100

equivalent to delay in GO years year years
emissions
GWP (for those delayed 1 0.99 0.98 0.92 0.85 0.67 0.42 0

CQ emissions)

Whether and which benefitdi S Y LJ2 N} NE 6 2 NJ & A Y LIS N $hé afniospbereNB Y 2 @ |
provides depends also on the goal of an intervention and on thetemg perspective, e.g., whether

25 Due to uncertainties regarding the timing of these emissions and the lack of an agreed upon dynamic climate impact accounting
concept, weO2 Y 8 ARSNJ OF Nb2y NBfSIFASR gAGKAY wmnn &S| NEnobrbidcBahd-solAGAO K | NJ I LILJE
i.e., apply a GWP of 1 to these £&&missions which occur within 100 years after biochar application.
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reducing peak warming or cumulative warming is in focus. Recent wditates that e-release of
temporary storedcarbon results in more warmindpan if no carbon had been storedut also that
this soO I f freBperatdre asymmetry is nontrivial and depends orthe background emissions
scenario(Reisinger, 20235hortterm storage mayhelp flatten and shorten the pealemperature
rise by holding carbon out of the atmosphere witolher measure are put in plagdarland, 2023)
Very recent findings fror(Brunner, Hausfather and Kutti, 202#)dz3 3 S aaiCQétd¢dgei perid of
less than 1000 years is insufficient for neutralizing remaining fossile@i3sions under net zero
emission® €

5.2.6 Accounting for biogenic carbon flows in LCA in the context of wood (timber) as
construction material

Wood has gained prominee as a sustainable construction material due to its renewable nature and
carbon sequestration potential. However, leveraging wood to capture and temporarily store carbon
involves complex considerations spanning forest management, maseribbuildinglife cycle, and

the evolving landscape of a decarbonizing econohgomprehensivejuantitative assessment of the
climate impacts of using wood as construction material (including cascade use cases) is thus out of
scope of this workInstead, we discuss assated challengesithe following and provide a simple

case study applyingreewly developed dyamic, timeexplicit accouting framework in section6.6.

In generallooking at the use of wood from a climate perspective, all that matters is the total amount
of CQ in the atmosphere, regardless of its origin, be it biogenicfossil carbonStrengerset al,

2024) Put differentlyminimizingthe negative impact on climate change meamaximizinghe total
biogenic carbon stock in forests and the technosphere, as well as the fossil carbon stock in reserves
while minimizing the release of Gto the atmosphere In the following, the different aspects
dealing with biogenic carbon accounting are briefly discussed.

Biogenic Carbons CQ

Biogenic carbon refers to carbon that is part of the natural carbon cycle, such as carbon stored in
plants and treesUnlike fossil carbon, which is part of letegm geological carbon cycles, biogenic
carbon is consideredrenewable because it is part of a relatively shaerm cycle.However, it is a
misconception to equate renewable to sustainable in this context ise@nce carbon, be it biogenic

or not, is turned into C&hrough oxidation, methane through natural decomposition or ruminant
digestive activity, or other greenhouse gasses, its origin is of no concern. For the climate, only the
concentrations ofgreenhaise gase the atmosphere are of importance, not the origi#shamer,

2022) Therefore, to assess the sustainability of using wood as a construction material (ouséiser

of wood), one needs to consider not only the life cycle impacts of both vib@seéd products as well

as the alternative material they might replace, but also the opportunity costs of different forest
management strategies, and the (potential) eventuelease of the carbon stored in these weod
based material§Penget al., 2023)

Accounting biogenic carbon in L@Ageneral anddynamic LCAn particular

The impact of woodased materials is often evaluated through life cycle assessment (LCA), but
because of the s@ f f SR & NBy $fawlodntbaSed prgdlcts diheke have been different
approaches to model the release of or uptake of biogenic carbon throughout its life cycle. An overview
of the various methods can be found @yoxhaet al., 2020) who classify three main approaches:

1. ¢ KS Wnkn | LILINEibdd Ketkalitydabsingp#om dhichthe biogenic carbon
released between harvest and eidHife is balanced by the uptake of €during biomass
growth. Only the release of methane is accounted for in terms of climate impacts.
2. CKMKBMQ | LILINE F OKSZ ¢ KA Qoidn flovland uplakelof GQ1)ink-S oA 23S
and release from biogenic carbon sources (+1) are modelled.
3. SoOt f £ SR & R@erassénetal, POAO) vihich considershe timing of the uptake
and release of carbon from and to the atmospharel associated climate impaciBhis
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approachintroduces timedependent characterization factors, which consider the residence
time of GHGs in the atmosphere. This providesase acurate representation of the

carbon dynamicand thus climate impactassociated with wood as a construction material
and wood harvesting in gener@enget al.,, 2023)

The first two approaches are not useful in the contextngfaningfullyguantifying climate benefits of
long-term storage ohiogenic C@in products such as (wooden) construction matereisl cascade
utilization of wooden construction material®ynamic LCA is currently the only framework that allows

for a comprehensive assessment of all aspects of forestry products, ingltreéntiming of carbon
sequestration and emissionsigure5.11 shows a schematic overview of a system definition that can

be used for such an assessment. The green blocks indicate the forest modelling, and the yellow blocks
show the submodules that areilsject to technological change and require a prospective analysis (See

0 KS &S O atkrialisplgemantyactors and prospective analysiso St 2 6 0 ®

€O, CO, CO,,CO, CO,,CO,
CHy GHG GHG T
—_— — _—— ——— —_ |
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Figure5.11: A comprehensive system definition for thessessment of wood products in the context of &@moval from
the atmosphere. The forest system is distinguished from the technosphere. The yellow process modules are subject to
technological change and need a prospectassessment, especially in the caxt of end-of-life activities/processes.

Forest management scenarios under changing forests

An important factor to consider when it comes to the use of harvested wood products is the
opportunity costs of different scenarigsefebvreet al, 2021; Erfet al., 2022) Both in terms of forest
managemeni{Seppalé&t al., 2019; Strengerst al,, 2024)and the replaced materials (decarbonizing
economy). While European forests have seen an increase in carbon stock over the last few decades,
acting effectively as aarbon sink(Kilpelainen and Peltola, 2022)he future development of
sequestration and storage is highly dependent on both forest manageiiNatiuurset al, 2017;
Kilpelainen and Peltola, 2028hd climate change effec{Kilpelainen and Peltola, 2022he latter
includes distupances such as droughts as seen in recent years. This may lead to a change in forest
management practices and different tree species, which in turn will have a strong influence on the
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sequestration and storage capacity as well as the availability of Hed/@god products and, with

that, the material displacement potential of wootdlo complicate matters further, it is most often
misleading to attribute growing or declining carbon stocks in managed forests to specific management
practices. Insteadthese clanges in carbon stocks apgincipally a reflection of nonuniform age
distribution of the stands of trees in the fore&trengerset al,, 2024)

Storage and cascading use cases

As discussed above, the framework of dynamic LCA accounts for the timiagnisdions and,
therefore, captures the effect of temporary carbon storage acting as-si@oin short or londived

wood products. Furthermore, potential reuse and cascading options for the use of wood products at
0 KSAMNHMASHIRE | &3 ofstriddios RateabdbiGgEnic feedStock for energy production
need to be assesseds such, a dynamic LCA framework for accounting of biogenist@hs and

flows will therefore represent the benefits of temporarily storing.@Cfor example wooden building
materials, independently any counfactual scenario of wood use.

Material displacement factorsand prospective analysis

When using wood as construction material, a different, potentially more caibi@msive material,

sud as steel or concrete, can be replaced. Theated material displacement factor (DF) expresses
the efficiency of using wocelased products or fuels instead of fodsdised ones to reduce net GHG
emissions. They are given as the amount of fossil casbwed per ton of wood carbon used. Estimates

for the DFs of different products span an extensive range, legd8iegpalét al., 2019)o develop the

02y OSLIi 27F & NBF | @sioNERDES), Which frdfvitle@he Vafugsifor the DFs needed for
two different forest management scenarios to have a similar climate performance. While the RDFs
only depend on the forest management scenarios and thus on climate change, the actual material
displacement depends, of course, on the life cycle impacts of the displaced material or fuel. However,
asthe economy changes and for examfie energy sectqrsteel and concrete production processes
shift towards renewable sourcesmd potentially towardset-zero GHG emissionhe material carbon
displacement effect of using wood may diminish. This emphasizes the need for a holistic approach to
decarbonization, considering not only the construction materials but also the overall energy and
resource consmption throughout the building's life cycléSuch aspects can be assessed with
prospectiveLCA in which future scenarios of development are considdf®acchet al., 2022)

Regiondisation

The performance of woobtlased products heavily depends specific tree species presergcal
forest management and regional supply chain conditjomisich might all change in theture, also
due to climate chang@Nesselyet al., 2024) The importance of local and regional aspects also holds
true for previoushdiscussed material displacement factors and the prospective LCA.
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6 Life Cycle Assessment (LCA)

Environmental Life Cycle Assessm@@A)s the method of choice to quantify environmental burdens
associated with the production, use and eafilife of products(ISO, 2006a, 2006b; Hauschild,
Rosenbaum and Irving Olsen, 208%$pecificecommendations for LCA of CDR have been provided
by a few scholarg¢Terlouw, Baueret al, 2021; Brander, 2024; Butnat al, 2024; Nordahkt al.,

2024) Within this project, LCA is limited to smatlale, attributional assessments of curremtnear
future?’ product systemgEarles anddalog, 2011; Zamagat al, 2012; Schaubroeait al, 2021) in

which dsingle unité are evaluatedregardingtheir environmental performanceA consequential
analysis, in which CDR is scaled up to the required quantitiesthe next decadeand effeds of
large-scale application on the level of the entire energy system or economy would be investigated, is
out of scope of this work, but should be performed in the future (see se&jpas attributional LCA

fails toquantify the total systerwide change in emissiommdremovals caused by an intervention or
actionand is thereforeg according to some scholagsnot appropriate for quantifying netemovals

for offset creditgBrander, 2024)This fact should be considered when interpreting the resuttese

do not represent anyféects of largescale implementation on a system level, for example the strong
interdependencies of some CDR methods such as DACCS and BECCS and the energy system as a whole.
Also, this report and the LCAs for biochar and BECCS do not allow to answeestiemgwhich use

of the limited amounts of sustainable biomass in Switzerland would be most beneficial in terms of
climate or biodiversity impact® a conclusive wayNeverthelessthe LCA results provided here and

in section7 as well as by the LCA tool developed are useful, asghmydea first goodquantitative
indication regarding possible net carbon removal efficiencies of several CDR methods in a Swiss
context,, allow for conclusionsegarding the conditions which must be met for the CDR methods
addressed to provide effective net GHG removals from the atmosphegeneraland can be used to
identify key parameters in this respect. FurtheCl establishedre very well suited for followp
activities as outlined in sectidh

The following sufsections provide moverview ofselected literature based.CA results for some CDR

options representingimpacts on climate changer(life cycleGHG emissions)sing global warming
LRGSYydArta F2NI I GAYS KhN@nérd, ythe PCA pavformed &ithih ik 0 a D2
project builds upon the recommentans provided by(Terlouw, Baueret al,, 2021) who stressed

the importance of consistency and transparency in comparative LCA of CDR mélbbddl the

product systems addressed in this section are incorporated in the LCA tool, which is explained in
section7, and which is also used to generate new LCA results to quantify nee@0val rates

6.1 Direct Air Carbon Capture and Storage (DACCS)

Several.CA have been performed so far, for both higgind lowtemperature capture technologies

(de Jongest al, 2019; Liwet al., 2020; Deutz and Bardow, 2021; Mad#tal,, 2021; Terlouw, Treyer,

et al, 2021; Qiwet al, 2022; Casaban and Tsalaporta, 2028)these studies agreenahe fact that
low-carbon energy supply for DAC operation is key to minimize indirect GHG emissions and achieve
high carbon removal efficienciedere, we provide LCA results of our own analfBislouw, Treyer,

et al, 2021)to highlight key factors determining the outcomes of the L@A LCA of a low
temperature adsorptionbased (solid sorbentDAC processepresentingdimeworks technology.

26 There are claims that L&Aespecially in the context of CRsill-suited for quantitative analysidue toambiguities and insatiable data
requirements(Lackneet al,, 2023) However, we consider such claims as +soibstantiated and the alternative proposed {hyackneet

al.,, 2023)as very faifetched.

27¢ KS (S NBVUzOGdyNSSENINBFSNB G2 GKS FF OGO dGKIG az2vysS 2F GKS LINPRdAzOG aeadSy
will likely take some yearmtil they can remove GGrom the atmosphere in practice. Our LCA represents those product systems as if

iKSe g2dZ R 06S O2YYSNOALtte F@FAflIoftS (2RI&z-FadzdidzBRé 2 YINDEMNNBy deadBol
be evaluated pplying prospective LCA, in which the background inventories are modified and represent some future poin{8atihie

et al, 2022) This is, however, out of scope of this work.
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Moreover, our LCA tool (see secti@halso contains a higiemperature DAC configuration modelled
according taQiuet al,, 2022)

System boundariesf the low-temperature DACGproduct systemare visuaked inFigure6.1. Key
processis the operation of the DAC unit, which needs heat and electricity as well as a sdffent.
included several DAC configurations and energy supply options including autononteusssyisectly
supplied by renewable energy and able to operate at remote locations disconnected from the power
grid. Heat can be provided by an industrial heat pump, which can be operated using electricity from
different sources, by any waste heat soureepy a solar collector in combination with a heat storage
unit. Electricity can be provided by the grid or by dedicaidd and solar powemstallations in
combination with a battery electricity storag&€he captured C£s compressed and transportedavi
pipeline to be injected into a geological reservoir for permanent storAi¢ghese processes consume
electricity and Céexransport by pipeline is associated with (minor) @dissions due to leakage.

This analysis does not take into account the impaicambient temperature and humidity on the
performance of the C&rapture proces$An, Farooqui and McCoy, Z02however, we consider this
aspect in the final version of our LCA tool (see sectjon
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Figure6.1: System boundaries the LCA of DACCS anding to (Terlouw, Treyergt al., 2021)

The neteffectivenesgor efficiency)f CQ removal via DACGf®m a lifecycle perspectivés mainly
determined ly the GHG emissions associated with energy supply for the DAEiguite6.2).
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collector. Vertical dashed lines represent theverage life cycl&HG emission intensities eéchnology or country-specific

electricity supply.Carbon removal efficiency refers to the nefffectiveness of permanent GOemovalconsideringall GHG

emissions caused by thBACC®roduct system.
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If both electricity and heat are low in terms of GHG emissfaéchincludes electricity from hydro,
solar, wind and geothermal power, solar and geothermal haht} neteffectiveness of COemoval
canbe above 90%. Autonomous systems directly supplied with renewable energy from dedicated
units include energy storage @llow autonomous operatioand exhibithigherGHGemissions in the
construction phase However, this decreases their neffectiveness only marginallAlso, GHG
emissions from CQransport and storage only representvary small contribution for the defult
transport distance for CQOof 200 kilometreg(Terlouw, Treyeret al, 2021) For CQ transport via
pipeline this holds also true for distances up to a few thousand kilometres (see séction

6.2 Biochar -to-soil applications

There is a relatively large body of literature regarding LCA of bidokswil applications) a I ( dzOG N1 =
Hnatkovdh YR Y26 NX HaunT !'TTAZ YIENXGdzy F'yYR {dzyR6OSNHZ
Tisserantet al,, 2022; Lenket al,, 2024; Xiaet al., 2024) However, their qualityin terms of e.g.,

modelling of system boundaries, assumptions regarding peence of C® removal, and
consideration of substitution effectds often questionable and therefore results are not always
reliable(Terlouw, Baueret al., 2021) Furthermore, available studies are often capecific and thus

either not of general value and/or not representative for Swasaditions(for example, in terms of
substituted energy carriers, soil properties, or biomass feedstot#® therefore conduct a
parameterized LCA of biochto-soil applications, which aims at covering a broad range of potential
boundary conditiongincluding those likely to include Switzerlarald provides LCA results specific

for those (Hoeskuldsdottir, 2022)igure6.3 showsthe system boundariesvith processes included

and potential effects excluded.o a large extent, this parameterized LCA is also included in our LCA

tool (section?).

The process chain starts with feedstock productimcessingand transport to the pyrolysis plant.

In case of residual or waste biomass feedstock, environmental burdens of the feedstock production
are outside the system boundaries and the residual mat&nters the system free of environmental
burdens(apart from those associated with waste collection and transport to the pyrolysis pfarig
pyrolysis process turns feedstock into bioclgmgasand bicoil. Syngas and bioil are assumed to

be usd for heat and electricity generation in a combined heat and power (CHP) unit. Part of the
generated heat is used for feedstock dryengd operating the pyrolysis planDur analysis is limited

to dry biomass types, as pyrolysis of wet biomass such asinmanakes less sense from an energy
perspective, as external heat would be required. Biochar is transported to the point of application as
soil amendment, where it represents a leteym carbon storage and thus CDR.

Heat and electricity produced by the CH&m syngas and bioil, which are not internally used, are
accounted forvia system expansiodn @ aSYAAaddA2Yy ONBRAGAEET O2NNBALRY
sources of heat and electricity, which are assumed to be substituted by the excess heat arncitglectr
produced by the biochar product system. Important is the distinction betweenr&@@oval due to
biocharto-soil application and reduction of G@missions elsewhere due to substitution of heat and
electricity generatio 2 F (G Sy NBTSNIBR A& Fie Yatiet déperd2 dn R Haseline
scenario, which determines the replaced type of heat and electricity and the corresponding emission
reduction. Thereplaced type of heat and electriciblso depends on the time horizon considered:
from a shortterm perspective, the operation of existing capacities will be affected, while from a long
term perspective, installation of new and retirement of existing capacities will be affected.
Consideration of a reduction in fertilizer consumption is modelledragptional element, as whether
biochar application can lead to a reduction in fertilizer consumption depends on soil characteristics
(Coboet al, 2023)and plant type and must be addressed in a esggxific way.

BegKAA Y2ZRSfAy3d OK2AO0S O2NNBaLRFRE B OKBAARALAONIX2RE{2&I 6 KSOBORRY D
LCA database.
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Figure6.3: System boundaries of the biochao-soil LCAHoeskulddottir, 2022) The scheme does not include all potential
side-effects such as impacts on soil biology, organic soil carbon, or contaminants.

Our LCA considers a number of interdependencies between parameters based on empirical evidence
from literature (Woolfet al,, 2021; Tisserardt al, 2022)and as qualitatively shown ifiable6.1. For
example, an increase in pyrolysis temperature reduces biochar and tar yield, while it increases the
carbon fraction in biochar, syngas yield and its heating value as well as the biochar stability factor in
soil. Al of these interdependencies are quantitatively caaain the LCAsee(Hoeskuldsdottir, 2022)

for all details) as they have an effect on LCA results.

Table6.1: Qualitative representation of interdependencies within the LCA of biocharsoil applications as modétd in
(Hoeskuldsdottir, 2022)

increasein.. A

Pyrolysis temperature Reduction # Biochar yield
Increase 1 Carbon fraction in biochar

Increase f Syngas yield

Increase 1 Heating value of syngas
Reduction |  Taryield
Increase 1 Biochar stability factor
Soil temperature Reduction & Carbon stability factor
Feedstock lignin content Increase 1 Biochar yield
Feedstock moisture Increase 1 Energy demand for drying
Reduction }  Creditsfor avoided heat and electricity generation
Feedstock ash content Reduction }  Biochar yield
Reduction §  Organic carbon fraction in biochar
Carbon stability factor Increase f Carbon dioxide removal
Biochar carbon fraction Increase 1 Carbon dioxide removal

Not included in our LCA model are changes in albedo due to bidatsamil application, which would
affect surface terperatures, climate impacts of indirect land use change because of the use of
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dedicated biomass crops, and potential changeméthane andhitrogen oxide emissions from soils.
This effect on PD emissions is a topic of ongoing research and based on the currently available
evidence(Borchardet al,, 2019; Gueneet al, 2021; Shakooet al., 2021; Lywet al,, 2022) we were

not able to determine specific values fofQdemission reductions, which could be applied in a generic
way.

Figure6.4 showslife cycleimpacts on climate chander biocharto-soil applicatior(per ton of biochar
applied to sdj for three different cases in terms of substituted heat alelctricity(i.e., excess energy
from the conversion of syngas and o not used for feedstock drying and pyrolysis operation is
assumed to replace other types of heat and power generati®a@rameters are specified eajly
otherwise: willow with a moisire content of 40% is used as feedstock; pyrolysis temperature is 500°C,
soil temperature assumed to be 14.9°@lopal mean annual croplastemperature (Woolf et al,
2021), credits for potential reduction in fertilizer consumption are not included, and overall transport
distance (for biomass and biochar) is assumed to be 205 kilesetr

% Low-carbon case NG case NG and coal case

2

©

2 0

o

s +  Feedstock: willow (Weide)

3 *+  Moisture: 40%

S *  Pyrolysis @ 500°C

2 —1000 A

= * Fertilizer credit: not included

g * Soil temp.: 14.9°C

o \ 4 * Transport: 205 km

& —2000

o

(8]

2

= V Overall

© ~3000 4 B Feedstock

o

£ v Wl Transport

§ B Other

{:"j —4000 - Bl Heat

8 Electricity

(1]

E v B Biochar in soil

“ -5000 -
Figure6.4: Impacts on climate change per ton of biochar applied to gbibeskuldsdottir, 2022)NG: Natural gasSpecific
cases here are primarily selected and shown to highlight the importarafesubstitution effects.” Bi oc har in soi
represents the amount of C€permanently removed from the atmosphere whi | e t he negative emissic
“electricity” represent avoided emissions due to substitut]

¢tKS -QFRB2Y Ol 4S¢ O2NNBalLRyRa (2 adzoaildAilddziazy 2°
heating; the natural gas (NG) case corresponds to substitution of electricity from a natural gas power

LX Fyd FyYyR KSFEG FNRY | 3t arespods fo SudghitutibnkoSheai oo a I Yy R O
NG boiler and electricity from a coal power plant. While dhgount ofépermanentye (i.e.,for at least

100 year®’) removed CQ(inFigure6.4:d 0 A 2 OKIF NJ Ay a2At &0 Aa Sldzft Ay
due to substitution of energy supply is casgecific and shows large differences. In genehal GHG

emissions due to feedstock supply, transport and other activitiessarall compared to the amount

of CQ removed from the atmosphere and the GHG emission credits in case of fossil energy is
substituted. From a longerm perspective, however, it seems likely that emission credits due to

avoided GHG emissions from fossiesgy supply will become less relevant, if the energy system
transitions towards nezero GHG emissions.

29 Most recent findings fronfBrunner, Hausfather and Kutti, 20&#)ow that using a G@emoval period of 100 years as equivalent to
permanent C@removal is insfficient. (Brunner, Hausfather and Kutti, 20232 y Ot dzfh&t a G&storiage @eriod of less than
1000years is insufficient for neutralizing remaining fossit @®issions under net zero emission¥¥e have, however, ndieen ale to
include this findingri our quantitative assessment, as it Hasen published during therfal revision of this report.
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6.3 Bioenergy with Carbon Capture and Storage (BECCS)

We have performed.CA ofwood combustion with CCS building up@rolkart, Bauer and Boulet,
2013) as included in the LCA tool (see seciipmydrogen production via wood gasificatianth CCS

and biomethane reforming with CC&ntoniniet al, 2020, 2021)The latter two BEC@ptionsg using

wood from sustainable forestry in existing forests and residual biomass from agriculture, respectively
¢ shownegative GHG emissions from a-ifgcle perspectivd,e., permanently remove CQOrom the
atmosphere Other BECCS optioggartially nd addressed here include anaerobic digestion of wet
biomass with CCS or use of the captured biogenid@@ngterm storage in construction materials
such as recycled concrete aggregates (see se6ti)n

It is important to note thatour LCA of wood combustion with CCS is based on the assumption of
GOFNb2y ySdziNI ftAdGeé¢ 2F GKS LINRRdAzOUG & pradichy oA (K2
biomass from forestdor bioenergy results in zero or negligible net emissions of ©Cthe

atmosphere, when the complete life cycle of forest growth (andgmawth), harvesting and
consumption of biomass is considered. This can occur jfe@ssions from harvesting and ugin

forest biomass, includingombustionfor bioenergy, are exactly balanced by carbon sequestration in

the forests that produced the bioma@sigures.5). This simplifying assumption is, however, not always

justified ¢ forest carbon stocks can be positively and negatively affected by management practices
involving bioenergy production (or aldiomass use for productédtrengerst al.,, 2024)

Forest under long-term management (carbon neutrality)

o - ] 2 ) g ) 2 +
Decay of Decay of Losses during

dead wood residues processing

| Photosynsthesisl |Respiration|

Extracted
wood

Energy sector

Forest

Figure65:Car bon bal ance of a “carbon neutral” bioenergy systen
photosynthesis to biomass combustio(Strergers et al., 2024)Carbon neutrality occurs when the net uptake of €O
during forest growth (A minus B) perfectly balances out the losses to the atmosphere (L, C, P, E).

(Strengerset al., 2024)list four basic anditions for carbon neutrality of biomass

1 dTrhe quantities of biomass being extracted from forests are stable over time assuming
harvesting is not constrained by factors such as uneven distribution of tree/stand ages.

1 The quantities bbiomass being extracted do not exceed the regrowth of biomass.

1 The forest management practices involved in biomass supply are constant over time (such as,
levels of thinning and rotation ages in stands being kept the same).
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1 The existing uses of biomasganaintained (such as, biomass is not diverted from other
existing uses such as the manufacture of material products to use for bioerergy).

CdzNII KSNE { K B &eal IsiRariond] Kdrfect cadrbon neutrality is likely to occur only in
exceptional ciramstances, because the rates of biomass supply and the forest management
approaches to produce the biomass are rarely unchanging overgif@aengerst al,, 2024)

Biomass (both wood and biomethane) can also be used to produce hydrogen, including cpatarin
sequestering C£emitted during the hydrogen production proced$sgure6.6 schematically shows
system boundaries of #1LCA fosuch ahydrogen productiorsystemfrom biomass Importantly, the
upstream activities of the biomethane production chain up to (and inalg)dbiogas production via
anaerobic digestion of residual wet biomass and thus their environmental burdens are assigned to the
agricultural sector, which generates the biogenic waste. Its anaerobic digestion is considered as a
waste treatment service anderefore, the biogas enters the product system without environmental
burdens3® However, the carbon balance has been calculated irrespectively of this modelling choice to
represent physical flows correcttythus, carbon removal is assigned to the BECG&pses, i.e., the
hydrogen production.

Allocated to the food/agricultural sector Allocated to the energy sector
NG Extraction NG
& Upgrading Transport I Flue Gas
Wi
Digestate ater (CO,NO,) Waste
storage
t l t
z I — 1
SRa—" Anaerobic Biogas Biomethane T' H, Production, Purification ;1 Electricity
Agriculture I waite i Digestion | | T U d Transport || 14 and Compression
Collection 8 pgrading P M P == 1 MJ Hydrogen
]
l.
Forestry,
Sawing & Wood Chips | Geological
, T —
Wood =1 Transport €O, Transport . CO, Storage

Chipping

Catalysts/

Infrastructure

Adsorbents |+ &T :
Production SN

Figure6.6: System boundaries in the LCA of hydrogen production via wood gasification and biomethane reforming with
(and without) CC$Antonini et al., 2020, 2021)

Figure6.7 showslife cycleGHG emissions of hydrogen production from wood and biomett{and

natural gas as reference for comparisamjh and without CC®er kg of hydrogen producedhll
biomassbased production pathways with CCS remove.@©m the atmosphere from a lifeycle
perspective (corresponding to negative GHG emissions). Overall, these results are mainly driven by
CQ capture rates at the hydrogen production facilities. Other proceggegept of natural gas supply

chain related GHG emissiodslivering the feedstock for the conventional reference systerhich

can be substantigBaueret al., 2022)¢ play minor rolesimportantly, potentials of both wood from
sustainable forestry and agricultural residues are limited. Usimgosegrown biomass would exhibit
higher impacts on climate change due to e.g., use of fertilizers and induced land use changes.

(23
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LCA database.
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Figure6.7: Impacts on climate change in terms of lifgycle GHG emissions due to hydrogen production from natural gas,
biomethane and wood with and without CC@ntonini et al., 2021) Error bars for the bomethane pathway indicate
variability due to different disposal options for the digestate from the biogas productioBMR: Steam Methane
Reforming; ATR: Autothermal Reforming; HPR: Heat Pipe Reformer; oxy&#ERtion enhanced reforming gasifieEF:
Entraned flow gasifief EU grid: current average European electricity.

6.4 Mineralization of biogenic CO 2 in recycled concrete aggregates

Using biogenic COrom a wastewater treatment plant ands mineraliation in recycled concrete
aggregategfRCAYepresents a way of G@apture and utilization for storage in lofiged products
(Tiefenthaleret al,, 2021) The LCA shows that this value chain indeed nessdC@permanently from
the atmosphere.

Figure6.8 visualizes system boundaries of our LCA. Biogenicc&®be supplied by any type of

residual biomass treatment, in our case upgrading of biggas basically separating €fdtom CH)

produced via anaerobic digestion of biogenic waktie in the BECCS product system which generates
hydrogen from biomethne, the biogenic waste treatment and the biogas upgrading are considered

to be waste treatment processes within the agricultural system and therefore, associated burdens are
assigned to that part of the econongythe biogenic C¢ as provided by the biogaupgrading enters

0KS aO2yONBGS LINRPRdAzOG aé &l InEQis liquefied, dansp@tgdiyA NB v Y Sy
lorry to the mineralizatiorplant, and evaporated there. It reacts with the recycled concrete aggregate

from concrete recyclingoriginatng from e.g., demolished buildings. Such mineralizéda CQ
storage)recycled concrete aggregates store thiegenicCQ permanently and thus remove it from

the atmosphere. Using thest® produce new concrete elements could also lead to structural
improvementsof the concrete,decreasing the cement requirements. This would come along with

reduced emissions of concrete production but requirestifer research and experimentSuch

research and associated L@4&s recently beehJS NF 2 NY' SR | & LILNIO wRAT ¢ i KBRP @5 ¢
with LCA results of G@ineralization published i(Tiefenthaleret al.,, 2024)%

31 http://www.demoupcarmaethz.ch/en/home/
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Figure 6.8: System boundaries of the product system considered in our L(Aefenthaler et al., 2021) comparing
production of virgin concrete (VG)ithout recycled fractions, recycled concrete (RC), and carbonated recycled concrete
(GRC)RCA: Recycled Concrete Aggregate.

Figure6.9 showslife cycleimpacts on climate chand&WP100in terms of GHG emissions associated
with the value chain in focus of our LGA., storing biogenic G recycled concrete aggregatdhe

left y-axes indicatehe emissions of greenhouse gases per kilogrameoycledcementaggregates
(RCA, the right ones the amount of GHG emissions per ton of ,Cffored. Overall, the net
effectiveness of C{removal with this CDR method implementedSwitzerland, is around 93%, i.e.,
storing one ton of biogenic G@nd thus removing it from the atmosphere generates aroundgof

GHG emissions. Main GHG emission contributions originate from the electricity supply ofithe CO
liguefaction process andhe infrastructure needed along the value chain, mainly for the transport and
the mineralization processes.

0.3
I Transport 140 2 -\6‘\ & &'\\&\ z;)
& Refrigerant q;s}‘ Qo*\ o(-‘} @‘1' é\‘?‘ 200
” & B Elccrricity | | 35 1 & & & & on
> § I [nfrastructure | | v < < & C 3
& - 1
~ {30 £ o L
< % <
3 02 PO g
&= O & -] o
= 5 o 5 2200 5
= =]
bt b = o
o 2 =z 2 -]
5 015} g 5 g
=3 5 =~ -400 =
% .
=
S oorp PR i
g 600
2 -5 (’;—)n
) )
0.05 % -800
0 -7 -1000

Figure6.9: Life-cycle GHG emissions of the spbocesses of the negative emission value chaisualized along four main
process categories (left) and cumulative GHG emission of the value chain, including thee@0val (equal to negative
emissions) of the mineralization plan(Tiefenthaleret al., 2021)
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6.5 Enhanced Weathering

Several CA studies fdEnhanced Weatherind={\) exist(Lefebvreet al,, 2019; Tan and Aviso, 2021,
Chiquieret al, 2022; Eufrasiet al, 2022; Abdalgadiet al., 2023; Feng and Hicks, 2023; Foteinis,
Campbell and Renforth, 2023; Zhaatgal., 2023) Most of them use basalt or olivine rocks, but also
demolition wasteis consideredFigure6.10 shows typical LCA product system boundaries for an
enhanced weatherig system(Lefebvreet al., 2019) Key foreground processes as#icate material

(or other mineral e.g., olivine or basglextraction (including drillingylasting,and loading of rocks),
transport to crushing and crushing to the desired particle sizepuarioading activities, transport to
the field and spreading of crushed material on the field.

Common findingef available studieare that 1) transport activities are among the key factors in the
LCA with a major impact on the net &@moval efficiency, that 2) energy demand and energy sources
for crushing rock materials atessimportant, and that 3) the type of rock, as its properties determine
the energy needed for crushirag well as the specific carbon removal capdt{tyadneret al., 2023)
plays an impdant role. In general there is a tradeoff between particle size and carbon removal:
smaller particleglissolve andake up C@more quickly but also need more energy for comminution
(Foteinis, Campbell and Renforth, 20283 both rock grinding and transportation represéime key
parameters determining overall energy consumption, measures to reduce energy demand should be
implemented, as large saving potentials seem to g¥i&t Marcoet al, 2024) Compared to natural
rocks, the use of suited waste materials can considerable reducee@ti&SiongAbdalgadiret al,,
2023)
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Figure6.10: System boundarie®f a typical enhanced weathering system includingxtraction, comminution, transport
and spreading of basalfl_efebvreet al., 2019)

%2j.e., the amount of C&stored by a ton of rock material.
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6.6 Woody biomass utilization

Insection5.2.6 we discuss key considerations in biogenic carbon accounting. Here, we expand on this
topic by comparing an LCA example of a wooden construction produatindow frame with a non

wood alterndive made of polyvinyl chloride (PVC). This example examines the production and
disposal phases of each window frame type, assumingyeablifespan (Table 2.8.2(Hiraishiet al,

2014) before endof-life treatment. To simplify, we omit substitution effects from waste incineration
(as for all other CD®&ptions, see sectiorY); otherwise, the example follows the system definition in
Figure5.11, where thesoil carbon stock change is allocated to hardwood and softwood based on
their respective total biomass loss or gain per yddre primary ainof this examplés to demonstrate

the need for a consistent biogenic carbon accounting framework that includes forest dynamics,
temporal storage, and future changdas also stresselly (Strengerset al, 2024); thus, these
adaptations danot alter the conclusions

The forest model data for calculating the carbon budget of harvested wood are preliminary results

from the Massimo mode(Stadelmanret al., 2019) which is also used the context of quantifying

G 2 T FdarBonstotks ad flows h Swiss forestsFollowingHeadet al., 2019; Buschbeck and Pauliuk,

2022) carbon stockchangeqtogether with the actual carbon contained in the harvested woaa)

attributed to harvested wood products (HWPSs) exiting the forest each gear assumption which

can be challengedStrengerset al, 2024) This means the embodied carbon harvested wod
productsfluctuates with carbon stock dynamic$ the forest if the forest carbon stock grows, the

HWP embodied carbon it negative(i.e.,carbonor CQ is taken up by the forest ad removed from

the atmosphere) and vice versdi.e., carbonis relesed aad CQ is emitted by the forest to the
atmospheredp ¢ KAa SyadaNBa GKIax Fd aolftSy GKS aegadsSyQ:

For prospective modeling in this examplghich is needed for example for ewdlife of wooden
products (highlighted in yellowin Figure5.11), we usepremise (Sacchiet al, 2022)to generate
forward-looking versions of the ecoinvew.10 LCA databag@/ernetet al, 2016) We perform both
a dandard & a { ILGA dbd a timexplicit dynamicLCA usinghe newly developedibw_timexé
algorithm(Mduiller et al., in prepration) for a 1 m? window frame over its lifecycle. In the thevelicit
LCA, the window frame production, including harvest, eefaur years before installation, with end
of-life treatment and disposal®years postinstallation, totaling a &year lifecycle. We consider four
cases: wooden and plastic frameschplaced in 208 and again in 205, to illustrate the impact of
the forest carbon stock dynamics on the life cycle impacts.

6.6.1 Static LCA Results

For the standard LCA, which excludes biogenic carbon dynamics under both the 0AQ/-ahd
approachesdiscussed inection 5.2.6), the climate impactsvalues(applying GWP100 factorgye
14413 -Bhi F2NJ 0 KS ¢ 22 RS y-eqiaiiherplstit fiarRe. Whilerpro3pactive hOA
may consider technological changes in production ardter treatmentfor later life cyclesthese
figures only provide a partial picture, as detailed below.

6.6.2 Time-explicit LCA

In the timeexplicit LCA, the timing of activities, emissions, and future technological chanddke
associated climate impactge explicitly considered. For instance, if an activity takes place in 2040,
inventorydata from a prospective 2040 database is used. While dynamic LCA ocealiespresented
using a dynamic GWP indicator (Levasseur et al., 2010), this differs from st&Mdrd00, making
direct comparison challenging. Therefore, fivet present radiative forcing profiles in Watts/m2 (from
which GWP or dynamic GWéattorscan be derivedpver time Figure6.11 to Figure6.14 illustrate

33 Note that the termdsoil carbon stockis used here for the total stock of dead organic carbon including dead wood and litter.
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these profiles for the four caseshich show theindividual component®f each life cycle product
system(harvested wood products, production, and eafilife treatment)as well as their suni.able

6.2 then presents the dynamic GWP results the four cases for two different time horizons 100 and
500 years

Table6.2: Dynamic GWRLevasseur et al., 201@alues for the lifecyles of a window frame for the four cases wood or
plastic and installation in 2025 or 2075. The dynamic GWP values are provided for a time horizon of 100 and 500 years.
Note that these values cannot directly be compared to the static (or usual) GWP values.
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Figure6.11: The radiative forcing profiles for the time explicit life cycle of a wooden window frame placed in5202
Following(Levasseur et al., 2018equestered carbon ifeated as a negative pulse emission.
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Figure6.13: The radiative forcing profiles for the time explicit life cycle of a wooden window frame placed in520
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Figure6.14: The radiative forcing profiles for the time explicit life cycle of a plastic window frame placed 620

In 2021, four years before the installation of the 2@wooden frame, the embodied carbon in HWP
remains significan(Figure6.11). However, by 205, this is reduced due to lower net carbon stock
change per harvested wood volumia later years, or under different forest growth sranagement
scenariosthis can everbecome a carbon burdet. KS Wy SiQ SYo02RASRaledl N2y
ecosystem carbon cogHead et al,, 2019)of harvests, depends on both the forest management, as

well as the climate scenario and potential disruptive events. The Massimo forest inventory scenario

used here is preliminary. However, scenarios in which the HWP carry a net ¢artoen are not
unlikely to occur.

For the plastic frame lifecycle, there is a slight decrease in radiative forcing betweBma202¥5,
attributed to the updated technology mix for the later yeavhich allows a less carbon intensive
production of theplastic frame

The same trends can be observed from the dynamic GWP valedbie6.2. We see that depending

on which year the window frame is produced (or installdte dynamic GWP for both time horizons
changes drastically as a result of the forest carbon stock dynamics. For the plastic window frame, we
observe a slight decrease in the dynamic GWP, as discussed above. We note here that this reduction
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might be stromer in alternative prospective scenarios. In this example, we used the busisasaal
scenario SSPRase from the Image Integrated Assessment Model, which projects a warming of
3 degree Celsius by the end of this century.

This example shows that a quétative assessment of the climate impacts of using wood as a
construction material is indeed a complex undertaking. It highlights the need to consider forest
dynamics, as well as material lifecycles as well as the evolution of the decarbonizing ecdrioley.

this also requires impact metrics beyond the traditional GWP100, which include biogenic carbon and
consider the timing of emissionsiling to do so will yield drastically different results. Moreover, while
this example considers a small functionaiturf the lifecycle of one window frame, when considering

the use of wood as a construction material at large, scale efsetis as substitution of other materials

or energy carrierad counterfactual scenarioseed to be considere(Strengerst al., 2024)

55
PSI ETH:zirich



7 LCA tool for CDR methods

The purpose of the LCA tool for CDR methods developed within this prajeeteold: First, it allows

a comparison of the climate impacts and net@noval effectiveness of different CDR methods from

a life cycle prspective in a usefriendly way by nofLCA expertsbased onconsistentdata and
assumptions Second, the parameterized implementation of the LCA of different CDR methods in the
tool (with parameters to be modified by usengjovides a transparent documéation of our LCA
models, including underlying calculations, assumptions, and data sources Aisddthird, the
parameterization allows to explore a diverse set of parameter specifications representing different
application settings and boundary condit&mmaking it easy to identify key parameters in the LCA and
test their impact on results.

The tool ¢ which is an excedfile and can be downloadéfic containsthe following CDR methods:

DACCS, bioch#w-soil, wood as well agnunicipal wastecombustion with CCS (as BECCS ogjtion
enhancedcoastal)weatheringof rocks as well as ocean limifgjocharto-soil applications and BECCS
generate energycarrierg besides removing G@&om the atmosphere. In case of BECCS, heat and
electricity generation can even be considered as the main purpose of biomass combiumstienl. CA

tool and applying itdr this report, we refrain fromapplying a system expansion approach and
quantifyingavoidedGHG emission®y substitutiori®) due tothe subjectivity of choosing theplaced

products, even if applying system expansion arglibstitution concept would be the preferred way

of dealing with multifunctionality in LCAof CDRDuvatDacharyet al, 2024) We only show GHG
emissions generated Y R ay S3F GABS DI D S Y ioatheloRehand mihegrigss OK 02 N
CQremoval from the atmospherand on the other hand with GHG emissions of the product system
accounted forg to the net CQ removal. These results are providddr each of the CDR methods

included broken down into contributions from the m@aiemission sources within the CDR product
system.In addition, we reportnet CQ removal rates andyenerated amounts of energy wherever
relevant¢ Kdzax GKS [/ ! NBadzZ 64 aKz2gy KSNBE O2NNBAaLRYR
I OO 2 dzy {(Mosdahket alp 2024) Such CDR accountiaddresses a ore focused question than

LCA namely & Bes a given process or project result in a net fluigfenhouse gasesom the
atmosphere when all of the relevant activitiage accounted for®(Nordahlet al.,, 2024)

The tool allows tachoosebetween employment of these CDR methods in four countrigw/itzerland,
Greece, Norway, and Icelaggwhichwere chose as thegliffer in terms of climate, composition of
the energy system (fossil vs. renewable energy), and renewable yields, and which cansidered

as representative for thgariabilityof regional boundary conditions within Eurofm the application

of CDRFurther, first CDR and geological.Grage implementations are ongoing in Norway and
Iceland ad it seems relevant to represahose in our LCA calculations principle, this range of
countries could be extendedhe LCA settings in general represent current boundary conditions,
corresponding tesmallscaleCDR employment as of today.

Background LCI correspond to ecoinvenBvB(Wernetet al, 2016 &8 aGSY Y2RSt &l f f 2
2FTF o0& Of(écdinventt 2022)Clinfat2 inpacts are quanigd based on a time horizon of
100years ¢D 2 t m naacdrding to(IPCC, 2021ps implemented in the ecoinvent databa&esults

34 https://www.psi.ch/de/ta/tools

35This is only relevant for CDR methods which gemrenaeful products or services in addition to.C&moval. While for example DACCS

a2yt eé NBrofet &ttnosphbre, biochar production often provides energy (heat and/or electricity) in addition.te@oval

and the same holds true for wood and waste combustion with CCS (one could also consider energy supply as their maimg@gose a

removalas byproduct). In LCA, such activities with multiple valuable outputs can be dealt with by appbyistea expansion and

ddz0 a0 AGdziA2Y | LLILINRR QEES 4 va dzdKa OKG dzd® 2 NJ NBLIX | OS G KSANI O2dzy i SNLI NI a
gAGK aSyYraarzy ONBRAGAED ¢KS&aS Syraaarzy ONBRAGE O2NNBandl2yR (2 GKS
represent avoided, but not removed €@r GHG emissions), antusttherefore alwayse shown separatelyTerlouw, Baueret al.,

2021)
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FNBE akKz2gy F2NJ I Fdzy Oliperyianéntlytisiored) i.e2 moved ffofn thé 2y 2 F
I 0 Y2 & LI#té&NiBdlized as negative GHG emisstolk A & Fdzy QG A2y £ dzy Al O2 NI
of gross CONB Y2 O f £ @ ¢ KS ,yeSidvedis ¥rgatley and de@ends dn life cycle GHG
emissions, to be subtracted from the gross,@noval.

The net Ce@removal dficiency?’ of each CDR method is quantified as key outcome, calculated as:
effcozremova= (gross COemovalg life cycle GHG emissions)/gross,@noval.

LCA resultsalculated with the tool andhown in the following do not necessarily aim at representing
CDPRonlyunder Swiss conditions, but more generallyoshow the variability of LCA outcomes due to
a broad range of boundary conditions.

7.1 Direct Air Carbon Capture and Storage (DACCS)

DACCS ahLCA of DAC@gtgeneralre discussed in sectioBs2.1and6.1. TheLCA integrated in the
LCA tool builds upon few key data sourdassic material and energy flowsAC processes are based
on (Terlouw, Treyeret al, 2021; Qiuet al, 2022)and the impact 6 climatein terms of ambient
temperature and humidityn low-temperature solid sorbenDAC performance is based @iegner

et al, 2022) The impact of local climate on higbémperature DAC performance has not been
considered due to lack of reliable dat@ompression, ransport and storage of GGs modeled
according to(Volkart, Bauer and Boulet, 2013; Terlouw, Trewgeral, 2021; Qiuet al, 2022) The
parameterization allows for selection of options and specifying the following parameters:

1 Country ofDAC operationSwitzerland, Greece, Norwayelend

1 Location of Ce&storage:Switzerland, Greece, Norwayeland

1 DACechnology: lowtemperature® (LT) solid sorbent or higiemperature®® (HT) solvent
CQ captureprocess

1 Relative humidity and air temperature (foountryaverage conditionsat the location of
the DAC unifor LT solid sorbent DAC

1 Source of electricity io DAC operation: countrgpecificaverage supplymix*®, wind
power, geothermal powercoal power, natural gas power

1 Heat source for DAC operation: waste incineration (i.e., waste heati)ral gas boileft,
wood chips boiler

1 Electricity source for GQompression: countnspecific mix, wind power, coal power,
natural gas power

9 Distanceof CQ transport via pipelin&
Depth of C@storage

9 Electricity source for Gnjection: countryspecific mix, wind power, coal power, natural
gas power

E ]

36 Permanent C&removal correspondt removal forl00 years and beyond in our accounting.

We usebnet CONB Y2 O tty BXI (1 ¢ D NBY20It STFFAOASYyOéé¢ IyR aOFNbB2y NBY2@If S¥73
38 Corresponding to a temperature of around 200 which can be provided by many sources of waste heat and also industrial heat pumps.
3% Corresponding to temperatures of several hundred degrees C, which can only be provided by combustion processes, egasrmatural
biomass boilers.

40 From lowvoltage electricity markets.

411f heat for HTDAC units is provided by natural gas combustion, the exhaust gases can be fed into the DAC unit, which prevents the CO
emissions of natural gas combustion to enter the atmospl{ieet al., 2022) Such a configuratiowould reduce climate impacts

substantially buhas not been implemented.

42 Other means of CQransport¢ for example in containers on lorries and ships or per railgvase possible butare uneconomic and

therefore unlikely for largescale C@transport. Their environmental performance has been analyze@ingeret al., 2024)
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The averagé&uropean electricity mix is used for £Ompression for tran&€uropean Cgtransport;

for simplification, also within Switzerlafid The contribution analysis of greenhouse gases emitted
RAFTFSNBYGALI 1848 06SiG6SSy 51/ dafoperation gCONGparéN®EO (i dzNBS
compression, CQransport, and Cestorage.

7.1.1 Low-temperature (LT) solid sorbent DAC

Figure7.1 showslife cycle climate impactandnet GHG removal, of theixLT DACCS configurations
as specified iTable7.1, each with the DAC unit operated in Switzerland
Table7.1: SiXLTDACCS configurations used faisualizationof GHG removal efficiency iRigure7.1. NGCC: Natural Gas

Combined Cycle; MSWI: Municipal Solid Waste Incinerati@presentative for any kind of excess or waste heat not used
otherwise).

DAGper alC@stor|C@ rans|electriciheat soUEl ectri dC®@ nj e
oFr il ocatonlocatojdistancfor DAC (DAC oper|forzs€0rddepth
1 LOSt Iy nnnnl/ 1 3ANRR |a{2L 382 G KS NN M
2 LOSTt Iy nnnnlbD/ / bD O2YodbD (i dzND A onn
3 .. |D2NBI 2 Hannl/ 1 3ANAR |a{z2L bh 3INAR M AN
4 {MUISNbeNmé HAannlbD/ / bD O02Yo6dbD { dzND A onn
5 {6AlG1 § ma [/ 1 INAR |a{z2L /1 INRAR MmN
6 {6AlG1 § mn |bD// bD O2YodbDidaNDBAY onn

In general, kat and electricity sources for DAC operatand their associated GHG emissiaas be
identified as mainly responsible falimate impacts, i.emain drivers regardinthe carbon removal
efficiency The transportdistance for Cevia pipeline and the electricity source for £@jection for
geologicaktorage) isnuchless importantTransport distances for G®@ia other means of transport,
barge, train and especially lorry would be much more relevant as thesesgoat options cause
(substantially) higher GHG emissiofiaurgeret al, 2024) DAC plant infrastructure relateGHG
emissions are negligiblg&vhich means that from a Swiss perspective, capturingdo®estically and
permanently storing it abroad would b&mostas effective in terms of G@emoval as domesti
storageif CQ transport per pipeline without substantial G@akage can be ensuredowever, the
energy for operating the DAC units must be provided by additionatkmlvon (renewable) resources
to ensure high carbon removal efficienci€urrently aailable CQ@transport options such as trucks
and barges, operated with fossil fuels, cause much higher transport relatedmi€siongBurgeret
al., 2024)

43The effect of this simplifying assumption on LCA results is negligibl
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Figure7.1: LCA resultéclimate impacts tons of GHG emissions per ton of gg@rmanently removed from the atmosphene

for different LT DACC&onfigurationswith DAC operation in Switzerlandas generated with the LCA toaind specifed
abovein Table7.1. Location of C@storage: Cases 1, 2: Iceland; cases 3, 4: Norway; cases 5, 6: Switzerland. Numbers in
the dashed bar segmentsn top of the emissionsndicate net C@removal rates.Cases 2, 4, and 6 use natural gas as
energy source for DAC operation.

Six further DACC®nffigurationswith DAC operation abroador which climate impactand net CQ@
removal ratesare quantified and shown iRigure7.2, are specified iTable7.2.

These further cases show again the crucial importance ctlmvon energy supply for DAC operation.

If (mainly) fossil energy carriers are used for heat and electrigiylguthe associated GHG emissions
can almost compensate the €@moval by the DAC unit, as shown in case ft#e electricity mix in
Greece is dominated by coal power. Moreover, these cases also show the impact of the ambient
climate at the location of the DAC operation on its energy consumption: comparatively warm a
humid conditions increase the energy consumption of the DACQUDAC operated in Greece shows

the highest energy consumption, the lowest can be observed in Iceland.
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Table7.2: SiXLTDACCS configurationssed forvisualizationof GHGemissions and C&emoval efficiency inFigure7.2.
NG: Natural GadS: IcelandCQ injection depth: 3000 m.

- dDAC oper|C@stor {C@Qrans|Electrici|Heat sounelectri dC® njec
| o mat |l ocato|ldi stanc/|DAC operalDAC oper qC@storagldepth
LOStIYyR [LOStELY Mn [3S20KSNXI|{gladsS KSHIS2(0GKSNN M N
LOStFYyR [LOStE LY Hnn [LYAE bD O2YodzbD & dzND A onn
b2NBI & b2NB I & Mn |bh YAE gl 868 KSlbh YAE M AN
b2NBI & b2NBI & Hnn|bh YAE bD O2YodzbD (i dzND A onn
DNBSOS DNBSOS Mn [2YaK2NB glal adS KSH2yaKz2NB M AN
DNBSOS LOSt Iy cnnn|Dw YAE bD O2YodzbD ( dzND A onn
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Figure7.2: LCA results (climate impacteons of GHG emissions per ton of g@rmanently removed from the atmosphene
for different LT DACCS configurations with Dé&&ration in Icelandcases 7, 8)Norway(cases 9, 10)and Greecdcases
11, 12) as generated with the LCA tool and specified abov& able7.2. Location of C@storage: Cases 7, 8, 12: Iceland;

cases 9, 10: Norway; case 11: Greece. Numbers in the dashed bar segoente of the emissionsndicate net CQ
removal rates.Cases 8, 10, and 12 use natural gas as heat source for DAC operation.
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7.1.2 High-temperature (HT) sol vent DAC

Figure7.3 shows life cycle climate impacsdnet GHG removal, of the six HT DACCS configurations
as specified iffable7.3. The use of waste heat for legarbon heat supply for DAC operation is less
of an optioncompared toL T DAC units, as usually, waste heat is not available at the temperature level
needed for HT DAE CQ emissions from the heat sourde.g., natural gas combustioaye not
assumed to be fed back into the DAt but released to the atmosphereow cabon alternatives to
natural gas for heat supply arn@ general wood or other solid biomass, but also ba&hane
combustion. We include wood combustias an optiorin our LCA tool.

Table7.3: Six HT DACCS configurations usedvisualizationof GHGemissions and C&removal efficiency inFigure7.3.
NGCC: Natural Gas Combined Cy€l& injection depth: 3000 m.

5 DAC oper|C@storaC@transijfel ectri diojheat sourifelectrici
Ol a1l ocaton [l ocatorndi stanc|DAC operajoperaton for,s€COr a

1 {o6AGT SNI|LOST | yF nnnnl/ 1 3JNRR g22R 02Y06|3820KSNYI
2 {6AGT SNI|{o6AGT SN Mn |bD// bD O2Y0dza|bD i dzND A
3 b2Npl & b2NBl| & Mmn |bh YAE 2202 Yodzdasbh YAE

4 b2 NP & b2 NP & Hnn |bh YAE bD O2Y0dza|bD i dzND A
5 LOStIyR |[LOSt I yF Mn |[3S20KSNXYIF{g22R 02Y06[3S52{iKSNYI
6 LOStIyR |[LOSt I yF Hnn |[L{ YAE bD O2YodzZi|{bD {idzND A Y

Likethe LT DAC, the energy sources used for B@etation are the key drivers regarding the climate
impacts generatednd thus the carbon removal effectiveneS¥AC infrastructure, G@ansport,and
injection are of minor importance. As energy carriers for heat supply are needed waitogh for
temperaures of several hundred degrees Celsius, waste heat sources are not an option. Besides wood
(or other types of biomass which can be burnezi)nthetic methane and hydrogen could be used
generate highemperature heat However, these energy carriers dileely to be needed for other
purposes and therefore not considered here. An alternative would be to feed the exhaust gases of
heat supply combustion processes into the DAC amitstore these C@emissions. This seems to be
possible, but increases theead for C@storage volumes substantialliye. by about a thirdQiuet al.,,

2022)

44 (between 300 °C and 900 ;6itps://www.iea.org/energysystem/carborcapture-utilisation-and-storage/directair-capture
(8.12.2024).
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Figure7.3: LCA resultgclimate impacts: tons of GHG emissions per torGfh permanently removed from the atmosphere)
for different HT DACCS configurations with DAC operation in Switzerlgades 1, 2)Norway (cases 3, 4), andeland
(cases 5, §)as generated with the LCA tool and specified abov&@ able7.3. Location of C@storage: Cases 1, 5, 6: Iceland;
cases 3, 4: Norway; case 3witzerland Numbers in the dashed bar segmené&bove the emissionsndicate net CQ
removal rates.Cags 2, 4, and 6 use natural gas as higmperature heat source for DAC operation.

7.2 Biochar -to-soil applications

The aforementioned LCA of biockarsoil applicationgHoeskulgdottir, 2022)section6.2) has been

usedas main data sourcl®r the implementation of biochato-soil application as CDR method in the

LCAtool. This LCA repsents a slow pyrolysis process for biochar production, which also generates
synthesisgasand bBAf 6 2NJ (G NOX dzaAAy 3 RNE O dpramysisy Y I (dz
a ednanentlyé stored CQ i.e., C@permanentlyremoved from the atmospherea;orresponds to the
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amount of carbon, which is still present in the biochar appdiedthe soil, respectivelyafter hundred
yearg®. Calculations are based on a biochar application ratetoh per hectare and year

The implementedparameterization allows for selection of options and specifying the following
parameters:

1 Country of implementation: Switzerland, Greece, Norwastaid
1 Amount of annually converted fresh biomdsiefault: 11 Q ntangiper year)

1 Tree speciesspruce, oakpine, birch, and beech; they differ in terms of elementary
composition and humidity

i Biomass origin

1 Whether or not synthesis gas and i are converted into heat and electricity (in a CHP),
whichcan beused for drying the biomass feedstock and operatheypyrolysis process

1 Whether or not biochar application leads to a reduction of fertilizer (@&fault setting:
no reduction, agssumed to beepresentative for SwitzerlanBAFU, 2023)

1 Moisture content of the biomass before technical dryifiijomass is assumed to enter
pyrolysis &a moisture content of 10%)

1 Means of transport and transport distance for biomass transport before entering the
pyrolysis process

1 Pyrolysis temperature

1 Sources of heat and electricity for biomass drying and pyrolysis operation in case synthesis
gas and l-oil are not used for these processes

1 Average soil temperatureer country is considered vide country choicefor biochar
application

The interdependencies between paraters (Table6.1) are ¢ as far as possible and relevant for the
outcomes of the LCA consideredin the automated calculation of LCA resulll underlying
assumptions, calculations and data sources usedpaogided and discussed ifHoeskuldsdottir,
2022) Aspects not addressed hecgegfor reasons explained in secti@?2 ¢ are for examplepotential
changs in albedo due to biochar applicatiopgtential changes in PO emissions of the soignd
potential impacts on crop yieldsoil properties, etd_ongterm experiences in some of these contexts
are still missing in SwitzerlatBAFU, 2023)

Based on specific parametestings, generated life cycle GHG emissiand CQremoved from the
FOY2aLKSNBE o6ayS3aFridA@dSeé DI D SYA aaranoyabefficiehgdtd O f Odz
the net electricity and heat production available due to conversion of syngas arallliio heat and

electricity in a CHP uniafter their potential use for biomass drying and pyrolysis operation
Greenhouse gases emitted are split into contribng from forestry and harvesting activities
OG0A2YlFaaévr o0A2YlFaa RNEBAYIAS o0A2YlFaa OGN yaLRNI:
0 & LJe NRWed&dlraimfroro applying a substitution concept to quantify avoided emissions due to

the heat and power generation from the available syngas and-diio Instead, we provide the

guantities of net heat and power generation converting these twephyducts into heat and

electricity in a CHP unfTable7.5and Table7.13).

Figure 7.4 shows exemplary results fosix different biocharto-soil configurations, each for a
colfSNEA2Y 2F wmnQnnn 02y abiochd applisdichn i Switkeland, dvithout.JS NJ & ¢

45> Most recent findings b{Brunner, Hausfather and Kutti, 20Z#)ow that a removal period of 100 years is by far not equivalent to
permanent C@removal in terms bclimate impacts. However, we were not able to considerithisur quantitative analysis, as these
results were published during the last revision of this report.
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reduction in fertilizer use or any impact on crop yields ap® KEmissions and otherwise as specified
in Table7.4.

LYLRNIIFyYyd 2 y20S Aa (K|l O2BNSANRYRFGTLE HNES2BIRC
present inthe biochar applied to soil after 100 years.

Two major effects can be observed based on thesemples: First, biomass (and biochar) transport
over long distances causes substantial GHG emisg@iasss 3, 6which reduce the negffectiveness

of biochar in a way which should be avoided; second, it can also be observed that the use of wet
biomasse.g., wood directly from the forest with a high moisture content, should be avoided, as this
substantially increases the energy demand for technical drying and thus reduces the amount of energy
from the pyrolysis procesavailable for external user#&nd further, using fossil energy carriers for
biomass drying increases the GHG emissions substarftiatig 4)The reason why biomass transport

for biochar application is that much more relevant in terms of GHG emissions compared to BECCS (
the wood power plant with CCS) is the comparatively much lower fraction of biogenic carbon in the
biomass permanently removed from the atmosphere by biodbasoil application as the majority is
ultimately released due to combustion of the pyrolysisgogducts, butalso by decomposition of
biochar.

Table7.4: Specification of six biochato-soil applicationsin Switzerlandfor visualization of life cycle GHG emissions and
net GHG removal ifrigure7.4. Biochar transport in each case: 50 km per lorry, 10 km per tractor.

case | Biomass| Biomass | Location of | Biomass transport | Moisture Biomass Energy sourcq Energy source | Pyrolysis
type origin pyrolysis content of drying for biomass | for pyrolysis | temperature
biomass after before/after | drying plant
road drying*® transport
pyrolysis by
1| Spruce | Switzerland Lorry: 100km 30%| after products 600°C
pyrolysis by
2| Spruce | Switzerland Lorry: 300km 50%| after products 600°C
Lorry: 300km
3| Spruce | Greece Switzerlan Freight ship: 1000kn 30%| before natural'gas pyrolysis by 400°C
pyrolysis by | products
4| Beech | Switzerland Lorry: 100km 30%| after products 600°C
pyrolysis by
5| Beech | Switzerland Lorry: 300km 50%| after products 600°C
Lorry: 300km
6 | Beech | Greece Freight ship: 1000kn 30%| before wood 400°C

BGNRBIR RNEAYy3I¢Eé NBFESOGa 02YY2y LINI Oi A O&dskoy a firsepiidddiofi tinae in viihich thell 2 NS K NIJ ¢
natural humidity of the wood is reduced without external energy consumption.
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Case 1)  Tons of GHG Emissions per ton CO, removed Case 2)  Tons of GHG Emissions per ton CO, removed
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Figure7.4: LCA result¢climateimpacts: tons of GHG emissions per ton of fp@rmanently removed from the atmosphere)
for different biocharto-soil configurations, as generated with the LCA tool and specifiedable 7.4. Numbers in the

dashed bar segmentsn top of the emissionandicate net CQ removal rates.Biochar production and application in
Switzerland in all cases. Losistance wood import assumed in cases 3 and 6.

Table 7.5 provides & overview of the key outcomes analysing the six cases of bidohswil
applications as specifiad Table7.4. Net CQ removal rates for all cases using domestic biomass are
high, within a range of 830%. Cases 3id 6 shownet CQ removal rates of only 5%nd 24%, mostly
due to fossil energy consuystion for biomass drying ad transport. The effect of tree species slows
the energy output: cases-@ using beech provide slightly higher amounts of energy than ca8es 1
using spruceAs in cases 3 and 6 external energy is used for wood drying betorsprt, higher
amounts of energy from the pyrolysis process remain available to external @aesss 2 and 5 need
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comparatively more energy from the pyrolysis process for wood drying, as the feedstock comes with
a moisture content of 50% as opposed t@tB0% in the other cases and thus. Less is available for
external users.

Table7.5: Overview of the key outcomes analyzing the energy performance of the six different biochar cases spéeified
Table7.4.
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7.3 Wood and waste combustion with Carbon Capture and Storage (BECCS)
7.3.1 Wood power plant with CCS

A generic biomass power plant burning natdfalood chips with a CQcapture rate of 90% and
modelled according t¢Volkart, Bauer an8oulet, 2013)epresentsone of the twoBECCS8ptions in

focus of this workA lifetime of 25 years at 5500 annual full load hours has been assumed. Electrical
efficiency of the power plant without G@apture would be 30%, with G@apture it drops t®20%.A

small fraction of this efficiency drop is due to electricity supply forc@@®pression before transport.
Transport and final storage of €® modelled according tfTerlouw, Treyeret al,, 2021) the same

way as for DACCShe average European electricity mix is used fos @npression for trans
European Cgxransport; for simplification, also within Switzerland.

This BECCS LCA in our LCA tool is simpliftbeé sense that it is based on the assumption that

6SEOf dZRAY3 GKS //{ LINI B2X28KSNEHRRRADEIE¥AAEY DI |
that the CQ emissions from wood combustion are equal to the net @QQtake of the forest. This

aspectis further discussed in sectidh3. We refer to(Strengerst al., 2024)for a very extensive and

insightful discussion of the topic of biogenic carbon flows in the context of bioenergy and the resulting
climate impacts, which is also related to biochar systems using forest biomass and the use of wood as
construction material.

For comparing this BECCS options with the other CDR methods included in the L@Aitmpthe
common functional unit of ongrosston of CQremoved) it has been assumed that permanent,CO
removal represents the main service of the wood power planbw@CS, and electricity production is
02 y a A R SuderRredbiLINER R.THlisé subjective choice, whidépends on the question(s)
to be answered andan be challengedystem expansioq quantifying environmental burdens of a
GolailsSd 2mthisdaBaedniilyarédhction and Coremovalc would be an alternative,
GKAOKEZ K26SOSNE R2S&a yaIISIONTFADHE Sy pHIG GG ¥ G 16 LINE
removal serviceThese are required for comparing different CDR options in a imgiah way.Here,
we refrain from quantifying avoided environmental burdens applying a substitution apprasch
strongly suggested by the commissioner of this wonkich would require subjective choices
regarding substituted products and services. Instea@ only quantify the electricity generated

47 As opposed to waste wood combustion.
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besides Ce&xemovaland compare this energy output to the other BECCS option, namely MSWI (see
section7.3.2.CNRY 'y [/ ! LISNELISOGADBSE (KA&A OK2AO0S 2NJ |
service provided.

The implemented parameterization allows for selection of options and specifyindothmving

Country of power plant operatioand biomass originSwitzerland, Greece, Iceland, and

Tree speciesspruce, oak, pine, birch, and beedhey differ in terms of elementary

Moisture content of the biomssafter roadside dryingwhich determines the amount of
energy needed for further dryingwood enters the combustion with a moisture content

Energy sources for drying the wood before entering the combustiteat and electricity
can be provided irernally by thewood combustionplant, or by external fossil and

Eledricity sources for C&storage:country-specific mix, wind power, coal power, natural

parameters:
1
Norway
1
composition and humidity
1
of 10%
1
renewable sources
1 Vehicle(s) for wood transport: truck, container ship, freight train
1 Wood transport distanceper vehicle
1 Location of C&storagé?®: Switzerland, Greece, Norwayeland
1
gas power geothermal power
9 Distance for C&ransport via pipelin®®
1 Depth of C@storage

Based on specific parameteetings, generated life cycle GHG emissiogigctricity and heat
consumption as well as net electricity productiand net GHGremoval from the atmosphere are
calculated. Greenhouse gases emitted are split into contributions from forestry and harvesting
aAOUAGAGASE O0a0A2YlFaaédovs
consumption) CQ transport, and C®storage.Further, the remaining Gmissions at the power
plantdue to the CQcapture ratebelow100% are trackedas these are of biogenic origin and biomass
is assumed to be harvested in sustainable ways, these@@sions are assumed to have zero impact
on climate change

0 At@bdtibrs tomROIEaptyefiey., MEA2 Y I 4 &

Figure7.5 shows exemplary results faixdifferent BECC&nfigurationsor power plant operation in
Switzerlandas specified imable7.6. We limit the choice of wood types here to spruce and beech,
typical soft and hardwood species harvested in Switzerland, and Europe, in general. Overall, as long
as wood from European forests under sustainable harvesting tionsli(i.e., harvest rates do not
exceed natural regrowth of biomass, as assumed in this work) is used, the tree species as such has
only very minor impact on the climate effectiveness of BECCS, as elementary compositions are similar,
and landuse relatedclimate impacts can be assumed to be zero. Main factors determining the net
carbon removal rates of the BECCS systems specified are biomass.arnah§irt distances. The
shorter both are, the higher the net carbon removal rates. Thus, using Swiss bi@mdsadvantage

and storing C&in Switzerland would also be. However, even transporting both wood and=D

long distances within Europe does not completely compromise the climate effectiveness of BECCS, as
the net carbon removal rate for case 3)lisimounts to 80%. Lower moisture contents of wood

48 Either in saline aquifers or depleted oil and gas fields.
49 Other means of CQransport¢ for example in containers on lorries and ships or per railivase possible but are uneconomic and
therefore unlikely for largescale C@transport.
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entering the combustion results in higher net power generation, as less energy from the wood
combustion is needed for wood drying and can be turned into electricity.
Table7.6: Specification of six exemplary cases of wood combustion with Go®er plant operated in Switzerlandor

visualization of life cycle GHG emissions and @& removal inFigure7.5. Biomass drying: at power plant with interngi
availableenergy(reducing the net electricity output)CQ injection depth: 3000 meters.

case | Wood power | Type of | Origin of | Energy for | Means of wood Wood moisture | CQ CcCQ CQo
plant wood | wood wood transport and distance after roadside | storage transport | injection
operation drying drying location distance [ depth
1 Spruce | Switzerland Internal Lorry: 50km 40%| Switzerland 50km| 1000m
2 Beech | Switzerland Internal Lorry: 200km 40%| Switzerland ~ 300km| 3000m
Freight train: 300km
3 Spruce | Overseas | Internal Lorry:1000km 40%| Switzerland  300km| 3000m
) Freight ship: 6000km
Switzerland -
4 Spruce | Switzerland Internal Lorry: 50km 40%| Iceland 4000km| 3000m
Beech | Switzerland| Internal Lorry: 200km 50%| Iceland 4000km|  3000m
Freight train: 300km
6 Spruce | Greece Natural gas| Lorry: 1000km 50%(drying| Iceland 4000km|  3000m
Freighttrain: 3000km | before transport)

We refrain from showing options for wood drying other than using energy from the wood combustion
in Switzerland itself, as from the perspectifeoperating wood power plants with CCS in Switzerland,
using fossil energy sources for that puggoseems unrealistic. Average grid electricity is used per
default for CQinjection in Switzerland and Iceland, respectively.
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Figure7.5: LCA resultéclimate impacts: tons of GHG emissions per torGi permanently removed from the atmosphere)
for different BECC8&onfigurations(wood combustion withCC§ as generated with the LCA tool and specifiedlable7.6.
Numbers in the dashed bar segmeras top of the emissionéndicate net CQremoval rates Wood power plant operation
in Switzerland in all cases; G&torage in Switzerland (cases3) and Iceland (cases®).

Results show that if wood is sourced locailpwitzerland and G@an be stored iproximity, net CQ

removal rates close to 100% are feasible (case 1). Wood transport distances should be minimized, as
cases 3 and 6, where wood is imported from overseas and Greece, respectively, show considerable
GHG emissions due to transport activities. Results are nesshsensitive regarding ettansport, as

shown in cases-8, in which C@is assumed to be stored in Iceland. Biomass drying using fossil energy
sources should also be avoided in the interest of achieving high nae@Oval rates (case 6).
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Table7.7 summarizes key outcomes of the analysis of wood power plants with\EZiite. net CQ

removal factors substantially differ, key outcomes in terms of energetic performanh allsix cases
analysed are very similar. Case 6 generates slightly more electricity, as external energy is assumed to
be used for wood drying before loftistance transport. This slightly higher power generation does,
however, not compensate for thevery low net C@removal effectiveness, which is due to leng
distance wood transport and the use of natural gas for wood drying.

Table7.7: Key outcomes from the analysis of wood combustion with CCS for the six cases specifiabla.6.
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7.3.2 Municipal solid waste incineration (MSWI) with CCS

The MSWI plant operation with GO@apture is modelled according t@isinellaet al., 2021) We
representtwo plant configuratiors, one ofwhich only generates electricitgs useful product, the
other one both heat and electricity As of today, Swiss MSWI all provide heat and electricity as useful
outputs, supplying electricity to the grid and heat to industrial users or district heat netw@y®c

AG, 2024)The CQ capture rateof both WSWiconfigurationsin our LCA modeis 85%. The
GSt SOGNROAGRE 2Vy( & & captarg \Folldekitlt dsletnt neteKidieKeyadd 7%,/ h
with CQ capture itamounts t020% The combined heat and power (CHP) configuration without CCS
would exhibi electrical and thermal net efficiencies of 23% and 62%, respectiumbije the CHP
configuration withCCS exhibitslectrical and thermal net efficiencies of 14% and 75%, respectively.
An increasing thermal efficiency due to CCS seems counterintulititea large fraction of the
electricity needed for C{&apture can be recovered as leéemperature heat fed into district heating
networks (Bisinellaet al, 2021) Energy for CQcapture is provided internally by the MSWI plant
reducing the net electricity productionh& fraction of biogenic carboim the wasteis set to 52%
corresponding to the average share lhbgeniccarbon in municipal waste in Switzerland in 2022
(BAFU, 2024 )Electricity for C@compression at the MSWI plant is pided by the MSWI plant,
reducing its net electricity generatioffiransport and final storage of €8 modelled according to
(Terlouw, Treyeret al,, 2021) the same way as for DACSBnplifying the modelling of G@ansport,
average European electricity is assumed as energy source for pipelitea@§portin general

The fraction of biogenic carbon in the municipal solid waste is an important parameter, as it
determines the shareof biogenicCQ removed versugossil C@emissions avoided (capturing and
permanently storing C&rom fossil sources corresponds to emission reduction or avoidance, not CO
removal)and the climate impact of the residual €€émissions, which are not captured by the ,CO
capture unit. Further, idetermines the denominator for assigning downstream GHG emissions due

501n Switzerland, MSWI plants arerntly operated in various ways, either primarily gertérg electricity, org being connected to a

district heating networlg primarily heat (especially in wintefDtgonbayar andlazzotti, 2024)

511n general, higher GQapture rates are possib{®©tgonbayar and Mazzotti, 2024yhich would increase the carbon removal MSWI with
CCS can generatdowever, the study we rely on for performing the LCA uses 85% per d@aittelleet al., 2021) Changing this

capture rate would reqgiie recalculating the energy balance of the MSWI plant and perform process engineering type of analysis, which is
out of scope of this work.

70
o PSI ETHzurich




to CQ transport and storage to the functional unit of one gross ton of é&nhoved.Becausehe
feedstock used is wastend the main purpose of waste incineration can be assumed to bstas
treatment, upstream environmental burdens asssumed to beeroin line with common practice in
LCA

As for the wood combustion plant, we refrain also for the MSWI plant from quantifying avoided GHG
emissions applying a substitution approach for gemerated electricityand heat Instead, we report

the net amounts of poweand heatgeneration.An LCA comparing MSWI without and with CCS,
respectively, would have toonsiderthe reduced outpubf useful energyf the MSWI plant with CO

OF LWl dzNB>X A PSP ljdzr yiATFe GKS Sy @i NP yhaasSaidpower 6 dzNR S
generation would have to be provided by other sources. This is, however, out of scope of this work

as it would require a system perspective in termswisS energy supply

Users dthe LCA tool can adjust the following parameters:

1 Country of MSWI operation: Switzerland, Norway, Iceland, and Greece

91 Location of Cestorage:Switzerland, Norway, Iceland, and Greece

1 CQtransport distance (via pipeline

1 CQinjection depth

9 Source of electricity for GOnjection and storage countryspecific grid mix, natural gas
turbine, geothermal power

Fraction of biogenic carbon content of the waste (and thiegenicand fossilCQ emissions)
Allocation of downstream ergsions: either 100% to G&@moval or according to the biogenic
carbon fraction

= =4

We refrain from using the tool to analyse MSWI plants in other countries than Switzerland, as from a
Swiss CDR perspective, using domestic MSWI plants with C@fnsmof interestWeshow the effect

of assigingresidual fossil C{not captured by the C{aapture unit) as well adownstream emissions
(those related to Cg&xransport and storagegither entirely tothe CQ removalservice of the MSWI

with CCSi.e.,the biogenic Cg) or according to the biogenic carbon fraction of the waste. Per default
(Figure 1.1, Figure7.6 and Figure7.10) and if not explicitly highlightedresidual fossil COand
downstream emissions arassigned to COremoval,as CDR is the focus of our analysis. This is,
however, an arbitrary choice, which depends on the context and the question to be answered. Overall,
adding CCS to MSWI also reduces fossileb@issions Figure7.6 shows exemplary results for six
different MSWI configurations fdviSWIloperation in Switzerland, as specifiedTiable7.8.

Table7.8: Specification of cases for quantifying GHG emissiansl net CQ removal ratesof the MSWI plant with CCS.

CQ storage depth: 3000 metersResidual fossil C@(not captured by the C@capture unit) and @éwnstream emissions
are entirely assigned to G@emoval.

case| MSWI MSWI plant | Biogenic carbon CQ sstorage | Electricity source | CQtransport | CQinjection
configuration operation fraction in the waste | location for CQ storage distance depth

1 CHP Switzerland | country mix 100km 1000m
2 CHP Switzerland | country mix 300km 2000m
3 Electricity only Switzerland | natural gas turbine 500km 3000m
4 CHP Switzerland 52% Iceland country mix 4000km 1000m
5 CHP Iceland geothermal 4000km 2000m
6 Electricity only Iceland natural gas turbine 4000km 3000m

The results irFigure7.6 reveal that domestic Ctorage would be an advantage regarding indirect
GHG emissions, as carbon removal efficiencies of MSWI with CCS wstlor@@e in Switzerland are
about 10%points higher than with C@storage in Iceland. Using electricity from fossil soufoe€Q
storageonly slightly reduces the carbon removal efficiencies.
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Parametersare kept constant here, buparameterswith a potentially considerable effect on carbon
removal efficiencies are the biogenic carbon fraction in the waste and theda@ture rate at the
waste incinerator. The higher the biogenic carbon content, the lower the residual fosgh€3ions
due to CQcapture rates below 100%. The same holds truerfordasing C&rapture ratesless fossil
CQ is emitted, and more biogenic GCaptured contributes to CDRVhether the MSWI generates

KSFdG FYyR St SOGNAOAGE o0da/ 1t O2yFAIANI A2y €03 2N 2

CDR service pvided, only the energy outputs.
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Figure7.6: LCA result¢climate impacts: tons of GHG emissions per ton oh@&manently removed from the atmosphere)
for different MSWI with CCS configurations, as generated with the LCA tool and specifigdhfe 7.8. Numbers in the
dashed bar segmentsn top of the emissionsndicate net C@removal rates.MSWI operation in Switzerland in all cases;
CQ storage in Switzerland (cases3) and Iceland (cases@l) . “Biomass” refers to the
fossil fraction of C@ emissions not capturecat the MSWI plat generates climate impactsResidual fossil C@®(not
captured by the C@capture unit) and downstream emissions are entirely assigned to, @&Moval.
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Table7.9 shows an overview of key outcomes of the analysis of the six MSWI plant configurations with

CCsS, as specified Timble7.8. While the plants generating electricity only (cases 3 and 6) show an
electricity output almost twice as high as that of the CHP configurations, these can supply considerable
amounts of lomtemperature heat for district heating applitans and their overall lifeycle energy
STFTAOASYOE A& KAIKY ypE: Gad wmc:: e fackS mesEt S OG NA
depend on the specification of biomass supply chains and characteristic, not the MSWI plant
configurations a such.

Table7.9: Key outcomes of the analysis of MSWI plants with GG cases as specified Trable7.8.

Y S&dzi O2YSa /[ Fay/Fay/Fay/Fay/Fay/la
WaY2 G w?\/fz @AI- f 'SAY%O)\ s,yc ym] yol] Tyl TIE|] TIJE| C T
bSUuwNBhY2@dSEjoold | nd] ndy nd] nd| nd| nod

!QZARI-beU * AQIA WG dzZNFSR nef nd®( nd®( nd{ nd{ nd

9ft SOUNROAGE da? nd{ nd( MP| nP{ nd{ MD
9YSNHE |9t SOGUNAROAGRE k G no{ nd{ M| nd| nd{ mMD
I S o6DWO M T MT ndl mMt{ ™MT nd
.A2Y1FAaad, A2YlLa&a dzoefAl SR M®] MDP] MP] MP| MP| MO
[ ROl LXidzNB NI @S ypl oypl oyl oyps]l yploy
9y SNHe SYOASyOe yp] yp] mc] yp] yp] mc

Figure7.7 shows exemplary results for six different MSWI configurations for MSWI operation in
Switzerland, as specified Trable7.8 ¢ with the exception thatesidual fossil Cnot captured by the

CQ capture unit) anddownstream GHGemissions(i.e., those associated with €@ansport and
storage)are assigned to G@emoval according to the biogenic carbon fraction of the waste (52%)
The effect of this, compared to the default setting showRimure?7.6, is an increasim carbonremoval
efficiencies throughout all six casleg up to 16%points for which the downstream emissions are the
highest. Energy production related performance measures are not affect®idh such a setting,
carbonremoval efficiencies of wood ad waste coastion with CCS are similar.
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Case 6)ons of GHG emissions per ton CO, removed
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Figure7.7: LCA results (climate impacts: tons of GHG emissions per ton gp€Manently removed from the atmosphere)

for different MSWI with CCS configurations, as generated with the LCA tool and specifigdlite 7.8. Numbers in the

dashedbar segments on top of the emissions indicate net &@moval rates. MSWI operation in Switzerland in all cases;
CQ storage in Switzerland (cases3) and Iceland (cases@!) .
fossil fraction of C@ emissions not captured at the MSWI plant generates climate impad@ssidual fossil CO(not
captured by the C@capture unit) and downstream emissionare assigned to C{removal according to thebiogenic
carbon fraction of the waste (52%).
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7.4 (Coastal) Enhanced Weathering ((CQEW)

Enhanced weatheringeW) is a carbon dioxide removalethodwhereby crushed silicate minerals are

spread2 y fFyR 6a02FadGtt SyKFIyOSR ¢ lciastd Mhegadbe > / 92 >
naturally weathered byrainfall vaves and tidal currentgn addition in coastal zonesjeleasing

alkalinity and removing atmospheric dBoteinis, Campbell and Renforth, 2023pasthEW can be

considered as more promising than terrestrial EWlaage amounts of alkalinity releasedh landat

scalecould have adverse effects, especially since freshwater ecosystems are sensitive to changes in

the pH levels and might be already affedttey salinity and alkalinity due to anthropogenic activities

and accelerated weatheringhis limitation is less constraining in CEWice the oceans are affected

by acidificationa S+ ¢ 4§ SNRa F @FSNIF IS LI A& YdzOK KAIKSNE |
sensitive to alkalinity addition at a global sc@feteinis, Campbell and Renforth, 2023)

CEW cannot be implemented Bwitzerland butmight still be of interest for compensating Swiss
residual GHG emissions abroaslit is unlikely that all GHG removal required for reaching the Swiss
net zero goal will take place in Switzerlafider Bundesrat, 2022Moreover, the fundamental
principles of the enhanced weathing process as well as the main processes to be considered in an
LCA do not depend on whether they take place in coastal areas, or on land far from the ocean.
However, side effects (positive and negative) beyond carbon removal will be very different and
depend on the type of lanthe rock material is applied to. As the quantification of those side effects

is beyond the scope of this analysis, we consider LCA outcomes of the enhanced weathering LCA model
we implemented in the LCA tool in terms of CDR serwhich is based on an LCA of CESV
representative for terrestrial enhanced weathering. Swiss specific conditions in terms of geology and
characteristic of domestically available rocks can be mimicked by adjusting the parameter
represening the amount ¢ CQ removedby EWper unit of crushed rock material spredoased on

the analysis performed bfL.adneret al., 2023) While (Foteinis, Campbell and Renforth, 2088% a

factor of 0.8 tCQ removed per on of oliving (Ladneret al., 2023)consider an amount of 0-@.5t

CQ removed per on of rock material as representative for Swignditions. From an international
perspective this range seems to be at the lower end of speeicemoval factors, which is specified

as 0.21.1t CQ removed per on of rock materid according tqZhanget al,, 2023)

We implement a simple representation @oastal) enhanced weathering our LCA tool, based on
(Foteinis, Campbell and Renforth, 2023gcent research has shown substantial regional differences
in terms of C@sequestration per unit ofock spread, detemined mostly byrock characteristics,
(water) temperatures and grain sizex the rock material spreaflLadneret al,, 2023; Zhangt al.,
2023; Ramasamy, Amann and Moosdorf, 20R4ie to lack of alternatives in terms of inventory data,
we use olivine as our default rock material repretag generic silicate materiand the associated
mining and crushing processes

The EW process chabrasically consists of four steps: Olivioe other rockmining, rock crushing
(comminution) transport of crushedock, and its(coasta) spreading.Parameters to be adjusteid
the tool are the following:

1 Country ofrockmining, crushing and spreadingwitzerlandNorway, Iceland, and Greece

9 Electricity source for olivine mining and crushioguntryspecific grid mix, coal and natural
gas power, gethermal(only in Icelandand wind power

1 Means of transport and transport distance fayck material(in total between mining and
spreadingof the crushed rocRslorry, freight train, freight ship

1 Specific C@uptake of rock material: 0:2.5t CQ remowved per bn of rock for Swiss specific
conditions and 0.8 CQ removed per on of rock representing a global representative value

Figure7.8 shows exemplary results for six differe@EWconfigurations, as specified ifable7.10.
Here, we assme that olivine mining, crushing, arfdoasta) spreading will take place in the same
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country.Due to a lack of reliable information, locatigpecific aspects of GQptake like the impact
of climate conditions are not considered.

Table7.10: Specification of cases for quantifying GHG emission§GiEW.

case | Country of olivine mining, Olivine transport Power source for olivine Specific Couptake
crushing and spreading (overall) mining and crushing [t CO/t of rock]

1 Switzerland Lorry:300km country-specific grid mix 0.2
Freight train:100km

2 Switzerland Lorry:50km country-specific grid mix 0.2

3 Switzerland Lorry:300km country-specific grid mix 0.5
Freight train:100km

4 Greece Lorry:500km country-specific grid mix 0.8
Ship:1000km
Freight train:200km

5 Greece Lorry:500km coal 0.2
Ship:1000km
Freight train:200km

6 Iceland Lorry:50km geothermal 0.8

The results showhat on the one handrery high carbon removal rates seem to be possible, close to
100%(case 6)but that on the other hand unfavorable conditiosan reduce the net removal rate
substantially down to about 40% in our caseMost important factors are a) rock transport mean
and distance, with lorries causing the highest GHG emissions lfgafse 1 vs. case,2nd b) the
specific Coremoval factor of the rock material spreadomparing cases 1 and 3 shows that for EW
in Switzerland, all other factors kept constant, a€@noval factor of 0.2 results in a net removal rate
of 0.65, while &Q removalfactor of 0.5 results in a net removal rate of 0@Bigher factors reduce
the required amount of rock mining, crushing and transp8ice the amount of electricity for vihe
mining and crushing is comparatively small, even the use of fossil energy carriers forspguisrof
these processesloes not cause GHG emissions which change the overall climate impacts in a
noticeable way(case 5)
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Case 1) Tons of GHG Emissions per ton CO, removed Case 2)Tons of GHG Emissions per ton CO, removed
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Figure7.8: LCA result¢climate impacts: tons of GHG emissions per ton o, @@manently removed from the atmosphere)
for different (CEW configurations, as generated with the LCA tool and specifiediable 5.7Numbers in the dashed bar
segmentson top of the emissionsndicate net C@removal rates.Application in Switzerland (cases3), Greece (cases 4,
5), and Iceland (case 6).

7.5 Ocean liming (OL)

Ocean liming (OL) is a CDR metivb@reby particulate calciurxide or hydroxide is spread to surface
ocean waterdo take up and fix atmospheric @G@cean limingannot be implemented in Switzerland

but might still be of interest for compensating Swiss residual GHG emissions abroad as it is unlikely
that all GHG mmoval required for reaching the Swiss net zero goal will take place in Switzéidland
Bundesrat, 2022)

The removal of 1dn of CQO from the atmosphere can be achieved through the spreading and the
dissolution of 1¢nof Ca® & lj dzA On surfacé Saeawaters To produce 1 on of CaO, 1.7860ns

of crushed limestone/calcit@eeds to be calcine@which requires substantial amount of heat and
electricity) with the remaining 0.786 t being €@missions. Thereafter, CaO can be directly spread to
the oceanwhere it will be hydratedrFinally, thenydrated Ca@n the ocean will react with and uptake
atmospheric Cexo mainly form stable and inert bicarbonate ions and calc{&oteiniset al, 2022)
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We implement a simple representation of OL in our LCA, toated on(Foteiniset al, 2022) It
basically consists of six steps: Limestone mining, its crushing and washing, quicklime production, its
hydration, lime transport, and ocean spreading. An important assumption is tlgatemissions
generated from linestone decomposition are captured and stor@pplying CCSwhereas the
emissions from fuel combustioior hightemperature heat supplhare emitted to the atmosphere
Parameters to be adjusted are the following:

= =4 =4 =4 -4 =4

Location of mining angdrocessing: Greece, Norway, Iceland
Location of ocean spreading
Electricity and heat sources for limestone mining and processing and lime production
Electricity source for ocean spreading
Transportmeansand distancs, overall for mined material and for guklime
Travelled distance of ocean spreading ship

Due to missing reliable information, we refrain from quantifying any effect of the environmental
conditions in which lime is spread, e.g., ocean temperatlie outcomes presented here represent
hypothetical current practices, as no largeale implementation in practice yet exists. In the future,
energy requirements along the process chain are likely to be reduced, as substantial energy saving
potential seems to exigDe Marcoet al.,, 2024)

Figure7.9 shows exemplary results for six differédtconfigurations, as specified Trable7.11. Here,
we assume that mininggrocessingand quicklime production take place in the same country, where
also the ship performing the ocean spreading takes off.

Table7.11: Specification of cases for quantifying GHG emissiand net CQremoval ratesof OL.

Location of limestone | Limestone and Limestone and Limestone and Ocean Ocean
mining, processing and| quicklime transport: | quicklime quicklime spreading: | spreading:
quicklime production | means and distance| production: production: heat electricity | shipping
case electricity source source source distance
Iceland Lorry: 50km country-specific grid | natural gas country- 2000km
Ship: 200km mix specific
1 Freight train: 200km grid mix
Iceland Lorry: 10km geothermal wood chips geothermal 10000km
Ship: 100km
2 Freight train: 100km
Norway Lorry: 100km country-specific grid | wood chips country- 2000km
Ship: 500km mix specific
3 Freight train: 500km grid mix
Norway Lorry: 1000km natural gas turbine | natural gas natural gas 10000km
Ship: 200km turbine
4 Freight train: 200km
Greece Lorry: 200km country-specific grid | wood chips country- 2000km
Ship: 1000km mix specific
5 Freight train: 200km grid mix
Greece Lorry: 1000km wind power natural gas wind 10000km
Ship: 1000km power
6 Freight train: 200km

The results show that high carbon removal efficiencies (up to 90%) are possible, but only if the energy
for the quicklime production is provided witrery low GHG emissions and transport distances for
limestone and quicklime especially by truck are low(cases 2 and 3)n generalGHG emissions

from limestone mining, crushing and washing, aadean spreading are comparatively minor.
Quicklime produtton using fossil energy sources and material transport by truck over long distances
reduces the net removal rate substantially, down to around 0.3 (cases 4 and 6).
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Figure7.9: LCA resultéclimate impactstons of GHG emissions per ton of g@rmanently removed from the atmosphere)
for different OLconfigurations, as generated with the LCA tool and specifindlable7.11. Numbers in the dashed bar
segmentson top of the emissionsndicate net CQremoval rates.Application in Iceland (cases 1, 2), Norway (cases 3, 4),
and Greece (cases 5, 6).

7.6 Comparing diffe rent CDR methods regarding their climate impacts and CO 2
removals

Comparing differentCDR methods regarding their effectiveness in terms of @@®oval in a
meaningful ways not straightforward, since to some extent it is comparing apples and pears when i
comes to methods with the sole purpose of removing fL@n the atmosphere on the one harfd.g.,
DACCS) arather CDR methods with G&moval rather as a ebenefit (e.g., MSWI with CCS) on the
other hand Uncertainties regarding the permanence of A®moval presence of potential co
benefits and tradeoffs, location specificities which cannot be represented by our generic LCA models
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as well aghe status of development and implementation of CDR methodsead life are other
differences, which must beonsideredn such comparisons.

Nevertheless, we perform such a comparison based on our functionaufit ¢ 2y S 3IANR & a G2y
permanentlyremovedfrom the atmospheré | Y R |j dzI y (lileEyleGHE &r@isSidnk and R

thus the net GHG removedtesfor the different CDR methods which are included in our LCA tool. For
SFOK 2F (KS /5w YSiK2Ra ¢S AyOfdzZRS F2dzNJ 2LJGA2Y
parameer settings, seem to be of interest from a Swiss perspective, @ad showthe variabilities of

GHG removal efficiencies considering the given parameter spaseme extent In addition to the

GHG removal efficiencies, we provide the am@wftbiomass ge and the amounts of byroducts

(i.e., heat and/or electricityyeneratedfor BECCS and biocHarsoil applications as well as energy

use for DACCS.

Figure7.10 shows LCA result&limate impacts: tons of GHG emissions per ton of g&@@manently
removed from the atmospherendnet carbon removatatesfor all five CDR methods addressed here
in comparison, as specified Trable7.12.
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Table7.12: Pecification of CDR configurations for visualization of GE@issions anchet CGQ removal rates shown in
Figure7.10. MSW: Municipal Solid WasteCQ storage depth for BECCS and DACCS: 30B6mMSWncineration: all GHG
emissions are allocated to the biogenic €€2ored, i.e., to the CDR servicEQ capture rates: 90% for wood combustion,
85% for MSW incinerationBiochar application rated t/ha. No fertilizer demand reduction due to biochar application

considered.LT: Low Temperature; HT: High Temperature.

biochar transport

tractor: 10kn

tractor: 10kn

BECCS BECCS_1 BECCS_2 BECCS 3 |BECCS 4
biomass type spruce beech MSW MSW
biogenic carbon fraction 100% 100%4 52% 529
location of power/MSWI plant CH
plant configuration electricity only|electricity only|CHP CHP
location of CO2 storage CH Iceland CH Iceland
energy source for biomass drying and CO2 captirre bio-energy plant internal
electricity for CO2 injection and storage grid
biomass moisture after road-side drying 40% 40% n.a, n.a
biomass transport lorry: 200k

lorry: 50k train: 300Kk n.a. n.a
CO2 transport distance (pipeline) 4000k 50km| 4000k 50km
Biochar-to-soil Biochar_1 Biochar 2 Biochar 3 [Biochar 4
biomass type spruce spruce beech beech

lorry: 50kn]  lorry: 300kn{ lorry: 100km lorry: 100knt

train: 1000kn{ train: 200k train: 200kn

biomass transport ship: 1000kn
biomass drying: before/after transport after after after before
biomass moisture after road-side drying 40%
pyrolysis temperature (°C) 600| 600| 400 400
energy for biomass drying internal from by-products natural gas
energy for pyrolysis internal from by-products
location: pyrolysis and biochar application CH

lorry: 50k lorry: 50k lorry: 100k lorry: 100kn

tractor: 30kn]

tractor: 30knj

PSI

DACCS DACCS_1 | DACCS_2 | DACCS_3 |DACCS 4
DAC type LT solid sorbent HT solvent
DAC location CH CH Iceland CH
DAC electricity supply grid grid geothermal (grid
DAC heat supply waste heat |waste heat |waste heat [natural gas
CO2 storage location CH Iceland Iceland Iceland
CO2 transport distance (via pipeline) 10km 4000k 10km 4000km
Coastal enhanced weathering EwW_1 EW_2 EW_3 EW 4
location: olivine mining, crushing, spreading CH CH CH Norway
electricity source for mining and crushing grid grid natural gas |grid
olivine transport Lorry: 50km  Lorry: 50knp Lorry: 200kn Lorry: 200kn
Train: 200kn Train: 1000k
specific CO2 uptake of rock materialdft ;ocid 0.2 0.5 0.2 0.9
Ocean liming OL 1 OL 2 OL 3 OL 4
location: limestone mining and processing Iceland Iceland Norway Norway
electricity source for mining and processing grid geothermal |grid natural gas
heat source for mining and processing natural gas  |wood chips [wood chips [natural gas
lorry: 50k lorry: 10k lorry: 100kni lorry: 1000kn
ship: 200kn]  ship: 100kn| train: 500kn1 ship: 200kn
overall transport: limestone and quicklime train: 200k train: 100kn| ship: 500kn train: 200k
ocean spreadig: electricity source grid grid grid natural gas
ocean spreading: shipping distance 2000k 10000k 2000k 10000k
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Figure7.10: Comparison ofife cycle GHG emissions anét CQ removalratesof different CDR methods with four specific
parameter settings each, as specified Table7.12. Stackedcolored bars show life cycle GHG emissiomsimbers in the

dashed bar segments on topf the emissionsindicate net CQremoval rates” Byr oduct s ” of CDR, e.
electricity generation in case of BEC&®I biochar application are not shown here but provided inTable7.13.
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Carbon net removal efficiencies of BECCS systemsitara range of 785%. These percentages
NELINBASY(l aoSaié¢ | yoma ik bikedlisti®SwisSperspodiweipatively2 v a
with CQ storage in Switzerland or Icelan@ihebestcaseconfiguration uses locally harvested wood
with geological COstorage in the proximity of the wood power plant avoiding long transport
distances.The worstcase configuration uses municipedlid waste in an incineration plant with a
rather low CQcapture rate and C{has to be transported to the geological storage in Ice)amith
residual fossil Cnot captured by the C{rapture unit) and dwnstreamGHGemissiongi.e., those
associated with CQransport and storagegntirely assigned to Cemoval®? Further reduction of
the carbon removal efficiency would be possible, but only ¢rfram the current Swiss perspective
probably unrealistisetting, which nees to be avoided: using wood from nsuistainable forestry or
dedicated plantations, which would come along with larse related GHG emissigriengdistance
biomass transport, especially by truck; biomass drying using fossil fuels; and storagdéast@gbnd
Iceland.

The selected biochar cases for use of biochar as soil amendment in Switzerland resthlaitbon
removalratesin a range ofaround20-90%.The two cases with low G@moval rates around 20%
include longdistance wood transport aridr the use of fossil energy for wood dryirgooth should

be avoided to effectively remove carbon from the atmosph&ice per unit of CQross removal
more wood is heeded compared to wood combustion with &S% large carbon fraction ends up in
syngas andbio-oil), minimizing biomass transport to minimize indirect GHG emissions is even more
important for biochar compared to direct wood combustidrhus, small scale pyrolysis plants using
locally available biomass seem to be the preferred optitere we hae assumed that the energy for
both biomass drying and pyrolysis operation is provided by burning the pyrolypi®byicts¢ which
represents the most realistic option from our perspective. Using fossil energy carriers for these
processes would increasesdtindirect GHG emissions substantially.

DACCS systems show very lmghcarbon removal efficiencigbere between 8%and $%)if energy
from renewable (or waste) sources is udedthe CQ capture procesgcases 13). This is easier for
low-temperature DAC processes, as the Higimperature process modeled hefease 4needs heat
from a combustion process and proper renewable sources are limited to wood, biomethane and
hydrogeng which are all either limited in terms of availability arently not availableAlternatively,
also the emissions from heat supply can be fed into the DAGouséoid theassociated C£&missions

¢ such an implementatiowith natural gas combustion as heat soumeuld, however, increase the
CQ storage volure needed by about 30¥%Qiu et al., 2022) Here, with natural gas used for heat
supply and not capturing associated Lgmissiondor the hightemperature DAC process case 4,
the net carbon removal efficiencynaounts to only54%.Storing the C&in the proximity of the DAC
units is beneficial from a net carbon removal efficiency perspective, but alsmadport per pipeline
from Switzerland to Iceland (case 2) does not lead to major GHG emissions.

Enhanced weathering consistently shows higgt carbon removal efficienciesherein a range o 2-

96%. The only factor with an important impact on resgimerating potentially substantial amounts

of GHG emissions the transport of rock material especially truck transporif these transport
activities can be limited to maximum a few hundred kilometers, efficient carbon removal seems to be
possible.In general, characteristics of rock matesalvailable domestically in Switzerland does not
seem to be favorable, akeir specific C@uptake is at the lower end of the global range. Even more
important are low transport distanceblowever, the fact that thee is hardly any real evidence on this
CDR method needs to be kept in mind.

52 Assigningesidual fossil Cnot captured by the C{&xapture unit) and downstream emissions to the CDR seadcerding to the
biogenic carbon fractiom the waste resultsn an increase of net carbon removal efficiencies of up to about 15%;igeee7.6 in
comparison td~igure7.7.
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Oceanliming represents the least developed and most hypothetical CDR method included in this
comparisorand is thus associated with high uncertaintiis net carbon removal efiency(here in
between26% and 89%jepends mainly on the heat source used for quicklime production and overall
transport activities along the process chain. Using heat from renewables is key for efficient carbon
removal and also rather short transporstiinces are important.

The most important common learnings from this comparison are that 1) resources neeokedt
biomass or minerals/rocks should be sourced locally to minimize transport processes, and that 2)
low-carbon energy supply for all CDR hmmds is important to allow for high carbon removal
efficiencies.

For DACCS, BECCS and bietchsoil applications, we provide further outputs of the LCA in terms of
biomass and energy related performance indicators. These can be important from the pisdéc
the energy systemn which the CDR methods are operated and from the biomass utilization
perspective. For DACCS, we provide electricity and heat defoar@D capture, which depends on
the ambient climate (temperature and humidity)ForBECCS, we providet energyefficiency* of

the woodand MSW incineration plast the amount of (wet) biomass needead thenet electricity

and heatoutput perone ton of gross C@emoval,and the amount of electricity generated per ton of
(dry) biomassnput. For biochato-soil applications we providdhe CQ removal rate from biomass
(i.e., the fraction of carbon in the biomass, which is permanently removed from the atmosphere,
assuming combustion of syngas and-bibfrom pyrolysis), the wet biomassse per ton of gross GO
removal, the net electricity and heat output (converting available syngas andilimm pyrolysis),
and the amount of electricity generated per ton of (dry) biomass inplltthese parameters are
provided inTable7.13.

BECCS and biocHard 2 A £ | LILIX A OF (A 2 y a -2NRBILINGBA SIYNP G234 aCR af ¢3S R &
notonlythe CONB Y2 @ f & SNIAQSYH2ALAZYS A0 (A BSLINBRIzOG4= o d
their outputs. In LCA, such multutput processes can be dealt with in different ways: either

jdzt yGATFEAY I GKS 2@SNIff SydiNER ytiémilii-oufput gratsR Sy &4 F 2
ISYySNIrGdSa FyR O2YLINRYy3 GKSY (2 (G4K2aS 2F | aNB
products, org if productspecific environmental burdens are of interesipplying allocation or system

expansion (with substitution). Albation corresponds to the subdivision of the overall environmental

burdens according to for example market prices or energy contents of the individual products of the

multi-2 dzd Lddzi LINR2 OSaaT &eaidSYy SELIY&aAA2Y 066 Aidsikn & dzo a G ;
ONBRAG&AE NBLINBaSyiaAy3a LRIOSylGAlrtte | @2ARSR LINERA
production pathways of bproducts of a multoutput process. Here, we refrain from applying any of

these concepts, as the choice of reference systaswell as substituted products is arbitrary without

a specific context of CDR implementation and would depend on, for example, location and time and

the energy system in which the CDR methods are applied.

53 This should be thease for both lowand hightemperature processes. However, we only have solid data on this aspect for cur low
temperature solid sorbent system and therefareustrefrain from implementing this climate dependency for the htgimperature
process.

54].e.,energy in terms of electricity and heatitput as fraction of the energy content of the biomass input.
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Table7.13: Energy related &y performance parameters of BECCS, DACCS and bitmisail application.

BECCS BECCS_1 |[BECCS_2 |[BECCS_3 |BECCS 4
Wood Wood MSWI with | MSWI with
power power CCS, CHP | CCS, CHP
plant with | plant with | configuration| configuration
acs acs

Power/CHP plant location Switzerland

CQ capture rate [%)] 90 90 85 85

net energyefficiency [%] 15 15 85 85

biomass utilized per ton of gross £@moval [t(wet)/t(CQ)] 3.08 3.12 1.78 1.78

net electricity output per ton of drpiomass [MWh/t(dry)] 0.79 0.75 0.65 0.65

net heatoutput per ton of gross C@emoval BJt(COy)] 0 0 17.3 17.3

net electricity output per ton of gross G&moval [MWh/t{(CQ)] 0.48 0.47 0.66 0.66

Biocharto-soll Biochar_1 | Biochar_2 | Biochar_3 | Biochar_4

Biochar production and application Switzerland

Tree species used spruce spruce beech beech

Heat source for biomass drying(internal/external) internal external

CQ removal rate (% of carbon in biomass permanently removed) [%] 38 38 32 32

biomass utilized per ton of gross £®moval [t(wet)/t(CQ)] 7.4 7.4 8.9 8.9

net heat output per ton of gross G@&moval [GJ/t(Cg)] 2.8 2.8 2.6 9.9

net electricityoutput per ton of gross G@emoval [MWh/t(CQ)] 0.91 0.91 1.02 111

net electricity output per ton ofiry biomass [MWh/t(dry)] 0.46 0.46 0.51 0.56

DACCS DACCS_1 | DACCS_2 |DACCS_3 |DACCS_4

DAC type LT sorbent| LT sorbent | LT sorbent | HTsolvent

DAC operation CH CH IS CH

electricity consumption per ton of gross @@moval [GJt(CO,)] 0.31 0.31 0.25 1.2

heat consumption per ton of gross &@moval [GJ/t(CE)] 4.2 4.2 3.2 6.3

Some general and qualitative conclusions regardingptieéerred way to use biomass are still possible
without a complete system perspectiamd the limited scope of our analysisssustainablebiomass

from Swiss forests represents a limited resource, it should be used in line with overarching goals. If
the goal is maximizing electricity production, largealebiomasspower plants are probably the best
option as they will exhibit the highest electric efficiencies. Increasing plant capacities will, however,
also lead to an increase in wood transport distandiethe goal would be maximizing the contribution

of woody biomass to CDR, such wood power plants equipped with CCS seem to be the most
meaningful option, as the G@apture rate at the power plant corresponds to the gross e@oval

rate (i.e., the fradbn of carbon in the biomass, which is permanently removed from the atmosphere)
and CQcapture rates of 90% or mofer such power plantare stateof-the-art today.From a carbon
removal perspective andompared to such wood power plants with CCS, biogiraduction with

slow pyrolysis and subsequent application to Swiss agricultural land seems to be less preferable as,
according to our calculations, only -830% of the carbon in the biomass feedstock will be
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dpermanentl>® removed from the atmosphere the rest ends up in the byroducts of the pyrolysis
process, which are usually burned with a release of carbon aso€@ill not permanently remain in

the soilbut will be reemitted as C@ as biochar is not entirely stabElectricity generation frormood
combustion with CCS also seems to be preferable in terms of energy production in comparison to
biocharto-soil applications: Net electricity outputs are almost twice as high for wood power plants
gAGK [/ /{ O2YL}I NB RnetieRctriditjodtgikperon &fdrybiontassa Talye7.13).

In practice, the answer to the question for which purpose biomass should be used|swilbe
determined by factors beyond those considered in our analysis.

55 1n ourbiochar LCA, we assumed a:@&noval period of 100 years as equivalent to permanent removal. Such a short time is, however,
not equivalent with grmanence in terms of climate impacts, as most recent research has gBywmer, Hausfather and Kutti, 2024)

Their fndings represent an additional argument supporting the use of biomaE@CS systems as opposed to biothaoil

applications.
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8 Recommendations for further research

Based on thatatusof our work and the scope of this project, we identify directions of further research
beyond this work; or, in other words, knowledge gaps, which are obvious today, relevant in the Swiss
context, and which the work in this project will not be able to elos

8.1 Interdisciplinary character

It is important to realize that CDR is a very interdisciplirieggearch) topic and that collaboration
between different researcdomainson the one hand, and between research, industry and society on
the other handwill berequired. Research domains to be mentioned include for example forestry and
forest modelling, the agricultural sector, process engineering, the building sector, economic research,
biodiversity assessment, energy system modelling, regulatory aspects anddawlogy, etc. Only

such a combination and synergistic use of expertise will allow for a comprehensive characterization of
CDR methods regarding their potentials, costs, environmental impacts, development perspectives,
etc. ¢ which should represent thbasis forprioritization of investments and policies.

8.2 Specific gaps in LCA of CDR methods

Several CDR methods overarching issues, which deserve further attention anchvedrighlighted
in the following

1 Environmental burdens beyond impacts dimate changeMost of the CDR related LCA
studies either address only impacts on climate change to quantify the net efficiency of CO
removal, or they provide additional indicators for impacts on ecosystems and human
health in a very generic way on thadpoint level using one of the common LCIA methods.
Alternatively, some studies quantify resource consumption in terms of for example land
and water based on cumulative inventory results. None of this is very useful for evaluating
the more comprehensive etfronmental performance of CDR in a decisiaking
context. Applying complementary approaches would be more useful peigarming LCA
and applying the planetary boundary concept, which allows to better determine the
relevance of certain burdens causédso complete aggregation of environmental impacts
couldbe performed, for example applying the ecological scarcity met{B#FU, 2021)

1 Spatial resolution of LCAS impacts on ecosystems, human health, and natural resources
most often crucially dpend on where these are caused, applying generic impact
FdaSaaySyid YSiK2Ra ¢6A0GK 3ISYSNRAO RIYIF3S T O
or is at least associated with very high uncertainties. Performing regionalized LC(I)A
represents the way forwal in this context. This would also allow to comparatively assess
a range of CDR methodeyond impacts on climate chandmased on local boundary
conditions.

1 Common denominator or functional unifomparative LCA requires a common functional
unit, or in oher words, a common denominator. In case of LCA of CDR methodsoghe
A0NI AIKGF2NBF NR OMBNKS yiSy (d ey SBdae 0B R2 F NBH |
2F0Sy NBETFTSNNBR 2,NBar 2@@mNeE apjlied fof thelnpriparatife / h
evaluation n this analysisHowever, this choice indicates that CDR is the main purpose of
anyprocess removing G@&rom the atmosphere.which is in practice probably not always
correct. Further, dealing with the multifunctionality of CDR methods, which provide othe
products and services beyond CDR, requires subjective choices by LCA analysts. Thus, LCA
results for such CDR methods are often hard to directly compare.

1 Permanence of COemoval Basically, all CDR methods which rely on natural processes
for CQ removd, such as biochao-soil application, enhanced weathering, letegm
storage of biogenic GOwooden construction material$orestrelated CDR, and marine
CDR, are subject to considerable uncertainties regarding permanence;ok@oval.
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Further,the A& y23G S@Sy | O2yyzyteée I OOSLIWSR RST.
this contextc for some CDR methods it makes a big difference, whether this is interpreted
as a period of 30, 100, or thousands of years, as releases of captusdsh€kOnto the
atmosphere might not happen in a linear way.
Only very recently(Brunner, Hausfather and Kutti, 204)r @S RSY2 y aalCRI G4 SR |
storage period of less than 1000 years is insufficient for neutrgli@maining fossil GO
emissions under net zero emissighé ¢ KA & yS¢g SOARSYyOS ySSRa s
LCA of CDR methods which do not rely on permanent geologicat@aye.
71 Direct and mdirect land use changelated impacts on climate chang€limate impacts
as a result of direct and indirect land use chaqgespecially relevant for CDR methods
involving biomasg are often quantifiedin a superficial way or even not at all. Reasons
are that such impacts are highly location specific and thate is no commonly accepted
procedure of how to quantify such impacts in the CLA community.

9 Access to transparent and reliable information and d&BR methods being developed
today and potentially entering the market tomorrow are often subject to caniiihlity
concerns, mainly for business related reasons. Resulting limited acdeassgparent and
reliable information and dataepresents an issue potentially undermining quality of LCA
studies and thugrust in their outcomes.

1 Uncertainty analysig~amal methods for analyzing uncertainties such as global sensitivity
analysis could be employ€Himet al., 2022)

8.2.1 Biochar

For biochar used as soil amendment, the main telaked issue is the lack of reliability of generically
performed LCA studies and their resuttas casespecifics and local boundary conditions regarding
for example biochar quality, soil type, and common agricultural practices play important roles
regading the effective COremoval and other environmental impacthh a Swiss context, large
uncertainties remainBAFU, 2023)urther, additional use cases for biochar beyond its use as soil
amendment should be investigated by means of LCA. Such studies are cuamgyatlymissing.

8.2.2 BECCS

As there is a broad range of biomass use options (including and excC@®@n@DR)evaluations

of their environmental performance should include counterfactual scenanasideringcasespecific
boundary conditions. This is especially relevantrésidual biomass, which represents a constrained
resource, and dedicated biomass crops, which occupy often land which could be used for other
purposes. Further, new technology options are being developed, which should be evaluated by means
of LCA.

Importantly, future LCA studies GECCS systems (especially those including biomass from forests)
aK2dzZ R y28 NBfe& 2y KS¥dihe/bib§enilcarBofiral CQflureb, 2e/; Yy S dzii N
should not be based on the assumption that the use of biomasgdwhavenegligible impacts on the
development of carbon stocks in forestgthout consideringmanagementpracticesof forests to

producethe biomass(Strengerset al, 2024) | other words, ay LCA &ECCS systems should include

potential impacts of biomass use carbon stocks in forestespite of the fact that the assumption of

GO ND2Y ySdziNI f Ale¢ iNBayNBAisRigids todap(als6 g studyiNdotO G A OS

be assumed to represent real lilemany casesln reatlife situations producing biomass from forests

56 The termdcarbon neutrat is used to refer to situations in which producing biomass from forests for wood products and bioenergy
results in zero or negligible net emissions ok @Qhe atmosphere, when the complete life cycle of forest growth (angrmvth) and
harvesting and @nsumption of biomass is considered. This can occurz@@sions from harvesting and using forest biomass, including
burning some for bioenergy, are exactly balanced by carbon sequestration in the forests that produced the (Btrangsret al.,

2024)
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for use in wood products and for bioenerfiut also for biochar productiorgan result irdecreasing,
constant, or increasing levels of carbstocksn forests and these effects should be included in any
LCA of BECCS systdBisengerst al,, 2024)

8.2.3 DACCS

The main challenge for DACCS related LCA is to keep track with the ongoing developments and new
players with new C{Qcapture processes entering the market. LCA performed at early development
stages can help to prioritize technology development.

8.2.4 Enhanced Weathering

From our point of view, verification of modbhsed quantification of effective and permanentCO
removal die to enhanced rock weathering represents a major challenge, which is very relevant for
LCA. Lack of experience with this kind of CDR method and thus a lack of reliable data, applicable for
LCA, also needs to be mentioned.

8.2.5 Long-term CCU

The currentack of a standardized and commonly accepted dynamic accounting framework for climate
impacts associated with temporary storage of biogenie €@., in wooden construction materials)
represents the main challenge in the context of loEngterm CCU; our ongoing development of
such a framework is likely to represent substantial progress in this conkxther, intrinsic
uncertainties regarding endf-life of products acting as temporary €&orage and reaching their end

of lifetime in decades fromow makes LCA difficult and subject to subjective choldkstecommend
developingLCl for a set of options ehscade use of wooden construction materials (including their
potential endof-life), as the construction sector seems to be one of the sectotls tlie highest
potential for temporary storage of biogenic €@ dynamic impact assessment approach, with a
meaningful quantification of associated climate impacts, could be applied to such LCI.

Similar to the case dBECCS systems, the importance of including carbon dynamics in the forest
supplying harvested wood for use as construction material must be stressed $ieemgerst al,,
2024)

8.3 LCA of urther CDR methods to be evaluated in a consistent way

Within this projeet, we consideonly alimited variety ofnovel CDRnethods, focusing mainly on those
which seem most relevant from a Swiss perspective toHiyvever, a this field is growing rapidly,
more CDR options are being develomed in the medium to longerm removing C@abroad might

gain importance for Switzerland@hus, i would be valuable to gain an overview of this landscape of
developing CDR options and evaluate which are most promialsg on an international levehs a

part of this landscape, optiortbat remove GHGs other than €should also be considere@urrently,
methane removal technologies are at a very early stage of research, but in principle offer an
opportunity to reduce the GHG concentration in the atmosph@acksort al., 2019; Lackner, 2020;
Ming et al., 2022; Sirigina, &b and Nazir, 2022; Cola al,, 2023; Tacet al,, 2023; Wang and He,
2023) Marine CDR methods might deserve special attention, because while they offer in theory large
CQ removal potentials, they are especially hard to monitor and véBfyydet al,, 2022; Cobet al,

2023; Mengis, Paul and Fernanedéndez, 2023)

So far, only very few studies have compared #wironmental performance of a range of CDR
methodsapplying an LCA approadmd these studies only include a limited number of CDR methods
with a focus on DACCS and BE@G&uieret al,, 2022; Cobet al,, 2022; Cooper, Dubey and Hawkes,
2022) Including the complete portfolio of CDR methods in a consistent setting is key for a meaningful
comparison of their net carbon removal effectiveness and quantification-becefits and tradeoffs
regarding impacts on human health, ecosystenmsl @sources. Such a comparison should address at
least some of the shortcomings of currently available LCA literature on CDR, for exiaenplek of
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considering regional boundary conditioby performing regionalized impact assessmemtlack of
consistaicy when it comes to how to quantify climate impacts of qpmmanent C@removal,alack

of consistency regarding quantification of direct and indirect land use changes and associated climate
impacts and the way of how to deal with muftinctional systens, i.e., CDR methods which provide
valuable products and services beyond. @&mnoval.

8.4 Prospective LCA

As the majority of CDR is likely to be implemented over the next decades, LCA shiosilder
expected developments regarding both CDR as such as wibié &conomic background activities
over this time frameFor example, in case of DAC&8ongthe most important factors for the life
cyclenet CQ removal effectivenesare the carbon footpring of heat andelectricity used for DAC
operation and C®comgpression, which often depends on the composition of theally available
electricity mixor specific sources of heat and electricity K S & LINBS Y A & § whiciFié@sY S 6 2 NJ
energy system or integrated assessment models and their scespgdific trajectorie to create
consistent, prospective life cycle inventory databasges a proper tool for such prospective LCA
(Sacchiet al, 2022) Important to note in case of prospective, comparative LCA of various CDR
methods, consistency must be ensurederél consistency refers to both the assumed pace of
development of CDR methods as such, but also to the modification of the background inventory
system, which can depend on so@oconomic narratives, climate policy goas well as the
representation of tebnologies and economic sectorsiimthe underlying transformation pathways

and scenariosf applied modelg¢Sacchet al, 2022; Dekkeet al., 2023)

8.5 LCA embedded in a system analysis

The (environmental) impacts of CDR immpkntation most often depend on the scale of their
employment becauséargescale implementation wilhevitablyinduce potentially undesired effects

in the (national) economy and on the environment. As this work fesgsy ¢ aAy 3t S / 5w dzy
their LCAbased environmental impactgjuantified by attributionalL@\, such largescale system
effectshavenot beeninvestigatedt’ However, they should be. Such an analysis would ideally combine
LCA, models of the (Swiss) emesystem and models of the entire (Swiss) econantd/thus consider
resource constraints in terms of for example regionally availablecafvon power generation
capacities, geological GGtorage capacities, watetand, and other potentially scarce reswmces,
which would dynamically change over time and depend on climate policy ambiBank analysis on

the system level would ideally include a large portfolio of CDR methods and allow to determine
synergiesor competitionbetween single CDR methods emy#d in parallel. It would also allow to
determine the most economic and most environmentally friendly climate policy in terms of reducing
GHG emissions versus removing greenhouse gases from the atmosphereuld also allow to
identify the preferred wayto use biomass, be it as construction material, to remove 1@n the
atmosphere, or as energy carrigturther, if performed at least on a European, but preferably on a
global level, a systeswide analysis would also allow to determine bssited regims for applying
specific CDR methods, if their characterization considegsonal differencesand to analyse the
impact of CDR implementation on the energy systé&imally, embedding LCA of CDR methods in
system analysis would allow to quantify margi@&®G removal cost curves, be it on a Svidasppean,

or global level, and to establish marginal @&t G removal effectiveness curvgsoth could represent
valuable information for policy and investment decisio@sie of the key shortcomings of available
systemwide studies of CDR methods is that these are most often limited to few CDR methods, mainly

57Nevertheless, the LCA results provided here and in se¢t@@well as by the LCA tool developed are useful, as they provide a first good
quantitative indicéion regarding possible net carbon removal efficiencies of several CDR methods in a Swiss context,, allow for
conclusions regarding the conditions which must be met for the CDR methods addressed to provide effective net GHG remdvals fr
atmosphere irgeneral and can be used to identify key parameters in this respect. Further, LCI established are very well suited-for follow
up activities as outlined in sectiéh
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forest related methods, BECCS, and DASESleret al, 2021; Cobet al,, 2022; Dekkeet al., 2023;
Fauvekt al,, 2023; Fuhrmanet al,, 2023; Panos, Glynet al., 2023) Efforts to overcome this limitation

FNBE 2y GKSANI 6l & SoIdr a LINLG 2F GKS | 2NART 2y 9

Only a very limited number of studies linking LCA and some sort of system perspective have been
performed so far(Qiuet al, 2022)performed comparativeprospectiveLCA of a few different DACCS
configurations in a USpecific contextin which they quantified environmental 4eenefits and trade

offs of CQremoval from the atmosphere under different bodary conditionsAnd (Fuhrmaret al,

2023) performed a global analysis on the role of different CDR methods (BECCS, DACCS, biochar,
enhanced weathering, afforestation, and ocean based CDR) in future climate change mitigation
scenarios irwhich they did not apply complete LCA, but took into account resource requirements of
the CDR methods and regional constraints regarding their availalbilitgher, (Adunet al, 2024)
analysed the role of a broad set of CDR methods to achiewearetgoals in Europe and found that

the roles and individual contributions of specific CDR methods depend on boundary conditions such
as ambitions inerms of GHG emission reduction, their timing, etc.

8.6 MRV and certification

The current MRV and certification landscape is fast paced, scattered and opaque. Implementation of
CDR hinges on the ongoing research on quantification and monitoring approachfeieant CDR
methods. For landbased methods, there is a lot of potential for innovation in remote monitoring
techniques, such as based on satellite data. Although this has been established for forestry, similar
approaches for SCS are not yet vadtablshed or prover{Smithet al,, 2024)

Asmost CDR projects currently partake in theluntary carbon market (VCMinany certification
processes and guidelines stem from here. Before CDR can be integrated into regulation, there is a
need to establish a quality threshold for CDR methodologies.itSredist be high quality for the
purpose of offsets. Due to the variety in TRL between different CDR methods and the high rate of
innovation, a process much be derived to determine what level of uncertainty is acceptable for
different CDR methods to be ubeas offsets. For CDR methods that cannot yet be used as offsets,
alternative mechanisms should be in place to promote innovation.

Additionally, there is a need to improve the governance of the certification system. There is large
variety in the methodologs and the scattered nature of the ecosystems creates resource
inefficiencies. Evaluating the quality of current methodologies is time intensive, and the system is
reported to be simultaneously not agile and not rigorous enoii@horsdottir et al., 2024) To
incorporate CDR into regulatory mechanisms, a system must be in place that effectively and efficiently
harmonizes current standards drupdates it in line with research and technological advancements.
Such a harmonization should include the recommendation to design MRV schemes based on
consequential LCA methodolodBrander, 2024)as attributional LCA fails tquantify the total
systemwide change in emissiommdremovals caused by an intervention or action

8.7 Costs and potentials of CDR options

This work considers the environmentaipactof different CDRoptions butdoes not yet consider the
potential of these optionsThe cost and effectiveness of CDR options depend olotiagion; hence

it is important to analyse fls for the Swiss contexiost CDR options use scare resources such as
land, biomass, or energgonsidering the current and projected availability of dberesources in
Switzerland trade-offs will be necessary between different CDR options and with the larger Swiss
system in whiclthey operate. Alternatively, it could be considered to what extent it is feasible to rely
on removals abroad, consideritige attractiveness of this option for other countries as well

58 https://www.cmcc.it/projects/uptakebridgingcurrentknowledgegapsto-enablethe-uptake-of-carbondioxideremovatmethods
(4.12.2023).
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8.8 Financing of CDR

The scaleup of CDR relies heavily on investmeratsd even during operation, CDR options with little

or no cebenefits such as DACCS, depend on the monetization of carbon removals. The financing of
carbon removalsemains an open questiorthe inherent difficulty of funding global public goods
associated vth large private costs will make it hard for future governments to share this burden
among themselvesThe lack of a clear business modet the private sectoinhibits the scaleup as
investors might be hesitant to get involved. For effective financimgat should the role of the
government and the role of the private sector B&ho should pay upfront investments with uncertain
revenue perspectives? Who should pay for potential needed insurance and accept lighilitgtly,

the voluntary carbon markeprovides a large role in financing CDR, but the lack of regulation and
oversight make it difficult to provide reliabt&arbon offsets Developing the right policy mix will also
play an important role in enabling the financing of CBdR.example(Lyngfelt, Fridahl and Haszeldine,
2024)recently proposed a concept which builds upo@@ emitter liability operationalized through
atmospheric C@removaldeposits¢ anyoneemitting fossil CQ@to the atmosphere would be obliged

to finance the removal of at least as much.@Om the atmosphere.

8.9 Commercialization

To effectively scale up and commercialize CDR, it needs to be incentiftizekeyet al., 2023)
surveyed the policy mechanisms currently in place globally to incentivize CDR, together with an
estimate of what different mechanisms are paying per toilC&f removed and how those costs are
currently distributedd ¢ K SA NJ Y I A ythe Tajofity &fynachrisens ciirfemtlyiin dperation

are underresourced and pay too little to enable a portfolio of CDR that could support achievement of
net zerc (Hikeyet al., 2023) Currentmechanisms tend to support established afforestation and soil
carbon sequestration methodsvhile in practice, alternative novel CER methods need to be scaled up
to reach netzero goals. Thus, greater emphasis on policy innation is needed as opposed to just
focusing on technology development/hat are the policies needed to incentivize scale up of novel
CDR methods at the pace required to reach net zero? Which actors should take which roles? How can
different public and priate entities support commercialization of CDR methods in the best way?

In the context of CDR commercialization, it would also be important to get an overview about the
currently quickly developing CDR stap scenefor example regarding the representation of different
CDR method the startup ecosystermand the geographical distribution of CDR commercialization
efforts. An evaluation of thistart-up ecosystemwould allow to identify beneficial boundary
conditiors and obstacles young companies are confronted with and to optimally sippod pave

their way towards successful commercialization.

Finally, also the legal environment must be considered for future commercialization, e.g., regarding
the legal liabilityof CQ removal(Ghaleigh and Macinante, 2023)

®hy GKS 9 dzNE LIS| gitps/@@idvd.gibbat) s be 2disdéreddas a promising example of how to support CDRissart
and accelerate their development.
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