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Executive Summary

The scope

1.

This study has been commissioned before and completed after the approval of the Swiss Klima- und
Innovationsgesetz (KIG, June 2023), i.e., the Federal Act on Climate Protection Targets, Innovation
and Strengthening Energy Security, hence with its implications for climate policy in mind.

The goal of the study is, with specific consideration of the climate impacts of the Swiss agriculture and
aviation sectors, to answer the following two questions:

What are, from a scientific point of view, appropriate frameworks to account for the emissions of
non-CO; climate forcers when aiming at climate policy strategies and impact assessment?

What are the corresponding amounts of Carbon Dioxide Removals (CDR) required to comply
with the KIG, Art.3, taking into consideration the relevant emission reduction pathways, namely
the long-term climate strategy building on the Energy Perspectives 2050+?

The general approach in addressing these questions is in this study based on the use of a simplified
climate model that allows both (i) calculating the climate impact of given emissions of non-CO, climate
forcers, and (ii) back-calculating the corresponding amounts of CDR required to undo their effects.

The context

4,

Climate change and global warming are the consequence of the increase in radiative forcing caused by
climate forcers (CFs) in the atmosphere, i.e., CO,, non-CO; greenhouse gases (GHGs, i.e., CHy, N> O,
NOx, SOx, water vapor), and other agents (aerosols, black carbon, cirrus clouds).

The atmospheric abundance of climate forcers is a consequence (i) of the amount emitted, or formed in
the case of cirrus clouds (due to anthropogenic activities), and (ii) of their rate of atmospheric decay
(due to atmospheric physics and chemistry). The climate impact caused by the CFs is due to each CF’s
radiative forcing efficiency (due to atmospheric physics) and to the combined effect of the radiative
forcing of all CFs on the planetary energy balances hence on global warming (due to the Earth’s
physics).

The climate impact of a climate forcer is larger, (i) the larger its emissions, or (ii) the slower its decay,
or (iii) the higher its radiative efficiency. CO; is the only climate forcer that does not decay on the
time-scales of interest hence its climate impact depends on its cumulative emissions.

. While lifetimes of climate forcers vary from days to centuries, the time scale of global thermal

adjustments (temperature anomaly in scientific terms, global warming in common language) is several
decades to centuries, i.e., Earth climate exhibits a high inertia in reacting to changes in radiative forcing.

. In a policy-relevant but not policy-prescriptive language, the Intergovernmental Panel on Climate

Change (IPCC) concludes that "Reaching net zero CO, or GHG emissions primarily requires deep
and rapid reductions in gross emissions of CO,, as well as substantial reductions of non-CO, GHG
emissions (high confidence). . . . However, some hard-to-abate residual GHG emissions (e.g., some
emissions from agriculture, aviation, shipping, and industrial processes) remain and would need to be
counterbalanced by deployment of carbon dioxide removal (CDR) methods to achieve net zero CO»
or GHG emissions (high confidence). As a result, net zero CO; is reached earlier than net zero GHGs
(high confidence).” (AR6, Synthesis Report, SPM, B6.2, with reference to Figure SPM.5)

. Article 3 of the Swiss Klima- und Innovationsgesetz (KIG), i.e., the Federal Act on Climate Protection

Targets, Innovation and Strengthening Energy Security, states that: (1) ”Der Bund sorgt dafiir, dass



10.

11.

die Wirkung der in der Schweiz anfallenden von Menschen verursachten Treibhausgasemissionen
bis zum Jahr 2050 Null betrdagt (Netto-Null-Ziel), indem: (a) die Treibhausgasemissionen so weit
moglich vermindert werden; und (b) die Wirkung der verbleibenden Treibhausgasemissionen durch die
Anwendung von Negativemissionstechnologien in der Schweiz und im Ausland ausgeglichen wird. (2)
Nach dem Jahr 2050 muss die durch die Anwendung von Negativemissionstechnologien entfernte und
gespeicherte Menge an CO, die verbleibenden Treibhausgasemissionen iibertreffen.”!

The IPCC 6th Assessment Report offers comprehensive global-scale information, including detailed
scenarios for CO, and other greenhouse gas reductions required to limit warming to specified levels,
supported by a robust emissions scenario database. However, this global data does not directly translate
into national targets. Instead, the Swiss KIG introduces a national net-zero target and sets several
intermediate targets from which one can indirectly infer emission reduction pathways.

Article 3.1b of the KIG prescribes that any remaining residual emissions must be addressed using
negative emissions technologies to achieve net-zero ”"Wirkung,” whose amount is obtained by assessing
the climate effect or impact of these residual emissions. This report identifies two possible interpretations
of the term "Wirkung” in this context, namely, (1) achieving net-zero residual emissions by 2050 (Target
1), or (2) attaining zero residual radiative forcing by 2050 (Target 2). The definition and choice of the
target is a political decision. In this work, we assess the climate impact and carbon dioxide removal
(CDR) requirements associated with these climate targets, when CDR is started either (i) from 2050
only, or (ii) already from this decade.

In this context, emissions of non-CO, CFs have been translated in equivalent CO, emissions using
equivalence metrics. The GWP;g or GWP1gg metrics (GWP = Global Warming Equivalent), the latter
used in the scope of the Paris Agreement, establish a proportionality that is known to underestimate
the climate impact of CFs on a 20-year or a 100-year time horizon, respectively, and to overestimate it
thereafter. To compensate these undesired shortcomings of simple GWP metrics, the GWP* approach
has been proposed, which is not a metric but rather a model and is not used in national inventories.

The climate modeling tool

12.

13.

14.

Simple climate models, e.g., the benchmark model FalR (Finite Amplitude Impulse Response model),
are able to simulate the globally averaged emission ¥ concentration ¥ radiative forcing ¥ temperature
response pathway and are tuned to emulate through parametrizations the Earth System Models (ESMs),
which are three dimensional, gridded, and explicit in representing dynamical and physical processes.

The Simplified Linear Climate Model (SLCM) developed and used in this work is simplified with
respect to and calibrated on FalR; key assumptions are (i) that each CF’s radiative forcing depends only
on its abundance, and (ii) that emissions of a specific country or sector are treated as perturbations of
the global evolution of GHG emissions hence the results obtained are independent of the background
atmospheric composition. The SLCM strikes a balance between simplicity and effectiveness, thus
being a useful tool to explore and to comparatively assess climate trends caused by different emissions
scenarios and climate strategies.

The SLCM can be used to accomplish the following three tasks:

Determining the climate impact (radiative forcing and temperature response) of a given past and
future emission profile of one or more CFs.

I»

(1) The Confederation shall ensure that the impact of man-made greenhouse gas emissions in Switzerland is zero by 2050

(net zero target) by: (a) greenhouse gas emissions are reduced as far as possible; and (b) the effect of remaining greenhouse gas
emissions is offset through the use of negative emission technologies in Switzerland and abroad. (2) After 2050, the amount of CO,
removed and stored through the application of negative emission technologies must exceed the remaining greenhouse gas emissions.
[Translated with DeepL.com (free version)]”



Determining the amounts of CO; removal needed over time to compensate for any unavoidable
emission profile of a non-CO, CF. This calculation is done via the linear warming equivalent
(LWE) approach, which in the scope of the SLCM and under the associated assumptions provides
an explicit result; such approach allows also recalculating the CDR amounts needed at any point
in time, e.g., every year or every given number of years, during the execution of a selected CDR
deployment pathway.

Back-calculating the overall radiative forcing profile corresponding to a specified warming
scenario (e.g., keeping a constant temperature anomaly). This is possible given the linearity of
the SLCM framework. The resulting radiative forcing profile can be translated into emission
profiles for different GHGs by assigning allocation quotas. Determining these allocations involves
socio-economic and political considerations that are beyond the scope of this work.

The net-zero target
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The climate impacts of agriculture are due to methane, CH,4 (about two thirds, short-lived) and to
nitrous oxide, N,O (about one third, long-lived), with similar radiative efficiency; note that in the Swiss
emission inventory CO, emissions due to agriculture are mostly accounted for in other sectors.

The climate impacts of aviation are due to CO,, to non-CO, GHGs, and to other climate forcers (in
proportions that are non-negligible and will vary over time). The climate impact of some of these CFs,
e.g., cirrus clouds, is difficult to average both in space and in time, hence such impact can only be
empirically parametrized in simple climate models and be subject to a sensitivity analysis if needed.

In this study climate impacts, i.e., radiative forcing and temperature response caused by a given emission
scenario, with or without CDR, are calculated using the SLCM with parameters calibrated using FalR.
A sensitivity analysis accounting for the uncertainty of the parameters used in FalR (mostly 20%)
is beyond the scope of this work. Total GHG emissions from the agriculture and aviation sectors are
collected based on the business-as-usual (WWB) and ZeroBasis scenarios from EP2050+ [4]. Additional
details on the scenarios and data collection is provided in the Technical Summary and Technical Report.
CDR requirements are calculated to ensure netto-zero residual emissions in 2050, for the agriculture
and aviation sectors respectively (Target 1), or netto-zero radiative forcing from the emissions of the
agriculture and aviation sectors respectively (Target 2). Netto-zero radiative forcing is defined here with
respect to the radiative forcing levels at the start of detectable anthropogenic agriculture emissions,
i.e., the year 1690. CDR requirements to achieve Target 1 are calculated by means of the GWP;y and
GWP equivalence metrics, and the GWP* and LWE models. CDR requirements to achieve Target 2
can only be calculated with the LWE model (see Technical summary for further detail).

For Swiss agriculture, WWB emissions (business-as-usual) and ZeroBasis emissions (from the BfE
Energieperspectiven 2050+ dataset, EP2050+), without CDR deployment, would lead to a long-term
temperature response of 100% and 30%, respectively, higher than in 1990.

When deploying CDR to achieve targets under KIG for Swiss agriculture, targeting either net-zero
emissions (Target 1) or zero radiative forcing (Target 2) leads to rather similar radiative forcing and
temperature response but entails CDR requirements in the latter case much larger than in the former.

For Swiss aviation, WWB emissions without CDR deployment would lead to a larger warming
contribution over time due to the cumulative effect of CO,. ZeroBasis emissions, though assuming
100% use of CO,-free sustainable aviation fuels (SAFs) from 2050 on, would lead without CDR
deployment to a long-term warming contribution about three times larger than in 1990.

When deploying CDR to implement the KIG for Swiss aviation, targeting net-zero emissions (Target 1)
leads to a higher warming contribution than if targeting zero radiative forcing (Target 2), because of the
much larger contribution due to the CO, emissions.



22. As to Swiss agriculture and the associated CDR requirements to fulfill Targets 1 and 2:
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(a) Total WWB (left) and ZeroBasis (right) GHG emissions from the Swiss agriculture sector, alongside a hypothetical
emissions reduction pathway aimed at achieving net-zero emissions by 2050 (grey line). Emissions are expressed as
a percentage of 1990 levels for ease of comparison. The light blue area highlights the emissions gap between total
emissions and the reduction target, representing the carbon dioxide removal (CDR) requirements. The right vertical axis
quantifies the necessary CDR (shown as a negative value) to offset residual emissions of CO,, CHy, and N,O. Methane
and nitrous oxide are converted to CO, equivalents using different equivalence metrics and models: GWP,y, GWPjq,

GWP*, and LWE.
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(b) Temperature anomaly (Figure 22b) induced by Swiss agricultural emissions, expressed as a percentage of the
warming observed in 1990. The anomaly is calculated for scenarios where CDR is deployed to achieve net-zero
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emissions from 2050, using the GWP,9, GWP,y, GWP*, and LWE equivalence approaches.

Figure 1. Net-zero emissions (Target 1) in the Swiss agriculture sector.
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Figure 2. Net-zero radiative forcing (Target 2) in the Swiss agriculture sector. The four panels show:
(i) agriculture emissions as a percentage (first panel, left vertical axis), where 100% corresponds to
1990 levels and 0% to the start of anthropogenic agricultural emissions in 1690; (ii) CDR requirements
in Mt/yr (first panel, right vertical axis), with CDR rates calculated using the LWE approach shown
as negative values; (iii) cumulative CDR requirements to achieve the net-zero radiative forcing target
for WWB and ZeroBasis scenarios; (iv) radiative forcing for WWB and ZeroBasis scenarios and the
net-zero radiative forcing trajectory from 2050 (third panel), where 100% corresponds to the 1990 level
and 0% to 1690; and (v) temperature anomaly for WWB and ZeroBasis scenarios, with and without
CDR (fourth panel), where 100% corresponds to the 1990 level and 0% to 1690. Dashed lines represent
radiative forcing and temperature anomaly evolutions with CDR implementation.

Under all assumptions and for all scenarios considered here, both methane (short-lived) and
nitrous oxide (long-lived) play an important role in determining the climate impact of Swiss
agriculture; neither can be neglected.

Both net-zero emissions (Target 1) and net-zero radiative forcing (Target 2) can be attained for both
the WWB and the ZeroBasis emission scenarios, with similar long-term temperature responses.
This occurs through the deployment of corresponding amounts of CDR starting in 2050, which
are much larger for Target 2 than for Target 1 and are about 50% larger for the WWB scenario
than for the ZeroBasis one.

As expected, using the GWP-based CO; equivalence metrics underestimates and overestimates
the CDR demand in the short-term and in the long-term, respectively, with respect to what
predicted using the CDR* and the LWE models. This conclusion has been reached by inputting
the CDR amounts calculated with the four approaches above to the SLCM, and then calculating the
corresponding climate impacts. Even if the absolute values estimated are influenced by the SLCM
assumptions, the comparative assessment of different emission scenarios and CDR deployment
strategies in terms of climate impact is more robust with respect to the model assumptions.

Using the SLCM provides insight on which measures may reduce the CDR demand, while still
fulfilling the climate objectives. Examples are given that involve (i) starting deploying CDR soon
instead of waiting until 2050, (ii) anticipating deployment and shaving the peak of CDR that
GWP#* and LWE require around 2050, and (iii) back-calculating the CDR needed to comply with
a specified temperature response profile (this is a novel feature provided by the SLCM).

23. As to Swiss aviation and the associated CDR requirements to fulfill Targets 1 and 2:



Figure 3. Net-zero emissions (Target 1) in the Swiss aviation sector. The four panels show, from left to
right: (i) the emissions in percentage (first panel, left vertical axis), where 100% corresponds to the level
of emissions in 1990, while 0% represents their level at the start of anthropogenic aviation emissions,
i.e., the year 1950; (ii) in the same first panel the CDR requirements in Mt/yr (first panel, right vertical
axis), where rates of CDR are negative numbers, in contrast to emissions that are positive; (ii1) the
cumulative CDR requirements needed to achieve the net-zero CO, emissions target when residual
emissions follow either WWB or ZeroBasis (second panel); (iv) the associated radiative forcing for the
WWB and ZeroBasis scenarios with and without CDR (third panel), when only the climate impact of
CO, emissions is considered (100% is the corresponding CO;-induced level in 1990, and 0% that in
1950); (iv) the associated temperature anomaly for the WWB and ZeroBasis scenarios with and without
CDR (fourth panel), when only the CO;-induced warming is considered (100% is the corresponding
COz-induced level in 1990, and 0% that in 1950). Radiative forcing and temperature anomaly curves
without CDR implementation are showed with dashed lines. Achieving net-zero CO, emissions in
2050, while only deploying CDR from that same target year, results in a peak of 7 Mt/yr for the WWB
scenario, where CDR deployment is zero for the ZeroBasis pathway (100% SAFs uptake). Considering
only the climate impact of aviation-CO,, and compensating with CDR for only those emissions, the
long-term sector’s warming contribution is about five times that in 1990.



Figure 4. As Figure 29, but for a Target 2 of net-zero radiative forcing. Achieving net-zero forcing
in 2050, while only deploying CDR from that same target year, results in a peak of 240 Mt/yr for the
WWB scenario and 190 Mt/yr for the ZeroBasis scenario. Considering only the climate impact of
aviation-CO,, and compensating with CDR for its resulting forcing, the sector’s warming contribution
is eliminated in the long-term.

The KIG aims at a net-zero-target in 2050, considering CO, but neglecting the other non-CO,
climate forcers.

For Swiss aviation, the WWB and ZeroBasis emission scenarios show significant differences.
In fact, the ZeroBasis scenario assumes 100% use of carbon-neutral sustainable aviation fuels
(SAFs) from 2050 onwards, overlooking the fact that the production of SAFs will still have a
non-negligible carbon footprint, as demonstrated in the recent, relevant scientific literature.

The previous two points highlight the fact that both the provisions of the KIG and the emission
scenarios considered make it difficult to obtain CDR requirements that are meaningful from a
climate impact point of view and that are comparable.

This study shows that, even under the assumptions outlined, fulfilling Targets 1 and 2 results in
very large CDR requirements.

Also in the case of aviation early CDR deployment reduces the peak and the cumulative CDR
requirements. However, it seems that reaching feasible levels of CDR deployment may require
two types of measure beyond compensation through CDR deployment: (i) a significant reduction
of emissions with respect to the ZeroBasis scenario, which would imply a reduction of air traffic
because of reduced demand, and (ii) the implementation of measures to increase the climate
efficiency of aviation, through an optimized management of the individual flight from all possible
perspectives.

The challenge

24. Achieving in 2050 either net-zero emissions (Target 1) or zero radiative forcing (Target 2) for Swiss
agriculture in the ZeroBasis scenario with CDR deployment starting in 2050 is doable, provided
sufficiently large amounts of CDR are generated. Depending on the approach used, GWP metrics or
GWP* and LWE models, the exact CDR amounts estimated differ, particularly in the long term. The
actual temperature response associated to any emission scenario and any CDR deployment strategy must
account for the effect of all relevant climate forcers, i.e., methane, nitrous oxide and carbon dioxide,



and must be calculated using a climate model; different approaches to calculate CDR demand lead to
different temperature response. The SLCM used in this study offers a trade off between simplicity and
accuracy in predicting the climate impacts, which proves to be useful for comparatively assessing the
effect of different climate policies.

25. To achieve net-zero emissions for Swiss aviation from 2050 in the ZeroBasis scenario, in principle, no
CDR is required if only CO, emissions are considered, non-CO, effects are excluded, and SAFs with a
zero carbon footprint are assumed. In practice, however, the SLCM predicts a temperature anomaly
several times larger than in 1990 under these conditions. When non-CO, effects are included, the
required peak CDR deployment rate in 2050 and the cumulative CDR needed throughout the century
reach levels that are likely unfeasible from today’s perspective.

26. The CDR requirements determined in this study represent a daunting challenge in both scale and speed
of deployment. Such requirements, when keeping the same climate targets, can only be reduced (i) by
starting CDR deployment immediately instead of in 2050, (ii) by choosing residual emission pathways
more ambitious than ZeroBasis, and (iii) by enforcing structural changes, including reducing demand
and taking sector specific measures, whose consideration and discussion are beyond the scope of this
study.
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Sintesi Esecutiva

L’ambito

1.

Questo studio ¢ stato commissionato prima e completato dopo 1’approvazione della legge svizzera sul
Clima e I’'Innovazione (KIG, giugno 2023), ovvero la Legge federale sugli Obiettivi di Protezione del
Clima, sull’Innovazione e sul Rafforzamento della Sicurezza Energetica, quindi tenendo conto delle sue
implicazioni per la politica climatica.

L’ obiettivo dello studio ¢ rispondere alle seguenti due domande, considerando specificamente gli impatti
climatici dei settori agricolo e aeronautico svizzeri:

Quali sono, dal punto di vista scientifico, i quadri di riferimento appropriati per tenere conto delle
emissioni dei forzanti climatici non-CO, quando si progettano strategie politiche per il clima e la
valutazione degli impatti?

Quali sono le quantita corrispondenti di Rimozione di Anidride Carbonica (CDR) necessarie
per rispettare 1’ Art. 3 del KIG, prendendo in considerazione i relativi percorsi di riduzione delle
emissioni, in particolare la strategia climatica a lungo termine basata sulle Energie 2050+?

L’ approccio generale per affrontare queste domande in questo studio si basa sull’uso di un modello
climatico semplificato che permette sia (i) di calcolare I’impatto climatico delle emissioni di forzanti
climatici non-COa», sia (ii) di calcolare retrospettivamente le quantita corrispondenti di CDR necessarie
per annullare i loro effetti.

11 contesto

4,

Il cambiamento climatico e il riscaldamento globale sono la conseguenza dell’aumento del forzante
radiativo causato dai fattori climatici (CFs) nell’atmosfera, cioe CO,, gas serra non-CO, (GHG, ad
esempio CHy, N>O, NOx, SOx, vapore acqueo) e altri agenti (aerosol, carbonio nero, nubi cirrus).

L’abbondanza atmosferica dei fattori climatici ¢ una conseguenza (i) della quantita emessa o, nel
caso delle nubi cirrus, della quantita formata a causa delle attivita antropiche, e (ii) del loro tasso di
decadimento atmosferico (determinato dalla fisica e dalla chimica atmosferica). L’ impatto climatico
dei CFs dipende dall’efficienza radiativa di ciascun fattore (determinata dalla fisica atmosferica) e
dall’effetto combinato del forzante radiativo di tutti i CFs sugli equilibri energetici planetari e quindi
sul riscaldamento globale (determinato dalla fisica della Terra).

L’impatto climatico di un fattore climatico ¢ maggiore (i) quanto maggiori sono le sue emissioni, (ii)
quanto piu lento ¢ il suo decadimento, oppure (iii) quanto maggiore & la sua efficienza radiativa. Il CO,
¢ 'unico fattore climatico che non decade alle scale temporali di interesse; il suo impatto climatico
dipende quindi dalle sue emissioni cumulative.

Sebbene la durata dei fattori climatici vari da giorni a secoli, la scala temporale degli aggiustamenti
termici globali (anomalia di temperatura in termini scientifici, riscaldamento globale nel linguaggio
comune) ¢ di diverse decine di anni o secoli. Il clima terrestre mostra quindi un’elevata inerzia nel
reagire ai cambiamenti del forzante radiativo.

. Inun linguaggio rilevante per le politiche ma non prescrittivo, il Gruppo intergovernativo sui cambia-

menti climatici (IPCC) conclude che: “Raggiungere emissioni nette zero di CO, o di gas serra richiede
principalmente riduzioni profonde e rapide delle emissioni lorde di CO;, cosi come riduzioni sostanziali
delle emissioni di gas serra non-CQO; (alta fiducia). ... Tuttavia, alcune emissioni residue difficili da
ridurre (ad esempio, alcune emissioni provenienti dall’agricoltura, dall’aviazione, dalla navigazione e
dai processi industriali) rimangono e dovrebbero essere compensate mediante 1’adozione di metodi di

11



rimozione del diossido di carbonio (CDR) per raggiungere emissioni nette zero di CO; o di gas serra
(alta fiducia). Di conseguenza, il raggiungimento di emissioni nette zero di CO, avviene prima del
raggiungimento di emissioni nette zero di gas serra (alta fiducia).” (AR6, Rapporto di Sintesi, SPM,
B6.2, con riferimento alla Figura SPM.5)

9. L’articolo 3 della legge svizzera sul clima e I’innovazione (KIG), cioe la Legge federale sugli obiettivi
climatici, I’innovazione e il ra orzamento della sicurezza energetica, afferma che: (1) ”La Confed-
erazione assicura che I’impatto delle emissioni di gas serra antropogeniche in Svizzera sia pari a
zero entro il 2050 (obiettivo net zero), mediante: (a) la riduzione delle emissioni di gas serra il piu
possibile; e (b) la compensazione dell’impatto delle emissioni residue di gas serra attraverso 1’uso di
tecnologie a emissioni negative in Svizzera e all’estero. (2) Dopo il 2050, la quantita di CO, rimossa e
immagazzinata tramite 1’applicazione di tecnologie a emissioni negative deve superare le emissioni
residue di gas serra.”?

10. Il rapporto del sesto ciclo di valutazione dell’IPCC offre informazioni dettagliate su scala globale, inclusi

scenari per la riduzione di CO; e altri gas serra necessari per limitare il riscaldamento a determinati
livelli, supportati da un database robusto di scenari di emissioni. Tuttavia, questi dati globali non si
traducono direttamente in obiettivi nazionali. La legge KIG svizzera introduce invece un obiettivo
nazionale di net zero e stabilisce diversi obiettivi intermedi da cui ¢ possibile dedurre indirettamente
percorsi di riduzione delle emissioni.
Larticolo 3.1b della KIG prescrive che tutte le emissioni residue devono essere affrontate utilizzando
tecnologie a emissioni negative per raggiungere un ”Wirkung” net zero, la cui quantita ¢ determinata
valutando I’effetto climatico o I’impatto di queste emissioni residue. Questo rapporto identifica due
possibili interpretazioni del termine ”Wirkung” in questo contesto, ovvero: (1) raggiungere emissioni
residue nette zero entro il 2050 (Obiettivo 1), oppure (2) raggiungere un forzante radiativo residuo
zero entro il 2050 (Obiettivo 2). La definizione e la scelta dell’obiettivo sono una decisione politica. In
questo lavoro, valutiamo 1’impatto climatico e i requisiti di rimozione del diossido di carbonio (CDR)
associati a questi obiettivi climatici, quando il CDR inizia (i) solo dal 2050, oppure (ii) gia da questo
decennio.

11. In questo contesto, le emissioni dei CFs non-CO, sono state tradotte in emissioni equivalenti di
CO; utilizzando metriche di equivalenza. Le metriche GWP;g o0 GWP g9 (GWP = potenziale di
riscaldamento globale), quest’ultima utilizzata nell’ambito dell’ Accordo di Parigi, stabiliscono una
proporzionalita nota per sottostimare I’impatto climatico dei CFs su un orizzonte temporale di 20 o
100 anni, rispettivamente, e per sovrastimarlo successivamente. Per compensare queste carenze delle
metriche GWP semplici, ¢ stato proposto I’approccio GWP#*, che non & una metrica ma piuttosto un
modello e non viene utilizzato negli inventari nazionali.

Lo strumento di modellizzazione climatica

12. I modelli climatici semplici, come il modello di riferimento FalR (Finite Amplitude Impulse Response
model), sono in grado di simulare il percorso emissione ¥ concentrazione ¥ forzante radiativo ¥
risposta della temperatura su scala globale e sono tarati per emulare attraverso parametri i Modelli
del Sistema Terrestre (ESMs), che sono tridimensionali, grigliati e espliciti nella rappresentazione dei
processi dinamici e fisici.

?’(1) La Confederazione assicura che I’impatto delle emissioni di gas serra antropogeniche in Svizzera sia pari a zero entro il
2050 (obiettivo net zero), mediante: (a) la riduzione delle emissioni di gas serra il pill possibile; e (b) la compensazione dell’impatto
delle emissioni residue di gas serra attraverso I’uso di tecnologie a emissioni negative in Svizzera e all’estero. (2) Dopo il 2050, la
quantita di CO, rimossa e immagazzinata tramite 1’applicazione di tecnologie a emissioni negative deve superare le emissioni residue
di gas serra.”
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13. Il Modello Climatico Lineare Sempli cato (SLCM) sviluppato e utilizzato in questo lavesempli -
cato rispetto a FalR e calibrato su di esso; le ipotesi principali sono (i) che il forzante radiativo di ogni
CF dipenda solo dalla sua abbondanza, e (ii) che le emissioni di un determinato paese o settore siano
trattate come perturbazioni dell'evoluzione globale delle emissioni di GHG, rendendo i risultati ottenuti
indipendenti dalla composizione atmosferica di fondo. Lo SLCM raggiunge un equilibrio tra seaplicit
ed e cacia, risultando cosino strumento utile per esplorare e valutare comparativamente le tendenze
climatiche causate da diversi scenari di emissione e strategie climatiche.

14. Lo SLCM puw essere utilizzato per svolgere le seguenti tre funzioni:

" Determinare l'impatto climatico (forzante radiativo e risposta della temperatura) di un dato pro lo
di emissioni passato e futuro di uno atF.

Determinare le quanttdi rimozione di CQ necessarie nel tempo per compensare un pro lo di
emissioni inevitabile di un CF non-GOQuesto calcolo viene ettuato tramite I'approccio del
Linear Warming Equivalent (LWE), che nel contesto dello SLCM e delle ipotesi associate fornisce
un risultato esplicito; tale approccio consente anche di ricalcolare le qudn@DR necessarie in
gualsiasi momento, ad esempio ogni anno o ogni determinato numero di anni, durante I'esecuzione
di un percorso di distribuzione di CDR selezionato.

Calcolare retroattivamente il pro lo di forzante radiativo complessivo corrispondente a uno
scenario di riscaldamento speci co (ad esempio mantenere una costante anomalia di temperatura).
Cio e possibile grazie alla lineagitdel quadro SLCM. Il pro lo di forzante radiativo risultante

puo essere tradotto in pro li di emissioni per diversi GHG assegnando quote di allocazione.
La determinazione di tali allocazioni implica considerazioni socio-economiche e politiche che
esulano dall'ambito di questo lavoro.

L'obiettivo di emissioni nette zero

15. Gli impatti climatici dell'agricoltura sono dovuti al metano, @ktirca due terzi, a vita breve) e al
protossido di azoto, PO (circa un terzo, a vita lunga), con eienza radiativa simile; si noti che
nell'inventario delle emissioni svizzero le emissioni di £f@gate all'agricoltura sono per lo yi
attribuite ad altri settori.

16. Gli impatti climatici dell'aviazione derivano da CQgas serra non-C{YGHG) e altri fattori climatici
(in proporzioni non trascurabili che possono variare nel tempo). L'impatto climatico di alcuni di questi
fattori, come le nuvole di cirrog di cile da mediare sia nello spazio che nel tempo, per cui tale
impatto pw essere solo parametrizzato empiricamente nei modelli climatici semplici ed eventualmente
sottoposto ad analisi di sensiblit

17. In questo studio gli impatti climatici, ossia il forcing radiativo e la risposta della temperatura causati
da un dato scenario di emissioni, con o senza CDR, sono calcolati utilizzando I'SLCM con parametri
calibrati usando FalR. Un'analisi di sensitadlithe consideri l'incertezza dei parametri usati in FalR
(per lo pu  20%)e al di fuori dello scopo di questo lavoro. Le emissioni totali di GHG dai settori
dell'agricoltura e dell'aviazione sono raccolte sulla base degli scenari business-as-usual (WWB) e
ZeroBasis da EP20530[4]. Ulteriori dettagli sugli scenari e sulla raccolta dei dati sono forniti nel Rias-
sunto Tecnico e nel Rapporto Tecnico. | requisiti di CDR sono calcolati per garantire emissioni residue
pari a netto-zero nel 2050 per i settori dell'agricoltura e dell'aviazione rispettivamente (Obiettivo 1), o
forcing radiativo netto-zero per le emissioni dei settori dell'agricoltura e dell'aviazione rispettivamente
(Obiettivo 2). Il forcing radiativo netto-zer® de nito qui rispetto ai livelli di forcing radiativo all'inizio
delle emissioni antropogeniche rilevabili dell'agricoltura, ossia I'anno 1690. | requisiti di CDR per
raggiungere I'Obiettivo 1 sono calcolati tramite le metriche di equivalenza &WBWR oo e i modelli
GWP* e LWE. | requisiti di CDR per raggiungere I'Obiettivo 2 possono essere calcolati solo con il
modello LWE (vedi Riassunto Tecnico per ulteriori dettagli).
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18.

19.

20.

21.

22.

Senza l'impiego di CDR, le emissioni WWB (business-as-usual) e ZeroBasis (dal dataset EER2050
BfE Energieperspektiven) nell'agricoltura svizzera porterebbero a una risposta termica a lungo termine
rispettivamente del 100% e del 30% superiore al 1990.

Implementando il CDR per raggiungere gli obiettivi de niti dal KIG per 'agricoltura svizzera, sia
I'obiettivo di emissioni nette zero (Obiettivo 1) sia quello di forcing radiativo netto zero (Obiettivo 2)
portano a risposte di forcing radiativo e temperatura piuttosto simili, ma con requisiti di CDR mwlto pi
elevati nel secondo caso rispetto al primo.

Per l'aviazione svizzera, le emissioni WWB senza implementazione di CDR porterebbero a un con-
tributo di riscaldamento maggiore nel tempo a causa dedt® cumulativo del CQ Le emissioni
ZeroBasis, che presumono I'uso al 100% di carburanti sostenibili privi ¢i (SBF) a partire dal 2050,
porterebbero senza implementazione di CDR a un contributo di riscaldamento a lungo termine circa tre
volte superiore a quello del 1990.

Implementando il CDR per raggiungere il KIG per l'aviazione svizzera, mirare a emissioni nette zero
(Obiettivo 1) porta a un contributo di riscaldamento maggiore rispetto a mirare a un forcing radiativo
netto zero (Obiettivo 2), a causa del contributo molto griande delle emissioni di GO

Per quanto riguarda I'agricoltura svizzera e i relativi requisiti di CDR per soddisfare gli Obiettivi 1 e 2:
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(a) Le emissioni totali di gas a etto serra (GHG) del settore agricolo svizzero nei scenari WWB (a sinistra) e ZeroBasis
(a destra), insieme a un percorso ipotetico di riduzione delle emissioni volto a raggiungere le emissioni nette zero entro il
2050 (linea grigia). Le emissioni sono espresse come percentuale dei livelli del 1990 per facilitarne il confronto. L'area
azzurra chiara evidenzia il divario delle emissioni tra le emissioni totali e I'obiettivo di riduzione, rappresentando i
requisiti di rimozione del carbonio (CDR). L'asse verticale a destra quanti ca la necessaria CDR (valori negativi) per
compensare le emissioni residue di £GH, e N;O. Il metano e l'ossido di azoto vengono convertiti in equivalenti di

CO2 utilizzando vari metriche e modelli di equivalenza: G/BEWPy o, GWP* e LWE.

(b) Anomalia di temperatura indotta dalle emissioni agricole svizzere, espressa come percentuale del riscaldamento
osservato nel 1990. L'anomal@calcolata per scenari in cui la CDR viene implementata per raggiungere emissioni
nette zero a partire dal 2050, utilizzando gli approcci di equivalenza {gVBWP,o, GWP* e LWE.

Figure 5. Emissioni nette zero (Obiettivo 1) nel settore agricolo svizzero.
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Figure 6. Forza radiativa netta zero (Obiettivo 2) nel settore agricolo svizzero. | quattro pannelli
mostrano: (i) le emissioni agricole come percentuale (primo pannello, asse verticale sinistro), dove
il 100% corrisponde ai livelli del 1990 e lo 0% all'inizio delle emissioni agricole antropogeniche nel
1690; (ii) i requisiti di CDR in Mtanno (primo pannello, asse verticale destro), con i tassi di CDR
calcolati utilizzando I'approccio LWE mostrati come valori negativi; (iii) i requisiti cumulativi di CDR

per raggiungere |'obiettivo di forza radiativa netta zero per gli scenari WWB e ZeroBasis; (iv) la forza
radiativa per gli scenari WWB e ZeroBasis e la traiettoria di forza radiativa netta zero dal 2050 (terzo
pannello), dove il 100% corrisponde al livello del 1990 e lo 0% al 1690; e (v) 'anomalia di temperatura
per gli scenari WWB e ZeroBasis, con e senza CDR (quarto pannello), dove il 100% corrisponde al
livello del 1990 e lo 0% al 1690. Le linee tratteggiate rappresentano I'evoluzione della forza radiativa e
dell'anomalia di temperatura con I'implementazione del CDR.

Sotto tutte le ipotesi e per tutti gli scenari considerati in questo studio, sia il metano (a breve
durata) che il protossido di azoto (a lunga durata) svolgono un ruolo importante nel determinare
I'impatto climatico dell'agricoltura svizzera; nessuno dei due pssere trascurato.

Sia le emissioni nette zero (Obiettivo 1) che il forzante radiativo netto zero (Obiettivo 2) possono
essere raggiunti per gli scenari di emissione WWB e ZeroBasis, con risposte termiche a lungo
termine simili. Cb avviene attraverso I'impiego di quaritorrispondenti di CDR a partire dal
2050, che sono molto maggiori per I'Obiettivo 2 rispetto all'Obiettivo 1 e circa il 50% superiori
per lo scenario WWB rispetto a quello ZeroBasis.

Come previsto, l'utilizzo delle metriche di equivalenza del {fasate sul GWP sottostima e
sovrastima la domanda di CDR rispettivamente a breve e lungo termine rispetto alle previsioni
ottenute utilizzando i modelli CDR* e LWE. Questa conclusierstata raggiunta inserendo le
guantita di CDR calcolate con i quattro approcci nel SLCM e poi calcolando gli impatti climatici
corrispondenti. Anche se i valori assoluti stimati sono in uenzati dalle ipotesi del SLCM, la
valutazione comparativa di diversi scenari di emissione e strategie di implementazione del CDR
in termini di impatto climaticae piu robusta rispetto alle ipotesi del modello.

L'uso del SLCM fornisce indicazioni sulle misure che possono ridurre la domanda di CDR, pur
rispettando gli obiettivi climatici. Esempi includono (i) iniziare a implementare il CDR presto
anzicte aspettare no al 2050, (ii) anticipare l'implementazione e ridurre il picco di CDR richiesto
da GWP* e LWE intorno al 2050, e (iii) calcolare a ritroso il CDR necessario per rispettare un
pro lo speci co di risposta termica (ques&una caratteristica innovativa fornita dal SLCM).

23. Per quanto riguarda l'aviazione svizzerae i relativi requisiti di CDR per soddisfare gli Obiettivi 1 e 2:

16



Figure 7. Emissioni nette zero (Obiettivo 1) nel settore dell'aviazione svizzera. | quattro pannelli
mostrano, da sinistra a destra: (i) le emissioni in percentuale (primo pannello, asse verticale sinistro),
dove il 100% corrisponde al livello delle emissioni nel 1990, mentre lo 0% rappresenta il loro livello
all'inizio delle emissioni antropogeniche dell'aviazione,&ivel 1950; (ii) nello stesso primo pannello, i
requisiti di CDR in Mfanno (asse verticale destro del primo pannello), dove i tassi di CDR sono numeri
negativi, a di erenza delle emissioni che sono positive; (iii) i requisiti cumulativi di CDR necessari per
raggiungere l'obiettivo di emissioni nette zero di €Quando le emissioni residue seguono uno dei due
scenari WWB o ZeroBasis (secondo pannello); (iv) il forzante radiativo associato agli scenari WWB e
ZeroBasis con e senza CDR (terzo pannello), quando viene considerato solo I'impatto climatico delle
emissioni di CQ (il 100% e il livello corrispondente indotto dal Cel 1990, e lo 0% nel 1950); (v)
I'anomalia di temperatura associata agli scenari WWB e ZeroBasis con e senza CDR (quarto pannello),
guando viene considerato solo il riscaldamento indotto dal @Q00% e il livello corrispondente

indotto dal CQ nel 1990, e lo 0% nel 1950). Le curve di forzante radiativo e di anomalia di temperatura
senza implementazione di CDR sono mostrate con linee tratteggiate. Raggiungere emissioni nette
zero di CQ nel 2050, iniziando a implementare CDR da quello stesso anno di obiettivo, porta a un
picco di 7 Mtanno per lo scenario WWB, dove I'implementazione di CBRero per il percorso
ZeroBasis (adozione del 100% di SAF). Considerando solo I'impatto climatico dgb€llaviazione

e compensando con CDR solo per queste emissioni, il contributo al riscaldamento a lungo termine del
settoree circa cinque volte maggiore rispetto al 1990.
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Figure 8. Come Figure 29, ma per un Obiettivo 2 di forzante radiativo netto zero. Raggiungere un
forzante netto zero nel 2050, iniziando a implementare CDR dallo stesso anno di obiettivo, porta a un
picco di 240 Mfanno per lo scenario WWB e 190 ;Mhno per lo scenario ZeroBasis. Considerando
solo l'impatto climatico del C@dell'aviazione e compensando con CDR per il suo forcing risultante,

il contributo al riscaldamento del settore viene eliminato a lungo termine.

Il KIG punta a un obiettivo netto-zero entro il 2050, considerando le emissioni dirG®
trascurando gli altri agenti climatici non-GO

Per l'aviazione svizzera, gli scenari emissivi WWB e ZeroBasis mostrarereinze signi cative.
Infatti, lo scenario ZeroBasis assume I'uso al 100% di carburanti sostenibili per I'aviazione (SAFs)
carbon-neutral a partire dal 2050, ignorando il fatto che la produzione di SAFcamunque
un'impronta di carbonio non trascurabile, come dimostrato dalla recente letteratura scienti ca
pertinente.

| due punti precedenti evidenziano che sia le disposizioni del KIG sia gli scenari di emissione
considerati rendono dicile ottenere requisiti di CDR signi cativi dal punto di vista dell'impatto
climatico e comparabili tra loro.

Questo studio dimostra che, anche sotto le ipotesi delineate, il raggiungimento degli Obiettivi 1 e
2 comporta requisiti di CDR molto elevati.

Anche nel caso dell'aviazione, un'implementazione precoce del CDR riduce i picchi e i requisiti
cumulativi di CDR. Tuttavia, sembra che raggiungere livelli di CDR praticabili richieda due tipi
di misure oltre alla compensazione tramite CDR: (i) una signi cativa riduzione delle emissioni
rispetto allo scenario ZeroBasis, che implicherebbe una diminuzione deldraereo a causa di
una riduzione della domanda, e (ii) I'attuazione di misure per aumentareibmza climatica
dell'aviazione, attraverso una gestione ottimizzata dei singoli voli sotto tutti gli aspetti possibili.

La s da

24. Raggiungere nel 2050 emissioni nette pari a zero (Obiettivo 1) o forzante radiativa nulla (Obiettivo
2) per l'agricoltura svizzera nello scenario ZeroBasis tramite 'implementazione di CDR a partire
dal 2050e possibile, a condizione che vengano generate gaantitcientemente grandi di CDR. A
seconda dell'approccio utilizzato, metriche GWP o modelli GWP* e LWE, le quaditi€CDR stimate
di eriscono, in particolare nel lungo termine. La risposta termica associata a qualsiasi scenario di
emissioni e strategia di implementazione del CDR deve considerasttedi tutti i forzanti climatici
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25.

26.

rilevanti, ossia metano, protossido di azoto e anidride carbonica, e deve essere calcolata utilizzando
un modello climatico; approcci diversi per calcolare il fabbisogno di CDR portano a risposte termiche
di erenti. L'SLCM utilizzato in questo studio @e un compromesso tra semplaci accuratezza nella
previsione degli impatti climatici, rivelandosi utile per valutare comparativamentette di diverse
politiche climatiche.

Per raggiungere emissioni nette pari a zero per l'aviazione svizzera dal 2050 nello scenario ZeroBasis, in
linea di principio, nore richiesto alcun CDR se si considerano solo le emissioni @i, G@scludono gli

e ettinon-CQ e si assumono SAF con un'impronta di carbonio pari a zero. In pratica, tuttavia, I'SLCM
prevede un'anomalia di temperatura diverse volte superiore a quella del 1990 in queste condizioni.
Quando si includono gli eetti non-CQ, il tasso massimo di implementazione di CDR necessario
nel 2050 e il CDR cumulativo richiesto durante il secolo raggiungono livelli che da oggi sembrano
di cilmente realizzabili.

| requisiti di CDR determinati in questo studio rappresentano una s da imponente sia per scala sia
per velocia di implementazione. Tali requisiti, mantenendo gli stessi obiettivi climatici, possono
essere ridotti solo (i) avviando immediatamente I'implementazione di CDR invece che nel 2050, (ii)
scegliendo percorsi per le emissioni residue @mbiziosi rispetto allo scenario ZeroBasis, e (iii)
adottando cambiamenti strutturali, inclusa la riduzione della domanda e misure speci che per settore,
la cui considerazione e discussione sono al di fuori dell'ambito di questo studio.
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Zusammenfassung

Der Umfang

1.

Diese Studie wurde vor der Genehmigung und nach der Verabschiedung des Schweizer Klima- und In-
novationsgesetzes (KIG, Juni 2023) in Auftrag gegeben und abgeschlossen, d.h. uintksiBetigung
der Implikationen ir die Klimapolitik.

. Das Ziel der Studie ist es, mit besonderer iBdssichtigung der Klimawirkungen der Schweizer

Landwirtschafts- und Luftfahrtsektoren, die folgenden beiden Fragen zu beantworten:

" Welche wissenschatftlich fundierten Rahmenwerke sind geeignet, um die Emissionen von Nicht-
CO»-Klimafaktoren bei der Entwicklung von Klimapolitikstrategien und der Wirkungsbewertung
zu beiicksichtigen?

" Wie hoch sind die entsprechenden Mengen an-E6tfernungen (CDR), die erforderlich sind,
um den Anforderungen des KIG, Art.3, zu entsprechen, untdidksrchtigung der relevanten
Emissionsminderungswege, insbesondere der langfristigen Klimastrategie, die auf den Energieper-
spektiven 2058 basiert?

. Der allgemeine Ansatz zur Beantwortung dieser Fragen basiert in dieser Studie auf der Nutzung eines

vereinfachten Klimamaodells, das sowohl (i) die Klimawirkung von gegebenen Emissionen von Nicht-
CO»-Klimafaktoren berechnen kann als auch (ii) die entsprechenden Mengen an QRt®nechnen
kann, die erforderlich sind, um ihre Auswirkungen zu kompensieren.

Der Kontext

4,

Der Klimawandel und die globale EBsmung sind die Folge des Anstiegs des Strahlungsantriebs, der
durch Klimatreiber (CFs) in der Atmosgle verursacht wird, d. h. GOnicht-CG Treibhausgase
(THGs, z. B. CH, N2O, NOx, SOx, Wasserdampf) und andere St¢Aerosole, Rul3, Zirruswolken).

. Die atmosphrische Konzentration von Klimatreibern ist eine Folge (i) der ausgestoRenen Menge

oder, im Fall von Zirruswolken, der durch anthropogene Akiigt gebildeten Menge und (ii) ihrer
atmosphrischen Abbaurate (bedingt durch atmagjgche Physik und Chemie). Der durch die CFs
verursachte Klimaein uss ergibt sich aus der Strahlunggenz jedes einzelnen Treibers (bedingt
durch die atmospirische Physik) und dem kombiniertenékt der Strahlungseiriisse aller Treiber
auf die planetaren Energiebilanzen und damit auf die globalé@iEmwng (bedingt durch die Physik der
Erde).

. Der Klimaein uss eines Klimatreibers ist gier, (i) je gdlier seine Emissionen, (ii) je langsamer sein

Abbau oder (iii) je ldher seine Strahlungseienz ist. CQ ist der einzige Klimatreiber, der auf den
betrachteten Zeitskalen nicht abgebaut wird; sein Klimaein ussgh daher von seinen kumulativen
Emissionen ab.

. Wahrend die Lebensdauern von Klimatreibern von Tagen bis zu Jahrhunderten variieidegt,detr

Zeitskala globaler thermischer Anpassungen (Temperaturanomalie in wissenschaftlichermBegri
globale Ervarmung im allgemeinen Sprachgebrauch) mehrere Jahrzehnte bis Jahrhunderte. Das Klima
der Erde reagiert daher mit hohei&gheit auf Veanderungen des Strahlungsantriebs.

. In einerpolitikrelevanten, aber nicht politikvorschreibend®prache kommt der Weltklimarat (IPCC) zu

dem Schluss, dass: "Das Erreichen von Netto-Null.C@ler THG-Emissionen erfordert in erster Linie
tiefe und schnelle Reduzierungen der Bruttoemissionen vonsgoWie substanzielle Reduzierungen
der nicht-CQ-THG-Emissionen (hohe Sicherheit). ... Einige schwer reduzierbare verbleibende THG-
Emissionen (z. B. einige Emissionen aus der Landwirtschaft, dem Luftverkehr, deféohiund
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10.

11.

industriellen Prozessen) bleiben jedoch bestehen ursstan durch den Einsatz von Technologien zur
Entfernung von Kohlendioxid (CDR) kompensiert werden, um Netto-Nulb-G@der THG-Emissionen
zu erreichen (hohe Sicherheit). Daher wird Netto-Null-Gfiher erreicht als Netto-Null-THGs (hohe
Sicherheit).” (AR6, Synthesebericht, SPM, B6.2, mit Bezug auf Abbildung SPM.5)

. Artikel 3 des Schweizer Klima- und Innovationsgesetzes (KIG), d. hBdeslesgesetz tiber Klimaziele,

Innovation und Starkung der Energiesicherhb#sagt: (1) "Der Bund sorgt daf dass die Wirkung

der in der Schweiz anfallenden von Menschen verursachten Treibhausgasemissionen bis zum Jahr 2050
Null betragt (Netto-Null-Ziel), indem: (a) die Treibhausgasemissionen so wéglich vermindert
werden; und (b) die Wirkung der verbleibenden Treibhausgasemissionen durch die Anwendung von
Negativemissionstechnologien in der Schweiz und im Ausland ausgeglichen wird. (2) Nach dem Jahr
2050 muss die durch die Anwendung von Negativemissionstechnologien entfernte und gespeicherte
Menge an CQdie verbleibenden Treibhausgasemissioileartre en.®

Der IPCC-Bericht zur 6. Bewertung bietet umfassende Informationen auf globaler Ebene, einschlief3lich
detaillierter Szenarienif die Reduzierung von CQund anderen Treibhausgasen, die erforderlich
sind, um die Enarmung auf bestimmte Werte zu begrenzen, uritestiurch eine robuste Emission-
sszenariodatenbank. Diese globalen Daten lassen sich jedoch nicht direkt in nationalb&listtzen.
Stattdesserihrt das Schweizer KIG ein nationales Netto-Null-Ziel ein und legt mehrere Zwischenziele
fest, aus denen indirekt Emissionsminderungspfade abgeleitet wesdeark

Artikel 3.1b des KIG schreibt vor, dass verbleibende Emissionen durch negative Emissionstechnologien
adressiert werden iissen, um Netto-Null-Wirkung zu erreichen, deren Menge durch die Bewertung des
Klimae ekts oder der Auswirkungen dieser Restemissionen bestimmt wird. Dieser Bericht identi ziert
zwei mogliche Interpretationen des Begsi "Wirkung” in diesem Kontext, amlich: (1) Netto-Null-
Restemissionen bis 2050 (Ziel 1) zu erreichen, oder (2) bis 2050 eine Null-Rest-Strahlungswirkung
(Ziel 2) zu erreichen. Die De nition und Wahl des Ziels ist eine politische Entscheidung. In dieser
Arbeit bewerten wir die Klimaauswirkungen und den Bedarf an Kohlendioxid-Entfernung (CDR) in
Verbindung mit diesen Klimazielen, wenn CDR entweder (i) erst ab 2050 oder (ii) bereits ab diesem
Jahrzehnt eingesetzt wird.

In diesem Zusammenhang wurden Emissionen nichd-Cl inaquivalente C@-Emissionen umgerech-

net, indemAquivalenzmetriken verwendet wurden. Die GWPoder GWRgg-Metriken (GWP=

Global Warming Potential), die letztere im Rahmen des Pariser Abkommens verwendet, legen eine
Proportionaliit fest, die dair bekannt ist, den Klimaein uss von Cleber einen Zeitraum von 20 oder

100 Jahren zu unterséatzen und danach Ziberscltzen. Um diese unefimschten Nachteile einfacher
GWP-Metriken zu kompensieren, wurde der GWP*-Ansatz vorgeschlagen, der keine Metrik, sondern
ein Modell ist und in nationalen Inventaren nicht verwendet wird.

Das Klimamodell

12.

Einfache Klimamodelle, wie das Benchmark-Modell FalR (Finite Amplitude Impulse Response model),
konnen den global gemittelten Pfad EmissiorKonzentration  Strahlungsantrieb Temperatur-
reaktion simulieren und sind durch Parametrisierungen so abgestimmt, dass sie die Erdsystemmaodelle
(ESMs) nachbilden, die dreidimensional, rasterbasiert und explizit in der Darstellung dynamischer und
physikalischer Prozesse sind.

¥(1) Der Bund sorgt dafr, dass die Wirkung der in der Schweiz anfallenden von Menschen verursachten Treibhausgasemissionen
bis zum Jahr 2050 Null beigt (Netto-Null-Ziel), indem: (a) die Treibhausgasemissionen so wiiflich vermindert werden; und (b)

die Wirkung der verbleibenden Treibhausgasemissionen durch die Anwendung von Negativemissionstechnologien in der Schweiz
und im Ausland ausgeglichen wird. (2) Nach dem Jahr 2050 muss die durch die Anwendung von Negativemissionstechnologien
entfernte und gespeicherte Menge an,@@ verbleibenden Treibhausgasemissiotieartre en.”
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13. Das in dieser Arbeit entwickelte und verwendete Vereinfachte Lineare Klimamodell (SLCM) istim
Vergleich zu FalR vereinfacht und darauf kalibriert; die wichtigsten Annahmen sind (i), dass der
Strahlungsantrieb jedes CFs nur von seiner Konzentratioarahhund (i), dass die Emissionen eines
bestimmten Landes oder Sektors ald8r8hgen der globalen Entwicklung der Treibhausgasemissionen
behandelt werden, sodass die erhaltenen Ergebnisseangigivon der Hintergrundzusammensetzung
der Atmosplare sind. Das SLCM ndet ein Gleichgewicht zwischen Einfachheit undKavitat und
ist daher ein iitzliches Werkzeug, um Klimatrends, die durch verschiedene Emissionsszenarien und
Klimastrategien verursacht werden, zu untersuchen und vergleichend zu bewerten.

14. Das SLCM kannifr die folgenden drei Aufgaben verwendet werden:

" Bestimmung des Klimaeekts (Strahlungsantrieb und Temperaturreaktion) eines gegebenen
historischen und zuilnftigen Emissionspro Is von einem oder mehreren CFs.

Bestimmung der béitigten CQ-Entfernungsraten im Laufe der Zeit, um ein unvermeidliches
Emissionspro | eines nicht-C®CFs zu kompensieren. Diese Berechnung erfalggr den
Ansatz des Linearen Edvmunggaquivalents (LWE), der im Rahmen des SLCM und unter
den zugebrigen Annahmen ein explizites Ergebnis liefert; dieser Ansatdglicht auch die
Neuberechnung der bétigten CDR-Mengen zu jedem Zeitpunkt, z.Bhylich oder in bestimmten
Zeitabsanden, vahrend der Durclithrung eines ausgélten CDR-Pfads.

Rickberechnung des gesamten Strahlungsantriebspro Is, das einem vorgegebeirenLBgygszenario
entspricht (z.B. Aufrechterhaltung einer konstanten Temperaturanomalie). Dies ist dank der
Linearitat des SLCM-Rahmens aglich. Das resultierende Strahlungsantriebspro | kann in
Emissionspro le fir verschiedene Treibhausgageersetzt werden, indem Zuweisungsquoten
festgelegt werden. Die Festlegung dieser Zuweisungen erfordert&oniomische und politische
Uberlegungen, die nicht Gegenstand dieser Arbeit sind.

Das Netto-Null-Ziel

15. Die Klimawirkungen der Landwirtschaft werden durch Methan ,Gétwa zwei Drittel, kurzlebig) und
Disticksto oxid, N,O (etwa ein Drittel, langlebig) verursacht, wobei beide éihaliche Strahlungsef-
zienz aufweisen; beachten Sie, dass in der Schweizer EmissionsinventdE@@sionen aus der
Landwirtschaft gbl3tenteils anderen Sektoren zugeordnet werden.

16. Die Klimawirkungen der Luftfahrt ergeben sich aus £@icht-CQ-Treibhausgasen (GHGs) und
anderen Klimatreibern (in nicht vernaélskigbaren Anteilen, die siétber die Zeitandern knnen).
Die Klimawirkung einiger dieser Klimatreiber, z. B. Zirruswolken, ist sow@hlmlich als auch zeitlich
schwer zu mitteln, weshalb solche Wirkungen nur empirisch in einfachen Klimamodellen parametrisiert
werden lbnnen und, falls erforderlich, einer SensitAtganalyse unterzogen werden.

17. In dieser Studie werden die Klimawirkungen, d. h. Strahlungsantrieb und Temperaturreaktion durch ein
gegebenes Emissionsszenario, mit oder ohne CDR, unter Verwendung des SLCM mit auf FalR kalibri-
erten Parametern berechnet. Eine Sensitisétnalyse, die die Unsicherheit der in FalR verwendeten
Parameter (meist20%) beiicksichtigt, liegt aul3erhalb des Umfangs dieser Arbeit. Gesamtemissio-
nen von GHGs aus den Bereichen Landwirtschaft und Luftfahrt basieren auf den Business-as-usual
(WWB)- und ZeroBasis-Szenarien aus EP20%48)]. Zusatzliche Details zu den Szenarien und zur
Datenerhebung nden Sie in der Technischen Zusammenfassung und im Technischen Bericht. Die
CDR-Anforderungen werden berechnet, um netto-null Restemissionen bisi20dié L andwirtschaft
und den Luftfahrtsektor zu gedarleisten (Ziel 1) oder netto-null Strahlungsantrieb aus den Emissio-
nen der Landwirtschaft und des Luftfahrtsektors (Ziel 2). Netto-null Strahlungsantrieb wird hier mit
Bezug auf die Strahlungsantriebsniveaus zu Beginn der nachweisbaren anthropogenen Landwirtschaft-
semissionen, d. h. das Jahr 1690, de niert. Die CDR-Anforderunge#i€l 1 werden mittels der
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18.

19.

20.

21.

22.

Aquivalenzmetriken GWE und GWR o sowie der Modelle GWP* und LWE berechnet. Die CDR-
Anforderungen zur Erreichung von Ziel ®knen nur mit dem LWE-Modell berechnet werden (siehe
Technische Zusammenfassuiig Weitere Details).

Ohne den Einsatz von CDRinden WWB-Emissionen (Business-as-usual) und ZeroBasis-Emissionen
(aus dem EP2056Datensatz der BfE Energieperspektiven) in der Schweizer Landwirtschaft zu einer
langfristigen Temperaturreaktioilliren, die 100% bzw. 30%dher ist als 1990.

Beim Einsatz von CDR zur Erreichung der Ziele nach Kittdie Schweizer Landwirtschafifiren
sowohl das Ziel netto-null Emissionen (Ziel 1) als auch netto-null Strahlungsantrieb (Ziel 2) zu
ahnlichen Strahlungsantriebs- und Temperaturreaktionen, wobei die CDR-Anforderungen im letzteren
Fall wesentlich Bher sind als im ersten.

Ohne den Einsatz von CDRunden WWB-Emissionen der Schweizer Luftfahrt im Laufe der Zeit zu
einem gblReren Enarmungsbeitragifhren, was auf den kumulativen Ekt von CQ zuriickzufihren

ist. ZeroBasis-Emissionen, die ab 2050 den 100%-Einsatz vgrfféi@n nachhaltigen Flugkraftsten
(SAFs) voraussetzen,iwden ohne CDR-Einsatz zu einem langfristigen &mwungsbeitragifhren, der
etwa dreimal gdl3er ist als 1990.

Beim Einsatz von CDR zur Umsetzung des Ki@ tlie Schweizer Luftfahrtifhrt die Zielsetzung netto-
null Emissionen (Ziel 1) zu einenbheren En@rmungsbeitrag als das Ziel netto-null Strahlungsantrieb
(Ziel 2), was auf den wesentlich@geren Beitrag durch GEEmissionen zdickzufuhren ist.

Bezlglich der Schweizer Landwirtschaft und der damit verbundenen CDR-Anforderungen @ilurgyf
der Ziele 1 und 2:
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(a) Gesamte WWB (links) und ZeroBasis (rechts) Treibhausgasemissionen aus dem Schweizer Landwirtschaftssektor,
zusammen mit einem hypothetischen Emissionsminderungsweg, der darauf abzielt, bis 2050 netto-null Emissionen
zu erreichen (graue Linie). Die Emissionen werden als Prozentsatz der Emissionen von 1990 dargestellt, um den
Vergleich zu erleichtern. Der hellblaue Bereich hebt die Emissimksl zwischen den Gesamtemissionen und dem
Reduktionsziel hervor, was die Anforderungen an die<Edtfernung (CDR) darstellt. Die rechte vertikale Achse
quanti ziert die erforderliche CDR (als negative Zahl dargestellt), um die verbleibenden Emissionen ypo@HKLO

und N,O auszugleichen. Methan und Distickstxid werden mit verschiedendiguivalenzmetriken und Modellen in
CO,-Aquivalente umgerechnet: GW§ GWP, o, GWP* und LWE.

(b) Temperaturabweichung (Figure 22b) verursacht durch die Emissionen der Schweizer Landwirtschaft)ektsgjedr
Prozentsatz der Edvmung, die 1990 beobachtet wurde. Die Abweichung wirdSzenarien berechnet, in denen CDR
eingesetzt wird, um ab 2050 netto-null Emissionen zu erreichen, unter Verwenduhkguieslenzanatze GWRq,
GWP,y, GWP* und LWE.

Figure 9. Netto-null Emissionen (Ziel 1) im Schweizer Landwirtschaftssektor.
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Figure 10. Netto-null radiative forcing (Ziel 2) im Schweizer Landwirtschaftssektor. Die vier Panels
zeigen: (i) Landwirtschaftsemissionen als Prozentsatz (erstes Panel, linke vertikale Achse), wobei
100% den Emissionen von 1990 entsprechen und 0% dem Beginn der anthropogenen Landwirtschaftse-
missionen im Jahr 1690; (ii) CDR-Anforderungen in/Béthr (erstes Panel, rechte vertikale Achse),
wobei die CDR-Raten mit dem LWE-Ansatz als negative Werte dargestellt sind; (iii) kumulative CDR-
Anforderungen, um das Ziel des netto-null radiative forciimgdie WWB- und ZeroBasis-Szenarien zu
erreichen; (iv) radiative forcingir die WWB- und ZeroBasis-Szenarien sowie die netto-null radiative
forcing-Trajektorie ab 2050 (drittes Panel), wobei 100% dem Niveau von 1990 und 0% dem Jahr
1690 entspricht; und (v) Temperaturabweichuagdie WWB- und ZeroBasis-Szenarien, mit und
ohne CDR (viertes Panel), wobei 100% dem Niveau von 1990 und 0% dem Jahr 1690 entspricht. Die
gestrichelten Linien stellen die Entwicklungen von radiative forcing und Temperaturabweichung mit
CDR-Umsetzung dar.

~

Unter allen Annahmen undif alle hier betrachteten Szenarien spielen sowohl Methan (kurzlebig)
als auch Distickstooxid (langlebig) eine wichtige Rolle bei der Bestimmung der Klimawirkung
der Schweizer Landwirtschaft; keines von beiden kann veraasligt werden.

Sowohl netto-null Emissionen (Ziel 1) als auch netto-null Strahlungsantrieb (Ziéir2)en fir

die WWB- und die ZeroBasis-Emissionsszenarien erreicht werder@hmiichen langfristigen
Temperaturreaktionen. Dies geschieht durch den Einsatz entsprechender Mengen an CDR ab 2050,
die fur Ziel 2 wesentlich gil3er sind alsifr Ziel 1 und etwa 50% ther fur das WWB-Szenario

im Vergleich zum ZeroBasis-Szenario.

Wie erwartet, unterséizen undiberschktzen die auf GWP basierenden géquivalenzmetriken

die CDR-Nachfrage im Vergleich zu den Vorhersagen mit den Modellen CDR* und LWE kurz-
bzw. langfristig. Zu diesem Schluss kam man, indem die mit den viea#&es berechneten
CDR-Mengen in das SLCM eingegeben und dann die entsprechenden Klimawirkungen berechnet
wurden. Selbst wenn die absoluten Werte von den Annahmen des SLCM beein usst werden, ist
die vergleichende Bewertung verschiedener Emissionsszenarien und CDR-Strategien hinsichtlich
ihrer Klimawirkungen robuster gegéber den Modellannahmen.

Die Verwendung des SLCM bietet Einblicke, welche Mal3hahmen die CDR-Nachfrage reduzieren
konnen, viahrend die Klimaziele weiterhin étit werden. Beispiele umfassen (i) defilfizeitigen
Beginn des CDR-Einsatzes statt bis 2050 zu warten, (ii) die Vorverlegung des Einsatzes und die
Reduzierung des CDR-Spitzenwerts, den GWP* und LWE um 2050 herum erfordern, und (iii)
die Rickberechnung der CDR, die erforderlich ist, um ein bestimmtes Temperaturreaktionspro |
einzuhalten (dies ist eine neue Funktion, die vom SLCM bereitgestellt wird).
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23. Was die Schweizer Luftfahrt und der damit verbundenen CDR-Anforderungen ZUluBd der Ziele 1
und 2:

Figure 11. Netto-null Emissionen (Ziel 1) im Schweizer Luftfahrtsektor. Die vier Panels zeigen von
links nach rechts: (i) die Emissionen in Prozent (erstes Panel, linke vertikale Achse), wobei 100%
dem Emissionsniveau von 1990 entsprechen und 0% dem Niveau zu Beginn der anthropogenen
Luftfahrtemissionen, d. h. dem Jahr 1950; (ii) im gleichen ersten Panel die CDR-Anforderungen in
Mt/Jahr (rechte vertikale Achse des ersten Panels), wobei CDR-Raten als negative Werte dargestellt
werden, im Gegensatz zu den Emissionen, die positive Werte haben; (iii) die kumulierten CDR-
Anforderungen, die erforderlich sind, um das Ziel der Netto-@@b-Emissionen zu erreichen, wenn

die Restemissionen entweder dem WWB- oder ZeroBasis-Szenario folgen (zweites Panel); (iv) das
zugelbrige radiative forcing iir die WWB- und ZeroBasis-Szenarien mit und ohne CDR (drittes
Panel), wenn nur die Klimaauswirkungen @&D,-Emissionen bércksichtigt werden (100% entspricht

dem entsprechenddgbO,-induzierten Niveau von 1990 und 0% dem Niveau von 1950); (iv) die
zugeldrige Temperaturabweichungirf die WWB- und ZeroBasis-Szenarien mit und ohne CDR
(viertes Panel), wenn nur dieéO,-induzierte Erviarmung beiiicksichtigt wird (100% entspricht dem
entsprechende@O,-induzierten Niveau von 1990 und 0% dem Niveau von 1950). Die Radiative
forcing- und Temperaturabweichungskurven ohne CDR-Umsetzung sind durch gestrichelte Linien
dargestellt. Das Erreichen von Netto-nGID,-Emissionen im Jahr 2050, bei dem CDR nur ab diesem
Zieljahr eingesetzt wird,ifhrt zu einem Spitzenwert von 7 Mahr fir das WWB-Szenario, wobei der
CDR-Einsatz iir den ZeroBasis-Weg (100% SAF-Nutzung) null ist. Wenn nur die Klimaauswirkungen
von Luftfahrt-CO, beriicksichtigt werden und diese Emissionen mit CDR kompensiert werden, ist der
langfristige Ervérmungsbeitrag des Sektors etwafimal so hoch wie im Jahr 1990.
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Figure 12. Wie Figure 29, jedochifr ein Ziel 2 von netto-null radiative forcing. Das Erreichen von
netto-null radiative forcing im Jahr 2050, bei dem CDR nur ab diesem Zieljahr eingesetztihird, f
zu einem Spitzenwert von 240 Mahr fir das WWB-Szenario und 190 Mahr fir das ZeroBasis-
Szenario. Wenn nur die Klimaauswirkungen von Luftfa@@®- bericksichtigt werden und diese mit
CDR kompensiert werden, wird der langfristige Bnmungsbeitrag des Sektors vadlistlig beseitigt.

" Das KIG strebt ein Netto-Null-Zielifr 2050 an, wobei C@beiticksichtigt, andere nicht-CO
Klimafaktoren jedoch vernach$sigt werden.

Fur die Schweizer Luftfahrt zeigen die WWB- und ZeroBasis-Emissionsszenarien deutliche
Unterschiede. Taézhlich geht das ZeroBasis-Szenario davon aus, dass ab 2050 100% kohlen-
sto neutrale nachhaltige Flugkraftste (SAFs) eingesetzt werden, wolidiersehen wird, dass

die Produktion von SAFs dennoch einen nicht unerheblichespr@abdruck hinterlassen wird,

wie in der aktuellen, relevanten wissenschaftlichen Literatur nachgewiesen.

Die beiden vorherigen Punkte verdeutlichen, dass sowohl die Bestimmungen des KIG als auch
die betrachteten Emissionsszenarien es erschweren, CDR-Anforderungen zu ermitteln, die aus
klimawirksamer Sicht sinnvoll und vergleichbar sind.

Diese Studie zeigt, dass selbst unter den beschriebenen Annahmeridiengron Ziel 1 und
Ziel 2 zu sehr hohen CDR-Anforderungeihft.

Auch im Fall der Luftfahrt reduziert ein fihzeitiger Einsatz von CDR die Spitzen- und die
kumulativen CDR-Anforderungen. Es scheint jedoch, dass das Erreichen praktikabler CDR-
Niveaus zwei weitere Malinahmen erfordert, isher die Kompensation durch den CDR-Einsatz
hinausgehen: (i) eine signi kante Reduzierung der Emissionen im Vergleich zum ZeroBasis-
Szenario, was eine Verringerung des Flugverkehrs aufgrund einer sinkenden Nachfrage implizieren
wirde, und (ii) die Implementierung von MalRnahmen zur Steigerung der Klimiaez der
Luftfahrt durch eine optimierte Steuerung der einzelndrgElaus allen kglichen Perspektiven.

Die Herausforderung

24. Das Erreichen entweder von Netto-Null-Emissionen (Ziel 1) oder von null Strahlungsantrieb (Ziel
2) im Jahr 2050ir die Schweizer Landwirtschaft im ZeroBasis-Szenario durch den Einsatz von
CDR ab 2050 ist machbar, vorausgesetzt, es werden ausreichend grol3e Mengen an CDR generiert.
Abhangig von der verwendeten Methode, GWP-Metriken oder GWP*- und LWE-Modellen, unterschei-
den sich die gesétizten CDR-Mengen, insbesondere langfristig. Diedtiche Temperaturreaktion
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25.

26.

im Zusammenhang mit einem beliebigen Emissionsszenario und einer beliebigen CDR-Strategie muss
die Wirkung aller relevanten Klimafaktoren leksichtigen, d.h. Methan, Lachgas und Kohlendioxid,

und muss mit einem Klimamodell berechnet werden; unterschiedlichét2engur Berechnung des
CDR-Bedarfs fihren zu unterschiedlichen Temperaturreaktionen. Das in dieser Studie verwendete
SLCM bietet einen Kompromiss zwischen Einfachheit und Genauigkeit bei der Vorhersage der Kili-
mawirkungen, was sich alditelich fur die vergleichende Bewertung verschiedener Klimapolitiken
erweist.

Um Netto-Null-Emissionenifr die Schweizer Luftfahrt ab 2050 im ZeroBasis-Szenario zu erreichen,

ist theoretisch kein CDR erforderlich, wenn nur &£Bmissionen béicksichtigt, nicht-CQ-E ekte aus-
geschlossen und SAFs mit einem kohlen$teien FulRabdruck angenommen werden. Praktisch jedoch
sagt das SLCM unter diesen Bedingungen eine Temperaturanomalie voraus, die um ein Mehrfaches
groRer ist als 1990. Wenn nicht-G@& ekte einbezogen werden, erreichen die erforderliche Spitzen-
CDR-Rate im Jahr 2050 und der kumulative CDR-Bedarf im Laufe des Jahrhunderts Niveaus, die aus
heutiger Sicht wahrscheinlich nicht realisierbar sind.

Die in dieser Studie ermittelten CDR-Anforderungen stellen eine enorme Herausforderung sowohl hin-
sichtlich des Umfangs als auch der Geschwindigkeit der Implementierung dar. Solche Anforderungen
konnen bei gleichbleibenden Klimazielen nur reduziert werden, (i) indem die CDR-Implementierung
sofort und nicht erst 2050 beginnt, (ii) indem ambitioniertere Pfédalie Restemissionen als Ze-
roBasis gewvhlt werden, und (iii) durch Durchsetzung strukturellerareterungen, einschlief3lich
einer Reduzierung der Nachfrage und sektorenspezi scher MalRnhahmen, deiiekdggrtigung und
Diskussion jedocliiber den Rahmen dieser Studie hinausgehen.
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Resune Executif

Le cadre

1.

Cetteétude aéte commande avant et achée apes l'approbation de la loi suisse sur le climat et
I'innovation (KIG, juin 2023), c'esta-dire laLoi fedérale sur les objectifs de protection du climat,
l'innovation et le renforcement de la sécurité énergétiqeretenant compte de ses implications pour la
politique climatique.

. L'objectif de I'étude est, en prenant en comptéamuement les impacts climatiques des secteurs

agricoles et de l'aviation suisses, dgondre aux deux questions suivantes:

" Quels sont, du point de vue scienti que, les cadres appesppour prendre en compte les
émissions des fgages climatiques non-GQorsqu'on vise des stragies de politique climatique
et |I'évaluation des impacts?

" Quelles sont les quantis correspondantes de retrait de dioxyde de carbone (C&R}pgaires
pour se conformea la KIG, Art.3, en tenant compte des trajectoiresé@&hfuction deg€missions
pertinentesa savoir la stratgie climatiquea long terme fonée sur les Perspectivésergtiques
2050+7?

. L'approche @nrérale pour aborder ces questions dans @&ittde repose sur l'utilisation d'un meb

climatique simpli & qui permet la fois (i) de calculer I'impact climatique désnissions donges de
forcages climatiques non-CQet (ii) de calculer &troactivement les quartts correspondantes de CDR
nécessaires pour annuler leursets.

Le contexte

4.

Le changement climatique et leadhau ement climatique sont la coaguence de lI'augmentation du
forcage radiatif caltse par les agents climatiques (CFs) dans I'atmesplt'esta-dire le CQ, les gaz

a e et de serre autres que le @@GES, par exemple CHN>O, NOx, SOx, vapeur d'eau) et d'autres
substances &osols, carbone noir, nuages cirrus).

L'abondance atmosy@nique des agents climatiques est une éqagnce (i) de la quantiEmise ou,
dans le cas des nuages cirrus, de la guafditmée en raison des actigs anthropiques, et (ii) de
leur taux de égradation atmosghique (é&termiré par la physique et la chimie atmogpigues).
Limpact climatique des CFs esfic I'e caci€ radiative de chaque agenéfdrmiree par la physique
atmospkrique) eta I'e et combiré du fogage radiatif de tous les CFs sur les bil@mergtiques
plarétaires et donc sur l&chau ement global (8termiré par la physique terrestre).

L'impact climatique d'un agent climatique est plus important (i) plus&msssions sorglewees, (ii)
plus sa égradation est lente, ou (iii) plus son eacig radiative estlevee. Le CQ est le seul agent
climatique qui ne se&frade paa I'échelle des temps congiés; son impact climatiqueeppend donc
de se€missions cumeéles.

Bien que la duge de vie des agents climatiques varie de quelques gopitssieurs sicles, lechelle
temporelle des ajustements thermiques globaux (anomalie dé&tate en termes scienti ques,
rechau ement climatique dans le langage courari}eshd sur plusieursedennies des scles. Le
climat terrestre grsente donc une grande inertie face aux changements de forgage radiatif.

Dans un langagpertinent pour les politiques mais non prescriplef Groupe d'experts intergouverne-
mental sur [evolution du climat (GIEC) conclut que : "Pour atteindre un niveau éet d'e€missions de
CO, ou de GES, il faut principalement desductions profondes et rapides @esissions brutes de GO
ainsi que deséductions substantielles demissions de GES non-G@niveau de con anc&lew).
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... Cependant, certainésnissions ésiduelles di cilesa réduire (par exemple, certainémissions
provenant de l'agriculture, de l'aviation, de la navigation et desgues industriels) subsisteront et
devrontétre comperees par le dploiement de @thodes celimination du dioxyde de carbone (CDR)
pour atteindre un niveau neémw d'émissions de CPou de GES (niveau de con an@ee). Par
congquent, le niveau netro pour le CQ est atteint plustt que celui pour les GES (niveau de
con anceélew).” (AR6, Rapport de syn#se, SPM, B6.2, aveéféerencea la gure SPM.5)

9. Larticle 3 de la loi suisse sur le climat et I'innovation (KIG), c'estelire laLoi fedérale sur les objectifs
climatiques, I'innovation et le renforcement de la sécurité énergétispijgule : (1) "La Conécération
veille a ce que l'impact deémissions de gaaz e et de serre anthropiques en Suisse soit nul d'ici 2050
(objectif net £ro), en : (a) @duisant autant que possible Emissions de gaa e et de serre ; et (b)
compensant l'impact desmissions de gaa e et de serreésiduelles par I'utilisation de technologies
d'émissions agatives en Suisse at'étranger. (2) Apgs 2050, la quanéitde CQ éliminée et stocke
gracea l'application de technologies &mnissions agatives doit @passer leémissions&siduelles de
gaza e etde serre?

10. Le rapport du GIEC pour leéne cycle dévaluation ore des informations globales corefs, y
compris des snarios @tailles de eduction de CQ@et d'autres gaa e et de serre &cessaires pour
limiter le rechau ementa des niveaux €zi ques, soutenus par une base de dmBirobuste de
sceenarios déemissions. Cependant, ces déaa globales ne se traduisent pas directement en objectifs
nationaux. Au lieu de cela, la KIG suisse introduit un objectif roznational et xe plusieurs
objectifs interngdiairesa partir desquels on peuéduire indirectement des trajectoires @duction
desémissions.

L'article 3.1b de la KIG prescrit que toufamission esiduelle doiétre aboréea l'aide de technologies
d'émissions agatives pour atteindre une "Wirkung” nettera, dont la quanti est obtenue egvaluant
I'e et climatique ou l'impact de cemmissions&siduelles. Ce rapport identi e deux integbations
possibles du terme "Wirkung” dans ce contexteavoir : (1) atteindre&zoémission esiduelle nette
d'ici 2050 (Objectif 1), ou (2) parvenia une focage radiatif €siduel nul d'ici 2050 (Objectif 2).
La dé nition et le choix de I'objectif sont une &kision politique. Dans ce travail, noésaluons
I'impact climatique et les besoins &@imination de dioxyde de carbone (CDR) aséseai ces objectifs
climatiques, lorsque la CDR commence soit (i) seulenagudrtir de 2050, soit (ii) €s cette dcennie.

11. Dans ce contexte, l@gmissions des CFs non-GOnt ét traduites e@missiongquivalentes de CO
en utilisant des metriques déquivalence. Les gtriques GWBy, ou GWR oo (GWP = potentiel de
réchau ement global), cette demieétant utili€e dans le cadre de I'Accord de Paégblissent une
proportionnalié connue pour sous-estimer I'impact climatique des CFs sur un horizon de 20 ans ou de
100 ans, respectivement, et pour le surestimer par la suite. Pour compenser ces laésireblies des
métriques GWP simples, I'approche GWP#&t& propoge, qui n'est pas une @rique mais plut un
mockle et n'est pas utilse dans les inventaires nationaux.

L'outil de mod élisation climatique

12. Les moctles climatiques simples, comme le retelde eference FalR (Finite Amplitude Impulse
Response model), sont capables de simuler le cheminement global moyanidsiend concen-
tration! forcage radiatifi réponse en tengature et sont ajus$ par des paragtrisations pour
imiter les moeles du sygme terrestre (ESMs), qui sont tridimensionnels, raailit explicites dans la
repesentation des processus dynamiques et physiques.

#(1) La Confeceration veillea ce que l'impact deémissions de gaa e et de serre anthropiques en Suisse soit nul d'ici 2050
(objectif net 2ro), en : (a) @duisant autant que possible fmissions de gaz e et de serre ; et (b) compensant l'impact des
emissions&siduelles de gaa e et de serre par l'utilisation de technologie€uflissions &gatives en Suisse at'étranger. (2) Apgs
2050, la quanté de CQ éliminée et stocke gacea l'application de technologies &nissions &gatives doit dpasser leémissions
résiduelles de gaz e et de serre.”
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13.

14.

Le Mocdele Climatique Liaire Simpli & (SLCM) cevelopge et utili€ dans ce travail est simpk
par rapporia FalR et calibe sur celui-ci ; les principales hypabes sont (i) que le foage radiatif
de chaque CF neahend que de son abondance, et (ii) queelasssions d'un pays ou d'un secteur
Spéci que sont traites comme des perturbations devblution globale deémissions de GES, de
sorte que lesasultats obtenus sont iadendants de la composition atmosphue de fond. Le SLCM
établit unéquilibre entre simplicé et e caciig, ce qui en fait un outil utile pour explorer&taluer
comparativement les tendances climatigues@asipar diérents sénarios démissions et stragies
climatiques.

Le SLCM peuttre utili®e pour accomplir les troisithes suivantes :

~ Déterminer I'impact climatique (fgage radiatif et&ponse en tengpature) d'un pro | démissions
pase et futur d'un ou plusieurs CFs.

Déterminer les quanés de retrait de COnécessaires au | du temps pour compenser un pro |
d'émissions igvitable d'un CF non-C@ Ce calcul est eectle via I'approche de équivalent
de rechau ement lireaire (LWE), qui dans le cadre du SLCM et sous les hypstk assoees
fournit un ©sultat explicite ; cette approche pernagalement de recalculer les quagsitde
CDR récessairea tout moment, par exemple chaque @oua des intervalles do@s, lors de
I'exécution d'une trajectoire deggloiement de CDR&ectionrée.

Rétro-calculer le pro | global de fazage radiatif correspondaatun sénario de #chau ement
spéci € (par exemple, maintenir une anomalie de terafure constante). Cela est possibicgr

a la lineari€e du cadre SLCM. Le pro | de fazage radiatif esultant peuétre traduit en pro Is
d'émissions pour dierents GES en attribuant des quotas. Btednination de ces allocations
implique des consietations socic@@conomiques et politiques qui sont hors du champ de ce travail.

L'objectif de neutralit &

15.

16.

17.

Les impacts climatiques de I'agriculture sont dus gthmane, Cl (environ deux tiersa courte duee
de vie), et au protoxyde d'azote 8 (environ un tiersa longue duge de vie), avec une eacié
radiative similaire ; notez que dans l'inventaire suisse @&wasssions, legmissions de C@liéesa
I'agriculture sont en grande partie attrisesa d'autres secteurs.

Les impacts climatiques de l'aviation sont dus au,C&ux gaza e et de serre non-CGHG), eta
d'autres focages climatiques (dans des proportions negligeables qui peuvent varier dans le temps).
Limpact climatique de certains de ces¢ages, comme les nuages cirrus, estaie a moyennea

la fois dans l'espace et dans le temps ; par égagnt, cet impact peut uniqueméte pararatré

de manere empirique dans des nalds climatiques simples et souraisine analyse de sensil#lisi
nécessaire.

Dans cetteetude, les impacts climatiques, c'estlire le focage radiatif et la&ponse en tengpature
caus€s par un senario demissions don®, avec ou sans CDR, sont cakesi I'aide du SLCM avec
des pararatres calibés en utilisant FalR. Une analyse de senséjitenant en compte l'incertitude
des pararatres utili€s dans FalR (principalemen20%) cepasse le cadre de ce travail. léssissions
totales de GHG des secteurs de I'agriculture et de l'aviation sont cediscur la base desesarios
business-as-usual (WWB) et ZeroBasis d'EP20H]. Des cktails supptmentaires sur les 8narios et

la collecte de dones sont fournis dans leeRung Technique et le Rapport Technique. Les exigences
en matere de CDR sont calcgés pour garantir désmissions @siduelles nettes nulles d'ici 2050
pour les secteurs de I'agriculture et de 'aviation respectivement (Objectif 1), ou cagmradiatif

net £ro desmissions des secteurs de I'agriculture et de 'aviation respectivement (Objectif 2). Le
forcage radiatif net&ro est ici @ ni par rapport aux niveaux de foage radiatif au @but de€missions
anthropiques agricolestectables, c'est-dire I'anree 1690. Les exigences en neati de CDR pour
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18.

19.

20.

21.

22.

atteindre I'Objectif 1 sont calcéks au moyen desétriques dequivalence GWh et GWR g, et des
mockles GWP* et LWE. Les exigences en neai de CDR pour atteindre I'Objectif 2 ne peuvéne
calcukes qu'avec le maale LWE (voir Resun&é Technique pour plus deethils).

Sans recours la CDR, lesemissions WWB (business-as-usual) et ZeroBasis (issues du jeu de
donrees EP2056 des perspectiveanergtiques BfE Energieperspektiven) dans I'agriculture suisse
entraneraient uneé&ponse thermiqua long terme respectivement de 100% et 30%&seprea celle

de 1990.

En céployant la CDR pour atteindre les objectitsmis par le KIG pour I'agriculture suisse, viser des
émissions nettes nulles (Objectif 1) ou ungage radiatif net&ro (Objectif 2) conduit des eponses
en termes de fgage radiatif et de ten@ature assez similaires, mais avec des exigences eerendé
CDR bien pluslewes dans le second cas que dans le premier.

Pour l'aviation suisse, lesmissions WWB sans recourida CDR entraneraient une contribution accrue
au rechau ement au | du temps en raison de I'et cumulatif du CQ. Lesémissions ZeroBasis, bien
gu'elles supposent l'utilisatioa 100% de carburants d'aviation durables (SAF) sans &Qartir de
2050, entraeraient sans recoussla CDR une contribution a®chau ementa long terme environ
trois fois sugrieurea celle de 1990.

En deployant la CDR pour atteindre les objectifsnis par le KIG pour l'aviation suisse, viser des
émissions nettes nulles (Objectif 1) efi@une contribution atechau ement pluelevee que viser

un forcage radiatif net@ro (Objectif 2), en raison de la contribution beaucoup plus importante des
émissions de C9

Concernant l'agriculture suisse et les exigences enameatie CDR assages pour atteindre les Objectifs
let2:
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(a) Emissions totales de GES pour legsarios WWB (gauche) et ZeroBasis (droite) dans le secteur agricole suisse,
ainsi qu'une trajectoire hypoétique de @duction deg€missions visara atteindre la neutraétcarbone d'ici 2050 (ligne
grise). Lesmissions sont expriges en pourcentage des niveaux de 1990 pour faciliter la comparaison. La zone bleu
clair met enévidence lecart entre leémissions totales et I'objectif déduction, repgsentant les besoins en captage et
stockage du dioxyde de carbone (CDR). L'axe vertical droit quanti e les besoins en €Ed®saires (morés comme

une valeur ggative) pour compenser lémissionsésiduelles de CQ CH,, et N,O. Le méthane et le protoxyde d'azote

sont convertis egquivalents C@en utilisant di érentes ratriques déquivalence et mades : GWRy, GWP, g0, GWP*

et LWE.

(b) Anomalie de temprature (Figure 22b) induite par lémissions agricoles suisses, exgaren pourcentage du
réchau ement obse® en 1990. L'anomalie est cal@d pour des €marios o le CDR est éployé pour atteindre la
neutralié carbone partir de 2050, en utilisant les approchesclivalence GWRo, GWP,, GWP*, et LWE.

Figure 13. Neutrali€ carbone (Objectif 1) dans le secteur agricole suisse.
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Figure 14.Forcage radiatif net nul (Objectif 2) dans le secteur agricole suisse. Les quatre panneaux
montrent : (i) lesemissions agricoles en pourcentage (premier panneau, axe vertical gauch2)%
correspond aux niveaux de 1990 et 0% abut de€missions agricoles anthropiques en 1690 ; (ii) les
besoins en CDR en Nén (premier panneau, axe vertical droit), avec des taux de CDR esiclaide

de I'approche LWE moné&s comme des valeurggatives ; (iii) les besoins cumulatifs en CDR pour
atteindre I'objectif de fogage radiatif net nul pour les soarios WWB et ZeroBasis ; (iv) le foage
radiatif pour les senarios WWB et ZeroBasis et la trajectoire dechaye radiatif net nuh partir de
2050 (troiseme panneau),wl00% correspond au niveau de 1990 et®%690 ; et (v) I'anomalie de
temperature pour les €énarios WWB et ZeroBasis, avec et sans CDR (qematte panneau),ul100%
correspond au niveau de 1990 et @%690. Les lignes en poin@ repesentent legvolutions du
forcage radiatif et de I'anomalie de tegmature avec la mise en ceuvre du CDR.

" Sous toutes les hypahes et pour tous les&tarios consigrés ici, le néthane é courte duge de
vie) et le protoxyde d'azotea(longue duge de vie) jouent urbte important dans la&termination
de l'impact climatique de l'agriculture suisse ; aucun des deux negieriteglige.

Lesémissions nettes nulles (Objectif 1) et ledage radiatif neté&ro (Objectif 2) peuveritre
atteints pour les €marios démission WWB et ZeroBasis, avec déponses thermiqueslong
terme similaires. Cela se produittge au éploiement de quanés correspondantes de CBR
partir de 2050, lesquelles sont bien plus importantes pour I'Objectif 2 que pour I'Objectif 1, et
environ 50% pluglevees pour le genario WWB que pour le émario ZeroBasis.

Comme pevu, l'utilisation des rétriques dequivalence en C£basges sur le GWP sous-estime

et sur-estime respectivement la demande en @RBurt terme ed long terme, par rapport aux
prédictions des magles CDR* et LWE. Cette conclusionéde atteinte en entrant les quaéttde

CDR calcuées avec les quatre approches dans le SLCM, puis en calculant les impacts climatiques
correspondants. Bme si les valeurs absolues estas sont in uenées par les hypo#ses

du SLCM, I'eévaluation comparative des dirents senarios démissions et des stégies de
déploiement du CDR en termes d'impact climatique est plus robusta-vis-des hypotbses du
mockle.

L'utilisation du SLCM fournit unéclairage sur les mesures qui peuvearduire la demande

en CDR tout en atteignant les objectifs climatiques. Des exemples incluent (i) commencer le
déploiement du CDR &s maintenant au lieu d'attendre 2050, (ii) anticiper épldiement et
réduire le pic de CDR que GWP* et LWEenessitent autour de 2050, et (iii) calcuderebours le

CDR recessaire pour respecter un pro Exp € de Eponse thermique (c'est une fonctionrilit
innovante fournie par le SLCM).
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23. Concernant l'aviation suisse et les besoins aésam CDR pour atteindre les Objectifs 1 et 2:

Figure 15. Neutrali€ carbone (Obijectif 1) dans le secteur de l'aviation suisse. Les quatre panneaux
montrent, de gauchedroite : (i) lesemissions en pourcentage (premier panneau, axe vertical gauche),
ou 100% correspond au niveau dasissions en 1990, tandis que 0% Esamte leur niveau awebut
desémissions anthropique%bsa l'aviation, c'esta-dire I'anrée 1950 ; (ii) dans ce @me premier
panneau, les besoins en CDR erfdit(premier panneau, axe vertical droit),les taux de CDR sont

des nombresé@ygatifs, contrairement awemissions qui sont positives ; (iii) les besoins cumulatifs en
CDR récessaires pour atteindre I'objectif de neuteatiesemissions d€0, lorsque lemissions
résiduelles suivent soit le 8nario WWB, soit le senario ZeroBasis (deusine panneau) ; (iv) le
forcage radiatif assoeipour les senarios WWB et ZeroBasis, avec et sans CDR (teos panneau),
lorsque seul I'impact climatique désnissions d€€O; est pris en compte (100% correspond au niveau
induit par 1eCO, en 1990, et 0% celui de 1950) ; (iv) I'anomalie de terapture assoee pour les
scenarios WWB et ZeroBasis, avec et sans CDR (geate panneau), lorsque seul &hau ement

induit par leCO, est pris en compte (100% correspond au niveau induit pafeen 1990, et 0%

celui de 1950). Les courbes de ¢age radiatif et d'anomalie de ter@gature sans mise en ceuvre de
CDR sont indigées par des lignes en pointidl. Atteindre la neutrafitcarbone degémissions d€0,

en 2050, tout en neéployant le CDR qu partir de cette ar@e cible, entrae un pic de 7 Mfan pour

le s@nario WWB, tandis que legploiement de CDR est nul pour la trajectoire ZeroBasis (adogtion
100% des SAF). En ne considhnt que l'impact climatique de l'aviatioBO, et en compensant ces
eémissions par le CDR, la contribution g&chau ementa long terme du secteur est environ cing fois
celle de 1990.
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Figure 16. Comme la gure Figure 29, mais pour I'Objectif 2 de fage radiatif net nul. Atteindre un
forcage net nul en 2050, tout en neployant le CDR qua partir de cette ar@e cible, entrame un pic
de 240 Mtan pour le senario WWB et de 190 Man pour le senario ZeroBasis. En ne conéi@nt
gue l'impact climatique de l'aviatiolsO, et en compensant le fgage correspondant par le CDR, la
contribution au @chau ementa long terme du secteur gdiminée.

Le KIG vise un objectif de neutraéitcarbone d'ici 2050, en prenant en compte le,(d@ais en
négligeant les autres forcages climatiques nés éu CQ.

Pour l'aviation suisse, les 8narios demissions WWB et ZeroBasisgsentent des dérences
signi catives. En e et, le s&nario ZeroBasis suppose une utilisateori00% de carburants
d'aviation durables (SAFs) neutres en carbarpartir de 2050, tout enggligeant le fait que la
production de SAFs aura toujours une empreinte carbone @giigeable, commeé&monté dans
la littérature scienti que&cente et pertinente.

Les deux points @cedents soulignent que les dispositions du KIG et |@énados demissions
consicerés rendent di cile I' établissement de besoins en CDR qui soient signi catifs du point de
vue de l'impact climatique et comparables.

Cetteétude montre que, @me sous les hypatises écrites, atteindre les Objectifs 1 et 2 efrim
des besoins en CDRetsélewes.

Dans le cas de l'aviatioagalement, un@ploiement pecoce du CDRéaduit le pic et les besoins
cumulatifs en CDR. Cependant, il semble que pour atteindre des niveaux degalidables,
deux types de mesures suppientaires soientétessaires au-dede la compensation par le
déploiement du CDR : (i) uneéduction signi cative de€missions par rapport au&uario
ZeroBasis, ce qui impliquerait unéduction du tra ¢ &rien en raison d'une baisse de la demande,
et (ii) la mise en ceuvre de mesures visaaireliorer I'e cacié climatique de I'aviation, dgrcea

une gestion optimée des vols individuels sous tous les angles possibles.

Le de

24. Atteindre en 2050 desmissions nettes nulles (Objectif 1) ou ungage radiatif nul (Objectif 2) pour
I'agriculture suisse dans le @gario ZeroBasis, @ce au @ploiement de CDR partir de 2050, est fais-
able,a condition de grérer des quanfis su samment importantes de CDR. Selon lathode utilig€e,
métriques GWP ou mades GWP* et LWE, les quanés de CDR estiges di erent, notammerd long
terme. La eponse thermique asséei tout s&nario demissions ea toute stratgie de éploiement
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25.

26.

de CDR doit prendre en compte I'et de tous les faages climatiques pertinents, c'esdire le
méthane, I'oxyde nitreux et le dioxyde de carbone, et dbi¢ calcudea I'aide d'un mockle clima-
tique ; di érentes approches pour calculer la demande en CDR condaiderteponses thermiques
di érentes. Le SLCM utilis dans cettétude o re un compromis entre simpliéitet pecision dans
la prediction des impacts climatiques, ce qui €aw utile pouévaluer comparativement I'et de
di érentes politiques climatiques.

Pour atteindre desmissions nettes nulles pour l'aviation suisspartir de 2050 dans le &gcario
ZeroBasis, en principe, aucun CDR n'est requis si seuleartéssions de C@sont prises en compte,
les e ets non les au CQ sont exclus, et des SAF avec une empreinte carbone nulle sont ésppos
En pratique, cependant, le SLCMé&woit une anomalie de terapature plusieurs fois sépeurea
celle de 1990 dans ces conditions. Lorsque lest€non lés au CQ sont inclus, le taux maximal de
déploiement de CDR requis en 2050 et le CDR cumula@teassaire au cours dwesle atteignent des
niveaux qui, du point de vue actuel, semblerialisables.

Les exigences en matie de CDR étermirées dans cettetude repesentent uné colossal, tant en
termes dechelle que de vitesse démloiement. Ces exigences, tout en conservant ésaes objectifs
climatiques, ne peuvegtre eduites que (i) en laggant immediatement le @ploiement de CDR au lieu
d'attendre 2050, (ii) en choisissant des trajectoires pougneissions&siduelles plus ambitieuses que

le s@&nario ZeroBasis, et (iii) en mettant en ceuvre des changements structurels, notaméukratiarr

de la demande et des mesuresa@pmues a chaque secteur, dont la prise en compte et la discussion
déepassent le cadre de cetteide.
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Technical Summary

The scope

1. This study has been commissioned before and completed after the approval of the Swiss Klima- und
Innovationsgesetz (KIG, June 2023), i.e., Hegleral Act on Climate Protection Targets, Innovation
and Strengthening Energy Securityence with its implications for climate policy in mind.

2. The goal of the study is, with speci ¢ consideration of the climate impacts of the Swiss agriculture and
aviation sectors, to answer the following two questions:

" What are, from a scienti ¢ point of view, possible appropriate frameworks to account for the
emissions of non-C&xclimate forcers when aiming at climate impact assessment?

" What are the corresponding amounts of Carbon Dioxide Removals (CDR) required to comply
with the KIG, Art.3, taking into consideration the relevant emission reduction pathways, namely
the long-term climate strategy building on the Energy Perspectivest2050

3. This study's approach to address these questions is based on the use of climate models, including a
simpli ed one especially utilized for comparative purposes, to allow both (i) calculating the climate
response of given emissions of hon-£€imate forcers, and (ii) back-calculating the corresponding
amounts of CDR required to undo theirexts.

The context of this study

4. Climate change and global warming are a direct consequence of anthropogenic activities emitting
climate forcers (CF) in the atmosphere, which are then responsible for the increase in the Earth's
radiative forcing.

5. Example of such climate forcers a@O,, non-CO, greenhouse gases (GHGs, eG4, N2O, NOy,
SQ, water vapor), and other agents (aerosols, black carbon and cirrus clouds - cirrus clouds are not
emitted but formed due to ights). Depending on the rate of their atmospheric decay, these climate
forcers can be classi ed as short-lived climate forcers (SLCFs) or long-lived climate forcers (LLCFs).
However,CO,, while being emitted into the atmosphere, is partitioned also into the oceans and the
biosphere; the decay of its concentration in the atmosphere is extremely slow hen@xitsan be
assumed to be cumulative.

6. To strengthen the global response to the threat of climate change the Paris Agreement set the goal to
"limit the increase in the global average temperature to well beld@bove pre-industrial levels”
and pursue eorts “to limit the temperature increase to X5above pre-industrial levels.” One of its
crucial provisions is in Article 4: "To achieve this temperature goal, Parties aim to reach global peaking
of greenhouse gas emissions (GHGSs) as soon as possible, recognizing peaking will take longer for
developing country Parties, so as to achieve a balance between anthropogenic emissions by sources and
removals by sinks of GHGs in the second half of the centtiry”.

7. In a policy-relevant but not policy-prescriptidanguage, the Intergovernmental Panel on Climate
Change (IPCC) concludes that "Reaching net Ze@ or GHG emissions primarily requires deep
and rapid reductions in gross emission<ddh,, as well as substantial reductions of n6@®, GHG
emissions (high con dence). . . . However, some hard-to-abate residual GHG emissions (e.g., some
emissions from agriculture, aviation, shipping, and industrial processes) remain and would need to be
counterbalanced by deployment of carbon dioxide removal (CDR) methods to achieve re©zero
or GHG emissions (high con dence). As a result, net 28 is reached earlier than net zero GHGs
(high con dence).” (ARG, Synthesis Report, SPM, B6.2, with reference to Figure SPM.5)
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8. In compliance with the Paris Agreement, the Swiss government has adopted a long-term climate
strategy in 2021 setting a net-zero greenhouse gas emission target by 2050; the Klima- und Innova-
tionsgesetz (KIG, approved in June 2023) translates this net zero target into national law. Article 3 of
the KIG, i.e., theFederal Act on Climate Protection Targets, Innovation and Strengthening Energy
Security states that: (1) "Der Bund sorgt deif dass die Wirkung der in der Schweiz anfallenden von
Menschen verursachten Treibhausgasemissionen bis zum Jahr 2050 Nagt (eatto-Null-Ziel),
indem: (a) die Treibhausgasemissionen so wéigiah vermindert werden; und (b) die Wirkung der
verbleibenden Treibhausgasemissionen durch die Anwendung von Negativemissionstechnologien in
der Schweiz und im Ausland ausgeglichen wird. (2) Nach dem Jahr 2050 muss die durch die Anwen-
dung von Negativemissionstechnologien entfernte und gespeicherte Menge aie@@rbleibenden
Treibhausgasemissionébertre en.”®

9. Therefore, Article 3.1b of the KIG prescribes that any remaining residual emissions must be addressed
using negative emissions technologies in order to achieve net-zero "Wirkung,” which translates into the
climate e ect or impact, of these residual emissions. This report identi es two possible interpretations
of the term "Wirkung” in this context, namely, (1) achieving net-zero residual emissions by 2050 (Target
1), or (2) attaining zero residual radiative forcing by 2050 (Target 2). The de nition and decision of the
target is a political decision. In this work, we assess the climate impact and carbon dioxide removal
(CDR) requirements associated with these climate targets, (i) when CDR is started from 2050, (ii) or
already from this decade.

10. The CDR requirements needed to ful Il Target 1 may be calculated by means of multiple approaches
(e.g., the Global Warming Potential metric, GWP, or the Linear Warming Equivalent model, LWE),
while CDR requirements for Target 2 can only be calculated by means of the LWE model. It is worth
noting that ful lling one or the other target leads to a drent climate outcome regarding radiative
forcing and temperature response, also depending on the selected equivalence approach fgr non-CO
emissions.

11. The long-term climate strategy of Switzerland lays out scenarios to reacktzeraarget by primarily
reducing GHG emissions in all sectors. Despite these GHG emissions reductions, there will remain
hard-to-abate emissions from the production of cement and chemicals, and from waste treatment that
can be captured with Carbon Capture and Storage (CCS), and hard-to-agotd ffom agriculture
and aviation that need to be undone by implementing Carbon Dioxide Removal (CDR) measures.

12. The Energy Perspectives 205(EP20506-) estimated a total demand, in 2050, of about 12 Mio 1&Q
of hard-to-abate emissions that have to be addressed by CCS and CDR. This includes a demand of ca. 5
Mio tCO»-eq from the agricultural sector, which has been calculated from the conversion of non-CO
emissions, namely methane and nitrous oxide, using the fgyMietric. There is no CDR demand
for the international aviation sector, because the EP2GEZSume complete transition to the use of
Sustainable Aviation Fuels (SAFs) before 2050.

13. The scope of this study is to develop a scienti cally appropriate, simple, and versatile modeling
framework with which to assess the long-term temperature response associated angémtprojected
emissions pathways. This modeling framework can also be used to back-calculate the Carbon Dioxide
Removal (CDR) requirements needed to compensate exactly for the radiative forcing caused by
the emissions of residual nd®©, climate forcers. After brie y presenting the framework and the
assumptions in the next section ("The climate modeling tool”), we employ it to assess the long-term

%(1) The Confederation shall ensure that the impact of man-made greenhouse gas emissions in Switzerland is zero by 2050
(net zero target) by: (a) greenhouse gas emissions are reduced as far as possible; and €bj tiegemaining greenhouse gas
emissions is oset through the use of negative emission technologies in Switzerland and abroad. (2) After 2050, the amogpnt of CO
removed and stored through the application of negative emission technologies must exceed the remaining greenhouse gas emissions.
[Translated with DeepL.com (free version)]”
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climate impact and CDR requirements for the Swiss agriculture and aviation sectors, as to the Klima
und Innovationsgesetz (KIG law).

The climate modeling tool

14.

15.

16.

17.

In this work, we have identi ed a minimum level of structural complexity in climate models with the

aim of creating a simpli ed, linear, and easily tunable modeling tool that we call the Simpli ed Linear
Climate Model (SLCM). The SLCM is simpli ed with respect to Simple Climate Models (SCMs), e.g.,

the FalR modéland MAGICC (Model for the Assessment of Greenhouse Gas Induced Climate Ghange
SCMs are able to simulate the globally averaged emidsiaroncentratiori  radiative forcing!
temperature response pathway. Their model parameters are tuned to emulate the Earth System Models
(ESMs), which are three dimensional, gridded, and explicit in describing physico-chemical processes.
As with all climate models, the SLCM presented here is designed to analyze the clineats of

di erent pollutants, emissions scenarios, and policies, its advantage being that of an even greater
simplicity of structure and ease of use. A schematic of this modeling tool, and of the equations involved,
is presented in Figure 17. The model proposed here determines the climate impacts of climate forcers
over a speci ed time span by following a chain of causality inspired by earlier literature and by more
complex modef&

Both ESMs and SCMs have the ambition to produce quantitative projections of future climate, based
on di erent meaningful emission scenarios, and on historical data. The results of both are subject to
signi cant uncertainties due to the intrinsic complexity of the Earth's system and to the assumptions
and approximations implicitly made when modeling it.

In the SLCM, each climate forcer (both G@nd non-CQ), changes its concentratia(t) due to
emissions of that forcer in the atmosphefgt). Besides, non-C@climate forcers, such as methane
(CHy) and nitrous oxide (BO), are assumed to decay in the atmosphere following rst-order kinetics,
with a characteristic decay timg, assumed to be independent of the atmosphere's composition (left
branch of the scheme in Figure 17). For instance, the decay timeso@H\NO are about 10 and

about 110 years, respectively. Instead,,@0es not decay but is exchanged among various Earth
compartments that are assumed to be well-mixed. They are typically four, namely: atmosphere (where
emissions occur), shallow ocean, deep ocean, and biota, i.e., all living organisms that uptdkenCO

the atmosphere. Exchanges between compartments are governed by linear driving forces. Therefore,
the resulting model equations consist of a system of four rst-order ordinamrential equations,
whose solution depends on four characteristic times, i.e., the reciprocals of the four eigenvalues of the
matrix of coe cientsA, one of which is zero because €@ conserved in the system (right branch of

the scheme in Figure 17). Easy to memorize, approximate values of the four characteristic times are, in
decreasing ordetl, , 400, 40, and 4 years; the dimensionless paramaténghe formula, that gives

the CQ concentration in the atmosphere as a function of the emissions, are all about 0.25 (their sum
must be one).

In the SLCM, rather than following the global evolution of GHG emissions, concentrations, related
radiative forcing, and thermal response, we focus on the impact of a small subset of the global
emissions, e.g., that of a speci ¢ country, or that of a sector of a country's economy. If the fraction
of global emissions considered is small enough, we can apply a perturbation approach that allows for
model linearization and further simpli cations. To this aim, we decompose the total emissions of a
climate forceri into two components: emissions from the speci c emittrs(t), wheres stands for

"speci ¢”) and global emissionsH;4(t), whereg stands for "global”). The speci ¢ emitter's emissions

are considered a derential perturbation of the global background, while global emissions are beyond
the control of the speci ¢ emitter. This derential perturbation approach enables a focused analysis
of speci ¢ emissions without requiring calibration based on the initial state or on the historical and
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18.

19.

20.

21.

future trends of background emissions. From the speci ¢ emissinrf) or E.s(t), we calculate the
di erential concentration perturbationg;.s(t) or c¢s(t), for non-CQ and for CQ, respectively.

Once the dierential atmospheric concentration perturbations of climate forcers are determined, the
model calculates the resulting speci ¢ radiative forcing perturbation, which measures the change in
energy balance due to this speci ¢ concentration perturbation. This is obtained by locally linearizing the
relationship between concentration and radiative forcing (which is a monotonically increasing, convex
function) while neglecting the act of the global atmospheric composition on such relationship, namely
as Fis(t) = A Gis(t), whereA is the derivative of the concentration-radiative forcing relationship,
and is called radiative eciency. Finally, the SLCM approximateég as constant within the analyzed

time intervals.

The speci c radiative forcing perturbations from all climate forcers considered are added to determine
the total speci c radiative forcing perturbationfF¢(t) (see where the two branches meet in Figure 17).

The total radiative forcing perturbation is then used to solve planetary energy balances, allowing us to
compute the resulting temperature anomaly (or temperature response) and climate change attributable
to the speci c emissions of all climate forcers considered. Notably, if the radiative fordpg(t) from

one climate forcer is replaced by the radiative forcing from another forgewhere Fjs(t) = Fis(t),

the total radiative forcing Fg(t) remains unchanged. Consequently, the total resulting temperature
anomaly also remains unchanged, regardless of which speci ¢ forcer contributes to the radiative forcing.
This concept is expressed with reference to a generic climate fiomoerto CQ by the Linear Warming
Equivalent equation in the central blue box of Figure 17.

The energy model consists of energy balances in and exchanges among three homogeneous layers,
namely the rstlayer representing the atmosphere and the shallow ocean (with temperature danpmaly

and the second and the third layers representing the mid-ocean zone and the abyssal-ocean zone, with
temperature anomalifs, andT,, respectively (see lower part of Figure 17). Heat is exchanged between
these layers at a rate proportional to the corresponding driving forces, i.e., temperaarendes.

Hence, the model consists of three linear ordinaryedéntial equations, whose solution gives the
evolution of the global temperature over time. The key parameters in this model are the heat capacities
of the layers and the heat exchange coints, which together govern how quickly temperatures adjust

to changes in radiative forcing. Wheéift) = Fg(t), one can solve the energy balances to obtain the
speci ¢ surface temperature anomaly perturbatiofg(t), which represents the contribution of the

speci ¢ emissions considered to the deviation from a reference temperature, such as pre-industrial levels.
The three eigenvalues associated with this system are real and negative; the reciprocals of the absolute
values of these eigenvalues de ne three characteristic time constants, densied/ai€h govern

the temperature anomaly evolution, the longest of which being almost 400 years. These timescales
dictate how the system responds to perturbations in radiative forcing, which depends on the speed
of heat transfer between the layers, with rapid adjustments occurring in the surface layer and slower
adjustments in the deeper layers, and thus explains the inertia of the climate system.

The results of the simpli ed linear climate model (SLCM) proposed in this study are compared with the
well-established Finite Amplitude Impulse Response (FAIR) simpli ed climate model, as illustrated in
Figure 18. SLCM results are better aligned to the 50% FAIR quantile results by parametrizing indirect
e ects through an empirical model calibration of the radiative forcingiency of di erent polluters

(A)) within the uncertainty of the eective radiative forcing (ERF) as provided by FALRn fact, due to

the linearity of the SLCM model, the uncertainties of the ERFs are re ected on the radiative forcing
e ciencies of each pollute’).
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Figure 17. Visual representation of the Simpli ed Linear Climate Model (SLCM) following the
chain of causality from emissions to radiative forcing (for ro@, and CO;, polluters), and from

total radiative forcing (by means of superposition of each polluter's contribution) to total surface
temperature anomaly (depicted in black). Linear Warming Equivalence (LWE, showed in blue) can
be established between two @rent climate forcers (CFspr between a CFandCO,, to calculate
explicitly the Carbon Dioxide Removal (CDR) requirements to compensate for the@issions.

Target Warming Equivalence (TWE, showed in red) is an additional policy-relevant tool by which a
target temperature anomaly is de ned and, inversely, the necessary net-emissions pro les are calculated.
These net emissions pro les may be achieved through emissions reduction, CDR, or a combination of
both. A more detailed description of the model is provided in Part | of the Technical Report.
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(a) Methane induced warming

(b) Nitrous oxide induced warming

(c) Carbon dioxide induced warming

Figure 18. The right panels of Figure 18a, Figure 18b, and Figure 18c show the warm@agssof CH, N2O,

and CQ, respectively, for the speci ¢ emission pro le shown in the left panels of the same gures (indicated

in black). The temperature anomalies are simulated using the SLCM model (in green) and are compared with
results from FalR version 2.0 (in red) and FalR version 2.1 (in blue). For FalR version 2.1" #rei®4
percentiles are also shown (dashed blue lines), to highlight the uncertainty even of a climate model that is
routinely used to discuss climate policies.
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22.

23.

24.

25.

26.

The calculation of the climate impact of any emissions scenario, for®@@thand non€O;, climate
forcers, must be performed using a climate model, whereby the simpli ed linear climate model used in
this study allows, for instance, to comparatively assessrént climate scenario and emissions reduction
pathways and to estimate dirences in radiative forcing and temperature response among them. The
prediction of the climate impact, given the emissions pro le, does not invGli@e-equivalence metrics.

Instead, equivalence metrics can be used for consistent comparisons amemntgreenhouse gases,
making it possible to quantify the amount of CDR required tg&t emissions from non-GAsHGs,

which can be neither easily reduced noeetively removed, with removals of GOAdditionally,
equivalence metrics are crucial in carbon budgeting, where emissions allowances are based on the
potential of each GHG to contribute to global warming. By employing such metrics, the climate impacts

of various GHGs can be expressed as »guivalents,” thus allowing them to be aggregated into a

uni ed, comparable measure. This approach streamlines the planning and implementation of climate
policies, ensuring that all GHG emissions are considered in a consistent manner. These approaches,
including the Global Warming Potential metric (GWP) and the Linear Warming Equivalent model
(LWE), provide di erent ways to compare the climate impacts of various GHGs over speci c time
horizons. Understanding these metrics is critical for accurately evaluating the relative contributions of
di erent gases to climate change, and for formulatingcive mitigation strategies that account for all
relevant GHGs.

GWP measures the cumulative climate impact of a GHG relative to@v€r a speci ed time horizon,
typically 20 or 100 years. Although widely used and easily applicable, GWP has limitations, such as the
underestimation of near-term climate impacts and the overestimation of long-term ones. GWP* is an
improved model addressing some of these limitations by accounting for both the stock andeotg e

of GHG emissions. However, GWP* still has some inaccuracies, particularly with abrupt changes in
emissions, i.e., both the amounts actually emitted and the rate of change of such amounts. Additionally,
the parameters in GWP* are typically calibrated for methane. To better represent nitrous oxide emissions,
we recalibrated these parameters, improving the accuracy of GWP* when describing long-lived climate
forcers. Further details are provided in the technical report. Lastly, the LWE equivalence medgl o

a more precise method by equating the warmingas of di erent GHGs to Cg ensuring exact
equivalence in temperature outcomes, in a context where the same assumptions are applied to both
climate forcers. This model is particularly useful for designing carbon removal strategiesdb o
speci ¢ GHG emissions.

An additional tool of the SLCM proposed in this study, which allows to back-calculate the climate
forcers' emissions driving a speci ¢ climate ect, is what we call the Target Warming Equivalent
(TWE) approach. The linearity of the model allows the users (e.g., policy makers) to de ne a target
temperature anomaly pro le (e.g., peak temperaturd@ridng-term warming eect) and then back-
calculate from that the net-emissions pro les necessary to achieve that speci ¢ climate impact. These
net-emissions pro les may be achieved through emissions redu@inremoval and storage, or a
combination of both.

The modeling instruments presented in this study are employed to assess the climate impactot di
climate forcers. The following considerations on the impact of the greenhouse gas lifetime are worth
making. The atmospheric concentration, and therefore radiative forcing, stabilizeeet i levels for
non-CQO, climate forcers that are emitted at the same constant rate but haaedi lifetimes. The
steady- state concentration is that at which the emission rate equals the rate of decay, which is lower
for shorter-lived climate forcers. Moreover, such steady-state concentration, hence forcing, is attained
sooner or later the shorter or the longer the lifetime of the climate forcer. Conversely, for any rate of
ongoing emissions; O, reaches neither a steady state concentration nor a steady state radiative forcing
as it accumulates in the atmosphere. Additionally, the larger the radiative forcicigrecy () of the

polluter, the greater its potential to negatively impact the climate.

44



27. Aviation contributes to climate change through emission€©$ and of short-lived GHGs such as
NOy, SO, black carbon (BC) and water vapot40).° The understanding of these n@®, impacts
has advanced over time, making it possible to characterize, with an acceptable level of accuracy, the
radiative e ciency describing the relationship between atmospheric@OnSLCF emissions and the
associated increase in radiative forcit§ Aviation is also responsible for "non-GHG climateexcts”
such as the formation of cirrus cloud€irrus clouds are extremely short-lived climate forcers and
their evolution and behavior can be described in terms of their characteristic tgnand their mixing
time, tec. For these non-GHG eects, it can be assumed that  tcc, leading to heterogeneity in their
atmospheric mixing. Therefore, the resulting radiative forckg, is not a function of the climate
forcer's concentration, but rather of the local conditions at the time of the emissions.

28. Following the relevant state of %1% and being one of the objectives of this modeling approach to
assess the global climate impact of the Swiss aviation sector, rather than the impact of a speci ¢ ight,
we simplify the behavior of these very short-lived cirrus clouds by parametrizing their radiative forcing
in terms of kilometers of air trac volume.

Though local, ight cirrus e ects are averaged globally, where the parametrization of their total radiative
forcing based on the kilometers own is a justi ed and consistent choice in literature and global climate
models. In fact, despite being a critical parameter, the radiative forcing potential of these very-short lived
"non-GHG e ects” presents a signi cant uncertainty stemming from the undetermined time-dependent
and location-dependent conditions leading to their formatiBue to the lack of information and
comprehensive models accurately describing the mechanisms ant$én uencing the formation and
radiative forcing potential of cirrus clouds, parametrization in terms of kilometers of aictvalume
currently remains the only meaningful approach to determine the climate impact of "non-Gét@&'e

in this study.

Swiss agriculture sector

29. Figure 19 presents the time series for methane, nitrous oxide, and carbon dioxide emissions from Swiss
agriculture, spanning historical data from 1690 and projections to 2150. Methane and nitrous oxide
emissions peaked around 1990, then decreased slightly by more than 10 % until 2000, and have since
remained relatively stable. In contrast, carbon dioxide emissions peaked around 1980, decreased rapidly
by 20 % until 1990, and have since increased again, resulting in a new peak. Projected future emission
pathways are based on the business-as-usual (WWB) and ZeroBasis scenarios from+ERz0&ell
as an additional Scenario D, where GHG emission levels follow the ZeroBasis scenario until 2060 but
continue to decrease steadily after that until emissions reach a level that is half that of the 2060 value.
Total GHG emissions from the agriculture sector between 1690 and 2150 are shown in Figure 20 (left
panel) for the period from 1990 to 2150.

5As described by the "EP20%0Szenarienvergleich Storylin€d? for the agriculture sector, both the WWB and ZeroBasis
scenarios assume that the quantity of animal husbandry and plant breeding (greenhouses) follow the LWT prospects, extrapolated
(with saturation) to 2060. Moreover, they both assume a decrease in other service areas in agriculture by around 28% between 2020
and 2060 (e.g. warehouses, depending on employment). Lastly, they both assume a decrease in employment in agriculture (i.e., -22%
from 2020 to 2060, with a attening decline after 2035). The mainedences between the WWB and the ZeroBasis scenarios, is that
the latter assumes a greater improvement in agricultu@ency and a higher substitution of oil with biogas and wood as energy
sources.

"Additional information on the data collection is provided in the Technical Report
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Figure 19. Methane CHjy), nitrous oxide K20) and carbon dioxideGO,) emission pro les of the Swiss
agriculture sector. Past emissions (from 1690 to 2020) are highlighted by a light blue background, while
three di erent projections are shown for future emissions: WWB ("Weiter Wie Bisher”, in blue) a business

as usual scenario where emissions are kept constant after 2020, ZeroBasis (in green) where emissions are
decreased until 2060 and then kept constant afterwards, and Scenario D ("Deeper reduction”, in orange) where
emissions follow the ZeroBasis scenario until 2060, but further decrease until a level of emissions that is half
that of 2060 is reached. The WWB and ZeroBasis projections are taken from the Energieperspektive 2050
(EP2056), while Scenario D is further provided for comparison purposes.

Figure 20.The rst panel shows the total agriculture-induced GHG emissions figri\iite., the sum

of CHg, N2O andCQO, emissions) for the WWB, ZeroBasis and Scenario D projections. The second
and third panels show, respectively, the total curves of radiative forcing perturbation and temperature
anomaly as a result of tHeH,, NoO andCO, emissions from Swiss agriculture practices since 1690.
For the total ZeroBasis radiative forcing curve, the individual contributions of the three polluters are
shown: currentlyCH,4 contributes to approximately two-thirds of the ZeroBasis (EP205&diative
forcing, andN»O to one-third, whileCO, contribution is negligible. All curves are shown from 1990

to 2150. The extended timeline is chosen to better visualize the longer time scale required by the
temperature anomaly to stabilize after radiative forcing has been altered by anthropogenic GHG
emissions. Long-term steady-state temperature anomalies are shown in pink.

30. The middle and right panels of Figure 20 show the radiative forcing and temperature anomaly resulting
from the total GHG agriculture emissions, as calculated with the SLCM. Both radiative forcing and
temperature anomaly are plotted as such, but also in percentage values of the corresponding levels
observed in 1990 (100% is the 1990 level, while 0% is the 1690 level, the start of anthropogenic
agricultural impact). The climate impact of Swiss agriculture is predominantly driven by short-lived
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methane, accounting for approximately two-thirds of its total climate impact, and by long-lived nitrous
oxide, which contributes about one-third of it. In contrast, carbon dioxide emissions from Swiss
agriculture are negligiblé. The WWB and ZeroBasis scenarios would result in a long-term additional
warming contribution of 100% and 30%, respectively, relative to 1990 levels. In contrast, scenario D
would lead to approximately a 35% reduction in agriculture-induced warming compared to 1990.

31. The following remarks are important regarding the evolution of the temperature anomaly as a result
of forcing perturbation. Temperature anomaly follows radiative forcing, but its time scale is longer,
i.e., in the order of 300-400 years. The nal steady state temperature anomaly is determined by the
nal constant radiative forcing value (and by the equilibrium climate sensitivity parameter); in fact,
the former is equal to the latter divided by the equilibrium climate sensitivity. When the future nal
constant forcing level is suciently low, i.e., lower than the peak value determined by past and current
emissions, the temperature reaches its peak value and then starts to decrease, thus reaching the steady-
state temperature value from above. Conversely, if the future nal constant forcing level is still too
high, i.e., higher than the peak value, the temperature keeps increasing over time, and the temperature
anomaly reaches its nal steady state from lower levels.

32. Agriculture is a very important case of a hard-to-transition sector, which will have residual hard-to-
abate emissions in 2050, for which CDR needs to be deployed in order to align with the binding
"Klima- und Innovationsgesetz” (KIG), requiring net-zero "Wirkung” by 2050. This study has identi ed
two possible interpretations of the term "Wirkung” in this context, namely, (1) achieving net-zero
residual emissions by 2050 (Target 1), or (2) attaining zero residual radiative forcing by 2050 (Target 2).
Each of these objectives deterEach objective highlights the gap between the climate change mitigation
ambition—de ned by the target reduction pathway set by Swiss law—and a realistic mitigation pathway,
represented by either the WWB or ZeroBasis scenarios (feasible emissions reductions without CDR
deployment or emissions certi cates). This gap, shown as a shaded light blue area in the emissions
pro les below, re ects the emissions reductions that must be achieved through carbon dioxide removal
(CDR) andor the purchase of emissions avoidance certi cates, which are only permitted until 2050. This
approach is applied to both Swiss agriculture and Swiss aviation. The results of this study pertaining to
Swiss agriculture are presented in Figure 21 and in Figure 22 for Target 1, and in Figure 23 for Target 2.

33. Let us consider Target 1 rst. Figure 21 and Figure 22 present diagrams organized in two columns
and two rows each. The diagrams in the column on the left hand side and those in the right hand side
column show results for the business-as-usual (WWB) and for the ZeroBasis scenarios, respectively.
Overall GHG emissions pro les and GHG cumulative emissions are shown in Figure 21(a) and in
Figure 21(b), respectively. The associated evolution of the radiative forcing and of the temperature
response calculated using the Simpli ed Linear Climate Model (SLCM) are plotted in Figure 22(a) and
in Figure 22(b), respectively. Figure 21(a) shows the relative WWB and ZeroBasis emissions pro les
(the same as in Figure 20, left panel), and the Target 1 emission pro les. The shaded light-blue area,
representing the gap between emission scenario and climate ambition, is compensated by CDR amounts,
whose absolute amounts are plotted vs. time in the same gures (negative vertical axis, labelled on
the right hand side of the gures). Such CDR amounts are calculated in foaratit ways, namely
using the GWkyo (dash-dotted lines), and the GWRdashed lines) metrics, as well as the GWP*
(dotted lines) and the LWE (solid lines) models. Accordingly, also in Figure 21(b) and in Figure 22
four curves are plotted, corresponding to the four approaches how to calculate CDR amounts utilized in
Figure 21(a).

34. With reference to Figure 21 rst, it is obvious that the CDR amounts calculated using the &Wé#ic
are always larger than those obtained using the @é#Retric; this is a consequence of the fact that

8This is due to the accounting assumptions in the Energieperspektive: 2068re theCO, emissions associated to croplands
and grasslands are reported in the land-use sector rather than together with the other agriculture emissions.
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agriculture GHGs decay hence the metric calibrated on short-term impacts, i.e., the GatRc,

is more conservative than the longer-term one, i.e., @§/Both the GWP* approach and the LWE
model try and account for the ect in time of the decay of methane and nitrous oxide, thus yielding
CDR amounts that are rather similar, thoughetient than those obtained with the GWP metrics. It

is also worth noting that the CDR requirements, both rate of deployment and cumulative deployment,
are about 50% smaller for the ZeroBasis scenario than for the WWB scenario for all equivalence
approaches.

(a) Total WWB (left) and ZeroBasis (right) GHG emissions from the Swiss agriculture sector and a hypothetical
emissions reduction scenario aimed at achieving net-zero emissions in 2050 (grey line). Both curves are expressed as a
percentage of 1990 emissions for comparison. The light blue area represents the emissions gap between total emissions
and the reduction target, which de nes the carbon dioxide removal (CDR) requirements. The right vertical axis shows
the amount of CDR (plotted as a negative quantity) needed setaesidual CQ CH,4, and NO emissions, with Ci

and N20 converted to CCequivalents using various equivalence metrics and models ¢gWeWP, o9, GWP*, and

LWE).

(b) Cumulative CDR requirements following the GWER (dashed-dotted line), the GW§ (dashed line), the GWP*-
(dotted line), and the LWE- (solid line) strategies of Figure 21a.

Figure 21.CDR requirements for a Target 1 of net-zero emissions, as calculated by means of thegGWP
GWP,, GWP*, and LWE metrics.
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(a) Radiative forcing

(b) Temperature response

Figure 22. Radiative forcing Figure 22a and temperature response Figure 22b from Swiss agricultural
emissions, expressed as a percentage of the warming observed in 1990 when CDR is deployed to achieve
net-zero emissions from 2050, as calculated by the @d/BWP,g, GWP*, and LWE metrics.

35. As regards Figure 22, it is apparent that the SLCM predicts, when using CDR amounts calculated with
the GWP* and the LWE models, radiative forcing and temperature response pro les that are quite
similar, though they dier in the details. Three remarks are worth making. First, since the emission gap
between climate ambition and emission scenario is constant after 2060 for both WWB and ZeroBasis
scenarios, both radiative forcing and temperature response tend to stabilize in the long-term for CDR
amounts calculated with both GWP* and LWE models: this happens thanks to the ability of both models
to account for the decay of the main contributors to climate impacts in Swiss agriculture. Secondly,
there is an important derence though: radiative forcing for the case where CDR requirements are
calculated using the LWE model approaches indeed zero in the long-term, whereas this does not happen
for the GWP* model, due to its stock component that leads to a long-term compensation even when
emissions of non-COGHGSs are constant. These drences are very evident here because the emission
pro les are unrealistically simple, and would be almost not visible for more realistic emission pro les.
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36.

Thirdly, the long-term behavior observed is very similar for both WWB and ZeroBasis scenarios: this
is a consequence of the fact that the CDR amounts deployed ageedt in the two cases as they
account properly for the dierent demands of compensation of the two scenarios. The results are very
di erent for the CDR amounts calculated using the GWP metrics, which yield higher radiative forcing
and temperature response in the short term, and lower ones after the time horizon on which they are
calibrated; actually, radiative forcing and temperature response never stabilize and evolve towards
long-term levels below the 1690 reference value of zero. As a consequencgy@A&fiHts do not dier

much from those of the GWP* and LWE models on multi-decadal timescale, but are vengdi
afterwards. In turn, GWf results are close to those of the two models only around a time 100 years
from the start of the deployment of CDRs, but areatient both before and thereafter.

Figure 23. Target 2, net-zero forcing from 2050. The four panels show, from left to right: (i) the
emissions in percentage ( rst panel, left vertical axis), where 100% corresponds to the level of emissions
in 1990, while 0% represents their level at the start of detectable anthropogenic agriculture emissions,
i.e., the year 1690; (ii) in the same rst panel the CDR requirements fgiirst panel, right vertical

axis), where rates of CDR (calculated with the LWE approach) are negative numbers, in contrast to
emissions that are positive; (iii) the cumulative CDR requirements needed to achieve the net-zero
radiative forcing target when residual emissions follow either WWB or ZeroBasis; (iv) the associated
radiative forcing for the WWB and ZeroBasis scenarios and the net-zero radiative focing trajectory
from 2050 (third panel), where 100% is the corresponding level in 1990, and 0% that in 1690; (iv) the
associated temperature anomaly for the WWB and ZeroBasis scenarios with and without CDR (fourth
panel), where 100% is the corresponding level in 1990, and 0% that in 1690. Radiative forcing and
temperature anomaly evolutions with CDR implementation are shown as dashed lines.

Let us now consider Target 2. CDR requirements to achieve zero radiative forcing from 2050 on can
only be calculated using the LWE model, which is de ned indeed to establish equivalence in terms of
radiative forcing. The four panels in Figure 23 provide the same information as the previous gures for
Target 1, namely from left to right they show (i) the relative GHG emission pro les for the WWB and
ZeroBasis scenarios, together with the calculated absolute rate of CDR deployment (negative vertical
axis), (i) the cumulative CDR amounts, (iii) the relative radiative forcing, including the target zero
radiative forcing (dashed red line), and (iv) the relative temperature response. In the last two diagrams
the climate impacts of the WWB and ZeroBasis scenarios with neither CDR nor use of certi cates are
reported for comparison.

37. The results reported in Figure 23 indicate that Target 2 can be ful lled for both emissions scenarios,
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38.

with a CDR requirement when emissions follow a WWB pathway that is larger than in the ZeroBasis
case. The latter CDR demand is however much larger than in the corresponding cases where Target 1 is
pursued, as expected. Since for both emission scenarios the radiative forcing target pro le is ful lled,
the evolution of the temperature response is the same. It is worth underlining that though the accuracy
of the temperature response predictions in Figure 23, rightmost panel, and in Figure 22@ntedaby

the assumptions on which the SLCM is based, the comparative assessment oétieatscenarios for

the di erent equivalence approaches is insightful nevertheless, as all casesetedady the model
assumptions to a similar extent.

A few other remarks on Swiss agriculture and the associated CDR requirements to achieve net-zero
emissions are worth making:

" CDR deployment as calculated by the LWE model limits the warming contribution to 100%
and 50% with respect to the 1990 level in ca. 2060 and in 2100, respectively, when either the
WWB or the ZeroBasis emission scenarios are followed until 2050. However, not only does the
business-as-usual (WWB) scenario require an additional cumulative 200 Mt of CDR by 2100, but
also its associated peak temperature anomaly is larger than that of the ZeroBasis scenario (where
more ambitious mitigation targets are implemented): in the WWB scenario, peak warming would
be 20% higher than the 1990 level, while in the ZeroBasis scenario it would be only 15% higher.
From a climate perspective, this is a signi cant drence, as even a brie y higher global peak
warming, can trigger irreversible planetary system feedbacks (the so-called tipping points) and
exacerbate anthropogenic climate interference.

Peak rate of CDR deployment can be reduced of about 50% in the ZeroBasis scenario without
major changes in the other gures of merit, when CDR deployment starts immediately and then
ramps up, instead of starting only in 2050, as illustrated in Figure 24.

Figure 24.In the rst panel, the required pro le of CDR deployment is shown for a target 1 of
net-zero emissions in 2050 when CDR is started early on (i.e., in 2020, showed in dotted lines)
or only from 2050 (showed in dashed lines), as two follow the two black target lines of net-zero
emissions. Cumulative CDR requirements, the resulting radiative forcing perturbation, and the
temperature anomaly are shown for the two CDR pro les, starting from 2020 or from 2050, in the
second, third, and fourth panels, respectively. From this gure, it is possible to see that early CDR
deployment allows for a sooner decrease in the agriculture-induced climate impact, but more
importantly, it allows for almost halving peak CDR demand to a maximum of 19rMt
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Furthermore, we have analyzed the climate impact of a policy that follows the CDR pathway
projected by the Swiss long-term climate strategy (building on the EP20S0ich CDR amounts

were calculated using the GWig metric and the corresponding curves for CDR requirements
and climate impacts as calculated using the SLCM are plotted in all panels of Figure 25 as
dashed orange lines. These are compared (i) with the results obtained using the LWE model for
the ZeroBasis scenario and plotted in Figure 21 and in Figure 22 (dashed green lines), and (ii)
with results obtained considering a modi ed EP2850DR strategy (light blue lines), where

the deployment of negative emissions follows the EP208Bategy (until about 2080), and

it approaches the green lines thereafter. These comparisons highlight two aspects. On the one
hand, shaving the peak of CDR demand around the year 2050, as implied by the approach
following the EP2058 scenario, worsens signi cantly the climate impact with respect to a
strategy based on the use of the LWE approach (which yields similar results as using the GWP*
model, as discussed above). On the other hand, adapting this approach by converging towards
the CDR deployment calculated using the LWE model, while not improving much the short-term

e ectiveness, eliminates the long-term overestimation of the CDR deployment that is typical of
the GWR oo metric.

Figure 25.0n the right vertical axis of the rst panel, the CDR requirements as calculated in the
EP2056 with the GWRLOOmetric are shown with a dashed orange line. Shown in dashed green
are the LWE-calculated CDR requirements to achieve net-zero emissions (with CDR starting
from 2050). This CDR demand corresponds to the dashed green lines of Figure 21 and Figure 24.
Lastly, portrayed in light blue, is a modi ed EP205@DR strategy, where the deployment of
negative emissions follows the EP2658trategy (until about 2080), while long-term it resembles

an LWE-calculated CDR pathway. This latter CDR pathway is added for illustration purposes.

39. It is worth noting that the modeling tool adopted in this study may also be used to back-calculate
net-emissions to achieve a selected target temperature response, by means of the Target Warming
Equivalent (TWE) approach. The TWE is a tool proposed in this study, as previously described in point
13, to complement the standard chain of causality modeling framework and was not inferred or taken
from the KIG. This is illustrated in Figure 26, where we analyze a target warming pro le (fourth panel,
red-solid line), where warming follows the ZeroBasis pro le until the end of the century, stabilizing at
a constant value thereafter. From that, one can calculate the radiative forcing pro le corresponding to
the targeted temperature anomaly evolution (third panel). The total target radiative forcing can then
be separated into the contributions of each single polluter (i.e., methane, nitrous oxide, and carbon
dioxide in the case of agriculture). There are in nite combinations that lead to the same total radiative
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forcing pro le; here a split in line with the EP2030ZeroBasis projection was selected. From the
speci ¢ polluters' forcings, the individual GHG emissions' pathways necessary to yield the targeted
temperature anomaly evolution can be calculated ( rst panel). As expected, to maintain a constant
temperature (outweighing the longer time scale required by the temperature anomaly to stabilize) a
minor, prolonged decrease in the net-forcing with respect to the ZeroBasis pathway is necessary (see
red line compared to the dashed green line in the radiative forcing panel of Figure 26). Tdrisndie

may be achieved either through further emissions reduction with respect to the ZeroBasis scenario,
or a combination of this and of more CDR amounts, or only through the deployment of more CDR
measures; the latter case is shown in Figure 26, in negative values on the right vertical axis of the rst
panel.

Figure 26. The four panels show, from right to left: ( rst panel) the target temperature anomaly
pro le (red solid line) and the ZeroBasis curve (green dashed line). (second panel) the GHG-induced
radiative forcing curve, reversely calculated from the desired warming pro les, and the ZeroBasis
forcing pathway. (fourth panel) on the left vertical axis in Mt GHIG the ZeroBasis agriculture
GHG emissions pro le and the ZeroBasis-TW (ZeroBasis-Target Warming) pathway, necessary to
adhere to the target temperature anomaly pro le; on the right vertical axis, in negative values, the CDR
requirements in Myr resulting from the dierence between the ZeroBasis and ZeroBasis-TW GHG
emissions pathways (third panel) the cumulative CDR requirements needed.

Swiss aviation sector

40. The time series a0y, NO, SQ,, BC (black carbon), antl,O emissions from Swiss aviation, covering
the period from 1950 to projected values through 2150, are illustrated in FigufeNI8thane and
nitrous oxide emissions from aviation are negligible and, therefore, excluded from this report. Unlike
the agricultural sector, most GHG emission categories from aviation continue to follow an upward
trend, with emissions projected to peak at a future date.

9Additional information on the data collection is provided in the Technical Report
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Figure 27.Emissions ofCO,, NOy, SO, BC (black carbon), an#i,O from the Swiss aviation sector, along

with the pro le of ight kilometers, are shown. Past emissions (1950-2020) are shaded with a light blue
background, while future projections are illustrated for three scenarios: WWB ("Weiter Wie Bisher,” in
blue), a business-as-usual scenario with constant emissions after 2020; ZeroBasis (in green), with emissions
decreasing until 2060 and stabilizing thereafter; and Scenario D ("Deeper reduction,” in orange), which
follows ZeroBasis until 2060 but continues to decline, halving emissions by 2060 levels. WWB and ZeroBasis
scenarios are based on the Energieperspektive2(E02056), while Scenario D is included for comparison.

For pollutants projected to reach near-zero emissions under ZeroBasis, Scenario D is omitted. Flight kilometers
are identical in the WWB and ZeroBasis scenarios.

41. As already mentioned above, the climate impact of some of these aviation-induced non-GHG climate
forcers is aected by local atmospheric and ight conditions, which poses a challenge in assessing
the climate impact of such forcers both in time and space. The limited accuracy of global climate
models, especially in predicting the concentration of climate forcers that are stroreglied by local
conditions (such as those induced by aviation practices) is a common limitation to all models, both the
more complex ones (e.g., Earth System Models) and the simpli ed ones (e.g., FAIR and the SLCM
proposed here). Following relevant state-of-the-art literatthave assess the global climate impact of
the Swiss aviation sector by simplifying the behavior of these very short-lived cirrus clouds through
parametrization of their radiative forcing in terms of kilometers of air taolume.1° 11

42. Total emissions from the Swiss aviation sector (from 1950 to 2150), following the business-as-usual
(WWB) and the ZeroBasis projected scenarios from EP20&%td an additional scenario of deeper
emissions reduction (Scenario D), without CDR deployment, are shown in Figure 28 from 1990 to
2150. Additionally, total air tra ¢ volume from Swiss aviation (international ight) is reported in
red (right vertical axis in the leftmost panel), which will be used to estimate cirrus clouds formation
(following relevant literaturg'®. Worth mentioning is that the EP205@eroBasis scenario assumes

1%Reduction of nor0, and non-GHG climate forcers as a result of SAFs implementation is considered through the implementation
of emission correction factors, as also implemented in the literature (Sacchi and Becattifi).et al.

Ut is also important to mention that FOCA states that policies for reduci@gand non€O, e ects from ights have to be based
on three pillars: fuel (energy source), engines and operations. The FOCA addresses all three of them through active collaboration in
the ICAO UN body, which is responsible for setting global standards and recommended practices in aviation. In this study, the only
aviation policy directly considered and addressed with the modeling framework is the fuel policy. Aviation policies addressing the
other two pillars are not directly considered, but rather only indirectly through the assumptions embedded in the EP&Eand
ZeroBasis databases.
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100% sustainable aviation fuels (SAFs) use from 2058 ¢alongside large eciency improvements);
consequently, the same assumption is carried over to Scenario D. ZeroBasis and Scenario D would lead
to a long-term additional warming contribution of over 300% and of 170%, respectively, higher than

in 1990. In WWB, both forcing and temperature anomaly do not stabilize, and maintain instead their
upward trajectory, as a result of the continued,@&missions.

Figure 28. Total curves of radiative forcing perturbation and temperature anomaly as a result of the
C0O,, NOy, SQ,, BC andH»,0O emissions, as well as cirrus clouds formation, from Swiss aviation
practices since 1950. The three considered future scenarios, namely WWB, ZeroBasis and Scenario D,
are shown in their respective colors, blue, green and purple. The curves are shown from 1990 to 2150.
The extended timeline is chosen to better visualize the longer time scale required by the temperature
anomaly to stabilize after radiative forcing has been altered by anthropogenic GHG emissions. Long-
term steady state temperature anomalies are shown in pink for ZeroBasis and Scenario D; in the WWB
case, forcing and temperature anomaly do not stabilize a result of the contingezh@$3ions.

12The evolution ofCO, emissions to follow the ZeroBasis scenario can be regarded as unrealistic, as it is improbable for SAFs
to cover 100% of the fuel requiremettge.g., the EU counterpart, ReFuelEU only requests 70% blending). FOCA reported more
realistic projections and policy information; however, information from this up-to-date assessment could not yet be included in this
project as it was not available at the beginning of the study.
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Figure 29. The four panels show, from left to right: (i) the emissions in percentage ( rst panel, left
vertical axis), where 100% corresponds to the level of emissions in 1990, while 0% represents their
level at the start of anthropogenic aviation emissions, i.e., the year 1950; (ii) in the same rst panel
the CDR requirements in Mir ( rst panel, right vertical axis), where rates of CDR are negative
numbers, in contrast to emissions that are positive; (iii) the cumulative CDR requirements needed to
achieve the net-zer©O, emissions target when residual emissions follow either WWB or ZeroBasis
(second panel); (iv) the associated radiative forcing for the WWB and ZeroBasis scenarios with and
without CDR (third panel), when only the climate impact@®, emissions is considered (100% is

the correspondin@O,-induced level in 1990, and 0% that in 1950); (iv) the associated temperature
anomaly for the WWB and ZeroBasis scenarios with and without CDR (fourth panel), when only the
COs-induced warming is considered (100% is the correspon@i@grinduced level in 1990, and 0%

that in 1950). Radiative forcing and temperature anomaly curves without CDR implementation are
showed with dashed lines. Achieving net-z&0, emissions in 2050, while only deploying CDR from

that same target year, results in a peak of #A/Mor the WWB scenario, where CDR deployment is zero

for the ZeroBasis pathway (100% SAFs uptake). Considering only the climate impact of a@&don-

and compensating with CDR for only those emissions, the long-term sector's warming contribution is
about ve times that in 1990.

43. For the Swiss aviation sector, the KIG currently targets net-zero emissions in 2050 , consii@ring
but neglecting all other aviation-induced climate forcerd“. Considering only the climate impact
of CO, emissions, and also compensating only@@,, the long-term sector's warming contribution

BExplanation for this comes from the "BBI 2022 1536 - Parlamentarische Initiative. Indirekter Gegenentwurf zur Gletscher-
Initiative. Netto-Null-Treibhausgasemissionen bis 2050. Bericht der Kommisgiobrhwelt, Raumplanung und Energie des
Nationalrates (admin.ch)”. This document from the parliament states that "aic tiso has an additional impact on the climate
caused by NOx, water vapor, sulfate and soot particles in the atmosphere. However, depending on the period under consideration,
weather conditions, and ight altitude, this ect varies between one and three times@i® emissions caused by the combustion of
fossil aviation fuel. This climate impact of aviation can, therefore, not be assigned a uniform factor across the board, but can only
be determined approximately. The atmospheriea should, therefore, not be included, but only the clearly identi able emissions
from the consumption of fossil aviation fuels, which are also the focus of intra-European emissions trading and the global CORSIA
system.”

l“However, the Swiss long-term climate strategy partially addresses and consid&@©pnamiation climate forcers. The following
is stated: "[...] the Federal Council proposes including the emissions of international aviation in the net-zero target for 2050 provided
this is scienti cally and technically feasible in line with the data in the greenhouse gas inventory. This is currently possible for
the greenhouse gas€€,, methane CH,) and nitrous oxideN,0). [...] In addition to these gases covered by the greenhouse gas
inventory, international aviation also generates other emissions that have an impact on the climate. These include watds@apour (
nitrogen oxide (NG), sulphur dioxide (S¢) and black carbon. [...] the G@missions of aviation must be multiplied by a factor of
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44.

45.

is about ve times that in 1990, with a peak temperature anomaly about 10% higher than the nal
value, for both the WWB and ZeroBasis scenarios. Peak rate of CDR deployment and cumulative
requirements until 2100 are about 7 Mt €Qer year and 350 Mt C&n WWB, whereas they are zero

in the ZeroBasis pathway, as this EP28Xtenario assumes 100% uptake ofdf@e Sustainable
Aviation Fuels (SAFs) until 2050.

Figure 30.As Figure 29, but for a Target 2 of net-zero radiative forcing. Achieving net-zero forcing
in 2050, while only deploying CDR from that same target year, results in a peak of 240fbttthe
WWB scenario and 190 Mtr for the ZeroBasis scenario. Considering only the climate impact of
aviation<CO,, and compensating with CDR for its resulting forcing, the sector's warming contribution
is eliminated in the long-term.

Targeting net-zero forcing in 2050 (Target 2, shown in Figure 30 and chapter 13.1.2 of the technical
report), with CDR starting from 2050, allows for a long-term temperature decrease to 0%, hence back
to the warming level at the start of detectable anthropogenic aviation emissions. However, to achieve
target 2, CDR deployment reaches extremely high levels at more than 190 and Z4D, Meér year, in

the ZeroBasis and in the WWB scenarios, respectively.

When the climate impact of aviation-induced nG@. climate forcers is accounted for, the overall
warming contribution from aviation becomes signi cantly larger than when these forcers are not
considered. For instance, in 1990, warming levels with @@»-forcers included are approximately
400% higher than the temperature anomaly without them, as illustrated by the dashed lines in Figure 31a.
Moreover, long-term temperature stabilization becomes unattainable without compensatory actions,
as non€0, pollutants continue to contribute to warming without beinget by CDR or mitigated
through targeted measures. Consequently, the sector's long-term warming contribution is projected to
be about four times higher under ZeroBasis (green) and ve times higher under WWB (blue) compared
to 1990 levels when both Cand non-CQ impacts are considered (Figure 31a, dashed lines).

around 2.5 according to the information currently available to re ect the total impact on the climate. This gure is a global average.
The factor can uctuate signi cantly depending on weather conditions and altitude for an individual ight which means there is an
element of uncertainty. These emissions are not currently included in the greenhouse gas inventory on account of this element of
uncertainty. [...] They [these emissions] should also decrease long-term. However, the cutting of these emissions should not come at
the expense of reducing fossil-based &nissions which remain in the atmosphere for signi cantly longer”.
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(a) Target 1, net-zero emissions

(b) Target 2, net-zero radiative forcing

Figure 31. Temperature anomaly evolution for a net-zero emissions and net-zero forcing climate policies
when only aviation€O, emissions are compensated with CDR and when only the climate impacCiédm
emissions is considered (solid lines, as presented in the last plot of Figure 29). Instead, the dashed lines show
the temperature anomaly evolution when CDR compensation is deployed o@piemissions, but the
warming caused bZO, and non€O;, polluters is considered. Here, all temperature anomaly curves are
normalized to aviation C®induced warming in 1990.

46.

47.

If non-CO; climate forcers are also set through CDR measures (or reduced via targeted industry-
speci ¢ actions), the long-term warming contribution from aviation under both the ZeroBasis and WWB
pathways can return to 1990 levels. However, the peak temperature anomaly in 2050 still exceeds 300%
of the 1990 level in both cases. While this represents a positive outcome from a climate perspective,
it comes at the cost of a signi cantly higher peak CDR deployment rate, reaching 3QDpper

year, with cumulative CDR requirements exceeding 700C@% by 2100. However, these peaks in
warming and CDR deployment can be mitigated. If CDR deployment begins immediately and ramps up
gradually, rather than starting in 2050, the peak warming can be reduced to 230% of the 1990 level,
and the peak CDR deployment rate can be limited to 3@k per year. This approach highlights the
importance of early and proactive CDR deployment strategies.

We present an illustrative case of more ambitious emissions reduction for the aviation sector, represented
by the orange curve in Figure 32. In this scenario, aviation demand—along with fuel consumption and
ight kilometers—is simulated to decrease linearly from today, ultimately reaching half the demand
projected in the ZeroBasis scenario. This adjustment signi cantly reduces CDR requirements, lowering
peak demands from 26 Kear to 10 Miyear and cutting cumulative CDR needs by 550 Mt by 2150 to
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achieve the net-zero emissions target.
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Figure 32. In the first panel, the required profile of CDR deployment is showed for a target 1 of net-zero
emissions in 2050, with CDR starting from 2020, when the EP2050+ ZeroBasis emissions scenario is
followed (in green) or when a more ambitious pathway of emissions reduction is deployed (in orange).
Here, emissions of CO; and non-CO; polluters are shown on the left vertical axis, normalized to their
values in 1990. Cirrus clouds formation, based on the kilometers of flight, is not showed here. The CDR
deployment curves, shown in negative values on the right vertical axis of the first panel, compensate
for CO; and non-CO; polluters and aviation-induced cirrus clouds formation. Radiative forcing (third
panel) and temperature anomaly (fourth panel) are normalized to their respective, aviation-induced
values in 1990 (resulting from emissions and cirrus clouds).

As expected, being more ambitious in the decrease of residual emissions before 2050 lowers both peak
and cumulative CDR deployment. For aviation, namely from 26 to 10 Mt/yr and from 1000 to 450 Mt
in 2150.he radiative and temperature anomaly curves after CDR deployment are equal for both the
ZeroBasis (green) and more ambitious (orange) residual emissions scenarios, as the same target curve
of net-zero emissions is respected.

48. Figure 32 highlights that for aviation-induced warming to remain below 1990 levels, while keeping
CDR demand within feasible ranges, aviation demand—encompassing fuel consumption and total air
traffic volume—must consistently decrease, starting immediately. This aligns with findings from Sacchi,
Becattini et al.!?, which emphasize that a continuous increase in air tra ¢ would cause synthetic jet
fuel produced with renewable electricity to place excessive pressure on economic and natural resources.
Alternatively, o setting the climate impacts of fossil jet fuel via DACCS would necessitate massive CO;
storage volumes and prolong dependence on fossil fuels. . . . A European climate-neutral aviation will
fly if air tra c is reduced to limit the scale of the climate impacts to mitigate.”°

Concluding remarks

49. Achieving either net-zero emissions (Target 1) or zero radiative forcing (Target 2) for Swiss agriculture
by 2050 under the ZeroBasis scenario, with CDR deployment starting that same year, is feasible if
sufficiently large amounts of CDR are generated. The required CDR amounts vary depending on the
method used—whether GWP metrics or models like GWP* and LWE—particularly in the long-term
projections. The actual temperature response for any emission scenario and CDR strategy must consider
all relevant climate forcers—methane, nitrous oxide, and carbon dioxide—and requires calculation
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50.

51.

using a climate model. Different methods for estimating CDR demand yield varying temperature
outcomes. The SLCM employed in this study balances simplicity and accuracy in predicting climate
impacts, making it a valuable tool for comparatively assessing the effectiveness of different climate
policy approaches.

Achieving net-zero emissions (Target 1) for Swiss aviation under the ZeroBasis scenario from 2050
onward, theoretically, requires no CDR if only CO; emissions are considered and SAFs with a zero
carbon footprint are assumed. However, in practice, the SLCM predicts a temperature anomaly several
times larger than in 1990 even under these conditions. When non-CO; effects are considered, the
required maximum CDR deployment rate in 2050 and the cumulative CDR needed throughout the
century reach levels that are likely unfeasible from today’s perspective. This highlights the significant
challenges in fully addressing aviation’s climate impact and the need for structural changes, including
industry-specific measures and a possible reduction in demand.

The CDR requirements identified in this study present a significant challenge in both scale and speed of
deployment. To meet the same climate targets, these requirements can only be reduced by: (i) initiating
CDR deployment immediately rather than waiting until 2050, (ii) adopting more ambitious residual
emission pathways than the ZeroBasis scenario, and (iii) implementing structural changes outside the
scope of this study, including reducing demand and applying sector-specific measures for agriculture
(e.g., Rosa et al.!%) and aviation (e.g., Frias et al.!#).
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