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The aviation industry and policymakers are advocating Sustainable Aviation Fuels (SAF) as one of the
main pillars for making the aviation industry sustainable. However, regulatory frameworks like CORSIA
and the EU Renewable Energy Directive often exclude the climate impact from in-flight non-CO,
emissions (e.g., NO,, H,0, and soot emissions), which is important in determining the effect of SAF

in reducing the climate impact of aviation. To bridge this gap, we evaluate the total global warming
effects of SAF from a well-to-wake analysis, which includes the climate effects from CO, emissions

of the well-to-wake combined with the non-CO, emissions of the pump-to-wake (i.e., inflight). We
quantify the climate impact of NO, H,0 and contrails and convert them to a CO, equivalence (CO,e)
factor based on a climate metric, for instance, the Average Temperature Response over a given time
horizon (i.e., 20, 50 and 100 years). The resulting well-to-wake CO,e values for SAF vary from about
150 to 250 g/MJ, depending on the specific fuel pathways. Our analysis shows that the maximum
reduction in CO,e emissions when using SAF is less than 50% compared to conventional jet fuel, mainly
due to the inflight NO, and contrail effects.

Aviation is an important economic sector that provides a fast and reliable means of transportation. However, in
2018, the sector was responsible for the emission of almost 1 Gt CO,, equivalent to 2.4% of global anthropogenic
CO, emissions including land use change'. Lee et al. (2021) estlmated that the share of anthropogemc effective
radlatlve forcing from aviation was around 4%, including both CO, and non-CO, effects'.

The non-CO, climate impact stems primarily from the releases of nltrogen oxides (NO,), water vapour
(H,0), and partlcle emissions. These non-CO, effects have strong spatial and temporal dependenc1es and are
assoc1ated with a high degree of uncertainty®?. z NO, emissions can lead to positive radiative forcing (warming
effect) as they serve as a precursor for short-term ozone (O,) production but also cause a cooling effect as they
destroy background methane (CH,) and the associated ozone (named as Primary Mode Ozone, PMO)**. Water
vapour has a negligible greenhouse gas (GHG) effect when emitted in the lower levels of the troposphere due to
its short lifetime, but when emitted at high altitudes (near the tropopause or in the stratosphere), its GHG effect
becomes stronger due to its increased residence time®. Soot and sulfur particulate emissions have relatively small
direct climate effects, but when H,O condenses onto these particles and freezes to form a contrail, this can lead
to a significant positive forcing, espec1ally at night®. In total, the non-CO, effects represented roughly two-thirds
of total aviation’s radiative forcing in 2018 considering the best estimate”,

One way to reduce aviation’s climate impact is by using sustainable aviation fuel (SAF)”. For instance, aircraft
operators are allowed to use SAF to reduce their carbon offsetting requirements through the Carbon Offsetting
& Reduction Scheme for International Aviation (CORSIA) and the EU Emissions Trading Scheme (ETS)%. The
carbon footprint of SAFs is often quantified in grams of CO, equivalence per megajoule (gCO, e/M]) by means
of a Lifecycle Analysis (LCA), which allows the user to identify the environmental benefit of SAF compared to
Conventional Jet Fuel (CJF)°-!!. Based on these findings, a certain type of SAF can be promoted or discouraged
by decision-makers. As mandated by regulatory frameworks, e.g., CORSIA, the Renewable Energy Directive
(RED) and the Low Carbon Fuel Standard (California), the current LCAs focus mainly on CO,, CH, and N,0O
emissions produced from Well to Wake (WtW). The WtW scope is composed of two stages: (1) fuel production
and distribution (Well-to-Pump (WtP)) and (2) fuel combustion (Pump-to-Wake (PtW)). Accordingly, 100%
SAF has the potential to reduce the lifecycle GHG emissions by up to 94% compared to CJF, depending on the
feedstocks and technology pathways, e.g., carbon capture! -2,

When it comes to the PtW non-CO, emissions, burning SAF can reduce soot particles and thereby reducing
contrail radiative forcing®. Meanwhlle, SAF has little effect on the NO_emissions'*. Therefore, it is necessary to
include the climate impact of the non-CO, emissions from burning SAF when quantifying the climate impact
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benefits of SAE. The previous work!>!¢ analyzed the inflight non-CO, climate effects of SAF using the Global
Warming Potential (GWP) with horizons of 20-100-500 years. It was concluded that the incorporation of
these non-CO, effects reduced the relative merit of using SAE, as SAF could not mitigate the non-CO, climate
impact. However, the analysis did not consider the fact that SAF is able to reduce the contrail climate impact!”"!8
because of the reduced soot emissions compared to CJF!*?. Moreover, recent work from Megill et al.?! tested
climate metrics against requirements, such as the consistency between the climate impact evaluation based on
a requirement and a scenario analysis. The analysis showed that Average Temperature Response (ATR) as a
climate metric was better suited for aviation than, e.g. GWP.

In this study, we perform the Life Cyle Climate Impact Analysis (LCCIA) to evaluate the climate benefit
of SAE. To do so, we quantify the climate impact of NO_, H,O and contrails from the PtW stage and convert
them to the gCO,e/M]J value based on two climate metrics, GWP and ATR, respectively for time horizons of
20-50-100 years???, The resulting gCO,e/MJ values are then combined with the Lifecycle GHG emissions of
the CORSIA Eligible Fuels to obtain the overall WtW GHG emissions of SAF?*!. Accordingly, we reflect on
environmental benefits of SAF and show in the discussion that the GHG emission reductions can be increased
by allocating SAF to long range flights. The overall approach includes an integrated modelling chain of emission
inventory generation, climate impact calculation and Monte Carlo simulations. The details are described in the
method section.

Results

Climate impact of inflight emissions for CJF and SAF

Figure 1 shows the radiative forcing (RF) and the resulting near surface temperature change (AT) caused by
in-flight CO,, NO,, H,O emissions and contrails from the beginning of aviation to roughly 100 years after
introduction of considerable amount of SAF (i.e., 1940-2130) for two cases: (1) 100% CJF (solid line) and (2)
100% SAF (dotted line). Case (1) assumes all aircraft use CJF from 1940 to 2130. For case (2), all aircraft use
100% CJF from 1940 to 2018, and in 2019 a perturbation is introduced that all aircraft use 100% SAF until 2130.
The emission indices and calorific values of CJF and SAF are given in Table 1. The emission index of CO, for SAF
is based on the emissions at the engine tailpipe and does not include the reduction in Lifecyle CO, in order to
evaluate the CO, equivalence for non-CO, effects. Furthermore, the change in contrail RF for SAF in Table 1 is
due to the reduction of soot number particles and is derived using the methodology from Grewe et al. (2021)%.
The GHG emissions in Table 1 considers the amount of CO, from combustion process. The RF and AT in Fig. 1
do not consider WtP emissions from fuel production and distribution. From 2019 onwards, the implementation
of SAF will result in lower fuel consumption because of the higher calorific values of the fuel, which slightly
reduces CO,, NO,, and soot emissions for given emission indices.

Furthermore, the CO, emission index (EI.,,) of SAF is lower than CJE, hence reducing the total CO,
emission, the corresponding RF and AT. Due to the increased H,O emission index (EIHZO) for SAF, the RF
and AT related to H,O emissions for SAF are slightly higher. The NO_ emission index (El ) is the same
for both fuels, as NO_ emissions are mainly affected by the engine architecture and combustion technology
not the fuel itself!*. The contrail RF of SAF is reduced by about 21% in 2130, mainly due to the reduced soot
numbers of burning SAE The reduction of soot number reduces the contrail lifetime, optical properties, and
hence the climate impact!®. More details about the RF derivations for SAF are given in Supplementary Table 2
and Supplementary Table 3. The Supplementary Table 4 compares the change of RF using SAF from different
literatures and shows a large variation range from 20% —50% depending on the model setups. While the current
analysis falls into the variation range, further research is required to reduce the uncertainty of using SAF on the
contrail radiative forcing.

CO, equivalent factors for CJF and SAF

Based on the temporal evolution of AT in Fig. 1, the ATR, , (average temperature response over a time horizon
of H for an individual climate specie, i) is obtained. Accordingly, the CO, equivalent (CO,e) factors of individual
species as a ratio to the ATRco,,u is derived (see Eq. (1)). These CO,e factors indicate the significance of non-
CO, effects on the increase of the average surface temperature compared to the CO, emissions by CJF and SAF,
respectively.

S S aore VAT (1) — AT (2019) dt "

COZe, all, ATRyg —
" 2 AT oo, () — ATeo, (2019) dt

2019

In Eq. (1), H is the time horizon. The subscript i denotes the climate species of NO,, H,0, CO, and contrail,
respectively. The temperature change in 2019 caused by species i emitted by global aviation before 2019
(i.e., A T; (2019)) is subtracted to eliminate the temperature change that already has happened before 2019.

In Fig. 2, the CO,e ratios of all individual climate agents for SAF and CJF are presented for three different
time horizons of 20, 50 and 100 years. For the shorter time horizon, the CO,eis larger since non-CO, effects have
a stronger short-term climate impact. As the time horizon increases, CO, emissions build up and the resulting
warming effect becomes more prominent over the long term. Hence, the total CO,e ratios reduce.

CO,e ratios based on the GWP have also been calculated following the similar approach of Eq. (1), but based
on the time integrated RE. The consequent CO e ratios indicate how much radiation (stratospherically adjusted
RF) is forced back by non-CO, effects compared to CO,. The results for CO,e ratios based on GWP are present
in Supplementary Fig. 4 and Supplementary Table 7 and agree well with available literature!® (see Supplementary
Table 8 and Supplementary Table 9 for more details).
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Fig. 1. Radiative Forcing (RF) and temperature change responses (AT) resulting from global aviation in-flight
CO, and non-CO, emissions for 100% Conventional Jet Fuel (CJF) (solid lines) and 100% Sustainable Aviation
Fuels (SAF) (dotted lines) from 1940-2130 for the business as usual (BAU) scenario. For SAF, the analysis does
not include the reduction in Lifecyle CO,. Business as usual is a fleet forecast scenario where the fleet growth
is predicted based on the market demand and meanwhile the efficiency improvements in the aircraft engine
system and the operational aspects are considered.

Well-to-wake CO,e emissions results
The well-to-wake CO,e emissions consist of two contributions: (1) the lifecycle CO, emissions (production,
distribution and combustion); and (2) the inflight non-CO, emissions (PtW). In Table 1, the amount of CO,
emitted per MJ of fuel due to combustion are 73.3 gCO,/MJ for CJF and 70.2 gCO,/M] for SAFE. By multiplying
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Fuel type CJF | SAF
CO, emission index, El ., [kg,/kgg.] 3.16 3.10

Water emission index, EI,, [kg,,o/ kg ] | 1.25 1.38

Fuel calorific value [M]J/kg] 431 | 44.2
Greenhouse Gas emissions [g,/M]] 733 | 70.2
AREF of contrail [%] 0% | -20.9%

Table 1. Settings used for the 100% CJF and 100% SAF scenarios concerning only the fuel combustion
process. The Elco, for SAF does not include the lifecyle CO,. A RF' refers to the changes of contrail radiative

forcing with respect to the conventional jet fuel due to the reduction of soot particle numbers. The scaling of
RF is based on literature?.
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Fig. 2. CO,e ratios of CO,, NO_, contrails and H,O based on the Average Temperature Response (ATR) over
20, 50 & 100 years calculated with Eq. (1) and derived from Fig. 1. Coloured bars represent the average, and
uncertainty bars denote the 5th & 95th percentiles coming from a Monte Carlo analysis with 2000 simulations.
The CO,e ratios are also given in tabulated form in Supplementary Table 6.

these values with CO e ratios in Fig. 2, the PtW CO,e emissions for the inflight non-CO, effects can be derived.
As a result, the PtW CO,e emission of CJF, due to the non-CO, climate effects, is 167.9 gCO,e/M] (based on the
ATR100). Similarly, the PtW CO,e emissions for the non-CO, effects of SAF is 147.7 gCO,e/M].

The PtW CO,e emissions of SAF for the non-CO, effects can be flexibly included to any existing LCAs to
obtain WtW CO,e emissions of SAF (see Eq. (2)). These novel WtW CO,e values thus represent the lifecycle
climate impact in the format of gCO, /M].

[90026:| . [gCOge] {gCOze} D)
MJ | wiw MJ | wep MJ ] ptw
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Figure 3 shows a set of WtW CO,, emissions considering the ICAO CORSIA eligible fuels and the CJF based
on ATR100. The CORSIA core LCA emissions (in green) are taken from?*. The Induced Land Use Change values
(referring to the additional land used for fuel production, in pink).

Upon the inclusion of PtW non-CO, effects, the equivalent CO, emissions per MJ for CJF increases from
89 (the CORSIA LCA value, orange dotted line) to 256.9 [192.3-334.9] gCO,e/MJ (red dotted line). The PtW
CO,e of SAF for the non-CO, effects is about 147.7 g per MJ (blue bars in Fig. 3), which is slightly less than CJF
(167.9 gCO,e/M]). This indicates that the relative merit of using SAF increases mainly due to the reduction of
contrail’s climate impact. For a shorter time horizon of 20- or 50- years, the CO,e ratios shown in Fig. 2 increase
considerably, driven by the non-CO, climate effects. Namely, using these shorter time horizons increases the
non-CO, emission reduction potential from SAE.

Furthermore, it is observed that some pathways like the palm oil (open pond) HEFA and corn grain Et],
which previously had higher lifecycle emissions than CJE now have lower WtW CO,e emissions than CJE. This
is mainly because SAF contains less aromatics and decreases non-CO, climate impact, i.e. the contrail impacts. It
should be noted that in the RED (the legal framework used for the quantification of emissions reductions in the
EU ETS), the standards set for a fuel to be classified as SAF are different. Nevertheless, the PtW values derived
in this analysis are still applicable. We find that the intrapathway uncertainty increases which is aligned with
the findings in". If GWP based CO,e ratios were used instead of ATR based CO,e ratios to calculate the PtW
results, the intrapathway uncertainty would decrease, as there is more uncertainty associated with calculating

temperature change responses than radiative forcing responses.
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Fig. 3. The estimated well-to-wake LCCIA CO,, emissions in gCO,e/M] based on the core lifecycle emissions
values for CORSIA Eligible Fuels and conventional jet fuel?*. Induced Land Use Change values (iLUC in
pink) are the global values taken from CORSIA?%. The PtW non-CO, contribution is based on the ATR100.
Error bars denote 5-95% confidence intervals based on a Monte Carlo analysis with 2000 simulations.

NBC =Non-Biogenic Carbon. MSW =Municipal Solid Waste. HEFA = Hydrotreated Esters and Fatty Acids.
SIP = Synthesized Iso-Paraffins. At] = Alcohol to Jet. Et] = Ethanol to Jet.
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Flight category | Flight distances (nautical miles)
Regional <300

Short [300, 1000]

Medium [1000, 2000]

Long [2000, 4000]

Very long >4000

Table 2. Clusters of flights based on great circle distances in nautical miles.

While having one set of CO,e ratios for the entire fleet is convenient, it is not entirely fair for flights. The
flights at higher cruise altitudes usually have a higher non-CO, climate impact contribution than flights with
lower cruise altitudes?. Therefore, flight-distance dependent CO,e factors are calculated for the clusters defined
in Table 2 based on (great circle) flight distances. For each group, the ATR100 per climate species are calculated,
and accordingly, cluster-specific CO,e ratios are derived for both CJF and SAF (the values are presented in the
Supplementary Fig. 5). The main takeaway is that for the shorter-range flights, the climate impact reduction
attained with SAF reduces compared to the long-range flights. The main reason is that short flights hardly reach
contrail-forming altitudes. Therefore, the lower soot emissions from SAF will not benefit for contrail climate
impact.

Discussion

In this work, the PtW CO,e emissions based on the non-CO, climate effects from NO_, H,O and contrails are
newly derived and are combined with typical ICAO CORSIA LCA emissions to obtain the WtW CO, e emissions.
Considering different climate metrics, the final LCCIA WtW varies. An example of considering the ATR100
metric shows that CJF hasa WtW CO, e emissions of about 256.9 g per MJ. The LCCIA WtW for SAF varies from
about 150 to 250 gCO,e/M] depending on the exact SAF pathways. Furthermore, non-CO, effects contribute to
approximately 69.6% and 67.7% of the overall in-flight CO,e emissions of CJF & SAF respectively. Two possible
ways to decrease this climate impact are by lean combustion engines with less NO_and soot emissions*” or by
avoiding climate sensitive areas?®~**. With the new LCCIA WtW CO,e emissions values, policy and decision-
makers can make informed decisions about the climate impact reduction potential of SAE.

One of the primary reasons why non-CO, effects are currently excluded from the quantification of emissions
reduction using CORSIA and EU ETS (RED) is because of the uncertainty associated with their climate impact.
We have investigated the impact of a range of uncertainties (see methods) on the equivalent emissions by
running a Monte Carlo analysis that generates a whole range of different CO e factors and pump-to-wake results
(grey bars in Figs. 2 and 3). To ensure that non-CO, climate impact is fairly and adequately accredited, the CO e
factor and PtW results of the Monte Carlo’s 5th percentile can be taken, meaning it is 95% certain that climate
impact is at least higher than the accredited value. Moreover, to study the robustness of the model prediction,
a sensitivity study has been performed for the NO_ RE By replacing the calculated NO_RF in the AirClim
model with the values presented by Lee et al. (2021)!, we observed a significant drop in the magnitude of the
CO,e factors (methodology bar in Supplementary Fig. 5), as the climate-chemistry model that was used in the
development of AirClim is at the upper end of the ozone increases per NO, emission of the range given in Lee et
al. (2021). Nevertheless, the variation is within the uncertainty range.

One limitation of this study is that the direct aerosol effects are not considered due to their relatively
small values. The absence of sulfur in SAF reduces SO, and volatile H,SO, emissions, hence reducing the
corresponding cooling effects. Therefore, the CO,e ratio for SAF is slightly underestimated in this regard'>.
On the other hand, the cooling effect of sulfur-related emissions might be roughly cancelled out by the direct
warming effect of soot emissions (see Supplementary information section 7). The results of the ECLIF-II'” and
ECLIF-III measurements’! indicate that sulfur particles possibly play a role in soot particle activation, as they
are thought to increase the soot particle’s hydrophilicity. A higher soot particle activation will lead to a higher
number of ice particles with smaller particle diameters, leading to a decreased sedimentation loss of ice particles
and therefore longer contrail lifetime. The induced indirect global warming effects due to change in sulfur
contents in SAF require thorough analysis.

Furthermore, a recent study? indicates that at sufficiently cold temperatures and low soot emission regime
(e.g., lean combustion), background sulfur and organic volatile particles can play critical roles in ice nucleation,
hence the contrail radiative forcing. In such situations, the benefit of SAF in reducing the contrail climate effect
requires further investigation.

The flight range based CO,e ratios shows that the reduction of CO,e emissions increases as the flight range
increases, this implies that for limited availability of SAF, allocating it to longer flights with higher flight altitudes
would allow more climate benefit, as suggested by™*. Further, the previous study also®® showed that the allocation
of SAF to night-time flights would have increased climate benefits, as especially the contrails at night have the
highest climate impact. If distinct CO, e factors for day and night were used, this could lead to substantially lower
CO,e factors for SAF at night and thereby much higher emissions reductions would be achieved per MJ of SAE.
Nevertheless, due to the lifetime of contrails, they are advected into day regions, even if they are produced at
night, which complicates, though not rule out, the target SAF use.

Moreover, lean combustion engines emit less NO, and soot and will cause a lower climate impact per unit of
fuel used, which means that the CO,e factor should also be aircraft type dependent. Even more accurate CO,e
factors could be made when they would also be weather type dependent as aircraft operators would then be
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incentivized to allocate their SAF to flights with the highest probability of e.g. contrails cirrus outbreaks. The
more factors are considered by the CO,e factor, the more accurate the quantification of emissions reductions
becomes and the better the incentivization of aircraft operators becomes to use SAF at the right time, in the right
aircraft and for the right aircraft trajectory. However, this will also result in more work and cost and possibly
require running weather simulations before take-off. Further work should focus on exploring different types of
CO,e factors, their effect on aircraft operator behavior and the associated cost of making them. In addition, the
knowledge and understanding of non-CO, climate impact must be further deepened and uncertainties included
in the assessment of mitigation options such as SAF to better understand the impact of those uncertainties on
the mitigation potential.

Methods

The LCCIA method used to derive the WtW values is based on the climate response model, AirClim, which
considers a global aviation emission inventory adapted for SAF usage, the growth of aircraft traffic and the
relevant background atmospheric species, like CO, and CH,. The entire modelling chain is explained in
Supplementary Fig. 1. The detail of each element is described in this section.

Climate assessment

The calculation of global RF and temperature responses resulting from global aviation is performed using
AirClim (version 2.0)**%. AirClim is a non-linear climate-chemistry response model to estimate the atmospheric
response, radiative forcing, and near-surface temperature changes resulting from the emissions of CO,, H,O,
NO, and contrails. AirClim achieves this by combining emission perturbation data with pre-calculated, altitude-
and latitude-dependent atmospheric input data obtained from 85 steady-state simulations performed with the
ECHAM4 and E39/CA climate chemistry models. The Supplementary Table 5 shows the RF in 2018 calculated
by AirClim model comparing to the literature'. To convert the RF to the temperature response, a set of climate
sensitivity parameters were taken from the published literature®® and are used here in this study. The program
does not account for the direct warming effects of soot aerosols nor the direct cooling effects of sulfate aerosols.
Indirect aerosol-cloud interactions are omitted from consideration as these are very uncertain, and the climate
impacts of CO and unburn hydrogen carbons (UHCs) are also disregarded as they represent a negligible portion
of aviation climate impact!. A process flow diagram displaying the critical inputs and outputs of AirClim in the
context of this research is shown in Supplementary Fig. 1. The three main inputs to generate a baseline 100%
CJF scenario are (1) an emissions inventory, (2) a fuel background scenario, and (3) a CO, and CH, background
scenario. For the background, we consider an increasing scenario to represent the growth of the air traffic and
the involvement of the atmospheric concentrations.

Emission inventory

The emission inventory used for this research is generated using the Global Aviation Model Emission Inventory
(GAMEI) developed in-house®. This model generates a 3D grid representing Earth’s atmosphere with a
horizontal resolution of 1° by 1° and a vertical resolution of 1000 feet. The fuel consumption, NO, emissions, non-
volatile particulate matters nvPM) and flown kilometres by global aviation in 2019 are calculated. To produce
this 3D grid, flight departure and destination airports are taken from a flight database of 2019 from flightradar24
which also indicates aircraft type. For each flight, a trajectory is created and segmented into waypoints. At each
waypoint, the aircraft’s performance metrics (fuel flow, rate of climb, and velocity) are calculated using BADA
(EUROCONTROL) performance data. CO, and H,O emissions are calculated by multiplying the used fuel at a
certain waypoint with the emission indices of CJF for CO, and H,O of 3.16 and 1.25 respectively. NO_emissions
for each waypoint are calculated using the Boeing Fuel Flow Method 2 (BFFM2)*” and the ICAO Emissions
Database (EDB). The result was an emissions inventory with 266.6 Tg fuel, 5.06 Tg NO_ and 52.43x10°
flown km for 2019. The emissions inventory is verified and validated with the emissions inventory from in
Supplementary information (Supplementary Fig. 2 and Supplementary Table 1).

Fuel background scenario

The fuel background scenarios used in this study are the “Current Technology” (CurTec) and “Business As
Usual” (BAU) scenarios taken from?® (Supplementary information). These are a top-down series of historic
fuel use by global aviation and have been extended from 2100 to 2130. For this extension, an annual Revenue
Passenger Kilometer growth of 0.5% per annum has been assumed from 2101 to 2150, and it is assumed that the
[#pax/flight] will increase from 85 to 88 for both the CurTec as well as the BAU scenario. Lastly, for CurTec, it is
assumed that the fuel efficiency stays 4.67 [kg/km] from 2100 to 2150, whereas for the BAU scenario, this [kg/
km)] is assumed to decrease with 0.25%/year in 2100 and 0.01%/year in 2150. The Supplementary Fig. 3 shows a
good agreement between the temporal evaluation of temperature response using the emission inventory in this
work when comparing the literature?® under the identify scenario.

CO, and CH, background scenario

Another important input for AirClim is a CO, and CH, background scenario. For this analysis, the SSP1-2.6
scenario from the IPCC is chosen. The Shared Socioeconomic Pathways (SSP) scenarios are five distinct socio-
economic narratives used by the IPCC and in climate change research that predict different global futures
based on varying societal developments®®. SSP1 is the sustainability scenario based on so-called “green road”
development. The 2.6 refers to the radiative forcing level, specifically 2.6 W/m? by the year 2100. We have chosen
SSP1-2.6 CO, and CH, background scenario, since during the assignment of emissions savings to players in
the aviation sector, it must be assumed that all other sectors in all countries are also contributing to emissions
savings. In the Supplementary Table 10, the effect of varying the CO, and CH, background scenarios is presented.
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Uncertainty analysis using Monte Carlo

The climate impact of non-CO, effects is associated with a large uncertainty. To account for this, some of the
model input parameters, like the CO, and CH, atmospheric residence times, the radiative forcing (RF) strengths
and climate sensitivity parameters of all 6 modeled aviation climate agents (CO,, CH,, H,0, O,, PMO and
contrail cirrus) are prescribed as uncertainty parameters with uniform uncertainty distributions. This gives a
total of 11 parameters for which a uniform uncertainty distribution is prescribed and for which 2000 Monte
Carlo simulations are done. 2000 simulations were chosen as by then; good convergence (with nominal/default
values) was observed.

Data availability
All data generated in this study are available in the 4TU.ResearchData repository: https://doi.org/10.4121/eb62
3e28-e88b-45c4-83bc-928849c57¢08.v1.
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