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r
é@ Stringent reductions in CO, emissions - and demand - required for
~~ Schiphol to meet Paris goal of 1.5°C global warming

« Current in-sector decarbonisation measures, excluding offsetting, are not enough to meet
IPCC derived carbon budgets compatible with 1.5°C global warming for Amsterdam Airport
Schiphol.

+ Significant demand management measures, to be implemented by 2030 at the latest, seem
the only viable way out. Demand in flights beyond a certain distance could be targeted in
particular.

-32% up to -66% v. 2019

required CO, reduction N :
et-zero with
current goal Duurzame Luchtvaarttafel: -9% v. 2019

current measures: -20% v. 2019 carbon removals

s

2023 2030 2040 2050
v Fleet renewal v Continued efficiency improvements
Current v Operational v" Increased use of SAF (ReFuelEU Aviation)
measures improvements

v SAF (up to 10%)

Additional » Significant demand management measures from 2025
measures Potentially by reduction of long-distance, high emission flights from 2025

Current measures in line with Destination 2050; 2030 SAF based on Clean Skies for Tomorrow (10%), above ReFuelEU (6%) © Royal NLR 2024 - All rights reserved. 2
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r
é@ How much aviation fits in a Paris-compatible CO, budget?

o

(a)

A study commissioned by Royal Schiphol Group, to inform decision making about a 2030 emissions target

In 2015, the world committed to
limit global warming through the
Paris Agreement

Holding the increase in the global average temperature to well below

2°C above pre-industrial levels and pursuing efforts to limit the temperature
increase to 1.5°C above pre-industrial levels, recognizing that this would
significantly reduce the risks and impacts of climate change;

Since this commitment, the IPCC
has stressed the relevance of
cumulative emissions and has
determined global CO, budgets:
how much more emissions can we
have in order not to surpass the
Paris-targets?

Although international aviation is
not part of Nationally Determined
Contributions, its emissions do
count towards these budgets, as
these encompass all man-made
CO,. Hence, it also has to
contribute in reducing emissions.

Crucially, net-zero roadmaps do
not address this, as these look at
emissions in a particular year - and
not at the ‘area below the curve'.

This research first determines
possible CO, budgets for flights
departing from Amsterdam Airport
Schiphol in the period 2020 - 2050,
based on various temperature
scenarios and budget shares
allocated to aviation.

Then, this work explores ‘how
much aviation activity’ fits within
these budgets. This is a crucially
relevant question, as activity
growth has historically out-paced
efficiency improvements 10 to 1
(Annex IlI.A).

Ultimately, implications for 2030
emission levels are derived.

Definitions

» Emissions
Unless indicated otherwise, all
emissions are tank-to-wake. Life cycle
emissions reductions of SAF are taken
into account using the ICAO CORSIA
methodology, in which life cycle savings
are evenly distributed over well-to-tank
and tank-to-wake quantities. An
emission index of 3.16 kg CO, per kg of
fuel is used.

* Netin-sector emissions
Net emissions by the aviation sector,
including net emissions reduction by the
use of SAF, but excluding out-of-sector
carbon removal (offsetting,
compensation, ...)

« SAF
Sustainable aviation fuel, spanning both

bio-based as well as synthetic fuels

© Royal NLR 2024 - All rights reserved. | 4
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é@ The IPCC has set CO, budgets, which specify how much CO, we can
emit in order to limit warming to various temperature scenarios

>

Limiting global warming to a
certain temperature with a
certain likelihood yields a global
carbon budget. For 2020 - 2050,
IPCC has determined these to be
the following.

0 Likelihood

500 Gt 400 Gt 300 Gt
850 Gt 700 Gt 550 Gt
1350 Gt 1150 Gt 900 Gt

This research zooms in the two
bold-printed budgets for
50%/1.5°C and 66%/1.7°C. The
first budget is also largely in line
with 83%/ 1.7°C.

Scenarios with 2°C warming and
1.7°C warming with a likelihood of
50% are not explored, as

» the Paris Agreement stipulates
warming “well below 2°C”

+ the risk of reaching dangerous
tipping points increases at
higher levels of global warming
(e.g. Lenton et al., 2023;
Armstrong McKay et al., 2022)

+ the consequences if targets are

overshot, and likelihood of this
happening (e.g. Beevor &
Alexander, 2022)

The graph below (based on Armstrong
McKay et al., 2022 and Carrington, 2022)
shows the “estimated range of global
heating needed to pass tipping point
temperature”. It illustrates the marked
differences between 1.5°C, 1.7°C and
2°C.

Range: Min Max @ Central estimate
0.0C 2.0 4.0
Greenland ice sheet collapse e
West Antarctic ice sheet collapse (@
Tropical coral reef die-off ‘@
Northern permafrost abrupt thaw (e
Barents Sea ice loss L ]
Labrador Sea current collapse L.
Mountain glaciers loss L]

1.1C Current level of warming —] ’

1.5-2.0C Paris agreement targets

© Royal NLR 2024 - All rights reserved. ‘ 5



Various sources provide a share
of the budget allocated to
aviation. Van den Berg et al.,
(2020) show various ways to
address that allocation problem,
based on different equity
principles. This is a fundamental
societal and political choice.

This research explores two

principles:

1. If the current share of
emissions is maintained, the
budget for all aviation would
be 2.4% (ICCT, 2020).

2. If one takes into account that
aviation is hard / costly to
abate, a larger share could be
justified. In the IEA Net Zero
scenario (2021), the aviation
budget is 3.9%.

The share of the budget for
aviation at Schiphol depends on
the share of aviation activity in
the Netherlands (vs. global).
Currently, this is 1.16%. As other
regions will see higher traffic
growth, this share will reduce
over time (in line with a reducing
share of Europe).

Anticipated future share  1.05%

The share of the budget for
Schiphol depends on the share of
traffic at Schiphol compared to
the Netherlands.

Share of Schiphol vs. NL 96%

Multiplying these, the
share used in analysisis 1.01%

éi) From global CO, budgets, CO, budgets for aviation in general and
>~ CO, budgets for flights departing from Schiphol are derived

Schiphol (x100)
all aviation (x10)

IEA/ICCT

- global

The illustration above shows the global,
aviation and Schiphol CO, budgets - the
latter two magnified 10 and 100 times to
be visible. It also captures the substantial
difference between a 2.4% (ICCT) or 3.9%
(IEA) share for aviation.

If global aviation today would be
responsible for 3.9% of global CO,
emissions, flights departing from the
Netherlands would emit more than 10%
of the rest of the Dutch economy.

The used share of 1.01% in this analysis is
conservatively taken to determine the total
cumulative budget instead of differentiating from
1.11% in 2019 to 1.01% in 2050.

© Royal NLR 2024 - All rights reserved. | 6
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‘élr In-sector emissions between 2020 and 2050 are calculated,
>~ modelled and estimated based on suitable data and methods

2020 2023 2030 2040 2050
|
calculated modelled, based on estimated, based on
from fuel « planned fleet renewal, + Mandated SAF uptake (ReFuelEU Aviation, increased to 10% SAF in 2030
bunkers including upgauging following Clean Skies for Tomorrow), expected emissions reduction factor
depending on plans (Destination 2050: 72% in 2025, linearly increasing to 95% by 2050)
« operational « Literature-derived figures for efficiency improvement (1.3 - 1.7% p.a., in
improvements line with historical average or maximum attainable improvement),
* SAF usage delivered by improvements in aircraft and engine technology and
: improvements in operation .
Known Lower uncertainty Greater uncertainty

Key observation: 2030 emissions level is the key determinant for cumulative emissions over the 2020 - 2050
period. Period up to 2030 already includes anticipated decarbonisation actions. In-sector net emissions reduce
rather quickly from 2031 thanks to ReFuelEU Aviation, but limited by efficiency improvement (1.3 - 1.7% p.a.).

« Resulting cumulative emission values are then compared to IPCC-derived CO, budgets for aviation at Schiphol

« Remaining net in-sector emissions in 2050 are compared to anticipated share of out-of-sector carbon removal
in Destination 2050

© Royal NLR 2024 - All rights reserved. | 7
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@9 In-sector action between now and 2030 reduces cumulative CO,

> emissions but overshoots majority of airport carbon budgets

400 0
350 Budget
2020-2050
300
o 66%/1.7°C/3.9%
S 250 , 2 |
=
= 200 50%/1.5°C/3.9%
&
= 150
o)
o 100
o 2020-2023
c 50 2024-2030
0 2031-2050
Maintaining 2019 Slim & Duurzaam / DLT: Best estimate for 2030 Constant traffic
emissions level 2030 = 2005 network of 500k

0% CO,in 2030v. 2019 -9% CO, in 2030v. 2019  -20% CO,in 2030v. 2019  flights (2019)

1.

Maintaining emissions at
2019 level (11.5 MtCO,)
overshoots all budgets

Best-estimate for 2030 CO,
emissions, including fleet
renewal, operational
improvements and SAF
uptake is below current DLT-
target

(2030 = 2005).

All airport specific carbon
budgets are overshot
between 2030 and 2050
except those derived for 66%
likelihood of 1.7°C with 3.9%
share.

Maintaining 2019 emissions level: 0% CO, reduction with respect to 2019: recovery to 2019 CO, (11.5 Mt) in 2024, maintained until 2050. // All others
include SAF from 2025 (ReFuelEU Aviation, increased to 10% in 2030), 1.3% p.a. efficiency improvement between 2031 and 2050. // Slim & Duurzaam /
DLT 2030 = 2005: Recovery to 2019-level of emissions (11.5 Mt) in 2024, linearly reduced to 2005-level (10.5 Mt) in 2030. // Best estimate for 2030: Traffic
recovery to 2019-level in 2024, emissions modelled based on best estimate of pathway for 2020 - 2030 (fleet renewal, operational improvements, 10%
SAF) // Fit for 55 and Destination 2050 scenarios are most comparable to ‘best estimate for 2030’ (Destination 2050 anticipates -12% CO, in 2030 v. 2019).

© Royal NLR 2024 - All rights reserved. | 8
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éip CO, emissions in 2030 have to reduce by 32%, 44% and 66%

> compared to 2019 to meet more ambitious airport carbon budgets

300

N N
o Ul
o o

In-secotr net MtCO,
ul
o

50

Budget
2020-2050

66%/1.7°C/3.9%

50%/1.5°C/3.9%

(2]

o 2020-2023
2024-2030
2031-2050
-9% -20% -32% -44% -66%
DLT Best estimate for
2030

Required change in in-sector net cumulative CO, emissions for 2030 (v. 2019)

Cumulative emissions between 2020 and 2023 are constant across all scenarios. // Best estimate for
2030: best estimate of pathway for 2020 - 2030; SAF from 2025 (ReFuelEU Aviation, 10% in 2030); 1.3%
p.a. efficiency improvement 2031 - 2050.

1.

Cumulative emissions 2020
to 2030 are governed by fleet
renewal, operational
improvements, SAF blending
and network.

Cumulative emissions 2031
to 2050 are governed by
ReFuelEU Aviation, annual
efficiency improvement and
2030 emissions level
(‘starting point’). Network is
assumed constant from 2030
onwards.

© Royal NLR 2024 - All rights reserved. | 9
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300

N
Ul
o

N
o
o

In-secotr net MtCO,
Y
o o

U1
o

Budget
2020-2050

E 66%/1.7°C/3.9%

= 50%/1.5°C/3.9%

______________________________ e o 2020-2023
o T 2024-2030

2031-2050
-9% -20% -32% -44% -66%
DLT Best estimate for
2030

Required change in in-sector net cumulative CO, emissions for 2030 (v. 2019)

Cumulative emissions between 2020 and 2023 are constant across all scenarios. // Best estimate for
2030: best estimate of pathway for 2020 - 2030; SAF from 2025 (ReFuelEU Aviation, 10% in 2030); 1.3%
p.a. efficiency improvement 2031 - 2050.

—_—

éip The level of CO, emissions in 2030 is the key determinant for
> cumulative emissions over the 2020 - 2050 period

Cumulative emissions 2020
to 2030 are governed by fleet
renewal, operational
improvements, SAF blending
and network.

Cumulative emissions 2031
to 2050 are governed by
ReFuelEU Aviation, annual
efficiency improvement and
2030 emissions level
(‘starting point’). Network is
assumed constant from 2030
onwards.

Lower emission levels in
2030 yield lower cumulative
emissions between 2031 and
2050

© Royal NLR 2024 - All rights reserved. 10
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@9 Additional SAF, better SAF or further efficiency improvement only
>~ make a limited (2-8%) impact on cumulative CO, for 2031 - 2050

Emissions levels in 2030 are hence of crucial importance

Additional SAF Higher quality SAF Higher efficiency improvement
ReFuelEU Aviation blending SAF emissions reduction values Efficiency improvement of 1.7%
mandate scaled by 1.2 x from (from Destination 2050) scaled by per annum, based on Destination
2035 onwards 1.2 x for 2030, and set to 100% 2050 and ICAO LTAG 1S3

for 2050 (“maximum possible effort in
terms of future technology

Base Alternative
Year ) .
estimate estimate

rollout, operational efficiencies”)
20% 24% estimate estimate -
34% 41% 72% 86% estimate estimate
42% 50% 95% 100% - 1.3% p.a. 1.7% p.a.
70% 84%

B =mco,  1omco,

123 MtCO, 120 MtCO,

123 MtCO, 113 MtCO, - 2%

- 8%

The base estimate is used throughout the analysis; the alternative estimates presented here are used to determine the impacts of additional SAF, higher
quality SAF and higher efficiency improvements on the budget use.

© Royal NLR 2024 - All rights reserved. 11
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AN . — »
QD Given no more in-sector decarbonisation opportunities, demand

> management remains as only option to reduce 2030 CO, levels v. 2019

Various compatible scenarios exist, based on vastly different emissions impacts of various flights

80% of flights are intra-EU and contribute about 20% About 15% longest distance flights (> 5000 km)

of CO, contribute some 75% of CO,

As such: demand management measures in ICA As such: demand management measures targeting
prevent more CO, emissions than measures in EUR long distance flights are more effective than measures

reducing total demand
100%

100%

|
80% 15%,

80%

60%
60%

0,
40% 40%

20% 20%

——Share of flights
——Share of CO2

1

1

1
0% I
Share of flights Share of CO2 0 2.000 4.000 6.000 8.000 10.000 12.000
Distance

0%

BEUR mICA

© Royal NLR 2024 - All rights reserved. 12
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éir Demand management can be achieved by more generic capacity

>~ reductions or specifically targeting the longest flights

Capacity reductions

2019

500k

500k
450k
400k
350k
300k
250k

Movements

200k
150k
100k

50k

(0]

-32% CO,
1.5°C/3.9%

489k
458k

-15%]-18%]-11%

477k
447k

416k

349k

338k

211k

-230,

BICA HWEUR

Differences shown are with respect to 2019. Scenarios assume as-equal-as-
possible demand reductions for all flights (left), or differences between EUR or
ICA segments (middle) with equal demand induced network reductions across
each segment, or targeted reduction of long-distance flights (right). Modelling
does not consider network effects nor CO, leakage to other areas. Capacity
reductions modelled from 2025 onwards.

Flight distance restrictions

-3%
100%

90% |
80%
70%
60%
50%
40%
30%
20%
10%

0
0% MXP  KEF CAl DOH JFK DEL DFW LAXBKK SIN EZE
0 2.000 4.000 6.000 8.000 10.000 12.000

Distance

- = =-32% CO2Vv.2019
-44% CO2 v. 2019
-66% CO2 v. 2019

Share of flights
Share of CO2 2019
Share of CO2 2030 v. 2019

CO, budgets for 2030 can be respected by limiting maximum flight
distance - reducing flights by 3%, 5% or 11%, respectively. The modelling
assumes these long-distance flights are not replaced by shorter flights.
Also, it must be noted that by reducing long-haul flights, CO, emissions
may be transferred to other geographic locations and respective
budgets. © Royal NLR 2024 - All rights reserved. | 13
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o

o) In the least ambitious scenario, twice as much carbon removal is

&

required by 2050 as in the most ambitious scenario

Achieving net-zero CO, emissions required additional out-of-sector carbon removal

=
~ 4
@)
(W]
g 3 -
5 S 2.5 Mt: 16%
‘g 2 2.2 Mt: 14%
v
£

1

0

2040 2041 2042 2043 2044 2045 2046 2047 2048 2049 2050

Year

—= = =-20% Best estimate for 2030 -32% -44% -66%

Non-linear behaviour caused by non-linearly increasing ReFuelEU Aviation SAF blending mandate (2040:
34% // 2040: 42% // 2050: 70%).

Destination 2050 anticipates 8%
contribution by carbon removal
in the year 2050, compared to
the 'hypothetical no-action
growth’ scenario.

For flights departing from
Schiphol, 2050 emissions in this
‘hypothetical no-action growth’
equal 16.2 MtCO..

Remaining emissions exceed
the 8% figure in two out of three
budget-compatible cases. There,
more out-of-sector carbon
removal is required to meet net-
zero goal.

Alternatively, 2030 emissions
could be reduced beyond
indicated percentages.

© Royal NLR 2024 - All rights reserved. | 14
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(ﬁir In the least ambitious scenario, the share of energy required for
»"aviation grows from 4.2% to 6.0% of the primary Dutch supply

* Bio-SAF at 55% process
efficiency (Van der Sman et al.,
20217) and synthetic SAF at 45%

Carbon | Total primary energy | Total energy share of aviation of
A required in 2050 primary energy supply in 2050

in 2050 SAF, carbon removal SAF, carbon removal, fossil fuel

process efficiency (Van der
Sman et 0/., 2022) are assumed 50% 1.5°C BoWAY: 1.1 Mt 2.7%
72 PJ

to be used in equal ratio. 2.4% 61 P 11 P) (- 36% v. 2015)
+ CO, can be removed out-of-

sector for which 9.97 PJ/MtCO, S0%15C) ek 142 P >-2%

is required (Beuttler et al., 2019; s 0P 22F) (+24% v. 2015)

Keith et al.,, 2018; Sustainable S AE 1AMt 1.8 Mt 4.3%

Aviation UK, 2023). 2.4% 98 PJ 18 PJ 116 P) (+ 2% v. 2015)
* Total primary energy supply in T vAd 1.6Mt 2.5 Mt 6.0%

the Netherlands in 2050 (den 3.9% 142 P) 25 ) 167 P) (+ 43% v, 2015)

Ouden et al., 2020). In 2015, the
total energy share of aviation of Figures for primary energy supply (i.e., mcludmg‘process losses, IﬂCl|l-,IdIﬂg |mports? in theT Netherlands by
. den Ouden et al. include non-energy uses, to which energy for maritime bunkers (including production of
the primary energy SUPIO'y was synthetic fuels and associated energy required for direct air capture) and aviation energy (SAF, carbon
4.2% (CBS, 2023). removal and fossil fuel) has been added. Domestic and maritime energy supply figures are an average
over different scenarios explored by den Ouden et al. including some maritime activity growth (+19% v.
2015).

© Royal NLR 2024 - All rights reserved. 15
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‘é’lr Smaller airport carbon budgets require larger CO, reductions and
> less flights in 2030

Indicative number of annual flights compatible with

Budget Required CO, required CO, reduction (2025-2050)
share for reduction
iati in 2030 EUR:ICA reduced 1:1 EUR:ICA reduced 1:3 : o
-66% v. 2019
50% 2.4% 210k 340k 450k
likelihood of -62% v. 2005 (6450 km)
15°C
(500 Gt) 3.9% 420k 460k 490k
(9300 km)
66% -44% v. 2019 480k
likelihood of 2.4% 350k 420k
1.7°C -39% v. 2005 (8850 km)
. 500k
(00 L 3.9% Not required

No flight distance restriction

© Royal NLR 2024 - All rights reserved. 16
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In determining the CO, budgets, IPCC (2022) has taken
into account non-CO, emissions, such as methane
emissions from the agricultural sector. These non-CO,
emissions impact the CO, budget (Annex L.A).

It is unclear if aviation-specific non-CO, climate effects
(NO, interactions with methane and ozone, persistent
contrails and cirrus, ...) are also explicitly taken into
account by IPCC.

If non-CO, climate effects of aviation are accounted for,
the current study is rightfully limited to CO, emissions
only. To align to IPCC modelling and assumptions, it is in
this case required to reduce non-CO, climate effects of
aviation in line with CO, emissions. This requires
additional and dedicated measures.

If non-CO, climate effects of aviation are not accounted
for, they should be ‘paid for’ from the carbon budgets.
However, in that case it also seems fair that the share
allocated to aviation is increased. As non-CO, climate
effects will then appear ‘on both sides of the equation’,
the conclusions presented here remain valid.

Global Aviation Effective Radiative Forcing (ERF) Terms

éip Notwithstanding the conclusions drawn, additional and dedicated
measures are required to tackle non-CO, impact of aviation

ERF

RF

Cont.

| | IEEEEGERY

(1940 to 2018) mwm?) | (mwm? RF |levals
T T T T T T T T T
Contrall eirrus '
g ST e =_1 FJPU PPV A e
Carbon dioxide (CO. |
m‘i’il‘m‘: -—-l : 34.3 (28, 40) | 34.3¢31, 38 | 1.0 | High
Nitrogen oxide (NOy) smissions 1
Short-term ozone increase : 493 (32,75) | 36.0 (23,56 | 1.37 | Med.
Leng-term ezone decrease 1 -10.6 (20, 7.9 -0.0 (17, -69) [ 1.8 | Low
'
Mathane decrease 1 -21.2 (40, -15) [ -17.9 (-4, -13) | 1.18 | Med
'
Stratospheric water vapor decrease ' -3.2 (6.0,-2.2) [ -2.7 (5.0,-19) | 1,18 | Low
'
T
Net for NO,, emissions =—| i 17.5(06,29) | 8.2(48,16 | — | Low
I
I
Water vapor emissions in i .
e stratosphers ' ] 2.0(08.32) | 2006352 | (11 | Med
Aerosol-radiation interactions
~from soot emissions 0.84 (0.1, 4.0) | 084 fo1, a0 | [1] | Low

-fram sulfur emissions

= 5 - 95% canfigance

T4 (48 28)

T4 (18, -28)

Low

Acrosol-cloud interactions
-from sulfur emissions
-from 500t emissions

No best
estimates

No best
estimates

Very
low

Net aviation (Non-COj terms)

Net aviation (All terms)

66,6 (21, 111}

100.9 (85, 145)

114.8 i35, 194}

148.1 (70, 229)

-50

0 50 100
Effective Radiative Forcing (mW m-2)

150

This figure, from Lee et al. (2021), shows non-CO, effects are
estimated to have been responsible for two-thirds of the total
aviation climate effect between 1940 and 2018. Although this

ratio might be different over other periods, the non-CO, climate
impact is nonnegligible. Additional and dedicated measures will
be required to address these non-CO, effects.

© Royal NLR 2024 - All rights reserved.
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IV. Detailed results
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B. -32% CO, emissions in 2030 v. 2019; in line with 1.5°C/3.9%
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D. -66% CO, emissions in 2030 v. 2019; in line with 1.5°C/2.4%
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nto) I: Background information
>

carbon budgets

QéA:

Carbon budgets as used in this report “can

@ B: Aviation growth, CO, intensity and cumulative CO, emissions @ C: Science Based Targets initiative (SBTi)

HEY

Globed aleline traftic amd siation eflicienc - Between 1970 and 2015, The Sclence Based Targess Initative Is 3 paninership that rives ambitious clmate action I the peivate sector by
i % 5 or - v

e defined a5 the remaining amourt o - revenue passenger blometres enabiing organtzations to et science-based emissions reduction targets". A: the moment of writing, 26 arine

€0z emissions that can still be emite (RPKs} have grown by a factor companies ae involed and 12 have an approved taget (@) “welkelow 2'CT)

while keeping the global average ¥ y g

0. C0; e
temperature increase due to human

passenger ki 101 S6ting well-beknw 2°C Targets noces that T #1gn with the Parts agreement [of
activities to below: spec\fﬂempem(ure however, decressed by 3 factar o i SECI00 S riquired 10 1echce average Cartion inlensiy w. 35-4064 Detmpen 2015-2035,
limit* (0 . Itis stressed that f—r R 11 since 1360, : O ~65% from 2019-2050" - from approximataly 1000 £CORTK nd,q ./rrv Long-term
COx budrs are rt legaly or scentfcaly e P i ity Aty Torecants are b 1305} w
“binding’ €O, ‘allowance’, but should rather L s wih af 2.9% per annum (201 »-I'FA'\ Tre SBT: |rv"uh\—_lyu insensitie |.~:—g. anid provch
be seen and used as a concept that allows | &) = ard is. accordinghy. mere kerient towsrds establshed airines, artopating beicw-verage growth rates.
10 Check whether (projected) cumulative - = |- = = 3
emissions are (reasonably, Lé. respecting [ = P R O As cf recently. aifines can oriy submit targets that are in line with 1.5°C 150% ket hecd) using an Interim
uncertainties and probabities) in lne with — pathway’. A revsed 1.5°C s currenily in development. The interim pathwoy iz based on the Braakthrough scenario
emperature g . - [ (S Py Py of ICCTs Wsicn 2050 Wherss this Sreabthrough scenarko wes developed to be compatible with 67% likebhood of
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s shown in the figure by IPCC (2022] on the previous page, anticipated reductions in non-CO; emissions{such a5 Thes figure = . aire

methane emissions from the agricultural sector) are taken inta account in determiing the €Oy budgets. As pt oty i b ier 2’,:&?',:’;’:':”3‘ aonsSria s e - o the autert
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from an amount of remaining Warming. Relevant 1o note is the spiit' of the total
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Given the relevance of monitoring (proxies for) warming in light of ional targets, the notable uncertainti The figure bebow shows annual global 00y emissions fram global aviation and irdicates the share of total -
and the publication interval of IPCC reports {5 - 10 years) in combination wih the need for swift.and decisive cumuative emissians in ach 20-year period.

action, various intermediate scientific publications |« er et gl al have provided

Updates to the carbon budgets - taking into account both emissions.as they mppenen between 2020 and

present.day, modelling refinements and improved insignts, Aforementioned studies indicate tat the CO; budget -

for limiting wWarming to 1.59C with a 50% likelihod is not 500 Gt but 400 Gt over the period from 2020 up to and
including 2050 (-20%) and that the budget for limiting warming to 1.7°C with a 66% likefihood is not 700 Gt but

00 Gtover th period from 2020 up o and ncuding 2050 { 14%) For he perod fom 2023 up to nd including
2050, respective budgets would be 250 Gt and 500 Gt C

- 47%
31%

Notwithstanding the fact that Forster er at (2023) stress to “follow methods as close as possible o those used in
the IPEC Sizth KssessmentReport {ARS) Working Group One (WGl report?, the present analysis of CO, budgets for
n has opted to primarily refer to the {originaf) budgets as published by the IPCC/(2022) in order to avoid -
the words af Rogelj ef al. (2019) - "diversity thal may confuse”. Put simply: the authars of this present work cannat
judge whether “followling] methods as close a3 possible to those used [by] the IPCC™ s tlose enought. A short
exercise shows that the required reduction in CO, emissions by 2030 based on the reduced budget for limiting .
wiarming to 1,5%C with a 50% likelihood of 400 Gt over the period from 2020 up to and including 2050 would mean . .
ashift from -32% 1o -49%. e e e ”"‘“ e
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é@ A: IPCC global carbon budgets
o

Carbon budgets as used in this report “can
be defined as the remaining amount of
CO, emissions that can still be emitted
while keeping the global average
temperature increase due to human
activities to below a specific temperature
limit” (Rogelj et al., 2019). It is stressed that
CO, budgets are not legally or scientifically
‘binding’ CO, ‘allowance’, but should rather
be seen and used as a concept that allows
to check whether (projected) cumulative
emissions are (reasonably, i.e., respecting
uncertainties and probabilities) in line with
temperature targets.

The budgets are presented in IPCC (2022)
are shown in the figure on the right.
Budgets used in this work are outlined.

Table SPM.2 | Estimates of historical carbon dioxide (CO,) emissions and remaining carbon budgets. Estimated remaining carbon budgets are
calculated from the beginning of 2020 and extend until global net zero CO: emissions are reached. They refer to CO, emissions, while accounting for the global
warming effect of non-CO; emissions. Global warming in this table refers to human-induced global surface temperature increase, which excludes the impact
of natural variability on global temperatures in individual years.

{Table 3.1, 5.5.1, 5.5.2, Box 5.2, Table 5.1, Table 5.7, Table 5.8, Table T5.3}

Global Warming Between
1850-1900 and 2010-2019 (°C)

1.07 (0.8-1.3; likely range)

Historical Cumulative CO; Emissions from 1850 to 2019 (GtCO;)

2390 (+ 240; likely range)

Estimated remaining carbon budgets
Approximate global Additional global from the beginning of 2020 (GtC0)
warming relative warming relative to Variations in reductions
1o 18501900 until 2010-2019 until tem- | Likelihood of limiting global warming in non-CO; emissions®
temperature limit (°C): WYL Ce) to temperature fimit*
17% 33% 50% 67% 83%
15 0.43 900 650 500 400 300
Higher or lower reductions in
17 0.63 1450 1050 850 700 550 .a(company\'ng non-CO; emissions can
increase or decrease the values on
the left by 220 GtCO; or more
2.0 0.93 2300 1700 1350 1150 900

Values at each 0.1°C increment of warming are available in Tables TS.3 and 5.8.

°This likelihood is based on the uncertainty in transient climate response to cumulative CO;emissions (TCRE) and additional Earth system feedbacks and provides the
probability that global warming will not exceed the temperature levels provided in the two left columns. Uncertainties related to historical warming (550 GtCO2)
and non-CO: forcing and response (x220 GtCO;) are partially addressed by the assessed uncertainty in TCRE, but uncertainties in recent emissions since 2015
(+20 GtCO;) and the climate response after net zero CO, emissions are reached (+420 GtCO;) are separate.

©Remaining carbon budget estimates consider the warming from non-CO; drivers as implied by the scenarios assessed in SR1.5. The Working Group Il Contribution
1o ARG will assess mitigation of non-CO; emissions.

© Royal NLR 2024 - All rights reserved | 21


https://www.nature.com/articles/s41586-019-1368-z
https://www.ipcc.ch/report/ar6/wg3/downloads/report/IPCC_AR6_WGIII_SummaryForPolicymakers.pdf

r
é@ A: IPCC global carbon budgets
>

As shown in the figure by IPCC (2022) on the previous page, anticipated reductions in non-CO, emissions (such as
methane emissions from the agricultural sector) are taken into account in determining the CO,-budgets. As

indicated by IPCC, “higher or lower reductions in accompanying non-CO, emissions can increase or decrease the
values on the left [the CO,-budgets]"”.

The figure on the right (based on Rogelj et al, 2019, Fig. 1) illustrates in a Remaining warming until
simplified manner how an ‘allowed’ amount of CO, emissions is determined LS EEIE SR il

from an amount of remaining warming. Relevant to note is the ‘split’ of the total Corresponding amount of CO, and
emissions or impacts over contributions by CO, and non-CO,. As the IPCC (2022, non-CO, emissions /impacts

Table SPM.2) explicitly notes, higher or lower reductions in non-CO, emissions
also impact the remaining CO, budget, quantifying that uncertainty as “220Gt or
more” (equivalent to 44% of the 500 Gt budget corresponding to a 50%

CO, budget i i
likelihood of 1.5°C warming). S tgaﬁ'ﬁfeﬂﬁffy

© Royal NLR 2024 - All rights reserved. | 22


https://www.ipcc.ch/report/ar6/wg3/downloads/report/IPCC_AR6_WGIII_SummaryForPolicymakers.pdf
https://www.nature.com/articles/s41586-019-1368-z
https://www.ipcc.ch/report/ar6/wg3/downloads/report/IPCC_AR6_WGIII_SummaryForPolicymakers.pdf

r
é@ A: IPCC global carbon budgets
>

Given the relevance of monitoring (proxies for) warming in light of international targets, the notable uncertainties
and the publication interval of IPCC reports (5 - 10 years) in combination with the need for swift and decisive
action, various intermediate scientific publications (e.g. Forster et al., 2023 and Lamboll et al., 2023) have provided
updates to the carbon budgets - taking into account both emissions as they happened between 2020 and
present-day, modelling refinements and improved insights. Aforementioned studies indicate that the CO, budget
for limiting warming to 1.5°C with a 50% likelihood is not 500 Gt but 400 Gt over the period from 2020 up to and
including 2050 (-20%) and that the budget for limiting warming to 1.7°C with a 66% likelihood is not 700 Gt but
500 Gt over the period from 2020 up to and including 2050 (-14%). For the period from 2023 up to and including
2050, respective budgets would be 250 Gt and 500 Gt (Forster et al., 2023, Table 7).

Notwithstanding the fact that Forster et al. (2023) stress to “follow methods as close as possible to those used in
the IPCC Sixth Assessment Report (AR6) Working Group One (WGI) report”, the present analysis of CO, budgets for
aviation has opted to primarily refer to the (‘original’) budgets as published by the IPCC (2022) in order to avoid - in
the words of Rogelj et al. (2019) - “diversity that may confuse”. Put simply: the authors of this present work cannot
judge whether “follow[ing] methods as close as possible to those used [by] the IPCC" is ‘close enough’. A short
exercise shows that the required reduction in CO, emissions by 2030 based on the reduced budget for limiting
warming to 1.5°C with a 50% likelihood of 400 Gt over the period from 2020 up to and including 2050 would mean
a shift from -32% to -49%.
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@9 B: Aviation growth, CO, intensity and cumulative CO, emissions

> Activity growth in revenue passenger kilometre (RPK)

Global airline traffic and aviation efficiency 4 _ Between 1970 and 2019,
Revenue passenger kilometers (RPK) measures the number of paying customers multiplied by the distance traveled. Available seal kilomelers revenue pa sse nge r k| | om etres

(ASK) measures the lotal number of seats available. The ratio between RPK and ASK measures the passenger load factor.

Avialion efficiency data does not include non-CO: climate forcings, or a multiplier for warming effects at alitutde. (RP KS) have grown by a fa CtOI’
Passenger kilometers (km) . .
10 million , Available seat kilometers (ASK) 20. C02 intensity per revenue
[ .
— 7 passenger kilometre has,
/
/ ) however, decreased by a factor
— II Revenue passenger kilometers (RPK) .
’ y 11 since 1960.
7 million ,/, CO, emissions per revenue
Global financial crisis 7 passenger kilometer (kgCO, per RPK)
émillion ,~I, 3kg
/
/
5 million 9/11 ,I 25kg
/

4 million

- - Aviation efficiency (kgCO, per RPK)
3million L5 kg increased around twenty-fold since 1950;

and eleven-fold since 1960.

2 million

lkg
1 million 0.5kg
In 2018, 0.125 kg CO, was emitted
0 (6] per revenue passenger kilometer.

OurWorldinData.org - Research and data to make progress against th
Sis o L s et AL (3020) The cantAibict

ler CC-BY by the autt

Our World in Data (2022)
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> B: Aviation growth, CO, intensity and cumulative CO, emissions

100)

Fuel burn (1970

CO, intensity in CO, per revenue tonne kilometre (RTK)

= |CAC metric value
— Fuel/tonne-km

125

......

+0.4%

|

|

.l

L]

=2.0%
100

75

Annual change in
metric by decade

50

25
1960 1965 1970 1975 1980 1985 1990 1895 2000 2005 2010 2015 2020

Year

Zheng & Rutherford (2020)

This figure shows that fuel consumption of new aircraft
has reduced by 41% over the past 50 years (1970 =
100), corresponding to a 1.0% compound annual
reduction rate. Over the period from 1960 to 2019, the
compound reduction rate was even higher at 1.3%, due
to the introduction of widebody aircraft.
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g) B: Aviation growth, CO, intensity and cumulative CO, emissions

Cumulative aviation CO, emissions

The figure below shows annual global CO, emissions from global aviation and indicates the share of total
cumulative emissions in each 20-year period.

1200

:

47%

{million tonnes)

A00

Annual CO, emissions from aviation
2

0
140 1945 1950 1955 1960 1965 1970 197% 1980 1985 1990 1995 2000 2005 2010 2%
Year

% of total 1940-2019 emissions during: 1940-1555 W 1960-1575 W 19301595 W 2000-2019
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é@ C: Science Based Targets initiative (SBTi)
>

The Science Based Targets initiative is a partnership that “drives ambitious climate action in the private sector by
enabling organizations to set science-based emissions reduction targets”. At the moment of writing, 26 airline
companies are involved and 12 have an approved target (all “well-below 2°C").

The Aviation sector guidance for setting well-below 2°C targets notes that “[t]o align with the Paris agreement [of
well-below 2°C], the aviation sector is required to reduce average carbon intensity by ~35-40% between 2019-2035,
or ~65% from 2019-2050" - from approximately 1000 gCO,/RTK today, to some 350 gCO,/RTK in 2050. Long-term
industry activity forecasts are based on the IEA ETP Sustainable Development Scenario (SDS), which anticipates an
annual growth forecast of 2.9% per annum (2019-2050). The SBTi methodology is insensitive to regional growth
differences and is, accordingly, more lenient towards established airlines, anticipating below-average growth rates.

As of recently, airlines can only submit targets that are in line with 1.5°C (50% likelihood) using an ‘interim
pathway’. A revised 1.5°C is currently in development. The interim pathway is based on the Breakthrough scenario
of ICCTs Vision 2050. Whereas this Breakthrough scenario was developed to be compatible with 67% likelihood of
1.75°C warming, its “cumulative emissions [...] over the time period 2019-2050 [19.6 GtCO,] are lower than those
of the IEA NZE scenario [20.5 GtCO,], which is consistent with limiting global temperature increase to 1.5°C
without overshoot” (p. 3 of the 1.5°C technical report), SBTi deems the Breakthrough scenario compatible with
1.5°C. The difference is likely caused by the different shares of carbon budget allocated to aviation (3.9% in case of
IEA, 2.9% in case of ICCT, the latter including WtW emissions). Further differences between these pathways are
noted in Table 1 (p. 4) of the technical report, shown on the next page. Whereas technology and alternative fuel
assumptions of IEA are fairly well in line with assumptions made in this report, the ICCT Breakthrough scenario

Science Based Targets initiative: About, Dashboard, Aviation sector guidance (August 2021), Interim 1.5°C
pathway technical report (February 2023). ICCT Vision 2050
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é@ C: Science Based Targets initiative (SBTi)
>

IEA Net-Z Emissi ICCT Breakth ]
Scenario Scenario

of assuming annual efficiency Model time frame Up to 2050 Up to 2050
improvement fIgU res that are hlgher Cumulative emissions from aviation, 2019-2050

. . . 20.5 Gt CO; 19.6 Gt CO,
than what ICAO refers to as the time period (Tank to Wake basis)
“"maximum possib/e effort” (|S3) This is Assumed annual activity growth, revenue 5 5% 5 9%

the likely reason that a higher activity passenger kilometers (RPK) (2019-2050)
Assumed annual efficiency improvement (2019-

growth (compared to the IEA scenario) 2050) 1.7% 2%
Can' be sustained at a lower (cumulatlve) Alternative fuel share by 2050 (SAF + hydrogen) 70% 100%
emissions level.

Notwithstanding the ‘interim’ status of the 1.5°C SBTi pathway, the target-setting tool Hosolute emissions treet

for that warming scenario outlines a 2050 sector intensity target of 24 gCO,/RTK (N.B.: -
per revenue tonne kilometre; -98% versus current CO, intensity). By 2050, global
sector emissions should be reduced to about 100 MtCO.,.

&
Bl 600

ns (MTCO2e)

t avg. Sector Emissios

Compared to the analysis presented here, the current (interim) 1.5°C SBTi pathway will w0
likely lead to a somewhat higher carbon budget, as regional growth differences are not = §
taken into account by SBTi. Moreover, the targeted CO, intensity reduction of 98%
compared to 2019 levels seems more technology-optimistic compared to the analysis
presented here. The 'kink’ in the sector emissions pathway (graph on the right) from
2030 seems to match that technology-optimism.

Science Based Targets initiative: About, Dashboard, Aviation sector guidance (August 2021), Interim 1.5°C :
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‘é’lr II: Carbon budgets and comparison to aviation decarbonisation

o,

pathways

A. Global aviation:

comparison of ICAO decarbonisation

pathways to carbon budgets

(ﬁipA Comparison of ICAO decarbonisation pathways to carbon budgets
e

Carbon budgets

Decarbonisation pathways

for aviation (2.4% and 3.9%)
« Further reduced
glabal aviation {

aainability

the share of ir

(_9}\ Comparison of ICAO decarbonisation pathways to carbon budgets

a1 10 global aviation (61. %)= in shore 1.5% and 2.4%)

Global aviation share (2.4% and 3.9% X share of internatior

Key: < 1.5% / 1> 2.4%

Integrated scenaria 2 Integrated scenario 3

4

>

\(61.3%) = internation| aviation share)

Global aviation share (2.4% and 3.9%) x share of internationaito global avia

Key: < 1.5%/ 1>2.4%

Integrated scenario 2 Integrated scenario 3

nir A Comparison of ICAO decarbonisation pathways to carbon budgets

11.5% and 2.4%)

(ﬁipA Comparison of ICAO decarbonisation pathways to carbon budgets
o i

(2.4%and 3.99%)x share of internatior tion (61, 3%) = international sviation share [1.5% and 2.4%)

Global aviation shar 2110 global avia

Key: < 1.5% / 1> 2.4%

Integrated scenario 2 Integrated scenario 3

-

) A

Compar'lson of ICAO decarbonisation pathways to carbon budgets

X

<] HEHH

Likelihood

B. Dutch aviation:
Carbon budgets for aviation in the
Netherlands and Schiphol

@l?) B: Carbon budgets for aviation in the Netherlands and Schiphol
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é@ A: Comparison of ICAO decarbonisation pathways to carbon budgets
>

Approach and input

Decarbonisation pathways Carbon budgets

« Sourced from ICAO LTAG study + Various warming scenarios and two budget shares
+ Limited to international aviation only for aviation (2.4% and 3.9%) - as used in main study
Integrated scenario 2 (IS2): “middle readiness / attainability « Further reduced by the share of international to all
and middle aspiration” global aviation (61.3% (ICCT,2020) > 1.5% and 2.4%)

« Mid traffic forecast (2.6% - 3.8% p.a. in RPK)

« Cumulative emissions 2020 - 2050: :c;% share
_ 17 GtCO, (range 14 - 20 GtCO,) :
« Cumulative emissions 2020 - 2070: _ 7.4 Gt 5.9 Gt 4.4 Gt
— 28 GtCO, (range 23 - 34 GtCO,) 12.5 Gt 103 Gt 8.1 Gt
Integrated scenario 3 (IS3): “represents the maximum _ 19.9 Gt 16.9 Gt 13.2 Gt

possible effort in terms of future technology rollout,
operational efficiencies, and fuel availability” °c, Likelihood

« Mid traffic forecast (2.6% - 3.8% p.a. in RPK) 2.4% share

e Cumulative emissions 2020 - 2050: _ 12.0 Gt 9.6 Gt 7.2 Gt
— 12 GtCO,(range 9 - 15 GtCO,) 20.3 Gt 16.7 Gt 13.1 Gt
e Cumulative emissions 2020 - 2070: _ 323 Gt 275 Gt 215 Gt

— 16 GtCO, (range 12 - 20 GtCO,)
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>A Comparison of ICAO decarbonisation pathways to carbon budgets

International aviation share resulting from cumulative CO, emissions of LTAG scenarios with a low traffic forecast

Global aviation share (2.4% and 3.9%) x share of international to global aviation (61.3%) = international aviation share (1.5% and 2.4%)

Key: < 1.5% / /1>2.4%
Integrated scenario 2 Integrated scenario 3
Based on cumulative emissions up to 2050 - 14 GtCO, Based on cumulative emissions up to 2050 - 9 GtCO,
E
-
EER T 7R Y
17

°c
e 1% 23%
1.6% 2.0% 2.5% e s 16w
o e e Lew o o8 0%

Based on cumulative emissions up to 2070 - 23 GtCO, Based on cumulative emissions up to 2070 - 12 GtCO,

°oC Likelihood e Likelihood

05 | aex | osew | e EEesS VD
N R 2.2%
20 R 2.0% o 1% 13%
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>A Comparison of ICAO decarbonisation pathways to carbon budgets

International aviation share resulting from cumulative CO, emissions of LTAG scenarios with a mid traffic forecast

Global aviation share (2.4% and 3.9%) x share of international to global aviation (61.3%) =

Key: < 1.5% /

Integrated scenario 2
Based on cumulative emissions up to 2050 - 17 GtCO,

international aviation share (1.5% and 2.4%)
/>2.4%

Integrated scenario 3
Based on cumulative emissions up to 2050 - 12 GtCO,

oC Likelihood

°C Likelihood
_

2.0% 2.4% 3.1%
__ 1.5% 1.9%

Based on cumulative emissions up to 2070 - 28 GtCO,

Likelihood
(15 ] sew | 70% | 93w |

2 At 2.4%

15 e
A aw 1.7% 2.2%

Based on cumulative emissions up to 2070 - 16 GtCO,

e Likelihood

15 ] 3% | ao% | s3% |

1.9% 23% 2.9%

O S e
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>A Comparison of ICAO decarbonisation pathways to carbon budgets

International aviation share resulting from cumulative CO, emissions of LTAG scenarios with a high traffic forecast

Global aviation share (2.4% and 3.9%) x share of international to global aviation (61.3%) = international aviation share (1.5% and 2.4%)

Key: < 1.5% / 1>2.4%
Integrated scenario 2 Integrated scenario 3
Based on cumulative emissions up to 2050 - 20 GtCO, Based on cumulative emissions up to 2050 - 15 GtCO,
E .
-
(15 | sox | 38 | so% |

15 | aox | sox | 6% |

A o 17 VY 21% 27%
SO S 2.2% SO e s

Based on cumulative emissions up to 2070 - 34 GtCO, Based on cumulative emissions up to 2070 - 20 GtCO,

°C °c
- -
_
17 |

15 | esw | 85w | 113%

2.4% 3.6%

SO S 2%
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>A Comparison of ICAO decarbonisation pathways to carbon budgets

Comparison over time for mid traffic forecast

4
/
14% —@— 1S3 as % IPCC 1.5C
IS2 and 1S3 do not
12% -
pathways —e— 152 as % IPCC 1.5C
10% = IS2 as % IPCC 2C
-~
8% S s e 2019 int. aviation share
IEA NZE int. aviation share
6%
IS2 does not follow the 2°C pathways
4%
IS3 more aligned with the 2°C
athways
2% p y
0%
2020 2025 2030 2035 2040 2045 2050
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>

Carbon budgets for aviation in the Netherlands Carbon budgets for aviation at Schiphol

« Various warming scenarios (1.5°C and 1.7°C) and » Various warming scenarios (1.5°C and 1.7°C) and
two budget shares for aviation (2.4% and 3.9%) - as two budget shares for aviation (2.4% and 3.9%) - as
used in main study used in main study

« Further reduced by the anticipated future share of + Further reduced by the anticipated future share of
NL to all global aviation (1.05% > 0.0252% and NL to all global aviation (1.05% > 0.0252% and
0.0410%) 0.0410%) and by the share of Schiphol to all NL

(96% >0.0241% and 0.0393%)

Likelihood
0.0241% share

121 Mt

°C, Likelihood
AL A EIG
126 Mt

1.7 176 Mt 169 Mt

Likelihood
0.0393% share

197 Mt

L o Likelihood

0.410% share

205 Mt

287 Mt 275 Mt
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o
ﬁp I1l: Supplementary methods and results
>

Q9 A: Approaches to emission shares

Carbon budget for aviation can be derived via
various approaches relating to questions
about the societal views on the importance of
aviation and the difficulty for other sectors
and countries to reach the climate targets.

in the methodology of this work a
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approach is used (2.4%) as well
as the IEA NZE scenario (3.9%).

A1 rghes resonea. | 27

>
@ B: Relevance of economic measures and accounting principles

adhered to

TS

The EU £T5 is 8 cap-andh rade systs
mit C0; need (o have an cown

Partes can buy aliowances from

Other parthes, i these have allowances in excess,
after they have reduced carbon emissions. The
vay Is ‘chaimed by

>

carbon reduczion reaftzed this
the other party.

o not necessarfy
0 an equivalent emissices

As such, emissions for which EU ETS allowances are
surrerdered, are stdl counted as nst nsector
emission, Yunded from the budget.

CORSIA
KCADs CORSHA Is an offsetting schesme, designed to
keep CO; emissions of International aviation s #5% of

the 2079 emissions Jevel, Arlines are then required to
Purchaso 3 particular amaunt of céfsets. If these
affssts cancorn carbon removal prejects (of which
permarcnce and addiionality are guarantcedy, such
offsscs can be Lzed to daint 3 recuction in et aidine

0 this Sty OfFSes ane not Laken It account, 3s the
Baseline emssiors hevel (35% of 2019) is rot

[
s, reting he ate of depletion of the
carbon budget. This does require the avalabiity of
suth cffsets, and (n case of ndustrial carbon
remoual) the associaeed svailabliy of sufficient
renewable energy,
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(o)) C: Methods

#" Decarbonisation m

Up to 2030

Fleet renewal (based on
operator announcements and
NLR research), including limited
upgauging due to replacement
by larger aircraft

Operational improvements
improved ATM efficiency
increased CDA application
- (some) alternative taxiing
saF uptake, modelled tw
linearly increase between

- 2025 2%

- 2030: 10% (increased from
ReFuelEU Aviation, based
on Clean Skies for
Tomarrow, JetZero, etc)

2031 - 2050

Annual efficiency
improvement of 1.3%

~ SAF uptake according to
ReFuelEU Aviation
- 2035: 201
- 2040: 343
~ 2045: 42%
- 2050: 70%

)

s

# Rl R 2024 - 4 rgn: e,

"

vsector [MACO2) W Reduced by SAF [WCOZ)

=

(_) D: Summarised results fnr net CO; emissions for 2020 - 2030

Compared fa carban b emaining b
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.
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1.”
(o) E: Required CO, emissions reductions by 2030 in case of 1.7% p.a.
= efficiency improvement
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inama
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@ F: Required reduction in net in-sector CO. emissions in 2030 for
#" airport carbon budgets depends on SAF
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R
@9 A: Approaches to emission shares
>

Approach Equity principle Description
Grandfathering Sovereignty Allocatlonslof_ carbon budgets based on
current emission shares
. Allocation of national carbon budgets based
Immediate per . . )
. . entirely on population shares (which can be
capita Equality . .
present day or projected cumulative
convergence .
population)
Allocation of national carbon budgets based
. on both current emission shares and
Per capita Sovereignty /equalit opulation shares (i.e. a combination of
convergence gnty /equality Pop -

grandfathering and immediate per capita
convergence)

Equal cumulative
per capita
emissions

Equality /responsibility

Allocation of national carbon budgets based
on cumulative emissions per capita in a
certain period that is equal across countries.
Can incorporate historical cumulative
emissions (responsibility)

Ability to pay

Capability/need

Baseline national carbon budget (e.g. based
on equal per capita) is modified so that
those able to pay (e.g. countries with higher
gross domestic product per capita) have a
lower budget

Greenhouse Carbon budget is reduced (compared to
development Responsibility/capability/need  baseline) for countries with high historical
rights responsibility and high capacity

Emissions are reduced where this is most
Cost-optimal Cost-effectiveness cost-effective (e.g. marginal mitigation cost

is equalised across countries - as assessed by
models or marginal abatement cost curves)

Climate advisory board EU, based on Van den Berg et al. (2020)

The carbon budget for aviation can be derived
via various approaches relating to questions
about the societal views on the importance of
aviation and the difficulty for other sectors
and countries to reach the climate targets.

The 2.4% share for aviation used in this
analysis is an example of the Grandfathering-
approach. The 3.9% share for aviation, based
on the IEA Net Zero Emissions scenario, can
be considered in line with the Cost-optimal
approach.
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Ky
&

B: Relevance of economic measures and accounting principles

adhered to

EU ETS

The EU ETS is a cap-and-trade system. Parties that
emit CO, need to have an allowance (‘permit’) to do so
(Van der Sman et al., 2021).

Parties can buy allowances from:

A. Other parties, if these have allowances in excess,
after they have reduced carbon emissions. The
carbon reduction realised this way is ‘claimed’ by
the other party.

B. Auctions. Revenues go to climate change
mitigation and adaptation causes (e.g. EU ETS
Innovation Fund), but do not necessarily
correspond one-to-one to an equivalent emissions
reduction.

As such, emissions for which EU ETS allowances are
surrendered, are still counted as net in-sector
emission, ‘funded’ from the budget.

CORSIA

ICAOs CORSIA is an offsetting scheme, designed to
keep CO, emissions of international aviation at 85% of
the 2019 emissions level. Airlines are then required to
purchase a particular amount of offsets. If these
offsets concern carbon removal projects (of which
permanence and additionality are guaranteed), such
offsets can be used to ‘claim’ a reduction in net airline
emissions.

In this study, offsets are not taken into account, as the
baseline emissions level (85% of 2019) is not
compatible with the Paris Agreement. If parties would
purchase additional (high-quality, carbon removal)
offsets, these could be used to counterbalance
emissions, reducing the rate of depletion of the
carbon budget. This does require the availability of
such offsets, and (in case of industrial carbon
removal) the associated availability of sufficient
renewable energy.
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é@ C: Methods

> Decarbonisation modelling / Constant factors across scenarios

Up to 2030

- Fleet renewal (based on
operator announcements and
NLR research), including limited
upgauging due to planned
replacement by larger aircraft

- Operational improvements:

- improved ATM efficiency
- increased CDA application
- (some) alternative taxiing

- SAF uptake, modelled to

linearly increase between
- 2025: 2%

- 2030: 10% (increased from
ReFuelEU Aviation, based
on Clean Skies for
Tomorrow, JetZero, etc.)

2031 - 2050

— Annual efficiency
improvement of 1.3%

— SAF uptake according to
ReFuelEU Aviation

2035: 20%
2040: 34%
2045: 42%
2050: 70%

lllustration: SAF blending and
annual efficiency improvement reduce net CO,

In-sector net MtCO,

S A N o N A~ o

12
10
8

3% 13%

-1.3% 139
1-3% -1.3% -1.3%  1.3%
E -1.3%  .1.3% 13%
10%
20%
34%
42%
70%
O — AN M T N WOUIMNOWOO  —ANMI LW OWN0 O O
[ 0 o0 T o0 0 T 9/ T o/ N0 T 00 JOC 6.0 NN 0 S RS~ S S S S A S S S S TR |
[ceolololBoloNoloohohohoholohohoRohoholhol ol
AN AN AN AN AN AN AN AN AN AN AN AN AN ANANANNNN AN
Year

B Gross in-sector [MtCO2] ™M Reduced by SAF [MtCO2]
H Net in-sector [MtCO2]
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v

éip D: Summarised results for net CO, emissions for 2020 - 2030

Compared to carbon budgets for 2020 - 2050, showing remaining budget shares in %

300

250

200

N
U
o

100

In-secotr net MtCO,

50

Budget
63% 66% 70% 75% 2020-2050
66%/1.7°C/3.9%
48% 53% 58% 65%
50%/1.5°C/3.9%
103
101 94 9
84 83
: 102 Mt
:93 Mt 69 68
0 2030 - : 84 Mt
0,
0 2030 : 68 Mt —% SAF
50 10% SAF
14% SAF
-20% -32% -44% -66%

Best estimate for 2030

© Royal NLR 2024 - All rights reserved.
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r
é@ E: Required CO, emissions reductions by 2030 in case of 1.7% p.a.
» efficiency improvement

Budget
300 2020-2050

66%/1.7°C/3.9%

250
o~
8 200 50%/1.5°C/3.9%
+—
=
)
()
c 150
-
)
o
O
Q
v 100
C
= 2020-2023
50 2024-2030
2031-2050
0
-20% -30% -43% -65%
Best estimate for
2030

Required change in in-sector net CO, emissions for 2030 (v. 2019)
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v

airport carbon budgets depends on SAF

300
250 56
46
o 200
B 38
=
@ 150
[
S 23
@]
v}
o 100
9P
£
50
0
-20% -32% -44% -66%
Best estimate for
2030

Required change in in-sector bruto CO, emissions for 2030 (v. 2019)
Cumulative emissions between 2020 and 2023 are constant across all scenarios. // Best estimate for 2030: best estimate of
pathway for 2020 - 2030; SAF from 2025 (ReFuelEU Aviation, 10% in 2030); 1.3% p.a. efficiency improvement 2031 - 2050.

éi) F: Required reduction in net in-sector CO, emissions in 2030 for

Budget
2020-2050

66%/1.7°C/3.9%

50%/1.5°C/3.9%

2020-2023
2024-2030
2031-2050
Reduced by SAF
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o
é@ IV: Detailed results
o,

CO, emissions in the year 2030
Cumulative CO, emissions 2020 - 2030
Budget and CO, pathway 2031 - 2050

For scenarios:

A. Best estimate for 2030 compared to 1.5°C/3.9% and 1.7°C/3.9%
B. -32% CO, emissions in 2030 v. 2019; in line with 1.5°C/3.9%
C. -44% CO, emissions in 2030 v. 2019; in line with 1.7°C/2.4%
D. -66% CO, emissions in 2030 v. 2019; in line with 1.5°C/2.4%
(éé E:FL}muIatwe CQ; emissions 2020 - 2030 Sﬁé B CO; emissions in the year 2030
e CE
_ 203110 2050: 104 Mt _ 2 "‘,_ I

@D B: Budget and €O pathway 2031 - 2050
» e

32% CO.
" Budget: 104 Mt
; Used: 104 Mt

| ‘ | | ||||||||||||||||||||||||||||I|I|| B
:._.,.!||IIIIII|||||||I 2031-2050: 14 Mt

' ) R - Required out-of-sector

NN Py o SR RCRE R g removal starting from
St o 2050: 22 Mt

or
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)A CO, emissions in the year 2030

Best estimate for 2030: 10% SAF, EUR -0%, ICA -0%, compared to 50%/1.5°C/3.9% & 66%/1.7°C/3.9%

14 500k
— 450k
s v = - 400k o%
-8 10 -01 00 || 00 00 09
g -01 300k
£ 08
~ 250k
o
o 06 200k
g 150k
S 04 0%
2 100k
g
< 02 50k
0k
00 Flights EUR Flights ICA  Total
Fleet renewal SAF (10%) ICA +0%
Base Operations EUR +0% Final (500k) W 2019 m2030

Fleet renewal based on operator announcements and additional NLR research. \\ Operational
improvements include improved ATM efficiency, increased CDA application and (some) alternative
taxiing. \\ SAF according to ReFuelEU (linear interpolation). \\ 2019 network maintained.
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>A Cumulative CO, emissions 2020 - 2030

Best estimate for 2030: 10% SAF, EUR -0%, ICA -0%, compared to 50%/1.5°C/3.9%

14
-7% -10% -12%  -14%  -16% -18%  -20%

—_
N

—_
o

0o

In-sector net MtCO,

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Year

mmm Fleet renewal SAF
Operations

— Actual
== 1 Projected

Cumulative emissions based on actual traffic 1/1/2020 to 30/6/2023; modelled between 1/7/2023
and 31/12/2030. SAF uptake based on ReFuelEU aviation.

2030: 9.3 Mt

Total budget
50%/1.5°C/3.9%: 197 Mt

2020to0 2030: 102 Mt
Budget for
2031 to 2050: 95 Mt

Total budget based on 50% likelihood of
1.5°C global warming, 3.9% share of
aviation (vs. all activity) and 1.01% share of
Schiphol (vs. all aviation)
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>A Budget and CO, pathway 2031 - 2050

Best estimate for 2030: 10% SAF, EUR -0%, ICA -0%, compared to 50%/1.5°C/3.9%

12
- Budget: 102 Mt
8 - Used: 123 Mt
6 Budget overrun by 28 Mt
g 4 Budget overrun after 2043
S 2 .
o KLY Required SAF between
2 romzsmamssimsann A H 1T H 2031-2043: 8 Mt
P 026/028%31%34%36%37%39% 40%42%480/
753% 5994 :
© S o e e e A e e e o o %"6:%73% Required out-of-sector
O N M O B T O MO I PN AP AN SN - N PN AN PN RS .
AT AT AT AT AT AT AT DT AT AT AR AR AT AR DT AT A AT AT A D removalstartlngfrom
B Gross in-sector [MtCO2] Year o Gross in-sector over-budget [MtCO2] 2044. 5.4 Mt
W Reduced by SAF [MtCO2] O Reduced by SAF over-budget [MtCO2]
H Net in-sector [MtCO2] O Net in-sector over-budget [MtCO2]

Cumulative emissions based on actual traffic 1/1/2020 to 30/6/2023; modelled between 1/7/2023
and 31/12/2030. SAF uptake based on ReFuelEU aviation; capacity restrictions introduced from
2025.
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>A Cumulative CO, emissions 2020 - 2030

Best estimate for 2030: 10% SAF, EUR -0%, ICA -0%, compared to 66%/1.7°C/3.9%

14
-7% -10% -12%  -14%  -16% -18%  -20%

—_
N

—_
o

In-sector net MtCO,
(0]

6
4
2
0
2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
Year
— Actual mmm Fleet renewal SAF
= Projected Operations

Cumulative emissions based on actual traffic 1/1/2020 to 30/6/2023; modelled between 1/7/2023
and 31/12/2030. SAF uptake based on ReFuelEU aviation.

2030: 9.3 Mt

Total budget
66%/1.7°C/3.9%: 169 Mt

2020 to 2030: 102 Mt

Budget for
2031 to 2050: 65 Mt

Total budget based on 66% likelihood of
1.7° C global warming, 3.9% share of
aviation (vs. all activity) and 1.01% share of
Schiphol (vs. all aviation)
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Q)A Budget and CO, pathway 2031 - 2050

Best estimate for 2030: 10% SAF, EUR -0%, ICA -0% compared to 66%/1.7°C/3.9%

12

- Budget: 102 Mt
8 Used: 123 Mt
6 Budget overrun by 58 Mt
S 4 Budget overrun after 2038
S 2 .
0 Required SAF between
e DT H H H
2 10% 112% 149 16%  18% 20% 23% 2031-2038: 4 Mt
v 2% 28% 3199 34%  36% o
-4 P37 39% 40% a2% o0
; S 5om )
- Q N O DX 5 00 9,9 O N O 9P & O b A D 9O 2% ReqUIred OUt-Of-SeCtor
LI L LT FTFTFTFTF & removal starting from
B Gross in-sector [MtCO2] Year [ Gross in-sector over-budget [MtCO2] 2039: 6.6 Mt
B Reduced by SAF [MtCO2] O Reduced by SAF over-budget [MtCO2]
W Net in-sector [MtCO2] O Net in-sector over-budget [MtCO2]

Cumulative emissions based on actual traffic 1/1/2020 to 30/6/2023; modelled between 1/7/2023
and 31/12/2030. SAF uptake based on ReFuelEU aviation; capacity restrictions introduced from
2025.
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P
é@ B: CO, emissions in the year 2030

o

-32% CO,: 10% SAF, EUR -17%, ICA -15%, in line with 50%/1.5°C/3.9%

14

12

10 -01 00 [

-01 oo M o8

-01

08

06

04

02

In-sector net CO, emissions (Mt)

00
Fleet renewal SAF (10%) ICA -15%
Base Operations EUR -17% Final (417k)

Fleet renewal based on operator announcements and additional NLR research. \\ Operational
improvements include improved ATM efficiency, increased CDA application and (some) alternative
taxiing. \\ SAF according to ReFuelEU (linear interpolation). \\ 2019 network maintained, except for
EUR and ICA capacity restrictions.

500k
450k

400k

350k 7%

300k

250k

200k

150k

100k '15%
50
ok

-17%

=~

Flights EUR Flights ICA Total

m 2019 m 2030

Exemplary traffic scenario resulting in
required -32% CO, in 2030 (v. 2019)
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o
@ B: Cumulative CO, emissions 2020 - 2030

>

-32% CO,: 10% SAF, EUR -17%, ICA -15%, in line with 50%/1.5°C/3.9%

14
12 7% 24% -26% -27% -29%  -30%  -32%
o~
(@)
Y10
=
b 8
c
S 6
)
(&)
% 4
C
- 2
0
2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
Year
— Actual mmm Fleet renewal SAF EUR
— . Projected Operations ICA

Cumulative emissions based on actual traffic 1/1/2020 to 30/6/2023; modelled between 1/7/2023
and 31/12/2030. SAF uptake based on ReFuelEU aviation; capacity restrictions introduced from
2025.

CO, in 2030:

Total budget:
2020 to 2030:

Budget for
2031 to 2050:

7.9 Mt

197 Mt
93 Mt

104 Mt

Total budget based on 50% likelihood of
1.5°C global warming, 3.9% share of
aviation (vs. all activity) and 1.01% share of

Schiphol (vs. all aviation)
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r
é@ B: Budget and CO, pathway 2031

o

- 2050

-32% CO,: 10% SAF, EUR -17%, ICA -15%, in line with 50%/1.5°C/3.9%

10%  12%  14%  169%
18% 20% 239 26% | 28% 3794 34%  36%
37% | 39%  40%

MtCO,
N A N O N M O ® O

5 0 A 99 O N O D H»X H o D O 0
0 SO o NP MG SR S P PN S P G S P A i N LRS)
SRR N A S SN S R S R S X AN

Year

S N SV D op
o> & VP
BT

B Gross in-sector [MtCO2] M Reduced by SAF [MtCO2] W Net in-sector [MtCO2]

Cumulative emissions based on actual traffic 1/1/2020 to 30/6/2023; modelled between 1/7/2023
and 31/12/2030. SAF uptake based on ReFuelEU aviation; capacity restrictions introduced from
2025.

104 Mt
104 Mt

Budget:
Used:

Required SAF between
2031-2050: 14 Mt

Required out-of-sector
removal starting from
2050: 2.2 Mt

8% contribution compared to ‘hypothetical
no-action growth’ scenario by out-of-sector
carbon removal anticipated by Destination
2050. 2.2 Mt equals 14%, requires additional
out-of-sector removal or traffic reduction.
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r
é@ C: CO, emissions in the year 2030

o

-44% CO,: 10% SAF, EUR -30%, ICA -31%, in line with 66%/1.7°C/2.4%

14

12 12

10 ——
-01 |
00 01 |

08 -01
06

06 -02

04

In-sector net CO, emissions (Mt)

02

00
Fleet renewal SAF (10%) ICA -31%
Base Operations EUR -30% Final (349k)

Fleet renewal based on operator announcements and additional NLR research. \\ Operational
improvements include improved ATM efficiency, increased CDA application and (some) alternative
taxiing. \\ SAF according to ReFuelEU (linear interpolation). \\ 2019 network maintained, except for
EUR and ICA capacity restrictions.

500k
450k

400k
-30%

350k
300k -30%
250Kk
200k
150k
100k -31%
- I
ok

Flights EUR Flights ICA Total

=~

m 2019 w2030

Exemplary traffic scenario resulting in
required -44% CO, in 2030 (v. 2019)
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o
@ C: Budget and CO, pathway 2031 - 2050

> -44% CO,: 10% SAF, EUR -30%, ICA -31%, in line with 66%/1.7°C/2.4%

8 Budget: 85 Mt
6 .
Used: 85 Mt
4
o 2 :
2, | Required SAF between
2 10% 12% 14%  16% 189% 20 23% 26% 289 3144 2031'2050: 11 Mt
34% 36% 37% 39% 40% 2% 4o
° 53%
4 59% 6% 0y, .
. Required out-of-sector
O N A Do 9 0 A DD O N D) DO 0D DO D removal starting from
R A I L I I A I I R R i R e S A A A NG
GG SN O R S U AR M e 00, g18Mt
Year : :
B Gross in-sector [MtCO2] M Reduced by SAF [MtCO2] B Net in-sector [MtCO2]
Cumulative emissions based on actual traffic 1/1/2020 to 30/6/2023; modelled between 1/7/2023 8% contribution compared to ‘hypothetical
and 31/12/2030. SAF uptake based on ReFuelEU aviation; capacity restrictions introduced from no-action growth’ scenario by out-of-sector
2025. carbon removal anticipated by Destination

2050. 1.8 Mt equals 11%, requires additional
out-of-sector removal or traffic reduction.

© Royal NLR 2024 - All rights reserved. | 53



P
é@ D: CO, emissions in the year 2030

o

-66% CO,: 10% SAF, EUR -58%, ICA -57%, in line with 50%/1.5°C/2.4%

14

12 12

. o oo
08

06

04 04

In-sector net CO, emissions (Mt)

02

00
Fleet renewal SAF (10%) ICA -57%
Base Operations EUR -58% Final (211k)

Fleet renewal based on operator announcements and additional NLR research. \\ Operational
improvements include improved ATM efficiency, increased CDA application and (some) alternative
taxiing. \\ SAF according to ReFuelEU (linear interpolation). \\ 2019 network maintained, except for
EUR and ICA capacity restrictions.

500k
450k
400k
350k
300k
250k
200k -58%

150k
100k
-57%
50k I
oK m

Flights EUR Flights ICA Total

-58%

m 2019 m2030

Exemplary traffic scenario resulting in
required -66% CO, in 2030 (v. 2019)
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@ D: Cumulative CO, emissions 2020 - 2030

>

-66% CO,: 10% SAF, EUR -58%, ICA -57%, in line with 50%/1.5°C/2.4%

14
-7% -61% -62% -63% -64% -65% -66%

-
N

-
o

In-sector net MtCO,
(0]

4
4.4 4.3 4.3 4.2 4.1 4.0
2
0
2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
Year
— Actual mmm Fleet renewal SAF EUR
— . Projected Operations ICA

Cumulative emissions based on actual traffic 1/1/2020 to 30/6/2023; modelled between 1/7/2023
and 31/12/2030. SAF uptake based on ReFuelEU aviation; capacity restrictions introduced from
2025.

2030: 4.0 Mt

Total budget: 121 Mt
2020 to 2030: 68 Mt

budget for
2031 to 2050: 53 Mt

Total budget based on 50% likelihood of
1.5°C global warming, 2.4% share of
aviation (vs. all activity) and 1.01% share of
Schiphol (vs. all aviation)
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@l D:

Budget and CO, pathway 2031 - 2050

> -66% CO,: 10% SAF, EUR -58%, ICA -57%, in line with 50%/1.5°C/2.4%

5
4
3
2
1 | I I
0
S 1 10% 12% 14% 16% qgo 20% 239
26% 28% 3105 3405 36% 37% 39% 40% 420
. 48% 530

9%
64% ' 709,

O N A DA 9 0 A 29 O N O D X KO o A DO D

I NI MO O AP SO MG MEPRG MRO LA i RPN AP R N PSP i AP AP L)

ISSHEO MRS SPNCIPAN CUA A CIPAN EPAN PN P AP VS SIS SR PSP S AP S S AN
Year

B Gross in-sector [MtCO2] B Reduced by SAF [MtCO2] m Net in-sector [MtCO2]

Cumulative emissions based on actual traffic 1/1/2020 to 30/6/2023; modelled between 1/7/2023
and 31/12/2030. SAF uptake based on ReFuelEU aviation; capacity restrictions introduced from
2025.

53 Mt
53 Mt

Budget:
Used:

Required SAF between
2031-2050: 7 Mt

Required out-of-sector
removal starting from
2050: 1.1 Mt

8% contribution compared to ‘hypothetical
no-action growth’ scenario by out-of-sector
carbon removal anticipated by Destination
2050. 1.1 Mt equals 7%, requires additional
out-of-sector removal or traffic reduction.
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