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Introductlon

In 2020, the International Civil Aviation Organization (ICAO) Committee on Aviation
Environmental Protection (CAEP) undertook an effort to assess the feasibility of a long
term aspirational goal (LTAG) for CO2 emissions from international aviation.

 FAA led most aspects of this work (tech, fuels, operations, scenarios) to support
assessment of CO, emissions under various future scenarios, with critical support
from the ASCENT community

« Leveraged multiple efforts to provide analysis support:

ASCENT Projects 1 & 52 and Argonne National Lab provided fuel analysis

ASCENT Project 64 provided technology analysis

Volpe conducted integrated analysis (using AEDT)

Philippe Bonnefoy and the Blue Sky team provided costing and supported integrated analysis
Coordinated considerable support from across U.S. government

* In March 2022, the final report of the LTAG task group was approved by the CAEP
Steering Group

Federal Aviation

Administration
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Scenarios
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High Level Results

Legend: 3 3,
Aircraft Technology p E ‘2:
Operations E . ‘PQP;‘;,K\‘ E ﬁn\uf,,eﬁ g .
W LTAG-SAF Biomass based fuel g P a Y B
E E S E
LTAG-SAF Gaseous waste based fuels “ = P\‘L S =
i } g, S « S
LTAG-SAF Atmospheric CO2 based fuels “; X "':" "é t
Non drop in fuels: Cryogenic Hydrogen E é ;
m LTAG-LCAF: Lower carbon petroleum fuels ; . o 7_,_/' T; é .
Residual CO2 Emissions § o 954 mtco, ; %
495 Mo, .
¥ 203 mtco,
‘)070 2025 2030 2035 2040 2045 2050 2055 2060 2065 2070 2020 2025 2030 2035 2040 2045 2050 2055 2060 2065 2070 2020 2025 2030 2035 2040 2045 2050 2055 2060 2065 2070
CO, Emissions in 2050 after =950 MtCO, in 2050 =500 MtCO, in 2050 =200 MtCO, in 2050
Reductions (160% of 2019 CO, emissions) (80% of 2019 CO, emissions) (35% of 2019 CO, emissions)
Reduction in 2050 from the 39% total through: Technologies - 20%, 68% total through: Technologies - 21%, 87% total through: Technologies - 21%,
Baseline Operations - 4%, Fuels - 15% Operations - 6%, Fuels - 41%) Operations - 11%, Fuels - 55%
Cumulative residual Emissions 23 GtCO, (2020 to 2050) 17 GtCO, (2020 to 2050) 12 GtCO, (2020 to 2050)
from 2020 to 2070 23 GtCO, (2051 to 2070) 11 GtCO, (2051 to 2070) 4 GtCO, (2051 to 2070)
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Technology Ad Hoc Groups (Tahg)

Tech SG
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LTAG-TG Technology Sub-Group /N~

ICAO
Documents

Stocktaking
Questionnaires

=

External
Sources

=

Technology Subgroup objective - assess the CO2 reduction potential of new and evolutionary
technologies for airframes, propulsion systems and advanced concepts (including energy storage).
The vehicle integration analysis completes the aircraft concept for further modelling in scenarios.

Airframe improvements — aerodynamics, structures/materials, systems,
and vehicle integration

Data
Input

Revie Propulsion system improvements — improved turbofan, unducted

propulsor, turboelectric, hybrid

W

Advanced Concepts and Energy Storage — hydrogen and electric aircraft

concepts, flying wing, strut-braced wing

o/




Forecast
and
Scenarios
input

Integrated Tech SG Modeling Process

Scenario/Operations

Demand Forecast
Aircraft Retirements
*Replacements Schedule

Avalilab

*New Product / U d
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Fuel

related
input

e
vy ST o ok

Alternative Fuels h_

Vehicle Analysis

Technologies

AVIATION SUSTAINABILITY CENTER

ICAO

CAEP

Working
Group
input

External

input

N
Y N7
Fleet Analysis

* FB/Operatio

n
"« Total Ops 5
* Total FB

*Benefit
*Applicability
*Availability
Vehicle Performance
Characteristics
Fleet Impact

Modelling

Deliverable
Assess
alternatives and
provide
recommendation
s to LTAG-TG
Leadership
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Technology Reference Aircraft (TRA) for Tech SG 7AT

ICAO MDG CBin Category

[ 01: TP <19 Pax

[ 02: TP 20-85 Pax

[ 03: RJ 20-85 Pax

[ 04: RJ 86-100 Pax

[ 05: NB 101-125 Pax

06: NB 126-150 Pax

07:NB 151-175 Pax

08: NB 176-210 Pax

09: WB 211-300 Pax

10: WB 301-400 Pax

11: WB 400+ Pax

e e G G | G

Freighter CBins

)
)
)
)
)
)
)
)
)
)
)
]

[ Business Jets CBins

)

2018

[ Notional DHC Dash 8-400 ]

Business

Not/onal E190-E2

| Notional A320ne0 | RegionaIJetJ

E190-E2
Narrow Body J

Notional A350-900

"H

Notional G650ER

Wide Body J

9



Aircraft Under Consideration TAT

Conventional, including Advanced Concepts, including
alternative energy sources alternative energy sources
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ATW Assessment Process 7A—

ANSCENT

AVIATION SUSTAINABILITY CENTER

ICAO Stocktaking

Vehicle Level

. Benefit
Airframe and Quantification
Propulsion Tahgs (Per Annum
Improvements)

Notional Tube

and Wing Aircraft Model Technology Technology
Aircraft Calibration in d Ir_?_pac_ts . Impacts
A M&S Tool entification for |mp|ementat|on
Selection for 2030/40/50 into M&S Tool

Fleet
Projection
Penetration

(Technology
and Vehicle
Scenario

Readiness and Attainability
Implicit in numbers used in
tables.

Cost
Estimation and
Investment
Quantification

ol1



ACA Assessment Process

Vehicle and Scenario Morphological
Mapping

ICAO Stocktaking

Solicit R&D 4
organizations via :«:-.. >
LTAG members «

Literature Search
Papers, articles,
websites...

Matrix

e
-
.
.

P R—

Barriers for
governments,
OEMs, airlines,
states...

Configuration/

Benefits are identified
through previous studies

NT

AVIATION SUSTAINABILITY <

ENTER

Vehicle Level Benefit
Quantification

(Compared to
same-year ATW)

Arc_hitecture Technical and Non-
Screening based on ! technical Barrier
Potential Benefits per Identification
Scenario
v

Assessment of
Advanced Aircraft
Concepts through

SME input

Identification of
Representative
Aircraft for Each
Class

Required Information

Passed to

*  Fuels SG (hydrogen,
electricity)

*  Ops SG (Mach
number, altitude, ...

Fleet Projection
Penetration

(Technology and
Vehicle Scenario
Based)

Cost Estimation and

Investment
Quantification

w0

12

)



IS3: Advanced Tube & Wing and Unconventional TAT
Airframe/Propulsion with Major Infrastructure Changes

AVIATION SUSTAINABILITY CENTER

Long Term
Forecast

Fleet : Current (2018) Remaining Introduction of Advanced Int.roqucnon of ACA with Introqucnon of ACA with
. : Floet Tube & Win Limited Infrastructure Major Infrastructure
Composition : g Changes Changes

Fleet Entry
and Diffusion

Aircraft Currently (2018) Certified Advanced Tube & Wings ACA (Airframe + Prop) (Drop-In) ACA Combinations

(Airframe + Prop)

Configuration Aircraft (ATW) ACA Propulsion (Drop-In) ACA Propulsion (Non Drop-In) (Non Drop-In)

Low ACA Market Share Mid ACA Market Share High ACA Market Share

Vehicle Frozen Technology at T1 Technology Baskets T2 Technology Baskets T3 Technology Baskets
Technologies : Current (2018) Level 2030/2040/2050 2030/2040/2050 2030/2040/2050

Flight and Ground
Operations Fixed at
Current Capability

0O1: Low Scenario 02: Medium Scenario 03: High Scenario
Operational Assumptions Operational Assumptions Operational Assumptions

Incremental Changes to Changes Required to
Accommodate New Accommodate Efficiency
Growth Only Changes

Minor Changes Required Major Changes Required
for Alternative Aircraft for Alternative Aircraft

F1: Availability of
Drop-in Fuels

F3: Widespread
Availability of Drop-in
Fuels

Conventional

: F3: Non-drop-in
Fuels Jet A-1 Fuel

Alternative Fuels

F2: Increased Availability

(SAF & LCAF) of Drop-in Fuels




NB ATW Technology Identification for T1 TAT

4 Aerodynamics ) Structures / Materials
* Excrescence Reduction * Advanced Metallic Technologies
*  Flow Control: HLFC / NLF, Riblets * Advanced Composite Technologies
e Active CG Control * Optimized Local Design
* Advance Wingtip Devices * Multifunctional Design/Materials
\ MDAO - Configuration Integration ) * Advanced Load Alleviation
* Nacelle Improvements

J4n * BB BRBROIBOANBARONTSE 0 (AR R R LR R B sosssnNn

Systems Propulsion
* More Electric A/C (replacement of « Advanced Propulsion System
various pneumatic systems with « Higher OPR
electrical equivalents) e Lower FPR
* Adaptive ECS (Filtration and + Component Weight Reductions
reconfiguration) + Component Efficiency Improvements

o14



NB ATW Results — Improvement Over Time TAT

Advanced Tube and Wing FB/ATK Reduction 2018 - 2050: Narrow Body

< 100%
& 95%
X 90%
o
N 85%
2 0% OWer Progress -
()]
2 Me;
£ ;(5):;0 A edium Progress A
[ 0 Higher p
(o' rogr
X 65% =
< 60%
& 2015 2020 2025 2030 2035 2040 2045 2050
X
Year
Total NB ATW - Lower Progress ———Total NB ATW - Medium Progress

Total NB ATW - Higher Progress == Lower Progress Anchor Points
—®— Medium Progress Anchor Points —A— Higher Progress Anchor Points

2055
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Narrow Body Timeline—Binning TAT

08: NB 176-210 Pax

T ' T ' ' ' ' T ' ' ' ' T ' ' ' ' T ' ' ' ' T ' ' ' ' T ' ' ' ' T '
- 2020 2025 2030 2035 2040 2045 2050
ICAO MDG Category | i
05: NB 101-125P : ! i :
[ > ] Proxy Narrow Body ATW-T1 i ATW-T1 ATW-T1
[ 06: NB 126-150 Pax ] , i y
— / ! / /
[ 07: NB 151-175 Pax ] &3 4 | :

Notes and evidence of ACA-relevant demonstrators:
* Significant focus on NB class both airframe, propulsion,
energy
* Relevant to RJ and WB to some degree
* ACA include CTEs that are not part of the ATW Techno Basket [— e o "
* ACA estimates are Step Change % from same year ATW S P
* ACA-T3rangeis restricted
* TRA, ATW and ACA-T2 Ranges: 3,360 nmi
* ACA-T3 Range: 2,000nmi

°16



Vehicle Perspective: Narrow Body Energy Benefits 7AT

reatve 20202025 2030 2035 2040 2045 2050

MIJ/ATK  to TRA Relative Relative
MJ/ATK to TRA to TRA

MJ/ATK

2018 TRA  6.740 100.0%

Lower Progress 6.471 Lower Progress 5.857

Relative

Higher Progress 5.109 MI/ATK to TRA

Higher Progress 5.577

Relative
to TRA

1
1
1
1
1
|
Medium Progress 6.014 i Medium Progress 5.468
1
i
i
i Lower Progress ~ 5.481 81.3%

MIJ/ATK
Lower Progress ATW -5% 86.8%
Medium Progress ATW -10% 76.6%
Higher Progress ATW-15% 67.3%

Medium Progress 5.109 75.8%
Higher Progress 4.855 72.0%
Lower Progress ATW-5% 77.3%

Medium Progress ATW-10% 68.2%

Notes and basis for benefit: Lower Progress ATW +20% 109.6%

* ACA estimates are Step Change % from same year ATW
. LITII.%(;/\I/:| BIC\)/\{E, E(l)pin. Rot;or/, Turboelectric concepts: —10% — 1
* : ybri ectric: =576 Higher Progress ATW-5%  68.4%
* Driven by Airbus activity supported by EU studies — 17

Higher Progress ATW —-20% 57.6%

Medium Progress ATW +15% 97.8%
Higher Progress ATW-5%  75.2%

Lower Progress ATW +20% 97.6%
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Vehicle Perspective: Narrow Body Energy Trend

AVIATION SUSTAINABILITY CENTER

] MIJ/ATK
110% 2018TRA  6.740
= 2
= 100%-
0 1
E J
S 90%] MI/ATK "
i ] Lower Progress
T 80%- -
N ] Medium Progress
g 70%__ Higher Progress //
= ] < MI/ATK
= 60%—_ Lower Progress ATW -5% MIJ/ATK Lower Progress 5.481
if ] Medium Progress ATW —10% Lower Progress Medium Progress 5.109
g_ 50%—_ Higher Progress ATW - 15% Medium Progress Higher Progress  4.855
E i Lower Progress ATW +20% Higher Progress Lower Progress ATW —5%
2 40%] Medium Progress ATW + 15% Medium Progress ATW — 10%
b i
5 30%_- Higher Progress ATW -5% Higher Progress ATW -20%
E ] Lower Progress ATW + 20%
= 20% Medium Progress ATW + 15%
2 i
g 1 Higher Progress ATW -5%
w1 D%—_
0% T T T T T T T T T
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- A _____ 4 A4
| ] - - -
Fleet Perspective: Narrow Body Market Share
Fleet Perspective . Market Share for New Deliveries
(Narrow Body) 2030
100% X
100% X
100% X
2000 z _ —
z Covid19 transient 2050 Tech. Freeze Legend: Aircraft
o —1500 dynamicsiand FESG technology Categories
IntEgratEd :3 ;':L accounting effects
Scenariol %5 a0 (00 K ATW-T1
o o
(1s1) £€
= B ACA-T2
0 (drop-in fuel)
2000
g
Integrated & <1500 B ACA-T3
- T 2 (non-drop-in
Scenario 2 $ 510 fuel)
1S2 gz
( ) ‘E = Note 1. = Unconstrained
= delivery market share for
o

ACA-T3s. Range

» e constrained ACA-T3s
% would be substituted for
Integrated F i T ACA-T2s for unfeasible
S o 3 E < distance bands.
Notes‘ cenario “é %;1000 Note 2. — Delivery market
—_— (|53) % £ 500 share in target years
. . £ (modeled by FESG) will be
* Delivery market share in target years (modeled 2 (modeled by FESG) wil be
o
by FESG) |S rounded to nea rest 5%‘ 2020 2025 2030 2035 2040 2045 2050 2055 2060 2065 2070
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Tech SG Results for All Vehicle Categories AZ:ANTT

Timeline Energy Benefits

Narrow : Narrow : Narrow

T y — - y H
2020 2025 2030 2035 2040 2045 2050 - d
ICAOMM H B o y ?( “X ‘X ?{ %adx Z
H ) Eroon: XL
b e Proxy Narrow Body ATWT1 ATW-T1 ] ATW-TL : X x 8 son :
06: NB 126-150 Pax. - 8
e /I \ ) ) : X X 1
— o — | 0%
08:NB 176210 Pax — prom . E
\AtAJIBJn H P ; 0%
BTN
£ sow
| H
H 3 o
s | | I~
ACA-T3Bin B
L i !
20m 2005 200 2035 200 2005 2050
vear




Key Take Away Messages on Technology ?/\?

AVIATION SUSTAINABILITY CENTER

« Conventional Tube and Wing aircraft will continue to make incremental improvements in fuel

consumption
— Not enough to meet the 2050 goal on their own

« Proposed technology and concept alternatives are available for each class of vehicles: business
jets, turboprops, regional jets, narrow and wide bodies

« Advanced concept aircraft can provide

step changes in energy use
— Life cycle carbon reduction benefits for
non-drop-in fuels will depend heavily on Lower Progress 96.01% 86.8% 110% [86.9% 81.32% 77.3% 97.6%
the production methods
— Advanced concepts require significant R&D [ AL D AR IRy R 5L AR LT L7 Y R 1
as well as flight demonstration programs
— Technical Capabi"ty and maturity advances Higher Progress 82.74% 67.3% 75.2% |75.8% 72.03% 57.6% 68.4%
are necessary but not sufficient without
infrastructural and regulatory considerations

Narrow Body Energy Intensity Relative to 2018 TRA
Progress Level | At | olieie 2035 2040 2050-2070
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Fuels Sub-Group

Fuels SG Co-Leads

Jim Hileman [US5) &
Matteo Prussi(EU)

ICAC Secretariat LTAG Chaperone
Bruno Silva Mohammed Habib

LTAG - Sustainable LTAG - Lower
Aviation Fuels Carbon Aviation
(LTAG-SAF) Fuels (LTAG- LCAF)

Focal — Focal

Anna Oldani [US) Mikaﬁllzs::'thad Anna Oldani (US)

Source: “Report on the Feasibility of a Long-Term Aspirational Goal (LTAG) for International Civil 7%\ Federal Aviation

Aviation CO2 Emission Reductions.” International Civil Aviation Organization. March 2022.

Available: 7 Administration



https://www.icao.int/environmental-protection/LTAG/Pages/LTAGreport.aspx

Fuels Process

Unconstrained
Scenarios

Scenario
Definition

el Fuels Analyses

Categorization

*Carbon source *|S1/F1, IS2/F2, Examined each fuel +<Combined all fuel

-Drop-in / non IS3/F3 category glrf);s;‘(r;;m fuels
drop-in *Expectation on *Used scenario y
available definitions *Production

technologies potential and life

*Fuel production cycle GHG values

*Fuel availability - potential
;?;Cil;\r;%siﬁt' -Lifecycle GHG *Volume > demand
y saving

*Economics and
infrastructure issues

Federal Aviation

Administration

*Combined all fuel
types from fuels
analyses

*Production potential
and life cycle GHG
savings

*\V/olume <= demand

«Evaluated based on
final MDG/Tech fuel
use data




Fuel Categorization

Biomass-based fuel Primary biomass products and co-products WSU/ FTG TPP
c Sgggﬁ'?ﬁé?swasw' By-products, residues, and wastes WSU/ FTG TPP
ch LTAG - Sustainable Aviation
o Fuels (LTAG-SAF) Gaseous waste-based |\ . ~o/co MIT/ ANL
) fuels 2
Atmospheric CO,- Atmospheric CO, MIT/ ANL
based fuels
LTAG - Lower Carbon Aviation  Lower carbon
Petroleum ADNOC/ Aramco
Fuels (LTAG-LCAF) petroleum fuels
c Fuel Category Carbon source in fuel feedstock Research Lead
8— Electricity Not applicable
'E r Liquefied gas aviation Petroleum gas, “fat” natural gas, flare gas, and .
g N EIETEHIT WS fuels (ASKT) propane-butane gases Russia
Z Cryogenic hydrogen Natural gas, by-products, non-carbon sources  MIT

Federal Aviation

Administration




Source: “Report on the Feasibility of a Long-Term Aspirational Goal (LTAG) for International Civil

cenario Definition

MDG/FESG Baseline

General Description

Integrated Scenario 0
(1s0)

Integrated Scenario 1 (I1S1)

LTAG-TG Scenarios

Integrated Scenario 2 (152)

Integrated Scenario 3 (1S3)

Projection of current
technologies available in base
year (through fleet renewal).
No additional improvements
from tech, ops and fuels.

No systemic change — e.g.
infrastructure changes to
accommaodate growth only.

Low / nominal

Current(c. 2021) expectation of future
available tech, ops efficiencies, fuel
availability, costs.

Includes expected policy enablers for
technology, ops and fuels.

Low systemic change — no substantial
infrastructure changes.

Increased / further

Approx mid-point.

Faster rollout of future tech, increased ops
efficiencies and higher fuel availability.
Assumes increased policy enablers for
technology, ops and fuels.

Increased systemic change — limited
infrastructure changes.

Aggressive [ speculative

Maximum possible effort: tech rollout, ops
efficiencies, fuel availability, costs.

Assumes max policy enablers fortech, ops and
fuels.

High, internationally aligned systemic change
e.g. significant and broad change to airport
and energy infrastructure.

Fuels (F)

No emissions reductions from
low-carbon fuels (e.g. SAF).

Low GHG reduction from Fuels
(LTAG-SAF and LTAG-LCAF)

ASTM Intl develop methods to approve use of
alternative jet fuels at blend levels above 50%.

Ground transportation and aviation have level
playing field with respect to alternative fuel
use.

Low incentives for L TAG-SAF/LTAG-LCAF
production.

Technology evolution enables use of waste
(CcOo/CO,) gases for LTAG-SAF, feedstock from
a variety of settings (e.g., oilseed cover crops),
and use of blue/green hydrogen for LTAG-
SAF/LTAG-LCAF production.

Mid GHG reduction from Fuels
(LTAG-SAF and LTAG-LCAF)

High GHG reduction from Fuels
(LTAG-SAF, LTAG-LCAF and non-drop-in fuels)

ASTM Intl develop methods to approve use of 100% Synthesized Jet Fuel in existing aircraftand
engines without any modification. This enables use of 100% SAF in all existing and new aircraft.

Electrification of ground transportation leads
to increased availability of SAF as ground
transportuses more electricity and less
renewable fuels.

Increased incentives lead to reduced LTAG-
SAF/LTAG-LCAF fuel cost for users.

Technology evolution enables widespread use
of waste gases for LTAG-SAF, increased
feedstock availability, and widespread use of
blue/green hydrogen for LTAG-SAF/LTAG-
LCAF production. Carbon Capture Utilization
and Storage (CCUS) is in use.

Economy-wide deep decarbonisation.
Extensive electrification of ground
transportation and widespread availability of
renewable energy.

Large incentives lead to widespread use of low
GHG fuels for aviation.

Technology evolution enables widespread use
of atmospheric CO2 for LTAG-SAF, further
increases in feedstock availability,
widespread use of CCUS, and sufficient H2
exists to enable use of cryogenic H2 use in
aircraft.

Infrastructure developed to enable use of non-
drop-in fuels at airports around globe

Aviation CO2 Emission Reductions.” International Civil Aviation Organization. March 2022.

Available:

D Federal Aviation

Administration



https://www.icao.int/environmental-protection/LTAG/Pages/LTAGreport.aspx

Scenario Definition — F1

Low / nominal

Current (c. 2021) expectation of future
available tech, ops efficiencies, fuel
availability, costs.

Includes expected policy enablers for
technology, ops and fuels.

Low systemic change — no substantial
infrastructure changes.

Low GHG reduction from Fuels
(LTAG-SAF and LTAG-LCAF)

ASTM Intl develop methods to approve use of
alternative jet fuels at blend levels above 50%.

Ground transportation and aviation have level
playing field with respect to alternative fuel
use.

Low incentives for LTAG-SAF/LTAG-LCAF
production.

Technology evolution enables use of waste
(co/c0,) gases for LTAG-SAF, feedstock from
Source:_“Repo_rt_on the_Feasibility o.fa.Long—Te\ m Aspirational Qua\ (LT/_AG) f_or. a VariEtV Df SEttings (E.g.’ GIISEEd cover Cr'(][]s},
I(;tg:je‘a:lac:‘n;: C&:::ﬁv;}t;;nf\gﬁfﬁgsslon Reductions.” International Civil Aviation and use Df b|l.|elgreen hvdrogen fﬂl‘ LTAG'
SAF/LTAG-LCAF production.



https://www.icao.int/environmental-protection/LTAG/Pages/LTAGreport.aspx

Scenario Definition — F2

Increased / further

Approx mid-point.

Faster rollout of future tech, increased ops
efficiencies and higher fuel availability.
Assumes increased policy enablers for
technology, ops and fuels.

Increased systemic change — limited
infrastructure changes.

Mid GHG reduction from Fuels
(LTAG-SAF and LTAG-LCAF)

ASTM Intl develop methods to approve use of 100% Synthesized Jet Fuel in existing aircraftand
engines without any modification. This enables use of 100% SAF in all existing and new aircraft.

Electrification of ground transportation leads
to increased availability of SAF as ground
transport uses more electricity and less
renewable fuels.

Increased incentives lead to reduced LTAG-
SAF/LTAG-LCAF fuel cost for users.

Technology evolution enables widespread use

of waste gases for LTAG-SAF, increased

feedstock availability, and widespread use of
Source: “Report on the Feasibility of a Long-Term Aspirational Goal (LTAG) for bluelgreen hvdrogen for LTAG-SAF/LTAG-
International Civil Aviation CO2 Emission Reductions.” International Civil Aviation LCAF []l'(]ductlﬂn. carbon capture Utilization

Organization. March 2022. Available

and Storage (CCUS) is in use.


https://www.icao.int/environmental-protection/LTAG/Pages/LTAGreport.aspx

cenario Definition — F3

MDG/FESG Baseline

Integrated Scenario 0 Integrated Scenario

()]

Low / nominal
Current(c. 2021) expectation of
available tech, ops efficiencies, f
availability, costs.

Includes expected policy enabler

Aggressive [ speculative

Maximum possible effort: tech rollout, ops
efficiencies, fuel availability, costs.

Assumes max policy enablers for tech, ops and
fuels.

High, internationally aligned systemic change
e.g. significant and broad change to airport
and energy infrastructure.

technology, ops and fuels.
Low systemic change — no subst
infrastructure changes.

General Description

1aw GHE raduictinn fram Fuale

QILEGUVE JEL TUEID dL UISTHU IEVE

Ground transportation and aviat
playing field with respect to alte
use.

Low incentives for LTAG-SAF/LT/
production.

Technology evolution enables ut
(CO/CO,) gases for LTAG-SAF, fe
a variety of settings (e.g., oilsee
and use of blue/green hydroger
SAF/LTAG-LCAF production.

Fuels (F)

Source: “Report on the Feasibility of a Long-Term Aspirational Goal (LTAG) for
International Civil Aviation CO2 Emission Reductions.” International Civil Aviation
Organization. March 2022. Available:

High GHG reduction from Fuels
(LTAG-SAF, LTAG-LCAF and non-drop-in fuels)

ASTM Intl develop methods to approve use of 100% Synthesized Jet Fuel in existing aircraft and
engines without any modification. This enables use of 100% SAF in all existing and new aircraft.

Economy-wide deep decarbonisation.
Extensive electrification of ground
transportation and widespread availability of
renewable energy.

Large incentives lead to widespread use of low
GHG fuels for aviation.

Technology evolution enables widespread use
of atmospheric CO2 for LTAG-SAF, further
increases in feedstock availability,
widespread use of CCUS, and sufficient H2
exists to enable use of cryogenic H2 use in
aircraft.

Infrastructure developed to enable use of non-

drop-in fuels at airports around globe

Integrated Scenario 3 (1S3)



https://www.icao.int/environmental-protection/LTAG/Pages/LTAGreport.aspx

Fuels Analyses — LTAG-SAF

IS 1: Jet fuel production potential IS 2: Jet fuel production potential IS 3: Jet fuel production potential
[Gt/year] [Gt/year] [Gt/year]
0.40 - 0.40 - 04 -
I Atmospheric CO2 Waste CO2
035 | Waste CO2 0.35 | Elec. limited Il Atmospheric CO2
Elec. limited
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uels Analyses — LTAG-LCAF
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Fuels Analyses — H2
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Unconstrained Scenarios
Drop-in Fuels
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Constrained Scenarios

Process

Category Fuel Name Suffix Fuel Order per Scenario with Selection Criteria
Biomass
-FTG
Solid/liquid Lifecycle
Gaseous [gCO2e/MJ]
LTAG=SAE - Ry -CO2
oz LTAG-SAF LTAG-SAF
CO2
Lower carbon LTAISI__S'AF_ 0.9-2 LTAG-LCAF <1 LTAC? c_)zAF_ 13-16
[MVNCENEVN petroleum
fuels LTAG-SAF- LTAG-SAF- LTAG-SAF-
CO2 ~2.5 CO2 4.3 FTG 21-24
LTAG-SAF- LTAG-SAF- LTAG-LTAG-
DAC N/A DAC N/A LCAF 80.1

Source: “Report on the Feasibility of a Long-Term Aspirational Goal (LTAG) for International Civil Federal Aviation
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Constrained Scenarios
Results

Scenario F1 - MDG IS1 (medium) - MID Traffic Forecast - International
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Constrained Scenarios
Results

Scenario F2 - MDG IS2 (medium) - MID Traffic Forecast - International
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Constrained Scenarios
Results

Scenario F3 - MDG IS3 (medium) - MID Traffic Forecast - International
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Operations Sub-Group

Operations sub-group Co-Leads
David Batchelor (EU) & Muayyeed Al Teneiji (UAE)

ICAO Secretariat LTAG Chaperone
Deniz Kaymak Hajime Yoshimura

Focals Focals Focals
Coleen Hawrysko Marion Town Frankine Omondi
Bruno G. Franciscone Osamu Ninomiya Hajime Yoshimura

Source: “Report on the Feasibility of a Long-Term Aspirational Goal (LTAG) for International Civil o
Aviation CO2 Emission Reductions.” International Civil Aviation Organization. March 2022. Available: 1 Federal Aviation
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Operations Sub-Group Process

« Data gathering
— Review of ICAO aviation system block upgrade (ASBU) plans, regional/state air traffic
management modernization programs, ICAO stocktaking inputs, and literature on
innovative and advanced concepts
* Operations Categorization

— ldentify which operational measures have been captured in existing ICAO Working Group
2 efforts focused on horizontal and vertical flight efficiency opportunities

— ldentify additional operational measures by category (see next slide)

— For each measure, identify upper and lower bounds on efficiency benefits, applicability
(type of operation, portion of mission, geographical region), timeframe of availability/rate of
adoption
 Generate Outputs to Scenario Sub-Group (and Fleet-Level Modeling Process)

— For each scenario, identify applicable operational measures and conduct a weighted
summation of energy efficiency benefits from measures

— Leverage WG2 input to trends analysis to provide data in similar format

Federal Aviation
Administration
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Operations Categorization

Operational measures were categorized by the type of inefficiency they are intended to address:

. Horizontal flight inefficiency - the comparison between the length of a trajectory and the shortest distance
between its endpoints;

. Vertical flight inefficiency - the flight cannot reach its optimum cruising level during the flight or the flight is
kept at a suboptimal flight level during the climb or descent phase;

. Ground operations inefficiency - typically infrastructure-related measures that can reduce emissions at
taxiway or the gate, i.e. such as semi-autonomous tow-truck (taxibot);

. Innovative flight inefficiency - achieved through implementation of new operational measures in the medium
term, i.e. notionally from 2038, such as formation flying;

. Advanced flight inefficiency - results from the introduction of advanced concept aircraft into the fleet, such as
blended wing body (BWB) aircraft. It is possible that these aircraft will have different performance
characteristics from conventional aircraft, e.g. in terms of speed, altitude etc. If this is the case, the impact on
overall flight efficiency could potentially be positive, with different flight profiles allowing greater capacity, or
negative, if greater heterogeneity in the fleet produces greater complexity.

Source: “Report on the Feasibility of a Long-Term Aspirational Goal (LTAG) for International Civil o
Aviation CO2 Emission Reductions.” International Civil Aviation Organization. March 2022. Available: Federal Aviation

Administration
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Operations Scenarios

General Description

MDG/FESG Baseline

Integrated Scenario 0
(1S0)

Integrated Scenario 1 (I1S1)

LTAG-TG Scenarios
Integrated Scenario 2 (1S2)

Integrated Scenario 3 (IS3)

Decreasing readiness and attainability. Increasing aspiration.

Projection of current
technologies available in base
year (through fleet renewal).
No additional improvements
from tech, ops and fuels.

No systemic change — e.g.
infrastructure changes to
accommodate growth only.

Operations (0)

No emissions reductions from

operations after 2025
(implementation of ASBU
blocks 0 and 1)

Low / nominal

Current (c. 2021) expectation of future
available tech, ops efficiencies, fuel
availability, costs.

Includes expected policy
technology, ops and fuels.

enablers for

no substantial

Low systemic change -
infrastructure changes.

Low CO2 reduction from Operations

Conservative assumptions about rate and
extent of implementation of operational
measures, based on reduced/slower
investment in ground and airborne systems
and technologies.

Low rate of ASBU element deployment to
optimise HFE, VFE and GFE

Increased / further

Approx. mid-point.

Faster rollout of future tech, increased ops
efficiencies and higher fuel availability.
Assumes increased policy enablers, therefore
decreased costs for technology, ops and fuels.
limited

Increased systemic change -

infrastructure changes.

Mid CO2 reduction from Operations

Emissions reductions and  operational
efficiencies in line with existing “Rules of
Thumb” developed by WG2 and new “Rules of
Thumb” developed by LTAG OPS for new
measures.

Medium rate of ASBU element deployment to
optimise HFE, VFE and GFE,

Low rate of operational measure deployment
to optimise IFE and AFE

Aggressive / speculative

Maximum possible effort: tech rollout, ops
efficiencies, fuel availability, costs.

Assumes max policy enablers for tech, ops and
fuels.

High, internationally aligned systemic change
e.g. significant and broad change to airport
and energy infrastructure.

High CO2 reduction from Operations

Aggressive assumptions about rate and extent
of implementation of operational measures,|
based on higher/accelerated investment in

ground and airborne  systems  and|
technologies.

High rate of ASBU element deployment to
optimise HFE, VFE and GFE,

Medium rate of operational measure|
deployment to optimise IFE and AFE

Source: “Report on the Feasibility of a Long-Term Aspirational Goal (LTAG) for International Civil

Aviation CO2 Emission Reductions.” International Civil Aviation Organization. March 2022. Available: Federal Aviation
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Summary of Operations Outputs

Note: Range (i.e., min, average,
max) captures variations in fuel
efficiency improvements from
operational measures across
route groups.

[ I1S2 Scenario
Mid Ops«

Fuel Efficiency Improvements
from Operational Measures

Source: LTAG Task Group Final Report - Slides | Foelarellidu il
%y Administration




High Level Results

Legend: 3 3,
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CO, Emissions in 2050 after =950 MtCO, in 2050 =500 MtCO, in 2050 =200 MtCO, in 2050
Reductions (160% of 2019 CO, emissions) (80% of 2019 CO, emissions) (35% of 2019 CO, emissions)
Reduction in 2050 from the 39% total through: Technologies - 20%, 68% total through: Technologies - 21%, 87% total through: Technologies - 21%,
Baseline Operations - 4%, Fuels - 15% Operations - 6%, Fuels - 41%) Operations - 11%, Fuels - 55%
Cumulative residual Emissions 23 GtCO, (2020 to 2050) 17 GtCO, (2020 to 2050) 12 GtCO, (2020 to 2050)
from 2020 to 2070 23 GtCO, (2051 to 2070) 11 GtCO, (2051 to 2070) 4 GtCO, (2051 to 2070)

15

Federal Aviation

s/ Administration




Key Takeaways

« Although scenarios show potential for substantial CO2 reductions,
none get us to carbon neutrality by 2050 with in-sector measures
considered

* Drop-in fuel, and SAF in particular, plays the largest role in reducing
CO2 for the in-sector measures considered, followed by aircraft
technology, and then operations

» Obtaining these levels of SAF CO2 reductions will require the most
significant investments of the three categories

deral Aviation
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Path Forward

» LTAG Task Group’s final report has been delivered and briefed to the ICAO
Council for consideration

» Full report is available to the public at: https://www.icao.int/environmental-
protection/LTAG/Pages/LTAGreport.aspx

* This work represented a bottom-up feasibility assessment of along term
aspirational goal

* Many thanks to the ASCENT community for its contributions

The next steps will focus on the top-down policy aspects of this decision,
informed by the analysis

» High Level Meeting
» 415t Session of ICAO Assembly
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