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Overarching Themes and Topics

« Motivation for achieving sustainability
* Emissions

« Fuels

* Electrics, Hybrids

* Noise reduction



Aviation activity results in...

Aviation's
Environmental
Impact CO2 Emissions

Product of hydrocarbon and

COHT[’Q” water vapor

. Formed ice crystals persist for a
Formation LONG TIME and contribute to
climate warming




The Problem

More than 90% of CO2 emissions
from global commercial aircraft
operations are generated by
large aircraft (twin-aisle and
single-seater airplanes with > 100
passengers)

20% of total lifecycle CO2 s
emitted before the plane is fueled
(purely from extraction, fransport,
and refining)



Sustainable
Aviation

Sustainable Aviation Fuels
(SAF)

- Biofuels

- Synthetic Fuels
- Methane
Electrics
Hydrogen

The Solution



Industry Goals

Potential Reduction Contributions by Emission Growth Trajectory -

If No Action ........ il

Operations ...........................

Infrastructure ........................

Biofuels / Other Technologies ..

« Reduce CO2 by 50% by 2050

« Carbon neutral growth by 2020

» Aside: | wonder if COVID-19 has
helped achieve this goal at all...

Economic Measures ..............

(:()z Emission

2020 Carbon Neutral
Growth Begins...........
Boeing Endorsed in 2012;
Ao, . 50% CO, Reduction ...
7 -
o g . =
IATA
| | | | |

2005 2010 2020 2030 2040 2050



How do we achieve this¢

. Alternative Fuels .
6 Aircraft structures e

Hydrogen Fuel
Cells

Closing the
carbon
cycle/loop

o
o

Electrification

Some
combination of
all of the above



Sustfainable
Aviation Fuels



Fuel Distribution

737 Fuel Pump Locations - R FWD main tank pump . |
___—— +/-5 degrees from each disk and f#

I

* Planes typically distribute fuel
between 3 different tanks

» Tanks are arranged in a way that
minimizes punctures in the case
of engine failures

|A350 REVISED FUEL TANK CONFIGURATION.

[J Centre tank =
[ Wing tank
@ Tallplane trim tank
[J Vent tank

Simplified wing and
centre lank arrangement

New leading edge extenslon (LEX)
for reduced approach speed




Fuel Basics

« Conventional Jet Fuel: C;,H,,
« Methane: CH,
« Hydrogen: H,

4.20 1.6

D6z =08

Liquid Ethanol  JetA & Liquid JetA & Ethanol
Hydrogen Biojet Hydrogen Biojet
Volume Weight
(fE/BTU) (Ib/BTU)
o . Kerosene type || Liquid Hydrogen
“Equivalent Energy fuels are best is best per unit
per unit volume weight

Key metrics:
- Fuel Density

- Energy/Weight

- Liguid fuels have terrific
energy/weight

- Esp. H2 and batteriese

- Energy/Volume

- Jet fuel has the best
energy/volume

- H2 E/V could offset benefits of
E/W

Methane

- Cleaner than pretroleum-based jet fuel

- Fewer molecules = fewer contaminants

- Higher H:C ratio means more H20
byproduct and less CO2

- Could have low Nox emissions (via lean
burning combustors, geometric
configuration)



Biofuels and Synthetic Jet Fuels

Pure biofuel is not naturally compatible AT7
with jet engines.

Fuel must be modified to follow Fischer-Tropsch Process:
constraints:

Process in which metal catalysts are used
to convert CO and H2 gas into liquid

1. Sulfur content limits (freezing point, hydrocarbons (synthetic fuels)
viscosity, and thermal stability)

2. Limited to 50% biofuel 50% Jet-A

kk .
blends costly energy expenditures to create fuel

can offset energy provided by fuel
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AT7 how is this related to the other concepts?
Allison Tsay, 11/15/2020



—

Coal, Natural :
Synthetic

Synthetic Fuel

Gas, or Biomass
kerosene

<

(«}]

g Erany Gera

o% Ethanol -

e Not For
— _8 ﬁ Aviation !
g B~ : Ethanol/
e O Cellulos_e gasoline
o) < conversion blend
I e e

;
o

Oil-based
(Biodiesel &
Biojet

T R
Oil-containing Processing
Plants Extract Oll g, rce: Boeing Biofuel Presentations 1072020

Copynght © 2008 Boeing. All rights reserved.
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AT3 Need takeaway slide
Allison Tsay, 11/15/2020



Biomass Sources

ws

£

w
- Soybean Feedstock

- Not sustainable, unable to meet
aviation fuel demand

- Requires land size of Europe

- Jatropha (Saltwater plant)
- 322 billion liters of biojet fuel (total world

usage) ,.

s

- Requires farm size of France

- Algae
- Sewage water input to grow algae
- Harvest, discharge clean water

- Refine info biocrude / sustainable
biofuel

- Require algae pond the size of Belgium




Biofuels still emit carbon, but lifecycle carbon is greatly reduced

inable Al i
Petroleum based Jet Sustam‘:\]l; teFu(:ler native

20% of the total CO2 is emitted before the plane is

fueled (purely from extraction, fransport, and Source: National Academies Report
refining) R



Achieving net LCA GHG reduction

Reduction in carbon being introduced to biosphere ﬂ

Crude to Conventional Jet -
Cattle By-products to HEFA-J -
Com Grain to AF-J 4

Rapeseed Oil to HEFA-J -
Jatropha Oil to HEFA-J -
Salicornia to FT-J and HEFA-J -
Soy Oil to HEFA-J

Red Maple Wood to APP-J 4
Camelina Oil to HEFA-J -
Switchgrass to AF-J -

Algal Oil to HEFA-J -

Tallow to HEFA-J -
UCO to HEFA-J -
ass to FT-J -

wit

-+—4—Gg%
+ —0J 78%

+— Net GHG reduction

0

WTW Life Cycle GHG Emissions, gCO,e/MJ_,

20 40 60 80 100 120 400 800

7 October 2020

Sustainable Alternative
Jet Fuel

o5 Source: National Academies Report



ATA

ATQ

AT9

Biofuel vs. Syntheftic Fuel vs. Jet-A Conventional Fuel

) ' Significant Uncertainty Exists for Many of
Bio-Jet 0.28 These Processes

- This is an area of ongoing research at
F-T Biomass 0.16 Boeing and elsewhere

F-T Natural Gas 1.11

F-T Coal No Seq. 2.42
F-T Coal w/Seq. 1.15
Jet-A 1.00

[ |

| |

00 05 10 18 20 25 30

Relative CO; Emissions

Biojet from Soybeans 1.0=Jet Fuel from Crude OIl

F-T Biomass from Woody Biomass
Results sensitive to biomass source, co-generation, and other efficiency assumptions (ongoing research and analysis)

Results Using GREET 1.8b: Greenhouse gases, Regulated Emissions, and Energy use in Transportation
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AT4 Need takeaways
Allison Tsay, 11/15/2020

AT8 What is F-T Biomass vs. Bio-Jet?
Allison Tsay, 11/15/2020

AT9 Bio-Jet = blend of fuels
Allison Tsay, 11/15/2020



Fuel Cells



Fuel Cell Basics
Fuel Cells

* Convert Hydrogen to Electricity w/o combustion

» Hydrocarbon fuels must be separated (reformed)
« Natural gas, Hydrogen, efc. first into Hydrogen + CO,

* Methane can also be used
directly (without
reformation?)

« Convert input to electricity
w/o combustion

« Hydrocarbon fuels must be
rgéc))Qrmed first into Hydrogen +

« Water output can still
conftributed to contrail
formation

Reformer

|
Co,




Hydrogen Fuel Cells

« Advantages

« Stack Power / Weight ~ T kW/kg

« Thermal efficiency ~ 60%

» Disadvantages

Proton exchange membrane fuel cell

Q Hydrogen fuel is channeled through field flow

plates to the anode on one side of the fuel cell,
while oxidant (oxygen or air) is channeled to the
cathode on the other side of the cell.

\ Backing layers / Oxidant
en

Hydroger
flow fiel

The polymer electrolyte

At the anode, a
platinum catalyst
causes the
hydrogen to split
into positive
hydrogen ions
(protons) and
negatively charged
electrons.

Hydrog /\Oxidant flow field
gas
I

membrane (PEM) allows
only the positively
charged ions to pass
through it to the cathode.
The negatively charged
electrons must travel
along an external circuit
to the cathode, creating
an electrical current.

Unused /
fuel \

Anode Cathode
(negative) (positive)
Polymer

electrolyte
membrane

At the cathode, the electrons
o and positively charged

hydrogen ions combine with
oxygen to form water, which
flows out of the cell.

 H2 molecules are much smaller, easy to leak out
« Higher amount of H20O can exacerbate contrails situation
» Balance of Plant & Parasitic Losses could be difficult



Studies

A hydrogen fuelled airplane would be

efficient on long range missions

Engineering, Operations & Technology | Platform Performance Technology

Hydrogen Powered Airplane

25% 5% Lighter
Smaller ' Takeoff Weight
Engines E' ) (13% OEW Increase)
= -----.'-..--_-4'::‘::::'::2'::17-:’:':\;1
" Baseline Airplane oy
LH, tanks — =—==e—raasees X FasssaacazlS
in cabin \ -

Ay
\
\
L
AY

1
]
\
\
A}
A
A
1
\
\
A
\)

5% Smaller Wing=" \ 28% More energy
on 500 nmi mission
(2% on 3k nmi mission)

Copyright © 2008 Boeing. Al rights reserved. OEW = Operating Empty Weight 123
Source: Boeing Biofuel Presentations 1092020




Studies

Hydrogen powered aircraft are not a
néar-term solution

Engineering, Operations & Technology | Platform Performance Technology

Advantages:

* Reduced emissions (CO,)

Crude oil independent fuel

« Long range fuel efficiency

Engine design opportunities
Enable new technologies; fuel cells

Challenges:

* Hydrogen production

* New infrastructure

« Passenger acceptance

« 4 times larger fuel tanks

* Technically challenging

* Impact of H,0 emissions
— Contrails

LH, Tanks

T

&
mmnmmlm

Developing hydrogen airplanes and
infrastructure will be a major
undertaking that will require industry
collaboration and government support.

Copyright © 2008 Bosing All nghts reserved 125

Source: Boeing Biofuel Presentations 1012020




Life Cycle Analysis of Hydrogen Sources

« Hydrogen generation
method has
undeniable impact on
CO2 emissions.

« Moving forward, focus
will be on sustainable
H2 generation

e LH2 from Coal and NG
fare worse than Jet-A

LH2 Nuclear

These Processes

:I Significant Uncertainty Exists for Many of

- This is an area of ongoing research

I
LH2 NG 1.78

LH2 Coal 2,37

| I

0.0 0.5 1.0 1.5 2.0 2.5

Relative CO,; Emissions
1.0=Jet Fuel from Crude Oil

Results sensitive to source, co-generation, and other efficiency assumptions (ongoing research and analysis)

Cop)

yright © 2008 Boeing. All nights reserved 128

Source: Boeing Biofuel Presentations 1092020



“Colors” of Hydrogen

» “Black” Hydrogen — Steam reforming of
coal feedstock

» “Grey” Hydrogen — Steam reforming of Reduced
naturat gas feedstock

“Blue” Hydrogen — Steam reforming of
natural gas, but with CO2 capture

» “Green” Hydrogen — Hydrogen made
from electrolysis with renewable
electricity

Lifecycle
CO,

Y

Note: These definitions vary a bit in their details and
there are a few others ways to make hydrogen

129 Copyright © 2020. Subject to restrictions on the title slide. @AMA

AMERICAN INSTITUTE OF AERONAUTICS AND ASTRONAUTICS | AIAA.ORG SHAPING THE FUTURE OF AEROSPACE



Hydrogen Storage

Pro: H2 energy/weight ratio is high
Con: H2 energy/volume ratio is low

 Liquid H2: Tank is 2-4x fuel weight

« cooling process also adds energy costs

« Compressed Hydrogen Gas

» Tank is 6-15x fuel weight (used in ground transit applications)

» Alternate Hydrogen "Carriers”
« Ammonia NH4
« Urea CO(NH2)2
« Metal Hydrides (MgH2, NaAlH4, etc...)



Hydrogen Fuel Cell Summary

A

Hydrogen has potential for Hy.dr.ogen cgp be. H2 is complex ’r? handle T9 be environmentally
applications requiring high efficiently utilized in 2 due to cryogenic storage, friendly, hydrogen must be
energy storage... ways !eqkqge, and materials produced with renewable
issues energy
cleanly burned in aircraft gas hydrolysis process is relafively
turbines efficient
processed by a fuel cell to create from natural gas (is not)

electricity to run electric motors



Electrics



(9]

Electric Aircraft

T

Advantages

No direct CO2 emissions
Reduced noise

Unique configurations: BLI, Distributed
Propulsion

Multiple Power Schedules
Potential for Reduced Costs

Disadvantages

Low Energy power / density

Safety (high voltage, thermal
management)

Ground operations
Certification processes

Weight: takes 2.4 million pounds of
baftteries to reach the same energy as
60,200 Ibs of Jet-A
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AT5 Add advantages
Allison Tsay, 11/15/2020



)

Architecture Options for Electric, Hybrid,
Turbo

~=  Generator
o .n Fuel Battery | 1 to Many
il < - _‘ Fans

Fans

L]

Motor

Images courtesy of Dr. Marty Bradley
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AT6 Needs explanation
Allison Tsay, 11/15/2020



Propulsor
Efficiency

80%

~70%

Turbi P |
Engine _ OATDOX Efficiency
50% 80%
x ~40%
Refining /7
/7 Fuel
xtraction ¢ Transportation
/
Management  Distributi Mot Propul
/ 4 Battery Controller ’SV?lirLela o D?iv(:ar rl\?%tlosror
Charging 99% 99% 95% 95%
Efficiency ’ = = = ™
x KW/KG 9 KW/KG 9 KW/KG
Grid /
Efficiency
S
Powef V4
Efcency p ¢ Other efficiencies are upstream of the aircraft
/

Copyright © 2020 by Marty K. Bradley. Subject to restrictions on the title slide.
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Series Hybrid

Images courtesy of Dr. Marty
Bradley

« Long range efficiency
* Fuel Tank can be used as a reserve



Parallel Hybrid

« Long range efficiency

*Note: It may be possibie to improve the Turbine Engine efficiency

d F U e | TO n k C G n b e the turbine can be optimized to run at its maximum efficiency point
' - PLTLE B '--,— > e . D Turbine Gearbox
used as areserve - _—
> 50%* - Propulsor ~ °
. Efficiency
» Gas furbine _ ey G O Ww  Tgue [98% ) a0k
Ougmen’red with 99% | | 99% | | 95% | | 95% co0s
x KW/KG 9 KW/KG 9 KW/KG ~ ’

electric motor

» Potential flexibility to improve system by:
* Using fuel to achieve long range
* Using fuel for reserve range instead of heavy batteries
* Downsizing turbine by assisting with electric motor

+ Optimizing operating points for turbine for higher efficiency *

Images courtesy of Dr. Marty « If motor/generator is used, then batteries can be recharged in flight
Bradley



Design Challenges

 Infegrated Energy Storage is misaligned with improvement
predictions
* New chemistries
« Aviation not well-funded by DOE

« Factors reducing available energy
« Thermal safety protection
» Discharge limits
» Battery life



expectations On the

‘ Rise

Supplier

Mass media
hype begins

Farliadantare
G |' UUVF‘HI;

investigate

First-generation

products, high price,
lots of customization
needed

Startup companies
first round of venture
capital funding

Climbing
the Slope

At the Sliding Into
Peak the Trough

Activity beyond
early adopters

proliferation

Negative press begins

Supplier consolidation
and failures

Second/thrid
rounds of
venture capital

funding

Less than 5 percent of
the potential audience
has adopted fully

Second-generation

products, some services

Methodologies and best
practices developing

Entering
the Plateau

High-growth adoption
phase starts: 20% to 30%
of the potential
audience has adopted
the innovation

Third-generation products,
out of the box, product

Technology
Trigger

Peak of Inflated

Trough of

Expectations  Disillusionment

Slope of Enlightenment

Plateau of
Productivity

time

The Gartner hype cycle (Wikimedia Commons)

|



Expectations

Peak of Inflated Where do Sustainable Aviation

== Expectations Technologies lie on the Gartner Hype

== Cyclee
y
H2 Fuel Cells
Reftrofits
i :: Large Hybrid
, ) Electric Airliners

Biofuels
Plateau of
Productivity

Innovation Trough of

Trigger Disillusionment




Summary

Image courtesy of Dr. Marty
Bradley

Technology | Opportunity Challenges

Hybrid
Electric

Biofuels

Synthetic
Fuels

Hydrogen

Wrap Up - Technology Matrix

No Direct CO2
No Direct Emissions

Reduced Direct CO2
Reduced Direct
Emissions

Reduced Life Cycle CO2
Drop-In Fuel
Reduced Contrails?

Reduced Life Cycle CO2
Drop-In Fuel
Reduced Contrails?

Slightly Reduced Life
Cycle CO2
Low Cost

No Direct CO2
Reduced Direct
Emissions (except H20)

Battery specific energy — reduced range
Battery safety

Component power and specific power
Thermal management

Airport electrical infrastructure

Battery specific energy
Battery safety

Thermal management

Airport electrical infrastructure

Sustainable biomass supply
Production cost
Legacy aircraft fuel system compatibility

Production cost
Legacy aircraft fuel system compatibility
Sustainable electricity

Methane leakage
New aircraft needed
Airport infrastructure

New aircraft needed

Sustainable production (CO2 & cost)
Airport infrastructure

Contrails?



