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Sustainable Aviation Fuel (SAF) Grand Challenge

Mature Market Biomass Potential

1500
; ~10% of US demand 1.238
SAF Grand Challenge gallons annually by 2030 1250 2
Roadmap .
ustainable Aviation Fuel . Agriculture: Energy Crops
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Examples:

* Currently used: Corn to ethanol [150 million ton—=>10.6 billion gal]

* Wastes/byproducts: Animal manure [38 million ton—>1 billion gal]

» Agriculture residues: Corn stover, wheat straw [175 million ton—>8.6 billion gal]
* Energy crops: Switchgrass, miscanthus [340 million ton—=>16.8 billion gal]

biofuels, 6%
jet fuel, 12%

distillates,
22%

SAF feedstock crops will not compete with food production. NREL | 3

https://www.eia.gov/energyexplained/use-of-
energy/transportation.php



SAF is uniquely suited for aviation, batteries and H, are not

Property Aviation fuel quwd H,

Specific energy High

(energy per unit (~43 MJ/kg)
weight)

Example-Boeing 777: Up to 41 wt% fuel
A330 Fuel System Engine Feed

TANK ARRANGEMENT

A\ Energy density High

f

A P (energy per unit (~34 MJ/L)
volume)
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TRIM TANK

SAf
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SAF SAF SAF Hydrogen

VENT TANK VENT TANK » 45-120 minute flights some andfor SAF  and/er SAF  and/ar SAF
» ~24% of industry CO2 Hydrogen
Red areas: fuel tanks AT SAF SAF SAF
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https://www.faa.gov/lessons_learned/transport airplane/accidents/C-GITS » 250+ seats SAF SAF SAF A SAF SAF SAF

Yu et al. Applied Energy (2020) 271, 115169
Air Transit Action Group Waypoint 2050 Report

» ~30% of industry CD2
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https://www.faa.gov/lessons_learned/transport_airplane/accidents/C-GITS

Biogenic carbon makes SAF sustainable

Airplane using SAF (~0.13-0.22 mi/gal) Airplane using fossil jet (~0.13-0.22 mi/gal)
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Biogenic carbon makes SAF sustainable

Airplane using SAF (~0.13-0.22 mi/gal) Airplane using fossil jet (~0.13-0.22 mi/gal)
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Biogenic carbon makes SAF sustainable

Airplane using SAF (~0.13-0.22 mi/gal) Airplane using fossil jet (~0.13-0.22 mi/gal)
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Biogenic carbon makes SAF sustainable

Airplane using SAF (~0.13-0.22 mi/gal) Airplane using fossil jet (~0.13-0.22 mi/gal)

Biorefining—>
Jet fuel
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Petroleum
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Fossil fuels
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Biogenic carbon makes SAF sustainable

Airplane using SAF (~0.13-0.22 mi/gal) Airplane using fossil jet (~0.13-0.22 mi/gal)
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Life cycle analysis quantifies excess CO, emissions

Life Cycle Analysis for Fossil Jet Fuel and SAF
» Life cycle analysis provides a framework % E m o | --E- e
T -

for comparing SAF carbon intensity to . o — :
. . . Fossil QOil Fossil QOil Fossil QOil Fossil Fuel Jet Fuel Jet Fuel
fOSSII Jet that InC|Udes flEld-tO-fUEl Extraction Transport Refining Transport Terminal ~ Combustion

production -
S2E A .ﬂﬁ. -, - >

Land Use Biomass Feedstock Biomass Biofuel Jet Fuel SAF
Change Production Transport Conversion Transport Terminal Combustion

Farming practices can influence SAF carbon
intensity. Minimize it with...

*electrolysis | **landfill
80 with methane
displacement | diversion

1. Using low-emission farming equipment

2. Short supply chains (collection,
conversion facilities near farms)

3. Low fertilizer and pesticide use

60

40 Pyrolysis: | VFA
Forestry Food
Residue Waste

20

0

20 HEFA HEFA FT FT HTL AT Pyrolysis:
Waste Camelina Corn Forestry Forestry Corn Forestry
-40 Oil QOil Stover Residue Residue Stover Residue

...and maximize SAF subsidies tied to low
carbon intensity!

Carbon Intensity gCO,eq/MJ

-60

-80

Sources: de Jong et al. (2017) Biotech for Biofuels, 10, 64; Gelfand et al. (2020), 54, 28961-2974;
Ringsred et al. (2021) Applied Energy, 287, 116587; Huq et al. (2021) PNAS, 118, 13 NREL




Jet fuel is a highly engineered liquid energy carrier

Jet fuel requires high energy
density; low temp performance for
high altitude; minimum flash point
for safe handling

Jet fuel Has Multiple Functions:
coolant (heat transfer media)
lubricant
hydraulic fluid
ballast fluid
swelling agent
capacitance agent
energy source

Jet fuel property specifications:
— ASTM D1655
— ASTM D7566
— ASTM D4054

Jet Hydrocarbon Class Distribution Jet C Number Distribution

20

Aromatics Normal

Paraffin
15 |
1

© NP R0 A D a0 o Ne)
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Di-Cyclo
Paraffin

o

w

Mone-Cyclo Iso-
Paraffin Paraffin

SAF must mimic the properties of fossil jet fuel.

Sources: ASTM D1655; ASTM D7566; ASTM D4054; Holladay et al. (2020) DOE/EE-2041 8292
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Eight ASTM-approved pathways can all use agricultural products

Vegetable oils, animal fats, algal oils

Cellulosic and non-cellulosic sugars Any plant material or waste
(via fermentation) (via gasification)
e —

Why are there no SAFs approved up to 100%?

* Technical barriers: Systematically replicating every property of a complex molecular mixture from scratch is hard!
* Regulatory barriers: ASTM has not released requirements for 100% SAF (in progress) because stakeholders (jet
manufacturers, FAA, etc.) are risk averse, want to introduce SAF slowly.

https://www.ers.usda.gov/media/dOpdfuvx/soybean-
banner.jpg?format=jpg&quality=85

Ex: Soybeans

OJOI\/\/\/\/\/\/\/\/\

EQJ\/\/\/\/\/\/\/\/\

oj\/\/\/\/\/\/\/\/\
A

* Annex A2: 50% kﬂ
* Annex A6: 50%
* Annex A7: 10%

Annex=ASTM-approved pathway

https://nebraskacorn.gov/wp—content/uploads)20237127HowCornisUsed—JULYC-ORN—Z— https://www.biocycle.net/wp-content/uploads/2012/08/30b.jpg
1920x1080-1.jpg

Ex: Corn grain or processed corn stover Ex: Woody waste

~om _J_on

Annex A3: 10% * Annex Al: 50%
Annex A5: 50% Eﬂ * Annex A4: 50%
Annex A8: 50%

Source: ASTM D7566-24; Wang et al. (2016) NREL TP-5100-66291; Holladay et al. (2020) DOE/EE-2041 8292
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Fats, oils, and greases supply most SAF today, but supply limited

2022: 23 MM ton fats, oils, and greases

(FOG) consumed by the biofuels industry

to produce 4.7 billion gallons fuel (SAF
and diesel)

16
14
12

10

o]

Million Tons
+a [#)}

o]

Soybean Qil DCO Canola Oil Canola Oil | Other Vegetable | Other Vegetable FOG
Production Production Production Import Oils Production | Qils Import Production

M Current ™ Projected

Current and projected HEFA feedstock supply (2030-2032)

Import

Domestic FOG production will not increase
significantly (14%)-price increase due to
constrained supply

2,500
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0
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= Canola oil = Total Corn Coil e DCO Cottonseed oil = Pganut oil, crude = Soybean oil, crude
= Sunflower oil, crude === Falm oil, refined Palm kernel oil, refined  ««+---- Inedible tallow -+ Edible tallow -+ Poultry fat
Yellow grease Lard Choice white grease Brown grease

NREL | 13



NREL working with industrial partners on multiple SAF approaches

Cover crops and grasses

NREL Has Developed a Continuous Process for Production of Alder Fuel's

Corn stover

Ethanol From Corn Stover 2" Generation Sugar Can be Upgraded via the

Food waste, animal manure

MNREL VFA — SAF Catalytic Process Produces Normal and
Iso alkane SAF Blendstocks From Wet Waste

D3MAX / Lanzalet Corn Stover to SAF Process

“Green Biocrude”, Which Can be Upgraded in Existing Petroleum Refineries

NREL catalytic technology upgrades volatile fatty acids from arrested anerobic digestors to ketones, which

Field-to-Fuel Production of Carb bl Fuel from Ry ive-Agriculture Blomass can then be upgraded to SAF Fast Track VFA-SAF 10% Bland HREL DMR Technology
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* Bolt-on selution for existing AD X - i m— ‘ i : and about % of this can be

Alder CRADA
*  Scale-up and derisk Alder
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Q5 ronnes parday

systems and refineries
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ASTM DACS4  Dvacepation)

XN
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Integration of Electrochemistry With Fermentation: Formate as an Energy
Source To allow Sugar Fermentation with no net CO, Generation

Project focused on converting lignin from wood &

Technology Summary

ee Fermentation

Renewable ChemicalOCO-Prcducts

NREL is developing lytic fast pyrolysi j’ I
ag Daualop and da trat tegrated that i o T
vvwiop sad demonstrate an integratad process thal technologies for converting non-food Acstone >
electiochemically generates lomate from €O, and bi d lid feedstocks | . cmone
Our continuous process achieves 87% of theoretical ;“’""t"’k'l'-“-"i:“‘" el m:m» i ) &t ) Omeas an wa:?e sa Nt k
carbon yield and ~1% oxygen retention from poplar lignin e::"\'::; koot ::f'r':h:;r:;m_'"’ i e ; A i iy o Sustainable Aviation Fuel (SAF)
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fanmentation. r 4 stabilized bio-oil f -_.
- . - f — — H
I o o e o ot ey o -
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+ Bascd on the projected availability of lignin harvested in the fiedstock for generation of renewable diesel and % | oue | e Pyrolysts Catalysls
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Woody biomass, corn stover

Sugar fermentation CO, byproduct

Cover crops and grasses
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+:NREL NREL | 14
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Low-carbon agricultural feedstocks
Streamlined approvals, permitting O- Trained workforce

I g@%

/ Capital investment

=~

SAF can bring new
opportunities to
American agricultural
communities

Granville, IL; Clean ener
Seothe Ll o ob: 1359 No localized health, &Y,
My great-grandma, pop: environmental hydrogen,
IR {2 CIel G mpacts connections to
ICEYA My mom (baby) and her siblings fuel IOgiStiCS
Charleston, SC .6. ===
Indianapolis, IN ®e® .J..
-
<0

E?
E / High-quality jobs

o Chlcago IL A

Tax revenue
Growth of community institutions
Contribution to energy independence goals
Strengthened agricultural communities NREL | 15
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3. State of SAF Production Process: Policies

Combined Value of Incentives (USD)

Renewable Diesel (RD) is a major competitor for SAF

The structure of the combined federal and state incentives (for California).
a) 2023-2024

sa7a | $4.83 | sa77 s491 1 $495 499 CAadditional incentives M CA LCFS Credit
5.00 sa41 | $4.59 : 0.39 : - 0.39
) 0.39 : 0.39 E - . E ; " SAF Credit Biodiesel Mixture Credit
400 03 06 o s s
1.00 135 .00 145 100 | == 1.00

3.00 | ' '
2.00
1.00
0.00 : : :

SAF RD |  SAF RD . SAF RD | SAF RD

(Cl 45) (C145) | (CI36) (C136) | (Cl127) (C127) | (Cl118) (C118)
50% 60% 70% 80%

Lifecycle GHG Emissions Reduction

* RD has a slightly advantage ($0.04-0.33) over SAF. This advantage is mainly due to
the extra S0.39 allocated to RD based on CA avoided diesel deficit. NREL | 17



We Can Initially Produce Single Blendstocks, But Will Soon Have to Produce

Blends of Multiple Molecule Classes To Avoid Deployment Limits

“S” curves will also inform the strategy to
meet 100% SAF (not a single blendstock).

Ideal Carbon Length C8-C16

\\.L B
“"m-"_\‘ "\. ‘____,-'-' e, -dlkanes
b 4 L = - so.Alkanes
\L \ ‘L .: L ﬁ 6l — -.",,- |u.<|k uuuuu
[ _alka kanes | n-alkanes Lg
T E=4
L‘ J aromatics -"' UD.J N
= o~ " a"".. =
bl T / Iso-alkanes | E 5l
y ! S
I—’ ey
o ¢ i _‘ _',

9 10 11 12 13 14 15 16 1?
Carbon Number

SAF has well defined ratios of molecule classes.
Most SAF pathways can only make blendstocks.

Blendstocks will not be sufficient as SAF
production is a significant fraction of 35 BGY.

Airlines already want 100% SAF options.

Production capability growth across multiple
pathways will be necessary to achieve higher and
higher blending limits until 100% SAF can be
approved.

Billions of Gallons per Year

A A combination of multiple pathways will enable 100% SAF.

w
U

NOTE: T

* Pathway “S” curves are
notional to discuss this
concept only!

* The “S” curves are stacked.
* How can products from
different pathways be
combined to increase
blending allowance?

* How can R&D investme
enable simultaneous
advancements in

pathways to enable

higher market
penetration?

Bio Oils
Bio crudes

202|0

- -
¥ A
f—

2030 2040 2050

o

| How should R&D be managed

When does a pathway “take off”?

to meet deployment

ti

meline?

NREL
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New SAF routes require ASTM evaluation and balloting process

ASTM D4054 for Evaluating New SAF Routes

>100k gal, >S5M, 3-7 years

Tier 1
Spec Properties

Tier 2
Fit-for-Purpose

Phase 1
ASTM Report

OEM Review 1
& Approval

Tier 3
Component/Rig

Tier 4
Engine/APU

Phase 2
ASTM Report

OEM Review 2
& Approval

FAA Review

Balloting
and Spec

ASTM D7566

Specification

Recent “Fast Track” Process
<1k gal, <S1M, <2 years

FAA Review

Composition &
Process Screen

D

Fast Track
Research Report

Lite Test Tier 1+

Program Balloting
and Spec
OEM Fast Track ASTM D7566
Review 2 Specification

Sources: ASTM D4054; Rumizen (2019) Jet Screen Stakeholder Workshop; Holladay et al. (2020) DOE/EE-2041 8292

ASTM D4054 requires
evaluating new SAF
routes through tiered
testing, reporting, and
balloting

New Fast Track approval
process (2020) that limits
SAF to 10 vol% but
greatly accelerates
evaluation process to < 2
years
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