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Research Approach:

New & Existing SAF/PtL

Pathways

Assess & identify pathways
to: integrate H, prod., ($
reduction), new C, H sources
with existing SAF facilities

@ @ Techno-economic
Analysis (TEA)

Conduct well/field-to-wake
(WTW) LCA of GHG
emissions per unit fuel
energy [gCO,e/MJ]

Apply discounted cash
flow analysis to compute
the minimum selling price
of the fuel.

Objective:

Evaluate the opportunities associated with novel
approaches for integrating hydrogen production and
Power-to-Liquid (PtL) concepts into SAF production
systems, including specifically lifecycle GHG
emissions benefits and cost impacts.

Project Benefits:

1. Analysis of current and future SAF and PtL
pathways: pros & cons, co-location potential

2. Provide a harmonized model to compare GHGs
and costs of novel & existing pathways while
capturing uncertainty and variability

3. Derive recommendations for future SAF/PtL
R&D: how to best combine C, H, and conversion
tech for lowest cost and GHG emissions

Major Accomplishments (to date):

1/ | Defined electricity-based SAF pathways
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Identified novel conversion pathways with
renewable hydrogen use

~) Set up stochastic LCA and TEA framework for

o

g
g
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3r-e :

s’ pathway analysis

Future Work / Schedule:

=  Critical assessment of H, production, new C &
energy sources with SAF

= LCA and TEA model development & adjustment

= gCO,e/MJ, $/L of current/future SAF/PtL

This research was funded by the U.S. Federal Aviation Administration Office of Environment and Energy through ASCENT, the FAA Center of Excellence for Alternative Jet Fuels and the Environment, project 80 through FAA Award Number 13-C-AJFE- 1
MIT and 13-C-AJFE-WSU under the supervision of Nate Brown and Anna Oldani. Any opinions, findings, conclusions or recommendations expressed in this this material are those of the authors and do not necessarily reflect the views of the FAA.
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Energy carrier vectors for aviation

— a typology

L Drop-in or near-drop-in SAF

Waste- and Power-and-
biomass-based

SAF

Fossil :
biomass-to-

Liquid (PBIL)

Jet-A

Biomass and waste

} Biomass and H,
streams; currently

produced from

Fossil H, supplemented by renewable
H, produced from electricity
SMR
Fossil carbon Biomass and waste Biomass

streams*

Fossil fuel
P combustion

LEI

Geosphere

Atmosphere

Photo-
synthesis

/y Biofuel
@," combustion

* Using carbon from waste streams provides a carbon benefit if the carbon
content of the waste stream would have been released to the atmosphere
anyways.
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Power-to-

Liquid

H, produced from
low-carbon
electricity

Atmospheric CO,
or waste CO,
streams

Direct Air
Capture

@,.’ Synfuel
combustion

® &— Non-drop-in energy carriers =@

Batt

H, produced from
low-carbon
electricity or SMR
with CCS




1l=,) Mapping electricity use in SAF production TAT

— a significant opportunity space. AN T
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PtL fuels are a class of synthetic drop-in hydrocarbon fuels, which use electricity as a major input
“feedstock”, especially for H, production, CO, extraction, and/or conversion into fuels.

BUT: A large number of pathway designs exists and a large number of potential “hybrid” designs

- (Dedicated) carbon-free I Hydrogen Source
sources

. Grid 0 Carbon intensity Conversion Process

* RWGS+ FT
BECCS Biomass gasification SMR + CCS SMR )
» Co-electrolysis + FT

. . » Methanol synthesis + conversion
Typically the defining
element of PtL pathway . COz-to-AIcohoI-to-jet

Jet Fuel

+ Biomass (direct extraction)
I- Direct Air Capture I o

* (Industrial) Waste CO,

D “Common” PtL pathway
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Feedstocks Primary Conversion ARA Secondary Conversion Products Tr;glycgri_des
HEFA TR — e CH3-CH2-CH2-CHT-CH2-CH2-CH2-CH3
Plant/Animal ol Extract 4 _; ":ydm"‘?at:‘.‘e"t — Iso-paraffins
- sy Qj| Extraction somerization
Qils&fats t Y —_ Fractionation -»> WERS o E'::’H i:’CH
Crackin 5-C-CH,-CH-CH;,
Waste Water Algae ’ Cracking / Hydrolysis (l;Hs
(animal mantre) Production Lipid (Molét;t&l:tri;vne)ight Naphthenes
ipids
—> Lipid Fermentation Hydro-deoxygenation ,..ZC/CQCH2
(Oxygen removal) " | cl:H
Lignocellulosic Pre-treatment Aqueous Phase Virent 2C\c}ﬂ z
biomass Hydrolysis — Reforming/ iren .
Condensation l / SAK Lignfn Aromatics
: Sugars l Amyris/Total SIP
Sugar Rich Hydrotreatment
Feedstocks Farneser?e fractionization —
Fermentation Gevo, I ATJ : :
ool LanzaTech Conducted TEA for six SAF production
Solid Fraction of - — i izati . . .
Municipal Solid Fermentation Jo Technologies: (1) Fischer-Tropsch, (2)
Wastes/Coal/ s FT-SPK ; St
NatralGas . Gasificati yngas | Fischer Tropsch —» _Hydrotreatment  —s Fast pyrolysis (3) Alcohol-to-Jet, (4)
o rractionization —mrska | | Aqueous phase reforming, (5) Direct
f 3 ’
i i HTL / Pyrolysis /
ng:?:::;l;?sm catzlr;tiycsm Bio-oil/Bio-crude Hydrotreatment HDCJ S u g ar to h yd rocar b ons (DS H C) o (6)
Pyrolysis - Bio-char FLEr D Hydro-processed Esters and Fatty Acids
==l SAF/precursorin production = SAF Approved by ASTM = Under study by ASTM | (H EFA)
MFSP Yield Conversion Cost ($/ton feedstock)

HEFA: 1150 - 1430 $/MT

Feedstock Price + Conversion Cost

MFSP =

Product Yield

Others: 2050-5190 $/MT

Others: 0.09-0.23

HEFA: 0.86 - 0.91 HEFA: 208-210

Others: 164-406

Maximizing C conversion Efficiency is critical to produce cheap SAF. 4
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O removal mechanism is also critical for SAFs production

A Uncertainties of these
. estimations +/- 30 % or higher
3
E.r
B - e The main cost differences
O Lr) .
" ¥ ® observed are in the
" @ deoxygenation step
a 35 =
= | 28
g -E .E .E 1 — Sugar mix b q 20 + C # C02
- 0|2 g E 2 — Conc. sugar mix
> = = 3 —Bio oil
I E _E & | 4 —Syngas 429 15.7 g
T . |E Slope o 1/ yield §= 3~ Ethanol
I 6 — Farnesene
. 7—Pr;treated YG ﬁ O + 2H * Hzo
- Desired \ 42g 52¢g
A De-oxygenation/separation
15 [ > ; ;
©) To increase product yield, O
o | Depolymerization ~ | must be removed as H,0,
0 500 1000 1500 2000 2500 3000 3500 4000 4500 so00 | we must avoid C O2
Product Cost ($/MT) formation.

To become economically viable ($600/MT fuel) at a biomass cost of $65/MT, jet fuel
yield from a lignocellulosic material must be close to 61 wt. %

$ $
Feedstock Price +Conversion Cost _ 65 (m)+300(m) - 0.61

Vield = Jet Fuel Market price $
p 600 (777) 5




=] Novel conversion pathways with H, TA7

Objectives NSCENT

Identify Carbon, Hydrogen and Energy sources (New Potential
Feedstocks) as well as fuel conversion processes to enhance
economics and carbon intensity of the SAF.

Compare the environmental footprint and economic sustainability

indicators of the most promising approaches with current SAF as well
as conventional Power-to-Liquid pathways.

€O, H,0 0,

O 4+ ¢
Green C source Biomass

Syngas Production Section <:I Electricity
CniHm1Op-Ash |:> alA+b1B— c1C+d1D AH; X,

Black C (CH,, plastics, tires) el E+b2B c2C+d2D AH, Xg o
CrzHpmo-Ash :> e2E+b3B— f3F+d3D AH; Xy, ::I

Fuel Synthesis Section :> CH,O @
a2A+b1B——=c1C+d1D AH; Xy, CH.COOH
e3E+b2B—>c2C+d2D AH, X,, ) CHs

e4 E+b3B—> f3F+d3D AH; X, ) CHeO

— CnH
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Review of new Pathways to Produce Hydrogen

1. Steam Reforming (Low pressure, high pressure)

Steam Reforming

2. Dry Reforming

3. Auto-thermal Reforming

4. Methane Partial Oxidation jl>

5. Thermal decomposition of hydrocarbons CH,

6. Gasification of carbonaceous materials (biomass,
coal, bitumen, MSW) with steam, CO, and O,

7. Water Electrolysis (low and high temperature)

Section of a H, plant that may not be

8. CO, Electrolysis relevant when producing SAF

Goal: Write a Literature review on emerging hydrogen
production technologies and technoeconomic analysis

of each of them.




Review of nhew Pathways to Produce Hydrogen 'A'
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Auto-thermal Reforming

Steam Reforming

Stoeage

High temperature Electrolysis

Very high energy efficiency and allows removal
of O in the form of O,

renouste
it smchiger

C— D

Reboller

Great Opportunities for technology integration. Bi-weekly meeting with
panel of experts from PNNL and WSU to identify potential Synergisms.



Conceptual Evolution of SAF Production
Technologies
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Current Technologies
CHO :
Biomass T Jet Fuel (CH) Jet Fuel (CH) B Jet Fuel (GH)
i i > (CHNO-Ash) Conversion Technology
(CHNO-Ash) Conversion Technology H,0. €O, Bi H H0,
LAY iomass - 2
] Technol 4H
o, o (CHNO-Ash) Conversion Technology co CH, 2 - -~
CO, 2 H0 Steam reforming —
H,0 Steam reforming —

Yield = 0.09-0.23

MFSP = $ 2050-5190 /ton

Yield = 0.34

MFSP = $ 794/ton

Jet Fuel (CH)

Yield = 0.55

MFSP = $ 550/ton

Jet Fuel (CH)

i Jet Fuel (CH)  Biomass ] — Biomass c ion technol .
Biomass 1 (CHNO-AsR)”| Conversion Techpology + (CHNOgb-Ash) onversion technology
(CHNO-Ash) ) Electrolysis Electrici Electrolysis
Conversion Technology H,0 - 0, ectricity 0,
CH, Electricity H,0 —— 0.50,+H, cH H,0 — 050,+H, [—2+
AH = 15.125 MJ/kg O, 44— AH = 15.125 MJ/kg O,

Yield = 1.22 Yield = 0.53

@ Yield= 0.71

MFSP = § 650/ton MFSP = § 531/ton

MFSP = § 339/ton

SAF production technologies that use all the C contained in the biomass, that
remove O in the form of O, via electrolysis and that take advantage of the low
price of CH, as much as possible are likely to be the most successful SAFs
production technologies.
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Technologies
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Removal of O in the form of H,0 Heat: - 0.93 MJ I

. C: 0.47 ki
Biomass: 1 kg _I/ T_ Jot Fuel (Cah): 055kg | kg
_ . = 0. g
C:0.47kg Biomass {1 Jet Fuel (CH) J
- 0. (CHNO-Ash) Conversion Technology .
H: 0.06 kg ﬂ» Water: 0.53 kg L H: 0.06 kg
0:0.47 kg CH, 4 Hy co 0:0.47 kg
4 J
Methane: 0.17 kg H,0 Steam reforming - T1c: 013 kg
e - CO,:047kg |
. 0, .
ﬁ g:li ig e Yield giomass + cna = 0.55/ 1.17 = 0.47 | 0:0.34kg

Yield giomass = 0.55/ 1= 0.55
Water: 0.38 kg
. — C Efficiency = 0.47/0.60 = 0.78

H: 0.04 kg
0:0.34kg

CH, Cost: § 192/ ton
Q = H o= Hepa — Hpiomass= 26.1-27.1 = - 0.93 MJ

Energy Efficiency = 26.1/27.1* 100= 96.6
MFSP = [(Feedstock price) ($/ton of feedstock) + conversion cost ($/ton feedstock)] / yield (t fueliton feedstock)

MSFP = (70 + (0.17* 192) + 200)/ 0.55 = 550 $/ton

Removal of O in the form of H,0 with co- Heat: - 1.33 MJ
processing with CH,

Biomass: 1 kg {} Jet Fuel (Cp,Hy) : 1.22 kg C:1.04 kg
Coarig  Blomase — HoaTke
H: 0.06 kg Conversion Technology H: 0.06 kg
0: 0.47 kg CH, ——— Water: 0.53 kg 0047k

Methane: 0.75 k
AN MY Yield giomace + cne = 1.22/1.75 = 0.70

C: 0.56 kg (54 %)
H: 0.19 kg T Yield giomass = 1.22/1=1.22

C Efficiency = 1.04/1.04=1 CH, Cost: $ 192/ ton

Very high level of | Q= H ¢,e—Hcis — Hoiomass= 58.1-59.4 = -1.33 MJ
non-renewable C

Energy Efficiency = 58.1/59.4 * 100= 97.8

MFSP = [(Feedstock price) ($/ton of feedstock) + conversion cost ($/ton feedstock)] / yield (t fueliton feedstock)

MSFP = (70 + (192°0.75) +200) / 1.22 = § 339.3 / ton

Removal of O in the form of O, with electrolysis Heat: 0.45MJ

Biomass: 1 kg

— JetFuel (CyoHan) 1 053 kg ¢ 0.47 kg
C:0.47kg H: 0.06 kg
H:0.06kg  — 1 Conversion technology +

0, $125/ton
H,O —* 050,+H, H———

AH = 15.125 MJikg O,

0:0.47 kg hydrogen production
0:0.47 kg
Electricity —

Yield giomass =0.53/1=0.53 Biomass = $ 4.19 /GJ ($70/dry ton)
Cleanest fuel but Co  =047/047=1
more expensive. Efficiency — * ‘ Methane = § 3.47 /GJ ($192/dry ton)

MFSP could be Weiectricity = 15.125* 0.047 = 7.1 MJ Electricity = § 18.9 /GJ (§ 0.067/kWh)
reduced with lower

electricity costs Q= H 1o ~Hcrs = Hoiomass = Welecriciy =25.2 = 17.6 = 7.1= 0.45 MJ

Energy Efficiency = 25.2/(26.7+0.45) = 1

MFSP = 70 +7.11* 18.9 + 200 - 125°0.47)] / 0.53 = [70 + 134 + 200 - 59] / 0.53 = § 650/ton

Removal of O in the form of O, with co- Heat: - 1.31 MJ
processing with CH, and electrolysis
Biomass: 1 kg
R S :
Bi et Fuel (Cy,Hy,) 1 0.71kg | - 0.61 kg
i CHNO-Ash Jet Fuel (CH) H: 0.10 k
H: 0.06 kg (CHNO-Ash) — 1010k
0:0.47 k CH, Conversion Technology +
. d » hydrogen production 0,
CH4:0.188 kg Electricity H,0 050,+H, $ 125/ton 0:0.47 kg
I AH = 15.125 MJikg O,
C: 0.141 kg (23 %)
04Tk T Yield piomass + one = 0718/ 1188 =060 [yt one=$ 3.47 /GJ ($192/diry ton)
It may be acceptable Yield giomass = 0.718/1 =072 Biomass = § 4.19 /GJ ($70/dry ton)
“;::‘: :;:::e’r‘:::’tf' C eficiency = 0.61/0.61=1 Electricity = § 18.9 /GJ ($ 0.067/kWh)
electricity if we are Wetectrcey = 151257 0.047 = 7.1MJ
able to comply with Q= H 4,0 ~Hepa — Hoiomass — Werecticn, = 33.7 — 10.34 — 17.6 — 7.1=-1.31 MJ
the Clean Fuel
Standards. Energy Efficiency = 33.7/35.0 * 100= 0.96

MFSP=[70+192*0.188 + 7.11 * 18.9 + 200 — 125* 0.47)] / 0.718 =[70 + 36 + 134 + 200 - 59 ]/ 0.718 = 531 $/ton

This project will guide optimization of SAF production through providing quantitative data to
support informed decision-making on the choice of SAF production pathways

10
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Rules of Thumb for SAF Process Synthesis (Developed with the help
of a Panel of Experts)
Maximize C Conversion efficiencies (Use all the C contained in Cellulose,
Hemicellulose and Lignin)
Develop Co-products from C rich streams

Choose a technology that allows to control the fraction of C going to jet fuel

Use auto-thermal adiabatic processes whenever possible.

Heat integration is critical to ensure economic viability.

Consider high pressure processing only if downstream synthesis requires it.

Under most circumstances it is cheaper to heat with natural gas than with
electricity. This rule should be revisited as more cheap renewable electricity
There are some cases in which electricity may be very cheap.

Mydrogen

Hydrocracking_and_separation

Expected benefits: This project will outline
new pathways for SAF production.

Generic Scheme of SAF production

Technology
SAF

t

Unit
Operation 4 Heat

Electricity

Unit
o} 4/‘/,’//
2 Operation 3
Biomass Unit
Operation 2

t

CH, > Unit
Operation 1

t

Oxidant Agent

11



— Need for stochastic LCA and TEA assessment TAT
—J for this project

lc;)l

There may be uncertainties in lifecycle GHG emissions and minimum selling prices of jet fuel for
existing, new, and combinations of SAF/PtL pathways, especially since they are not yet used at
scale.

Stochastic assessment will allow us to understand the range of possible GHG emissions and
costs of novel pathways, given prevailing uncertainties, thereby helping to identify opportunities
and risks as well as guiding further R&D for pathway characterization.

BB Electrofuel Lifecycle GHG Emissions versus Electricity El 6 Electrofuel MSP versus Electricity Cost
2 ——BtL 2 3
= —— PBIL & E“B"IL S
i 2 - 8
300 F ey i 5 7} PIL Electrolysis + RWGS £
- Bl o 2 —— PIL Co-electrolysis 2
g | o
@ 250 ‘ 6k 5
. 145-270gCO,/MJ |
S 0 §e $2.90 — $3.90/L
2 00k (95% CI) e 5| 0
o - (95% Cl)
S} | 2
2 | Sy
a2 i
€ 150F P &,
w ‘ %
g o Zaf
o 100 _ | Conventional Diesel
o
S 2
O 50}
2
- // | P e N U.S. Diesel Cost
0 —_/
0 —
_50 1 1 i 1 1 1 J 1 1 L 1
0 50 100 150 200 250 300 350 -50 0 50 100 150
Electricity El [gCOze/kWh] Electricity Cost [$/MWh]

Isaacs et al. (2021), Environmental Science & Technology. Environmental and Economic Performance of Hybrid Power-to-Liquid and
Biomass-to-Liquid Fuel Production in the United States 12
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Refers to lack of data or an
incomplete understanding of the
factors that affect an outcome.
More/better data could reduce
uncertainty. (U.S. EPA, 2021).
Biofuel facility cannot
intentionally control variable.

Example
Feedstock transport mode share
split (truck/rail/barge)

Primary focus in the

context of analyzing novel

EK_ Uncertainty vs. Variability: a framework

Variability

Refers to inherent heterogeneity of
diversity of data in an assessment.
“A quantitative description of the
range or spread of a set of values.’
More/better data will not reduce
variability (U.S. EPA, 2021).
Variable can be intentionally
controlled or differs regionally.

Example
Jet volume fraction in product slate

To be captured as needed
(e.g. for discussing

unexplored technologies

different electricity inputs)

ASCENT
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Sensitivity

Studying impact on dependent
variable due to variability

Example

Impact on GHG emissions from
differences in electricity carbon
intensity

Environmental Protection Agency. (2021, December 13). Uncertainty and Variability. EPA. Retrieved March 9, 2022, from
https://www.epa.gov/expobox/uncertainty-and-variability

13
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Uniform,
triangular, or
other
distribution

Monte Check 95% Cl GHG
Carlo variance [gCO,e/MJ],
>1,000 runs <0.1% MSP [S/L]

Uncertain variable

Existing LCA*: Energy TEA: Discounted Repeat for
CORSIA SAF allocation Cash Flow Rate of sensitivities

Elgowainy et al. Return (DCFROR)
Existing PtL (2012) Pearlson et al. (2013)

Pathways *not including ILUC

New PtL
ELENS

Elgowainy, A. et al. (2012) Life Cycle Analysis of Alternative Aviation Fuels in GREET. Argonne National Laboratory, Argonne, IL, USA.
Pearlson, M., Wollersheim, C., & Hileman, J. (2013). A techno-economic review of hydroprocessed renewable esters and fatty acids for jet 1 4
fuel production. Biofuels, Bioproducts and Biorefining, 7(1), 89—96. https://doi.org/10.1002/bbb.1378



