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(Sustainable Aviation FUElRSAE)
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CO2 Emissions in Aviation Sector

ARIMLYRINEINITTUAan ad U 2022 dyamrUssutas 198.7 Wua1unoan15ausy 4as lasailad
Il 2019 mAssAInsiu dn1sudes CO,umda 600 Mt Ssdaiburrdredeiasani nmassinsiussdosannisuase CO, DisaimnIuiu

ICAQ8D £ v
L Operational
3 900 ™ 0
“ -
L, -
£ 800 , 0
L CORSIA Baseline @
= e -
S 700 Emissions \ =
@ r
< 00| g o=, =
o 2019 level =
© 500 -—— e e s s s s s s s —-
= 85% of 2019 level
® 400
o
© 300
= COVID-19
S Impact
£ 200

2015 2020 2025 2030 2035

Contribution of CORSIA for reducing international aviation net CO2 emissions
Ref. https://www.bclplaw.com/en-US/events-insights-news/corsia-how-it-works-and-issues-for-discussion.html
https://unitingaviation.com/news/environment/an-update-on-our-efforts-to-achieve-global-aviations-net-zero-carbon-emission-goals/ 4
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CO2 Emissions in Aviation Sector

ut 2019 mmAgsAanIst dnsase CO, e 600 Mt Fedaidlumesdenvaiaini nngsienmsiuagdeannisiaey CO, HaIainInau

cAoBo ™

N
U
o
o

2000

1500

1000

International Aviation CO, Emissions (in MtCO,)

500 \ 6@9 O

‘,:5(\ Hydrogen

Residual Emissions 203 mitco,
0 2

2020 2025 2030 2035 2040 2045 2050 2055 2060 2065 2070

Contributions from Fuels (in green) towards decarbonization of the sector

Ref. https://www.bclplaw.com/en-US/events-insights-news/corsia-how-it-works-and-issues-for-discussion.html
https://unitingaviation.com/news/environment/an-update-on-our-efforts-to-achieve-global-aviations-net-zero-carbon-emission-goals/ 5
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Carbon Offsetting and Reduction Scheme for International Aviation (CORSIA)

COSIA 1TulpsInslasunIssusevaeadunianislumsvses ICAO Tl 2016 andumaiduyamna miuiseyliluuainugia

CORSIA roadmap - key dates

] l.
i =Y
[ 1] = .
Oct 2016 1 Jan 2019 — 31 Dec 2020 31 May 2020 ™~
CORSIA Rebmvart Oprators must monlter, vesify Repmtdeadlme
adopted and reporl Uheir annual 002 smissions A= = o #
e June 2020 First Fhase:
CO'-"ld 19 ;2!.]34-2'.125 ‘Vialuntary
ICAD afjsts the B =
-~ 5 ] — it of U 13
2021-2023 31 May 2021
Pilot Phase Report deadline
] welting obiigations caloulafed Pmlevant Operafors schedubed fo
2022 ICAD a i- q-n *.;e:e: 0oz "::C"'-“!—'!:'EEJ:;;_::‘:’L data to
Rewew '
o A A
P ———— _ S
2024 2026 2027- 202_h_\\\

1 s Phase 2™ phase

DT -‘"r:\oge‘_ﬂ'L
= = on B

A

@ A\ ——euw9
- 2032 ICAO

SpecmlRewew

anavnssunsduialanuas lulnedalauiiniadenduuenvinivdeuuls SAF iflunaegns

wanlunisannisuaeenIsuau iWainasiiaze19nIntuniuaena1msunisiy tidaveind
FIurEannIsUaReR 1S auUNsEan (GHG) 67 ilatieunudanaansastunaadarily

https://www.bclplaw.com/en-US/events-insights-news/corsia-how-it-works-and-issues-for-discussion.html, https://carboncredits.com/what-is-corsia-all-the-important-things-you-must-know.

anagmnssun1sdusemalnegagniglaniszyniiulunisvaive
AITUaUN 1 AN T TIVUYQIANTITYALYEA TS UaULAZIATINITAN
A1sUBUA S UNTsTUTENT19UsEmA (CORSIA) Aausiaay
UNs1AL 2564 (2021)

ALL

CO RS'A ‘76% B STATES VOLUNTEERING
OFFSETTING BSTATES EXEMPT. s voLuvreennc

CURRENT A =1 JULY 2021 LDCs, LLDCs, SIDS, low levels of activity)

tTogUiu 2024 41 126 UssimAmingau CORSIS Ingussimmiiiiuanie
Antisua and Barbuda, Bahrain, Ecuador, Kuwait, Samoa, Seychelles

Sierra Leone, Solomon Islands, Mauritius, Malawi, Haiti
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Conventional Aviation Fuels vs Sustainable Aviation Fuel NS\@

Conventional jet fuel
Releases new carbon into

e o . Ingavlunisuan SAF lasAn1snsiunaisey
the atmosphere Cr;d;acﬁl is Crude?s"r‘:fined Finci'\:-:':v:crirf e g
Jet . @ . o o g
extracted from into jet fuel, a fuelis used to 5“’1/]’37\72/5““/]ﬂ (lnternatlonol CIVll AVIOthn
h d boni i fly aircraf o
e S rereE Organization, ICAO) Uugii

[ Wastes | oL
Younaen lannsolydlu

I Agricultural and forestry residues
NITUUNMTANLA .

o ey . Younaeny mAadusznIn

Ay

By.products Empty palm Tall oil

YOUNADTIN MANTUSENINNTLUINNISIIUNEYD

Sustainable aviation fuel
Emits up to 85% less carbon

Used cooking Municipal solid
oil (UCO) waste

fruit bunches

. ) wansusitlusns Aiiadu
ona ||feCYC|e basis Process feedstock Refine Consume 9INNTLUINMISHER

Renewable Feedstock is Finished product |

materials are converted to fuel is tested to prove b _a e ind — Bark Branches
collectedas SAF  through processes identical tojet fuel | e | #7 J effuent (POME)
feedstock using as much and used to fly Sthate (PFAD)
renewable energy aircraft
as possible

Feedstock nail in135gaduiie CO, ladaunils 1iloruInan SAF Feaanisuaaey CO, ann1sin1lusl lag CO, AInana azgngm
dunauludae feedstock 8n 114 SAF illunarinwarsvaunavauysal Tuszezeriazsnliiig Carbon Neutrality Iaf

https://crreport.united.com/environmental-sustainability/road-to-net-zero
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walulagnldlunisudn SAF %3a SAF Pathway

0il Feedstock » Vegetable oil, Animal fats, _..[ Hydrotreated Ester and Fatty Acids (HEFA) ‘
Used conking oil

# Algal oils, Oil Plant4-| Catalytic Hydrothermiolysis | lWﬂZiJZﬂgﬁ?ﬁ?Uﬁ75N§W SAF 7’7?@ SAF PO th WOy ﬁuagﬂu‘lfﬁ/ﬁgﬁ‘l/@uﬂﬁu

Algae ——— Botryococcus braunli ——————— HNWW'HNmﬁM Esters
and Fatty Acids (HC-HEFA)
Ld (d
ASTM certified SAF Pathway
Li - Bio ail
B.!gnm:t ulose . (Produced from pyrolysisor ——4, Hydrwmcﬂ depolymerized
10mass hydrathermal of lignocellulose) cellulosic jet (HDCJ) Possible Feedstocks
4 . ASTM D7566
- — Fischer-Tropsch Synthetic Fischer-Tropsch hydroprocessed synthesized paraffinic kerosene FT Coal, natural gas, biomass 50%
o ynges Paraffinic Kerosine (FT-SPK) Annex 1
-5 ASTM D7566 Sy_nthesmed paraffinic kerosene from hydroprocessed esters and fatty HEFA Bio-oils, animal fat, recycled oils 50%
- Annex 2 acids
1:; FISC'IE.F-TIDPSCII S)mlll.:n-: Paraffinic ASTM DTS6G Synthesized iso-paraffin from hydroprocessed fermented sugars SIP Biomass used for sugar production 10%
s o Kerosine with Aromatics (FT-SPE/A) Annex 3
" ngnln ASTM D7566 | Synthesized kerosene with aromatics derived FT-SKA Coal, natural gas, biomass S0u
- - (Extracted from organosolv and — Annex 4 by alkylation of light aromatics from non-petroleum sources ' i
E somc hamd extract o Lignin to Jet ASTM D7566 Biomass from ethanal, isobutanol or
2 lome liguid exiraclion process SAF Annex 5 Alcohol to jet synthetic paraffinic kerosene ATI-SPK isobutane ! 50%
=
= ynthet Triglycerid h b il
Sugar | Pretreatment — g c Lso-paraffn from ASTM D766 Catalytic hydrothermalysis jet fuel CHI 'arll:rg:c:: DEiIs c::::elin:suil S’DE:::;E 2:’IJ 50%
Feedsiock Fermented Hydroprocessed Sugar Annex 6 ¥ ysis) Jam:l tpung ail ' ' '
: . : - SIP
# Sugar Cane, Maize, Beets * (&%) ASTM D7566 | Synthesized paraffinic kerosene from HE HERE—SPK Algae 10%
Annex 7 hydrocarbon—hydroprocessed esters and fatty acids &
Pretreatment + Enzymatic Hydrolysis ¢ up4 ¢, cugars— 3| Aqueous phase reforming :iz':: . 07568 | ATy derivative starting with the mixed alcohols ATI-SKA
. o . . ASTM 01655 cc—hydrupmc;ssmg of esters and fatty acids in a conventional co-processed HEFA Fats, woils, _and greases (FOG) co- 55
Hydrolysis + Fermentation / thermochemical conversion, | Ethanol, Butanol, — Aloohol to ] AnnexA 1 petroleum refinery processed with petroleum
or Gasification + Fermentation = Isobutancl * ol to Jet ASTM 01655 cn-hydrupmcgssing of Fischer-Tropsch hydrocarbons in a conventional co-processed FT F]scher—Trop?ch hydrocarbons co- 5o
N ! Annex Al petroleum refinery processed with petroleum
ASTM D1655 R B} )
Annex Al co-hydroprocessing of biomass co-processed biomass 5%
Fermentation (Y east’ Microbe) or Direct Catalvtic Conversion
Alcohol
Feedstock
# Processes using oil feedstock [ Conversion Technology (No certification)
# Processes using Algae [ ASTM Certified Conversion Technology
—# Processes using Lignocellulose Biomass
—+ Processes using Sugar feedstock
— Processes using Aleohol feedstock 9

SAF Production
Copyright @ 2024 NANOTEC, NSTDA
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Several developers 1-2 developers

Commercialization

Hydro-
= processed  Fischer-Tropsch
4 Esters and Fatty (FD)
~ Acids (HEFA)
e
H - Direct Sugars to
.g N Hydrocarbons Alcohokto-Jet  Hydrotreated
® 1 . (DSHO) (AT)) Depolymerized Aqueous Phase i
£ Cellulosic Jet Reforming
kg 5 (HDC)) (APR)
L Ot
Z l |
U

Conversion pathway

10
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HUIA1UN1SHEN SAF AsmAlulad

Year of
Conversion pathways Feedstock approval Producers
Fischer-Tropsch synthesis of Synthetic Municipal solid waste (MSW), Forestry 2009 Shell
Paraffinic Kerosene (FT-5PK) wastes, natural gas, coal
Hydroprocessing of esters and fatty Triglyceride-based feedstocks like 2011 Honeywell, Neste Oil
acids (HEFA) vegetable oil, algae, waste oil,
animal fat
Hydroprocessing of Fermented sugars te Cellulose, Starch, carbohydrates 2014 Total, Amyris
Synthetic lsoparaffins (HFS-SIP)
Fischer-Tropsch synthesis of SPK with MSW, agricultural waste, natural gas, 2015 Shell, Sasol
arormatics (FT-5PK/A) forestry waste, cool, energy crops
Alcohol-to-Jet synthesis of SPK using Cellulose, agricultural waste, starch, 2014 Gevo {Isobutanel)
isobutanol and ethanel (ATJ-5PK) carbohydrates 2018 LanzaTech, Byogy
(ethanal)
Catalytic hydrothermolysis jet fuel (CHJ) Triglyceride-based feedstocks 2020 Applied research
associates (AHA),
Euglena
Hydroprocessing of high hydrogen Oils found in biclogically derived 2020 IRl corporation
content hydrocarbons, esters, and hydrocarbans like algae
fatty acids to SPK (HC-HEFA-SPK) 12




AIUNINIENINTU Feedstock

usitlaguu inaluladl HEFA aziinaiunseuuiniign usmhiuliuamselviuded nlvlunisudn SAF vzlunevaueisaniiudesnIsiiisenamnssa ilesaindeuniu

97198 MNenaImnsI SAF vees Ingauiiuiuiimseunumalulagnisuvasiusnarnuenesgnii llshudemndvdiiamiveunulvinvenaimnssusaly

Today's
commercial SAF

2nd generation SAF

3rd generation SAF

Currently used
feedstock

Short-Term

Medium-Term

Long-Term

Feedstock Waste fats, oils and Alcohols (ethanol) Biomass and biogenic waste sources (e.g., Mon-food crops, Captured CO»
greases MS\Fesinate 2) and clean hydrogen

Conversion HEFA Alcohol-to-jet Thermochemical conversion Cellulosic crops and captured

Pathways (ATJ) pathwaysFocnote 3 CO-», with clean hydrogen, (called
Hydroprocessed power-to-liquids), could one day

esters and fatty acids
(HEFA) is a mature,
commercially
available technology.

https://crreport.united.com/environmental-sustainability/road-to-net-zero

Pathway that
converts
commercially

available alcohols

{e.g.. ethanaol) to
SAF

Biomass feedstock removes greater amounts
of carbon from the atmosphere during growth
and harvesting, and municipal =olid waste
(MSW) feedstock is diverted from the landfill
where it would otherwise emit more GHGs
like methane. These lower-carbon feedstock
can be converted to SAF but will take more
time to build the facilities to commercially

supply the market.
Copyright @ 2024 NANOTEC, NSTDA

result in carbon-negative SAF
because of the amount of carbon
removed from the atmosphere that
is embodied in the feedstock
exceeds the amount emitted
during production and combustion.

13



AIUNINIENINTU Feedstock

usitlaguu inaluladl HEFA aziinaiunseuuiniign usmhiuliuamselviuded nlvlunisudn SAF vzlunevaueisaniiudesnIsiiisenamnssa ilesaindeuniu
97198 MNenaImnsI SAF vees Ingauiiuiuiimseunumalulagnisuvasiusnarnuenesgnii llshudemndvdiiamiveunulvinvenaimnssusaly

@ nisusSmisvamsdanduluds:ine/uitn
Jsurcudanaulutwgowo (au)
aunusIM>anAUUWY (Qn)

@ Jaaaon Palm oil feedstock - RSPO I?
@ Ethanol 2 Food security!

@ ulgviadiu SAF ypvUs:inANSaUUNNDA

14
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HEFA-SPK conversion pathway by Neste and Honeywell UOP

—

Hydrotreated esters and Ho CO; * HC CHy
W”B(HEFA) g Free Fatty Acid e <
MIW=200.300 H, = HO * HC CH,
Fats' o"s‘ greases (OT\/\/\/\/\/\/\/‘ e
He- > )
Hydrogenation, W H,
Hz\ cracking H,0 N,C ”’C/\/\/\/\/\/\/\/\/\ CH,
\°Ptopano I\/\/\A/\/\/\/\ ' .
Triglyceride UOP Catalvst Straight Chain Paraffins
MW=700-900 )
Fatty acids
Deoxygenation, Narural oils contan oxygen. have hugh molecular wesght UOP Catal st |
isomerization, 15t reaction removes oxygen — product 15 diesel range waxy paraffing § =
cracking 2nd reaction “cracks” diesel paraffins to smaller, lughly branched molecules CH; cH
End product 15 same as molecules already present in aviation fuel ’
C4—c24 alkanes End product 15 independent of starting oil H.C CH’H’ CH,
P’ H,C
Fractionation
Syuthetic Paraffinic /'\/\/\/YY\
/\ : l\"elosene e CH CH’CH’
/\/\/\/’\/\
Jet Diesel Naphtha H
Hi [ SAF 50/50 Blend
Properte JetA-1 cpantinic of camelina
specification kerosane (bio-5PK) made bio-5PK
& Jet A-1
Flash point, °C Min 38 45 i1
Freeze point, °C Max -47 =57 -57
Net heat of combustion, MJ/kg Min 42.8 43.9 43.6
* Filter pressure differential, mm Hg Max 25 0.0 0.0 nESTE .
* Tube deposit rating (visual) Max 3 1 1 Sustainable Aviation FueI SAF Production
Aromatics, % volume Max 22 «0.3 8.5 il
Sulfur, % mass Max 0.3 «0.001 0.05

https://www.aviationpros.com/ground-handling/article/53097697/renewable-fuels-role-in-green-aviation

https://pmt.honeywell.com/content/dam/pmt/en/documents/document-lists/brochure/UOP-Sustainable-Aviation-Fuel.pdf

capacity of up to 500,000 tons/a
Rotterdam, Netherlands
29 April 2uz1



https://www.aviationpros.com/ground-handling/article/53097697/renewable-fuels-role-in-green-aviation
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ATJ conversion pathway (ASTM D7566 Annex A5) by LanzaTech

Alm' tom Jet range hydrocarbons (C8-C16)

(ATJ) selectively built up from smaller molecules

f FJ 2 ‘M
Sugar, cellulose, biogas r‘: K W

1F9fm@ﬂhﬂon Ethanol Ethylsns Olefins Paraffins and IsaParaffins
—=| Dehydration ] Oligomerization J [Hl,‘dmgena‘tuun — | Fractionation ] :Jt:t
Alcohols (ethanol or L J Diesel
Isobutyl alcohol) Lanzanol {Gasoline)
l Dehydration

Requirements for Synthetic Paraffinic Kerosene (SPK)
+ Control oligomerization to desired chain lengths, avoiding polymerization
+ Produce targeted branched hydrocarbons, without aromatics

Industrial Waste Gas 4 —_— “ \
Bigger alkenes (C;—C. ) N ey w
5 Rciol ng
i) oo woose (Y HE

Alkenes (ethylene or isobutene)

lOﬂgomerlzatlon

Cg—C,p alkanes i Q -q"_l_; CO+H,+ ."', o .
7 co, | e | Y
Fractionation, ’ /
k‘e"laﬂm Biomass . / ¥ Available v Gases are the sole
- [J ¥ High Volume/ energy and carbon
! Low Intrinsic Value source
Jet Diesel Gasoline co, e ISEE et urecontnueus
-
LanzaTech Un15avuINI98AUANITUTITAITTULINTIA (Federal Aviation [, ' | LE,II'IZE;lTC'Ch"H A
Administration, FAA) 53189 OEM (Wauau ATJ-SPK 50% 9193 30% YeuiaTeatuuas fm L
in5eeEus [UN159TI9FeUIBIUEUTI ATI-SPK AsemIunalau Rz aus s ingussacd ATJ-SPK production capacity of 4,000 gallons
NIInuANNIUAlag ASTM D4054 Chicago, United States

29 April 2021

https://www.greencarcongress.com/2011/12/faa-20111201.html, https://www.greencarcongress.com/2018/06/20180612-pnnlatml .
: : %opyrlght @ 2024 NANOTEC,
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AALNTU WA §18A15UUAN9Y NUNSAULAGDY SAF

malaysita
2000 0000080 8 -,

P | POWERING

. ll SUSTAINABLE FLIGHT

v W.a. 2565
'3 ¢ o & a o = '3 P P, ¥
Isad-soed nadaunudands SAF AuiA3asguiaInia etronas Dagangan Berhad (PDB) Ua nguY199In Sasiyu BSGE  WEAUATTIMIY

grunaiSouynyidail uazladududinisld SAF yyy ~ Malaysia Airlines W“”f"“’”‘”ﬁi"?ny lngld shaundinge SAF anshsiuialduda sath
100% luideranssnunouszanininyounsosus ORI SAF ey MH7979 tAsiuuas fadenasude 1 Sbasio

ddof1ad1dgydnsvanainnssunisiy tswdedn U 330-200 senaingurndusuainesiy
A nSovnnrmageumariosdunisiiuaary  9AUIEa waaraued Tﬂf’wﬁ?”ﬂm’ﬁm’
iWodumramaiind 1SUgin1AaueanIuYININ 1AL SMIN SAF - Uszunal 38% Y0913l
Tunisudn SAF 100 sasigus Iiaumbsaly”, 1309 TUAIAL
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AALNTU WA §18A15UUAN9Y NUNSAULAGDY SAF

®OR STHAI

WBaouwuuRnA I
ADWUSIUTOGWLALLOIMAENUIVUEDEU
(Sustainable Aviation Fuel : SAF)

OR 3vila msuulwa ?%uvyuwazwm SAF
Fmsuiiigatuiisasvaanisivine

Kiihne + Nagel (@UafuaanAautyaings SAF
0%, Winuanmndidmsneglunisannisuey

w.y. 2022

DHL 3uilanyu Neste 1% SAF n31 800
a1udns Auieaduvad DHL 1,000
iiganad ludunradvarmdesdudu
Y18 ansgeiusng luduiaslandn

wasuil gaeipsasiuludy 777 duld
svgztaar1Useuad 12 U duidunisly

WG SAF 100% Fuiiguriiay
wigaduszezlng 12,000 siigaduiian
msuaagarsvaulnaanlyd i dugue
(Carbon Neutral Long-haul Flights)

Copyright @ 2024 NANOTEC, NSTDA

4 )
,J Synthetic fuels
v k @ j~ S
2027
750,000k£

Synthetic fuelsk Synthetic fuels
etic Fuel 1ror )
k \\ Ooc“ru(.

zh

° CO, Capture and
Maximum International transport
100,000k 2

99ANS New Energy and Industrial Technology
Development (NEDQO) aﬁ’uayu 29.2 WU 14U
i#WalAsanIs Idemitsu Kosen Na"n@”u"lﬁ’zjz;/u??’}’
{Wainda SAF  ageifaq 10% lusiigatiusendng
UsenA uazai1araaleguniu SAF uuuwalvun
usnvosgiyu Tudl 2027
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WAILIALSIURATEILASNTZUIUNTHER SAF

HEFA
- Variety of oil feed study

- Co-processing of oil-biomass feedstocks
- High-precision catalyst

- Low H2 pressure operation

- Pre-pilot flow reactor

Sugar to Jet
- C6, C5 sugar

Alcohol to jet
- Methanol / Ethanol

dnd)
+ ADIUSOUDNIALDNVU + 'l




AILIALIIUNTEIUANTZUIUNTITNER SAF Ademalulad HEFA

WOFu pasauijiizen HERATUFTIEN Sovavwale
Palm ail CoP/porous carbon SAF and green diesel 76

Palm oil Mi/SAPO-11 SAF 80

Palm oil Mi-P/SAPO-11 SAF and green diesel 80

FAMES Co/MNi/SAPO-11 Green diesel 89

FAMES Mi/SAPO-11, Co/SAPO-11 SAF 61

FAMES Mi/nano sheet-Z5M-5 SAF and green diesel =955
FAMES Mifmeso SAPO-11 SAF >80

Palm kernel oil Mi-MoS.y-ALO, catalysts SAF and green diesel =905%
Oleic acid CusP/SI0, Dodecylbenzene (fuel additive) | 46

Oleic M5,/ TiO; Green diesel 83 -
Coconut oil MNiCo/SAPO-11 SAF B7
p-cresol Pt/MoO4,, Toluene (fuel additive) 58
Chicken fat Mi/ AL O Green diesel =75
n-hexadecane Mi/two dimensional 5APO-11 SAF and green diesel

promoter effect of bifunctional (Pt, Ni, Cu)- MoO3-x/TiO2 catalysts for the hydrodeoxygenation of p-cresol: A combined DFT and experimental study. Ap;j i a f"r

Kochaputi, N., Khemthong, P., Kasamechonchung, P., Butburee, T., Limphirat, W., Poo-arporn, Y., Kuboon, S., Faungnawakij, K. & Kongmark, C. (2022). Rolg§' supports © reducibility es of
Cu3P catalysts for deoxygenation of oleic acid: In situ XRD and XAS studies. Molecular Catalysis, 523, 111425., Itthibenchapong, V., Srifa, A, Kaewmeesri, R., Kidkhunthod, P., & Faungnawakij, K. (2017).

Deoxygenation of palm kernel oil to jet fuel-like hydrocarbons using Ni-MoS2/Y-Al203 catalysts. Energy conversion and management, 134, 188-196.
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