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Abstract

The aviation industry, responsi ble for 2
chall enge of achieving net zero emissi on:e
Organization (1 CAOQO) hi ghlights the |1 mpor

operatvamaés aidn t he cormBuNtgaipwemb Beeolnsdent i

(SAFs) as a <cruci al solution. Regul atory
Commi ssi on' s HRintd fRerF u53 pErUo gAvaimn itoon iinncirte
the pr SAdaskcle aifr ports, in Iine with broad
Al t hough t hey currently ma k e up | ess t

particu-sd arhpardeaaops, @aé¥% bex Redc3tOe-d ewi ah hr ias €
goal of7@ekmay h2nMh5PDur ope .

This thesis conducts a comparative |ife
environment al i mpact s of p StAFpATRWaAaWYEdD f
Focusing on |lignocellulosic biomass in t
siweldwi ngsscenari os, t hat i s, from bi oma:
These scenarios di ffer in terms of t he
herbaceous energy <crops, resi dues) and
i sobutanol , or ishbbutespgecdievevedr mMeoimat
subsequently converteasgpetcof BAFappPsiomagha ¢t
clarifies regi onal vari ati ons ipet he en
pat hways, providing insughasnablte awnieat.i

Europeamrdsdsetional |l vy, the study aimed to
technol ogies within the European-context
specific SAF production to meetchjasmtgef uel
mi tigation potenti al resul tiTnhgi sf rsotmrud$@AF
contributes to the ongoing discourse on
conventional jet fuel s, responding to th

aviation industry.
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Ri assunto

L'"industria dell"aviazione, responsabile
affrontare | a sfida di raggiungere e mi
L' Organizzazione |l nternazional e del | ' Av

l "1 mportanza diessbDsttemceameé ogi irog oper at |

i ndi viduando nei carburanti sosteni bil:
cruciale. Le iniziative normative, come i
europea e | "iniziativad RelfFrment &rUe Alva apr e
SAF negl i aeroporti del | " UE, i n |l inea <co
emi ssioni . Sebbene attual mente costituis
| *'aviazione, si prevede acrh@Eem, $SAIFgano @l
entro il 2030, con | "obiettivo a lungo t ¢
Europa.

Questa t e dianadonndpuacrea tuinva del ciclo di Vit
gl i i mpatt. ambi e nftialldiie rdperio %l Adtddyio@tr | v at i

(ATJ) . Concentrandosi sull a biomassa |ig
studio anal i aved Wws d'gesvsveedranlalra d¢dol ti vazi on
bi omassa alla combustione del <carburante.
bi omassa |lignocellulosica scelta (ad ese
e i ntermediseanpiimi,ciet(amnd| ® i sobutanol o

rispetti vi processi di fermentazione e
Utilizzando un approccio specifico per of¢
regional.i nell e preoetrzojreh ad wwboweéndal i nd
sulla loro idoneit”™ per un'aviazione sost

mira a valutare | a scalabilit”™ di guest e

i potenziale di cpfodozipeme odjyini SARespep

domanda di carburante per aer ei e valut
cambi aecneihm@er i vante dall "utilizzo di SAF
contri biubastctwi tabr sslo sull e alternative eco
convenzional i, ri spogadeaduoiartel d He mpersd tein
nell ' industria dell"aviazione.
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|l ntroducti on

Il nhis ¢theptmonti vati on d®o3estshiinsg rtelsee alricthe
Sustainabl e aviwitl lonb &, u gilbretprecoadupsdut nigoeny o f
the aviation sectordhanadhiapsefusubsepgees
the objectives of tanedtmasct eadé&s thlye spirsovp

overview of its structur e.

1 . Motivati on

Since the nmMmitedtergf theo2®oamboemidsekbde
from the combustiahways fiossci,§dadenchbjmommpmiv

11 billion tons of carbon dioxide per ye.

~+

ashn Z072Becausteendovee emnto the atmosphere
arbon @aypsloeibrahed to a consequenti al ir
i oxiodhe enitm att h @ natimohse hlex&0s, the gl obal

D O O

mospheric carbon dioxide was roughly 0
annual growt h r.aGoensmgruent hgn ghadmau

—
o -
D

ncentration of carbon di ¢RTMflde sbsey fob

v O
—

bubbl es -thiaplkpedmd potmhéeéer pal eocl i mat
eal ed t hatOOd0We ry etalres Itahset E&QOXX h has ne\v

1
()

h concendmdtti oem mpHfewiOous highest peak,
age cycl es, wadhsnetansothanobundhe3d3@ab®np

ter than previous natur al i ncreases,

—
O 9 S O

HPD®71 D00 y &4dmr sf aagto,. on t he geol ogic t

v
g
e
crease in atmospheric carbon dioxide o
S
e
om the end of the | ast ice age to the |

—
—

I n this criticelcawmaogenatsofoavi2ét iodn gl oba
emi s$gi4drmsaving grown  drasskeirppihmagp trraahnhspaorn
the | ast decades. I n fact, the direct em
hae ncreased ocdaviemagel DY0,2 reblt hL£Og its
in 2019. OYEDY oparhcecentd ¢ this value dropp
CQin 202AG, tthet resarrcpassengassdstarted



in all regions exceg®VIfgorl i Chyi)n aa n(dd uReu stsol at h(e
the war), settingO:nB0aPueAbDttdendeotg ad&d MtalC
EnerAgye n(clyEA)wi t hout mul tiple measures in ter
and technologic deployment , emicssinagnst oarcont
expected to surpass their 2019 |l evel around
achievements of the Net Zero Emissions by 2

During the 41dtnteaess@mANdynaa@nif g a rhiézlaGA Q)n

in October 2022, the 184 meombgegrmsgldleal agr
aspirationalf ogeal z(ebT)AG)ar bon emi ssions fro
by 2050, i n support of t he[ FPlahrei slOTSAGagr e e me
repdarhtr ee possi(lFlle d®RfeneFn3c)pbseasi ngns | evel of
considering technologgpactpesasiéhomwhefadamd f ue
al | three traffic forecasts (Il ow, mi d, and
traffic forecast

Theoréepstates that i nnovation in air technc¢
CQemi ssions by upasootibhi ned2i0B50t he most de
Advancemwmensti siered in the analysis comprise ¢
aircraft, hybrid electric aircraft and exp
hydr ogen an@€l| edeelcotlruitciiotny . and revol uti on o]
technol ogy requires actions asscaben as P
demonstration and whtvksimemesastongebhfie avail

energy infrastructures.

Operati on ihmpreo v eéme rptost enteal sspbongegdbgeuphe
11% in 2050 that would be achieved by means
(Air traffi,c ehdnagemdantand <c¢cl ean ground op
flying.

Eventually | CAOt mgp ploeyntfealc haretl fsofast he f at §e
sindey offer the gr geantiesssti Apnastag ntoinalf uted ¢ ot
drom@ustainabl e Aviation FuelGQgtSrAdcddms based
and at m€OQxrhanbiined wi thbhwdydrcagdon aviation
(LCAF) , based on-dp-e pfu elssuwcrmh aarsd ahmyddim o g en



electricltgrn&oi varprao,guleciton coptrii wres (@in
sys)e@md alternatives to jet fuel (e. g.,

only been t essctdd6ld aaftd Jtthhee rpei laorte st i | | seve
associated witH 8fhesrskef oalet,etiemmi ee® khdDr 01

aviation sector witlInl sruesd wii me btl ee awd eata fo n

Dram SnAeFistleguire engine or system modi fi

dedicated refueling infrastructure and,
combustion arealbmsdskeed bgurntihreg CtOhe natur al
the artcaptuak €0Oom concentrated waste s
Nowadays, SAFs account for |l ess[#%#han 0.1
while the demand for aviati oloweaiwedr ,i s

projections indi¢atvb@a 2@MBt0e ntiinall iinrec rwa & sh
scenari o. Beyond 2044, it is projected t
demand. By 2055, this shift is expected t

emi ssi on%[,9Tbp tar§bst contribution of thi
by SAFs derived from biomasgri(cuktur aledEe
forestry residues,wheselaisdt aeddleipffoiydewas:
CQand hydbhaosgeénfuel s is f oreerc atsdremds ,t oa fttaeki
second half of t hiKeepengutnthteh éf N ats e ar @
Scenario wil/l r e gquupi roef ai nsw eggnta i ei hctya nitt 0 r @ Mme
SAFs and supportive pol iccairebsons dcuhel &8s sft aa
Ac c ortdoihneg-pmiicht scenari o thevwesrtimewitde na mc
by states, ai rAirmaf Nawiagat acn uASeIRSs ce Pr
airports, airlines will[bk in the order



Figure EmilssiCoOBsnRegubhted scenario F2 ( Mi «

Emissions Reductions from:

<« LTAG-SAF Biomass and solid/liquid waste-
based fuels

ation CO, Emissions (in mMtco,)

LTAG-LCAF: Low Carbon petroleum fuels

= Residual CO, Emissions from

2020 2025 2030 2035 2040 2045 2050 2055 2060 2065 2070

t Caution required with the interpretation of absolute CO, emissions levels after 2050 due to modelling assumptions e.g., frozen aircraft technology after 2050. Under these
assumptions, CO, emissions are higher than in an alternative scenario (and modelling approach) where aircraft technelogy would continue to improve after 2050.

The 184 countriaésgijeedi ng BCA@G@w baseline f
Of fsetting and Reduction Scheme for I nterne
the 2019 emissions |l evel of international a
the originally planneidsiwoRIl0d6ned&ditscimer sr &
purchasing certified emiestsissnsoniseductbhyonss:
sustainabl e lalv]i ati on fuel s.

On July 14, 2021, the Eum®pea@anc lolmend s@kFiotn f
apackage odi mpy otpa sred whaayd E&EIl 9 mat e, energy, I
us e, transport, and taxation to cut down o
55% by 2030 compaThkae prmoo pldsdadl esl & endédu ®ul deeU
Avi ation dlesii tyio@teinvheance the environment al
fairness [dif air travel

Thr ougrhe gtunliast i on, fuel suppliers are expect
They would gradually need to incorporate m
aviati(oanl Ssauek-lcowhsaer er enebvadll g if @d&ll so roif g inm)
EU airports. The plann Apwrddxiodie st hae taivmealtiinoen
supplied shouwlyd 20 Bscurs&éeadiynagp 0t2® -t ewimi h a | on
goal of 7Toelagy h2 @ §50a.] sTohear especi fic rule for s
fuels, S%Aarnidg3a@atand P aldw add50.ri sing to

Addi tionall vy, t hesadnr adht!| irgeagtuiloant i com a inrpcorseef t
ensure that at |l east 90% of the yearly avi
airport. This measure is intended to curb f



I ntent i dmnueellleyd o voeirad v aitd hbh wyhiemrgiprrpiocrets. aTth e:

Commi ssion sees this practice as har mful

pl anes, increases fuel consumption, and r
an urcewepretitsome airlines benefit from |
base. The Commi ssion emphasizes that plar
precisely for the specific flight, while
To qualify as sustainable fuel, both | CA
specififl2&ort &ORSI A eligibility, a fuel

standards,cyokcéugiegnhobtiee gas (GHG) emi s
than the bas&MIné oof p%rgCuac¢etdifuounglto
REDt hlke basel igrC&d/gMantdetr €edu®di on percent ag
on the installation date: at least 50% I
2015, 60% | ower for those after that dat

installations be@2bning operation after

Both theumderstcove t heone deds snigt ynafder ffrwen
obtained from | and ewiiptaightéri gtheaar dfonhisg lo cil
for Dbiodaivretraiiniyng éc o sw ssecer,wio twcye sagnd t

| ocal soci al and eavupnpothiogdevombepmbdbaad
wat[elf[4. These considerations are particul
about the i mpact of | and use associated
Direct clhaamndgessse DLUC) occur when existing

cultivate feedstock for biofuel product i
happen as the growing demand for biofuel
conversion ofcaarmeas swiotctk miugh as forests
l i ke deforestationstaonrckdt hen rtfleeasStea dafe s®
i ndi cate that converting l and with subs
peatl ands, can r enleesa InoresmeuCdraal l e nht u nedmmiesds ita
the subsequent biomass growt.h ©andedaquental

bi ofuels derived from food and feed cropg
ReFuel EU Avi ation proposal dCwen stea uteme 3 g

efforts ar e being made t(oi,.liengresda lglauleo sc



bi omaamsesproducti on pathways that align mor
criteria estphlTihsksedkxpdror&8AF®N aims to ach
| ower emi ssions compared to the conventi on:

more environmentally responsible aviation i

Sever al pat hways can be harnessed to produ
usi ng di ver se feedstocks and supply chai
Hydroprocessed Esters and Fatty Aci ds ( HE
GasificatiTompschi staimelguHodwe( Pt L), are antici
a pivotal role in decarbonization in the sh
contri buthoauwl ffolri dhotngg 9iln t he |l ong term

HEFAp et fuelhagpabbehevayt he most devel oped on c
the | ast decade [18] since adopted by big
that meadosilopwd wast esf oarndt hreeisri dfueeesd st ock por t
currently produces [@aX®jund 90% of gl obal SAF
On the other hand, Alcohtb-Jet (AtJ) pathways, characterized by one of the

highest Technology Readiness LeveIfL), have the capacity to produce SAF

through the fermentation of processed lignocellulosic feedst&oydoring ATJ

pathways could lead to valuable exploitatioragficultural and forestryesidues,

which in Europe amount to over 160 million tons per \j@ai, andherbaceous

energy crops cultivated on abandoned lands, showing a potential production in

Europe of around 100 million tons per ydad]. This approach significantly

reduces direct and indirect land use changes, aligning with sustainability criteria

defined by directives.

Additionally, some AJ pathways offer the possibility groducing SAF that

contains aromatics. While reducing aromatic content is beneficial for air quality and

the environment, complete absence of aromatics in fuel may have airworthiness
consequences for parts of the aircraft engine, such as rubber sea|sositiiss

ATl fuels as an option for future 100% SAF

blending limits.

Due t o t hese considerations, as outlined |
indicate -tdet AATOholSust ainabl e Aviation [



anticipated to reach up to 5.8 million t«
represent approximately 20% bZ] the total

1.@bj ective

Li fGycl e A s(sleGAs)me h a s been wi del vy appl i e
environment al | mpacts of energy product.i

resi dues barkonugyl 2cR|pDPEHowexdrere i s a | ac

-

e s etalracth eval uates t hARMhomher srugwd byl & hsao in

particular regarding second gemHematei on f |
t he objtehtitsiese sofi s to assess, by means of
bal ances and the cfnvsuotnanemdall e i mptact gel
di fferent |l ignocellul osic biomasses such
ander baemsaeugy ooraamsdy focusing .onTheéee Eu
assessment conytcelwep-tfwi eg stvhiea |tidpfect acl( AGH O |

pat hway, which entails ethanol, 1isobutan:¢
upgrading pr ofslesandt oi sPARsE eh2 c mesmipcoatle nt |

ntermedhnth ico nsstiidlelr aun denr f or i nclusi on
to ASTM staneiBhmel PIT®HIG6GES fRRat my thesis air

1) Assessing the suphpaygeadhaussaiodnalkllpeoraw

(i .e., ethanol and isobutanol) in the Eu
(i .e., rmegibheesmsugpdcr ops) .
2) Exploring the potenti al of i sobutene

3Performing a comp-aassdnchmmidy efAhTelphb €ASs

supply chains in terms of feedstocks and
emi ssedmoveonabpei e®o¥nhventional jet fuel b
4 Esti mati hgahtabg € i gaottiecn i al for util i zing

t o geATelraastedst ai nabl e Avcioantsiiodie rHunegl t(hSeA FBE

cont ext



1.3 Structure of the thesi s

Thi s tshtersuiastsuifseod | ows:

1. I ntrppdvuctdiesnan introduction to the rese
obj ecansiceap.e

2. Literature review and t heosruys:t aprnoavil e s
aviation fuels producti on, di scussing appr
Al cothdodt ¢&mMY gr sailoomg with analyzed feedstoc

3. Met hod: presents the methodol ogy adopt eoc
cycle of the selected pathways and theref

i mpact s.

4. Raxndl ds scpsessemts the simulafThen resul ts
dr aws conclusi ons regarding the effectivel
compari baseianbv eorfteito (fiauledl0s% f ossi | f uel bas

5. Conclusions: summartithesi shdakmwadwtothtsme s
of the rsdadauadmmemdati ons for future worKk.

6. Appenodviixdes additional calcul ations, res.
rel adbestihneul ati on model s.



Li teraturetheowriyew and

Thi s cphraopvteedre s orleddlcq@diound regar@wifng the
technolsowsyt ammahbt eqpomr otiuet s on. First, a |
regarding all the possible approved patt
focuses on a deeper description of the AT

in the anal ysi s.

2. Avi ati on fuel s

2.1.1Conventional jet fuel

Conventifaredl, jal so referred as kerosene,
specifically for commer ci al and militar
distillation of crude oi l ranging from

at mos@mamelacaoum fractiaecmalundi gi lfloat iacmund
crude witlh gatsol i ne atnldeodit e ®é | wipRkKilm@ map n
According to Bepapbmdaretd § @ me riTderedhynol ogi es
Of T BETO)putbarfr eneodr ctdllairtee dussed t o pro
jetahdetwor |l dwi de aviation i nédusr/t rby |ddmsnu
barrle®230f2 i | Il i p@aoé conventionad] jet fuel

Theompooift ijoegntfaudls di ffer enhty do ®mma brodss,
mainly rangandes Behewmenoall compoakhkhtasebki ke
napht henic or napandmreat icc deatdpeau n vese nmma
of each component directly ,[@Dfbecissthapcel
t he hi ghcarybkdomgreant i o ofemékgaynedemdfhietr pasks
while naphtphemes educe the freealet iptouace ,

flying. The prceosnetnstieb ubtheeat omati icc sy t o ent
compatibility and prevent | eaks in the s
be controlled in a reasonable range, S i
influence the cleanl ifrassires tbeveéyel omB
fuel s mu st me et ot her strict requiremen

deposits in standard heating test s, (2)

¢



all owable sulfur and aromatics content, (4)
standardi zed test ,me(rbc)acpotaagne mumabacodj t 6 pnuohi
fuellectrical] @odadUc)l i mimniymun 283 0]jJwabl e f Il as

The most commonly used fuels &fod -demmArci al
1The ASTM D1655 establishes the standard sp

tur bi nlet fsueetlss t he mi ni mum propertf requirem

aviation turbine fuels and provides a |ist
engines and aircraft. Jet A, the standard |
flightdg,0 &ABITeMr D1 655 specifications, althouc
A-l1. The former is required to have a mini mt

point not excwldilbEstiwpbdA@l |y includes addi't
such as static dissipator, -1i chiansg ai nlhavwert or
maxi mum freezing point olfodi@iriAtCe r mmeatkii mrga li t
flights, particularlp@lon polar routes durin
Somet o main propedey Aegddrdeacomnmpl|l gi ng wit
ASTM168be pretaleherd in

M n



Tabllle Jet -1ArE@tui A e me mMAtSST Ms Dl Gi5f5i § B 1y

Test method

Fuel property Jet A/ Jet Al (ASTM)

Composition
Acidity, total mg KOH/g oo D3242
Total aromatics, vol % 02% D6379
Sulfur, total mass% o® D1266, D2622, D4294
Volatility
Distillation range, °C D86,D2887
10% recovery temperature 0205
Final boiling point °C 0300
Distillation residues, vol % aLs
Distillation loss, vol % aLs
Flash point, °C 038 D56, D3828
Density, 15°C kg/rh 775840 D1298, D4052
Mobility

. e N D5972, D7153, D7154,
Freezing point, °C 040 Jet A) D2386

047 (Jet Al)

Kinematic viscosity at20°C, N
el y 08 D445, D7042
Combustion
Net heat of combustion, MJ/kg 042 D4529, D3338, D4809
Napthalenes, % vol 03 D1840
Thermal stability filter pressure 525
drop at260°C, mmHg
Cleanliness
Existent gum, mg/100ml o7 D381, D3948
Additive
Antioxidant additive, mg/L 024
Icing inhibitor additive range, vol? 0.07-0.15




2.1.2 Sustainable aviation fuel

Despiitgeg otwneng ,SAps8l aurtently account for | ec
aviation fAelkeragmagdtdopb4a]. production of SAF
0.29 million |iters per year, rising to 6.4
ranging between 240 dbmd® 3IBO0I|lilboBRandrsdns n(
Gl obal annual SAF production is projected t
As of 2021, only four conkpnaenrigeys,, aMHES TGE,v oL, a re
producisHp we Al r , numer ous companies are inv
mar ket , and sever al new production facilitdi
St at es, Europe, Asia, and South America to

i n the [B3bhbng term
Figlbrle Current and potenti al gl obal SAF pr

Brazil ECB

South
America

Mexico Lanzatech

Diamond Green Diesel Redrock World Energy REG Fulerum
Current SAF Production Capacity

Geismar
Singapore Neste
China Sinopec
(kton/year)
Sweden Preem .
Finland ST1

Netherlands SkyNRG

North America

Asia

1

Europe

) 100
France

Ttaly = World Energy  ®mGevo = Lanzatech NESTE

0 100 200 300 400 500 600 700 800

Planned potential SAF production near term (kton/year)

Sustainable aviation fuels must have funct.i

a$ ossi.Thifsueilss pi votal to ensure that manuf a
engnes or aircraft, and that fuel suppliers
delivery systems, which could be necessary

el ectrifichmdidinf f[érjenc’eg .r ef[spect to convent.
can be prodpetdelfacseem memewabl e feedstocks.

muni ci pal solid wastes, energy <crops, agr. i



al loofw setting-ctylcé eogera&inlhholuisfes emi ssi ons,
absorbed by the biomass to gr ow.

I n order to beiredifgudl e, aSARs AMuU Dtp meet

regardi ng -d hemirc glh ysltuarbascatsecroissttiygs mel t i n
cloudiness, nonfr eeztienngp e haet nuar nee noap ed uart ii nogn
properties to ensur e o ptnidneum ecxd mbeurset icoonn d
I n othethewrdsesed to be certified with

(Speci fication for Aviation Turbine Fuel
requirements bef drdotrheaywycam Mm@l xp @arl o we t
The certification is strictly related to
fuehdeenmral y Aiss 02 3qud iydeprsa otn®es e SAF product

have been apptrlbeered ¢ o rmwnar s4 on processes

evaluation from HSTM International [ 2
The foll owing table summarizes the currer
Tab22e Conversion processes approved by ASTM Inter
ASTM Maximum
Conversion process Abbreviation Possible feedstocks  Blend
reference ;
Ratio
ASTM FischefTropsch Coal. natural gas
D7566 hydroprocessedynthesized FT . gas, 50%
- biomass
Annex 1 paraffinic kerosene
ASTM Synliz;a;f;i ?grzﬁlnlc Bio-oils, animal fat
D7566 HEFA ' : ' 50%
hydroprocessed esters and recycled oils
Annex 2 .
fatty acids
Synthesizedso-paraffinic
i kerosene from Biomass used for su
D7566 SIP . 9 10%
hydroprocessed fermented production
Annex 3
sugars
Synthesized kerosene with
ASTM aromatics derived Coal, naturabas
D7566 . . y FFSKA 3 ! 50%
alkylation of light aromatics biomass
Annex 4
from non-petroleum sources
ASTM . . Biomass used for
prses | Alconol tojetsynthesized |\ pygpy ethanol, 50%
paraffinic kerosene . .
Annex 5 isobutanol production
Triglycerides such ag
ASTM Catalytic hydrothermolysis je soybeanoil, jatropha
D7566 ytiehy ysis] CHJ y! - jalrop 50%
fuel oil, camelina ail,
Annex 6 . .
carinata oil




Synthesized paraffinic
ASTM kerosene fromhydrocarbon-
D7566 Y HEHEFASPK Algae 10%
hydroprocessed esters and
Annex 7 .
fatty acids
ASTM Alcohol to jet derivative Biomass used for
D7566 starting with themixed ATJISKA ethanol,isobutanol 100%
Annex 8 alcohols production
ASTM COhﬁdnrg r;;?g/ejtfilggnoez st co-processed P, Gl Elie) geec:
D1655 : P (FOGEoprocessed | 5%
conventional petroleum HEFA .
Annex Al . with petroleum
refinery
Cohydroprocessing of FischefTropsch
ASTM .
D1655 FischefTropsch hydrocarbon| co-processed hydrocarbons 50
in a conventional petroleum FT coprocessed with
Annex Al .
refinery petroleum
ASTM . .
D1655 Cohydroprocessing of | co-processed Biomass cgrocessed 50
biomass biomass with petroleum 0
Annex Al

As reporteldblRe bimp etthef uel s are referred as
conventional avihbaseaodnsynmntehesianald bhydr ocar b
100 %-blaised compoun&faAF Dbéegedéed WwWeth convent
jet fuel up to a maxi-bhu%m dd penrdd irnagn ga m gt Hbee t p
i nvol ved. |t i's decoempbooifteipmwhadefiambal anded
aromatics, since, as alreadyofr gbgdor f @@ ) st he
i n turbine engines are closely related to
synt hesi zed hydrocar bons have | ess compl i
conventional jet fuels, which c®Prises hur
HEFAnd -SA\HK ar e madeiasugh Ppwceclad f i ns, and SI P n
consi s-paraffinee (awni ni anmum&ESLEn 8 HE®BWRT AT

SPK and SI P contains | owSPaKioAu ncto nopfr i asreasmautpi ¢
20 wtBf al kyl at ddAreaornmamdtciscspl[ad3y a critical ro
fuels for combustion characteristics and m
aromatics in the fuels causes the fuel to
requirements and mlaklkesgsitmg il a§pibheper cswelal
seal shrinking can cause seal failures, thu
safety hazard, which is thesteasomhowky t he

maxi mum permitted blending ratio.



Ce
Av

i n

r tad icra Bpeelt ( ATJ) pat hways offer the pot
iation Fuel ( SAF) 1 2pecaif ncag!l aromhei
volvespatcolyolt heti c¢c paraffiniS&KAkerosen

devel oped by Swedi[sh@Biiofuredcsed echtnioll ioge s
C5 alcohols or a combination of two or mo
previously approved pathways, the Swedi s|
single feedstogkoawdt iimmrc|l afdeasr drmat i ¢cs . T
Swedi sh Biofuels is indistinguishable fr
properties, thanks to the fl exIABITM adj us
D7588a currently allows the use of the |
fossil kerosene, it mar ks a significant

paves the way for 100% certi f2i3caatdsona O

St

p o
be

2

Se
s u
cCo
Th
fr
t h
br

andwrdecome el igible for upeoduwmc tcioonme r
sitioning ATJ fuels as a prospective o0f
yond current blending | imits,.

.C2onversion pathways

ver al process technbbasgdesnat ant alconvet
bstitutes ar eonteu ronffe mehleyt @y aciolmanrbelrec.i a3 o
mmer ci al scale, while others d4dr8]stil]l
ese technologies are heavily sBsBhCant o]
om them the pathway a.nldi ptihde, woaiyo !l omfgi c e

er moc lweymhisc aplr)e sTeanlt l8el h2 n mai n coawersi on
iefly described as foll ows
T Fi seThreorpsch Fi(Fdhompsyght hesi s S a pro

produces hydrocarbons from syngas by
process, syngas, produced by gasifica
enters a FT realaiom ahlkamestarme gt oduc
of adgtti c PT ofcesilsesare typically free
few aromatics compatbhad edodf @@ va&mt i p,na
ASTM has certified two distinct FT ¢
paraffinic jet fuegeld&SP&E)es whupel ¢ ment

Mp



compounds (SAK). The maximum bl end ratic
50 %.

Hydroprocessed Esters tamids FraattlyodAci @fsi n(

vegetable oils, waste oils, asihgts into
hydrogen. I n the initial step, t he pr c
hydrodeoxygenati on, subsequentl vy, t he

undergo cracking and isomerization to at

[ 3he HEFA process shares similarities w
producing HydrotreatRD) Rletnreaviadphh ei tDi eneb
more extensivecbmnaokicagboh mohgeuvul es. Tt
bl endwirtaht icoonv e ntpies maly t A& rsdvis5ein%.

Synt hesiPae&daf 1l solshe( SSIPP : process commonly
modi fied yeast to fendmgnutr osagbdbonf enedetcaot
c alfleaerdn é €40 ¢ whmush f bet hepr cdheyads soe d to
fofmrné€dsne in order to be blended with
[3Unl i ke the ATJ, which requires an al c.
producetsyaé kfamel. Beédesmoskgarncl ude starc
suchugar cane, beet, and mai ze, cel l ul o
herbaceous biomass and corn stover), but
greases also can biememi gpbblteenvdd @readtsitoo cikss .
10 %.

Al c othdbét (tAteJ )pat hway transforms al cohol
Avi ation Fuel (SAF) by eliminating oxyg
achieve t he desired car bon chain | engt
fiol i gomer i Zhthieon !l efins mixture is satur

hydrogen and dist/iTHeta&ldc dbolbd ogreda deareilv

cellulosic or starchy feedstock, via fe
Et hanol and Il sobutanol produc,ed from |
agricultural rr eesdi du@aws o r aabrlee cfoenesdisdt eorc k s

potential feedstocks (not yet ASTM appro
i spor opanol-chand fahgB]lahcd20d6sASTM appro


https://www.sciencedirect.com/topics/chemistry/farnesene
https://www.sciencedirect.com/topics/chemistry/farnesane

the iIispbateass]| and in 2018 the ethano

i mit.

Catalytic hydrot hewam® | ysdesvel ¢ £¢ld
converctglry desrenewabl e fuel s t hrough é
i ncluding cracking, hydrol ysi s, decze
cyclization, at temperatures ranging

arofdm@sibmrt he presence [a2f8 Jwattheirs apnrdo cae

hydrogen from water is utilized for t
hydrocarbon <cracking. Thusr,entelwa b lbee

sour cesnastuwcrlrmti @sgmm srie$s or evdilmigeerd | ower s t
carbon intensity of the resultant fue

of-ahkaned kanee&a, kapebp and aromatics,
fractionated into napMakxabl ¢edomati o
ASTM 49 B&&.

Hydroprocessed Hydrocar bonsHEFRst:er s a
procesleribied hydrocarbons, as well as
esters, are processed [s8 Mmhisarlinvobvesd
hydroprocessing to saturate the hydr o
al | oXhgenmhoice bet wel&ERFRAHB&A dprpgemdcC

specific performance requirements, f e
characteristiThe Bbtthecbcobsebraunii

a recognized source for this process,

Coproce€sprnogccessing biomass feedstock

based aviation fuel is an-bafsfeelctinee gyt
and reduce the capital cost associate
producti on. Thereparocese nguo matppodyv ed or
producti on: fat s, oiplrocesasmidngg,r eases F

Tropschp(&6desOsionhgt [Bs i mpoptaanéessionago!
I's not a distinct,b8AF r@art &e uf ceticimormm Igy & ts
reewabl e mat er i-daersi vweidt hmicdrduldee doiislt i | | a
refi nemBilAs a -precawddssi ncpo met hods are n

D7566 specification but are included



(D1655) t hrough an apmreoncdensesnet d = sHyorwtehveesri, 2
ker osene mubsottAlsaTdvh eD 6 5t50 and D7566 speci

ensuring additionapraoguassitygcpmocodurn e. t

Fi gr@r esents a comprehensive summary of t h

Figr2 Sever al possible conversion pathways [ 25]
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2.

Bi omhesesdst ocks

2.3.1 First and second generation biomasses

Figemer ati omeared aseoand eedstocks are ter

co

ntext of biofuels and renewabl e energy.

Figemeration biofuels originate from bior

as
t h
Wi
t e
| a
Ad
fe
Co

-~

>0 9 Q T
> ® S @d D @

p |
Th
de
at
ag
en

corn, soy, palm oil, or sugarcane.
er moc heeimheml cat processes that convert
thin thel ibgfuoigdbPsMh iilmregdnearsati on bi ofuel n
chnol ogd tsalalriesiwed,| ¢theps |l ahgel gompétyeo
nd with those wused for meeti[d@¥% human
di ti onpdder atfiiornstf eedstock demands hig
rtilizer, as seen in corn cultivation,
nver selgyenes adc o ma bi ofuel sf oade bdemasec
ur ces. Thi s category encompasses fuel

siduesedamd enaormr ogpgr i cuud dhor a5t mapnd wast e,

-

baereugygrcownpsi n abandaolnoendg Iwaintdh muni
neral organic wastmanuspalp eas whisd ql ipd |,
d -ppostumpt i[é BT hfeo oudt)i.siuzdteirgly @«fr ops and r
|l ps preventbrcoehkergyspbetdweehnon and th
abling industrial countries to maintai
ans ampd edlgiemat e

e abundardd eandvensss of ' i gnocel |l ul os
sirable option for generating substant.
a reasonabl e exmpedhdsets Ifnrexmenbevéobeg:
ri cwelstidruaels rcan serve h20)Vradhpgiddowe ngaw
ergy crops | ike switchgcanibeewedscant hi
t elnatg@abint erhatj ves

the following paragraphs! iwegnaoddll | uladkse

edstockd hienwamlay ga& iisn



2.3.2 Agricultural and Forestry residues

Agroforestry biomass refers to biomass that
and agriculdgwaohr astieieésesy management and
man agelme nfta.c ta,n df aargew acsuylet ucraanl be consi der ed &
energy source and as a-nitaétdreapbsabk DD buU
| ef t[o3.Bns frpato,peir wast e -tdersnp owsaasl t ea nadc cl uvommugl a t
can | ead to environment al probl ems, i ncl u
eutrophndaiineomeased biochemadadaihtdioany genl de ms
waste reduction met hods, such as burning,
emi tting pokbkl u@GGxnt HO@®IGHGs ,CGs h, and unpl eas
[44].

N. Scarl at lkeamalmtgestciudd typdodtéesnt i al | y obtai n.
fromheat , barl ey, oat , rgeenf |mdoweme ngr apesee
poten2l12almiofl i yft(BIdN)Feo®Idrhye period bet ween
201520]n. 282@, fdteufdymwt NPss astsed!| t he spati al
di stribution of woody biomasq 2da¢Tertial s i
assessment considered st emwolodasserses i darecs (

st umpgiimtgo account current andstfrudcutruer ed,ev el

growing stock, i ncrement ,Basredl fomr etshte nsa nuadgy
findings, the total avail abil imiyl loiforf or est
tonofesdry matter annually

Thusesi dcmaeds fer a significant opportunity for
in various forms | i ke electbiycusyngheabobpean

conversion technology to exploit their ener
2.3.3Perennial herbaceousenergy crops

Grassl ands, occupying a significant porti ol
gl obal agriculdl % roef, tchoev eprliannget20and 38 % of E!
l and. These aeeohweitievessar pamsencnliaasls igfriaesds s p
undelPoblbbeae or Gi &nPenreeanen ifaad migiryasses demons

H N



efficiency in resource wutilization, as t

pat hway, enhancing the capture of solar |
They exhibit | ow ncuasnt oert nuégquienéemennsuar
duri ngFwi nh erhneoyr eselsdvet ance and resilience
antdheir | ignocel | ugdroonisicat awe lall weelsli sstarnuwceet L

di sela@b €sget her with their C 0 n tpreir kewntnii aad t
grase®eve various purposes such as fodder
On the other | abeaesdt European directive on
energiesed sulgge scad mgohdawmlselx cleuded f or S |
production such as highly[#iodiverse gr a:

That is onaltesavbnnghpPpi oenerdeggrcadeod amd
abandoned | ainmdporiass ngaaisndsntgai nabl e approa
production. This method offers environme

change mitigation without causing compet|
ofi nduci ng ididrileaencdt amslevi ¢ harmg e,ornesleeggauseinnt g al
carbon stored in forests. Landmsargdtnedor i
| arhdasve typically beenulraflt rwerdwsead i dwne otro
from i ntPenrseinvnei addhehpw gbsasd ambalgi hiatyl ands,

contrast to oil cropsr,i chugcarrosp,s cuesreedal isn
produldttiiloonzi ng t hes@rloamnudg ifoanrpwhtit,depriea negnyn i
grasses as feedstock appears promising,
such as erosionygpndacagololfutcepdvrennrta fofnal cr

Mi scant hus 1 g MganoReetdh)csanary grassL.()Phal ar
anwi tchgrass (Paniccanneitdheergeadbeatn sui t abl e
grasses for the growth in[@andpéhmsemnwnielr

have been chosen for our assessment

f Mi scanthus (Miscanthus 1 gigant eus) i
di stribution, spanning tropical to su
temperatures between 30 AC and 35 AC,
temperatures hi gvheerr, tyhiaenl disO dAeC.r eHhosvee v
|l atitudes, and prolonged frost period



mi scanthus is harvested in | ate winter
hi gh -unsaet eerf fi ci ency compared to other C4
T Reed canary grass (Phalaris arundinacea)
climates across Eurasia and North Ameri
conditions. It adapts to various water r
l i ke fl oods amanarry ugrha ss &Releideves peak
rates between 20 AC and 25 AC, with opti

i ncreased water stress. Harvesting usual
T Switchgrass (Panicum virgatum), a C4 gr
thrives in diverse environments, ranging

It exhibits opti mal growbshuéeerewdeoughbt A

events i mpaatriemeg iyigelwhs er supply throug

droughts can mitigate potenti al yield |

typically takes[5pl ace during autumn.
Through the i1dentification of European abal
estimate the amount of potenti al bi omass

her bacremps which better adapt onThdéde countr
reselst $ mated current potenti al for dry ©bi
European countries is approxibmiytell y 98. 4 mi

2.4 ATJ pat hway

Producing sustainable aviation fuels from

waspessents several challenges such as: 1)
feedstock heterogeneity in chemical composi
content, 3) t hei nctoenmmpslievxe annadt ucraep iotfalgasi fi ca
and FTsspersqceend 4) | ow carbon efficiency 1in
[5RPThe significance of alcohol production he
drom transportation fuel . Neverthel ess, E

projectionsbliedsoapkbusa ofot al cohols beyond
gasol i neb5pPpWietnlditnlge ongoing shift toward el €
surpl us creates oppor ttupne tt i 8 e |f Tohpea tehxwa yosr.i |



proceoxnvesritcionhgol to jet fuel i nvol ves sev
I's on examining the supply chain of sel
namely Et hamnld, hlyslobwtaambwolns d ketdesn ew.c k c al

2.4.1 Chemical intermediates

Et maCHsO3)is a s i mepalreb,ont wvad cohol typically
sugar . P reotdhuacntoiloni noft hi s manner for huma
beverages dateft pPeaksthAushoadgh the inte

for avialtatinvelsy r enceew tt,o egtrhoaunnod tirsa nnsopto r

used et hanol i n ias ccfarre g une ntthley 1u8s8elds ,a sa nad f
bl ended wistuhc iglb&so( 1 0%, et hanol , 90% gasol
et hanol, 15%Jwodassol i ne)

Bi oet hanol stands out as a promising al
consumption in the transportation sector.
billion Iiters in 2019, with the USA and
folddowy the European Union (5%), China (
[5F. Primary feedstocks for bioethanol pr
i nvolve various food crops: corn starch

producti on)Br aszuiglar(ccaonnes tiint uti ng 99% of tc
beet in the EU (constiduting 40% of tot al
Despite its popul arit yb,eientgh anoglh | hya sh ydgrraowsk
corrosi ve, preventing I t ssuppaygsppirgel i n
Addi tionally, I ttshihreda tli onvge rv atl hueen i gsa soonlei n
basis, although its | ower stt oafc hviaopnoertirz act
partiall y[EDmpenhsatbdese | imitations, si g

made to develop a more attractive fuel f

| sobu(t@gdio!| s onmedp meseBu@H esnef t he four i1 so
of buwtnantodtnds out as a promising fuel for
to its | ower corrosiveness and hygroscopi
enabl e easy transport t [bB8.cNogRabéyi siisodput

heating value is c¢closer to gasoline, and



making it compativwilteh waxtihs tgansgo |lianneb daan dc ont r
simplifyingi-Blh@dsadaipadripogdfeof t he exi sting ve

fl &9.Belyond serving traditional markets | i ke
can be chemically converted into isobutyl en
petrochemical product s. Gevo's GIFT Proces

I ndustriyal ocfhemisstar sisialOplbbdumet bod €ontri b
to the dewelnompmanti vef padithsvdaa rnaobi part a dunc & u el
Since 2014, the Gevo plant in Luverne, MN,

production ofi de oebtult aarbaslli daal ogpgsafsaltwino m n

Fi g2 ri@p

FigRBrd Schematic reBudfHe hth aebiywisd aneditilyhn e rioc e s
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| sobut ene, aHe) iiss oab untyydlreomceag (b@al Igyasobt ai ned f

refiner,whshtdledasnsa signi ficant role among th

due to its heightened reactivity in additio
a key player in the chemical i ndustry. Cur |
cgogroducts frfoitmicmrguder aocd ki nrge processes. Ho we
gl obal producti on, projected mar ket growt h,
substanti al potenti al to bheaptdceqhiosal &nti,
contri buddomagr tonitzheet i on o6 LE veen cthieand gsha | i nd

not anhalgbohat er esti thsa sa popeleinc agtiivem ifrorsust ai



fuel ( SAF)byp rmeduwncst iodn tbheec aAiBslen moafteth w gy 0 C e s
devel oped by Gl @Ball o sBiloye nmirrgr eerss Gevo' s

i sobutanaqgl btea njgeti sfolbailt ene a cheGHEsal i nt
process involves microorganisms directly
foll owed by a series of wupgrading steps

and fra¢@ionati on
I n t h2z.tzhaeblp&@hsesmicoal chfaralcoee i Sw.elc are c

Tab22e Phyé&iemocal properties of Etha&adol, |l sobut ano
Properties Ethanol Isobutanol Isobutene
Formula C2HeOs CsH10 CiHs
Molecular mass [u] 46.1 74.1 56.1
Carbon content [%)] 52 65 85.7
Density [kg/m?] 789 802 626
Energy density[MJ/I] 214 26.6 282
LHV [MJ/kg] 26.7 333 451
Heat of evaporation [MJ/kg] 0.92 0.69 0.39
Boiling point [°C] 78 107.9 -6.9
Explosive limit concentration [Y%vol] 3.3-19 1.7-119 1.8-9.6
Flash point [°C] 13 28 -76.1
Autoignition temperature [°C] 363 415 465

2.4.2 Biologital pfedenmied @aki meadi at es

I n recent decades, there has been a not at
techniques for producing vari ous bi of ue
bi obutene, bi odi elsaed gd vmeteh aarbdle, oand& , biba

focus i By dt heenmpotenti al t o utilize abu
l i gnocell ul ose, in contrast to traditione
resoudce3he|[ process of converting bioma:
i ntermedi at es psharceg ssomrhdn antad yzed bi of

fermentation and recovery processes speci

1. Pretreat ment

The initial phase in the production of al
pretreat ment, a process aimed at breaki
structure to enhance the accessibility o



hydrolysis. This-hytdemp, yalisq kKnowmnpas pgrhe ce

releasing lignin and soluble sugars (gl ucc
mannoséydrBirgsis of cellul ose and hemicel]l
di geistty bofl t be.CFrasdsetsgckwi th their | ow | 1ign
from milder pretreatment conditions, while
structur al compl exi[66).Vamido ths gthe d h rging we sc,o nitr
physical,, @amamibdal ogi cal met hods, have bee
This stage is considered the most chall engi
for over 40% of the total processing cost.
l' i gnocel lallosmay matelrd t ot al sugar bel ow 2(
met hods can achieve total duWg.ar yields rang

2.Enzymatic Hydrolysis

The objective of bi omass saccharification

ntricate strucfteurrnreendfabbieomagsarisntacmd/ or 0 1

component s. Hi storically, t wo fundament al I
have been acid hydrolysis and enzymati c
establ i s hefdf eacntd veosttechni gaeges ndoncés omas sl
enhancing accessibility for bi ofuels conve
hydrolysis is regarded as a promising met hog
and mild envirgeBlment al conditions
3.Fermentati on

The fermentation processes for ethanol, 1iso
foundation in converting sugars to alcohol
di verge i n cruci al aspect s. Et hanol prodt
Sacchar omycase, c evthe \ ie I sobfuearamenmagnd ni sobu
invol ve bacteria | ieknegi Qleesterdi dsitlrnaki exse coife sb
Escherichia coli, as native b4g&teré a and ye

Simultaneous saccharification and fermentat
fermentation in a single step, I's preferre

fewer I nhi bitory compounds, and a | ower r



optimizing the pH is a concern since <co

fermentation, necessitating7Pan equil i bri.
4 Product Recovery

The -pe®ersmentati on recovery process I ncl
fermentation bepadhate thkeatbdoft vwel from w
poiaatds additi onal7]p2{r73[.f i cati on steps

Commonprimyducts of these procedures are |

Lignin can be combusted in a CHP plant t
external i nputs for the overall process.
i n theorsytsa epmr od ugreo dvuad tusa bll iek ec obi ogas. H

conditions and met hods may vary depend
f

er mentation pathway, such as gas strippi

~+

o the extensivprbitdreeatihrdindmedt a i, detr siel s

butefoear t he sel ected pr occehsaspetserout | i ned i n
2.4.3 Jet fuel production from chemical intermediates

To produneabtepnative jet fuel from alcol
di fferences in physi calchann ccahle manctdelr nperdoip
conventiohlad predcduselof production hydr oc
from the alcohols gethepalbpygr adidrgggpebeas
al cohol de hydaladgfiioms ,g etnteaoaltittdhemieorliezfleiedn s a
presence of catalysts to produce a middl
hydr ogteoapeddufcwee dtnhgee dj ehty ahrdo cfairnbaodln sst ep i

di sti.llation
. ) i .
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I n the ethanol dehydration Py ot¢ceasnsi toommon
met al oxi des, hed leir togcoat tyd laycyrtsid 7d]a r eaTnhde i | i z e d
resul tintghen hynaeaearego catalytic oligomeri zat

ei ther homogeneous or % tderagkedoasn. eSthegVv e

oligomerization pbDioicmisseusmningkelaglilonicataly
alumi num al kyl activators, achieving a sel

under optimized conditions.

Even though ethylene isl ehen®Ilfi gddiree rmozsed auns
pol ymeri ze, its suitability i1s skgnificant]l
Csol i gomesnted6dih €ndustrial oligomerizati on

di stribution of carbon numbB&@%®B sCs30dener at e
Ciands Cl28nGhs CandoadnofC8 , operating at 200
250 bar. The resulting oifamigrs fareé sdi atl iolnilge
't ght (odllCefli2B¥i still ed Il i ght ol efins ar e r
ol igomeri zati on uwrbe pPr cacsu adtesp iicnt @ e nj &ti gf ue |
can undergo hydrogenation at temperatures ¢
by weight over a palladium or73p.l aTheum on
al kani€sy (pPG oduced from the hydrogenation st
jet fuel s.

| sobyt areali ved from processes | i ke Escheric
dehydration to produbet aebeit ehedhatandi obut ¢
(c2sut ene -2mudt e meaa)n.s Aci di c -Bartebdblyiytpes, s¥ich ¢

zeolitesysanacAdberliresins, catalyze the deh
the selectivity of i sobutene and overall I
dehydration yield is 99. 1%, wi-bhtaneegel ect i\
0. 5% -2bruatnesn eQ % a@ldstlene at 325 A&{dlsystg ZSM
| sobut anol can also be converted into isobui
ovexAlaaumi na catalyst. | sobutene can further
and tetramers at 130 ALt allsy stg, ame Awmlbteir h ¢ sit n
10% B,o0irC @unegdl €f i ns, Hwadepeaet iwvelcynverted into
17%, andsg 2%Lt anedl €Ff i ns, respectively, yiel
butene yield of 96% with 4% unreacted.
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i nic charactexi dathabifloirteys ew@wll ¢ H iomwd e
asfaebi bcoenipdoimnbgn bugh the distillati or
ctive] gti sakht €rbmothe rest of the h)

| sobutene BuwWHe omiessor switihe the exce
dration process IimoeKXcddamupdrbati endg fi o
s ol bsuotbeuntee.n e S-p&r afsf if wil ¢ ypanmdds dtihcaht iins C
it is currently seeknnD73&68 MAmapex ov a
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Met lso d

The methodol ogy employed in a study pl ay
structur adf frirdssereawladrhkdel i neates the appr oc:
well as the toolnsetanodd odad geird all sc huaii d @ sz
ntribute to the overal.l reliability an:i
this chapter, we explore the methodol
ains and compile a comprehensive |ife

sessmeatttiwi Afppreocesses are constructed by

ecifically selected from a broader spe:
mpr ehensi we dehsec rpirpodgpemsmstseesd dat a accur ac

s
0
n

ch

as

pertaining to eachSAdgshuapspel yo fc htahen sal cTahheo Is

sSp

cCo
esul ts di sacsuosnsiinogn.b eThhiendr eeach sel ecti on
0

l 1l owi ng paragraphs.

3. Ldenti andatteeafti papphy chains

This thesis identifies three primary r o
sustainable aviation fuels, each invol vi
| sobutanol , awe-l Wi odysalenei.s Tdhrecompasses
outlined in the figure, including biomas

the biorefinersytapghednttt aco®poetraiioon from
the airnparst rfepmrmvented in Figure

|t is important todhoghi)eggblCstshiadn st hekei re
associated with the biorefinery conver si
classified 2as Thi sgaeneiacrs CO h@anti gtihneat emi tftre
bi omasaeing been absorbed fr om,dtohees atomo s p
contribute to the overall i ncrease in gr
Al slbe tl ntergovernment al Panel on Climate

met hodol ogy does 2nhptotakeobnogewhen &&€ses

on cl| iamagideercdf ore, emissions from biogeni
in calculations of Gl obal War ming Potent
GHG emi ssi ons alitar dpulitaesdr yteomi csisri eoonts i n t



processes are exclwusively derived from

ass

i nputs/ outputs supporting process operation

FigBré&d Conversion route from feedstock

e oy — M G

Farming and Transportation Conversion to Transp_ortatiou SI? F .
collection to biorefinery SAF to airport combustion

3.1.1Biomassfarming, collectionand transportation to biorefinery

plant

Concerning biomass collection, we rely on findings from two distinct studies.
Scarlat et al[20] evaluate the potential of sustainable crop residué€simpean

Union Member StateSuchstudyallows tocompute theountry-specificemissions
associated with biomass transportation to the biorefinery plant by considering the
spatial distribution of biorefinery plants in each country and assessing the average
distanceof such facilitiesThe emissions linked to residue productiatiributable

to diesel, lubricant oil, fertilizers, and pesticidase not included ithis analysis,

since theyhave been entirely allocated tioe primary product of the crop (e.g.,
wheat, rye, barley, oats, maize, rice, rapdseed sunflower), whereas, the data
related to biomass collection were excluded, as they were found to have a negligible
impact on the overall emission&/atanabe eal. [51] provided the data relativie
herbaceousnergy crops cultivated on marginal land28 European countrie$o
identify the abandoned cropland, it was used the land cover data from European
Space Agency Climate Change Initiative (ES&I) by combining several earth
observation products and by using the GlobCover unsupervised classification chain.
The total biomass production from the selected bioenergy crops is based on the
yields of perennial grasses under rainfed water supply according to the model
Global AgreEcological Zones (GAEZ)as outlhed in a previous study conducted

by Fischer et a[.78]. The current potential of dry biomass production in the selected
28 European countries estimated to bapproximately 98.Mtonq, per yearThe
countryspecific environmental burdens for miscanthus, reed canary grass, and

switchgrass include the major farming activities (soil preparation, fertilization,



harvesting)and transporto the biorefinery plantandare based on tHdge cycle

inventoriesfrom Gvein et al. [9)].
3.12 Conversionto SAF by ATJ pathways

The production of alcohol baodebtMheeaiecas s
the lignocellulosic biomass coming from
particles anidntthlea bphooaeafgdhearbye:n sl e&d e

previous -thaptSmeah Pri¢ctr maniPadd oot recover
Thewe assumed thloa nldiaanpea fiisnbeer y@losi@o er si on pl
produgpetbfael from chietsh isdl tclisdt laedinad dinet e
appr @BapcEhacchonver sion plant ftakenhi oh adabtas
coll est bdsed Lo CyedAsésfeesrsémbetdtfe c hEcao n o mi ¢

Anal fSIEAyom | iteratur e, basgé eodr osni neuil taht eerd

through Aspen Pl us.

Chipping and storage

The chipping andt Beosames stalgle trlrermeae nsonv
FigBri2l l ustrates a si mplTihfei epd apnrto creescse ifvlec
trucks | oaded with Ilignocellulosic bioma

Unl oading these trucks using the dumper

dumpers discharge into hoppers, which di:
| eading to a covered storage section. U
continuous acspa@ammeetci@oan be | oaded whil e the
conversion process. Wh e e | | oaders handl e
storage domes and | oad conveyor bhalts to
this segment, two different chippers are
400 mm chip | ength, and chipper 2 mills
scal ping screen is employed to screen | a

t hemumreed to chipper s2stbradliwn, atlcdhi pi &
with a discharger to regulate the biomass



The storage and chipping area i1 s aanalyzed
process si mul atoirarn efdsl.,eduatiled by
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Tao a[nHdeviel opetdawi hagmsaneyldi s forsbbgnhanel | ul o
deri vedorfmoimhevemr.ocess design includes fee
storage, product purification, wastewater
storage, and all Aot ttepe ®&tergqaun tr eids uempli oy ed,
addition of i on exchange columns to the pr
acetates, salts, and -tvraerd tyoeudso Loprslgaatngioce saci ds
conditioning with ammonia to achieve the ap

Subsequently, enzymatic hydrolysis of the r
takes place, initially through pahedal hydr
to a system of parall el lamaesr obsi cc obmpad reetaecdt.
slurry is then cooled to 32 AC alnhde i nocul at
anaer obi c ipbroaotcapnsosld d otri on utili zes I mproved
Continuous vacuum stripping is applied dur.i
in the ackHgupa&idynwiengacuum stripper condense
fermentati on sfterrenabm toneah na ta i rfovtd iBeu ® Ht han 2

condensat @0 sohactesaunpelrsi on yield iIs estimate
remaining sugar convert-egdoductcsel IThma srse san

fermentation bibedkihs dierfeeatreed ttoo talse product



Pl ant wastewater streams undergo treatm
di gestion t o-rprcd({ bogicaesynmeke Xt shl aundeg e . The trea
suitable for recycling aSdl iidks rendtglowddige
t he fermentation process, al ong wi t h b
combusted in a fluidized-pbedsecoembgsteam
el ectricity producfpiteme atnnmde nptr orceeascst ohre aa n «
areas account for the majority of the proc
in the boiler is cophaatt adet anal eatnr ibei ts

as -aroduct.

Fi g8r8BuOH fermentation with simultaneous stri
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The study i n dgeueerbehde omo sasr blkeieabl e f or i sc
primari |l ¢gedadielsécdr iipttds on of the producti on

number of <citations, totaling 169. Notabl
absent, and while the study itself does
exclusion, isigategnspai tdraa ¢imsdtahcatrd ion t
studies similarly over |l o-BUuOKHT Mhad uccotnitorni,b uc

pr actthiacte may be justifietpa@tybaestdevienaputve
to smal] lL.&mg@depi cts the main steps and

i sobutanol production plant considered i

op
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nondi sclosure agreement. These data were em

-BuOH and determine the naemdceshBBudiyogemuiimemE
upgradindherdcess]| | ation process yielded t
hydrocar bons, as Bédpwr@edsemt) Hdady a¥ai lys,| s:
o0, wk(W et .ol !l )

Fig8rbB FIl owcBhleaOH odnvier si opr @ ebu ¢ teg
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Concerning the ethanol pat hway, this study
agricultural resi duescorwi tsht oav egp eectihfainco | f oo
process outlined in the 1.@80RaESWiAn gSufprpoomt Bang



comprehensive review of |l iterature spant
emphasi sedmt@dS.studi es, a sylmteh eCOIRS| Af d
supportimgvimewdaoddand -cydlIllecitrede nther Y i dfe t

tpet process from various researah pape

col | abwirtat i Amgonne Nati onal Laboratory (.
energy | aborTaateorcyon(ceREL)ati on on these or
their provision of detailed models and d
corn stover pathway, fill Gingematplse | eax tad n
range of Ilwhieohattuhhee datoan are deri ved, spe
extensively disclosed, as they may vary
process. Neverthel ess, the provided et ha
deemed more reli ablod arhdcke raeperegentlatginvoc
supply chain. The bioethanol producti on
encompasses seven pri mary sections: St
Enzymaywdrco !l Wwsirgagnent at i on, Bi o dtoma noofl hreeacto
and power, and Wastewater treatment. Coge
and electricity by burning combustible
streams, including distillation solids,
saccharification |ignin. The sumBmé&rized |
Fig8ré Fl owchart of lignocellulosic bioethanol pr
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Theecgeder at iprnockuded oflrom agricul tur al res
convertdaom tfauedr oop a dehydration, oligomeri z.
Figure 3.7 outlines the -tpaetameETI) psedmpti
processes, which are based|[ddhtehenBEASdsndu

focused on data for the standal one <config

assumption that the ATJ facility acquires e
a separate ethanol production process.
The prhegesanns by catalytically aoleamowliensgy o0xy:

through dehydration, yielding ethylene. Sub
ol i gomerizati on, f orWoilnegf i hsnewirt hora bhryadnrcoh
di stribution ranging from C4 to C32. As jet
the final step i nUodlevdsnshytdor opgeondautcien go atrhaef f |
As documented in the analysis, the distildl
hydrocarbon 96w por Dii.etbsElor8 Las ol.li%te, and 75
for Jeép. fuel [

Fig8ré@Fl owchart of ethanelrodarvesrsion to jet fuel
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To identify the |Iignocellulosic isobutane s
Sustainabl e Aviation Fuel (SAF), we referr
Puschni gg [&]tT hael .p a p2elr2 @cewtell iooplafeeantt k¢ | ner y

designed for the transformation of softwood
by combining theclkm®ohWwdgsiceyserahd technol ogy
during the2BBPWOHSHEL Thi saipmem edcetmonstr ate th

perfor mance, reliabi |l it yec oennovmirco nsmuesnttaail n ai bmyg

oy



of the entire value <chain. The key proce
softwood into hydrolysate (RWH3obuthene er
(bi-loBN) , and the subsequent conversion i nt
The research explored eight di fferent S C
energy and therwodiulcit zat iThhrerofal bgnergy c:
either a natur al gas or a lignin boiler,
i n tomifs garation. When integrating a Comb
(powered by eithertnabturahl gagprovi degnth
al so gener athalanyeldedtrciidi tiyn el ectricity i
publ i dNoget bd scenarios in this study 1in
available for sal e, t hough future techr

i mprovements may change this.

The scenariioshiconthtededai gdwereea er at i on Heat
PowédCHPscenarwhisch involve the integratioc
Power (CHP) pl amrtodwecetl eldi gryi n hebtbayi ned fr
This integrated system not only gener at

el ectricity, ther ebxyt emintailg aetQrerrgg ytt Hsed ur ezeeds

of electricity is consumed via the publ i
The-pbypyducts generated in the value chain
mi crobi al bi eopracscsuct Bh ecsaen bfyi nd applicat
i ndustries.-siOtpeg i ngi Ifiozatonon of l' i gnin f

producti oheradooaas of | ignin availabl e e

i ndustry as a bitumensisubsusageedf Hbwaevwv

dependence on external epnrear dgwyc tssu plpil kiee r est,
fertilizer, mand amiamdle cfteeadd r e
Sustainabl e Aviation Fuel ( SAF) undergoe

i ncl udi-tngu gvaorod, fermentation, Fipgurndéi 8a8 i
il lustrates a comprehensive description

in the SAF supply chain, and the possibl

stuldhye i1 ni ti al phase involves transportin
I n thd swgads unit, sugars (C6 and C5)
hemi cell ul ose of sawdust undergo pretreat

o
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residual wood hydrolysate. The- separated
anol , whil epfoduacntn, aapng ibtee ultgrl | € eer goyn
duction or as Lagman efiatds sappti tateons
stitute i n t he asuplalappilndcwdttroyms and k e 1
mal dehyde resins and bioplastics filler.
residual wood hydrolysatei §€busegayrs) i

l oyi ng modi fied bacteri al Escherichia
viously dertraaiilsdd abnyd H@%adnodr flea p e(s2 0€2t2 ) a |
IODf or vhr goases efleleud sotsoicck s, IS an i nnova

rently under devel opment t e remduance per |

fermentation include sludge and microbia
ani mal f e eed ,mircersopbe catli vbeiloyma sTsh, consi sti
be used as protein feed, particularly i
roval from the European Food Safety Aut |
etically modified organi sms.

er fermeabhtut eneg bso purified using an

umn principle-s sbbutbeaefundbrgoep, obi gom

rogenation to form SAF isoparaffins.
s'iotfd (auxiliaries)™ section, an integr
ompasses storage and | ogistics el ement s
nsport., pumps for vari ous fluids, stor
hangegentiadll feor the overall operation.
produ<gtsiobutemnebifoom residual wood hydr
cess and currently in development to f ul
pn@l dBalbenergi es, a prominent |l eader i
er al patentsn fohi si Asi eledpea®rcahhiti on t o
hnol ogical | eadership, the company refra

arding the conversion process.
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Fig8r8 I BN Biorefinery concept and system boun
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Feedstock sources

| hhstsuchye feedstubtcki bBedmanasf eirsnecnatae g corni zpe
under the broad term "lignocellulosic bi
i sobutanol , i sobutene, and et hanol remai
pecific type of I|ignocellulosic biomass

S
or agrogforedbhdsesmpeglommct s variations i n
performances observed when different typ
feedstomekaesrWwWadal es e66. al ., 2021 |

Wesuppgdhispotbhyesnost i ng the prevalent use o
residues) in the majority of | iterature
the studies upon whiBauhOHwe art ehlwa yfsor Tehtehsaen c
primarily condwbted ©Ccornmnhet 6dAr share i1

availability is higher than in Europe.
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contr &AtF, stulpeollyBMdhain hinges on the util

aligning with the REWOFUEL ©project's obje

softwood for biofuel production.

I ntroducing a diversification in fermentat
would require an effort inconsistent with t
as a reasonable compromise in terms of <chen
ener ey @ma residues. Therefore, we consi de
and i sobutanol pat hways, using corn stover,

WO

pa

he
Fu

uld be obtained using switchgrass or res|

t hway miaglktedbe femh gher carbohydrate cont
rbaceous crops, were employed.
rtherenoereagi ng on feamgeotiadaied prbbedsdd

bi omass types woul dvreectsnl Sicd we-tidwiamgd vy | mpac
anal ysihapp@&hsvesihrmove cospiedenmiexdsitohnes fr om
bi omass farming and coll ection processes r
which we possess accurate dat a.

Energy abdl acbon

The evaluation of environment al sustainabil
|l ignocell ulosic biomass relies significantl
metrics play a crucial role in conducting ¢c
The sassnmseent ent at heen eqapaln tmafpygitrisg and out puts a
the entire conversion process, considering
feedstock to the final production of Sust ¢
Al c ethdoegptat hvay s he routes differ primarily ir
process, while the upstream supply of Il i gn
t hem, the thesis wildl specifically outline
bal ances concer nvienrgs itohné rpornodcoessosmad ke ¢ on SAF.
energy cladlcan@aed i on consi stenerfgylioutdp ntg (t DAF
ot her bi ofuel s, electricity) to the sum of
electricity, nat utrlaeé @matsi, r eh yudmpblgyeting h aall mS A F
| nsttehaed ,car bon bal anceft tempatiadtd breht we®easi she



outpohcar baputwhi ch i s performed by wusing
of mass flows involved in the conversion
Tab3d.epfiesents the values of Lower Heating
concentration for the primary mass strean
Fuel (SAF) supply chains. These values a
carbon balsansérefamsh

Tab3le LHV, density and carbon content of primary

producti on

LHV
[MJ/kg] 5
Ref. biomass 15.8 60 40 [65]
Isobutanol 33.3 802 65 [83]
Ethanol 26.7 789 52 [83]
Isobutene 45.1 605 85.7 [83]
Diesel 42.6 846 87 [84]
Heavy oil 39.0 980 85 [84]
Gasoline 43.4 737 90 [84]
SAF 44.0 821 82 [85]
Natural gas 47.1 0.777 75 [84]
Hydrogen 120.0 0.09 / [83]
Lignin 22.8 1400 66 [65]

3.1.3Transportation from biorefinery to the airport

I n order to evaluate the infl uemeei foifc tr
factors i ke si ze and aviation i ndustr
EUROCONTROL's study. Conducted through i
( STATFOR) , ftflrea sstviady oaws air traffic for
Net wodlk [T&e intention of this source is
i nsights into the f uncDeisopnitneg boefi ntgh ep raiima
on 2006 dat as, tthhaet stthuedyl ensostoens it | mpart
and smal/l remain relevant over ti me. Fu
assumptions made in this thesis are prov

1

C

=
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3.2 SUWUplipng meeting jet fuel den
emi ssions

I n the analysis, simulations weupp acfonduct e
t heei fferent scenarios ai nendd arte dmiecd tnign gg | joebte
emi ssinofssr opean countries

Data regardispgciheccavnatyon fuel demand we
U.S Energy I nformation Administration. Thei
on various refined petroleum pr{@&ducts spar

Anticipatingpaadreet cr hetvel prdy 2025 [4], t he

was utilized to assess the current consumpt
Subsequentially, the analysis focused on de
fuel doenmaan d ebogauanu mtyr.y Tbhaissi si nvol vAH i ncorpor
derived from residues and energy crops, as
The assessment took into account the expe
aviation fuel wild/l not i ncipaande md b d teavretl isa l
This expectation is supported by compensato

managemeviyt a@Alvances i n a[B8.By aéxamiecihmo | blyg
couwrstprexci fic yearly potential prodwcedon of
through the best conversion pathway evaluat

it became possible to calculate the projec

aviation fueClonwietqlueB8AF Yy, this calculation

potenti al reduction of carbon emissions ass

FigareJdet fuel demand by region and estimation up t
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33Li fe cycle assessment

Life Cycle Assessment (LCA) is a systema
evaluate the environment al i mpacts of a |
entire |ife cycle. The |l ifextyaktei encomp
materi al s, t hrough product iTohne apnrdo cuesdeu,r atl

structure for conducting LCA has been est
Organi zation for Standardization (1 SO) u
This framework encompasses four key phas
goal and scope definition, inventory anal
[89] 9 D 91].

T Goal and Sco®lee aDd fromhti Ittiimen i nt ended ap
context, and modeling specifications
specifications include specific det ai
bou

i ntonaccou

ndary, allocation procedure, and t|

T Life Cycl e 1Grveeanttionrgy al LsCyis)t em f | ow mo

measure all i nputs (e.g., materi al s,
waste) |l inked to each stage of a prodt
according to theTbhhesseshafgeaenaltliowsaltant
i nventory outlining the resources use
phase of the supply ciEdi . paheéei cwlmpr
pronodoctkiigs phase.

T Life Cycle | mpact EVAsIsteastsimequt t & CEAY |
i mpact s identi fied i n t he i nventory
guanti fication, normali zation to refe
of i mportance factors based on soci ef

of fems oaghhassessment of the potentia
of a product or process, contributir
prioritization of wvarious i mpact cat e
T ILnterpAprtbyEzbng | mpact Assessment res
data quality issues highlighted in t|

np



I mprovements, the LCA calculations are r
each iteration. The discussion of resul:t
relevance, robustness, and ' i mi tation
opportunities tor amrmemgtad el tinm@uaatd ti b/uer deennv i

shifting bet pwharsesategories or

FigBr#&0OLife cycle ass:c

”~ \ ( \
Goal and Scope o
Definition & ~
7 T 3
Inventory —2| Interpretation
Analysis <
L ¢ J
Impact & >

Assessment N
0000 J \—/)

3.2.1 Goal and scope definition

Thi s study ai ms we-bwii mggewitn gramenttaHe I mpact
Sustainabl e Aviation Fuel s, dealing with v
The feedstocks considered ardeapaiceolusur al

perennial energy crops suitable for the Eur
and Miscant hus. The ATJ pathway has been
i ntermedi at es, produced by fermentation of

Kerosene.

The maionf ftohciussnst heéyi mpact category of gl ob
over 100 yeamBet GWMPADIO)nNal unit selected foc
of SAF burne@heneminssaiomcridasalbi afeuieblar conve
t hme consider in thixwmglaMa)| yastshb @ esdisfed ettliov @ 4
EU RED 2018/ 2001/9C Annex V C 19



This study expl osrceeshnaandsanaeaelayczie sc ogirxe s p o
feedstocks amaddprepees e3noleOdes n Figur e

FigB8r:#1Graphical representation of the six scen

SCENARIO 1

SCENARIO 2 SAF

i

SCENARIO 3

SCENARIO 4 SAF

i

SCENARIO 5

SCENARIO 6 SAF

!

The system boundary for th3s.1laFsrscens stmeing

boundary, it can be seenbitdhmdas s hgnday otri @
t rans pfoerrtment ati on to alcohol/ chemical in
fuel di sndi hwtil oc,ombusti on. Transportat.i
supply <chain. Furthermore, it i'S assume:
facil i tlioecsataerde. co



FigBr#@2System boutnwdiangs " f oSAF weddply chain, b
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I n order to evaluate the i mpact per 1 MJ
comput at i wanghe v eslhoepgatd | i ning five distinct S
pat hway: OBiomass producti onoéhdgralpgpdecuwsdl!| e o
energy crops), O6Biomass transportationd, oI
OEl ectricity from the gridé, and O6SAF trans
from the gridé from o6l ndustri al conversion

country energy mix flor fhedcaegmirts <ii drys pfrroadmcad v «
el ectricity generdtivamyorsi ghefipudnhtilcy ghet w

potentially | eading to misinterpreted resul
the copeatcirfyic ecol ogical electricity footpr
in SAF producti on, Fesulimismn@gnice, | ower Esawvin
footprint of t heemukiWheg gwhiid ei & h&@6 AugCOi an
footprintscxeqgfkWB1&ndgdCOLWYCOrespectively. W
Excel model , we depemehtedemhwstboetBRsoci
step in the SAF supply chain from ATJ pat hy
these steps yields the total carbon emissi

we-t Wi ngs

ny



3.22 Life cycle inventory, LCI

The inventor ys alnally sams tfloec uisreddustri al <con
bi omass conversion and transportation \
referehxle.s |

The | nvweendenlrliecst ed for all the steps fron
final production of1@®A&i amer Bmdes aba ttoaulsplededs
i nclude t her eafcdrievncdey mumodetdt pr adoanit on | o

based on data from a set 0.fT os sswprecda &f | a&rad
assess mass tftHeowisndutnkwesled of or producing
all ocation was i mplemented. This involve
share of energy attributed solely to th
productpr adhiBmnpcoboyi ng these inventories, €
the industrial conversion step were <cal
framework designed for LCA.and environme:l

Chipping and storage

Tab3.e2 Chi pping and storagehi ppedt i ymaessp{&djce 1

Reference product Amount Unit Location  Type
Chipping and storage Chipped feedstock 1 kilogram RER production
market group for electricity, medium voltage electricity, medium voltage 4,00E02 kwh RER technosphere|
market for lubricating oil lubricating oil 2,18E05 kilogram RER technosphere
market for agricultural machinery, unspecifiec agricultural machinery, unspecified  1,76E05 kilogram GLO technosphere

The area designat edmafnoarg esst otrhaeg er eacnedp tci hoi np

bi omass feedstocks. The equi pment ut il iz
physically at the bioethanol pl ant, adj a
designated area, t he Dbi onhacsnso giemd erag d eos

achieve a consistent particle size and b
a mean parQ@mnc.l eT hsei zcealocfuldat i ontsi maeacyade e

storagecomvéyamdhélbtrsf eedi ntgr eba tonmeansts rteoa ct

[ &

n o



i-BUOH production via fermentation

Tabl3®eprd.vi des a compilation of the essent|
conversion stage from |l ignocel |l ullacosi ¢ bi oma
et al .l {2®hs assumed that the process plan
products. Consequently, the data were extr a

which already applies energy adalnax 8t.i on for
present the inventoriesi-Bu®Haard ¢ or nenztyenep
' T quor producti on, essenti-BuuOirfooducthencomp
i nveha8®.y|[ 6

Tabd.é3BuOmHr oduction via fermentation [ 28]

Reference Amount Unit Location Type
iBUOH production via fermentation iBUOH >99% 1 megajoule RER production
Chipping and storage Chipped feedstock 0,1442 kilogram RER technosphere
market for sulfuric acid Sulfuric acid 3,26E03 kilogram RER technosphere
market for ammonia, anhydrouguid ammonia, anhydrous, liquid 1,73E03 kilogram RER technosphere
Corn steep liquor production Corn steep liquor 1,90E03 kilogram RER technosphere
market for diammonium phosphate Diammonium phosphate 2,30E04 kilogram RER technosphere
market forsodium hydroxide, without water sodium hydroxide, without water 3,72E03 kilogram GLO technosphere
market for lime Lime 1,50E03 kilogram RER technosphere
Enzyme production (iBuOH) Enzyme (iBuOH) 2,27E02 kilogram RER technosphere
market for tapwater tap water 2,61E01 kilogram EwS technosphere
nitrogen oxides 9,32E04 kilogram biosphere
Sulfur dioxide 9,60E05 kilogram biosphere

Tab3d.ed Enzy me pBu@H ¢2B8dn (

Activity name Reference product Amount Location

Enzyme production (iBuOH) Enzyme (iBuOH) 1 kilogram RER production

market for glucose Glucose 1,70E01 kilogram GLO technosphere

market for ammonia, anhydrous, liquid ammonia, anhydrous, liquid 1,00E02 kilogram RER technosphere

Corn steepliquor production Corn steep liquor 1,00E02 kilogram RER technosphere
Tab3.e5 Corn steep |l iquor production [ 65]

Activity name Reference product Amount Location

Corn steep liquor production Corn steep liquor 1 kilogram RER production

market for heat, district or industrial, natural gas heat, district or industrial, natural gas 1,9E+00 megajoule EwS technosphere

market group for electricity, medium voltage electricity, medium voltage 5,5E03 kWh RER technosphere

pn



Conversion ofsBuOH to SAF

Tab3d6presents the input flows rel attoed to t
produce a functional unit of SAF. The in
steps such alsi glermegrdiradti ioan, hydrogenati ot

to the GevVvdolgheprporcoecsesss yields the si mul

Heavy Oil and Dieselandamdly ktdienstp etca i 3® | kyJ
result, the inventory was allocated basec
relative to the total energy output, equi

Tab3.e6 ConveBsiOtlo SAF [ 17]

Amount Unit Location

Reference
Conversion of iBUOH to SAF SAF (iBuOH) 1 megajoule RER production
iBUOH production via fermentation iBUOH >99% 9,15E01 megajoule RER technosphere
market for heat, district dndustrial, natural gas heat, district or industrial, natural ga: 5,41E02 megajoule EwS technosphere
market for hydrogen, gaseous hydrogen, gaseous 1,71E04 kilogram GLO technosphere

Ethanol production via fermentation

I n the tabla&sS3aci a@atheed iwiptuht st he producti o
outl ined. The inventory relies on Tabl e
production, the data concerning cellul as:
documented in Tabhesi 3p8itsTdlolre y¥la%stl ipsto
[93] .

Tab3.e” Et hanol production via fermentation [ 14]
Name Reference product Amount  Unit Location Type
Ethanol production via fermentation Ethanol 99,5% 1 megajoule RER production
Chippingand storage Chipped feedstock 0,11713 kilogram RER technospherg
;naasrket e et GIESHEE @F IEIESHTEL, et heat, district or industrial, natural gi  2,2E03 megajoule EwS technospher
Enzyme production (EtOH) Enzyme (EtOH) 1,20E03 kilogram RER technospher
market for sulfuric acid Sulfuric acid 3,87E03 kilogram RER technospherg
Yeast production (EtOH) Yeast (EtOH) 2,97E04 kilogram RER technospher
market for ammonia, anhydrous, liquid ammonia, anhydrous, liquid 4,69E04 kilogram RER technospherg
ir'rr:asrg;; fstz;jﬁgr;u;?artlgdromde, without wate ggzi/:)ug:ﬂ:i/iﬂzozltg?é without water, in 1.32E03 kilogram GLO technospherd
market for lime Lime 8,56E04 kilogram RER technospherg
Corn steepiquor production Corn steep liquor 1,47E03 kilogram RER technospherg
market for diammonium phosphate Diammonium phosphate 1,53E04 kilogram RER technospher
market for urea Urea 2,34E04 kilogram RER technospherg




Tab3.e8 Enpymeéucti on (Et OH) [ 93]

Amount Unit Location

Type

Reference

Enzyme production (EtOH) Enzyme (EtOH) i kilogram RER production

market for ammonia, anhydrous, liquid ammonia, anhydrous, liquid 2,00E01 kilogram RER technosphere|
Cornsteep liquor production Corn steep liquor 2,80E01 kilogram RER technosphere|
market for sulfur dioxide, liquid sulfur dioxide, liquid 2,76E02 kilogram RER technosphere|
market for glucose Glucose 4,18E+00 kilogram GLO technosphere|
market forchemical, organic chemical, organic 1,16E01 kilogram GLO technosphere)
market group for electricity, low voltage electricity, low voltage 9,0E+00 kwh RER technosphere|

Tab3.e9 Yeast production (EtOH) [ 65]

Amount Location

Reference

Activity name

Yeast production (EtOH) Yeast (EtOH) 1 kilogram RER production

market for water, deionised water, deionised 3,07E+01 kilogram EwS technosphere|

market for ammonium chloride ammonium chloride 0,37 kilogram GLO technosphere|

market forsodium hydroxide, without water sodium hydroxide, without water 2,30E01 kilogram GLO technosphere|

market for glucose Glucose 1,99E+00 kilogram GLO technosphere|

market group for electricity, medium voltage  electricity, medium voltage 7,7602 kWh RER technosphere|

Ethanol 7,70E03 kilogram biosphere

Water 2,30E04 cubic meter biosphere

Carbon dioxide, noifossil 8,78E01 kilogram biosphere
Conversion of EtOH to SAF
Tab3léds ummari zes the parametric assumptions
ent aieltihragh ol dehydrati on, oligomerizati on,

fract iaocncaotridbineg sttoudy KHamdaettadhkby p9pcess

resul t spriomdudtei com of GasoPRill@k 'Mhd DiLiBsel, t
kJ MJespedctoinseelgu.ent |y, the inventory was al
on the energy shareverf tlhevlt StAFiwipéea oéarugcye do ut
equi v arlbe mMt% toof t he overall i mpact s
Tab3.eL0OConversion of EtOH to SAF [ 79]

TR Amount  Unit Location Type
Conversion of EtOH to SAF SAF (EtOH) 1 megajoule RER production
Ethanol production via fermentation Ethanol 99,5% 1,1084 megajoule RER technosphere
\rlr:)zi\tr:ge;group e eltzmitiiy, (el electricity, medium voltage 7,01E03 kWh RER technosphere
market for hydrogen, gaseous hydrogen, gaseous 5,08E04 kilogram GLO technosphere|
market for zeolite, slurrywithout water zeolite, slurry, without water 8,07E05 kilogram RER technosphere




Conversion of |l i gnocellul osic biomass to

I n this instance, the LCI was compiled u
REWOFUEL [pRBeneempassing all production st
bi omass to sustainable et fuel . The da:

proeaamsd ahdvalre displ aiemioli aprritewh loema3 £3& s e s
fl ows were all ocated on an energy basi s,
byroducts from the -pnddsttsal nptMiddessi ghn
MEAR) bi omass aonutnpautO BaBd@M EA®) , and et hanol (
MIMEA®) . Hence, theednéepbpgwndshatetheilsical e
equail’7.tbho%.

Tab3ld Conversion to SAF (I BN route) [81]

Activity name Reference product  Amount  Unit  Location Type Comment
Conversion to SAF (IBN route) SAF (IBN) 1 megajoule RER production rg:(e);eur:;e
Chipping and storage Chipped feedstock 0,11737 kilogram RER technosphere Fee:sdus;;(r:k to
market for sulfur dioxide, liquid sulfur dioxide, liquid 1,18E03 kilogram RER technosphere Feesduség::k ©
Enzyme production (iBuOH) Enzyme (BuOH) 4,49E03 kilogram RER technosphere Feesduségfk to
&1:{:;31 for sodium hydroxide, without 3vc;£:ieUrm hydroxide, without 3.79E03 Kilogram GLO technosphere Feesduségtr:k to
market for sulfuric acid Sulfuric acid 9,84E05 kilogram RER technosphere Feidusgtgfk to
market for polydimethylsiloxane polydimethylsiloxane 4,53E06 kilogram GLO technosphere Feesdusgtg(r:k @
market for tap water tap water 4,06E01 kilogram EwS technosphere Feesdus;g(r:k to
g:g:m:g: pR wastewater, average 2,60E04 cubic meter EwS technosphere Feesdusgtg::k ©
$:tr:;et for sodium hydroxide, without ic;c:ieurm hydroxide, without 3.25606 kilogram GLO technosphere Fermentation
market for polydimethylsiloxane polydimethylsiloxane 4,53E06 kilogram GLO technosphere Fermentation
market for phosphoric acid, without wat phosphoric acid, without water ~ 8,62E06 kilogram GLO technosphere Fermentation
market for sodiunchlorate, powder sodium chlorate, powder 4,84E04 kilogram RER technosphere Fermentation
market for ammonia, anhydrous, liquid ammonia, anhydrous, liquid 3,42E04 kilogram RER technosphere Fermentation
market for tap water tap water 1,11E01 kilogram EwS technosphere Fermentation
::::ﬁm:zi of wastewater, wastewater wastewater, average 1,65E04  cubic meter EwS technosphere Fermentation
market for hydrogen, gaseous hydrogen, gaseous 3,25E06 kilogram GLO technosphere Con\gir[s:ion o
market for isobutane isobutane 7,52E06 kilogram GLO technosphere Con\g;r's:ion to
market for tap water tap water 9,30E10 kilogram EwS technosphere Con\g;r's:ion @
w;tr::at for sodium hydroxide, without jvc;:‘iaurmhydroxide, without 1,48E03 kilogram GLO technosphere Off-site
market for sulfuric acid Sulfuric acid 1,84E04 kilogram RER technosphere Off-site
market for phosphoric acid, without wat phosphoric acid, without water ~ 1,55E05 kilogram GLO technosphere Off-site
market for nitrogen, liquid nitrogen, liquid 5,45E04 kilogram RER technosphere Off-site
w:{:ft for iron(ilt) chloride, without iron (I11) chloride, without water  2,10E05 kilogram GLO technosphere Off-site
market forquicklime, milled, packed quicklime, milled, packed 1,01E03 kilogram RER technosphere Off-site
market for tap water tap water 7,19E01 kilogram EwS technosphere Off-site

Not e: Eur®ypreo f REWRI)t h oluBwSS)wi t&Gleorblaaln d( GL O)



3.2.3Life cycle impact assessment, LCIA

This thesis employed the Brightway and Eco
Cycle Assessment (LCA). The Brightway LCA |
opsmurce software Activity Browser, which
Backgroundt dalt af esstthe LCA was oabntdai ned frc

Bi ospheatash adishd at asbeansceo mpas ssteOOovacti2viti es,

modeling human activities and offering det
agricultural processes, exnraatdii o, namius ail or
soil, and air, products-pfodmcosPgdmndp wasce £s e

When assessing the envirnempentalnti mma cto nafi

various i mpact categories. I n this particul
toward the i mpact category related to clin
i mpact assessment was based onlilnPaCC 2021,
change and gl obal warming potential, with @
metric evaluates the gl obal war mielmg potent.i
peri od.



Results and discussi on

This chapter present sk ey cfoimmpdlienigesn sd ywaimer ¢
assessmeot SAEAfFrom ligndaoell al éyic ifeed
vari ous industriaVi oltcddsclesseanddieneugyi ne
associated with produci rSubSAHuehtbyght e
results are presented, focusing on the |
(GWP100). A detailed discussion is under
observed differences among countries ant
assesses the potential scalability of t hi
the increasing demand for aviation fuel
extends to the emission savings achievab

i nnovadhrwvel dgy.

4 .Yli elarsbomrc anlaleaodec ecyonver si on rout es

Using the inventories specifically sele
production of <chemical i ntermedi ates and
yi el ds ofeneasgsy amdul d The s ewgplpuaotaecch. al | ¢

comprehensi ve anal ysi s o f t he speci fic

processes, highlighting their difference:
4.1.1 Yields
The | sobutene pathway demonstrates the b

guanti fakedolaisomdses i nput required per fur
an assessétkgMid&®ndébrd®unately, due to a |
on the production process for this route,
| ignocell ul osic feedst ock -paanrda fiftisn iscu bkseerqol

could not INeveetdrmiessd. based on iitnsi ght .

can be inferred that given the recentnes
i sobUdteeme nmaayt i lb@ compar ati velgyMEhb wer i n
However, the high convetsdomwi ehfitdiee mdys €

dehydration conversion steps along the pt

t hat i's the highest. Notabl vy, i sobutene

pp



generate signif-prca@adcdcednofumelss osuccho as gaso
showcasing a high selectivity for SAF prod
underscores the potenti al ocfontiihmgsl usinorvati v
in the ASTM standard specification for avi a
hydrocar bong.r odluetenloy lHhyhe process are 1|lig
fuel demand of the CHP plant), Cb5ssugar (ex
(for ani mabhl teaedt) (Cahdand powhaiscsh uarmn Khe as
exploited for other industrial supply chain

Due higher technol ogy,t heacithesvoalllugauteelldd( TRL)
termg of biofueli g etrhst ghdbgdoegagsh,e pat hways,
val ue8mf whe.l e for i wabutwablbatetdi atvabuéd%.
significant di fferences ari se when consid
i ntermedi ates into Sustainable Av, ation Fu:¢
defined as kg of SAF per sktga nodf$ %ahtemd 4c a | i n
42% {-BUOH amd EeOpElheseeVyri ations are attr
hi gher preoseoendueteshanolt heoute compared to t
roultre.foarctevefry kil ogram efha®AF darpipd ggd cfthrao

214ggaebdbl i nglgadodé s®8B are produced. Il n contra
SAF distilled from the i sobutmmmducactoinorrer si C
of omelgydo&x el 8gnh@&d @9 oil. These findings al
l iteratur e, indicating th@8 ethgomees haat lac
than C10+, while isobutanol ol igomeri zati or
ker osene Holwiegvoemetrese.vamppadfyi ng energy all ocat

feedstock demand remains more favorable f
eval uat e 0. (k3gdMikeng a rodf. 1k3gMEA?R, 1 e s p e dtaiswedl y

on selectefdldnveEhBpr3j®B] th 6ongoing technol
advancements and the development of engine:ce
i sobutanol yi el d, this finding may become

futas ewe |l | as for i sobut ene.



4.1.2 Carbon balance

he carbon efficiency, cal cul ated as the
uels to cardfoar mAacs ricnuP®®@BION aB 33

or t he | BNBu@H OHop utaemd,Cbobrnesd pleeati inge ltyh e s
el ect etdeishest he sul hisg n e meafefkir ddieerBawuyOHo f t he
u
f

- =

s
supply chain in harnessing the carbon <co
0

-pasroaf finic kerosene. The I BN route exh

—
(@]

the | ower I BN yield compgarmadhto@eirsobut

yield signifies a reduced exploitation o
feedst ock, resul ting-pradsaccdhls gehseir g ipg mdru.c t
4.1, 4. 2,r atned t4h &8 dildtursitbuti on of <carbon
among the-pvaduoupgr @dohwctco of theée dlepeet pr
t hadastm of the carbon is found in |ignin,
burned in the cogenerati onprpddawnded ffoddIloswe
bywroduct s. Table 4.1 quantifies the rel
kil ogramoprboes aadhbtepwwatl uated considering

reference bi omass



Figdré Percent distribution ofi-Bu®Hbon

Isobutanol route
2.609% 1.05%

= SAF = Lignin burned in CHP = Diesel = Heavy oil

FigdrRercent distribution of -Eta®@Homout

Ethanol route

2.85%5.33%

= SAF = Lignin burned in CHP = Diesel = Gasoline

Figdrdd Percent distribution ofl BdNarrtmoart e

Isobutene route

s

8.88%

= SAF = Lignin burned in CHF= Lignin unburned = Biomass = Ethanol

Py



Tabd . eAmount of carbon in various process outputs
[ 81]

Carbon Balance

Process outnut i-BuOH  EtOH IBN
P route route route

[ka] [ka] [ka]
Lignin burned in CHP 26.66 27.69 14.29
SAF 11.88 9.04 6.01
Gasoline - 213 -
Diesel 1.04 1.14 -
Heavy oll 0.42 - -
Lignin unburned - - 9.48
Biomass - - 6.67
Ethanol - - 3,55
Total Carbon(ref. Biomass) 40 40 40
Carbon efficiency 33.3% 30.8% 23.9%

4.1.3 Energy balance

The energy efficiency of each pathway wa

flows across the system boundary,- includ
product-pr achioatbgygy ef f i.dchh,enBob earab ivled 8
determined for ethanol, i sobutanol , and

effici emBauyOH m otute icompared to the Et OH
|l ower amount of hydrogen required for t|
i udtrial efhverenogy a h c ochoo | i nto Sust a
Speci ficakdg yagf fohi gl@edd bi omass i nput, t he
kg for the i sobutkagnadlorp athhew adto halBnod® HO .p3azt 6h w
and Et OH fermentation processes generate
and Power plant, with a sligNMilyeirsgber \
MJ ) . Nat ur al gas and electricity are uti
process heat demawld,ofwimaht urssaldi egsn otf h 8 8i s
route MIndflélectricity Twsead mimdthd het hed n
required fporrodtucet iiestutpgiiloabenst t he gri d el ectr

o the chosen standal one configuration

—+

rogresses, the devel opment of an integr:;

O T

onversion to SAF plants, sei MmiBNarr otuot ewh ah

~+

he potential to decrease external energ

p ¢
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f i cTiheen coyv.er al | energy output due to Iiqui
vor-Bu®OHepat hwayMJt obmp anhMd 7f0d@r 6t4dlke et hano

e

e $BNp!l ystamaisn out for iIits superior ener g)
ectricity MJgquiorremeret cohZ4er si on process,
ghest energy input among all those consid

e primarygaad veerifed rtrthden csei g nirfiibcuatnitonener g\
-pryo dafc t suc h, peastphewcaiyal | yf alnlbbawec dby i gnhhanc
d biAonoatshse.r reason may be sought the | owe
ansform i sobut2ng8mattoh& Add diwhg Ioafali si nput
ob wtea nlelg0 Oo f bi omass Popuohnpi gffcethdeang f @&

ni mal mass demand results in an al most n
er gy Tbhael adrectea.i | ed expl anation for the mini
ppl ementary 1input of i sobutane in the |B
scussed in thecagai aabltbdel precessradesauwnit

e to the sensitiviArnotoHfert heontercihnbhwt iomgy fi a
peeanerrgy efficiency foacitiltset tillekBSN acssmufmipg u roant
tegrated plant s, l eading to a more effect
e systemhibouanlamrgct eri st ilce apddlenigfiteoans t he
eefyicieamopgotkessel ect ed ,s tduedsipest ef art sS/
awback aloéwnéaviong efficiency due to | ower |

e findings, based on kBgreteeepnoel bnetass

. 2. 1t is evident that the primary energy

ference bMdmasswhi(Llé&8Q he energy i mpact |
nvermreliaothed chemicals, such as natur al gas
W Figures 4. 4, 4.5, and 4.6 visually de
reams in the SAFrewmpplfy oenh daihres.e Ifti gius e aj
nsidering aonf agedelreamameurmti omass and wit hc
ergy al l-Bec@H iocoyt @ hachiispsaeaafthei bi e ©ts e |
el @qual HoweéMeéor , the isobutene rout e, de
erall enpexktpy bouspubhe | owest share of SAF



chainotaling appTbxsmandigaB88% a | i mitat
generate a sulbs ofawpfedtcarh tahmo usnaameo fl i gnocel |

Howevteri,s cruci al topemmphass zgehbaat eaddei
chai n, including 1lignin, et hanol , sludg
resources. They possess significant ener

various FKkindallsalby eedt.. 7 summari zes and co0my

carbon effiedeincitelsi £ vatl wdy.

Tabd.e2 Mai n eneroguyt piunputfsorandce di fferent supply ct

Energy Balance

i-BuOH  EtOH

route route

[MJ] MJ] MJ]
Process inputs
Reference Biomass 1580 1580 1580
Electricity from the grid - 16.2 2240
Natural gas 382 - -
Hydrogen 145 39.1 n.r.
TOTAL 16327 | 16353 | 18040
Process outputs
Co-produced eletricity 47.0 514 -
SAF 637.6 4842 3225
Gasoline - 1027 -
Diesel 510 55.7 -
Heavy oil 191 - -
Lignin unburned - - 3267
Ethanol - - 1818
Biomass - - 25.2
TOTAL 754.7 694.0 856.2
Energy efficiency 46.2% 42.4% 475%

Figd44d e Energy share of -idiufOfHen

Isobutanol route

6,8% 2,5%6,2%

Q

= Co-produced eletricity = SAF = Diesel = Heavy oil



FigdrB Energyidli@arenaef -oEutOpHu i

Ethanol route

= Co-produced eletricity = SAF = Gasoline = Diesel

Figa4reé Energy share of -IdBN fi

Isobutene route

2.9%

= SAF = Lignin unburned = Ethanol = Biomass

Fi g4t e Comparation of Carbon and en
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422Gl obal War mi ng 1P®t ent i al ( GWP

Using the compiled inventories, a |ife c¢°
the environmental I mpact of the scenari os
determine the emissions associated with

production of SAF throughlwarnGoaghiyealhno

representations offer a visual under st an
emi ssions in different supply chains and
contributors driving the overall product |

Figu8eEnd hdawe chanedyGHG i nt eBilsOH i es of
and I BN route respechevbbagreangy rordaupgse SSUAC
Switchgrass, Reed ,Cawmhléiygamas Md sthan4 hL3
presente tdheppslaym chai ns, focusing on the
resi dhesresults areyxpuesegt addc ag,ntEuy ope
highlighting the baseline of coeengv/eMJt i ona!
and are first discusisiedngntbenweares it@@ar a1y
the extensi vmeeraincoaulntr,e stuhlet shuof emi ssi ons
to each country, are mainly reported in

t hesi s.

4.2.1Biomass production

Concer rhiemdg aeceerugy cr o [gbsi cceurl & ricgwyd tciiraompise d

abandoned o, o$viatnadh garaesas demonstrates t he

agroclimatic conditjomrsmeayi tEyg omesin fTawvo
option for 24 ofuig.l]dfn ZXZ&®ntoastri eReed Ce
compatibility with Norwatyhanle §ti hdommidg e aa
Port Ogathe othheenr choannsdi,dew i ng emi ssi ons as
producti on, Mi scant hus proves to be the
gC@ &kegt. I n comparison, Switchgrass and R

1620®@ kgirand Y&@.d6gi,.based on the study of
[7 8



Bi omass production significantly contribut e
all sustainable aviation fuel (SAF) supply

However, the absolute contribution varies [
type of bi oemamslso ieedthlsat pckducti on route. Des

feedstock demand among various conversion |

highly significant on average. For i nstance
fromgC®.0MEa*f or the isobut egnCe@ Maarf ®rt o aroun
the 1 sabdt andlanol r avinteis s ¢ d mu hcuosnvtartaisotn, i s

eval uatesdi,l tist in | ower emgyG@®qgM&Bo VaAarging f
gC® MEa?. Fi naReleyd, Canary cultivation has the
emi ssions g<€Pablisaéd d 284CBAUREA?, and C?4g. 8
MEatper | BN, -BEt OH, mesipBEhe¢e i vesylts of biomas
related to thelfusttabtoedl i aniTabheei4.

Hence, the i mpact of bi omass production <co
overall |life cycle emihesibaaeeoiugysaopppyg. chhi
I mpact varies, representing from 33.9% in L
et hanol pat hway, 37.8% in Luxembourg to 49
pat hway, and ranging from 17.5% in Poland
i sobet @at hway. The higher share in France
attributable to | owermngcdrmv earedauscseode ila eacdt an
emi ssions in these countries. This phenomer
production emissions in the overall emissio

on the reasons for t hwewiscte d olwatrere.mi ssi ons wi

Tabdl3e Emi ssion associated to various herbaceous feed
uni t

Energy Balance

i-BUOH EtOH
route route
[gCOredMIsAF] [gCOredMIsAF] [gCOredMIsAF]
Mischantus 17.3 17.6 15.7
Switchgrass 211 215 19.1
Reed canary 244 24.8 22.0




As previously detailed in the methodol o
bi omass cultivation in the context of agr
from this e@exa&lwsi®n Tkkisdue to the comp!
emi ssions to the primary product of the
rice, rapeseed, and sunflower). Addition
has been disrepatded, was desesmeonnhegl i gil

anal ysi s.

4.2.2 Biomass transportation to Biorefinery facilities

Bi omass transport emi ssions exhibit var
her baceous crops and agroforestry resid
considering opti mal di stances from field
kt agy ealrn terms of the functional uni t, th
to biorefinery plpnésemntoed ewichhBatDiHat r g f a
routas theemaswml tconsriestent also for the ¢
r anbgeet wegeCi@ i 52#f or Li t huanigaC@adadatdroound 15
Finland. This signifies a negligible cont
for Finland, Il mpacting overall emisesions

scendheodi fferendeaed bat ed to the uneven

among countries, discussed further in thi
Regarding agroforestry residues, similar
the functional unit, the emissions relat
each country ar e assessed. Mi ni mum val

approxi mmC® Wksa®. 2nd maxi mum values for |
gC@® gMEa®. The reason why,-ca@svensdeln atrhieo, wotrhse
emi ssions contribution is significantly I
feedstme kattri butkedhtghehedoserabution of
across var, oas pgoanNdnti ed Tsha psedhiesotrA p phbeunt d ioxn
results in shorter transportatikinguretanc
4.8 and 4.9 phbaesedtt rtdrespeorutd tuenng tsiso nbahls u n
referen8eOHopahédwiay.



gCQ eq/MJ saF

gCQ eq/MJ sArF

Figd8e Codbratsred emi ssions related to tiBa®O#Hportati on
rout e

Transport emissionsHerbaceous energy crops
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4.2.3 Industrial conversion into SAF
The process of i ndustallal t cferncgme algie®@ ma sesnc on
c hi ptpo mtghaen s f or maptairoarf fiimtioc ikseor osene. Within
chain, t he pri mary factor infl uencing e mi
countries is the carbon intensity of el ec
el ectricietagnhamii pmiad . Conversely, emi ssions
chemicals and other inputs in the conversioc



across allln oodmrtr iteefsfeedddlree slsi ftehicsycl e as se
conducted using Brightway?2 empl oyed I nv
demand. The Excel computation sheet, pr e
di stinct columns to categori ze eilmraustirci d
(uni form across al | countries and feeds
electricity (varyingl baseidciotiyh emiéxo | lcowir
par agr apprhess ewitl lthred raeisuud uss of both categor
I ndustri al conversion without electricit
When addressing thei nmpapatrlatfeelse ime miac ali sn
throughout thwehiemtimel pdesesd,eps such as
yeast production, fermentation,Basnedd t he
on this premise, the carbon emissions per
were determinedgQ@dMiketflod drhce XF7erdment at i
produce et hanol a n dC oi nssoi bduetrai nnogl ,t hree sgwveecrt a |
chain from reference biomass tgC@AF, the
MEa#, 198CEMEA#, andg CRUMIBARf or the | BN, Et OH,
BuOH routes, asesiplelcustvredtMeod aibn yfii ghhree h4 gt
footprint associated with isobutanol pr o
after i mplementing the SAF conversion st
from this stehpuldl 1 ogve® MEe®H9 cloempiared t o
Et OH rog€C@® MEIH)1itbsmportant to consider th
route, the industrial process to convert
electricity to cover t hBuOH ataoddiedenan d, W |
electricity 1is not used. This is becaus:
demand, and natur al gas | sacaloraady itmclt
simul ations f rTohne GQRSIrA o[rl 7ef mi sBBu@Hh per f
compared to EtOH i n converting the c¢chemi
the earlier discussion regarding the hig
hi gher the yield, t hed |wiwehr 1t hMJ earfi SSAB,r

depenad mihy t he amowmtenofneleyesttytioongeihaigioome

whi ch

I's |I-Buv@H dSwppltthechain compared to t



Regarding the I BN route, a@aéodatheoumgdade ndd® gou:
to the grouping of processes in one main in

high electricity demand, this supply chain

with chemical i nput s. This obsegilwvatdion can
which was found to be the highest in the |E
of chemicals per functional unit and | ower

of SAF produced.

Figdr@® Emi ssions per functional unit related to a

Emissions of Alcohols industrial production

Ethanol (99,5%)
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Fi gdrle Emi ssions per functional unit related to SAF

Emissions of SAF industrial production

SAF (EtOH) pathway
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When dealing with multiple inventories at

di agrams are wuseful i n visualizing the
emi ssi ons. I n Figures 4.11 and 4.12, s e
i sobutem@moangpaeéehways are presented, reve
I mpact s.

n the Sankey diagram for SAF producti on
S the | argest contributor, accounting
odium hydroxide at 22%, and natur al gas
bserved Oo©brrobeeettwhare enzyme constitu
0%, ammonia 8%, yeast 7%, and hydrogen

f percentage was attributed to the enzy
mphasi zes the siwhithcamne vafryemaymas ,o

nzyme used and the pretreatment method.

® ® ® O + O uvu w

~+

hanol producspeani Kicead/nluyl abiel) e i Bor i sot

sobutene production, onl yAcchoer deinregy nteo i ot
sourekbul ase may exert a substanti al I mp

uel produced, often due to its higher re
Additionally, the higher petrlamaolagroctoatcda

be explained by the greater elect-ricity

BuOH route, where natur al gas is wutilize
t his simulation amplifies the stare of
significance of enzyme in the overall e mi

c o



Fi gdr2 Sankey diagr-BmObBfremiesi ons

\ //
market for sodium
Enzyme production hydroxide, without .
[iBudH) water, in 50% soiution ammonia, anhydrous.
RER state (22.5%]
(0%6) GLo -
(03]
sodium hydroxide, sodium hydrozade, sodium hydroode,
yme (IBuDH) without water, in thout water, in without water, in
{ ) 50% solution state solution siste 50% solufion state
[22.1%) {15 (0_281%)
iBuOH production E?::i(c‘:a:;?ri::;si{ﬁal chlor-alkali elzctrolysis,
via fermeniation atura] ' membrane cell
RER Europe without Switzeriand RalW
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El ectricity demand in the different i ndustr

Theeed ofelexdtsmip@ikthyet ondustri atdepiroe®ss pr |

C2 MErtt o 7HCBaUEA?Y, with a European averag
C@2dMEa?t. This underscores how crucial the p

from chipping the biomass, running auxiliar
yeast. The evaluated electricity requiremen
0. OK2WIM XEA?, O .kOVOMBa#, andk WMEA*F or the ethanol,
Il sobutanol, and i sobutene routes, respectiyv
The higher electricity demand for ethanol |
the need for electricity to cover the heat
produce the enzyme <cellul ase. I n the enzy
el ectaschby weported, |l i kely because the ar
Concerning the I BN supply chain, the higher
ot her routes cannot be entirely elucidate:
technol ogy. Hootweevseirs  owngeg ehsytps t hat a porti
consumption may ksawe bheyedir ougseend pfroord uocnt i on.

could explain why the hydrogen input in th
although the | ower lByouhe chamasbernindtliueanc
supply chain.

As already meftiosiogedi,fi cantly varies depend
grid mix offhéeéede cvaeamphatghoenesubst anti al i nf |t
electricity in differentiat Fognotvaenrad | e mi
considering the isobutanol route, emissions
vary frgce d0ka¥00 HC®IMEA?, with a European av
of BC®IMEA*. I n contrast, for the I BN route,
g

g

d

etermining the suitability of a producti on

4.2.4SAF transportation to airport

Whil e there are disparitiee!| amanwgrdagpantri e:
number of ladadiomrg st o reduced transport di s
content of SAF resulting in a | ow mass per

emi ssions associated with SAF transportatio



unEmi ssion values vaO@deitweeapOes8dntiond.
than 2% of t he overeaviemngifcdkerdyrcgh €te heemi v
scenari o. Data concerning the number of

and empesi bmscddmnmlad fumund in the Appendi

4.25 Feedstock to Jet overall emissions

As noted in the prdé¢wi ngsi seconsen,f SAAEF
influenced by many factors, with results
sel echedresul ts for keldbavadcesds ememadyrndroao

arease presented in Figures 4.15, 4.16 an

Herbaceous energy crops

Concetmiengt hanol rout e, it i's evident a
associated with biomass pr odueliwiomgsonst.i
emi ssiapproxi mately 20%. As discussed ea
country, its impact is not the primary fa
emi ssi ons anBinogmacsosu nttrrainessp.ort exhi bits a
and stands out as onedio$pahietipes m&mgng om:
exampl el and, Fit accounts for around 22%
Lithuani a, it represents onl vy appr oxi me
accentdiiagdemgpancdleesctricity. Notabl vy, i n
Switzerl and, or France, with | ow emissi
consumption contributes around 0. 7 %, 1.7
cycle emissions. |l nagobBstrasita om Roluand,

around 30% and R3®ey%,r dri enagp @ cnodiuwsetirsii. on, t he

assumed to be uniform across all countri e
of SAF contributes mi ni mal | y. Thus, cCor
herbaceous energy <c¢crops, over agldedq i fe c)y

MEaff or Fr amocee dMbar665r 3Finl and, with a Eur
52g8@® MXEa?. Comparing this to a baseline



94 C@® dMEr?, it implies emissions reduction ra
with the use of SAF.
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Consideri ng rtohuet ei, s osbiumialnaorl consi derati ons
contribution of electricity demand, whi ch,
reduced electricity mweddiirnggme stss.onbknrahges
fromgL®.adkatf or Port g@@lMHEAEf &1 . Finl and, with
European aveC@adlértof TABs3transl ates to emiss
compared to the baseline ranging between
performance can be attri bupgreadu ot il@werowim ¢
to Miscanthus cultivation, and reduced emis

country's high productivity.
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When examining the isobutene rout e, w e
di sparity -baasdder esowlinttg.y This discrepanc)
fluctuation in electricity contributions
consiededabflferences i n el ectwda-tclvit ygsemi s s
emi ssions rQ@¢khafom SWit zegC@BMdat 0 108.
f or Poland, with agE@ddpeabExavVedaogg o0heb6
performing countries compared to the bas

to 60 %.
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Tabldpr é4vi des a concise summary of key findi

bepéerforming countries for e@ompaoedetlibased

the basEheéeneval uation 1indicatreosvitdlealt btelsd i
results, |l eading to a higher average emi ssi
route exhibited the | east favorable avera
Ssubstanti al I mpact of electticstwoohhemios$ st
that i f wenfcowantsolesl ywith a | ow emission
i sobutene rout e wwoeurlfdoremernrgy eo patsi arh.e Tthoips i s
case of Switzerland, where this route demon
among all p atthhwvea yhea, ngi hesassitio ena 1ir segnudc t 6 00%.

Tabdlde Summary mdér feoni mam o@ soifH edribfafceeroeunst crrooupt se s

Ethanol to jet ‘ Isobutanol to jet ‘ Isobutane to jet ‘
[gCO2/MJsAF] [gCO2/MJsAF] [gCO2/MJsAF]
Worst Scenario 63.3 - Finland 61.6 - Finland 1089 - Poland
Emission reduction 33% 34% /
BestScenario 429 - France 419 - Portugal | 37.3- Switzerland
Emission reduction 54% 55% 60%
Average Europe 523 48.3 65.7
Emission reduction 44% 49% 30%

Suppl ementary scenari o

Al t hougeh pirrevdlbwat ieovn t heutiesothemamedirated b
performance t haint t\ wWeuled hlateoo hici ostildeesate i,intg 1 s

unequivocally the superior solution due to
the unaccounted uncertainty in the data. Tc
was conducted using only inventoribes for in

the CORSI A Suppwhitd mgcddaldl@aafteeodm, vari ous sour
databases in the U.S. context .erTeod siinmtpd i f vy
t hBeri ghswoway ®ar e ewtaitrhg utthlee ti wparct shemi c al i Ny
and el ectas cdarye inpmuttsh.e Tphiesy i mauasn s ctematr | @rs
average emission factor for Europe was <con
equal tekWHO gCO
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sions. Fur shthieg hroirgeht tdrec egnricespgd ;on t h e
rring during the conversion nfhreom Et C
er s i-BounOH rtoom SAF, whose reasons were p
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sions due to higher electricity demalil

Fi gdr& Emi ssions concerning alcohols proiduction p

Supp.

scenario

Emissions of Alcohols industrial productierSupp.
Scenario

0 5 10 15 20 25 30

gCQ eq/MJ sar

Figdtre Emissions concerning SAF conversion proce

Supp.

scenari o

Emissions of SAF industrial productie®upp. Scenario

S

0 5 10 15 20 25 30 35 40 45
gCQ eq/MJ sArF



Agricultural and forestry residues

The discussion now turns to the presentatio

supply chains (SAFs) i n agricuRitguureesand f o
420 ¥B. an2d MMog&t of the main results are in |
scenarios, which | eads us to focus only on
Starting from the ethanol pat hhwalyated i s <c
emi ssi ons (bi omass transporwetd@amogSAF trar
emi ssions i s al most negligible. The pr edc
electricity and chemical s used i n i ndustr

emi ssions from biomass pr ogduydEofi,n which co
scenarios using herbacepecgsfieaneeregy ssirops, S|
significant decreasdhferomspi @ \sitoows @as6d & ©DINME
gC@® MEa?i n Swi anRlaoll amdi,peontiit\helay , European aver
of BELAMIEAP.This implies a significant reduct
from 56% to 78% compared to the reference s
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Similar trendsATalr idd uodbHs erowda e ,i nwitthhe t he no
t hat the contribution ofcoenpacterdiidnot yEtiOsH
shaping the overall emi ssg ©@ gLkafTihre r esul
FrancegC® Rx#i8n Pol and, with a glu@@ppean a
MEa2This signifies a significant reductio
associated with fossil kerosene, ranging
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I n the scenario involving the i sobut ence
fluctuations in the results. Emi ssions d:
160g€@ MEatf or Switzegld@aME&atfoor8 Rodwand an
average g€® gMIBa29 This implies dramatic v

emi ssions reductions compared to the bac

spanning from 5% to 82%.
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I n Tabl e 4. 8, a concise overview of key r

performing ecaocuhntp atelswaflyorbased on emission
Il sobutene shows the | owest emissions for a
pat hway shows a higher average emission re
scenario for the ethadmol o atthveayi soouwtup earnfod r
emphasi zing comparable emissions within th
results is strictlilseliectlio@ancevhi oy imayent @r

toward either pathway.

Tabd5e Summary of emissions TRersfidrureasn ce opfs di fferent

alno O |E 00, alno O |E 0]0 ane 1o |e

[gCO2/MJIsAF] [gCO2/MJIsAF| [gCO2/MJIsAF]

Worst Scenario 40.6- Poland 26.8- Poland 89.4- Poland
Emission reduction 56% 71% 5%

BestScenario 20.7- Switzerland| 21.6- France | 16.9- Switzerland

Emission reduction 78% 78% 82%
Average Europe 282 23,8 43,9
Emission reduction 70% 75% 53%
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whemnsitdee i ingfclquremmcec tos, coing m i diurdi@msit & Ip

the potential SAF productWionh frreofne rkEtnH atnod
kg of input biomass, ,(cloe ryishplothdkg,ot2r n3 b§,
and 1pétl kgobutanol, et hanToH e amrdo d uscotbiua re ncef
SAF via the three differeptodout®samdadyvaebv:
product s. Al t hough this thesis did not e X 1
potenti al ut i piroatuico-pr aéhudc fcwsei byacknowl ed
value inissppleyonldaavi at iBurOH Qan srevgaye nkiny wn
for its selectivity in SAF production, stan

countries.

The total potential SAF producti@t European levelas estimated at around 287.1

Mbpy, comprising 178 Mbpy from total residue exploitation and 109.1 Mbpy from

total herbaceous energy crops exploitation which could potentially be cultivated in

abandoned cropland area€onsi dert hmeg tgsattant i al t o COVE
approxbmackr¥aenbpean | edn fawldoaedean,d,

to disparities in resoulBeetawainbbteheérty amo
hi ghdroweependi ng orForheda ng@amicnehyeg d oc al
pbenafi adgfdducti on reveals that some countr.i
exhibit the potenti alj ettodfeantadnede o©wvethi ff@et i n
bi omass availability and relatively | ower
opposite scenawruixce mbauragb ar ichde s dlepbeehandbé,
AT-based SAF production would supply only a
2 .9%6 ameg respectively).

I nitially, the study expl ored ba otntasde scen
resources among countries to address shorta
neglecting transport emiTh®i @ms mas Yo gioatl e dvaw
fully exploit |l ignocell ulosic resources anof

possibilities arising from their comprehens

The detailed results i n Akplrloed ud.t9 oinn cflouwrd e atc
country and StAlfee rrceesnpeagtei veespeci hgc cpant fye

demand. The subsequent column outlines the
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ts indicate .ab pnoitlelnitmp It oennsi s
cod m@Ba8r. 8
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Potential % of SAF | Additional Estima_ted Estimated Climate

Jet fuel_ of ATJ- supply to kerosene | emission emission in| Share respect| Emission <_:I_1ange

demand in based mggt the to cover by . baseline to baseline savings mltlgatlpn

Country 2025 SAFl fossil jet fuel the exploiting scenario potential

production demand shortage SAF share
Mbpy Mbpy % Mbpy CMcggr;/r CMcggr;/r % CN(IDtggr %

Austria 7.7 4.3 555% | 3.4 2.6 4.1 62.2% | 1.6 | 37.8%

Belgium 13.5 1.4 10.6% | 12.1 6.7 7.3 924% | 0.6 | 7.6%
Bulgaria 1.9 8.3 | 447.2%| -6.5 -1.7 1.0 | -167.9%| 2.7 |267.9%
Croatia 1.6 24 | 150.4%| -0.8 0.0 0.8 -1.4% 0.9 |101.4%
Czechia 3.5 7.3 | 207.4%| -3.8 -0.6 1.9 -33.5% | 2.6 |133.5%
Denmark 8.0 5.5 67.9% 2.6 2.1 4.3 495% | 2.2 | 50.5%
Estonia 0.5 14 | 252.7%| -0.8 -0.2 0.3 -66.0% | 0.5 |166.0%
Finland 7.3 4.6 63.0% 2.7 2.1 3.9 53.7% | 1.8 | 46.3%
France 62.4 | 48.8 | 782% | 13.6 150 | 33.7 | 44.6% | 18.7 | 55.4%
Germany | 80.7 | 422 | 524% | 384 | 284 | 435 | 65.2% | 15.1 | 34.8%
Greece 11.3 7.3 64.7% | 4.0 3.9 6.1 63.6% | 2.2 | 36.4%
Hungary 2.2 9.1 | 413.6%| -6.9 -2.2 1.2 | -185.3%| 3.4 |285.3%

Ireland 8.4 0.8 10.1% 7.5 4.2 4.5 928% | 0.3 | 7.2%
Italy 38.0 | 19.8 | 52.1% | 18.2 136 | 205 | 66.3% | 6.9 | 33.7%
Latvia 1.2 2.2 |180.4%| -1.0 -0.1 0.7 -15.1% | 0.7 |115.1%
Lithuania 1.0 6.3 | 615.8%| -5.3 -1.5 0.6 |-272.0%| 2.1 |372.0%

Luxembourg 4.7 0.1 2.6% 4.6 2.5 2.6 98.1% | 0.0 | 1.9%

Netherlandg 30.3 1.7 5.6% 286 | 158 | 164 | 96.7% | 0.5 | 3.3%
Norway 7.3 2.4 329% | 4.9 3.0 3.9 75.2% | 1.0 | 24.8%
Poland 8.4 29.1 | 346.9%| -20.7 | -5.0 45 | -111.1%| 9.6 |211.1%
Portugal 12.8 5.0 39.3% | 7.8 5.3 6.9 76.9% | 1.6 | 23.1%
Romania 15 21.3 |1462.0% -199 | -6.3 0.8 | -802.1%| 7.1 [902.1%

some



Slovakia 0.3 3.6 [1086.3% -3.2 -1.1 0.2 | -630.9%| 1.3 |730.9%
Slovenia 0.2 0.8 | 386.8%| -0.6 -0.2 0.1 |-173.9%| 0.3 |273.9%
Spain 544 | 275 | 50.6% | 269 | 199 | 294 | 67.9% | 9.4 | 32.1%
Sweden 8.0 7.8 97.0% | 0.2 1.2 4.3 27.0% | 3.2 | 73.0%
U.K. 97.1 | 146 | 15.0% | 825 | 46.7 | 524 | 89.1% | 5.7 | 10.9%
Switzerland| 14.6 1.4 9.9% 13.2 7.3 7.9 92.8% | 0.6 | 7.2%
Europe | 488.8 | 287.2 | 58.7% | 201.6 | 161.4 | 263.9 | 61.2% |102.5| 38.8%

Figa2z22® Codbmatsehi maitaenge npottiegnattiiaoln share compared to t
trading scenario
Percentage climate change mitigation potential
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Due to the oversi mpl isfciemdathiecmr omefi @rer ad i tom ¢
algiovemothoade scenario, where the trading ¢
countreaxcl.wHedst ead, these resources coul d
borders of the country where they were orig

The potenti al SAEI Ipr odg e o ebfaosyedldvi dbhes and
closing the gap of fuel demand wistth max gldoi t
equal to 217.7 Mbpy of SAF which coul d cov:¢
demand. I n such sawtge xnt ,guhtt Btedd&mihe §0Oon s

per year, 3dd@udioyaleemtssi eans releadgade in the
cl i mate c hapnogtee mtirta hggastbi@fne omLLU X éab8r g t o

i Hungassr ycam™ be vdguwrud.l 4Llzixde mbnoukig' s under per f
is attributed to the scarcity of availabl e
production of the tothUungasrtyhfigdl pedehamadadianicn
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fuel dAednda ntdi .o n a |

report

Tabdie Cobratsrey

ed

of

residue®, jwhi ch

informati on

according to

i n t hoeu nAbpapyeerdd irxe,s uwhisl eatd@

presen

potenti alyeanr sishimEUrrsoabiengg sgemar i o

Z?f?.ﬂ?l % of SAF SAF Estimated | Estimated Share Climate
Current based supply to | production | emission enﬂsgon respect | Emission ghange
conry | demand | SAF | TGSl | el | explofing | baseline | © | savngs | TORE]
eman i p g p
pl’Odl:CtIOﬂ demand demand SAF ** scenario baseline share
Mbpy Mbpy % Mbpy CMOtSr):r chlgg;r % C,V(I;S;r %
Austria 7.7 4.3 55.5% 4.3 2.6 41 |62.2%| 1.6 | 37.8%
Belgium 13.5 1.4 10.6% 1.4 6.7 7.3 |92.4%| 0.6 7.6%
Bulgaria 19 8.3 447.2%| 1.9 0.3 1.0 |26.6%| 0.7 | 73.4%
Croatia 1.6 24 150.4%| 1.6 0.2 0.8 [259%| 0.6 | 74.1%
Czechia 3.5 7.3 207.4%| 3.5 0.5 19 |27.3%| 14 | 72.7%
Denmark 8.0 55 67.9% 55 21 4.3 |49.5%| 2.2 | 50.5%
Estonia 0.5 1.4 252.7%| 0.5 0.1 0.3 [28.3%| 0.2 | 71.7%
Finland 7.3 4.6 63.0% 4.6 21 3.9 |53.7%| 1.8 | 46.3%
France 62.4 48.8 78.2% | 48.8 15.0 33.7 | 44.6%| 18.7 | 55.4%
Germany | 80.7 42.2 524% | 42.2 284 435 | 65.2%| 15.1 | 34.8%
Greece 11.3 7.3 64.7% 7.3 3.9 6.1 |63.6% 2.2 | 36.4%
Hungary 2.2 9.1 413.6%| 2.2 0.3 1.2 |252%| 0.9 | 74.8%
Ireland 8.4 0.8 10.1% 0.8 4.2 45 192.8%| 0.3 7.2%
Italy 38.0 19.8 52.1% | 19.8 13.6 20.5 | 66.3%| 6.9 | 33.7%
Latvia 1.2 2.2 180.4%| 1.2 0.2 0.7 [26.6%| 05 | 73.4%
Lithuania 1.0 6.3 615.8%| 1.0 0.1 0.6 [254%| 04 | 74.6%
Luxembourg 4.7 0.1 2.6% 0.1 25 26 |98.1%| 0.0 1.9%
Netherlandg 30.3 1.7 5.6% 1.7 15.8 16.4 | 96.7%| 0.5 3.3%
Norway 7.3 2.4 32.9% 24 3.0 3.9 [|75.2%| 1.0 | 24.8%
Poland 8.4 29.1 | 346.9%| 8.4 1.3 45 |285%| 3.2 | 71.5%
Portugal | 12.8 5.0 39.3% 5.0 5.3 6.9 |76.9%| 1.6 | 23.1%
Romania 15 21.3 [1462.0%9 1.5 0.2 0.8 [25.8%| 0.6 | 74.2%
Slovakia 0.3 3.6 [1086.3%9 0.3 0.0 0.2 |25.6%| 0.1 | 74.4%
Slovenia 0.2 0.8 386.8%| 0.2 0.0 0.1 |25.4%| 0.1 | 74.6%
Spain 54.4 27.5 50.6% 27.5 19.9 294 |67.9%| 94 | 32.1%
Sweden 8.0 7.8 97.0% 7.8 1.2 4.3 |27.0%| 3.2 | 73.0%
U.K. 97.1 14.6 15.0% 14.6 46.7 524 |89.1%| 5.7 | 10.9%
Switzerland| 14.6 1.4 9.9% 14 7.3 79 |192.8%| 0.6 7.2%
Europe | 488.8| 287.2 | 58.7% | 217.7 | 183.7 | 263.9 | 69.6%| 80.2 | 30.4%
*Potentiasle dATSIAF considering the full exploitation of herbace
**Emi ssions including the use of SAF from crops and herbaceou
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Concl usi on

Limitation of the study

This research provides val uaebn heanicres itghhet s
sustainability of aviation fuel s, of fer
advancements insdwver dli ellidmi Hotwieores wer e a
due to the wunavail abi lciothystdnfaidnaetld asdbnd id sys

results and stimulate new research and r

The study's analysis wutilized chosen i nyv
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sul ts ar e i nfl uenced by t he aut hor s’

tentially |l eading to varied outcomes, ¢
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u
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0
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ommer ci al scaling of SAF production pa
n

tegrated faci | iotvieersa,l |c acpoanbsluempa fi orne dauncdi
energy efficiency ofThéhsdlpge@dleicsd ¢ omesprtoh

i mportance of considering t hper obdruocatdse ra ni dm

cgpgroducts in achieving a holistic assess
The i sobutene route, while promising for
faces obstacles such as | i mit-BdOHoamdient ¢
Et OH routes. These factors i ntroduce un
compl ettea nudidreg sof the i1 sobutene product.
chall enges requires further research and
and propel the isobutene pathway to a hi
Furthermore, it is cruci al to acknowl edg
the thesisbdbs scenarios: the possibility
energy c¢crops in abandoned cropland ar eas
mat emi altsheir i ndustries and considering t
chain are essential factors. Fully wutili:
energy crops may present challenges and

by theichi matméetelamppe emitti iagati on
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Finahily, thesis wutilizes a uniform feedstoc
overl ooking diverse biomass compositions a

suclyi®s d, carbon, and energy efficiencies

Closing remar ks

The aim of this thesis was assessing the e
fuels produced from |Iignocetdheltopiac hlwiagmas s
i ncorporating et hanol and i sobutanol as a
Il sobuteeatasalafpoture intermedi ate.

Comparative assessments beuweesalwdrhalnol an

di fferengeeledrd otrwtheeimc econsi dering the over al
wler €da <sH ands oberfoasstgikid of chemical in
t o BUOH (27% vs 19 %) the | atter showed bet
subsequent conversion step Ttho gslpstidgemic e SAF
hi gher sedBe®OHi viotuf eoft oi produce SAF instead

producrtesveal eCaralhsme rbgy ft i hahsealcy si s

The study extends its evalwuation to the 1s

promising iopctliussn ohori n avibes pint ef uleil mi st teadn

i nformation on the production process, the
conversion efficiency, as evidenced by t
transforming |ignocellulosic biomass into S

lts advantagepusdabednteeb$ bbghlights its
SAF producntivan i @aridtdlt oc k demand per functio
kgMEatcompar edk gdwka@an® 00 s MFIRFfkog et hanol and

i sobutanol , respectivel y. However, the | sot
efficiency (I23Wex%)I BlNueyited dg attri buted to
sugars in the feedstock, r egpulotdiurcd si ni kiegh
l ignin or C5 sugars. The | sobutene supply ¢
efficiency (47.15&0Qt r idceistpyi tree gau ihriegnhe ne enha
energy v@alacuotfs byuch as |l ignin, ethanol, S
across various industries, and | ower hydrog
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The findings emphasi ziBuOlaedop &iNaivhy super
enharmAprgppducti on cbuopdreddoewsdeheasr worth

noting that additional scrutiny and compl
t hese findings, despite t heir alignment
Addi t iBtn@H | yat hway still mai ntains a sup
alcohol, a mBu&®sit ppehwhgti shget to achi e\

TRL Advancemegi e@si,nsuethrmel samwe emgdc aeealy

t o btooossotbut asobuaedneae winehlachce SAF producti

The |l ife cycle assessment of environment
sheds Il i ght oonc c tu maemonmgyr u mttriyoonsr out e, and

feedstock.

Referringsithwotllve nrgo lhtee baceous enaenrdgy cr o
i ndustri aédmiconivensiooanstitutedtwe mgsgni f i

emi ssions across all countries. Key <con:
nations included biomass transport and el
Shifting to supply chains involvi-ng agri
related emissions had a -tneeigngsgieries siinmpnasc
both ethanol, Il sobutanol and i sobutene 1
from ey exrtd ichdami cals used in industrial
The i sobutanol pat hway consistently prov
emi ssi ons reducti on. I n contrast, t he [
out comes, primarily due to the substant.i

many couwewvees. fBBousing on countries wi:
factors could make Ppekefosmbogeonetronteats

SwitzanbHagkdance

The study al soupddpopesséesathefs@aFepnoduc
aviation Opelmadewmamrdari os were explored
aiming to maximize SAF prodBoaOpHanhwayh mi
emerged as the most suitable option for a
and potentiTaHi sSAHSagghilélgghdr t an't consider a:

y @



pat hwaysavweiGaMd uwet | ow SAFSAMBKiedIddt tar ilbouM ed t o
various factors we have explored, has the p
with | ow GWP. I n contrast, it tends to favo
can generate more SAF per wunhltessfa bmommas s
effective substitution of fossil .kerosene,
Neverthehessconsi deration does no-t incorpor
andprcotdsaicgenerated in the value chain, suct
mi crobial biomass. These resources are valu
emi ssions reduction in other supply chains,

was on S®AFoproduber t han-aannd-pasosdeuscsmsent of t

The potahti al SAF production, i ncorporatin
and agricultural/forestry residue utilizat:i
current European et fuellhedenoand ietmi 8 sit o n
considering both SAF usage and additional k
demand, were estimated at 61% of baseline s
potenti al mi ti gati on sshpaercei foife 3%  &Hioigeitvee r |
the necessity flom d@&tarnabdoer esdcresntamwai ok, ditdee t he
potenti al to cover about 45% of European |
potenti al mi tigation share of around 30 %.

Certainly,p tahemal ysalse i s not intended to mir
European Space Agency, which forecasts that

of total SAF supply in Europe by 2050, whic
jet f wal. déemas underscores the critical nee
various feedstocks, producti oowatr hways, a |
Liug anGasi fi catoi opnutsHalr oSJAUFC t i o n and achieve

coverage of jetmifomnglddeaadas. in the co

I n | i ghatdonosfi dehueestier enwor ks sheuvlteérbachs eees a
comprehensive understanding of the processe
this eTladbogaalk is to consider the compl ex i

resource availabilitycommescabtedrempbdloygnenal



of pat hways, and potenti al climate cha
i ntroduction of SAF to enable a new, mo r ¢
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Appendi X

6. 1 Biomass production

Concer rhiemd acreeorugy cr o (gbsi occeun & ricguyd ttciirsopise d

abandoned c)rbaplianmgd oanr etahse s OluSlwi tocfh gGvaesisn
demonstrates the highest suitability for
countremsagyi nlye most favorabl e option fo
contrast, Reed Canary exhibits compatib
Mi s c antthhues biesst cboi PoOrmontyge. ot hen hand,
considering emissions associated with bi
be the most favorableC® guigd-h | anp poroomp anrait sed
Switchgrass and RsieadnsCaqfa®ikogdaddv k87 s6

g C@ &k gi- The emissionsprroedlugtdeidoihntucm cbi omas s
were been evaluated by multiplying the el
of -Wlagi s biomass to the feedstock demand

each route. As shown in the example bel o0\

i .e. Austriia (Ep @p—Oucted)— P uv—

6.2 omass transportation to Biorefinery f

Bi omass transport emi ssions exhibit var
her bbaceous crops and agroforestry resid
considering opti mal di stances from field
kt agy eaAccording to study finomh®atcamalkeat e
her baceous enefr@ey adreap s£,mitsrsa omnporpter kil o
range from agQ &kiginium lift Buani a to a maxi
gC@ kgsin Finland, with the gC®®rkagge Eur op

as reported in the following tabl e.

Lithuania's comparatively | ower emission
bet ween potential herbaceous energy crop
European nations. With an aver agem annual

kfyedr Lithuani ac a e aofin tsaypnpatt @eXsye @5 e & r
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This elevated potenti al results from the

energy crops on marginal l and in Lithuania,
bi orefining plants. Conversely, Finland, po
Europe and a potenti al production around 3Y
a Doatoif t @sk3fB eqgr exhibits the highest emi ssi
bi omass trBmspowegumaef gmovides an il lustrati
produxdumtnry area ratio for all/l European co
Regarding agroforestry residues, similar C

Figur e, Denmark exhibits the hitgawest speci
krfyedr whil e for Nor watygik tfyheiasr val ue i s only
The emissions related to babmessevabnapedt
by multiplying the emissi onsbarsealsatbda d ntacs st h ¢
to the feedstock demand to produce 1 MJ of
i n the example bel ow.

i .e. Austriia (Ep@H-—O0®qtod) c&p—
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6 .B3 ectemicigiyon factor

Asdepi cftieghu.yi3nt he i mpact of 1 kWh of el ect
significantly wvaries depending on the pu
ranges oG@®aqn/ KIWh Nor wagyCf@ oo/ KW Pol and, wi't
European avgeQaag/ek Wb a 88d on dataThwem eco
contributing to a | arweet ®diifderemitd aitd s 4
countries and routes.

The emissioenlsecrtagliatiad etcoo hsomp bbeereln uni t
evaluated by multiplying the emissions

electricity to the electricity demand to

As shown in the example bel ow.

i .e. Austriia (Eo@OH-IT®Uupe)r o t—
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6 . AAF transportation to airport

In order to dscernthe impact of transportation based on cousfgcific

characteristicssuch as size and aviation industigvelopmentandin the absence

of precisedata the specific airport distribution coefficient)( was identifiedfor

each countryThe coefficient is defined as the square root of the country's surface

area, divided by the number of airports in that couatmy it provides arough

indication of the average distance between airports within a given country.
Subsequreans yort di stances we 0e0 ckan e gfor0i zQe d
U0 200 km UG 1500030<0 a klk ilfo&l i gning with the e:
obtained f rém Alcitti roanya rdeeett{fa8f or transport, f
unspeci friededdt i vead oo [BHtuadsonpeed coi nvent , provi d
amount ceodquiG@| e-khit | praet eiron The @Galda@&7Icorresrtg
k@Q( oknjitthus, to xwegqaebsat beat C@Per megajoul e (
to the transperbidrefaneeyfpbamnthto the ai:

were executed as foll ows:
q pO"Oo’o pTTC&XCQY(ﬁ(‘)éTéUZ mass of SAF per MJ, expres:
I CBRXCEMTIPTYPXED X PU'B O 7Qad o emi ssions per k mAMJ
expressed in grams
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00 Mmp @G 70O :transportation emissions per MJ o

The obtained results faldCMikathi mltigeni ovrgd

with the amounts observed in comparabl e
overall emissions across the entire Sust:
virtually negligible.

6 . G0RSI A suppl ementary scenari o

To simulate this suppl eSnvehttarBu@Goen &r i o,
were obtained from CORSIA Supporting Doc
The simulation was performed in brightwa)
order to assess only aVheageeragal emmi s68f ¢
concerning Europe was considered,> taken
kWA The source for the MIT provided data i
for the JRCiprE®$hiedadabasea (LudwigBol kow
GMBH, 2006). There are some differences i
dat asets. Feedstock transpogC@tiMxr emi ssi
% are higher than thoO0®dllhdgogmdtrhie eMl Drdane
by an assumption of greater transportatic
di fferencesdiuel feedsttoskon are present,
demand for fermentation ofanloil gnec @&l4l MJo s
MEa?i n MI T dat a,aewksdisn 0J A dwt a), and t h

guantity of cellul ase enzymes for bi ocor
i sobut anel M&OEV8S sgi sceil M&2E) ¢ I n the simu
conducted in this thesis only data from |



Figé6ré Lifecycl e -biuntvaennotlo rAylT Jf qra tihsma y

[ 17]

Data provider MIT JRC
Diesel fuel [MIkgecom stover] 0.30 0.17
HDPE [g/kgcom stover] 0.37
Corn stover collection and . _ o
field treatment Inputs Nitrogen [g/'kgcomn stover] BT 9.61
Phosphoric acid [g/kgeom stover| 2.51 2.08
Potassium Oxide [g'kgecom stover] 15.04 15.77
Feedstock transportation Inputs Diesel fuel [MJkg com stover| 011 7.5
Feedstock [kg/MJsaz] 0.15 0.16
Natural gas for process heat [MI/MJsar] 0.03 0.01
Cellulase [g/MJgsr) 1.4 0.84
Yeast [g/MJIsqr] 0.30 0
Sulfuric acid [g/MJsar] 4.1 1.69
Inputs
Fermentation to iso- Ammonia [g/MJsar] 2.7 2.23
burtanol Sodium hydroxide [g/MJsar] 4.06
Calcium oxide [g/MJsar] 1.64
Comn steep liquor [g/MIsar] 24 2.33
Diammonium phosphate [g/MJs,5] 0.30 0.25
Co-produced electricity [kJ/MIg ] 41.0 73.33
Outputs
iBuCH [g/MJs,¢] 30.5 30.7
iBuCH [g/MJsar] 30.5 30.7
Inputs Natural gas for process heat [MI/MJsar] 0.06 0.07
Hydrogen [g/MJIsar] 0.19 0.2
iBuOH upgrading to . 4
drep-in fuels Heavy o1l [MI/MIg,¢] 0.03
Naphtha [MJI/MJg.g] 0.22
Outputs
Diesel [MIMJsq¢] 0.08
Jet fuels [MIMIs,¢] 1.0 1

Note: All com stover 1s in units of dry biomass

The CORSI A modeling group thor oecuygchlley e x a mi
i nventory for tdéhet E{ ARhpPlI pAbceds®] sourcing
various research papers and industry dat a,
Crawfor(d20Oelt6é)al .Byogy, and LanzaTech. The f o
around the fuel production pathwag enkaholn
which undergoes-i sohuefrstbnoughddepbpydrati on,
and hydrotreaeimngbhounldar syencompasses feed
transportatiimnf uduel aprdrdaupcti on facility, f e
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Forest residues

Miscanthus

Switch

Ethanol production Agricultural residues grass
Inputs Units | Standalone | Integrated | Standalone | Integrated | Standalone | Integrated | Standalone | Integrated
Biomass feedstock] dry kg 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13
Matural gasl MJ - - 042 042 - - - -
Diesell  MI 0.0024 0.0024 0044 0044 0.0024 0.0024 0.0024 0.0024
Cellulasel g 1.33 1.33 1.33 1.33 1.33 1.33 1.33 1.33
Yeas| g 033 033 0.33 0.33 033 0.33 0.33 0.33
Sulfuricacid] g 4.30 430 430 4.30 430 4.30 4.30 4.30
Ammonial g 0.52 0.52 0.52 0.52 0.52 0.52 0.52 0.52
NaOH| g 1.46 1.46 1.46 1.46 1.46 1.46 1.46 1.46
Cal g 095 095 0.95 0.95 095 0.95 0.95 0.95
Com steep liquor] g 1.63 1.63 1.63 1.63 1.63 1.63 1.63 1.63
DAP g 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.17
Ureal g 0.26 026 0.26 0.26 026 0.26 0.26 0.26
[Dutputs
Ethanel] M 1 1 1 1 1 1 1 1
Electricity before use for -y, 011 0.088 0.11 0.088 0.11 0.088 0.11 0.088
AT conversion|
Ethanol-to-jet Agriculiura] residues Forest resadues Miscanthus Swilchgrass
Inputs Units | Standalone | Integrated | Standalone | Imtegrated | Standalone | Integrated | Standalone | Integrated
Ethanol] M 1.06 1.06 1.06 1.06 1.06 1.06 1.06 1.06
Hydrogen| MI 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
Natural gas{ MJ 0.18 0 0.18 1] 0.18 1] 0.18 1]
Electricity] MI 0.02 0 0.02 1] 0.02 1] 0.02 1]
Taotal Energy Input| MJ 1.32 112 132 112 132 112 1.32 112
|Outputs
Jet fuel and u[hcprr:.;riri}; M1 1 1 1 1 1 1 1 1
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Ethanol to jet
Industrial
Country Féeedstock Bioma_ss Biomass Electricity_ from the c_onyertion Jet fuel Feed to jet
emand | production | transport grid v:lt:é)tfjt transport

l;/?stt:p/ gCOSz:;J/MJ gCO;:S/MJ kWSP'L/FMJ COSZT{:MJ g Cg%/MJ gCOSZESIMJ gCOszfg/MJ
Austria 0.130 | 2115 231 | 0.021| 674 | 1814 135 49,70
Belgium | 0.130 | 2115 351 | 0.021| 551 | 1814 135 49.66
Bulgaria | 0.130 | 2115 136 | 0.021| 1136 | 1814 101 53.03
Croatia | 0.130 | 2115 266 | 0.021| 985 | 1814 135 5315
Czechia | 0.130 | 2115 157 | 0021 1812 | 1814 101 60.00
Denmark | 0.130 | 2115 286 | 0.021| 574 | 1814 101 4891
Estonia | 0.130 | 21.15 332 | 0.021| 1836 | 1814 135 62.32
Finland 0.130 | 24.36 1475 | 0.021| 538 | 1814 135 6398
France 0.130 | 2115 167 | 0021 162 | 1814 101 43.60
Germany | 0130 | 2115 142 | 0021 1191 | 1814 101 5363
Greece | 0.130 | 2115 145 | 0021 | 1648 | 1814 135 5858
Hungary | 0.130 | 21.15 186 | 0021 917 | 1814 135 5167
Ireland 0.130 | 2115 9.70 | 0.021| 842 | 1814 135 5877
Italy 0.130 | 2115 170 | 0021| 832 | 1814 135 50.66
Latvia 0.130 | 2115 244 | 0.021| 11.34 | 1814 135 5442
Lithuania | 0.130 | 21.15 117 | 0021| 985 | 1814 101 5132
Luxembourgl 0.130 | 21.15 1174 | 0.021| 1034 | 1814 101 62.38
Netherlands 0.130 | 21.15 170 | 0021 1219 | 1814 101 54.20
Norway | 0.130 | 24.36 1292 | 0.021| 040 | 1814 135 5717
Poland 0.130 | 2115 138 | 0021 20.76 | 1814 135 62.78
Portugal | 0.130 | 17.35 134 | 0021| 810 | 1814 1.69 46.62
Romania | 0.130 | 21.15 129 | 0021| 883 | 1814 1.69 51.09
Slovakia | 0.130 | 21.15 193 | 0021 989 | 1814 135 5247
Slovenia | 0.130 | 2115 360 | 0.021| 821 | 1814 135 5245
Spain 0.130 | 2115 173 | 0021| 653 | 1814 135 48.90
Sweden | 0.130 | 24.36 1331 | 0.021| 0.87 | 1814 135 58.03
UK. 0.130 | 2115 322 | 0.021| 649 | 1814 101 50.01
Switzerland| 0.130 | 21.15 287 |0.021| 077 | 1814 101 4394
Europe | 0.130 | 21.36 396 | 0.021| 817 | 1814 135 5298

scenar.i
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Isobutanol to jet
Industrial
Country F(;aedstock Bioma_ss Biomass Electricity_ from the c_onyertion Jet fuel Feed to jet
emand | production | transport grid v:lt:é)tfjt transport

l;/?sttiF/ gCOSz:g/MJ gCO;:g/MJ kWSIl/FMJ COSZT{:MJ g Cg\%/MJ gCOSZES/MJ gCOSZES/MJ
Austria 0.132 | 2149 235 | 0.005| 167 | 1984 0.34 4570
Belgium | 0.132 | 2149 356 | 0.005| 137 | 1984 0.68 46.94
Bulgaria | 0.132 | 21.49 139 | 0.005| 282 | 1984 101 46.56
Croatia | 0.132 | 21.49 270 | 0.005| 244 | 1984 0.68 47.16
Czechia | 0.132 | 2149 160 | 0.005| 450 | 1984 0.34 4777
Denmark | 0.132 | 2149 290 | 0.005| 143 | 1984 0.34 46.01
Estonia | 0.132 | 21.49 3.38 | 0.005| 455 | 1984 0.68 4995
Finland | 0.132 | 24.75 1499 | 0.005| 1.34 | 1984 0.68 61.60
France 0132 | 2149 170 | 0.005| 040 | 1984 0.34 4378
Germany | 0.132 | 21.49 144 | 0.005| 296 | 1984 0.34 46.07
Greece | 0.132 | 2149 148 | 0.005| 4.09 | 1984 0.68 4758
Hungary | 0.132 | 21.49 189 | 0005| 227 | 1984 0.68 46.18
Ireland 0132 | 2149 986 | 0.005| 209 | 1984 0.68 53.96
Italy 0132 | 2149 173 | 0005| 206 | 1984 0.68 4581
Latvia 0132 | 2149 248 | 0.005| 281 | 1984 0.68 4731
Lithuania | 0.132 | 21.49 119 | 0005| 244 | 1984 0.34 4531
Luxembourgl 0.132 | 21.49 1193 | 0.005| 257 | 1984 101 56.85
Netherlands 0.132 | 21.49 173 | 0005| 3.02 | 1984 0.34 4643
Norway | 0.132 | 2475 1313 | 0.005| 0.10 | 1984 0.68 5850
Poland 0132 | 2149 140 | 0.005| 515 | 1984 0.68 4857
Portugal | 0.132 | 17.63 1.36 0.005| 201 19.84 1.01 41 .86
Romania | 0.132 | 21.49 131 | 0005| 219 | 1984 101 45.85
Slovakia | 0.132 | 21.49 197 | 0.005| 245 | 1984 0.68 46.44
Slovenia | 0.132 | 2149 3.66 | 0.005| 204 | 1984 0.68 47.71
Spain 0132 | 2149 175 | 0005| 162 | 1984 0.68 4539
Sweden | 0.132 | 24.75 1352 | 0.005| 0.22 | 1984 0.68 59.02
UK. 0132 | 2149 327 | 0.005| 161 | 1984 0.34 46.56
Switzerland| 0.132 | 21.49 292 | 0.005| 019 | 1984 0.34 4478
Europe | 0.132 | 21.71 402 | 0.005| 203 | 1984 0.68 4827
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Isobutane to jet
Industrial
Country F(;aedstock Bioma_ss Biomass Electricity_ from the c_onyertion Jet fuel Feed to jet
emand | production | transport grid v:lt:é)tfjt transport

l;/?.]dst:r/ gCOSzES/MJ gcoserS/MJ kWSIl/FMJ COSZT/FM 39 C(S)A%/MJ gCOSz:g/MJ gcoserg/MJ
Austria 0.117 | 1912 209 | 0.077| 2447 | 1248 0.34 5849
Belgium | 0.117 | 1912 317 | 0.077| 1999 | 1248 0.68 5544
Bulgaria | 0.117 | 1912 123 | 0077 | 4122 | 1248 101 75.06
Croatia | 0.117 | 1912 241 | 0.077| 3574 | 1248 0.68 7042
Czechia | 0.117 | 1912 142 | 0.077| 6577 | 1248 0.34 99.12
Denmark | 0.117 | 1912 258 | 0.077| 2084 | 1248 0.34 5536
Estonia | 0.117 | 1912 3.00 | 0.077| 6661 | 1248 0.68 101.89
Finland 0.117 | 22.02 1333 | 0.077| 1953 | 1248 0.68 68.04
France 0.117 | 1912 151 | 0077 | 587 | 1248 0.34 39.32
Germany | 0.117 | 1912 128 | 0077 | 4323 | 1248 0.34 76.44
Greece | 0.117 | 1912 131 | 0077 | 59.82 | 1248 0.68 9341
Hungary | 0.117 | 1912 168 | 0077 | 3327 | 1248 0.68 67.22
Ireland 0.117 | 1912 8.77 | 0.077| 3057 | 1248 0.68 7161
Italy 0.117 | 1912 154 | 0077 | 3018 | 1248 0.68 6399
Latvia 0.117 | 1912 221 | 0077|4114 | 1248 0.68 75.62
Lithuania | 0.117 | 1912 106 | 0077 | 3574 | 1248 0.34 68.73
Luxembourgl 0,117 | 19,12 | 10,61 | 0,077| 37,51 | 1248 101 80,74
Netherlands 0,117 | 19,12 154 | 0,077 | 44,23 | 1248 0,34 77,70
Norway | 0,117 | 22.02 1168 | 0,077| 147 | 1248 0,68 48,32
Poland 0,117 | 19,12 124 | 0,077 75,34 | 1248 0,68 | 108,86
Portugal | 0,117 | 15,68 121 | 0,077 29,41 | 1248 101 59,79
Romania | 0,117 | 19,12 116 | 0,077| 32.03 | 1248 101 65,81
Slovakia | 0,117 | 19,12 175 | 0,077| 35,89| 1248 0,68 69,92
Slovenia | 0,117 | 19,12 3,25 | 0,077| 29,80| 12.48 0,68 65,32
Spain 0.117 | 1912 156 | 0077 | 2370 | 1248 0.68 5753
Sweden | 0.117 | 22.02 1203 | 0.077| 3.16 | 1248 0.68 50.37
U.K. 0.117 | 1912 291 | 0.077| 2354 | 1248 0.34 5839
Switzerland| 0.117 | 1912 259 | 0.077| 278 | 1248 0.34 3731
Europe | 0.117 | 1931 358 | 0.077| 2964 | 1248 0.68 65.68
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Ethanol to jet

Country Fg:ﬂzt,?gk t?;ﬁ?pii? Electricity from the grid W%EEEEZL tr‘]aitsfsgrlt Feed to jet

kg dstiF/ MJ | g CQA%/MJ KWh/MJ sar | 9 CSOA%/MJ g CSOA%/MJ gCOSz:g/MJ gCOSz:;g/MJ
Austria 0.130 127 0.021 6.74 1814 0.34 26.50
Belgium 0.130 1.20 0.021 551 1814 0.68 2553
Bulgaria 0.130 135 0.021 11.36 1814 101 31.87
Croatia 0.130 1.39 0.021 9.85 1814 0.68 30.06
Czechia 0.130 0.97 0.021 1812 1814 0.34 3757
Denmark 0.130 0.68 0.021 574 1814 0.34 2490
Estonia 0.130 154 0.021 18.36 1814 0.68 3872
Finland 0.130 199 0.021 5.38 1814 0.68 26.19
France 0.130 0.98 0.021 162 1814 0.34 21.08
Germany | 0.130 0.85 0.021 1191 1814 0.34 3124
Greece 0.130 183 0.021 16.48 18.14 0.68 3714
Hungary 0.130 0.89 0.021 9.17 18.14 0.68 28.88
Ireland 0.130 2.26 0.021 8.42 1814 0.68 29.50
Italy 0.130 124 0.021 8.32 1814 0.68 2837
Latvia 0.130 166 0.021 11.34 1814 0.68 3182
Lithuania 0.130 124 0.021 9.85 1814 0.34 2957
Luxembourg| 0.130 1.08 0.021 10.34 18.14 101 3058
Netherlands  0.130 174 0.021 12.19 18.14 0.34 3241
Norway 0.130 3.09 0.021 0.40 18.14 0.68 2231
Poland 0.130 1.06 0.021 20.76 18.14 0.68 40.64
Portugal 0.130 2.36 0.021 8.10 1814 101 29.62
Romania | 0.130 118 0.021 8.83 18.14 101 29.16
Slovakia 0.130 1.06 0.021 9.89 18.14 0.68 2977
Slovenia 0.130 127 0.021 8.21 18.14 0.68 28.30
Spain 0.130 145 0.021 6.53 1814 0.68 26.80
Sweden 0.130 178 0.021 0.87 1814 0.68 2147
UK. 0.130 1.06 0.021 6.49 1814 0.34 26.03
Switzerland| 0.130 147 0.021 0.77 1814 0.34 2071
Europe 0.130 124 0.021 8.17 18.14 0.68 2822
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Isobutanol to jet

Country Fg:n(iztr?gk t?;ﬁ?pii? Electricity from the grid W%EEEEZL tr‘]aitsfsgrlt Feed to jet

kg dskipl MJ | g CQA%/MJ KWh/MJ sar | 9 C?A%/MJ g CSOA%/MJ gCOSz:g/MJ gCOSz:;g/MJ
Austria 0.132 1.30 0.005 167 19.84 0.34 2315
Belgium 0.132 122 0.005 137 19.84 0.68 23.10
Bulgaria 0.132 1.37 0.005 282 19.84 101 25.05
Croatia 0.132 141 0.005 244 19.84 0.68 24.38
Czechia 0.132 0.98 0.005 4.50 19.84 0.34 25.66
Denmark | 0.132 0.69 0.005 143 19.84 0.34 22.29
Estonia 0.132 157 0.005 4.55 1984 0.68 26.65
Finland 0.132 202 0.005 134 1984 0.68 23.88
France 0.132 1.00 0.005 0.40 1984 0.34 21.58
Germany | 0.132 0.86 0.005 2.96 1984 0.34 24.00
Greece 0.132 186 0.005 4.09 19.84 0.68 26.48
Hungary 0.132 0.90 0.005 227 19.84 0.68 2370
Ireland 0.132 2.30 0.005 2.09 19.84 0.68 2491
Italy 0.132 126 0.005 2.06 19.84 0.68 23.84
Latvia 0.132 169 0.005 281 19.84 0.68 2502
Lithuania | 0.132 126 0.005 244 19.84 0.34 23.88
Luxembourgl 0.132 1.10 0.005 257 19.84 101 2452
Netherlands  0.132 177 0.005 3.02 19.84 0.34 2497
Norway 0.132 3.14 0.005 0.10 19.84 0.68 23.76
Poland 0.132 1.08 0.005 5.15 1984 0.68 26.75
Portugal 0.132 2.39 0.005 201 1984 101 25.26
Romania | 0.132 120 0.005 219 1984 101 24.25
Slovakia 0.132 108 0.005 245 19.84 0.68 24.05
Slovenia 0.132 130 0.005 2.04 19.84 0.68 23.85
Spain 0.132 147 0.005 162 1984 0.68 2361
Sweden 0.132 181 0.005 0.22 1984 0.68 2254
U.K. 0.132 108 0.005 161 1984 0.34 2287
Switzerland| 0.132 1.49 0.005 0.19 19.84 0.34 21.86
Europe 0.132 1.26 0.005 203 19.84 0.68 23.80
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Isobutene to jet

Country Fg:ﬂzt,?gk t?;ﬁ?pii? Electricity from the grid W%EEEEZL tr‘]aitsfsgrlt Feed to jet

kg dstiF/ MJ gcoserS/MJ KWh/MJ sar | 9 C(S)A%/MJ g C(S)A%/MJ gCOSzfglMJ gCOSZ/fg/MJ
Austria 0.117 115 0.077 2447 12.48 0.34 3844
Belgium 0.117 1.08 0.077 19.99 12.48 0.68 34.23
Bulgaria 0.117 122 0.077 4122 12.48 101 5593
Croatia 0.117 1.26 0.077 35.74 12.48 0.68 50.15
Czechia 0.117 0.87 0.077 65.77 12.48 0.34 79.46
Denmark 0.117 0.61 0.077 20.84 12.48 0.34 34.27
Estonia 0.117 140 0.077 66.61 12.48 0.68 81.17
Finland 0.117 180 0.077 1953 12.48 0.68 34.48
France 0.117 0.89 0.077 5.87 12.48 0.34 1957
Germany | 0.117 0.77 0.077 4323 12.48 0.34 56.81
Greece 0.117 166 0.077 59.82 12.48 0.68 74.64
Hungary 0.117 0.80 0.077 3327 12.48 0.68 47.23
Ireland 0.117 2.04 0.077 30.57 12.48 0.68 45.76
Italy 0.117 112 0.077 30.18 12.48 0.68 44.45
Latvia 0.117 150 0.077 41.14 12.48 0.68 55.80
Lithuania 0.117 112 0.077 3574 12.48 0.34 49.67
Luxembourgl 0.117 0.98 0.077 3751 12.48 101 51.98
Netherlands 0.117 157 0.077 4423 12.48 0.34 5862
Norway 0.117 2.79 0.077 147 12.48 0.68 1741
Poland 0.117 0.96 0.077 7534 12.48 0.68 8945
Portugal 0.117 213 0.077 2941 12.48 101 45,03
Romania | 0.117 1.06 0.077 32.03 12.48 101 46.59
Slovakia 0.117 0.96 0.077 35.89 12.48 0.68 50.01
Slovenia 0.117 115 0.077 29.80 12.48 0.68 4410
Spain 0.117 131 0.077 2370 12.48 0.68 3816
Sweden 0.117 161 0.077 3.16 12.48 0.68 17.93
UK. 0.117 0.96 0.077 2354 12.48 0.34 37.32
Switzerland| 0.117 133 0.077 2.78 12.48 0.34 16.92
Europe 0.117 112 0.077 29.64 12.48 0.68 4391
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Codbratsreyd potenti al residues and
Herbaceous crops cultivated in Agricultural Forest Total
Country marginal lands residues residues residues
kton(db)/year kton(db)/year | kton(db)/year | kton(db)/year
Austria Switchgrass | 11526 1026 1650 2676
Belgium Switchgrass | 1823 884 217 1101
Bulgaria Switchgrass | 44064 2643 448 3091
Croatia Switchgrass | 5819 1160 384 1544
Czechia Switchgrass | 23375 3004 1271 4275
Denmark Switchgrass | 3845 4340 186 4526
Estonia Switchgrass | 2999 311 635 946
Finland Reed canary| 1138 1348 2680 4028
France Switchgrass | 143802 24684 4905 29589
Germany | Switchgrass | 130405 20682 4312 24994
Greece Switchgrass | 45692 1751 273 2024
Hungary Switchgrass | 19828 5548 627 6175
Ireland Switchgrass 54.4 518 192 710
Italy Switchgrass | 76602 8772 1379 10151
Latvia Switchgrass 789 189 979 1168
Lithuania Switchgrass | 35243 1636 507 2143
Luxembourg| Switchgrass 14 51 59 110
Netherlands| Switchgrass | 9466 510 80 590
Norway Reed canary 160 528 1478 2006
Poland Switchgrass | 120944 11743 2392 14135
Portugal Miscanthus | 36517 401 466 867
Romania Switchgrass | 104547 7009 1758 8767
Slovakia Switchgrass | 9616 1695 557 2252
Slovenia Switchgrass | 1148 162 486 648
Spain Switchgrass | 122152 11239 1324 12563
Sweden Reed canary| 1849 2115 4713 6828
U.K. Switchgrass | 17302 10106 1314 11420
Switzerland | Switchgrass | 3506 312 640 952
Europe / 35116 124367 35912 160279

crops



