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Introduction

Conclusions

×TheFederalAviationAdministration(FAA)–supportingdevelopmentof alternative jet fuels
(AJF)derivedfrom biomass

×Military and commercialaviationsectorshaveset greenhousegas(GHG)emissionreduction
targetsandareenteringinto contractsandofftakeagreementswith biofuelproducers.

×Scale-up of new, stand-alone AJFtechnologieshasbeen slower than anticipated. Petroleum
refineriessupplytransportationfuelsandhavedistributionsystemsto airportsin place

×Therefore,incorporatingbiomass-derived liquids (bio-liquids) into petroleum refineries can
make producing and blending alternative fuels more practical and incentivize petroleum
companiesto investin productionof AJFandother biofuels.

Figure 1: Simple Petro-Refining Schematic

Figure 2: Bio-Liquids Entry Points 
Petrol-RefiningSchematic
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InsertionPoint 3: BlendReadyBio-BasedJetFuelProcessing

Figure 9:FCC Schematic

Figure 10: Hydrotreating Schematic

Vegetable Oils and Pyrolysis Oils as Intermediates 

Figure 5: HEFA Figure 8: Catalytic Hydrothermolysis
Virent, ReadiJet

Figure 6: Direct Sugar to Hydrocarbon
Advanced Fermentation: Amyris

Figure 3: Bio-Liquid Processes
Certified or in Certification Process

Figure 4: Gasification-FT
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× Gasificationfollowing by Fischer-Tropschsynthesishasbeenfully developedand fuels fully certified. Bio-basedsourcesare used
aswell assolidfossilfuelssuchascoal.

× One of the fuels that made it through the approvalprocessis SyntheticParaffinicKerosene(SPK)made by Fischer-Tropsch
synthesis(FTJon Figure3) (akaFT-SPK). Anadditionalprocesshasbeendevelopedto addaromaticcompoundsto the mix for jet
fuel andusesthe acronymFT-SPK/A. ThemaindifferencebetweenFT-SPKandFT-SPK/Ais in the process.

× Figure4 showsthe stepsof gasificationprocessingthroughFTsynthesisfrom solidorganicmaterials. FT-SPKwascertified in 2009
to be usedin a 50%blendwith traditional petroleum-derivedjet fuel, andFT-SPK/Awascertified in 2015up to a 50%blend.

× TheHEFA-SPKprocesshasbeendevelopedfor
commercial production around the world to
producea drop-in jet fuel anddieselfuel in the
middle distillate range (aka Green Jet Fuel,
Green Diesel Fuel, and HRJ/HRD). Figure 5
shows process schematic and reaction
chemistry.

× CompaniescurrentlyproducingHEFA-SPKfuels
at commercial scales include Neste Oil in
Europe and Asia and Syntroleumwith Tyson
Foods (DynamicFuels in Louisiana). Jet fuel
made from HEFAwas certified for use in
aircraft in 2011up to a 50%blend.

× In the first stageof the HEFAprocess,several
chemicalreactionsoccur; hydrogenis initially
used to saturate carbon-carbon double bonds
in the triacyl glyceride. Additional hydrogenis
used in the secondreaction, which removes
the propanebackboneof the triacyl glyceride;
this leaves three free fatty acids per triacyl
glyceride molecule. In the final stage,
deoxygenation takes place using hydrogen,
where the oxygen leaves as water, or with
decarboxylation,where oxygenleavesas CO2.
The resulting product is alkyl hydrocarbon
chains. The alkyl chainsare preservedduring
hydrodeoxygenation(HDO), while the alkyl
chains are shortened during decarboxylation
(DCO).

× Pearlson,M. Wollersheim,C., and Hileman,J.,
Biofuels,Bioproducts,and Biorefining,2013, 7,
89-96.

× Karatzos,S., McMillan, J., Saddler, J., “The
potential and challengesof drop-in biofuels,”
Task39, IEABioenergy,July2014, ReportT39.

× In the current process for Alcohol-to-Jet-Fuel (AFJ, ATJ-SPK in CAAFI); main product is iso-butanol. Gevo developed a 
process to primarily produce iso-butanol due to genetic modification of yeasts. Process schematic shown in Figure 7.

× Iso-butanol can be used as a fuel itself, particularly for gasoline. However, the process developed specifically makes jet 
and diesel fuel. Once the iso-butanol is made, it is separated and dehydrated to produce olefins. Using oligomerization, 
hydrogenation, and distillation, a kerosene product is made containing C8-C16. 

× The alternative jet fuel produced from this process is known as AFJ-SPK. Certified for use in aircraft in April 2016, in a 
50% blend with petroleum-derived jet fuel.

× Drop-in jet fuel pathwaydevelopedby Amyris,a companyin SanFrancisco,CAwith plantsin Brazil,and Total,the globalenergycompany
operatedout of France. Schematicisshownin Figure6.

× Directsugarto hydrocarbon(DSHC)methodto producea sourceof chemicalsfor jet fuel. Sugarcaneis harvestedandprocessedto produce
sugar. Glucosefrom sugaris fermentedto ethanolandadditionalproducts–farnesene,aceticacidandglycerol. Thisprocessmaximizesthe
product farnesene,which is then hydrotreatedto removethe doublebondto producefarnesane; the structureof farnesaneis a longchain
isoparaffinmolecule,C15H32.

× Currentlythe productionis~1 million liters of farnesanefor diesel,but the processalsoproducesjet fuel (~90,000liters).
× It hasbeentestedin a blendashighas50%with conventionalpetroleum-basedjet fuel, but it hasbeenusedin a 10%blendwhentestedin

aircraft. Thejet fuel wascertified andapprovedfor commercialproduction,and to be blendedwith jet fuel at 10%, in 2014. It is currently
knownby the acronymHFS-SIP,whichstandsfor HydroprocessedFermentedSugar-SynthesizedIso-Paraffins(AFJin Figure3).

Figure 7: Alcohol-to-Jet: Gevo

× Hydrothermal liquefaction (hydrothermolysis) is a process that utilizes water in the near
supercriticalto supercriticalrange. Processschematicshownin Figure8.

× Severalcompanieshave developedprocessesrelated to subcriticalwater processingon a wide
variety of biomass materials. For jet fuel processing,processeshave been developed using
vegetable,algae, and animal oils. Virent and Applied ResearchAssociates(ARA),along with
Battelle in Ohio, have producedReadiJetFuel (RenewableAromatic Drop-In) usinga pilot scale
facility. While the front end is different than the HEFAprocess,it hasalsobeen calledthe HEFA-
SKAprocess,as it has somearomatic material in it. Advantageof this process: processutilizes
water, sobiomassdoesnot needto be dewatered.

× They are in partnership with ChevronLummusGlobal, particularly for the upgrading of the
biocrude. Thebenefit of their processis the production of a variety of compounds,includingn-,
iso-, and cycloparaffins,aromatics,olefins,and organicacids. SapphireEnergy/ConocoPhillipsand
PNNLhavealsodevelopedcatalytichydrothermolysisprocesses,with interest in further processing
in refiningfacilities. Thefuel from Virent is in the certification process.

× Conkle,H.N., Marcum, G.M., Griesenbrock,E.W., Edwards,E.W., Chauhan,S.P., Morris, Jr., R.W.,
Robota,H.J., Thomas,D.K.,“Developmentof Surrogatesof AlternativeLiquidFuelsGeneratedfrom
Biomass,”http://wbi -icc.com/wp-content/uploads/2012/06/paper - developmentof surrogatesof
alternativeliquid fuelsgeneratedfrom biomass.pdf, accessedJune17, 2014

Insertion Point 2: Bio-liquid Intermediate in a Petroleum Refinery 

× Typicalfeed to FCCunit: heavygasoils–unit breakslarger moleculesinto smallercomponents. Coke
depositedon catalyst,soconstantregenerationaswell asnewaddedcatalystwhenneeded.

× Figure 9 shows schematicof typical unit. Several feeds have been considered: Sapphire treated
microalgaebio-crude,microalgaeoil, vegetableoils,andpyrolysisoils.

× Catalysts: Typicalcatalystsusedin FCC: zeolites,suchasH-YandHZSM-5 (aluminosilicatecatalystswith
variouscationsdependingon the applicationor substrate).

× Study by PNNLon pyrolysisoils blended with petroleum feeds in FCC. Holladay,J., “RefineryIntegration of
RenewableFeedstocks,”Presentation,CAAFIR&D,SOAP-Jetwebinarseries,November14, 2014.

× Even low oxygenpercentagefeeds of pyrolysisoils causedsignificantshifts in yields. PNNLconcludedthat
pyrolysisoil feedswouldneedto behydrotreatedto reduceoxygencontent to≤11%- seeresultsin Table1.

× HydrotreatingschematicisshownFigure10.
× Hydrotreatingis highly utilized in petroleum refining. In a first stage,often sulfur and

nitrogen are removed using catalyst specificallyfor that –CoMo and NiMo metals on
carbonand siliconsupports. Hydrogenationof doublebondsand aromaticcompoundsis
incompletewith thesecatalysts,so a secondstageis utilized usingPt and Pdsupported
catalysts.

× Basedon study by Chevronand BP, the maximum amount of 5% vegetable oil co-
processedwith petroleumfeedsbecausethe water generatedwould causeproblemsfor
catalystscommonlyusedin refining. Similarcatalystto removingsulfur and nitrogencan
be used for deoxygenation,but other potential catalystsinclude metal phosphidesand
Pt/Nb2O5/SiO2 (Pd can be used as well) are being designedspecificallyto remove bio-
basedoxygencomponents. A future reviewwill discussthis in greaterdetail.

× Oxygenin pyrolysisoils detersusein a petroleumrefinery. Thisis a pyrolysisprocessto producea low oxygenoil, developedat the USDA.
Mullen,C.A., Boateng,A., andGoldberg,N., EnergyFuels,2013, 27 (7), 3867–3874.

× Processdeoxygenatesthe biomasspyrolysisproduct using gas recycling. The gasesprovided a reducingenvironment for the pyrolysis
process. Processschematicisshownin Figure11.

× Theyhavedevelopeda portableprocessingunit that canbemovedfarm to farm in a particulargeographicregion.

× The reducingenvironment in the reactor providesgasesthat make a liquid product from pyrolysisthat is much lower in oxygenthan
traditional fastpyrolysisunits; the liquid productstill containssomeoxygencontent,soit mayneedto be further processed. Theoverallyield
ishigherwhenusinglessproductgasin the recycle,but the productoxygencontent ishigher.

× Table 2 shows the product properties of the oils with the lowest oxygen content compared to each other (pyrolysisoils from oak,
switchgrass,andpennycress)andto productsmadewith onlynitrogenandupgradedusinga catalyst.

Table 1: PNNL Pyrolysis Oil Hydrotreating for FCC

Table 2: Comparison of Oils                   Figure 11: Tail Gas Reactive 
Pyrolysis (TGRP) USDA

× Thereare four processesthat producebio-jet fuel that havebeen qualified for use in aircraft: 1)
the jet fuel from the gasificationand Fischer-Tropschprocessing(Sasol),2) the jet fuel from HEFA
processing(multiple companies),3) production of farnesane produced directly from sugar
(Amyris),and4) alcohol-to-jet fuel (iso-butanolproducedandfurther processedto produceC12-C16

hydrocarbons,GEVO). Catalytichydrothermolysisof microalgaeis similarto HEFAprocessingandis
beingtested for qualification(ARA,Sapphire). Theseare bio-productsthat canbe blendedin with
jet fuel feedstockand usedas is. Theywould be blendeddirectly with jet fuel (InsertionPoint 3)
and only a portion of the bio-jet fuel is blended with petroleum-derived jet fuel (10-50%); the
amountof the bio-jet fuel blendeddependson the process.

× There are severalopportunities to incorporate bio-oils into various internal refinery processes,
primarily the FCCunit, hydrotreatingunits, and delayedcokers. Therehasbeen researchon bio-
oils in the FCCunit andthe hydrotreatingunits.

× Sapphire,PNNL,and severalother researchershave tested microalgaebio-crude (hydrothermal
liquefaction),vegetableoils,andpyrolysisbio-crudein typicalFCCunits. Themicroalgaebio-crude
and vegetableoils are good candidatesfor processingin the FCCunits. However,pyrolysisbio-
crudesmost often must be hydrotreatedto removeoxygenbefore introduction into the FCCunit.
PNNLfound that bio-oils must havethe oxygencontent reducedto 11 %or lower before feeding
into the FCCunit, otherwisesignificantchangesin productconcentrationsoccur.

× One group from the USDAhas produced low-oxygen, low viscosity liquids from pyrolysis of
biomassusingrecyclegases. Theyhavebeenableto showa better quality liquid usinga recyclegas
(70-90 % of gasfeed) than with nitrogen alone. However,when usingthis pyrolysisprocess,the
yieldof bio-oilsdecreases. Theprocessiscalledtail gasreactivepyrolysis(TRRP)

× Somepetroleum refining hydrotreating catalystscan be successfullyused to deoxygenatebio-
fuels. Futurework will includemore in-depth reviewstudyon deoxygenationof bio-basedliquids,
asfunctionalgroupsin bio-basedliquidsmayneedto be removedusingcatalystsnot well-known
in the petroleumindustry.

×Figure2. Threeprobable entry points
for bio-basedliquidsinto a refinery

× Insertion point 1: least desirable
insertion point. Bio-based liquids
contain oxygenand olefins, and could
causeproblemsfor jet fuel production
andquality,asmanyrefineriesproduce
jet fuel directly from the crude unit.
These and any other contaminants
within the bio-crude would also be
spread throughout the refinery if
introducedhere.

× Insertion point 3: more desirable
insertion point for bio-based liquids;
bio-basedliquid must be convertedto
a near-finished fuel. Component
blended must meet the ASTM
standardsfor fuel. In the caseof jet
fuel, the product must also meet
certification standards as a blend.
Some renewable fuels can enhance
properties of fuel compared to
traditionalpetroleum-derived.

× Insertion point 2: more desirable
insertion point for bio-based
intermediates. Several refining
processescan be utilized to convert
the bio-based liquid into fuels.
Conversion processes will alter the
size, shape,and hydrogen content of
molecules; these include
hydrocrackers,fluid catalytic crackers
(FCC),and cokers. The main factors
that must be taken into accountare 1)
bio-based liquids must not harm or
reduce the life of catalysts and
reactors, 2) product yield cannot be
reduced,and3) productqualitycannot
becompromised.

×Figure 3 shows a schematic of the
variousbio-basedAJFprocessesbeing
developed for AJFproduction. All of
theseprocesseshavebeencertified or
in the processof beingcertified. More
depthon eachisshownon the poster.
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