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EXECUTIVE SUMMARY

This report was commissioned by IEA Bioenergy Task B3heitgoal of providing a background to the

topic, an assessment dfechnical approachesbeing developedand an overview ofanticipated

challenges inarge scaleO2 YYSNODA I £ AT I ( A 2-§ yhidfidels. 32 the(plrposeS Bf this R NB LJ
report, & R N®yhiofuels are definedas diquid bio-hydrocarbons that are functionally equivalent to
LISGNRE Sdzy FdzSta& YR INB FdzZ té& O2YLI GA6tS 6AGK SEA

The globalpetroleum industry is expected torequire increasing amounts of hydrogémthe coming
yearsto upgrade crude oil feedstoslof declining quality i(e., increasinghheavier and more sour),
particularly in areas wherespeciallyheavy oié arebeing sourced such as Venezuela and Alberta. For
the foreseeable future, much of this eisogenis likely tobe derived from natural gas. At the same time

there will also be increasing demand for hydrogeni¢éoxygerate biomass ¢arbohydratesand lignin to

producedrop-in hydrocarbonbiofuels

Oll refineries use hydrogen to upgrade low dgacrude oil by removing sulfand other heteroatom
impurites 6 K@ RN2 (0 NS I (4 A y 3 0longeydR caibén chini@sNttstditek ghans while also
enriching them with hydrogen (hydrocracking). One result of these hydrogasuming processes
(collectively known as hydroprocessing) is to elevate the hydrogen to carbon ratio of low grade crude
oils. The hydrogen to carbon ratio petroleum feedstockss a good indicator of the quality for fuel
production since a high sulfur content as well as the prese of long and condensed carbon chains
(e.g, in coal) reduce the H/C ratio. As detailed in the main body of the report, the H/C aatidoe
visualized as staircaseén which(i K S Y 2 NBhatdavéi t8 béxckmbedp § KS a1 k/ ,th@ G A NOI
more hydogen inputs and processing efforts are required to elevate the H/C ratio to therkxyared

for higher graddiquid gasoline, diesel and jetansportation fuels. Nofydrogerconsuming processes
such as catalytic or thermal cracking can also impréveH/C ratio of petroleum feeds by removing
carbon in the form of tas and char (cokeHowever, this approach consumes feedstackl reduces

yieldsandsois generallyavoided particularly whercrudeoil prices are high.

It is also evident thaa majority of evolving drogn biofuel technologies require hydrog€hy) inputs or

other chemical reduction processés upgrade oxygemich carbohydrate ligninor lipid feedstocks to
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hydrogenrich hydrocarbons that are functionally equivalent petroleumderived liquid fuels. As
detailed in the report, a variation of the hydroprocessing step will likely be commaenatoy drop-in

biofuel technology platformswith imported hydrogen used to remove oxygen (in the form gdHrom
oxygenated lignocellulosentermediates or lipid feedstock. Alternatively, norhydrogen consuming
processes (whether chemical or biological) will have to oxidize significant amounts of feedstock carbon
in order to produce the required hydrogen or alternative reducing power carriers, (@aptinamide
adenine dinucleotide phosphater NADPH). However, thessternative routes to deoxygenatioare
generally less attractive as they can consume a significant amount of the feedstock. After adjusting for
the oxygen content of the biomass festdck, the hydrogen to carbon ratitt«/C, can be defined a&
relevant metric for drogin biofuel processesHighly oxygenated biomass feedstocks such as sugar
molecules have addC ratio of O wiereas the target fodrop-in biofuek isapproximately2, similar to

the H/C ratio of diesel. Most biomass feedstocks (sugars, biomass, lignin) have a/fowakio and are

thus situatednear the bottomsteps of the H/C stairsa. Biomass feedstocksusy S SR (i 2moeeOf A Y0 ¢
steps than fossil feedstocks teach the chemically reduced state of diesel, jet and gasoline fuels. Even
low grade fossil feedstocks such as coal (H/C = 0.5) contibhstantiallyhigher H#/C ratio than most
biomass feedstocksA notable exception are the biomass lipid fractions and other renewable
oleochemical types of feedstocks, which contaiachlower levels of oxygeandhave anHe/C ratio of

about 1.8 and are thus much farther up the H/C staircase amare readily suited for conversion to

drop-in biofuels.

There are searal ways to produce drom biofuels that areoxygenfree and functionallyequivalent to
petroleum transportation fuels. Thesare discussed within three major sections of the report and
include oleochemical processes, suchthe hydroprocessing of ligi feedstock from either oil crops,
algae or tallow; thermochemicgbrocesses such as the thermal conversion of biomass to fluid
intermediates (gas or oil) which are then catalytically upgraded/hydroprocessed to hydrocarbon fuels
and biochemicaprocessessuch as the biological conversion of biomass (sugars or cellulosic materials)
to longer chain alcohols and hydrocarbowrs fourth category is alsoriefly described that includes

& K & o theknmidéhemical/biochemical technologies suchfasmentation ofsynthesisgas and catalytic

reforming of sugars/carbohydrates.

To date, oleochemical based processes have been the main supplier of thendsagfuels that have

beenevaluatedfor commercialpplicationby sectors such as aviation. These processes regismeple
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hydroprocessingstep to catalytically remove oxygen from the fatty acid chains present in the lipid
feedstock to convert them to dieséike hydrocarbon mixtures. This technology is well developed, is
maturing and entails relatively low technologl risk and low capital expenditure compared to other
emerging dropin biofuel production routes. Most lipid feedstocks haetatively low oxygen content

(11% mass) and thus require lower hydrogen inputs to be upgraddijual transportationfuels.
However, the feedstock is generally cosdligd available in limited supplgis vegetable oils such as palm

and rapeseedare currently priced in the range d USD$500$1200/t (or $1230/GJ) compared to
approximately USD $75125/t (oven dry basis, or $3.%625/GJ) for lignocellulosisiomass,and their

supply is often limited by competition from other vakaelded end users (e.gfood and cosmetics
industries). There are also ongoing challenges regarding the sustainable production of vegetable oils as
productonisrelativelyt 1 YR dz&S I y R NB a2 dzZNDO-&-FrzSilograsiadiiSetated (1 K 2 dz
debateare likely to continue, several companiese operating commerciableochemical feedstocto-

biofuels facilities around the worldincludingNeste Oil(Finland Rotterdam, Singapojyeand Dynamic

Fuels (Louisiana, USA).

The various thermochemical methods currently being assessed for biofuel production have their origins
Ay GKS yOASYyd LINRPOS&aa 27F aodzNY Ay 3cal dhighexdlodfic Ay K
value product Thermochemical processing conditions can be optimized to influence the ratio of the
three main products of bimil, synthesisgas and char. The two main routes to dyimpbiofuels are
through pyrolysis and gasificatiorrast pyrolysis (essentially treating biomass at 500 °C for a few
seconds) has been studied in detail since the early 1980s arailhjilds ofup to 75 wt% can typically

be obtained from various biomass feedstocks. Although there are a few, nichevddiglhn marketsfor

bio-oil components such as food flavourinBarbeque flavour)today pyrolysis liquidsre primarily
considered for usen stationary power generating facilities such as fmeposed720 tpd Pyrogrot
facility in Sweden. Bioils can alsde upgraded to dropin biofuelsalthough thisrequires significant
hydrogen inputs. While these hydrogen inputs can be generated from the biomass feedstock itself, this
process is inefficient when compared to sourcing hydrogen from an external sourcasuelural gas.

The pyrolysis platform requires large amounts of hydrogen gas inputs which represent a large
proportion of both capex and @x in a stanehlone facility. It has been estimated that sourcing external
hydrogen from an oil refinery can redutige capex of a pyrolysis drep biofuel facility by ca. 40% and

the opex by ca. 15% (Jones et al. 200®)rolysiglatforms also have great potential to leverage oll

refineries in order toreduce biofuels productiorapital and operating costs. The miagaving willin
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part be a result of sourcing hydrogen from the oil refinery directly. However, it is estimateduinant

US refinery hydrogen capacity 3 billion standard cubic feet per daypuld need to bdripled to meet

the 2022 US RFK®llulosicadvanced biofuel mandatef 15 billion gallons (57 billion Usingpyrolysis
platform-derived dieselgasoline blendstock Although existing hydrocracking units (downstream in a
refinery) can ceprocess petroleum andydrotreated pyrolysis oils (HPQ, this practice is not yet
commercial and it comes with challenges related to adapting the catalyst design to accommodate two
disparate feedstocks (HPO and petroleum). A case study WHelgor¢ 2 LJA2S 060G KS 62 NI RQ
manufacturerof petroleum refinery catlysts) performed trials on industrial hydrocrackers using various
biofeedsidentified severalchallengesto cataltic dco-procesinge of biofeed blends with petroleum.

Although further upstream insertion points have been suggested, sudit #s vacuum distillation

tower, these alternative processing strategies can only be used with minimally processed pyrolysis oils
which cancontainlarge amounts of refinery contaminants such as oxygen and inorgdmiesof the

major challengegonstrainingdevelopmentof pyrolysis derived drojn biofuelsare the availability of

low cost sustainable hydrogen and the technological advances needed to adapt hydrotreating catalysts
tobio2 Af FSSRal201a® =+ NRA2dza Oaerdpirafed §iét plandziodéverdala / | y |
yearsand KiORecently completed a9 million litre per year (MLPY) a8 million gallon per year
(MGPYEommercial facilityn the US

The other major thermochemical route to drép biofuels is through gasification. Gasification of
biomassor bio-o0il producessynthesis gasi(a € y gdmpgrised of mostly Hand CO)which is primarily

used to fuel stationary heat and power facilities suchhas8 MW biopower station inGussingAustria.

Syngas can also be upgraded (catalytically condensedioip-in liquid biofuels via thé-ischefTropsch

process (FTwhichhas its origins inhe 1920s in Germamyhen access to bivas problematic Since

the 1980s,South Afric& & {cdnéestcoal syngas into diesel at the CtL Secunda facility which has

OF LI OAG& 2F wmcnzZnnn oFNNBfa 2F RAS&ASt LISNI RIHégo !
natural gagof Alj dzA R& FF OAf A& o{KStftQa tSFHNI DG[ FFOAtAU
barrels of diesel per day. Howeverpbiiassderivedsyngas is less energy dense than natural gas and it
contains more impurities and a lower H/C ratio. As a reditimass syngas needs to be enriched in
hydrogen and cleaned of the impurities such as tars, nitrogen and other heteroatoms dhat c
deactivatesynthesiscatalysts. Hydrogen is typically produced from the syngas itself by agsréioewn

Fda GKS3Ila® | &&KF. (Hoéwever, thiseactionconsumes feedstock carbon atiils reduces

the overall biomasso-fuel yields. Alternativiy, as is beingroposed by companies such as Sundrop
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Biofuelsin the US the hydrogen can be derived from natural g&=nerally, gasification technologies
entail high capital costs to both gasify the biomass and convert the resulting synge&shefTropsch
liquids or partially oxygenated liquid hydrocarbon products such as mixed alcofi@sbenefit from
economies of scalehesetypes offacilitiesusuallyhave to beconstructed atlarge scale. The capital
cost estimates for a firsvf-kind gasificaton-basedfacility are in the region oUSD $00-900 million
Several companies are pursuing gasificaptatform routesto drop-in biofuels such as Forest BtL i@y
Finandg KA OK KI & f A OS yaeSHRolobyKafiahgsm dompléteNab22million litre per
year MLPY {or 34 million gallon per year MGPféEility by 2016.

The capital costs of both the oleochemical and thermochemical processes could be reduced by
leveraging existing process units available in petroleum refineries. Oil rienare complex facilities
comprised of themanyunit operations needed tdractionateand upgradeliversecrude oilfeedstocks
Upgrading entails a number of intertwined processes such as cracking (breaking heavy hydrocarbon
chains to lighter oneshaptha reforming (creating aromatic molecules necessary for gasoline blends)
and hydrotreatment (mainly used to remove sulfur befduel blendstockfinishing). The dilemma in
trying to identify refinery insertion points forenewable feedstock dropn biofuel intermediates is to

what extert should the intermediate be upgraded (deoxygenated) prior to insertion and to what exten
should the refinery be adapted to accept lagsgraded oxygencontainingbiofeed intermediates. The
challenges of processing biofeeds an oil refinery are significant, as has been demonstrated by
previous industrial trials using less problemat@ewable feedstockssuch as fatty acidsontaining
relativelylow amounts of oxygen (11% oxygen). The oxygen contehipfdeds translatesd corrosion

of metallurgy and extensive coking of catalyst surfaces as well as downstream contamination risks and
requirements for venting of oxygenated gases (CQa80HO). Strategies to mitigate these challenges
include limiting the blending rate difiofeeds in petroleum feed and favouring insertion points towards

the end of refinery processg, both of whichlower the risk of downstream contamination with biomass
oxygenates, inorganics and tars. Hyglmcessingunits situated at the end of the oiefining process are
suitable for dropin biofuel leveraging. All of the dreip biofuel processes proposed to date entail some
form or degree of capital intensive and hydrogemnsuming hydrprocessingespecially pyrolysis and
hydrotreated ester and fattyacids (HEFA platforms). Refineries can be leveraged by diomiofuel
facilities in order to utilize existing hydsmcessindacilities andalso tosource low cost fossieedstock

derived lydrogen. Still, even with this law risk colocation strategy there are significant challenges
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that need to be resolved such as matching the scale, siting and catalyst design thstiwctly different

feedstocks (bulky and reactive solid biomasssus relativelyinert petroleumliquids (crudeoil)).

Biologica routes form the third category of drem biofuel technologies. These include metabolic
pathways that convert highly oxygenated, low#, sugars to high energy density molecules such as
butanol (e.g. Gevo, Butamafarnesene(e.g. Amyris) and fattycads (e.g. LS9). The metabolic processes
involved in biologically deoxygenating carbohydrates to drofuel molecules are energptensive and

they are usually employed by the microorganisms when under stress and as mechanisms to store energy
or build ddence barriers (e.g. lipid layers). In industrial practice, this generally transtateiological
systems with low volumetric productivities and less stable metabolic pathways. Thesallesb
advanced fermentation pathways areot as efficient asconvertional sugafsto-ethanol industrial
fermentation systems. A key advantage of biological compared to thermochemical routedr eshility

to produce relatively pure molecular streams with predictable chemistry that can be readily
functionalized (chemical). Thus this route camake advantage of the rapidly growing valadded
chemicals and polymers markets. These markets consist mostly of organic diacids and dialcohols
(butanediol, succinic acid etoghich have lower H/C ratios than hydrocarbotke drop-in biofuels.

Thus they aréeasier" to produce with fewer processing efforts and fewer hydrogen inputs. In the near
term, it is likely thatthe biological platfornwill exploitthe higher marginghat can be achieveih value

added biochemicamarketsrather thanfuel markets Various business intelligence organisatibiase
estimated significangrowth for these biebased chemicalsverthe comingdecade (e.g. ca. 20%/year to
reach 50 million metric tonnes by 2020). Until these lucrative chemicaletsmekte saturated, there will

be little incentive for biological conversion companies to prodbicduels

I F2dz2NI K OF 4§S3I2NRB 2F AGK@ONARR L FGF2N¥Yaéeé O2Y0AySa
include fermentation of syngas (examplsgnza&ch), alcoholto-jet (example, BYOGY), atidethanol

(example, Zeachem), and agueous phase reforming (example, Virent). Each of these technologies has
certain advantages such as improved utilization of feedstock carbon (ZeatlaemaTechor use of
commodity bioF SSRaA G201 adzOK Fa &dzZaFNJFyR SGKIFy2f O2dz) SF
(BYOGY, Virent). Disadvantages include mass transfer issues such as the slow diffusion of gases into
aqueousfermentation broths and the difficulty of isaing organic acids from fermentation mixtures.

Catalyst issues such as the low tolerancewfent reforming catalysts to oxygenated feedstocks are
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also a challengeas are feedstock and capital intensityp provide hydrogen for catalytic reddion of

adds, alcoholsor other oxygenated product® de-oxygenatedsaturatedhydrocarbons.

While tremendous technical progress and commercialization activity have taken place over the past
several years, my relatively small amounts afrop-in biofuek functionaly equivalent topetroleum-
derivedtransportation fuels ar&eommerciallyavailabletoday. In the same way convention@o-called
¢first generatiod) 0 A 2 SG K y2f FNRY &dz3lI NI FyR adlF NOK 61 & dzaSR
for subsequet production and use of advancddoO | f &eSdRd gneratioh bioethanol, it is likely
that oleochemical derived drejm biofuelswill initially be used to establish the markets and procedures
for use of dropin biofuels This isexemplified by themarny Hydrotreated Vegetable OiHYQ-based
biofuel flighttrials and refinery processing trialsndertakenover the lastfew years and by the recent
ASTM approval of oleochemical derived jet fuel blendsto¢kawever, significant expansion of the
oleochemicéplatform will belimited by the costavailability and sustainability ébod grade yegetable
oil) or animal oiffat basedfeedstocks. fie challenge of developingmerging hermochemicabased
drop-in technologies can be viewed asalogous tacellulosc ethano] which usesmore plentiful,non-
food lignocellulosic biomass as feedstock but enfailgertechnology risks and higher capital codts.
this context, hermochemical technologiegre well positioned toaccountfor a considerable component
of drop-in biofuel capacity growth over theearto-midterm. This is pmarily because biochemical and
hybrid based dropn biofuel processesdypically provide lower yields of higler value oxygenated
intermediates(e.g. organic dialcohols and diacitsat cancommand higher value in thepidly growing
bio-based chemicalmarkets. ltis also likelythat future biorefineries will utilize biomass in much the
same way thaturrent petroleumrefineries use crude oil by converting thaw feedstock intoa diverse
range offuels and chemicalproductsin a singlehighlyintegrated facility. However, is probablethat
larger sizedhermochemical based facilities will primarily focus on converting biomass feedstiock
commodity scalelrop-in biofuelsand bioenergy prductswhile mewhat smaller scalbiochemicalor
algal platformbased facilitieswill convertsugar,biomassor syngasfeedstocksto specifichighervalue
non-commodity productssuch as farnesene, butanediol, succinic acid, butanol or oils for usenm
lucrativebiobased chemicalsiarkets (e.g.cosmetics, food additivesbricants,etc.). Regardlessor all

of these technologies, hydrogen sourcing will play a major role in future commercialization ofirop

biofuel platforms.
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CHAPTER 1: BACKGROUNDBIOFUER& PETROLEUM INDUSTRY

Biofuels are currety being developed aenewablealternatives tofossil derivedtransportation fuels
with the hope of achievingnvironmental and socioeconomic benefits suchraducedGHG emissia)
employment generation andenergy securit. Bioethanol andbiodiesel are the main commercially
avdlable biofuels anaurrently contribute about ~2% by volume of global transportation fuel denth
(US EIA2013. However, these fuels ahemically and functionallglifferent from petroleum-derived
fuels and theythus do not make full use of the existing petroleum processimgl aistribution
infrastructure. Asinfrastructure components,such asvehicleengines,fueling stationsyefineries etc.,
are very expensivego change, it is recognisethat it would simplify biofuels production and usage
growth if biofuels could be readi @ & RNFWRIER (1 KS S E A &pétiolfudn digtripdtionl a G NHzO (
and refining fuel specifications, etc.and be functionally equivalent tourrent petroleum-derivedfuels.
However, as will be described in more detdiljs likely thatproducing suchédrop-ing biofuels will
require more complex processing infrastructure ahijher processing inputsnost notablyhydrogen
(H) inputs, thant2 R @ Q& LINuBdthansliAagdlbigdiesel biofuel€onsequently, greateechno
economicchallenges will proldaly be encountered when trying to achiegest competitive routes to

drop-in biofuels

Hydrogen is a keiyput not onlyfor drop-in biofuel producerge.g.hydrotreated vegetable oild)ut also
for other sectors most notably the Oil & Gas sectpwhich have to upgrade crude oil oféverdeclining
guality to meet the needs o& growingmarketfor morerefined andlighter petroleum products. In the
future, drop-in biofuel producers mayave to compete for hydrogen resourcesth the petroleum

sector as welhs the ammonia fertilizer industry.

1.1 Biofuels rationale

Unstable and rising petroleum pricethe finite nature of the resourceas well as concerrabout fossil
fuel emissions andependence on politically unstabtegionsfor transportation fuel importsaare among
the majormotivationsfor pursuing biofuelsBiofuels are arguably the most likeigar term renewable
alternative topetroleum fuelswith some forms ofransportation thatcannot beeasilyelectrified (such

as long distance trucking, gipingand aviationhaving this approach as the orditernative
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Rising d prices have been a major motivator in finding alternatives to fossil based transportation fuels,
with the OPEC oil ciés of them T n Qa adAYdz I GAYy 3 &S g N fene@abldzy (i A S &
biofuels. Howeverasoil prices decreasel Y (i KS ™ o yl)) RdiintedeStand w=edsh sMmpport

into biofuels largely decreased, although countries such as Brazil and the United States continued to try
to commercialiseconventiona (sc-O f £ SR & F A Nibfilels prénarflyNibethdnal fyoén sugars

and starches (graingind biodiesefrom plant crop seeails. Investment in advance(so-calledd & S O 2 y R
3 Sy S NJ) hiofudlsypéoduced from norfood feedstocksincreasedin the ealy 2000sdue to a
combination of factors such as increasing awarenesBefole oftransport derived carbon emissiois

climate changeand increasing dependence on crude oil imports to Europe and North America. The
availability and price of these cruadl imports is increasingly uncertafar a variety of reasons such as
geopolitical conflict and political uncertaintyMore recently, @spite the discovery of new
unconventional Oil & Gasesources the IEAforecaststhat the price of oil will remain hig over the
comingdecades while demand for biofuels is expectedfucther increase andplay a major role in
meetingambitious GHG emissioneduction targetsglobally According to the most likely future policy
scenario®d & OdzZNNB Yy (1 ¢ | Yy R ridsydeseribedhIEA BODA VEoid Edet@y Qutloqigure

1-1), the price of oil iexpectedto rise toaboveUSD $20/barrel by 2035 andin the absence ofew

policy actionit is projectedto climb to almostUSD $50/barrel by 235 (IEA, 2012b)

In this backdrop of expensive petroleum through to 2035, biofuelsveed positionedto become a
significantly largercontributor to the global energy landscape. According to the@EA & 6 f dzS Y I L3
scenario, biofuels could provide 27% of total transport fueP050(IEA, 2011b)f this productionlevel
of biofuelcould be achieved it would avoid the production2i gigatonnes o€Q emissions peyear

compared taif this amount ofpetroleum-derivedfuels were usedlEA, 2011b)
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Figurel-1: Average IEA crude oil price
(SourcelEA, 2012)

1.2 Current biofuels

Conven y I £ 62N gKIFG 20K SKNI @3 2rgpSadad SiguzIR Sushdkh (
bioethand from sugar orstarchand biodiesefrom oilseed, waste oil or talloware currently the only
commercially availabldarge-scale biofuels. Of the 89 million barrels per day (mbpd) of liquid fuels
produced globally in 2011,.9 mbpd wereconventionalbiofuels US EIA, 2012RBiofuel production has
grown almost exponentially over the last decg@iegurel-2) with bioethanol providinghe vast majority
of this biofuel which igoredominantly producedn the USA and BraziRecent IEA estimatesproject
global biofuel production tamore than doubleby 2035 (to ca. 4 mbpd) over 2011 productionlevels
(IEA, 2012b)The maprity of the growth in biofuelsover the last decade has come frotine US and to a
lesser extentBrazil. ©gether Brazil and the USAurrently accountfor three quarters of worldotal
biofuel productionand closeto 90% of globhbioethanol production(U.S. EIA, 2010Jhe ¢ 2 NJIthRAQ &
biggest biofueproducer is the European Union. In contrast to the US and Brazil, the EU prodosths

biodiesel(>80% oftotal biofuel production volum@with lesser amounts of bioethanol

The historical policy, market and infrastructure parameters that made tlesatries leaders ibiofuel

developmen are relevant to currenefforts to developédrop-ing biofuels.

G¢KS LRAISYGAlt MyyR OKIF EzStyaes aL R!1F . July 2014 16
ISBN978-1-91015407-6 (electronic versin)



2000

1800

1600
é\ 1400
8 1200 m Rest of the world
w
2 1000 = EU-27
®
=2 m Brazil
S 800
= m USA
S

600

400 -

200

0
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

Figurel-2: Historic biofuel production volumes
(Sourcedata fromUS EIA, 2@®)

1.2.1 Ethanol

In 2011the world produced1,493,000 bpd of bioethanol fuelwith the US producin@08000 bpd (or
60% of global)Brazil392,000 bpd (or 25% of globaBnd the EJ 72,000bpd (or 5% of global)JS EIA,
2011).

TheUSA is currentlthe ¢ 2 NJlaRy€stiethanol producerSgnificantproductionand use of bioethanol
beganin the USA irthe early1980s with the main drive beingenergy secuty concerns arising from the

rapid increase# globalpetroleum pricesduringthe 1970s and 19803 yner, 2008 Another driver that
promoted corn ethanol in the USA wéand still is) the strong campaigns aimed at gaining political
support for expanding markets and revenues for the corn and bioethanol induskeseral asvell

state government measures such as direct funding of partnerships, research funds, tax incentives and
renewable fuel mandates were developdd help the then emerging corn ethanol industflylabee,

2007) TheseUSpolicies, variations of wbh are still inforce, were successful in developing the rapid

increase inethanol production over thealst few decadeslLeveraging on an efficient and highly
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productive corn industryespecially in the US Midwest where corn growingfasoured by both
agronomic and geglimaticfactors these ethanol supporting policié®lped the US become thmirrent

world leader in bioethanol productiomolume,surpassinddrazilbeginningin 2004.

Current US biofuel policies are deriviedm the Energy Independence and Security ActGffzzand the
associated Renewable Fuel Stand@RFS)In July 2012 the updated RFWNn aséRFSE came into

effect and stipulated @a aggregate of 36 billion gallonEl36 billion L)per year of renewale
transportation fuelto be used by 2022. Conventionddiofuel (esentially corngrain derivedethanol) is

expected toprovide alargeportion of this mandatereaching a plateau of 15 billion galloné&7 million

L) per yearby 2015 Advanced biofuels (biomass deriveliesel, cellulosic biofuels and naelluosic

advarced biofuels)are expected tanake up the balance by providingy 2022 a total of21 b gallon®of

the 36 b gallonper year with 16 b of these advanced biofuel gallodsrivedfrom cellulosicfeedstocks
RFSZequires biofuels toachieve minnum life-cycle GHG emission reductioredative to petroleum

fuels. If the biofuel LC#emonstratedess than 20%HG emissioreductioncompared to the fossil fuel

it displacest will not be eligible toqualify as a contribution towards the RFS manddibgations. If the

LCA shows &HGreduction between 20% and 49%he biofuel is eligible t@wount towards the 15 b

gallon co@Sy GdA2y It FdzS5t 206f A3l Gis Aladyclos? poSauNE bytheK A &  a Y|
existing corn ethanoindustry). Finally,if the biofuel LCA indicates relative GHG savings of 5066

higher, it is considered advanced biofuel counting towatte 21 b gallon mandatélthoughil KS wC{ Q&
annually increasingdvanced biofualvolumetargets are currently behind schedulghere ae ongoing

efforts to achieve theultimate 21 billion gallons per year advanced biofuel goals by 282Bnepf &
Yacobucci, 2013)nterestingly, Brazilian sugarcane ethanol ambre recently, sweet sorghum ethanol

(grown and distilled in the US using renewable povirarje beemassessed and qualified tee classified
asadvanced biofuelsdespite the fact that they aréfoods based Thisis primarilydue to theirmore

favorablelife cycle GHG emission profischnepf & Yacobucci, 2013)

Excise taxes the form of VETC (Volumetric Ethanol Excise Tax Credit) were enacted in 2004 by the

G! YSNAOIY WwW206a / NBFGAZ2Y ! Oliéd ! yRSHNOSURNGH$0EABDKSY S
USD/L)of ethanol and$l USD/gal$0.26 USD/Ldf biodiesel (0.5 USD/gal if madeodin waste oils).

These tax credits represesd a major source of finasial support forthe growth of theUS biofuels

industry. Howeverthese have expiredt the end of 2012
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Pure ethanol cannot be used asblendedfuel in most current automobile vehicleengineswithout
modifications One exception is Brazil, where, as will be discussed in the next paradtiepifuel
Vehicles (FFV®)hich can use neat hydrous ethar{feE95)are abundant. Another exception are the E85
FFVs that have been designed to upeto 83% byvolume anhydrous ethanol. Aelatively small number

of E85 vehicles are currently on the road, mostly in the EU and the US. As an exdoptd, million
E85svehicleswere in usein the USin 2012 out of a total light duty vehicle fleet ahore than150
million. The use of ethanol at blend ratbsyond 10% may also pose infrastructure compatibility issues
with the rest of the petroleum distribution and processing network. More detail on this incompatibility
of ethanol fuels is provided in &®on 1.4.1. The bottonline is that ethanol is1ot viewed as dully
ginfrastructure compatible fuel in countries other than Braziln the US for example,blending of
ethanol with gasolinas usually limited t010% by volume (E1Gdr regular norFFVs(flexible fuel
vehicles)and this blending limit isegulated by the EPAJS EPA, 2013As thisblending limiteffectively
capsethanol consumption it has also been called the dblend walle. Although the EPA has recently
permitted the use of 15%thanolby volumefor vehicles manufacired in year 2001 or latethe entire

light dutyvehicle fleetis not approved to usthis higher blend

Brazil, the second largest ethanol producer, hdsK S ¢ 2 NI R Q @nost2ektabishedbiofliely R
program. In 19750 NA 33 SNBR o0& (i KriSis, tedBrazil@ri militaty 9eth g&érrimenO
initiated campaigmameddNational Alcohol Program Proalcéad make Brazil independent of foreign

oil imports and provide a stable internal demand for its growing sugarcane industry. The program
involved suBidies and incentives for sugarcane ethanol while the government also signed agreements
with automobile manufacturers to help them create a market for vehicles running on (yerous)
ethanol. The campaign wasitially so successful that a decade lategr,1985,100% of new cars soldn

only on ethanol fuel However, a few years later due to sugar prices increasing and crude oil prices
decreasing lte Braziliarbioethanol industry entered a challenging period. Between the late 188@is
1999when theprice of hydratel alcohol was not regulatectthanol use and ethangdowered car sales
decreased substantiallyn responsehe governmentintroduced ethanol blending mandates (28%)

and deregulatory decreeso try to keep the ethanol industry &fat. As p#roleum prices increased
during the 20022008 period anchsE100 FF\sere graduallyintroduced, ethanol has established itself

as a major component of the Brazilian transportation fuel infrastructlitee success of ther¢alcool
programin Brazil is evient in that the sugarcane industry now accounts for 3.5% of GDP and 3.6 million

jobs, with ethanol productionconsuning about 50% of. NJ itotaf sugarfeedstock (This latter
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percentagevaries depending othe relative commodity prices of sugar and etlod)n(de Almeida et al.,

2008)

Today thereare no direct subsidies for ethanol production Brazil, though there is a degree of
preferential treatment for ethanol as compared to gasoline. Ethanol faces no excise tax while federal
duties are much lower than thoder gasoline ($0.26 vs $0.01 per litr&tate enforceddel VAT islso

lower for ethanol than gasoline in most ethanol producing states suchfad?8olo.De Almeida et al.
(2008)estimate that ethanol enjoys tax incentives of ab&lSD 1 billion per year artdat the Proalcool
programcost around 16 billion for the period of 1979 up until téd-19900a ¢ ( K S & S mychzY 6 S NA
lower than historical US governmentugpport for corn ethanol )(Sorda et al., 2010)n 2012, ethanol

accounted for 50% market share of the gasw-powered vehiclefleet in Bazil with E25 mandatory

across the countrand hydrous ethanol (~E95) widely available.too

LAND USE
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Figurel-3: Brazilian sugarcane land use and ethanol productivity
(SourceSawaya Jank, 2011)
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The Brazilian sugarcane industrynsll positioned to expandvithout clearing foresland or displacing

pastures (Fgure 1-3) according to UNICA (Brazilian Association of Sugarcane Producers). The current
average yield of ethanobpout 7000 L/ha, as shown in Figurd)lisexpected to continue to increase.

As depicted irFigurel-3, out of the 338 m ha of arable land, 30% is unutilized and potentially available
fordadzal NOFyS LXFyidlidAazya SELIyairzyod {dzalI N Ol yS LINE

arable land.

The EU accounts for about 5% of global ethanol production using mainly grain starch and beet sugar as
feedstocks. The EU has a strong policy gasbiofuels as discussed in section 1.2.2. During the summer

of 2013 the capacityof EU ethanol production increased with tbemmissioning o¥ivergo Fuels Lt a

large wheat-to-ethanol plant in Hull, United Kingdom. i$420 MMl (110 MMgy) facilitycost about

$450 million to buildand is a joint venture between AB Sugar, BP and DuPont Industrial Biosciences.

The remaiing 10% of globhethanol volume productioroccursin countries outsidehe EU,USand
Brazilincluding, China (39,000 bpd in 201Thailand (9,000 bpih 2011, Australia (7500bpd in 2011),
and othercountriesmainlyin Asiaand OceaniaUS EIA, 2031

1.2.2 Biodiesel

The ELAR A (KS dighibdresel protiuser. ithe 0.4 mbpdof biodiesel producedyloballyin

2011, around 0.2nillion were produced inthe EU US EIA2012). TheUS,Braziland Argentinafollow

the EU andceach produceabout 0.050.06 mbpd of biodiesglUS EIA2012). FollowingRudolf Diesel's

model enginewhich ran for the first time m Augsburg, Germany 1893 using biodieel as a fuel,
0A2RASA&St KIFIad 0SSy (GKS LINBR2YAYlIyl 0A2FdzSt dzASR A
the high proportion of diesel cars in Europgether factorshat have also contributed to thiEuropean

preference are that ggetable oiland animal fats (the bidiesel raw materialspre more regionally
availablethan starch or sugar (the bitlganol raw materialscoupled withthe ease of scaling down

oilseed presses and ntasterification units which makes biodiesel production relativegll suited to

the more decentralized and small scale nature of European agriculture.

Biodiesel is typicallgomprised offatty acid methyl estersHAMES} derived from vegetable oils (and
animal fats) which, like starch and sugar, cotepeith food and fed markets. Bdieseluseis typically

limited by blendlimits (maximum of 7% biodie$ blend with petroleum diesellUse ofpure biodiesel
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(B100) requires engine modifications to avoid maintenance eoldl flow performance problems

(Knothe, 2011)

9 dzNP LJS i@sel arid Ab®bé&hanolpolicies are primarily derivedrom the EU Renewable Energy
Directive (RED2009/28/EQ. In April 2009 the Europeanparliament endorsedhe REDand a binding
target of 10%renewable energy use in transport (mainly to be met by biofuels) in 202the same
directive the minimum GHG saving requirements were specified (35% initially and 508fagtaom
2017) as well asther sustainability criteria suclas no feedstock from protected habitats and other
territories of ecological alue. Biofuel tax incentives amandated biofuel market sharesere to beset

by national governments and they differom one European countryo arnother. Recently the EU
Parliament voted for a 6%y volumecap o food-derived bofuelswhile setting a separate 2.5% target

to incentivizenon-food biofuels, maddrom waste products and lignocellulosic biomaBseinclusion of
indirect land use(iLUQ factorsAy | 002 dzy G Ay 3 T2 NJ postA2adds Qo béeh ND 2 Y
proposedby the EU Parliamer{tzan Noorden, 2013 his 6% cap and the inclusion of iLUC factors have

however not beenagreed upon between the EU Parliamteand the Council (EU member state

government3. Adecisiononi KSa S o0A2FdzSt L2t AOASAE KlFa ONBFGSR |

negotiations were still continuing as of 30 May 20E4dr@activ, 2014

1.2.3 Biomassderived biofuels

The use of food productsuch as suay and vegetable oilas raw naterials for the manufacturing of
biofuelshas raisecconcerns abouthis increased usdetrimentally driving higherprices for food/feed.

The use of wody or grassyfibers (lignocelulosic biomass) is viewed as a more acceptablge for

further growingthe productionof renewable liquid fuks. Such lignocellulosimateriasd G 0 A 2 ¥ré & & € 0
more abundantand have good potential tprovide higherfuel yields per unit of landareathan food

crops. With continued development, conversion of biomass feedstazks be maddo be less costly

and to achievelower carbonemissionintensity than oibeed starch or sugarcrops. Historic price
fluctuations have beenmuch higheffor food feedstocks thafor lignocellulosic feedstock&or example
althoughsugar and pin ail prices hae fluctuated considerablgince 1995Kigurel-4), over thissame

time periodthe price for biomass, such &srdwoodlogs hasbeenmuch morestable.

The mairfibrous biomasdeedstocks being considerddr biofuels are crop residuesdrn stover wheat

straw, sugarcane bagas®dc.), herbaceousnergy cropsriscanthus, switchgrass, cardgaic.), wood
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derived materials such as sawmill afatest residuesand fastrotation foresty speciessuch as polar
and wilow.
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Figurel-4: Price fluctuation offood vs cellulosidiofuel feedstocks
(Data from indexmundi 201 3ittp://www.indexmundi.com/commaodities)

The conversion offibrous biomass(lignocellulose)to liquid fuels is achieved by two mafrocess
pathways thermochemical and biochemical’hermochemical processes aim at converting the bulky
solid bomass to an energy dense liquigsing combinations ofpressure, temperature and catalysts
during the conversion processddiochemical process aim at biologically convertiribe biomass first

to sugars then to a liquid fuel molecule such as ethafbislatter type of process typicallynvolves the
integrated process steps ofpretreatment, enzymatic hydrolysis, biological conversion (e.qg.,
fermentation) and concentrationThe petreatment step (chemical and/or physicadllows fractionation

of the lignin, hemicellulose and cellulose, andreass the accesbility of the celluloseto hydrolyzing
agents such as enzymes. The sugars in the resudtizgmatichydrolyzate are then fermentedot
ethanol orbutanol or biologically converted tother liquid fuel moleculege.g., farneseng, which are

then separated fecovered) by distillatio, liquidliquid separation,membranesor other means
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However, while manyhermochemical and biochemicabutes to cellulosic biofuels are availabtbe
processing of fitbus feedstocks to fuel grade products requires more eneryy resources than does

conventional biofuelgSims et al., 2008)

A 2 s oA o~

As is discussed imore detail below édropiné o0A2FdzS5ta | NB SELISOGSR
functional properties apetroleumderived¥ dzSf & ® ¢ K SloBdiné (| HINSEF dBT a4 OF y
from cellulosicbiomassvia thermochemical conversioritom lipid feedstocksvia hydrotreatment, or

from sugars and alcohols via biological or chemical catalggEmples of such biofuels incluBischer
Tropschliquids (FT liquidshydrotreated pyrolysis oils (HPOs), and hydrotreated vegetable oils (HVOs).
More recently biochemicd pathways, such as sugar conversion doop-in or close to drogn
hydrocarban moleculeshave also beendeveloped and proposed as candidate technologies for
hydrocarbon biofueproduction Companies such as Amyris and LS9 have engineered microorganisms to
O2y @SNI adAIARISE 2 Y& RS 6 6B drop-in bickdNiB ¢esséstadargely at the
research and demonstration stages although several large scale HVO facilities are being built and
operated by companies such as Neste Oil and Dynaugts kvhile a commercial scale pyrolyaisd

upgradingfacility was recently built and commissioned by the company KiOR.

1.3 Definition of drop-in biofuels

Conventional biofuels have a distinct chemical natanel so they can be accurately defindy their
chemical compositioralone For examplebioethanol is ethanol and biodiesel igaty acid methyl ester
(FAME). Incontrast dropin biofuels generallyconsist of a mixture of many different types of
hydrocarbons, the properties of which, just like petratelfuels, is typically characterizedby the

Y A E (i deNdBandD characteristics such as distillation profile, viscositydityc etc. A true drop-in
biofuel shouldbe able to beNB I RA f & & R N elish& petkoledm infrastructure and be
handled in much the same way as petroleum fuels withowequiring significant infrastructure
adjustments.

In this vein, andonsdering tre diversityof drop-in biofuel processeand product optionsthe following
definition is used throughout this report to prade afunctionalrepresentation of whais meant by a

drop-in biofuet
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d)ropin biofuelsare liquidbio-hydrocarbons that aréunctionally equivalento petroleum fuels andre

fully compatible withexisting petroleum infrastructuée

It should be notedhat petroleum itself can sometimes contain up to 2 wt% oxygen (infrequently, even

more) (Speight, 2006)The termdpetroleumderivedblendstocksflels)¢ is used to describe thgasoline
(petrol), diesel, jet and other types of commercial transportatifuel blendstocksas well as their
refinery precursors that are currently processed in existing refinernmgelines or anywhereupstream

of ablending terminal irthe petroleum supply chain.

1.4 Reasondor the increasing interest irbrop-in biofuels

Drop-in biofuels are currently attractingonsiderableattention. Someof the reasons are directly or
indirectly related tochallenges to further increasing the markets &hanol and biodiesdbiofuelssuch

as their likelyblend walland supplyconstraints Drop-in biofuels are better positioneds they avoid
blend wall concerns and also potentiathake better useof existinginfrastructure (current inventory of

petroleum refineries, supply channels aligquid fuel powered combustioangines.

1.4.1 Blend walls

As mentioned earlier bioethanol and biodiesel cannot be used @neat form in conventional
automobile engineqwithout modifications and tuninggnd theyare not fully fungible with egiing
petroleum fuds. As a resultthere are limitson the blendinglevelsof these biofuds with petroleum
fuels, with these limitsstipulated and regulated by governmengdter consultation with automobile
manufacturersand oil companie A i K G KS SE OS Miiaghdg ang HESSvéhiclésinbsh &
jurisdictions outside of Brazillend ethanol atlevelsthat do not exceed 10% by volume (E1The
blending rade for biodiesel generally varies betweefo2and 20%y volume This blend wahas in part,
limited the grawth of biofuels and in the US in particul#neseethanol blend wall volumelkavealready
been reachedTyner, 201Q)To confuse matters furtherthe RFSethanol mandate currently stipulates
consumption of ethanol volumest levels abovevhat can beusedwithout breaking theE10blend wall.
Short of buying ethanol that they cannetll, gasoline blendersave resorted to buying the ethanol
permit equivalent (RenewablilentificationNumbers) from norobligated partiesThisRIN tradinghas

given rise to a unregulatedfutures marketwhich resultedin the recent unprecedentedsurgein the
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marl SG LINRAOS 27F | {froowmudeQUB $& iD/ipHoyf d.026¥ )toboster US $1/gallon
($0.26/L) This has triggered increased tensions between -B#ii§ated oil companies and the US
Envionmental Protection Agenc{Schnepf & Yacobucci, 2013)lthough one solution to resolve the
blend wallconstraintwould bethe wider use ofE85flexi-fuel vehicles (FFV,sas showrby Tyne and
Viteri (2010) E85 penetratiorcannot grow fast enougto provide a fleet that couldabsorb all the
G2 @RI SYR ¢ ff ¢ | YtRatlzbuidibe@otluced inkte yUSIf there was enough

economicaldrop-in biofuel productiorin the USsuch blend waltelatedissues woulde avoided

1.4.2 Enegy density, aiation and otherlong distance transportationsectors

Aside from blend wall limitations in gasoline and diesel automobiles, there are transportation modes
where conventional bifuels cannot be usedr their use is not favoured. Aviation is the most salient
example of a transportation sector that can only use dimopiofuels since ethanol and biodiesel do not
fulfill key jet fuel requirements such astringent cold flow viscositandenergy density specifications
Since jet engines cannot be readiBlectrifieck they are uniqudy depender on biofuels for renewable

fuel alternatives. In addition, the aviation industiafjuirements for affodable and renewable jet fuels

are beoming ever more pressingas the industry hasommitted to GHG emission reductiomsnidst
increasing oil pces and increasinglemand fa air travel. Examples of such aviation biofuel
commitments includg€not an exhaustive list)

 9dzNR LISty |/ gEMYpRaa Advanged Biofuels Flight paihitiative is a roadmap with

clear milestones to achieve an annual production of two million tonnes of sustainably produced
biofuel foraviation by 2020

T USCSRSNI t ! @Al A 2PKA aviRiohAbi6iueh goaldtoliusa2byllionigallons(3.8
million L)of renewable jet fueperyear from 2018 onward@Hileman et al., 2009)

 Variousnom@m AYRAY3I a0NI G0S3aIAO GIFNBSGA F2NJ NBRdAzOA vy 3
carriers such asufthanssand Alaska Alinesas well as international aviatiorlliances such as
the IATAIATA, Dec 203&and SAFUGAFU@Eec 2013

1 KLM Airlines in collaboration witiir France,Argas and Spring Associatescently (2009)

formed SkyNRGa major international broker of available Het fuels.

1 Regional organisations/consortia for the development of aviation biofuels such as the
Sustainable Wation Fuels Northwest (SAFN) in the US and the Brazilian coalition of academic,
government and commercial partners: Alianca Brasileira para Biocombustiveis de Aviacdo
(ABRABA).

G¢KS LRAISYGAlt MyyR OKIF EzStyaes aL R!1F . July 2014 26
ISBN978-1-91015407-6 (electronic versin)


http://ec.europa.eu/energy/renewables/biofuels/flight_path_en.htm
http://www.lufthansagroup.com/en/responsibility/climate-and-environmental-responsibility/keroseneandemissions/biofuel-at-lufthansa.html
http://www.alaskaair.com/content/about-us/social-responsibility/fly-green/about-sustainable-aviation-biofuels.aspx
https://www.iata.org/pressroom/facts_figures/fact_sheets/pages/alt-fuels.aspx
http://www.safug.org/
http://skynrg.com/our-story/

More details on driverbehind the need fodevelopingaviation biofuels ae describé in a receniEA
BioenergyTask 40eport (RosilleCalle et al., 20123s well as aeport by the Air Transport Action Group
(ATAG, 2012)areport by the Sustainable Aviation Fuels Northwestiative (SAFN, 2011and the

Aviation biofuels website of the European Biofuels Technology Platf@tirer long distance and nen

electrifiable transportatioormodes such amarine shippingand long distancetrucking are also better
suited to usingdrop-in biofuelsthan conventional biofueldt should be noted thattese sectos are
expected to represent much of theansportation fuel demand growth over the redecade or sqlEA,
2012) As discussed in more detail Section1.8.2 it is expected tharegulationswill be tightenedon
maximum sulfur contentallowed in marine and road fuels. Consequently, biomass derived <inop

biofuels(and other biofuels) that exhibibw sulfurcontentwill also look more attractive.

1.4.3 Energy security and crude oil prices
As explainedn the L 9 !ddlué mape scenario(IEA, 2011bbiofuels are projected to accouffior 27% of
total global transportation fuel demantly 2050. This ambitious targeitill be difficult to reach using

only conventioral biofuels such as ethanahd biodiesel

1.4.4 Infrastructure incompatibility

Due to thechemical natureof bioethanol and biodisel they haveao be delivered and blended through
separate digtibution channels as they aiacompatible with much of th@etroleuminfrastructure such

as pipelines and storage tanktshus alternative channels must be used suctras, rail or barge ad

this adds to thecost and carbon footprint obiofuels The majority of thepetroleum distribution
infrastructure, such apipelines, tanks, and related equipment is composed of low carbon and low alloy
steels, and controlling rust and corrosion is ofary importance Pipelines run petroleum products in
batches which follow oneafter the other as shown irFigure 1-5. These batches follow specific
sequences in order to avoid cross contaminati®@etween batches, a small amounf comingled
product, known as interface or transmix, is generated and is normally segregated for refractionation to
diesel and gasoline or returned to a refinery for processinghis regard pipelines are vulnerable to
contamination which can carry owdrom batchto-batch Biodiesel, for example, is reactive with
pipeline metallurgy andt can adhere to the surfaces of pipeline walfstentially contaminating
subsequent petroleum batcheget fuels are particularly sensitive to biodiesel ester comants As a
general ruleany potential biofuethat mightbe transported througlpetroleumpipelines must be non

corrosive andhydrophobic Most pipeline networks have engineering features in place to remove
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contaminaing water (Bunting et al., 2010)An ideal drogin biofuel wouldhave similar(to petroleum)
non-corrosive nonreactive and northydrophilic functional properties so hat it can fully utilize the

existing substantialpipeline network for its distribution.

DIESEL Regular  Premium Regular DIESEL Regular

fuel gasoline gasoline  gasoline fuel gasoline

TRANSMIXinterface material which must be reprocesse

Figurel-5: Typical sequence of petroleum products flow through a pipeline
(Sourceadapted from API, 2001)

1.5 Properties of petroleum and dropn biofuels

As defined earlierdrop-in biofuels must be functionallygaiivalent to current gasolingliesel,jet and
relatedfossilderived transportsion fuels Thisfunctional equivalencémplies that dropin biofuels must
meet certain bulk properties such as miscibility with petroleum fuels, compatibility with fuel
performance specifications, good storability, transportability with existing logistouctures and
usability withinexisting engines (vehicles, jet planes et€hemically, a drom biofuel could also be
defined asa biomassderived liquid hydrocarbon that haslow ocygen content, low water solubility and

a high degree of carbon borghturation. The exactspecifications ofhese fuels will baletermined by
various physicochemicploperties such as viscosity, carbon number, boiling point range, freezing point,
flash point aromatic contentand others. Othese variouspropertiesthe cabon number and boiling
point range (shown in Figure -B) are the most ommonly used parameterto distinguish between
gasoline (light distillate), diesel arjdt fuels (middle distillates) Gasoline istypically used in spark
ignition engines and comprisea mixture of G£12 hydrocarbons witla 20-40% aromatic content.
Diesel is primarily used inompression engines and it contains €122 hydrocarbons witla 25%
aromatic content Aviation fuel is a mixture of @316with a maximum of 25% aromatic conteand a

range of stringentspecificationssuch as very low freezing point4Q C), thermal stability and low
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viscosity at lowtemperatures (Hileman etal., 2009) Marinefuel is a lower quality antbwer costfuel
that is derived from the heavier distillates of refinerighichcontain very long carbon chains alwav or
no phenolics The quality of marine fuels is measured with viscosity and densigxas gimilarly to

crude oil) rather than boiling point rangégermeire, 2012)

Regardingbiofuel properties and & shown inFigure 1-6, ethanol falls within the boiling point and
carbon number range of gasoline fuels but ibidy partly blen@blewith gasolinewithout the need for
engine modification such as in flexifuel vehicl8anilarly biodiesel fits the properties of diesel fuel but it

is again only partly blendablés far as jet fuel properties are concerned, neither ethanol nor bgmiie

fall within the narrow carbon number range of jet fuels and thus (as stated earlier) these fuels are not
suited for aviationWhile there are about a dozen othgroperties that have to be met by fueils order

to qualify for ASTM certificatidras usale in existing engineshe oxygen content (or H/C ratio) and
carbon number rangean be considered as the minimumost basiccharacteristicghat have to be

met.
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Figurel-6: Carbon number and boiling pot range of commercial transportation fuels
Sourcey(Hileman, Ortiz, Bartis, & Wong)@9)

! For #2 Diesel Fuel for example, the ASTM standard contains the following parameters:

Particulate Contamination by Filtration, BP Distribution, Ash, Carbon, Hydrogen and Nitrogen, Carbon Residue,
CloudPoint, Acid and Base Number, Color, Cold Filter Plugging Point, Copper Corrosion, Density, Distillation, Flash
Point, Heat Content, Hydrocarbon Type, Lubricity (HFRR), Pour Point, Sulfur Content, Vicosity, Kinematic, Water
and Sediment, High Temp Stabil{§ourcewww.astm.org
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1.6 The Oxygerthallenge

The greatest challeng®r drop-in biofuels tomeet the physicochemical propees ofpetroleumbased
transportation fuels isdecreasingthe high oxygn content of biomass derived biofuel®xygen is
present in biomass in varisuchemical factional groups such assters ethers and hydroxyl groups
While this oxygen contenis potentially valuabldor metabolic processes and fohe production of
some value added chemicalst is highly uncksirable for dop-in biofuels. As shownin Figure 1-7,
biodiesel and bioethanol are only pally deoxygenatednd this is one othe main reasoawhy these
conventional biofuels are not fully compatible with existing petroleum infrastructiiteese oxygenated
functional groups can react wittefinery and pipelinanetallurgy as well as with biofuel components to
form gums acids and other impuritieften at the detriment ofbiofuel storability/stability (Pearlson,
2011; Bridgwater, 2012).

H H
\/ Ch
H .
H—§
H Et ha Biodiesel (fatty

Figurel-7: Currentcommercial biofuds and their oxygen content

Compatibility and reactivity are not the only reasons why it is important to deoxygenate biofuels. The
oxygen in biofuels rastes their energy density. This in tuietermines thesis 2 F | @SKA Of SQa
which in turn determines travel range for all modes of transportatidxs shownn Figure1-8, with
increasingoxygen content, expressed as thmlar ratio ofoxygen to carbon@/C) in the fuel molecule

the energy density of biofuels and biomass processing intermedileeases linearly.
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Figurel-8: The effect of oxygen content on the energy density of liquid fuels
Data fromORNL2013

1.7 Deoxygenation of biomass

1.7.1 The Hydrgen-Biomass éedstock dilemmgor trade-off)

Deoxygenation of biomass intermediates essentiafor the productionof drop-in biofuelsand it is
primarily achieved bytwo main chemicalredudion processes hydrodeoxygenation (HDO) and
decarboxylation (DCOpuring hydrodeoxygenation thieydrogenpresentin the biomassintermediates
(or supplied externallyis oxidized and oxygeis removedas water (HO) whilein decarboxylatiorthe
carbaxyl group carbo isoxidized andthe oxygenis removedas carbon dioxide. While jpracticethese
two processes take place simultaneoystgrtain conditions favourone reactionover the other. The
HDOprocess is typically favoured whérydrogencan be readily accessdém an extenal source (e.g.
hydrogen gas derived from natural gashile in the absence of hydrogethe DCO route is favoured
(NSF, 2011; Pearlson, 201When the DCO procegsused feedstock carboiis lost byoxidation and, as
a result,the yieldof the process is reducedhen hydrogen inputs arenported inthe HDO process,
althoughthe yields are generally gher,the cost ard sustainability of themported hydrogerhas to be
assessedThese twoalternative routes are simplifieth Figure1-9. The deoxygenation can lmarried
out either biologically or thermechemically. Howeverthe trade-off between hydrogen inputs and

processyields remains unchangedn either of these twodrop-in biofuel processes,he ultimate
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objective is not only to deoxygenate bioass intermediates but to alsenrich them in hydrogen and

thus elevate theitow H/C ratio to the level of finished petroleutransportationfuels (H/C of about 2).
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Figurel-9: Simplified representation of carbohydrate deoxygenation mechanisms

1.7.2 The Hydrogen to Carbon ratio

The hydrogen to carbon ratiqH/C ratio) is used in the petroleum and coal industry to indicate how
hydrogen richand energy densare various fossil feedstockis the production ofdrop-in biofuelsone

of the mainobjectivesis to elevate the low H/C ratiof the biomassfeedstockto that of diesel, jeand
gasoline fuels which have H/C ratios close tdfring combustion, the xygenwithin the biomass
consumes hgrogenand thus reduces its afttive H/C ratio. Thus, usingp@massfeedstockwhere the
main ekmental components are hydrogen carbon and oxygée, H/C ratio must accounfor the
relatively high levebf oxygen(in contrast to petroleunfeedstockswvhich contain practically no oxygen)
aseach oxygen atom consumes two hydrogen atdm$orm a watermolecule(HO) that contributes

no energy to the combustion systefVennestrgm et al., 2011¥hus the a STFFSOGA @S¢ | k/
oxygenated biomass feedstochks«/C, is calculated by Equiain 1.

Hei/C ﬂ—FF where n=number of atoms of each element
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Equation 1: The Effective Hydrogen to Carbon ratio

Highly oxygenatednd hydrogerpoor biomass intermediates such as sugar and cellulosic biomass have
low H/C ratios. Glucoseéhas an kk/C ratio of zero meaning that all hydrogen in the substrate is
consumed | its abundant oxygen atoms. Whehe most common biafel intermediates as well as
target dropin diesel moleculgare listed along with their &/C ratiosin a dstaircasé depiction (Figure

1-10) it is apparent thatthe wider the gap between #Cof a feedstock and a targ@roductmolecule

the more processing and hydrogen input efforistép<) that have to be taken to reachtarget dropin
biofuel H/Csituated at the top of the staircase. Thu$or example,a lipid feedstock used by the
oleochemcal dropin biofuel platform willbe favouredover alignocellulosidiomassfeedstockfor drop-

in biofuel productionForsberg, 2009)

lf 0 K2dAK (KS MCddricépNaRpicie8 ih FidunslR) afle useful "rds of thumb” to help
assess the suitability of "biomass materials" as feedstocks for-idrpfuels, these concepts need to

also consider biomass intermediates that are rich in both hydrogen and oxygen. These types of
intermediates include monoalcoholsich as ethanol and butanol which, although they have.dCH

ratio of 2, are still too oxygenated to be considered as dropiofuels. Other intermediates such as
lignin, although less oxygenated than sugars, are still several steps away from the HeeftC target of

2. Typically, alcohol feedstocks have been used in in less conventional processes such atogétohol
fuel processes (discussed further in Chapter 5). In these processes, although the alcohols benefit from a
high H«/C ratio they stilneed to be further deoxygenated (e.g. by using more hydrogen inputs) in order
to produce hydrocarbons that are oxygédree and suitable as drejm biofuel blendstocks. It should also

be noted that if these alcohol and lignin feedstocks are derived frmméass they will also require some

type of preprocessing before they are available.

As the source, sustainability and cost of hydrogen will likely play an important role in any dobgpran
biofuel sector it is worth discussing how hydrogen is curgeptbducedand used in theoil and gas

based industries
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Figurel-10: The effective Hydrogen to Carbon ratéstaircase&

1.8 Hydrogen in the petroleum Industry

It is apparent thathe commercializatiof drop-in biofuels will be heavilgependent on the availability
and price of hydrogefiH) inputsin order to elevate biomass H/C ratioBhus,it is important tobetter
understand the market trends and pential competition forthis keyresource. Theurrentmajor global
use of industrial grade hydroges for petroleum refining and ammonia fertilizeproduction In the
petroleum industry hydrogen is used to decontaminate (desulfusizééR Sy A (i NP cuSebikahdS ¢
to upgrade ¢crack) heavy oils to makéghter fuel productsCurrently, and for the foreseeable future,
the petroleum industry is and will beonstrained byhydrogenavailabilitydue to theincreasingheedfor
hydrogento upgrade crde oils of decreasing quality satisfymarketdemand for ircreasingly pure and

light petroleumproducts.

1.8.1 Declinirg quality of crude oil
Crude oil is not a homogeneous or consistent feedstock. Petroleum quality varies considerably between

regions and over the lifetime of areservihe Sy & A (1 & 6 S E LIN&idaa Belolebind InstitieS & ! Y
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6!t L0 ahdyslfSriednient (expressed as % wt) are the most commonly quoted crude oil quality
parameters and they are viewed approximate estimation®f carbon content and energy content
(heating value). Good quality oik characterized adighté (low density, high API) angsweet (low
sulfur content)(Bunting et al., 2010)

Recent trendshowcrude oil feedstock decreamyin quality over time as it averages sou(high sulfur)

and heavier indices. For example, over the last 15 years, US refineries have been processing increasingly
heavy and sour crude oil. For the oil irstiy, these trends translate to higher energy use and GHG
emissions per unit of crude oil processed. In the US, the average energy consumption gepitrud
processechasincreased by more thaB0%from 2001 t02011 (S&T2, 2013)Thistrend of decreasing

crude oil quality is expected to continue gras shown irFigurel-11, any forecasted growth in global

oil reserves to the year 2020as been projected t@ome flom sout heavy or acidic (high total acid
number or TAN) crude@JSEIA, 2006)It is likely thatrefiners will have to adapt by utilizingnore

complex unitoperationsand using gher energy and hydrogen inputs process these crudes
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Figurel-11: Purvin & Gertz forecast for world crude oil quality
(Source: data fronS EIA2006)

Qil refineries upgradéeavycrude oil to light productgsuch as naphtha)y hydocrackng the heaver
distillates thus increasinghe hydrogen input requirements of the refining facility. Cracking of heavy

petroleum fractions can also be performed in catalytic cracketsch require no hydrogen inputs.
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However catalytic crackers convem significantproportion of the feedstock to tar residsewhich
translates to lower coversion yieldsThus this approach isot favoured especiallywhen crude oil
prices are high (generally above $60/b@l)S EIA, 2007This hydrogen vs yield dilemma has also been
discussed in the context of upgradingimass to drogn fuels and it will bean interesting common
challenge foroth petroleum and biomass referies. (Oil refining operations are described in further

detailin Sectionl.9).

Oil sands are among the heaviest crudesrrently beingprocessed withirthe global pool of petroleum
reserves Oil $ Y Ra I NB NBf | (A S thaét arétiyiiyayafiped between gediogiala A G &
sediments. They comprise a mixture of heditymen oil and sandhat requires high energy iputsto
processc for extraction, separation antkfining ¢ to finished fuelsTo give some sense tife scale of
operations for oilsands utilizationAlbertaQ & LINRiRpiaf@cted 2dficreasefrom a current level of
approximatelyl.5 million barrels/dayf syntheticcrude oil(cf. world daily demand is 90 million barrels
(IEA, 201D)to 3.5 million barrels a day by 20Z@lberta Government, 2007From an emis&i y a Q
perspective oil sands extractin and refinng result in significanthhigher impacts thandoes the
production of conventionalliquid petroleum fuels According to theUS National Energy Technology
Laboratory, Canadian Oil sands WTT (well to tank) @&m@sions amount forabout 34 kg CO
equivalent/ MMBtu LHV(Low Heating Valuajiesel, which is more than double that of the benchmark

crude oilWTI Western Texasitermediate)(Gerdes & Skone, 2009)

Coalto liquid (CtL)conversion to makdransportation fuel isanother fossibasedalternative that has
beenused during situations where accessptroleum has beemestrided. CtLhas been categorised as
the productionof Synthetic Liquid ¥tirocarbons (SLH), indicating that these liquid hydrocarbons have
been synthesized fromon-liquid hydrocarbon source(e.g. coal or natural gasjhis technologyan
produce functional guivalents to jetdieseland gasoline and reliemn catalytically condensingyngado
hydrocarbon liquidsa process widely known dsischefTropsch (FTyynthesis The liquids resulting
from the FTprocess vary in propeds and the process can be opigsadto produce productditting
gasoline jet or diesel fuspecificationsThe chemistry of these liquids differs fraraditional petroleum
fuelsin that they contain fewer aromaticand therefore aregenerallybetter suitedfor blending with

heavier dstillates (diesel and jet) than gasoline.

The companySouth Africa Synthetic Olltd. (Sasab A & (G KS ¢ 2 Ndamufaciure twithNA S & (

extensive experience stretchifgack b the 1950sas a consequence &outh Africa haing abundant
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coal and limitedpetroleum resourcegBauen et al., 2009)n their Ctl process;oalis gasified and the
resulting gas (syngas) catatgily condensed to liquid fuel§. I & 2 f ®@diquid@ahtfin Secunda,
South Africa has increased production up to its current prsiogscapacity o0 million metric tomes

of coal per yeatbeing used toproduae approximatelyl50,000 barrel oil equivalenton anenergy

basig of liquid hydrocarbon fuels per dajn 2009,after a 7 year certification procesASTM approved
{ I & 2 miSysathetic $et fuel blends (containing 50% cdatived and 50%etroleum-derived) (Bauen

et al., 2009)

In a related area,ite US Navy and Air Force bdtave prioritized the procurement ofSynthetic Liquid
Hydrocarbons$LH as a means to reduce reliance on petroleum imp¢88FN, 2012)n 2006, the US

Air Force initiated testingf FFjet fuel blends in all aircraft types. However, the Energy Independence
Security Act of 2007 banned the procurement of fuels that are more carbon intensive (higher GHG
emissions) than existing petroleum fuels. This Act essentially precludedi@oadd FT liquids from US
vehicles due to their high GHG emissig¢Bauen et al., 209). Unlessoptions such a€abon Capture

and Storage (CCS) chea employedJow-emissiors biomassierived SH will likely beonly alternative

fuel choiceusing this type of conversion technology.

It is likelythat unconventional sources of refineffgedstock such as heavy oil, ginds and coal
liguefaction willincreasethe environmental and economic casbf producing currenttransportation
fuels Thesedessthan ideak ¥ #édatdcks are generally hydrogen deficient ajust like biomass
feedsbcks,have much lower hydrogen to carbon ratithan chighquality O NHzR S & ¢ Saudidké@bian |- &
light andsweet. Similarly to thepreviously describedstaircaseé arrangement, fossil feedstocks catso
be comparedfor their relative processing and hydrem requirements with a H/C staircasgFigure
1-12). Coal, which has an H/C ratio of about 0.5 requires 3 times more hydrogautsrthando lighter
crudes which havean H/C ratio of about 1.§Forsberg, 2005)These numbers indicate thaere is a
near linear relatioship between H/C ratio and hydrogen requirementsgardlessof the type of
feedgocks to be converted to finished fuelsThis linear relation is eecognisedroughrule-of-thumb
used bythe petroleum refiningindustry but it has to be adaptetb accountfor the presence of
heteroatoms such as sulf@nd nitrogen,which, just like oxgen consume hydrogen duringpgrading

and refining(Forsberg, 2005)
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Figurel-12: The hydrogen to carborstaircasé for fossil fuel feedstocks

1.8.2 Demand for low sulfur and ¢jht petroleum products

As petpbleum reservesecome heavier and soer, an opposingrend is occurring ipetroleummarkets
where increasingly light and lesulfur poducts are in demandGlobally, ight productsand particularly
middle distillates(the main blendstock for jet fuel andliese) are inincreasinglyhigher demandthan
heavier fractions such as fuel cdind bunker fuels The increase in demand for prime ajity
transportation fuels ignainlya result of the increased demand for long distance transportation ffirels
non-OECD countries in particulaand the tightening sulfur emission regulations in road and marine

transport(in OECD countries especially)

While electric and natwa gas vehiclesre proposedas alternatives to petroleurbased light duty
vehicles,these alternative are notviable for longer distance transportation modes such as air travel
and shipping Theselatter, more inelastic andoil-dependent sectorsare also where mos of future
petroleum fuel demand growtls expected to occuAnother long distance transportation mode thiat
projected to grow is truck/lornfreight transport, particularlyin emerging nofFOECIOOrganization for

Econanic Cooperation and Developmgnéconomes such as China and India. In these countries
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domestic trade is now growing faster than export trade and goodsrareasingly transportedy road
rather thanby air or sea (IEA, 2012).

The petroleum feedstock udao makediesel fuels as well as higher grade heatilgnd bunkeffuelsis

the dmiddle distillates petroleum fractions Demand formiddle distillates, more commonly called
gasoil is expected to grow exponentialtyver the nextfew decadesas current fuel substitution trends
increase,ncludng fuel switchingfrom gasoline to diesel, from heating oil to natural gas/electricity and
from bunkerfuelsto higherquality marine gasoil. Adif these trendssometimes collectively referred to
as theddieselifcatiore trend, favour increaseddiesel andjasoilproduction According to the IEA (2011),
gasoil alone accounts for almost 40% of total forecast growth in oil demand through to 2016 while its
share of total petroleum product demand will climb steadily30% by the samgear. The overall
tendency for markets to grownostly aroundthe middle part of the barre(middle distillates) is
illustrated in Figure 1-13, where the demand growth for nudle distillatesis clealy evident In
aggregate, this growth represents 46%tloé total demand growth through to 2017During the same

time period, heavyuel oil demand is expected to show norgggative growth.

World: Oil Demand Growth by
Product, 2010-2017, mb/d
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Figurel-13: World oil demand by produgt20162017
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(SourcelEA, 2012b)
Tightening iel emission regulationare the second factothat will driveincreased demanébr lightand

low sulfur petroleum fractionsas opposed tcheavierand more sour fractions Sulfur emissioimits
continue to bereduced particularlyfor road and maringransportapplications(IEA, 2011a; IMO, 2012)
Bunker fuels, once thoudhofF & (1 KS NB SginK hol€ r thie H@ast2yddady refinery fractions

are nowalsotightly regulatedfor their sulfur emissionby the! b @hternational Maritime Organization
(IMO), as described inthe International Convention for the Prevention of Pollution from Ships
(MARPOL)a ! wt hAnge# V]in force since 2010K & F20dzASR 2y (KS Saidlof
9YAAaaAz2y | PSFCAN)EnthigH tidfficlEarépean jurisdictiorhsas the Baltic anNorth Sea.

Other SECAs have been designated in North America @cteffnce Augus?2012) and even morare
expected to be introducedh high shipping traffic hot spots in South Americand the PacifiRim (IEA,
2011a; IMO, 2012)n practice this means thawhenoperating within a SECA, a ship muastly burn low

sulfur fuek. Annex VI has been ratified by 63 countries, which account for some 90% of the gross
G2yylr3asS 2F GKS g 2 NiieRsQfar contsrilimisiugdér MARPSIS anesbently Kvi%o

in SECAs and 3.5% outside SECAs. These lienitstsfurther decreasedver the next decade to 0.1%

in SECA®y 2015 andto 0.5% worldwide by 2020025 to the extent of sufficientavailability of
compliantlow sulphurfuels(IEA, 2011a; IMO, 2012)

Sulfur emission control is also hgi applied toroad transport as indicated bthe fuel specification
trends innational fud standards, particularlyn the EUand the US. In the ElWhe specifications for
maximum allowable sulfur inieisel(EN 5905ropped from 2000 ppmin 1994 to 10 ppnin 2009. Similar
trends have been observedh ithe USwhere, as shown irFigure 1-14, maximum allowable sulfur
contentsof fuelshave droppedver the last decad&om hundreds tothousands of ppm down tonly a

few ppm for all tyes of gasoline and diesel fueldg EIA2006).

Interestingly, the aviatiosector has always been exempt frdel emission regulations and the sulfur
limits in aviation fuelzan be as high a3000 ppm althoughin practice jet fuel sulfurlevelscurrently
averageonly about 600 ppm worldwid€King, 2012)On the other hand, aecent analysis concluded
that although desulfurizing jet fuelwould reduce health impacts, it wouldcreasethese fuelxlimate
impact (because of removingpoling sulfate particles) and thus the costs and benefits came out to be
broadly even(Gilmore et al., 2011)it isalsolikely thatlow maximum sulfur specificatiorfer all other

fuels willat least indirectlyaffectthe sulfur content ofet fuels. For examplbigh-sulfur jet fuelsuppliers
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may have to find kernative distribution systemsf pipeline operators concerned aboutsulfur

contaminationto diesel and gasolinstop accepting higisulfur fuels(US EIA, 2006)
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Figurel-14: Sulfur Content Specifications for U.S. Petroleum Products, 12004

(Sairce:US EIA2006)

In summary, lhe combination ofdeclining crude oil quality anidcreasing demiad for ligher and more
refined petroleumbased fued will createa need for increasedylobalcrude oil upgrading capacityAsa

result and aglescribed in the next section, large amounts of hydrogen are going to be required

1.9 Oil refining basics (emphason hydrotreating and hydrocracking
As al refineries will increasingly have &dapt tohydrogen consuming processdbe followingsection
providesa brief overview of oil refining basiesth emphasis on hydrotreatment and hydrocrackeuggd

their rolein removing sulfur from sour crude oils anddaracking heavy crudes to lighter products.

1.9.1 Crude oll

Crude oil is organic material which has bemmverted to a carbomich Iquid over millions of years,
under conditions of high temperature/pressurebetween geological sediments. It comprises a mixture

of hundreds of hydrocarbon molecules ranging in size (1 to 300 carbon atoms) and structure. In terms of

structure, thehydrocarbon molecules that constitutzude oil aregenerally classified as

1 Paraffns (e.g.n-octane,n-cetane, GHon+o)
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1 Isoparaffins (or branched alkanes, eigocetane, (Han+2)

1 Olefins (e.g.ethene, GHzr)

1 Cyclic paraffins (cycloalkanes or naphthenes are alkanes containing one or more saturated
carbon atom rings)

1 Aromatics (hydroarbons containing one or more benzene rings)

Impurities such asulfur, nitrogenand metals are also present in crude oil.

1.9.2 Oill refining

Oll refining refers to a complesystemof industrial processes which converdrude oil to fuel grade
liquids and valueadded products such as chemicals @odymersplastics.The simplest refinery process
can be thought of as one where crude oil is heated and the differatibns collected and cooled to
form (from lightest to heaviestliquefied petroleum gas, gasolineaphtha, kerosene, gas oil and fuel
oil. The conversiorentails a number b processes which fall undghe three main categories of
distillation, upgradingand blending As simplifiedin Figurel-15, and $arting from the left sde of the
figure I @ 3ISYSNR O¢ 2Af distfon uhib Wikich fild@iohdtds &riida oil 2o protiuct
streams(also known ascutst) according totheir boiling point rangesThe lighter cuts(lower boilng
point fractiong such as naphthd Y R & & G NI A 3 Kaie typidadly usad-far gasoling §rade fuels
while the extremely light, mostly gaseonsts6 &8 K2 ¢y | & oFigiwel-&S)arebisédRfér smord y
value-addedproducts For examplglight olefins (e.g.ethylene) and light aromatics (e,gylene) which
are recoverechearthe top of the distillation column, are precursors to a number of high value polymer
and plasticssuch as polyethylene and polyurethariEhe middle streams from the dikation tower
(after desulfurizationuch as kerosene and gas aié used for jet and diesélielsrespectively These
YARRES &A0dNBIFYa IINB |ftaz2z O2ft{ hénheavddigrer bdilif@poigt | &
streams go to residual fuelvhich forms part of marineand heatingfuel blends) or are sent to cracking
facilities such as hydrocracking and Fluid Catalytic Crackingu®€&Ctp be upgraded to lightetigher
value products. The vacuum distillation towisrable to procesgxtremel heavy residuénto lighter,
FCC feed antb heavier, coker feed. Cokers vyield lighter FCC feed and very heaastydensecoke
suitable as combu®n fueland typically usedor power generatioUS EIA, 2007)
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Figurel-15: Simplified diagram of an oil refinery
(Source: adaged fromUS EIA2007)

Downstream from the distillation tower are alhé upgradingunits which performthe three main
functions of: a) breaking apart heavy, lowalued molecules into lighter me valuable streamsb)
rearrangingmolecules to improve performance or emission specifications fefgrming gasoline cuts
to bood their octane rating) and c) removingundesirable materials such as fsulandother impurities.
The pgrading units represerthe biggest capital expensa a refinery. iey are also costly to run as
they operate athigh pressuresrad often use catalyst andlarge amounts ohydrogen inputs Kigure
1-15). Hydrocrackers, hydrotreaters and FCCs are gl operationsfor upgradirg the increasingly
marginal oil feedsThey arealso importantunits to consider in the current studyecause theydictate
the hydrogen demandf the refineryand area possibled A y & S NIi A 2 Jpgradddh ofdilop-in T 2 NJ
biofuel intermediates to deoxygenated hydrocarbon fuel blendstodBendstockis a term used to
describea fuel stock that is transportto blending terminalsvhere they are mixeto produce finished

fuels meeting specific markspecificatiors.

1.9.3 Fluid Catalytic Cracking (FCC)
The fuid catalytic cracking=CC) uniis predominantly a gasoline production unit atygically supplies

roughly50% of the gasoline produdan a standard refinery. FCC urgtack heavy moledes to mostly
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gasolineand somemiddle and heawvydistillates. They d not use hydrogen andas a result,higher
amounts of coke are formed on the surface of the catalysterdtbre, an operating FCC always has a
regeneator attached to it Figure1-16) where the cokeon the spent catalyst iburned off and the
regenerated catalyst is fimjected irto the main reactor. Since biomass substrates alspodé a lot of
coke on catalyts, the FCC configuration outlined Figure 1-16 is also popular in pyrolystgpe

thermochemical conversions of biomass to diiapbiofuels.

Due to theglobal reduction in demand for gasoline aindreasing demand for diesel, the need for more

FCC units, which agredominantly gasoline pragting units, is declining. Evény G KS | { & GKS
oAIISal O2yadzySNI 2F 3AF a2t AyS 00620K Ay loazfdzi$
transportaton fuel mix),FCC use is declining and abo?® ofthe FCC units in URfmeries are

currently idle(US EIA2013. It shouldalsobe noted thattheir decommissioning is expensivéhus, his

situation may represent an opportunity for thermochemilgabaseddrop-in biofuel processesuch as

pyrolysis, to better utilize idle FCC units. However, as discussed in moreidethdpter 3 this comes

with severallogistic and processing challenges.
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Figurel-16: Simplified representation of a fluidedcatalytic cracker
(Adapted fromCorma et al., 2007)
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1.9.4 Hydrotreating

Hydrotreating is a hydrogen consuming process that rersosealfur and other impurities from
petroleum product streams. The process involiiegh temperatures and pressues as well as specialized
catalysts. During hydrotreatmenthé hydrogen reacts with thesulfur to form hydrogen sulfide gas
whichis thensentto the sour gagreatment unitof the refinery. The reactorare mostly fixed bednits
and thecatalyss are usually cobalt omolybdenum oxides or alumina. Howevéngy can also contain
nickel and tungster{US EPA, 1995Fatalysts are replacear regeneratedat an offsitefacility after
months or years of operatiotdydrotreating facilities range in size between 5@41%0,000 by (barrels
per day) and, depending on the quality of the feetheir hydrogen consumptiogan rangebetween 7
and 285Nm? barrel pbl), pressure between0.7 and 15.5 MPaand temperatures between 300 and 450
°C. Heavy and higbulfur feeds require the use of thetop range of these conditiors to be fully
desulfurized(J. Speight & Oziim, 200Hydrotreating is also uset remowe nitrogen impurities in a
process known as HDN (hydrodenitrogenisation). HowenBi is typically a min@ide reactionwithin

HDSasnitrogenimpurities aretypically only present at low leveils petroleum liquids

1.9.5 Hydrocracking

As the name implies, hydrocrackingaidiydrogeradding process which breaks apéow value heavy
petroleum molecules tohigh valuelight molecules.A simplified deftion of the process is shown in
Figurel-17. Hydrocracking can be viewed as a more severe form ofdigehting. In a refinery the main
function of this unit operation is to process thelow quality heavy distili@s obtained from the
distillationtower, the FCC ancbkerunits, andto convert them to desulfurize@inished fuels (mostly for
diesel and jetapplication$. In the emergingworld of increasing fractions ofieavier and more sour
crude oils where low suléir fuels are mandated andemand growthis predominantlyin the diesel and
jet fuel markets, hydrocrackingill play an increasinglypivotal role as modern oil refinetes adapt

operations tomeetemerging markefuel trends
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Figurel-17: Simplified depiction ofa hydrocracking reaction i
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Hydrocrackers operatender very high pressuse(1200 to 2000 psigdhd most catalysts consist of a
crystalline mixture of silicalumina with small amounts afoble metalssuch as platinum anpalladium
These ctalysts are typically regenerated affe every 24 years and they are sensitive to water and
heteroatom impuritiessuchassulfurand nitrogen Water isusuallyremovedby passing the feed stream
through silica ged or molecular sieves prior to feeding the hydrocracker. Sulfur and other impurities
are often removed by hydrotreating the feed stream prior to feed{is EPA, 1995)An average
hydrocracker has the capacity to process ab60f000 barrels of feed per day.dbnsume about 57

Nm3/bbl of hydrogenand costs ovetdSD400million to build (Gary et al., 2007)

1.10 Hydrogen demand in the oil industry

As has been documentedydirogen wil be increasingly required to convereavy and sour crude oil to

high value, low sulfur finished fuelShus, lydrogen demand for ojprocessing will continue to increase

and the setor will continue to bei KS ¢2NX RQa o0A33SA0G dza SMevie& Ay Rdz
Chahine, 2010; Mohamed et.a2011) Hydrotreating capacity in the US alone is expected to double by

2030to 27 million barrels a day, from 14 million barrels a day in 2@0gure1-18). This doubling of
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hydrotreating capacity will be assiated with an equal increase in hydrogen demaodsupply US

petroleum refineries
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Figurel-18: Hydrotreating capacity in the US
(SourcelUS EIA2006)

1.11 Hydrogen generation in oil refineries

Currently most refineriesproduce hydrogen onsite using steam reforming of methane (SWVtwo

mainreactions involved inhis conversion are

CH+Hph M /2h b ol

CO + bh ot b h

In the first reactionmethanereactswith high temperature steam to form syngas (CO &bl In the
second reactior(also called thet ¢ | @ 8§ BJ Se&ction)ithé CONgroduced from the first reaction is
converted to hydrogen. The nethane is usually derived from natural gadthough sometimeghe

refinery offgases can also be used as a source of methaweCGO to feed thénydrogenproducing
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reactions.A typical refinery steam reformer can process ab®%,000 ni/h of natural gasand costs
around US200 millionto build (Muellerlanger et al., 2007)

As mentioned earlier,efineries that have limited access to natural gas may gasify some of the residual
crude oil cutsto make hydrogenHowever this is a highlyenergy intensive process andé use ofa
petroleum feedstock to make hydrogen as opposed to natural gas is unlikelytbés current trends of
increasing oil prices amdroppingnatural gasprices The price of natiral gas has been declining fibve

last few yearg(Figure1-19) and with the ongoingexploration anduse of new technologies to help

S E (i Nunddriventiona natural gas (e.gshale gas) this low price is expecteddantinue for some

time. Over the same times shown irthe graph (Figurel-19), the price of crude oil hamcreasedthus

further increasinghe cost differential between the two fuel commodities
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Figurel-19: Crude/Natural gas price differentials
SourceData from(IndexMundi, 2013)
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1.12 Hydrogen use inlie ammonia fertilzer industry

While oil refiningutilisesthe largest amounts of hydrogejthe ammoniafertilizer industry is the second
largestglobal consumerof hydrogen Demand for fetilizer continues to increase angrices for most
agricultural commodities & currently at record highstfie FAGiood index has increaseidom 100 units
in 2003 to 250 unitsin 2013. Diets in countries such a<Chna and Indiaare becoming more
awesternized, resulting in anincreaseddemand forfertilizer. Ammonia, the most widely proded
fertilizer commodity in the worldis praduced bychemicallyreducing atmospherienolecularnitrogen
(N2) to ammonia gasuy reacting it with hydrogenThe hydrogen(gag typically comes from gam
reforming natural gas. Thusatural gas i®ne of themost critical feedstocks for the ammonia industry.
The global capacity for ammonia manufacturing was 161.3 million tonmes fitrogen basisin 2011
and itis expected to reach 182.2 by 20@od and Agriculture Organization (FAO), 200R)st d the
capacdiy growth is expected to bim Asiancountries, mainlyn Southeast Aai whilesignificant growth is

also expected in Eastern Europe.

1.13 Biomass as a source of/tirogen

lf GK2dAK Y2NB GKFY ¢mr: 2F GKS 62 NI RehanerkfghRidga G NX I €
(SMR) fronfossil natural gas, there are numerous technolod@grodudng hydrogen from renewable
resources. For biomass conversiprocesses, the most available resource from which to derive the
renewable hydrogen is the biomadsélf. The nost effective wayof making hydrogen from biomass is
to use gasificationfollowed by steam reformingof the resulting syngasHowever this process is less
than half as efficient (on @& energy basis) as the conversion of natural gas to hydrggehich
approaches efficiencies of about 90%olladay et al. (2009eviewedthe efficiencies oftechnologies
related to hydrogen production from both fossil and renewable biomass resouftey concluded that
the efficiency oatural gas steam methaneforming is excellentThe same report described hoa¥i
fossitbased technologies will continue to be more efficiéinén renewable hydrogn technologies for
the foreseeable futureln related workwhenLauet al. (2003)performeda techno-economicanalysis to
compare the cost of ydrogen derived fromthe gasification ofeither bagasse switchgras or palm

nutshellwith that of natural gagFigurel-20) it was only competitive a verylarge scale
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Figurel-20: Estimated Cost Hydrogen Productidrom Biomass and Natural Gas Feedstocks
(Source:Lauet al., 2003

Fromthese estimatesit can be concluded thaat the current natiral gas pricesf about $4/GJa 1000
t/day bagassdo-hydrogen facity would generate hydrogen that would cost almost twice as much as
that derived from natural gasThis cost disparity is even more problematic when dlverage cost of
biomass,which was$30/dry tonne (dt) for this study, is considered. Mosecent techm-economic
analyse estimatemuch higher biomass costs, in the rangé $60-75/dt or higher Most studies
acknowledge that usingpiomass to producehydrogen is a not an ideal optioim terms of energy

efficiency and associate@HG savingd.evin & Chahine, 2010)

It is apparent that a key challenge for developing diopiofuels will be finding cheap, sustainable
sources of hydrogen. However, there is an opportunity to dmwyeenhancedcompatibility and
leveraging opportunities with theurrent oil refinery infrastructure. It is also clear tHahg distance
transportation such as aviation, shipping and trucking has few alternative options otherlithad
biofuels. A key onsideration will be the efficiency of theonversion processegsed todeoxygenas
biomass feedstoak Thetrade-offs that will be encounteed andthe production and process challenges

for each of the dropin biofuel options areeviewed in the next seatn of thereport.
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CHAPTER 2: THE OLEOCHEMICAL PLATFORM

azal -ARNPWIAZ2FdStE RSY2yadNridAaAzya G2 RFGS KI @S dzaS
oleochemical platform is based on lipid feedstocks such as vegetable oils or otkagrivied fats such

as talow and algal oils. These lipid based feedstocks have been the pioneers in the manufacture and
demonstration of drogin biofuels primarily because they contain low amounts of oxygen and have a
high hydrogerto-carbon (Hx/C) ratio ¢ they are already clost drop-in fuels¢ compared to sugar or
OSttdA 2aA0 TSSRalG201ad /2y@SyiaArz2ylrt tfALAR ol asSR

(@]}

of triacyl glycerides (TAGS) to produce fatty acid methyl esters (FAME). However, biodiesel is not fully
compatible with existing petroleum infrastructure. A further hydroprocessing step is required to convert
lipids into deoxygenated hydrocarbon drap biofuels typically known as hydrotreated esters and fatty
acids (HEFA). This hydrogemguiring process repsents the only route to date that has been used to
deliver commercially meaningful amounts of drwpbiofuek. As noted earlier, HEFA biofuels have been

the main aviation biofuel used for test flights carried out by the US Navy and many commercia.airline

2.2 Process overview

2.2.1 Conventional oleochemicabased biofuel (esterified fatty acids)

As shown irFigure 21, the esterificationof vegetable oils or other biderived fats to make biodiesel

involves the reaction of a TAG lipid with methanol in preserfce lmase, such as NaOH, or acid, such as

H.SQ, to form FAME and produce glycerol as apbgduct. This conversion is relatively simple and,

unlike HEFAs, there is no requirement for specialized catalysts or hydrogeor fbir high pressures

and temperatires. Rather, production of FAME can be performed at various scales ranging from small

Gol OWRIDLER dzyAida | tf GKSmanlfaturingfaciiitiesditibas 100 rbilliod A 2 RA S
gallon per yea380 MLPY)mperium Renewables biodiesel faciliyWWashington State, USA.
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CH,-0-C-R’ R'-0-C-R’ CH,-OH
(8] (8]
Catalyst I
CH-0-C-R? + 3 ROH — R-0O-C-R* + CH-OH
0] O
| |
CH,-0-C-R? R-0-C-R® CH,-OH
Triacylglycerol Alcohol Alkyl esters Glycerol
(Vegetable oil) (Biodiesel)

Figure2-1: Triglyceride to Biodiesel (FAME) reaction

The major disadvantage of FAMEs when compared to HEEAS Isi (1 K S & FANGE yaRAG2 T dzSit RIN
is shownin Figure2-1, there is still an appreciable amount of oxygen present in the final FAME product

and this imparts polar andhydrophilic chemistry that inhibits fullcompatibility with existing fuel
infrastructure: a) it contains a lower energy content than oxyfee hydrocarbon fuels; b) has a higher

cloud point temperature which limits the applicability of the fuel in cold climates; c¢) reacts with water

and can cataminate petroleum blends; d) reacts with metal surfaces and sticks to them and/or causes
corrosion; and e) reacts with itself which reduces fuel storage life. When the properties of petroleum

diesel and biodiesel are comparethple2-1) most of the biodiesel deficiencies are directly or indirectly

related to its oxygen content, although the lower sulphur content of biodiesel is an exception and is one

of the few advantages biodiesel has ovetroleumderived diesel. Aromatics are missing from all

oleochemicaly derived biofuels (both HEFA and FAMK)ept tall oil
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Table2-1: Properties ofHEFApetroleum diesel and FAME biodiesel.

Properties HEFA Fossil DiesdEN 590 FAME Biodiesel
RenewableDiesel (summer (from rape

grade) seed oil)

Density at 15°C (kg/m3) 775-785 835 885

Viscosity at 40C (mm2/s) 2.5-35 35 4.5

Cetane number 80-99 53 51

Distillation range (C) 180- 320 180- 360 350- 370

Joud point (°C) b5tob H p b5 b5

Heating value, lower (MJ/Kg) 44.0 42.7 37.5

Heating value, lower (MJ/L) 34.4 35.7 33.2

Total aromatics (wt%) 0 30 0

Polyaromatics (Wi%) 1) 0 4 0

Oxygen content (WA%) 0 0 11

Sulfur content (mg/kg) <10 <10 <10

Lubricity HFRR &80 °C (nm) < 46(Qp) < 46Qy) < 460

Storage stability Good Good Challenging

(1) European definition including -dand tri+-aromatics
(2) With lubricity additive
Source(Aatola et al.2008)

Another critical yet often overlooked challenge of biodiesel is its limited compatibility with petroleum in

LA LISt AySad . A2RASaSt GNIYALRNISR GKNRdIAK O2y @Sy,
LI dz3a¢ GKAOK | NB % YoasEpshts differdny pettoleumKiquidsLtorhJEathi ofher

when they are transported through the same pipeline at different times. Biodiesel can also stick to
pipeline walls and contaminate jet fuel plugs that follow. As current jet fuel specificationseaye

stringent, such a contamination risk prohibits the transport of jet fuel and biodiesel in the same
petroleum pipelines. Biodiesel is typically transported via road/trucks, a practice that adds to the cost

and carbon footprint of the fuel. However, lder Morgan Energy Partners (KMEP), one of the largest

pipeline companies in North America, has successfully shipped biodiesel through its Plantation pipeline
network located in the southeastern United States. In this case, jet fuel contamination was feeven

due to the existence of a parallel pipeline that allowed jet fuel and FAME biodiesel to remain
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segregated. The results of this trial were positive and, as of early 2010, KMEP allows the shipment of B2,

B5, and/or B100 in over 8000 miles of pipel{Benting et al., 2010)

Due to these compatibility concerns, and several other issues, biodiesel is seléommest or as a
finished fuel (100% biodiesel &100). To try to make use of the current infrastructure and motor
engine compatibility, it is typically blended with conventional dieseltios of 5 or 7% volumeB6 or
B7). Currently biodiesel is primgriused in road transportation while its use in jet fuel blends is strictly

prohibited.

2.2.2 Advanced oleochemical (hydrotreated lipids)

Hydroprocessed Esters and Fatty Acids (HEFA) is the term used to descrifdie biafpels that are

produced by hydrotreatig lipids derived from vegetable, algae and animal fats. To distinguish HEFA
TNRBY Go0oA2RAS&aAStEéEs GKS GSN¥Ya GaINBSy RASaStEéE 2N aNE
for HEFA renewable fuels include HRV (Hydrotreated Renewable Vegetablél\dils)Hydrotreated

Vegetable Oils) and HRO (Hydrotreated Renewable Oils). Other common acronyms used to describe the

type of HEFA used for jet fuels only are HRJ (Hydrotreated Renewable Jet fuel)-&RKhjoidbased

synthetic paraffinic kerosene).

Compred to other potential biofuel feedstocks such as sugars and cellulosic biomass, fats are the
simplest to convert talrop-in biofuels because, as discussed earlier, they have low oxygen content and
their chemistry is closer to a hydrocarbon than saccleidr lignins (i.e., their effective hydrogen to
carbon ratio is closer to 2). Despite these benefits, the conversion of fats to HEFA entails significant
capital costs as well as hydrogen inputs compared to the production of biodiesel (FAME). For example,
the capital expenditure for a 2000 tpd HEFA facility, as modeled by Pearlson (2011), idJ&iput
$2.6/gal ($0.7/L)of installed capacity and the hydrogen use 4% by mass of feedstock compared to
USD $.8/gal ($0.2/L)and no hydrogen inputs for FAME m®deled by Marchetti et al. (2008) for the

same size facility.

Process chemistry
Ly  adlyRFEt2yS FFEOAfAGEYT | 9FEJuazl) (Pelldn, AR WNDung f £ & LIN

the first stage the fats are deoxygenated and their double bonds are saturated to create alkanes. The
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second stage involves alkane isomerisation and cracking, bringing the biofuel to a quality specification

that equals or surpassesegfications for conventional petroleur: fuels or fuel blendstocks.

~

<
N4
m
S,
o}
z

e R

Figure2-2: Simplified Hydroprocessed Esters and Fatty Acids (HEFA) process depicting the 2 stages of
hydroprocessing

As depicted irFigure2-3, during the first stage of HEFA production, a number of chemical reactions take
place with some hydrogen initially used to saturate all of¢heboncarbondouble bonds present in the
triacyl glyceride (T@&). More hydrogen is added in the second reaction which removes the propane
backbone of the TAG leaving 3 free fatty acids per TAG molecule. Finally the fatty acids are
deoxygenated either with the addition of more hydrogen (hydrodeoxygenation, where oxggees as

H.O) or with the loss of carbon (decarboxylation, where oxygen leaves Asdgsditing in the formation

of alkyl chains. During hydrodeoxygenation (HDO) the alkyl chain length is typically preserved whereas
during decarboxylation (DCO) alkibains are shortened due to the loss of carbon atoms as Q€ually

a combination of the two deoxygenation strategies is used in commercial hydrotreating facilities
(Pearlson, 2011)Tke ratio of each deoxygenatiopathway (e.g., HDO/DCO = 35/65) is of importance to
the hydrotreating operations as it determines the hydrogen consumption, product yields, catalyst

inhibition, gas consumptiorand heat balanc€Egeberg et al., 2010The tuning of the deoxygenati
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pathway ratio can be achieved via catalyst adjustment, depending on the strategic manufacturing
priorities as well as the feedstock and hydrogen costs and the value of the fuel product or blendstock
being produced. For example, the UBBneywell faciliy opts for more decarboxylation in order to

reduce capital costs while Syntroleum prioritises the preservation of longer carbon chains (higher

product quality) and thus uses more hydrodeoxygenat®earlson, 2011)

Triglyceride Hydrogenation

Deoxygenation
CH-O-COCirHss CH-O-CGC,_H o
| vy | H 17' 35 vah Propane Loss —> 3CH,, + 6HO
CleOCOCang —_— (|:HC}COC”I—|35 —> 3CH,,QOCH+ GHs —
CH-O-COGiHs3 CH-O-COC H, — > 3CH, +3CQ
Decarboxytion

Figure2-3: Triacyl glyceride (TAG) deoxygenation process
Source(Pearlson, 2011)

After the first processing stage, the TAG feedstock has been converted txyaenrfree, saturated

liquid alkane intermediate. This hydrocarbon liquid can be directly blended in small quantities with
petroleum diese(Pearlson, 2011 }However, it does not meet the specifications of mished fuel due to

its poor cold flow properties (propensity to freezing at lower temperatures, i.e., relatively high freeze

point and high cloud point). During the second and final process stage, the unbranched long chain
alkanes are cracked and isomedse ap2 OS & & NB T S NNB RPeirligon, 2@ 1Dewasingl EA y 3 £
reduces the length and increases branching of the carbon chains, thereby reducing the freezirg point

the resulting finished fuglConventionabil refining andthe chemistry of cracking and isomerisatiare

reviewed in Chapter)1 The mass yield of HEFA liquids from lipid raw material is typically around 80%

but varies according to the feedstock and processing conditions dsedS | NI a2y Z-. d&mva TS {§ 2
al., 2012) The remaining 20% of material is generally composed of light gases such as propane, methane

and oxygenated gases such as;@@d CO. Other than GOthese gases are usually combusted to

provide power for the ppcess. Typical HEFA liquids comprise 3 different fractions corresponding to jet,

diesel and gasoline (or naphtha) blendstodksyre2-2). The distribution of these three liquid product

fractions can be controlte by changing the reaction conditions and catalysts. However, diesel generally
predominates with only a small portion of the liquids in the jet rari@ezergianni et al., 2009; Pearlson,

2011) For example, it has been reported that in a UiR® (decarboxylatiofbased) HEFA process, ca.
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65 wt% of the incoming vegetable oil gets certed to dieselrange molecules and only ca. 13 wt% to
jet-range; increasing this the jet yield to 50 wt% requires 30% more hydrogen and reduces the overall
liquid fuel yield of the process from 80 wt% to about 70 wt% (Pearlson, 2Uh#&)extra processing
required to maximize jet fuel production imposes extra economic and logistic challenges and, contrary
to common perception, jet fuel does not always command a higher price than diesel. In fact, at the time
of writing jet fuel prices are aroundSD$3 pergallon while diesel prices are at aroubkED$3.20 per
gallon($0.85/L)(IndexMundi, 2013)In the absence of a price premium for jet fuels compared to diesel
fuels, jet fuel would be sold as diesel since jet fuel can be fedetgetengines (a standard practice of

the US Navy to simplify logistics) but not the other way around. It would be difficult to justify the extra
cost of maximizing HEFA jet yields and the cost of separating jet from diesel fractions unless there is
signifcant price premium for HEFA jet fuel compared to HEFA digsat discussed in section 2.4.2, it
has beerestimatedthat this premiumwould need to bdJSD2-3 $/gal($0.53¢ $0.79/L)

2.3Potential for integration with oil refineries

It has been suggedtethat hydroprocessed Esters and Fatty Acids (HEFA) platforms can achieve capital
savings by leveraging petroleum refineries bypcocessing fats at the same time as petroleum
intermediates in existing hydpyocessingacilities (ConocoPhillips, 2010; Egeberg et al., 20T@js ce
processing strategy is intended to take advantage of existing petroleum refining infrastructureend f
off-take networks while also utilizing lower cost hydrogen typically available in oil refineries. As
described earlier, in a standalone facility HEFA is usually produced in two separate stages. In an oil

refinery, this process could be performed iniagée combinedhydrgprocessingtage.

2.3.1 Challenges of hydnarocessingenewable oils in conventional refineries

Hydrgorocessing units (hydrocrackers and hydrotreatenrs) central components of a typical oil refinery
and the overall economics of operatingrefinery is influenced by the performance of these units. As
described below, introducing oxyge&wmntaining renewable oils to hydpoocessing unitgresents a
number of challenges that must be carefully addressed to ensure continued smooth refinery operati

and profitability.

Renewable oils such as vegetable oils and animal fats are naturally unstable and corrosive due to their
oxygen content and, consequently, problems can be encountered transporting these oils through metal

pipelines within a refineryVegetable oils and other naturails, especially those with lagh free fatty
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acid content such as tall oil, can cause severe corrosion of pipes and other metal equipment upstream of
the hydrocracking reactofEgeberg et al., 2010Jhese oils mugbe handled in a similar way to highly
acidic (highTAN) fossil crudes.

The reactions involveth hydrotreating organidats and fatty acids are distinct to the usual reactions
taking place in a refinery hydrotreater. Refinery hydrotreaters are desigoeremove sulfur from
petroleum fuels. This pe®ess is known as hydrodesulfation (HDS) and, as discussed earlier, is used to
reduce the sulfur content of finished fuels in order to meet increasingly stringent fuel specifications such
as required for Uha Low Sulfur Diesel (ULSD, <10 ppm S). Sulfur emission regulations are tightening
around the world and, consequently, hydrogen consumption in oil refinésigsojected to double over

the next decadeWhile renewable oils typically do not contain mucHfguand thus do not require
hydrodesulfurization, hydrotreabent in the form of hydrodeoxygenation (HDO) is still needed to
remove oxygen. Unfortunately, hydrodeoxygenation of renewable oils requires more hydrogen gas
inputs than do hydrdesulfurization & crude oils. Br 100% renewable feed, a hydrogen consumption of
300-400 Nn¥/m?3 is not unusual(Egeberg et al., 2010fompare this with about 34 N#m?3 for the
hydrotreating of 1% sulfur petroleur{Stratievet al., 2009) The presence of oxygen in the feed also
increases reactivity and results in the formation of byproducts such as propane, water, carbon monoxide
and methane(Egeberg et al., 2010These gases must be removed by increasing the gag pate in

the system. If not removed, these gases will cause numerous problems suctaksriadthe hydrogen

partial pressureor redudng catalyst activity: b) CO and £€@ompeing with S and N species for
hydrotreating catalyst sites; and c) liquahter and C@reacting to form corrosive carbonic acid in the
effluent train of the reactor. The formation of these carbonaceous byproduct gases diverts carbon from
the final fuel and thus reduces process yields compared to fossil diesel hydrotr¢gteberg et al.,
2010) Methane in particular is a highly undesirable byproduct because it not only diverts one mole of
carbon from the fuel, it also diverts four moles of elemental hydrogen (two moles of molecular
hydrogen, H) from the reaction masshus unproductively increasing hydrogen consumption in the
process. These challenges have been documented by ConocoPhillips in trials performed in refineries in
Texas, USA and in Irelaf@onocoPhillips, 2010)

Due to all of the above challenges, renewable oils have not yet been processed in a neatf¢i00¥h)
conventionalrefineries Thefew trials of ceprocessing vegetable oils with petroleum liquids that have

been carried out in commercial refineries have used low percentages of renewable oils and have only
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been partially successful. Poor desulfurization, hydrogen starvation and pressure dropupbuale
among the issues that have been encountered using mrasetups and catalysts not specifically
designed for renewable oil feeds. As an examplaldor Topsoe, a major refinery catalyst producer,
reported an industrial trial of cprocessing a few percent vegetable oil in a ULSD hydrotreating facility
(Egeberg et al., 2010A few days after the renewable oil feed was introduced to the ULSD hydrotreater,
the pressuredrop-in the reactor increased such that the refinery had difficulty continuing operation. In
related work,Haldor Topsoe showed that the Clyproduct from ceprocessing this biofeed reduced
hydrodesulfurizing (HDS) and hydrodenitrogenising (HDN) activities of conventional -@p#&o
catalysts. As NiMo catalysts did not seem to be affected by blend levels up to 15% biofeed, these type
catalysts are currently favoured when designing hydrotreatment catalysts for renewable il co

processindEgeberg et al., 2010)

Another technical challenge for designing effective catalysts for biofeed processing is that the catalyst
needs to have some @exing activity to enable normal paraffinic molecules to be cracked and
isomerized to lighter molecules thereby improving the cold flow properties of the final fuel or
blendstock product. The dewaxing requirements for catalysts processing biofeed are thighehose
processing petroleum feed. The long and largely unbranched acyl chains in vegetable oils yield paraffinic
chains of similar length and level of isomerisation (branching). In conpasthleum-derivedfeeds to
hydrotreaters, such as light gad, are typically already more isomerized and cracked (partly due to the
distillation and cracking processes they have been through prior to arriving at the hydrotreating unit).
Dewaxing is only essential if the feed has a high content of renewabls atl law concentrations the

cold flow issues are not as prominent and they can be alleviated by blending light fractions and cloud

point-depressing additives.

This complex challenge of designing catalyst beds that can help perform all the aforementioned
selective reactions is currently being tackled by companies suttalaerTopsoe, UOP Honeywell and
other catalyst innovation companies. The goal is to improve oil refining catalysts and process designs for

the purpose of improving the ability to procelsiofeeds in hydrotreating reactors.
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Box 21: SunPine: Deriving diesel from tall oil: A renewable fuel from the forest

In 2009, Preem AB, a Swedish oil refining company, partnered with Sunpine AB, a prodalterilo
from Kraft paper mills, to produce green dieseiv.preem.s@. Tall oils are a byproduct of pul
mills and they are mainly derived from the resins and extractives present in softwood feeds
such as pine, spce and birch. Due to being primarily comprised of large amounts of resin acid
free fatty acids they are very acidic. To improve transport logistics tall oils are typically proces
FAMEs prior to shipping from the pulp mill. The resulting talF&ME liquids are known by th
abbreviation RTD (raw tall diesel). Under this collaboration, the Preem AB oil refine
Gothenburgh, Sweden developed and demonstrated the ability to hydrotreat up to 30% RTD |
with 70% mineral oil, which is a recohigh biofeed fraction for cgrocessing in a conventione
refinery (Egeberg et al., 2010). Haldor Topsoe provided the catalyst beds and process de
should be noted that hydrotreating FAMEs (such as RTD) is distinct from hydrotreating veget:
TAGs with the major difference being that a high yield of byproduct methane is obtained proct

FAMEs as opposed to propane processing TAGSs.

It is important to note thatas well asddressinghe technical challenges of garocessing oleochemical

based biofuels in conventional oil refineries, regulatory hurdles must alsedmdved For examplethe

current USRenewable Fuel Standard (RFS) marsl®&&S F A Y A (A 2 yo | 257S Ra aidasSvak Sif &

allow anyrenewable fuel derived from biomass be coprocessedwith petroleum feedstocks. This €0

processing exclusion mostly affects those biofuel intermiediavhich have the greatest opportunity for

refinery leveraging such as vegetable .ofSther technologies such as pyrolysis are less affeesd

unlike oleochemical fuels, they also qualify untiee other, Y+ Y RIF 1 SR & R@F yOSR 0A 27T d:
of the RFS). It has been suggested that, fepmmressed vegetable oils in particular, this RFS limitation
translates to a competitive disadvantage of up to $2/gal ($7.6/L) compared to conventional FAME
(Weyen, 2012)

2.4Commercialization aspects

2.4.1 Feedsbck sensitivity
The chain length of the fatty acids in the TAG feedstock determines the products of a HEFA facility. Most

of the feedstocks available today are derived from vegetable oils. These typically contain long fatty acid

G¢KS LRAISYGAlt MyyR OKIF EzStyaes aL R!1F . July 2014 60
ISBN978-1-91015407-6 (electronic versin)


http://www.preem.se/

chains corresponding to thearbon chain length of diesel i.e.s@;>. These molecules can be cracked to
AK2NI SN OKFAya G2 FAG GKS Gt A3IKGSNE 2SG FdzSt |y
sufficiently selective and creates 4pyoducts and reduces the overall fuekld. For example, when a

long alkyl chain is cracked, only some of the chains are of the desirable length while a number of

dzy RSAANI 0t S &AK2NI OKI Ay &hokeNBa (FStéa 20 KUikR/AApaOREENDY ¢HK S 3
byproduct and the overall fuslield is reduced. Although the oils from camelina, palm kernels and most
cyanophyta contain TAGs with shorter chain fatty acids (which are in the jet fuel)@#zen, Howes,

Bertuccioli, & Chudziak, 2009; Pearlson, 200Il8 S&4S FSSRa 201 Qa I NB Odz2NNBy i f
small volumesCamelina and cyanophyta oils are only produced in small volumes, whikear2011/12,

only about 6million metric tonnes of palm kernel oil (not to be confused withalm al) are produced

annually of theglobal160 millionmetric tonnesof vegetable oilproduction(USDA, 2013

2.4.2 Feedstock procurement

While there are fewer technological barriers that have to be resolved to achieve temtormmically
effective processing ofgids to finished dropin fuels, lipid feedstocks themselves are likely to be
difficult to source cheaply and sustainably in the volumes required for significant production of biofuels.
The most widespread source of lipids for biofuel production are vedetalls such as rapeseed and
palm oils which are currently used extensively in the food market. Thus there is competition with regard
to price and access to prime agricultural land for these feedstocks. Moreover, the price of these
feedstocks can be andteh is higher than the price finished diesel fuel commands. Commodity prices
for food-grade vegetable oils are generally higher than diesel prices. For example, on January 15, 2013,
rapeseed oil (also known as canola oil), a popular foibds well as amnmon feedstock for biodiesel
production, had an average commodity price®df21 USD/ga{$1.11/L)while diesel fuel for the same
month had a price 0$3.22 USD/ga{$0.85/L)(IndexMundi, 2013)Oleochemical feedstock prices also
appear to be linked to petroleum prices as depictedrigure2-4, which shows this for palm oil, one of

the lower cost HEFA feedstocks. The combined production potential of HEFA is estimated to currently be
in the low hundreds of thousands of barrels per day and there are significant agrtston increasing
nearto-midterm production capacity, especially since these facilities would be competing for the same
feedstock as existing biodiesel producérileman et al., 2009)Global production of vegetable oils is
currently about 3 million barrels per day. A thifigld (30x) increase in vegetable oil prodectiwould

be required to satisfyhe current 44 million barrels per dayf global transportation fuel deman@EA,

2012b)
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The likely ongoing high cost of feedstock is a major impediment to successfully implementing and
expanding oleochemical platform&or examplearecentrd.J2 NIi 6& alL ¢ Qad NBASH NOK LJ
assessed the cost to US commercial aviation of meeting thieed&ral Aviation AdministratiéhgAA

aviation biofuel goal to usé billion gallons(3.8 billion L)of renewable jet fuelper year from 2018
onwards(Hileman et al., 2009)This analysis only considered the production and distribution costs of

| 9C! RSNAGSR o0A2eSiG 7T dshisisdhét bidje? &@lISenairé apremirs (indlfingd KS O
the need for a subsidy) of $2.89SDgal ($0.71/L)compared topetroleumderived jet fuels. It was

suggested that this premium would have to be voluntarily paid by the aviation (and military) sector if

they wanted to reach their FAA goal. It should be noted that this premium would not drop significantly

by including aviation fuels in the RFS mandate. The only scenario where the premium is reduced
significantly, down to $0.38//gal ($0.09/L) is the cas where fallow rotation land (land planted with

oilseeds in between corn and oil seed crop cycles) is sufficiently available to produce all the vegetable oil
feedstock needed to meet the F@Agoal. This is unlikelglue to the generally low productivity d&llow

land and the relatively low yielof possiblenew oilseedcrops such as camelina.

== Diesel Price (US Dollars per Gallon)
0.5 == Palm oil Price (US Dollars per gallon)

0 T T T T T T T T T T
Oct-06 May-07 Jan-08 Aug-08 Apr-09 Dec-09 Jul-10 Mar-11 Oct-11 Jun-12 Jan-13

Figure2-4: Commodity prices of Diesel and Palm Oil

Source(IndexMundi, 2013)
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However,various government and industry funded R&D programs are currently trying to improve the
productivity of oilseed crops that are suitable for biofuel and for biojet applications in particular. One of

the overall goals is to develop oilseed crops that corapgess with food markets by producing ron
SRAOGES 2Afa 6AGK fALAR Frade FOAR O2YLRaAlA2Y FTI O
flyRéED ¢KS !''{51a AaClIN)X (2 Cf dye of DIBEHNUSDA, RGI2 I I 22|
Alternative oleochemical feedstock sources which do not use arable land include(algatrophic) tall

oils (a pulp mill residue as seen in Bek)2andwaste oils andats.

Algae have also been suggested as an alternative]armhuseintensive source of lipel These micro
organisms are able to capture €&hd sunlight and produce lipids without utilizing productive arable
land. However, major issues such as yields, maintenance of favourable growth conditions in large scale
ponds and extraction of lipids inwsable form have, saf, limited commercializationThe potential of

algae biofuelds moreextensivdy reviewed in a previamllEA Bioenergyask39 report(Darzins et al.,

2010)

As wel as autotrophic algae, which use £43 their carbon source, heterotrophic algae using sugar as
their carbon source have been used to produce TAGs and fatty acids foindbdpfuel production.

While autotrophic algae require optimal exposure to sunligigterotrophic algae do not and thereby
avoid some of the operational challenges of operating raceway ponds or photobioreactors. However,
using heterotrophic algae requires securing a cheap and sustainable source of sugar feedstock and
proving that this node of algal production can be scaled up economically enough to enable profitable

biofuel applications.

Waste oils (e.g., tall oils) and used cooking oils (UCO) have been used as feedstircysifdbiofuels.

One benefit with these types of feedstocks that, compared to purpose grown oils, the carbon
footprint of used oils has already been absorbed by the life cycle of another product or service.
However, UCOs are typically only available in small quantities and at dispersed locations (e.qg.,
restaurans) so their collection and quality control is challenging. Although industrial waste oils such as
tall oils are more centrally accumulated and there are facilities using these oils commercially today such
as the Sunpine facility iBweden (se€Table 22) there areagain limited volumes of this material

available globally.
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2.4.3 Commercial facilities

As mentioned eatrlier, oleochemical derived fuels are the only ndgofuels that are being produced

at relatively large commercial scale today. Howeverslasvn n Table2-2, they account for less than

one hundred thousand barrels of fuel per day. Neste Oil, a Finnish petroleum refining company, is
OdzZNNBy it e (KS g2 NI RQE& bidfueldNENS dperatdsINPAR dz0iBeNJ(Figlahd, R N2 LJ
Rotterdam, Singapojewith an annual total capacity of36 million gallong2.4 billion L)of palm oit
RSNAGSR RASaASt S ¢KAOKNestkOi, ZHIMINSQLER Havad SEKSE[ 02Y
renewable fuel division recorded an operating profit of 26 milleuros (Neste Qil, 2013b)Other

commercial HEFA manufacturers include three facilities in southeastern USA. Orddmttventure
0SG6SSy {eyliNRfSdzy YR ¢eazy FT22RaX 6KAOK fAOSya
Fuels commercial plant in Louisiana that currently produces 75 million géli8dsmillion Lper year of

green diesel (renewable diesel). Ahet, HoneywelJOP, which licensed their technology to the

Diamond Green Diesel facility in Kentucky (a joint venture between Darling International Inc. and Valero
Corporation) for a 1@ million gallon(515 million L)facility in Norco, Louisiana. The tthils Emerald

biofuels, which announced in May 2012 that it will build an 85 million g4B@2 million Lyer year

capacity plant at the Dow Chemical site in Plaguemine, Louisiana. In the EU, the ConocoPhillips

Whitegate refinery in Cotkreland produces 1000 barrels per day of HEFA kgr@oessing soy oils with

petroleum.

Table2-2: Current world annual production capacity of HEFA dsimpbiofuels

Company Feedstock million million  barrels per Source
gallons/yr L/yr day
Neste Oil Palm oil 626 2,371* 45201 (Neste Oil, 2013a)
Diamond Green Diesel Tallow 136 515 10000 (Diamond Green
Diesel, 2013)

Emerald Biofuels Tallow 85 322 6133 (Emerald Biofuels,
2013)

Dynamic fuels Tallow 75 284 5411 (Dynamic Fuels,
2013)

Conoco Phillips Soy oil 13.9 52 1000 (Conocophillips,

Whitegate Refinery 2013)

Sun Pine Talloil 26 100 1906 (Chemrec, 2009)

World Total 963 3644 69651

Boldfigures are from source and all other figures calculated (bbl/day calculations based on 330 day/year operations)
*Neste Oil source listed 1,980,000 metric tonnes of diesel which were converted to 2,371 m L using diesel density of 0.832 kg/L
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Other European projects have been announced by ENI and Galp Energiabathichtend to produce

green diesel(Maniatis et al., 2011)although neither project hass yet started construction. As
mentioned earlier, pulp and paper companies such as Sunpine and UPM Kymene produce HEFA using
their tall oil (2% of wood feedst&y as feedstockWhile the 100,000 t/year, 150 million eurosPM
Lappeenrantaacility (Kaukas mill)n Finlandis under construction, Sunpifed ¥ in Bited Swéden

has been operating since 2007.

2.4.4 Fuel Quality

The process of hydrotreating vegetable oils casult in the production ohigh quality HEFA fuels that
exceed the spefications of petroleum basetransportation fuels(Table 23). As an exampleiEFA
derived diesel and jet fuel have essentially no sulfur content whereas their petroleum countecparts
contain up to 3000 ppm of sulfur. Other improved characteristics EfAl fuels include higher energy

density, lower aromatics content and for diesel HEFAs higher cetane n\irddge 23).

Table2-3: Seleced properties and specifications of fossil and renewable HEFA diesel and jet fuels.

Property Diesel Jet
Fossil HEFA Fossil HEFA
Oxygen content wt % 0 0 0 0
Specific gravity kg/L 0.84 0.78 0.750.84 0.730.77
Cetane 40-52 7090 - -
Sulphur ppm <10 <2 <3000 <15
Specific energy MJ/kg 43 44 >42.8 44.1
(typical)

Aromatics Vol % <12 0 <25 <0.5

Properties of renewable diesel from UOP Green Dié8&TM D7566 Annex 1 used for hydroprocessed
renewable oil spedifation. Source(Pearlson, 201)

The absence of aromatics in renewable HEFAs is generally viewed as an advantage from an air pollution
standpoint since phenolic compads are associated with emissions of polyaromatic hydrocarbon (PAH)
pollutants (European Commission, 200W/hile aromatics are generally undesirable in petroleum fuels,

a minimum amount is actually necessary to meet transportation fuel specifications. Aromatics are
energy dense molecules/aR I NB NBalLlR2yaAioftS T2N) 6KS ySOSaal NE ac-
TdzSt a2adSYo ¢KS 16a8Sy0S 27 | MRY¥l OMESF diSy &1 G Y Dt
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that need to be blended with petroleum jet fuel. This is part of the r@easby the ASTM standards have
only approved 50% blends of HEFA biofuels for je{Baeen et al., 2009; Hileman et al., 2009)

2.4.5 Test flights and certification

As mentioned earlier, the aviation industry is uniquely dependent on -ihidgiofuels as the only real
alternative to currentpetroleum-derivedjet fuels. Conventional biofuels such as ethanol and biodiesel

are not suitale for jet engines. The unique dependence of aviation on dnopiofuels is one of the

primary drivers for ongoing commercialisation efforts. To date, the vast majority of all biofuel test flights
have been based on oloechemically derived HEFAs. As shdwgure2-5, Virgin Atlantic conducted

one of the earliest biofuel test flights in 2008, and a number of other commercial airlines and the US
Navy have successfully demonstrated biofuels for aviation applicaimse then. These efforts
O2yGNROGdzESR (2 !'!{¢aQa FAYylFf FLILINRSIE 2F pmx: 1 9C!
HEFA has not yet been tested commercially and the only flight that has been performed on pure biojet
was an experimental flighoy the Canadian National Research Council in October 2012. This flight was
Ffa2 2yS 2F GKS $g2NIRQa FANRG G2 dzasS oA22SdG YIR

mustard variety as commercialized by the Canadian company Agrisomvaégrisoma.com

As illustrated inFigure2-5, a gasificatiorderived FischefTropsch(FT) biojet fuel was approved 2 years

prior to 50% HEFA without any prior test flights or dbegasificatiorderived biofuels being
commercially available. The main reason behind this rapid approval was because of prior certification of
coal derived FT jetfuel§. a2t Qa &aSYAA@YUIKSGAO 2S-deriveddeSet amdf Sy Ra
50% petoleumderived jet) were approved by ASTM for use in aircrafts in 2009, after a 7 year
certification process. The certification of biomassbé$ed jet fuels was justified on the grounds of the
chemical equivalence between purified biomass syngas and sgadas. Given their chemical
equivalence, the functional equivalence was assumed by the ASTM and consequently no further testing
was requested. In contrast, HEFA fuels have no chemical equivalence to any prior certified
transportation fuel and hence theapproval by ASTM took more time and testing in order to provide all

the assurances of functional equivalence. Jet fuels have one of the most stringent ASTM specifications.
While the alcohcto-jet (ATJ) technologies will be discussed in Chapter 5, it gdlmilnoted that, as

shown inFigure2-5, ASTM certification for ATJ aviation fuels is expected to be approved in early 2014.
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Various test flights by: Air NZ, Lufthansa, Continental, Japan AirliBedaly, US Air Force, TAN
Honeywell, Air China, Alaska, Etihad, JAL, TAM, Interjet and others (see:
http://legacy.icao.int/icao/en/env2010/ClimateChange/GFAAF/Summany) ht

Figure2-5: Timeline of biofuel testlights and ASTM certification approvals
Source(Alexander, 2012; ATAG, 2011; IATA, 2013; NRC Canada, 2012; SAFUG, 2014)

While ASTM certification is already in placa HEFA jet fuels, the cost and sustainability (i.e.,

availability) of the feedstock remain major challenges constraining extensive HEFA commercialization.

2.4.6 Sustainability certification of HEFA

Sustainability certification of oleochemical routes to diap biofuels is an ongoing concern,
LX I d F2N¥Qa

predominantly affecting the HEFA drdpy

OA2FdzsSt

TSSRaG2O0s

emissions due to any langse change are ignored, the liéycle GHG emissions of HEFA are estimated

to be around half those gbetroleum jet fuels(Hileman et al., 2009 However, sourcing vegetable oil

feedstock for HEFA facilities will likely mean growing oilseed crogammhthat will displace natural

habitats or that could otherwise be used for food production. This production system has been subject

to public criticism on the grounds of land use change. Examples include public concern regarding Neste

a¢KS

L2 GSYGAL f
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hAf Q& 0 @dtighé forypatnd plahtatiads in Malaysia and tReends of The Eartieport entitled,

GeHABF Ay GKS 2NRy3 5ANBOGAZ2YE GKAOK F20dzaSR 2y R
to palm oil demand for jet fuel flights in EurogeOE, 2012)While land use changes are difficult to

quantify (Finkbeiner, 2013)various cBlli A TAOF A2y aOKSYSa &adzOK Fa GKS
.A2FdzSta¢ég INBE OdzNNByidte O2yaARSNAyYy3d GKS AyOf dzaiz
standards (RSB, 2012)The company SkyNRG (a KENNSGSA collaboration) recently earned RSB
certification for its entire supply chain and is currently the only fuel operatothe world that can

deliver certified renewable jet fuel at any airport.

Ly adzYYFNESX (GKS 2f S20KSYAOFt LXFOF2NY A& 6Stf Lka
in biofuel production due to the low oxygen content and high H/C ratio ofablemical feedstocks. This
platform for dropin biofuels is already producing HEFAs at commercial scale wathlalobal capacity

of about 0,000 barrels per day. Although this represents a small fraction of total global transportation
fuel demand (44,00,000 barrels per day, 5,000,000 of which are jet fulds\ (2013) it is the only
commercially available drejm biofuel that has been produced at significant volumes to date. The main
challenges to further development of this platform mainly relateféedstock availability, cost and
sustainability. Lipid feedstocks are relatively scarce and expensive and they come with potential
sustainability challenges such as land use change and competition with food markets. Prices for lipid
feedstock have historadly tracked with petroleum prices and they have also been priced higher than
diesel fuel for long periods of timdt is clear that fi HEFAsontinue to be the only commercially
availabled © A 2 2 Sdptéon, folfitied aviation biofuel targets will like result in higher operating
expense for airlines. For example, in order to meet the US FAA target of 1 billion ¢ai®hilion Lpy

2018, it has been estimated that US aviation stakeholders would have to pay a premium offabbut
USD/gal($0.71/l) for HEFA derived jet fuel. However, the advantages of using biofuels in aviation are
well established and, if the sustainability concerns can be resolved, this close relationship between HEFA

deriveddrop-in biofuels and aviation is likely to continue goow.
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CHAPTER 3: THETHERMOCHEMICRLATFORM

Thermochemical processes use high temperatuaesl catalysts to convert biomass to liquid biofuels
and chemicals as welkaheat and powe(Brown, 2011) Unlike oleochmical techologies, which often
uselipid feedstocks, these processggically usdignocellulosidbiomass ashe feedstock.The biomass

is reactedat high temperatures (> 50TC) toform carbonaceous gases and liquids as well as char solids.
The two mainthermochemicalroutes are gasification and pyrolysiBhe gasificatio process, as the
name implies, converts biomass mainly to a gaseotsrmediate known as syngas. The pyrolysis
process, on the other hand, maximizes the productiopyblysisliquids,alsoknown aspyrolysisoils or
bio-oils. The gaseous and liquidtérmediatesof these thermochemicgirocessesare mostly comprised

of oxygerated speciegnd thus need to beufther processedo producedrop-in blendstocks Using the
FischefTropschcatalytic process, syngas can be catalytically condensed to form Iydicbcarbon
mixtures known as FT liquids thaw, turn, canbe upgraded to fuels fogasolinediesel and jet engines.
Similarly, pyrolysis oils can be upgraded to liquid $portation fuels after further processing using
catalysts and hydrogen. The maibjective of catalytic upgrading is to remove thrygen from boththe
syngas andio-oil derived intermediate in order to produce petroleurtike hydrocarbon fuels. This
deoxygenationprocess requires @hemical reducing power whicis typically suppliedby hydrogen
derived from natural gas. As mentioned previoydlye biomass itself can be used as a source of
renewable hydrogen but this will result ia significantdrop-in overall process yield®ioc-oil upgrading
processes areisuallyconducted inrelatively complex facilities that require both high hydrogen inputs
and capital costgBridgwater, 2012 In most thermochemical processes there is a traffebetween

capital coss, productyield and theextent of hydrogen requirements

Qo-locating thermochemical processeat refineriescanbe used toleverage d refinery assets, reduce

capital costs anénsurea relatively low cost source bfydrogen. Pyrolysis platformgppearparticulaty

well suitedto exploit co-location and synergy witkxistingrefineries aspyrolysis oils can bprocessed

using similar equipment to that currently used to upgraceide oil. However, in practice, pyrolysis

liquids contain relatively high levels of water and oxygenated species and dreichemicallyquite

distinct from crude oil andpoorly suited to beingt RN2 LILISR Ay (i 2¢ SEAnmgintsy3 LISGN
However it is likely thatdownstream refinery units such &G and hydrocrackers could be configured

to procesghermochemicabiofuel intermediatessuch as=T liquds and hydrotreatedio-oilsto drop-in

fuel blendstocks
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3.1 Overview ofthermochemicalprocesses

The most basic and widely applied themshemical process is direct combustion l@ghocellulosic
biomassto produce heat and electric poweCombustion, a mcessrecognised since the dawn of
humanity, accounts for the vashajority of bioenergy applications in the world today. Froshatively
primitive open cooking fires and charcoal production throulgigh efficiencyindustrial boilersand
district heating gstems biomass combustion represented more than half of global renewable energy

production in 201(IEA, 2012b)

From a technology standpoint, the combustion process is relgtisinple and well understoo(R. C.
Brown, 2011) it entails the rapid reaction obiomassfuel with excess oxygen to generate thermal
energy as well as highbxidized flue gases, mainly £d HO. The chemicaenergy in the biomass is
converted to thermal energy andunder optimized conditions, theexothermic reactionalmost
completelyoxidizes the biomassihe temperatures of the generated flames can extd®50°C (R. C.

Brown, 2011)

Direct combustion of biomass can be used to indirectly power electrifeasportation fleets.From
purely a GHG emission savings perspective, biomasgred electric vehiclegan be superior to
biofuelpowered internal combustion engine vehicl@Sampbell et al., 2009However, as has been
discussed elsewheregledric vehicles are relatively expensive still require improved battery

technologies and are mostly limited to light duty and short haul transportation applicatiBAs 2012).

Whereascombustion requiresnolecularoxygen(Q;) to be highly effective, charcoal production involves

0KS aodzNYyAYy3IE 2F o0A2YFaa Ay (GKS LINBaASyOS 2F fAYAl
predecessor of pyrolys and gasification processds its primitive form, charcoal making sonducted

in claycovered wood pilesvith a flue openingnr the middle Awood fire is startedat the bottomof the

flue and it slowly smolderthe covered wood over a couple of dayslthough modern industryses

more advanced charcogbroduction processes, this ancient technique is stildely practiced in les

industrialized global communities, typically yieldiagout 60% by volume (25% by mas$)harcoal

from the original biomassAlong with solid charcoathis process produces liquid tar as well fage

gases.
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Transportation applications of small biomagssifiers for vehicles were developed during WWII due to
reduced availability of petroleum in portions of the world, such as Scandin8inaethe 1970s oil
crises, gasificationof biomass has received considerable research attention as potential soafces
renewable liquid and gaseous fuelath subsequent development of fast pyrolysis for liquid fuel
production since the 19804Jnlikein traditional pyrolysis process faharcoal making, where the target
product is the solid char, ithhe new fastpyrolysis thetarget productis liquid(bio-oil) and in gasification

it is synthesisgases (syngas). By adjusting the processing conditions, pyrolysis can maximize the
proportion of liquid products and gasification can maximize ghgportion ofgases. As showin Figure
3-1, pyrolysis is conducted at intermediate temperatures of about 8D0in the absence of oxygeand

it produces a mixture of gaseshar and liquids (water angater soluble and water insolublerganics).
However, in fast pyrolysisthe residence time igeducedto a couple of secondsr lessand the
proportion of liquid yieldscan reach as high asabout 75%by mass In gasification, the biomass is
reacted under pressure of 40 barand at temperatures exceddg 800 °C and in the presence of
regulated amounts of oxygen. Under these conditions the patidn of gases is favoured awdn reach

up to 85%by maswf the total producs (Bridgwater, 2012)

100% -

m organics (liquid)
50% - water
40% - M char
30% - gas

20% -

10% {—— S S —

0% T T 1
Fast pyrolysis (2 sec @ Slow Pyrolysis (long Gasification (few sec @ >
500 C) residence) 800 C)

Figure3-1: Product spectrum from thermochemical conversion of biomass
Source: Bridgwate2012
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Both syngas andbio-oil are fluid biomass intermediates that can be usexl @mbustion fuels for
stationary power applicationsuch as burners, boilers, furnaces and industrial kiteavever, ér drop-
in biofuel applications,these intermediates need to be catalytically upgraded to oxygea
hydrocarbors as shownn Figure3-2. This upgrading takegarious forms such aSischefTropsch(FT)
condensation to producearaffinsand 2stage hydrotreatment to producéydrotreated pyrolysis oils
(HPO) To maximize yields,dth upgrading technologies uspedalized catalysteind hydrogen inputs.
The resulting FT liquids and HPOs are both hydrocarbon mixtures that needtibdequenthydistilled
and hydrocracked in order to produce a mixture of gasoline, jet and diesel range hydrocatbams.
similar fashim to the hydrocracking of vegetable oilCHapter 2) anddepending on how the

hydrocracking process is conducted, the proportion of gasptiesel and jet fractions can be adjusted.

INTERMEDIATES CATALYTIC
UPGRADING

PRODUCT

Gases

500°C
No 02 Gasoline
Biomass Jet

900°C
some O2

FT liquids

Hydrocracking

Figure3-2: Simplified representation ofmajor thermochemical dropin biofuel processoutes

Although pyrolysis and gasification have many fundamental characteristics in common, the two
processes differ markedly in the details of theassociated biomassntermediates upgradng

technologiesdrop-in fuel yields, capital costs amgdrogen (H) requirements.
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