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Cdlulosc Ethanol State-of-the-Art Conver sion Processes

INTRODUCTION

While nearly all of North AmericaDsommercilly availabe etharol is processed from the starchin corn kerrels, other
sourcesare on the path to commercializaion. Cellulosic ethanol isthe same asstarchrbased ethanol except thatit is
derivedfrom essertially inexhaustible resourcesby utilizing the cellulose thatis found in all plant mater. Like starch
basdetharol, it cansubstitute for gasoline or be blended with it to acheve greerhouse gasreductions, improve air and
water quality, and creak new revenue streamsfor the agricultural sector and rural ecanomies

Cellulose is a carlohydrate polymer that makesup the walls of all plart cellsard is also found in greenalgaeand some
bactria. It isthe most abundant naturally-occuring organic compound on earth. Like starch, cellulose is composed of
glucose units; whereasall the glucose molecuesin a starchchain share the same oriertation (Oagphalinkages), adacert
constituerts of a cellulose chain are flipped 180 degees (Ofeta linkageD). Due to this molecuar arrangemert celluloseis
tough and fibrous and diffi cult to breakdown (it camot be digegedby humars). This structural strength makes cellulose
fibersidealfor use in textilesand paper. Two conversion platforms exist to breakthis matrial into building blocks for
ethanol: sugar or biological and thermochemical.

CONVERSION PROCESSES

Sugar or Biological Platform

According to Professor LeeLynd of Dartmouth College, the Oley factor underlying the high cost of current proceses]is]
the recalcitrance of cellulosic biomasQ' Like starch celulose must be broken down into its constituert glucose
molecuesbefore the sugarscanbe fermertedinto ethanol. The cellulose depolymerizaion proces (OlydrolysisO),
however,is more difficult thanthat for starch Also, cellulose must first be separatd from other componerts of biomas
such ashemicellulose ard lignin, sheahing materials that make the cellulose somewhatinaccesible." (Thes materials
arenot without their own uses though: lignin may be burnedfor energy or usedin chemical production; hemicellulose
may also be convertedto ethanol, although its constitutive sugarsare more expersive to fermert thanglucose.) Thus, the
converson of biomass to ethanol takesplace in three stages first, apretreamert to separat out the cellulose; secand, the
hydrolysis of the cellulose into simple sugars and third, the fermertation into ethanol of those sugars Since fermertation
isaprocess largely perfected, the first two stagesoffer more possibility for innovation.

Pretreatment

After the biomasis shredded, chipped, ground, milled, or othermwise pulverized it undergoesa pretreatmert to separae
the cellulose from the hemicellulose and the lignin. Several methods of pretreatmert areavailable, including dilute acid
pretreatmert, steam explosion, hydrothermal processes organic solvert pretreatmert, ammania fi ber explosion, and
strong alkali pretreamert:"

Steam explosion: This process first exposesthe biomass to high-pressure steamfor a short period of timeand thenquickly
decampressesit to atmospheric pressure. The depressurizaion cawsesthe rapid exparsion of the water from the steam,
and the biomass explodesinto a pulp. Some of the useful fiber maybelost in the explosion stageif the temperaturesare
too high, but the process canbe catalyzed by chemical inputs like sulfur dioxide or ammania.
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Hydrothemal pretreatmert: The hydrothemal process adds the biomass to water and thenraisesthe temperature and
pressure.

Dilute acid pretreamnert: Using adilute sulfuric acid at high temperaure and pressure hydrolyzesthe hemicellulose; the
lignin remans, but the cellulose is more accesible. Much of the currert resaich at the National Rerewable Energy
Lahoratory isfocusedon dilute acid pretreamnert. There are threedifferent processing technologiesusedin the diluted
acid pretreatmert: countercurert processing, two-temperaure processing ard pressurizedhot wash.

Countercurrert Procesing: Thereis atradedf between temperature and acid concertration: atlower temperaturesa
more concertrated acid must be used, and sulfuric acid is fairly expensive; at highertemperatures a more dilute acid
may be used, but higher temperaturescanreault in the degradation of the hemicellulosic sugars A countercurent
reacor allows the dissolvedsugarsto flow out of the reaction chamber soon after they arehydrolyzed"

Two-Temperature Processing: Oftenone portion of the hemicellulose is easer to hydrolyzethanthe red. The
biomas cantherefore be pretreaedin one chamber at a lower temperature to remove the more acquiescent fracion,
and isthenmovedto another chamber at a higher temperaure to deal with the red; this protects the hydrolyzed sugars
from unnecesary exposure to greater heat

Pressurized Hot Wash: The pressurized hot wash is another method NREL hasdeveloped of removing the hydrolyzed
hemicellulosic sugarsfrom the cellulose following pretreament. Theliquid is squeezdout of the solid cellulose, and
isthenwashed away by hot water. This process reaultsin the removal of somelignin aswell, making the cellulose
evenmore accesible. Asareallt, the hydrolysis process becanesfagerand more ecanomicaly feadble.

Hydrolyss
Once the cellulose hasbeenexposedthrough pretreaimert, it canbe depolymerizedthrough one of several diff erert

proceses

Concertrated Acid Hydrolysis. Following pretreatmert, the celuloseis dried and thendecrystallizedthrough areaction
with concentrated sulfuric acid. The reaulting gelatin is thendilutedwith water and heaedto releas the sugars. In the
pag, the prohibitively high costs associated with large amaunts of sulfuric acid have made the commercialization of
concertrated acid hydrolysis ararity. However, through separaion from the sugarsby use of eithera memtraneor a
chromatographic column, much of the acid canbe recycled, and asthese methods improve the process is becaming
somewhat more economically viake."

Dilute Acid Hydrolysis: This process operaeson the same principle asthe dilute acid pretreatmert, except that the
temperature of the reaction israisedto 215; C in order to breakdown the cellulose.”" Again, thereis atradedf between
acid concertration and temperature, and using a more dilute acid recuiresa higher temperature.™ To heatthe large
volumeof liquid requiredfor this proces would be very expersive; NREL, however, hasdeveloped areacbr that shrinks
in sizeasthe reaction proceeds, therely reducing the amount of acid solution neeced Using thistecmology, it could be

ecaomical to conduct the ertire converson process using dilute sulfuric acid.”

Enzymaic Hydrolysis: This process usesbiologicaly-produced GellulaseGerzyme systemsinsteadof acid to breakdown
the cellulose after it hasbeenpretreated Some of the enzymeswill stop working in the presence of ceriain byproducts,
but the introduction of Simultanecus Saccharifi caion and Femertation (SS-), which allows the fermentation to take
placein the same reactor asthe hydrolysis, solvesthis problem? Cellulase enzymesare alread/ commercially availade
for other purposes but the large quartity of erzymesneededfor the hydrolysis of etharol mears that, atthe momert, this
metod is not cost-effective Cellulase erzymescurrertly cost from 30 to 50 certs per gallon of etharol produced ard
current reseach focuseson finding ways to reduce cellulase costs to 5 certs per gallon.™ It is evenpossibleto use
microbial organisms, cerain bacteria and fungi that naturally produce cellulase enzymes to breakdown cellulose; this
would greaty reduce the cost of biomass converson.™ Since concertrated acid hydrolysis and dilute acid hydrolysis
have beenaround for along time, the possibility of further major cost reductions in these procesesis slim;*" the U.S.
Departmert of EnergyO®Biofuels Program predcts thatin the long run, enzymaiic hydrolysis will be the most cost-
effective form of ethanol production.®”
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Ther mochemical Platform

The thermmochemical platform is focused on developing gasfication and pyrolysis processesfor converting biomas ard
its resduesto fuels, chemicals, and power. Resaich efforts have beendeveloped around biomas gasdfication combined
cycles Integated biomass gasdfi caion with combined cyclescanbe usedto gererae synthess gasthat canbe burnedin
gasturbinesor usedin fuel cells to produce electricity at high efficiency. Reseaich on analyzing, clearing, and
conditioning the gasto meet end product requiremertsis vital to the commercializaton of thistecmology (e.g., spark-
ignitedinternal combustion engines turbines etc.). Principles behind the chemistry of biomas pyrolysisinclude
stahilizat on and upgradng of bio-oil, the potertial applicaions of pyrolysisliquids, and the requirements for engineering
systemsthat canproduce fuels and chemicals via biomass pyrolysis on alarge scale. Thereare several widely used
proces dedgns for biomas gasdficaton.

Gadfication: In this process biomas is heatd with no oxygenor only about one-third the oxygenneecked for effi ciert
combustion (amount of oxygen and other conditions determine if biomass gasfiesor pyrolyzes, it gasfiesto a mixture of
carlon monoxide and hydrogenN synthess gasor syngas Biomass gasficaton themally converts biomass to chemical
building blocks that canbe transformedto fuels, products, power and hydrogen The process includes feedpreparaion,
the biomass gasfier, and a gastreamen and clearing train. Partculatesand other contaminarts arecontainedin the
syngaswhich must be cleaned and conditioned prior to use (e.g. catalyst beds, or fuel cells). The gadficaion proces
readly converts all major componerts of biomassincluding lignin, whichis redstart to biological converson, to
intermedate building blocks. Utilizaton of the lignin, whichistypically 25-30 percent of the biomass, is essential to
achewe high efficienciesin the biorefinery.

Pyrolysis: This processis similarto gasficaton in thatit heas the biomass with limited about of oxygen A thermal
decamposition proces that occurs at moderate temperaureswith a high heattransfer rate to the biomass particlesis caled
fag pyrolysis. Yieldsashigh as75 percert of the starting dry biomass weight may be turnedinto a liquid product through
severalreacbr configurations. They include bubbling fluid beds, circulating and transported beds, cyclonic reactors, and
ablativereactors. Pyrolysis oil (bio-oil canbereadly storedand trarsported) is arenewable liquid fuel and canalso be
usedfor production of chemicals. Commercial production using fag pyrolysis hasbeenachevedfor chemicalsard is
being developedfor liquid fuels. Pyrolysis oil hasbeensuccesfully tegedin engines turbinesand boilers and been
upgradedto high quality hydrocarbon fuels although at a presertly unaccepable erergetic ard finarcial cost.

Hydrothemal Liguefacion: The converdon of biomass to anoily liquid through directhydrothemal liquefacion
involvescontacing the biomas with water at elevated temperatures(300-350; C) with suffi cient pressure to maintain the
water primarily in the liquid phase (12-20 MPa)for resdencetimesup to 30 minutes Differert catalysts may be addedto
producea variety of end products, but the primary product isanorganic liquid with reducedoxygen contert (about 10
percen) and the primary byproduct is water containing soluble organ c compounds.

COMPANY SUMMARIES

The logen Corporation, a biotecmology firm, operates a cellulose etharnol demonstration plart in Ottawa Carada. The
plant usesereymaic hydrolysis and fermertation to convert wheat oat and barley straw into upwards of 2.5 million liters
of etharol per year. logenhasalso proposed building a commercial facility in Idaho using the sametecmology with a
capacity of 60 million gallons of etharnol peryea. Key invedorsinclude The Royal DutchVShell Group, GoldmanSachs
and Co., Peto-Camada, the Caradan Governmert, and DSM (an animal feedvitamin supplier). ™"

Abengoa Bioenergy is nearng completion of acommercial scale cellulose etharol plart in Bakilafuerte (Salamarca),
Spain. Begun in 2005, this facility plans to use erzymatic hydrolysis and fermertation, primarily with wheatstraw, to
producenearly 5 million litersof ethanol ayear. Abengoais a publicly traded technology company "

Celunol Corporation iscurrerntly expanding its etharol facility in Jemings, Louisiana, originally completedin 2000.
Using enzymatic hydrolysis and fermentation, the plart is currently producing 50,000 gallons of etharol ayea from
sugarcare bagasse. By June, 2007, Celunol hopesto increa production to 1.4 million gallons amually. The compary is
privately held by the following shareholders Braemer Energy Vertures CharlesRiver Ventures Khosla Vertures ard
Rho Capital. Celunol hasalso leagdits technology to the Japanese Maruben Corporation, which plars to begn operaing
awoodwage-to-ethanol plart this month. Locatedin Osaka, this facility hasthe capahility of producing 1.3 million liters
of etharol ayea. ™"
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Blue Fire Ethanol, Inc. usesArkerol erzyme ard fermertation techmology to convert wood and landfill wage to ethanol.
Blue Fire Etharol hasaresearchfacility in Japan, operational since 2002, which producesaround 300 liters of etharol a
day. The compary is publicly traded and hasproposed construction of a cellulose etharol biorefinery in Sauthern
Californiawith a production capacity of 55 to 140 million gallons of ethanol per year.™™

Broin Companies awell-egabished US corn ethanol producer,armouncedplarnsin November, 2006, to convertan
existing plart to commercial cellulose etharol. Locatedin Emmetsburg, lowa, the converson is expectedto be completed
in 2009. Anticipatedvolumeis 125 million gallons of ethanol peryear from corn stover using corn fractionation and
lignocellulosic tecmology .

Catalyst Renewableswasawarded funding in December, 2006, to construct a commercial cellulose etharol plart
adacer to its biomass-to-electicity faciity in Lyonsdale, New Y ork. Feedtock will include wood from the area,and
production is articipatedto be nearly130, 000 gallons of etharol ayea. ™

Mascoma Cor poration, foundedin 2005, recertly receivedagrart from the state of New Y ork to construct a cellulose
ethanol demastration plant in Monroe County. Using erzyme and fermertation technology, Mascomahopesto convert
New York biomass materials, such aswood chips and paper sludge, into etharol. Initial funding for Mascomacamefrom
Khosla Vertures Flagship Vertures and Genreral Catalyst.”™"

Community Power Cor poration isanindependert researchand developmert firm locatedin Colorado. In recert years
Community Power Corporation hasresarched thermochemical gasfi cation of biomass to produce erergy. ™"

Potlatch Corporation, apaper and wood products business, isinteresedin developing abiomas etharol facility that

would use a thermochemical gadfication process. Reauiring external funding, Palatch Corporation hasproposed|ocatng
the facility adacert to its existing Cypress Bend pulp and paperboard mill in Arkarsas™"

LEGISLATIVE FRONT

Legidlation

After severalyears Congress passedthe Energy Pdicy Act of 2005. Although thereare mary provisionsin the Act that
send policy in the wrong direcion, there area host of biomass-related provisions, most notaby the Renewal e Fuel
Starndard (RFS), which will more thandouble the current market for biofuels. The RFS requiresthat 7.5 billion gallons of
biofuels (including ethanol and biodiesel) be utilizedby 2012. Moreover, one gallon of cellulosic ethanol or wage-derived
etharol will be countedas?2.5 gallons. After 2012, the 2.5-to-oneratio no longer applies But, the RFSwill amually
require a minimum of 250 million gallons of cellulosic biomass fuels. Additionally, Serators Lugar (R-IN) and Harkin
(D-1A), workedto include significart biofuels, bio-based products and biopower provisionsin EPAct O8, thereby
providing legslation for grant-and-loan programswhich will now give biomass renewahlle energy projects a stepup in the
growing renewalle energy market Furthemmore, the Production Incertivesfor Cellulosic Etharol (Sec 941) authorizesa
Oreers auctionOwhich would pay producers anincertive for a certain quartity of cellulosic etharol produced This
programbnot yet funded would give priority to projects which demonstrate local and regonal economic developmert,
agriculture producersor cooperativesof agricultural producersasequity partnersand strategc agreemertsto fairly reward
feedstock suppliers.

DOE and USDA issuedsolicitations for two new programs for which mary companesare anxiously awaiting decisions:
Integrated Biorefinery Demonstration Prgects (Sec 932(d)) and the DOE Loan Guarartee Pragram (Title XVII), both
auhorizedin EPAct. The former, developedto fund lignocellulosic feedstock biorefinery projects, is still pending
appropriations. The latter program wasincludedin the Sdicitation Announcemert aspart of the PresdentO#dvanced
Energy Initiative (AEIl), whichincludesbiomass. This programfor $2 billion in loanguararteeswasissuedto encourage
early commercial projects that emdoy new or significantly improvedtecologies Its deadine waspostponedto
December 31, 2006. Authorizedin EPAct, this programsketched a clear path for verture cagtalists to shift into biomas
techhologies including cellulosic ethanol. But without implemenation of the Loan Guararteeprovision the industry may
be slowed down.
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Funding

Eventhough the Pregdent shockedthe country by saying QA\mericais addicted to 0ilOin his State of the Union Address,
ard later saying he would fund Oearol, not just from corn, but from wood chips and stalks, or switch grass,Ohis budget
fell far short. The PresdertO$Y 07 budget for biomass only totaled $161.7 million, 11 percert of the authorized biomass
programsin the Energy Pdicy Act of 2005 (EPAct, P.L. 109-58). Furthemore, his budget cut popular erergy programs
erackedin the Farm Secuity and Rural Developmert Act of 2002 (P.L. 107-171).

Congress did propose signifi cart increagsin mary biomass programs but funding levels arestill not close to
auhorizatons levels. The House-passed FY 07 Agriculture Appropriations Act (H.R. 5384) fully funded most farm bill
renewable erergy programsasdid the Senate hill, but with a $2 million increa® for the Renewale Energy Systemsand
Energy Effi ciency Improvemert Program (Sec. 9006) and funding of $48 million for Value-added Producer Grarts (Sec.
6401)!

The Serate Energy and Water Appropriations bill funded DOEOSBioerergy program (Sec.931(c)) atits full authorizaton
of $213 million for FY07 ard directed DOE to study the Oeverse auctionOauthorizedin Sec. 942 of EPAct, and instructs
DOE to move forward on the Loan Guarartee program. The House bill hasfunded DOEOsBioerergy Pragram atthe
PresdentOsequed of almost $150 million. Severalunmertioned programs received no funding. Alas Congress hasnot
yetfinished FY 07 appropriations!
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