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INTRODUCTION 

While nearly all of North AmericaÕs commercially available ethanol is processed from the starch in corn kernels, other 
sources are on the path to commercialization.  Cellulosic ethanol is the same as starch-based ethanol except that it is 
derived from essentially inexhaustible resources by utilizing the cellulose that is found in all plant matter.  Like starch-
based ethanol, it can substitute for gasoline or be blended with it to achieve greenhouse gas reductions, improve air and 
water quality, and create new revenue streams for the agricultural sector and rural economies.   
 
Cellulose is a carbohydrate polymer that makes up the walls of all plant cells and is also found in green algae and some 
bacteria.  It is the most abundant naturally-occurring organic compound on earth.  Like starch, cellulose is composed of 
glucose units; whereas all the glucose molecules in a starch chain share the same orientation (Òalpha linkagesÓ), adjacent 
constituents of a cellulose chain are fl ipped 180 degrees (Òbeta linkagesÓ).  Due to this molecular arrangement cellulose is 
tough and fibrous and diffi cult to break down (it cannot be digested by humans).  This structural strength makes cellulose 
fibers ideal for use in textiles and paper.  Two conversion platforms exist to break this material into building blocks for 
ethanol: sugar or biological and thermochemical.  

CONVERSION PROCESSES 

Sugar  or Biological Platform 

According to Professor Lee Lynd of Dartmouth College, the Òkey factor underlying the high cost of current processes [i s] 
the recalcitrance of cellulosic biomassÓ.i  Like starch, cellulose must be broken down into its constituent glucose 
molecules before the sugars can be fermented into ethanol.  The cellulose depolymerization process (ÒhydrolysisÓ), 
however, is more diffi cult than that for starch.  Also, cellulose must fi rst be separated from other components of biomass 
such as hemicellulose and lignin, sheathing materials that make the cellulose somewhat inaccessible.ii  (These materials 
are not without their own uses, though: lignin may be burned for energy or used in chemical production; hemicellulose 
may also be converted to ethanol, although its constitutive sugars are more expensive to ferment than glucose.)  Thus, the 
conversion of biomass to ethanol takes place in three stages: fi rst, a pretreatment to separate out the cellulose; second, the 
hydrolysis of the cellulose into simple sugars; and third, the fermentation into ethanol of those sugars.  Since fermentation 
is a process largely perfected, the fi rst two stages offer more possibility for innovation.   
 
Pretreatment 
After the biomass is shredded, chipped, ground, milled, or otherwise pulverized, it undergoes a pretreatment to separate 
the cellulose from the hemicellulose and the lignin.  Several methods of pretreatment are available, including dilute acid 
pretreatment, steam explosion, hydrothermal processes, organic solvent pretreatment, ammonia fiber explosion, and 
strong alkali pretreatment:iii 
 
Steam explosion: This process fi rst exposes the biomass to high-pressure steam for a short period of time and then quickly 
decompresses it to atmospheric pressure.  The depressurization causes the rapid expansion of the water from the steam, 
and the biomass explodes into a pulp.  Some of the useful fiber may be lost in the explosion stage if the temperatures are 
too high, but the process can be catalyzed by chemical inputs like sulfur dioxide or ammonia.   
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Hydrothermal pretreatment: The hydrothermal process adds the biomass to water and then raises the temperature and 
pressure.   
 
Dilute acid pretreatment: Using a dilute sulfuric acid at high temperature and pressure hydrolyzes the hemicellulose; the 
lignin remains, but the cellulose is more accessible.  Much of the current research at the National Renewable Energy 
Laboratory is focused on dilute acid pretreatment.  There are three different processing technologies used in the diluted 
acid pretreatment: countercurrent processing, two-temperature processing and pressurized hot wash.  
 

Countercurrent Processing: There is a tradeoff between temperature and acid concentration: at lower temperatures a 
more concentrated acid must be used, and sulfuric acid is fairly expensive; at higher temperatures, a more dilute acid 
may be used, but higher temperatures can result in the degradation of the hemicellulosic sugars.  A countercurrent 
reactor allows the dissolved sugars to flow out of the reaction chamber soon after they are hydrolyzed.iv  
 
Two-Temperature Processing: Often one portion of the hemicellulose is easier to hydrolyze than the rest.  The 
biomass can therefore be pretreated in one chamber at a lower temperature to remove the more acquiescent fraction, 
and is then moved to another chamber at a higher temperature to deal with the rest; this protects the hydrolyzed sugars 
from unnecessary exposure to greater heat.     
 
Pressurized Hot Wash: The pressurized hot wash is another method NREL has developed of removing the hydrolyzed 
hemicellulosic sugars from the cellulose following pretreatment.  The liquid is squeezed out of the solid cellulose, and 
is then washed away by hot water.  This process results in the removal of some lignin as well, making the cellulose 
even more accessible.  As a result, the hydrolysis process becomes faster and more economically feasible.v   

 
Hydrolysis 
Once the cellulose has been exposed through pretreatment, it can be depolymerized through one of several diff erent 
processes.   
 
Concentrated Acid Hydrolysis: Following pretreatment, the cellulose is dried and then decrystallized through a reaction 
with concentrated sulfuric acid.  The resulting gelatin is then diluted with water and heated to release the sugars.  In the 
past, the prohibitively high costs associated with large amounts of sulfuric acid have made the commercialization of 
concentrated acid hydrolysis a rarity.  However, through separation from the sugars by use of either a membrane or a 
chromatographic column, much of the acid can be recycled, and as these methods improve the process is becoming 
somewhat more economically viable.vi 
 
Dilute Acid Hydrolysis: This process operates on the same principle as the dilute acid pretreatment, except that the 
temperature of the reaction is raised to 215¡ C in order to break down the cellulose.vii  Again, there is a tradeoff  between 
acid concentration and temperature, and using a more dilute acid requires a higher temperature.viii  To heat the large 
volume of liquid required for this process would be very expensive; NREL, however, has developed a reactor that shrinks 
in size as the reaction proceeds, thereby reducing the amount of acid solution needed.  Using this technology, it could be 
economical to conduct the entire conversion process using dilute sulfuric acid.ix   
 
Enzymatic Hydrolysis: This process uses biologically-produced ÒcellulaseÓ enzyme systems instead of acid to break down 
the cellulose after it has been pretreated.  Some of the enzymes will stop working in the presence of certain byproducts, 
but the introduction of Simultaneous Saccharifi cation and Fermentation (SSF), which allows the fermentation to take 
place in the same reactor as the hydrolysis, solves this problem.x  Cellulase enzymes are already commercially available 
for other purposes, but the large quantity of enzymes needed for the hydrolysis of ethanol means that, at the moment, this 
method is not cost-effective.xi  Cellulase enzymes currently cost from 30 to 50 cents per gallon of ethanol produced, and 
current research focuses on finding ways to reduce cellulase costs to 5 cents per gallon.xii  It is even possible to use 
microbial organisms, certain bacteria and fungi that naturally produce cellulase enzymes, to break down cellulose; this 
would greatly reduce the cost of biomass conversion.xiii  Since concentrated acid hydrolysis and dilute acid hydrolysis 
have been around for a long time, the possibility of further major cost reductions in these processes is slim;xiv the U.S. 
Department of EnergyÕs Biofuels Program predicts that in the long run, enzymatic hydrolysis will be the most cost-
effective form of ethanol production.xv   
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Thermochemical Platform 

The thermochemical platform is focused on developing gasifi cation and pyrolysis processes for converting biomass and 
its residues to fuels, chemicals, and power. Research efforts have been developed around biomass gasifi cation combined 
cycles. Integrated biomass gasifi cation with combined cycles can be used to generate synthesis gas that can be burned in 
gas turbines or used in fuel cells to produce electricity at high efficiency.  Research on analyzing, cleaning, and 
conditioning the gas to meet end product requirements is vital to the commercialization of this technology (e.g., spark-
ignited internal combustion engines, turbines, etc.). Principles behind the chemistry of biomass pyrolysis include 
stabilization and upgrading of bio-oil, the potential applications of pyrolysis liquids, and the requirements for engineering 
systems that can produce fuels and chemicals via biomass pyrolysis on a large scale. There are several widely used 
process designs for biomass gasifi cation.  

Gasifi cation:  In this process biomass is heated with no oxygen or only about one-third the oxygen needed for effi cient 
combustion (amount of oxygen and other conditions determine if biomass gasifies or pyrolyzes), it gasifies to a mixture of 
carbon monoxide and hydrogenÑ synthesis gas or syngas. Biomass gasifi cation thermally converts biomass to chemical 
building blocks that can be transformed to fuels, products, power and hydrogen. The process includes feed preparation, 
the biomass gasifier, and a gas treatment and cleaning train. Particulates and other contaminants are contained in the 
syngas which must be cleaned and conditioned prior to use (e.g. catalyst beds, or fuel cells). The gasifi cation process 
readily converts all major components of biomass including lignin, which is resistant to biological conversion, to 
intermediate building blocks. Utilization of the lignin, which is typically 25-30 percent of the biomass, is essential to 
achieve high efficiencies in the biorefinery.  

Pyrolysis: This process is similar to gasifi cation in that it heats the biomass with limited about of oxygen.  A thermal 
decomposition process that occurs at moderate temperatures with a high heat transfer rate to the biomass particles is called 
fast pyrolysis.  Yields as high as 75 percent of the starting dry biomass weight may be turned into a liquid product through 
several reactor configurations. They include bubbling fl uid beds, circulating and transported beds, cyclonic reactors, and 
ablative reactors. Pyrolysis oil (bio-oil can be readily stored and transported) is a renewable liquid fuel and can also be 
used for production of chemicals. Commercial production using fast pyrolysis has been achieved for chemicals and is 
being developed for liquid fuels. Pyrolysis oil has been successfully tested in engines, turbines and boilers, and been 
upgraded to high quality hydrocarbon fuels although at a presently unacceptable energetic and financial cost.  

Hydrothermal Liquefaction: The conversion of biomass to an oily liquid through direct hydrothermal liquefaction 
involves contacting the biomass 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 residence times up to 30 minutes. Different catalysts may be added to 
produce a variety of end products, but the primary product is an organic liquid with reduced oxygen content (about 10 
percent) and the primary byproduct is water containing soluble organic compounds. 

COMPANY SUMMARIES 

The Iogen Corporation, a biotechnology fi rm, operates a cellulose ethanol demonstration plant in Ottawa Canada. The 
plant uses enzymatic hydrolysis and fermentation to convert wheat, oat and barley straw into upwards of 2.5 million liters 
of ethanol per year. Iogen has also proposed building a commercial facility in Idaho using the same technology with a 
capacity of 60 million gallons of ethanol per year. Key investors include The Royal Dutch/Shell Group, Goldman Sachs 
and Co., Petro-Canada, the Canadian Government, and DSM (an animal feed vitamin supplier). xvi 
 
Abengoa Bioenergy is nearing completion of a commercial scale cellulose ethanol plant in Babilafuente (Salamanca), 
Spain. Begun in 2005, this facility plans to use enzymatic hydrolysis and fermentation, primarily with wheat straw, to 
produce nearly 5 million liters of ethanol a year. Abengoa is a publicly traded technology company.xvii 
 
Celunol Corporation is currently expanding its ethanol facility in Jennings, Louisiana, originally completed in 2000. 
Using enzymatic hydrolysis and fermentation, the plant is currently producing 50,000 gallons of ethanol a year from 
sugarcane bagasse. By June, 2007, Celunol hopes to increase production to 1.4 million gallons annually. The company is 
privately held by the following shareholders: Braemer Energy Ventures, Charles River Ventures, Khosla Ventures, and 
Rho Capital. Celunol has also leased its technology to the Japanese Marubeni Corporation, which plans to begin operating 
a woodwaste-to-ethanol plant this month. Located in Osaka, this facility has the capability of producing 1.3 million liters 
of ethanol a year.xviii 
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Blue Fire Ethanol, Inc. uses Arkenol enzyme and fermentation technology to convert wood and landfi ll waste to ethanol. 
Blue Fire Ethanol has a research facility in Japan, operational since 2002, which produces around 300 liters of ethanol a 
day. The company is publicly traded and has proposed construction of a cellulose ethanol biorefinery in Southern 
California with a production capacity of 55 to 140 million gallons of ethanol per year.xix 
 
Broin Companies, a well-established US corn ethanol producer, announced plans in November, 2006, to convert an 
existing plant to commercial cellulose ethanol. Located in Emmetsburg, Iowa, the conversion is expected to be completed 
in 2009. Anticipated volume is 125 million gallons of ethanol per year from corn stover using corn fractionation and 
lignocellulosic technology.xx 
 
Catalyst Renewables was awarded funding in December, 2006, to construct a commercial cellulose ethanol plant 
adjacent to its biomass-to-electricity facility in Lyonsdale, New York. Feedstock will include wood from the area, and 
production is anticipated to be nearly130, 000 gallons of ethanol a year. xxi 
 
Mascoma Corporation, founded in 2005, recently received a grant from the state of New York to construct a cellulose 
ethanol demonstration plant in Monroe County. Using enzyme and fermentation technology, Mascoma hopes to convert 
New York biomass materials, such as wood chips and paper sludge, into ethanol. Initial funding for Mascoma came from 
Khosla Ventures, Flagship Ventures and General Catalyst.xxii 
 
Community Power Corporation is an independent research and development fi rm located in Colorado. In recent years, 
Community Power Corporation has researched thermochemical gasifi cation of biomass to produce energy. xxiii 
 
Potlatch Corporation, a paper and wood products business, is interested in developing a biomass ethanol facil ity that 
would use a thermochemical gasifi cation process. Requiring external funding, Potlatch Corporation has proposed locating 
the facility adjacent to its existing Cypress Bend pulp and paperboard mill in Arkansas.xxiv 
 

LEGISLATIVE FRONT 

Legislation 
After several years, Congress passed the Energy Policy Act of 2005. Although there are many provisions in the Act that 
send policy in the wrong direction, there are a host of biomass-related provisions, most notably the Renewable Fuel 
Standard (RFS), which will more than double the current market for biofuels. The RFS requires that 7.5 billion gallons of 
biofuels (including ethanol and biodiesel) be utilized by 2012. Moreover, one gallon of cellulosic ethanol or waste-derived 
ethanol will be counted as 2.5 gallons. After 2012, the 2.5-to-one ratio no longer applies. But, the RFS will annually 
require a minimum of 250 million gallons of cellulosic biomass fuels. Additionally, Senators Lugar (R-IN) and Harkin 
(D-IA), worked to include signifi cant biofuels, bio-based products and biopower provisions in EPAct Ô05, thereby 
providing legislation for grant-and-loan programs which will now give biomass renewable energy projects a step up in the 
growing renewable energy market. Furthermore, the Production Incentives for Cellulosic Ethanol (Sec. 941) authorizes a 
Ôreverse auctionÕ which would pay producers an incentive for a certain quantity of cellulosic ethanol produced. This 
program Ð not yet funded would give priority to projects which demonstrate local and regional economic development, 
agriculture producers or cooperatives of agricultural producers as equity partners and strategic agreements to fairly reward 
feedstock suppliers. 
 
DOE and USDA issued solicitations for two new programs, for which many companies are anxiously awaiting decisions: 
Integrated Biorefinery Demonstration Projects (Sec. 932(d)) and the DOE Loan Guarantee Program (Title XVII), both 
authorized in EPAct. The former, developed to fund lignocellulosic feedstock biorefinery projects, is still pending 
appropriations.  The latter program was included in the Solicitation Announcement as part of the PresidentÕs Advanced 
Energy Initiative (AEI), which includes biomass.  This program for $2 billion in loan guarantees was issued to encourage 
early commercial projects that employ new or signifi cantly improved technologies. Its deadline was postponed to 
December 31, 2006. Authorized in EPAct, this program sketched a clear path for venture capitalists to shift into biomass 
technologies, including cellulosic ethanol. But without implementation of the Loan Guarantee provision the industry may 
be slowed down.  
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Funding 
Even though the President shocked the country by saying ÒAmerica is addicted to oilÓ in his State of the Union Address, 
and later saying he would fund Òethanol, not just from corn, but from wood chips and stalks, or switch grass,Ó his budget 
fell far short.  The PresidentÕs FY07 budget for biomass only totaled $161.7 million, 11 percent of the authorized biomass 
programs in the Energy Policy Act of 2005 (EPAct, P.L. 109-58).  Furthermore, his budget cut popular energy programs 
enacted in the Farm Security and Rural Development Act of 2002 (P.L. 107-171).  
 
Congress did propose signifi cant increases in many biomass programs, but funding levels are still not close to 
authorizations levels. The House-passed FY07 Agriculture Appropriations Act (H.R. 5384) fully funded most farm bill 
renewable energy programs as did the Senate bill, but with a $2 million increase for the Renewable Energy Systems and 
Energy Effi ciency Improvement Program (Sec. 9006) and funding of $48 million for Value-added Producer Grants (Sec. 
6401)!  
 
The Senate Energy and Water Appropriations bill funded DOEÕs Bioenergy program (Sec. 931(c)) at its full authorization 
of $213 million for FY07 and directed DOE to study the Òreverse auctionÓ authorized in Sec. 942 of EPAct, and instructs 
DOE to move forward on the Loan Guarantee program. The House bill has funded DOEÕs Bioenergy Program at the 
PresidentÕs request of almost $150 million. Several unmentioned programs received no funding. Alas, Congress has not 
yet finished FY07 appropriations!  
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