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L INTRODUCTION

As a low-cost raw material vital to many important food, feed, chemical, and fuel
applications, corn is the leading agricultural commodity in the United States. Most of these
products made from corn value the starch, oils, and protein contained within the corn kernel.
Unfortunately, the virtually equal weight of corn residues — that is, the stalks, leaves, husk, and
cob - are largely underutilized. Furthermore, corn fiber, the fibrous shell surrounding the kernel
that is typically incorporated in animal feed and other corn products, presents an opportunity for

and realize even greater benefits from corn.

This chapter presents an overview of the availability and composition of corn biomass, the
lignocellulosic portion of the corn plant that includes the cobs, stalks, leaves, husks, and fiber.
Then, emerging technologies are described for deriving low-cost sugars from these fractions that
could support the emergence of major new markets and greatly expand the use of agricultural
products; create new rural agricultural and manufacturing employment: and improve the
environment, economy, and national security. These technologies also provide important
synergies with existing production and processing operations. Finally, selected traditional uses
of corn residues are briefly summarized.

II. THE RESOURCE

Corn stover is defined here as the above ground portions of the corn plant to include the
stalks, cobs, leaves, and husks but excluding the corn kernels themselves. The corn plant is a

equivalent to about 10% of the gasoline market on an energy-equivalent basis (US DOE, 2000).
[n addition, depending on the moisture content and power cycle employed, on the order of 35




billion kWh of electricity could be made annually from nonfermentable solids, equal to about
1.0% of the U.S. power market (US DOE, 2000). Obviously, not all of this material can be
collected and converted to products because some must remain in the field to build the soil and
some has limited accessibility. Nonetheless, the shear magnitude of corn stover generation
makes it vital to seriously consider alternative uses.

A study entitled "Biobased Industrial Products: Priorities for Research and
Commercialization" focused on corn stover as a promising feedstock for bioethanol production
(National Research Council, 1999). A supply curve for corn stover showed limited value for
fertilizer and erosion control at use levels up to about 62.5 million dry tons per year. However,
the value then increases to about $35 per dry ton for consumption up to about 100 million dry
tons per year based on the competing market for animal feed and 1994 hay prices. They estimate
that about 7.5 billion gallons of ethanol could be made annually at this feedstock cost. For lower
levels of use, corn stover can be obtained for its harvest costs, estimated by the NRC to be about
$16.50 per dry ton. For larger plants, defined as processing 2.9 million tons annually to make
350 million gallons per year of ethanol, the NRC estimated a total corn stover cost of $20.00 to
$21.50 per dry ton to harvest and haul all the corn stover needed from within a 50-mile radius.

Chief Executive Assistance (CEA) also studied the cost and availability of corn stover
(www.ceassist.com, 2000) and estimated that approximately 80 million dry tons of stover could
be collected annually in a good harvest year, enough to make 6 billion gallons of ethanol at
modest yields of 75 gallons/dry ton. Working with farmers, CEA determined the cost of stover
collection as about $31.60 to $35.70 per dry ton, about twice the cost projected in the NRC
report. This pricing indicates that farmers may not be willing to provide corn stover at lower
prices, even with the limited competing markets noted in the NRC estimates. With these
contradictory prices, firm contracts are important to be sure of feedstock costs.

The CEA study identified a simple two-step operation of baling and bale collection and
delivery to the processor to replace the former five-step procedure of raking, baling, field
loading, hauling, and unloading. By turning off the spreader on the corn combine, a windrow is
left behind that can be more readily baled, resulting in a collection of about 1.5 to 2.0 dry tons
per acre of stover that could be increased to 2.5 to 3.5 dry tons per acre by adding a rake in front
of the baler. They studied collection in round and square bales with target weights of 1,200 dry
Ibs per round bale and large square (4’x4’x8’) bales and 650 dry tons for intermediate-sized
square bales. Round bales were wrapped with three layers of plastic net to insure they did not
break apart when collected and handled. The bales were loaded onto a "load-and-go" trailer that
can safely traverse corn fields, including crossing ditches, and still travel at highway speeds of
up to 60 mph for transport to the unloading center. Overall, this approach reduced stover costs
from about $42 to $60 per dry ton to around $31.60.

In an alternate approach in the late 1980s, QO Chemical ran a "Cob Saver Program" with the
Anderson Brothers of Columbus, OH to collect both corncobs and kernels from the field. The
combines were outfitted with a sieve plate with larger diameter holes than typically used so that
both the cobs and kernels passed through the holes, while the stalks and husk were returned to
the field. During unloading, the cobs were separated from the kernels and stored in piles for
conversion to furfural and other products. Excellent cob recovery was claimed with little
damage to the kernels (QO Chemical, 1988), but the low bulk packing density could hurt
transportation costs.

For the CEA study, all bales were stored in the open. High-moisture bales and uncovered
square bales were processed first, and normal moisture round bales, protected by their plastic



support year round operation of furfural plants. It is, however, unclear if the lower bulk packing
density of corn stover will lend itself to this approach.

wastes (e.g., sawdust), major portions of municipal solid waste (e.g., waste paper), and
hardwoods (e.g., aspenwood) and herbaceous crops (e.g., switchgrass) grown for processing.
Such plant matter is often simply referred to as “biomass.” Although quite distinctive in outward
appearance, all forms of biomass generally share a complex structure that lends itself to
processing to a diverse array of products (Holtzapple, 1993; Wyman, 1996). About 40 to 50% of
such abundant materials is cellulose, long chains of glucose covalently bonded together in a
primarily crystalline structure. Cellulose fibers can be used for their strength in paper, wood, or
other materials. Alternatively, acids or enzymes called cellulase will breakdown these fibers by

a number of products, although little attention has been given to capitalizing on this opportunity
beyond making furfural and more recently ethanol. About 15 to 20% of biomass is lignin, a
complex phenyl-propene material that can be converted into aromatic compounds or burned to
take advantage of its relatively high energy content. Many forms of biomass also contain

various specialty products. Even the mineral matter in biomass, ash, could be recovered for

applications such as road pavement and soil buildup.
Some elementary features of sugar chemistry and nomenclature for biomass materials must



addition to other components such as acetic acid. Prior to hydrolysis, these sugar polymers are
referred to as arabinan, galactan, glucan, mannan, and xylan. Because cellulose produces only
glucose when hydrolyzed, it also contributes to the glucan content. Glucan, galactan, and
mannan each contain six carbon, ten hydrogen, and five oxygen atoms. Because one molecule of
water is added to each such unit during hydrolysis, the sugar yield is 11.1% greater than the
fraction of any of these components. For example, biomass containing 40.0% glucan could
release up to 44.4 1b of glucose for every 100 Ib of dry feedstock after hydrolysis. On the other
hand, five carbon, eight hydrogen, and four oxygen atoms comprise each repeating unit of
arabinan and xylan, and the addition of one water molecule to each releases sugar.
Consequently, the sugar yield is up to 13.6% greater than the fraction of the prehydrolysis
portions, and a feedstock containing 20.0% xylan would yield as much as 22.7 pounds of xylose
for every 100 pounds of dry biomass used. Understanding of these relationships is vital because
the nomenclature for biomass composition varies considerably, and many incorrectly treat terms
such as hemicellulose, xylan, and xylose as though they are interchangeable.

Corn stover has a representative composition by weight on a moisture-free basis of 40.9%
glucan, 21.5% xylan, 1.8% arabinan, 1.0% galactan, undetectable amounts of mannan, 16.7%
lignin, 6.3% ash, and 1.9% acetyl groups (Torget et al, 1991). By comparison, corncobs by
themselves are richer in hemicellulose with about 28.4% xylan, 3.6% arabinan, 1.1% galactan,
undetectable levels of mannan, 17.5% lignin, 2.7% ash, 1.9% acetyl groups and 39.4% glucan
(Torget et al, 1991). These analyses appear not to differentiate protein and other components
from lignin, with others reporting that stover contains about 11% lignin, 8% protein, and 1.3%
fat, and that cobs contain about 7% lignin, 3.2% protein, and 0.7% fat (Subcommittee on Feed
Composition, 1982). Table 1 summarizes the composition of corn stover and corncobs including
heat of combustion data for each.

Table 1. Representative composition of corn stover, cobs, and fiber.

Component Corn stover Corn cobs Corn fiber”
Glucan 40.9%' 39.4%' 37.2%"
Xylan 21.5%' 28.4% 17.6%"
Arabinan 1.8%' 3.6%' 11.2%"
Galactan 1.0%' 1.1%' 3.6%"
Mannan ND' ND' NR”
Lignin 11.0%" 7.0%” 7.8%"°
Ash 7.2%" 1.7%’ 0.6%"
Protein 8.0-8.9%° 3.2%° 11.0%"
Crude fat 1.3%" 0.7%" 2.5%"
Gross heat of combustion 17,650 J/g’ 18,770 J/g’

Net heat of combustion 16,520 J/g’ 17,580 J/g’

ND — Not detected

NR — Not reported

| — Reference by Torget et al, 1991.

2 — Reference by Saha et al, 1998.

3 _ Reference by Subcommittee on Feed Composition, 1982.

4 — Measured as ether extract via Subcommittee on Feed Composition, 1982.
5 — Reference by Domalski et al, 1987.



Most of the xylose, arabinose, galactose, mannose (if present), and acetic acid can be
released in a hydrolysis reaction along with some of the glucan (about 10% of the total glucan)
and lignin, but a portion of the sugars will degrade for chemically catalyzed hydrolysis reactions
(McMillan, 1994: Hsu, 1996). If conditions are chosen to react most of the hemicellulose

than most biomass types (Torget et al, 1991).

Corn fiber was recognized as having important potential for conversion to ethanol and other
products because of its availability at a process facility, avoiding transportation and handling
costs (Wyman, 1993). Corn fiber is richer in hemicellulose than stover, lower in cellulose, and
much higher in protein with a typical composition reported as 37.2% glucan, 17.6% xylan,
11.2% arabinan, 3.6% galactan, and no measurable mannan (Saha et al, 1998). Fiber also

IV. OVERVIEW OF BIOLOGICAL PROCESSING OF CORN BIOMASS

To provide a context of the steps typically needed, this section summarizes a processing
sequence that is built around enzymes and organisms to convert biomass to ethanol. These
biological conversion steps are often favored because they achieve high yields vital to economic
success and have low cost potential (Wright, 1988; Hinman et al, 1992; Wyman, 1999; Wooley

Fairley, 2001). The steps through fermentation can be the same regardless of the product
targeted, although different purification operations will be often be needed. The reader is
referred to the Section V for a summary of many of the processing and product alternatives that
could be applied.

In the process illustrated in Figure 1, biomass is pretreated by dilute acid to release sugars
from the hemicellulose fraction, cellulase enzymes are produced from some of the pretreated

reactions, and the hemicellulose sugar is separated from the cellulose/lignin solids. Next, the
sugar stream is conditioned with lime and ion exchange, if necessary, to achieve high yields in
subsequent fermentations (Wooley et al, 1999).

Some of the washed solids and possibly liquid hydrolyzate (about 4 to 9% total depending on
enzyme loading requirements) supports production of cellulase enzyme that is added back to the




bulk of the pretreated solids to hydrolyze cellulose to glucose. A fermentative organism able to
ferment all five sugars is also added to the same vessel along with conditioned liquid hydrolyzate
in a process designated simultaneous saccharification and co fermentation (SSCF) (Wooley et al,
1999), and the product recovered from the fermentation broth by distillation and dehydration.
The solids are centrifuged and dried to about 10% moisture and burned to generate all the heat
and electricity needed for the plant with the excess being sold. The solubles in the recovered
liquid are anaerobically digested to methane that is fed to the boiler, and a portion of the
remaining liquid is recycled while the rest is treated for proper disposal.

V. BIOLOGICAL PROCESSING OPTIONS

Enzymatic hydrolysis of cellulose to glucose is attractive for making ethanol because nearly
theoretical yields are possible, costs have been reduced by about a factor of four, and additional
opportunities have been identified to make the technology competitive (Wright et al, 1987;
Hinman et al, 1992; Wyman, 1995; Lynd et al, 1996; Wyman, 1999; Wooley et al, 1999). This
section summarizes many options for enzymatically converting biomass to fuels and chemicals
with emphasis on hemicellulose and cellulose hydrolysis because these expensive steps offer the
greatest opportunities for improvement. Only a few of the many possible references can be
included, and the reader should consult the literature for more in-depth information.

1.0 Feedstock Storage and Handling

Storing biomass, delivering it to the plant site, and feeding it to the process are important and
generally unappreciated steps in biomass conversion that must receive careful attention to avoid
problems that could cripple a project. Because biomass conversion to fuels and chemicals is
capital intensive, products must be manufactured year-round to achieve competitive costs. On
the other hand, corn stover can only be collected during a limited harvest season, and either the
stover must be stored or supplemental feedstocks utilized to continuously feed a plant. However,
biomass will degrade under some conditions, reducing product yields from a given resource
base, and storage strategies must be developed to insure feedstock preservation (Agblevor et al,
1996). As mentioned before, stover wrapped in bales retains much its integrity over time.
Alternatively, corn cobs for furfural production have been stored in managed piles with limited
degradation.

Another key to competitive biomass conversion is transport to the processing facility, a factor
that is impacted by the mode of transport, load limitations, and loading and unloading
considerations. Various projections have been offered of such factors and their cost implications
(e.g., Marrison and Larson, 1995), but in the final analysis, cost is determined by signed
contracts with shipping companies or internal costs for transport by a dedicated plant fleet.

Conveying corn biomass at the process facility must also be fully understood. Each type of
biomass has unique features that influence material handling, and success with one type is no
guarantee of success with another. On this basis, corn stalks behave differently from corn cobs,
which differ from mixtures of the two, which differ from corn fiber. Important considerations
include particle size, angle of repose, and bulk packing density, each of which presents important
challenges, and established experience with handling these materials is essential to effectively
implement corn biomass processing.

2.0 Biomass Pretreatment

Pretreatment is essential to obtain high glucose yields from enzymatic hydrolysis of cellulose
because a complex hemicellulose-lignin shield limits enzyme accessibility to cellulose



(McMillan, 1994; Hsu, 1996). Technoeconomic evaluations show that pretreatment is the most

cellulose into fermentable sugars, which collectively represent about 30% of the total, depending
on how these costs are assigned (Hinman et al, 1992; Lynd et al, 1996; Wooley et al, 1999),
Thus, pretreatment technology presents important opportunities for improvements to reduce
sugar costs to the point that competitive manufacture of a wide range of products is feasible
(Lynd et al, 1996). Key aspects of pretreatment are summarized here to help the reader
understand this technology and its options.

Uncatalyzed steam explosion and dilute-acid pretreatment achieve high hemicellulose
removal and good cellulose digestibility (McMillan, 1994; Hsu, 1996; Torget et al, 1991 ;

neutralized with inexpensive calcium hydroxide, formation of degradation products that must be
removed before biological processing, and disposal costs for neutralization salts (Mes-Hartree
and Saddler, 1983; Hinman et al, 1992; McMillan, 1994; Hsu, 1996). Additionally, about a 7-

1992). An interesting paper provides an important perspective on dilute-acid cellulose and
hemicellulose hydrolysis (Lee et al, 1999).

Various pretreatment technologies have been investigated in an effort to reduce costs and
realize high sugar yields from both cellulose and hemicellulose, but performance was poor and
costs were high for physical approaches such as comminution (e.g., milling) and irradiation
(Tassinari et al, 1982; Khan et al, 1987). Although biological pretreatment offers conceptual
advantages, such as low chemical and energy use, no effective system has been demonstrated

near neutral pH in an approach termed "pressure cooking at controlled pH" (Weil et al, 1998),
and optimization of this approach could provide a new pretreatment option. Passing hot water



without chemicals (Bobleter et al, 1976; Bobleter, 1994; Allen et al, 1996; van Walsum et al,
1996) or with very low acid (about 0.07% versus the 0.7 to 3.0% typical for conventional dilute
acid technology) (Torget et al, 1996; Torget et al, 1998) through biomass at high temperatures
achieves virtual to total elimination of added acid, near theoretical hemicellulose sugar yields,
highly digestible cellulose, liquid hydrolyzate that is more compatible with fermentative
organisms, lower cost materials of construction, less neutralization and conditioning chemicals,
and less size reduction requirements (Lynd et al, 1996). Unfortunately, the large amount of
water used dilutes sugar streams, resulting in low sugar concentrations, and increases energy
requirements for pretreatment and product recovery. Complex configurations are another
drawback for this otherwise promising approach. Nonetheless, their unique attributes could
point the way to lower costs for biologically processing biomass (Lynd et al, 1996).

3.0 Cellulase Production

As mentioned, cellulase enzymes catalyze the hydrolysis of cellulose to glucose with
theoretical yields possible from well-pretreated materials, and various organisms release these
enzymes to allow them to metabolize the sugars in cellulose. A fungus, now designated as
Trichoderma reesei in honor of Elwyn Reese who made many of the important initial discoveries
about it, was found to degrade canvas and other cotton products during World War II. Initial
attention was devoted to finding ways to overcome its destructive effects at that time. However,
during the “Energy Crisis” of the 1970s, its ability to release glucose from cellulose with high
yields was realized to present a promising path to renewable production of fuels and chemicals
that could reduce our dependence on vulnerable supplies of petroleum (Reese, 1976). Other
organisms including various bacteria also make cellulase, but 7. reesei has received considerably
more attention than other options (Himmel et al, 1996; Esterbauer et al, 1991).

Although fungi typically consume biomass while exposed to air, technology has been
developed to grow it submerged in water to facilitate large-scale production (Esterbauer et al,
1991). Air must be sparged into the liquid, however, for the organism to grow and make
enzyme. Furthermore, the native organism only releases enzyme in large amounts when an
enzyme inducer, such as cellulose or lactose, is available and more easily utilized sugars are
unavailable (Esterbauer et al, 1991; Kadam, 1996). Growing the organism on biomass is
particularly desirable to keep substrate costs low. Unfortunately, release of cellulase is slow in
this case, and power inputs are high to aerate and mix the viscous broth containing solid biomass
and growing filamentous fungus (Himmel et al, 1999; Wooley et al, 1999). Fermentors must be
cooled, often with chilled water, to remove the heat released as the fungus grows and makes
cellulase and keep the temperature from rising too high for the organism to function. About 4 to
9% of the biomass fed to a cellulase-based process is needed to make enzyme (Esterbauer et al,
1991; Hinman et al, 1992; Himmel et al, 1999; Wooley et al, 1999).

Many strains of 7. reesei have been derived from the parent to enhance cellulase production
rates and diversify the substrates on which it will make cellulase with high yields (Esterbauer et
al, 1991; Kadam, 1996; Himmel et al, 1996). In addition, researchers have sought other strains
of fungi and bacteria for less expensive enzyme production and to serve as a source of genes
with which to transform organisms to enhance cellulase production (Himmel et al, 1996). Of the
organisms that are publicly available, however, various mutants of 7. reesei are currently
favored, such as Rut C30, L-27, CL-847, and RLP-37, as pointed out in one reference (Kadam,
1996). Enzyme manufacturers are said to have developed strains with high productivity, but the
enzymes target specialty applications, such as stone-washed jeans, that benefit from properties
different from those needed for making fuels and chemicals from biomass.



releases cellobiose molecules made up of two linked glucose molecules. Finally, a third enzyme
fraction, B-glucosidase, breaks apart cellobiose to release simple glucose sugar. Glucose and

concentrations of glucose (Takagi, 1984).

At this time, cellulase is a specialty product that commands prices that are far too high for
producing fuels and commodity chemicals (ceassist.com, 2000). On-site manufacture reduces
costs considerably, and approaches have been developed to improve the rate of production
through fed-batch fermentation (Hendy et al, 1984) and using mixed hydrolyzate from
pretreatment (Mohagheghi et al, 1987; Mohagheghi et al, 1990). More recent studies also have

Pretreatment also has a significant impact on cellulase dosage and glucose release rates, and
advanced pretreatment technology provides a complementary path to lower €nzyme use and cost.

4.0 Enzymatic Cellulose Hydrolysis

The rates, yields, and concentrations of sugars from cellulose hydrolysis can be impacted by
1) the condition of the pretreated cellulose, 2) the nature of the cellulase enzyme, and 3) the
process configuration. For the first, several chemical and physical features are thought to be

(Converse, 1993; McMillan, 1994; Hsu, 1996: Chang and Holtzapple, 2000). However, the
complexity of biomass confounds our understanding, and reducing one barrier to digestion can

require higher temperatures for hemicellulose removal to be effective, however, suggesting that
hemicellulose is not the only factor impacting digestibility, and some evidence does not support
a role for hemicellulose in changing cellulose digestibility (Millett et al, 1976; Fan et al, 1982;
Tsao et al, 1978). Removal of acetyl groups can double to triple cellulose digestibility, with
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volume and accessible surface area (Grethlein, 1985; Grous et al, 1985). But, the complex shape
of cellulases could have difficulty penetrating such pores, and concerns have been raised about
substrate changes during these measurements (Converse, 1993). The consumption of free-chain
ends generated by pretreatment has been suggested to explain the slowing of rates over time, but
hydrolysis rates also decline with increasing surface coverage by enzyme, leading to the
possibility that steric hindrance of enzymes by other enzymes, multilayer adsorption, enzyme
binding to lignin, and cellulase stuck in dead-end alleys could reduce rates (Converse, 1993).

The nature of the enzyme also influences the rates, yields, and concentrations of glucose
release from cellulose. First, cellulase must have the proper balance of the three activities noted,
with a high ratio of exoglucanase to endoglucanase shown to be important to keep rates high
(Karlsson et al, 1999). Furthermore, accumulation of glucose and particularly its two-unit dimer
cellobiose slows cellulase action (Takagi, 1984), and high levels of B-glucosidase speed
cellobiose conversion, improving the rate of enzyme action (Spindler et al, 1988). Nonetheless,
the inhibitory effects of glucose limit sugar concentrations to only a few percent for currently
available cellulase formulations. Lignin also adsorbs cellulase, reducing the amount available
for cellulose hydrolysis (Tatsumoto et al, 1988). Finally, the nature of exoglucanase action on
crystalline cellulose is slow, limiting glucose release rates (Himmel et al, 1996). Improved
pretreatments that reduce crystallinity, lignin, hemicellulose, and acetyl levels and better
enzymes with faster action on cellulose, less binding to lignin, and less sugar inhibition offer
important benefits for improving enzymatic hydrolysis.

The process itself has a significant influence on enzymatic hydrolysis of cellulose. For
example, immediate fermentation of glucose to ethanol in a so-called simultaneous
saccharification and fermentation (SSF) route increases rates, yields, and ethanol concentrations
compared to making glucose and sequentially fermenting it to ethanol. These benefits result
from reducing the concentration of glucose, a strong inhibitor of cellulase activity (Gauss et al,
1976; Wyman et al, 1986). The SSF configuration also reduces equipment costs by combining
hydrolysis and fermentation operations in a single set of vessels which clearly reduces bioethanol
production costs (Wright et al, 1987). Similarly, employing fermentative organisms that ferment
cellobiose improves performance even more by accelerating the removal rate of this even more
powerful inhibitor (Spindler et al, 1992). Performance can be improved further by adding
whole-cell broth from enzyme production because some cellulase activity is trapped in the fungal
cells (Schell et al, 1990). Removal of both hemicellulose and lignin during pretreatment also
improves performance by making the cellulose more accessible and preventing lignin from
binding expensive enzyme, although no process has been yet developed to accomplish this at low

cost.
5.0 Sugar Fermentation to Ethanol

Humans have fermented glucose to ethanol for thousands of years, and organisms have been
developed to achieve high rates, yields, and concentrations of this product. However, only
glucose and related sugars are released from starch and sugar crops used for ethanol production
in traditional beverage and other applications, whereas five different sugars result from biomass
hydrolysis: arabinose, galactose, glucose, mannose, and xylose (Wyman, 1996). Although
biomass is low in cost, all of these sugars, including those present in smaller concentrations,
must be converted to ethanol at high yields for the overall process to be economically viable, and
failure to achieve this end badly hampers the commercial viability of biological biomass
conversion technologies (Hinman et al, 1988). Unfortunately, no organism has been discovered
that naturally ferments the two five-carbon sugars arabinose and xylose to ethanol with high
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yields, and no coproducts derived from these sugars have markets compatible in size with
ethanol production (Parker et al, 1983). Until recently, this shortcoming severely limited the
prospects for commercializing bioethanol technology.

five sugars to pyruvate, yield is not restricted by limitations in appetite. In addition, the two
enzymes made by these genes remove pyruvate so rapidly that very little of this intermediate
material is available for its usual products, and some of the natural pathways are removed to
improve yields even more. The net result is that very high ethanol yields are realized from all
the sugars in biomass. This approach has been successfully applied to ferment hemicellulose
hydrolyzates from corn stover and fiber to ethanol with high yield (Asghari et al, 1996).
Furthermore, various strains have the ability to consume oligomeric sugars, such as cellobiose,
cellotriose, and xylobiose, or genes can be inserted into many of the strains to impart this
capability (Wood and Ingram, 1992). These features make it possible for the genetically
modified strains to remove powerful cellulase inhibitors and also ferment five- and six-carbon
sugars to ethanol, resulting in superior performance for SSCF applications. Genes also have
been inserted into these host organisms for producing endoglucanase, further reducing enzyme
loading requirements with si gnificant cost advantages.

While Ingram and his colleagues genetically engineered organisms that normally consume all
sugars to make ethanol at high yields, others later introduced traits into organisms that naturally
make ethanol to allow them to consume additional sugars. One of these teams introduced five
genes from the bacteria E. coli into Zymomonas mobilis to allow the latter to take up xylose in
addition to the glucose it naturally consumes (Zhang et al, 1995). Subsequently, two more genes
were introduced to ferment arabinose in addition to xylose and glucose (Deanda et al, 1996).
Another group genetically engineered the yeast Saccharomyces cerevisiae to ferment x ylose to
ethanol, in addition to the six-carbon sugars it naturally utilizes (Ho et al, 1998), and is also
working to include arabinose fermentation (Sedlak and Ho, 2001). Approaches are also being
sought to improve the yield of the yeast Pichia stipitis for fermenting xylose as well as glucose
(Shi and Jeffries, 1998).

6.0 Sugar Fermentation to Chemicals and Materials

Although much attention has been devoted to making ethanol from biomass, numerous other
products can be made from the low-cost biosugars (Wyman and Goodman, 1993a; Bozell and
Landucci, 1993; Landucci et al, 1994). Thus, just as petroleum refining grew from primarily
making kerosene to manufacturing a wide array of products that take advantage of the complex
composition of petroleum (Yergin, 1991), biomass processing can evolve to making a wide
range of chemicals and fuels as well as power, food, and feed from this sustainable resource, as
tllustrated in Figure 2 (Wyman, 1990). The petrochemical industry derives these numerous end
products from only a few building blocks such as benzene, ethylene, methane, propylene,
toluene, and xylene plus a family of four-carbon compounds including butanes, butadiene, and
butlyenes. By analogy, producing a few intermediates from biomass could be an effective route
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to driving a large industry that makes a much broader range of biobased products than is now
considered. The challenge is to focus on compounds that could drive this important evolution for
sustainable biomass-based processing.

As an example of the evolution to biobased chemicals, a Cargill-Dow Chemical joint venture
is applying new lactic acid fermentation and recovery technologies in a large corn processing
plant followed by polymerization to biodegradable plastics (Fairley, 2001). Similarly, Dupont
and Genencor teamed to develop an improved organism for fermenting glucose to 1,3-
propanediol, and a joint venture between Dupont and Tate and Lyle Citric Acid is demonstrating
this approach in a 200,000 Ib/year pilot plant (Fairley, 2001). Both technologies would certainly
lend themselves to cellulose-derived glucose if the sugar can be made at competitive prices and
appropriate quality.

Lignocellulosics

Hydrolysis \

Fuel

< Lignin
Protein l l
Sugars Electricity
Processing Chemical Fermentation Chemical
conversion D a— conversion
Adipic acid Ethanol Citric gcid . Phenols
Food 1 4-butanediol GAly perol Fumgnc ‘?“d Aromatics
Feed Furfural Lipids Lactic acid Dibasic acids
Furans Acetone Propionic acid Olefins
Glycols n-Butanol  Succinic acid
Methyl ethyl ketone Butanediol  Itaconic acid
Ethylene [sopropanol  Acetic acid
Propylene Butyric acid  Acetaldehyde

Methane

Figure 2: A biorefinery concept for making a range of products from lignocellulosic biomass
(Wyman 1990).

Succinic acid has been identified as a promising four-carbon building block analogous to the
C4 family for petrochemicals (Bozell and Landucci, 1993; Landucci et al, 1994). Succinic acid
is now generally manufactured by hydrogenating maleic anhydride to succinic anhydride
followed by hydration to succinic acid, but the high cost of such processes limits its markets. If
its selling price were reduced, its versatile four-carbon dicarboxylic acid could be used both
directly and as a C4 intermediate for numerous applications in agriculture, food, medicine,
plastics, cosmetics, textiles, plating, and waste-gas scrubbing. For example, catalytic processes
have been recently developed to convert succinic acid into a number of industrially important
chemicals including 1,4-butanediol, tetrahydrofuran, gamma-butyrolactone, adipic acid, and
maleic anhydride, and it can be easily esterified to dimethylsuccinate, an environmentally
friendly solvent. Thus, while the market for some chemical products is insufficient to consume
all the sugars from just one modest-sized biomass processing plant, the growth potential for
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line with this, organisms have been genetically modified to improve succinic acid production
(Donnelly et al, 1998) and better fermentation and separation operations devised to reduce
production and recovery costs (Glassner et al, 1995; Nghiem et al, 1997).

Other fermentation chemicals receiving attention include vanillin (Li and Frost, 1998),
shikimic acid (Draths et al, 1999), gallic acid (Kambourakis et al, 2000), and 1,2-propandiol
(Altaras et al, 2001). Such products can be made from the glucose from corn or cellulose. These
are just a few examples, with more technologies being developed to produce such products than
can be addressed here, and the reader is referred to other references for additional information on
such possibilities (Wyman and Goodman, 1993a; National Research Council, 1999; Lynd et al,
1999).

7.0 Lignin Utilization

Because all of the heat and electricity needed to power a bioethanol production process can
be generated by burning lignin and other solids remaining after biological conversion of
carbohydrates, no fossil energy is needed, thus, minimizing, if not eliminating, emissions of
carbon dioxide, a powerful greenhouse gas. Furthermore, a significant amount of excess energy
is available to export for extra revenue (Hinman et al, 1992; Wooley et al, 1999). Even without
power sales, the avoided costs of purchasing heat and electricity and waste disposal justify the
capital costs for power production in a biological process, making it possible to sell the excess
power into even highly competitive deregulated electricity markets that have been the bane of
many biomass power facilities. In addition, power provides one of the few markets compatible
in size with large-scale ethanol production, and biorefineries can provide baseload grid power
that is not readily available from other renewable resources. Alternatively, lignin could be
converted into other products that could serve a similar role as benzene/toluene/xylene from

petroleum refining.

VI.  ECONOMICS OF BIOLOGICAL CONVERSION NOW AND FOR THE
FUTURE

Substantial progress has been realized in advancing the technology for converting biomass to
ethanol by enzyme-based technology with the projected cost dropping from almost $5.00/gal 20
years ago to the point where it is now competitive in the current blending market (Wright, 1988;
Hinman et al, 1992; Wooley et al, 1999; Wyman, 1999). Developing bacteria that ferment all
five sugars in biomass to ethanol with high yields was critical to reaching these lower costs.
Advances in overcoming the recalcitrance of biomass through improving dilute-acid
pretreatment technology and enzymes, however, were also vital to this progress. In addition,
integrating cellulose hydrolysis with sugar fermentation in the SSF and then SSCF
configurations reduced costs by improving the rates, yields, and concentrations of ethanol
production (Wright et al, 1987; Wooley et al, 1999). Also, enzymes with higher levels of -
glucosidase and organisms that utilize cellobjose had important impact. The emergence of
modern biotechnology tools was vital to most of these technical advances. Several enterprising
companies are now working to build the first commercial biocthanol plants (McCoy, 1998).

Coproduction of chemicals, bioethanol, and electricity can be synergistic. The higher price
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commanded by many chemicals, particularly at lower volumes, can support smaller biorefineries
for introducing biomass conversion technology. On the other hand, bioethanol production will
make economies of scale possible for latter plants that will reduce sugar costs, facilitating
profitable production of chemicals at a scale that will have significant impact in expanding
biomass markets, reducing petroleum demand, and reducing greenhouse gas emissions. Ethanol
also can support the plant while building chemical sales to commodity levels. As mentioned
before, heat and electricity production are often the most economical option for disposal of lignin
and wastes and to meet the process energy requirements. Consequently, electricity can be sold at
a lower cost in an integrated biorefinery than is possible in a dedicated biomass power plant.

Although this four-fold reduction in projected ethanol production costs is impressive, further
cost reductions by about a factor of two are desirable to make ethanol competitive as a pure fuel
without subsidies. Several studies have shown such improvements to be imminently achievable
(Hinman et al, 1992; Wyman, 1995; Lynd et al, 1996). The key, however, is to develop
advanced process configurations for hemicellulose and cellulose hydrolysis that simplify and
combine steps and reduce operating and capital costs (Lynd et al, 1996). For example,
significant advantages would result if cellulase production and fermentation of the sugars in
biomass could be accomplished by a single anaerobic organism, thus, eliminating the need for a
separate aerobic cellulase production step that requires high energy inputs. Although
biotechnology provides a powerful tool to meet this need, improvements also are essential in
biomass pretreatment to reduce materials of construction costs, enhance yields, reduce chemical
costs for pretreatment, and avoid expensive downstream operations to remove inhibitors and
other problematic chemicals resulting from pretreatment.

VII. BENEFITS

1.0 Farm Income

Conversing cellulosic biomass to ethanol is becoming economically feasible as a result of
years of sustained research despite a very turbulent funding history (Wyman, 1999; Wyman,
2001). As a result, projects are now in progress to apply the technology commercially to niche
opportunities based on retrofitting of existing plants, use of low-cost residues, low-cost debt
financing, and other cost-cutting measures (Wyman and Goodman, 1993b; McCoy, 1998). Once
such processing facilities are operational, a succession of similar projects will likely follow,
increasing the demand for biomass. Furthermore, because biomass provides a unique resource
for sustainable production of organic products, corn stover and other forms of biomass will be
vital raw materials for the production of such products when the need for sustainable routes to
making organic materials is finally recognized, increasing demand even more.

As efficiencies of biomass conversion improve through continued research and experience
with commercial processes, the importance of feedstock costs will decline, and higher prices can
be paid for raw material, expanding the market and margins for the agricultural sector. For
example, if we take current yields as being about 76 gallons of ethanol per dry ton of feedstock
with a raw material costing $25/dry ton, the contribution of biomass to the overall selling price
of $1.16/gallon is about $0.33/gallon of ethanol made, as projected in one study for best-
available current technology (Wooley et al, 1999). On the other hand, continual improvements
could make it possible to increase yields to about 100 gallons/ton of dry feedstock, and at this
level. a feedstock costing $40/dry ton at the plant gate would contribute about $0.40/gallon of
cthanol. Although this unit cost is higher than that described in the study (Wooley et al, 1999), it
can be expected that conversion costs will be reduced to less than one-third of the total cost once
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product that has a huge market at a competitive cost without subsidies.

Biomass processing will also create rural manufacturing jobs. Because biomass transport has
a significant effect on the cost of raw material, a biomass processing facility must be located in
an agricultural region of the country to have affordable access to the large amounts of corn stover
needed. For example, about 65 relatively high-paying, skilled, manufacturing jobs would be
created for a single modest-sized process facility, providing opportunities for well-trained

nutrients, and other supplies to the plant and to transport products to the market. Numerous jobs
spill over as well into the local community through increased demand for housing, schools, and
stores, etc. The overall impact would thus be to create more than 200 new jobs for a single
biomass processing plant, revitalizing rural economies.

2.0 Energy Security and Trade Deficit

options could be developed for fuels. Although the United States and many other governments
initiated major programs to develop new energy sources in response to tightening petroleum
supplies and skyrocketing energy costs in the “Energy Crises” of the mid to late 1970s, interest
in developing new sources waned as prices fell later (Wyman, 2001). Because developing
competitively priced energy sources requires time, particularly when funded lightly and
sporadically, petroleum remains the largest and still growing source of energy in the United
States, providing about 40% of over 95 quads of total energy (quadrillion BTUs or 10" BTU)
(US DOE, 2000). Consequently, chemical and liquid fuel production almost totally depends on
petroleum, whereas other energy sectors are diversified, and the transportation sector uses more

increases in chemical prices similar to the experience of the oil crises of the 1970s.

As noted in the introduction, enough ethanol could be made from corn biomass to
significantly reduce gasoline use. Furthermore, the total supply of biomass from which fuels,
chemicals, and power could be made is substantial (Lynd et al, 1991: Lynd, 1996). Although
Some uncertainty and controversy surrounds the magnitude of the resource and the possible
conflict its use could create with the demand for food, there is little doubt that enough biomass
could be obtained as wastes and dedicated energy crops to make a significant dent in the huge
amount of gasoline consumed in the United States (Lynd et al, 1991; Lynd, 1996). Furthermore,
there is more than enough biomass to displace all petroleum for manufacturing chemicals
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(Wyman and Goodman, 1993a). Thus, a biorefinery could target reductions in petroleum
imports that are the single largest contributor to the U.S. trade deficit and reduce our vulnerable
dependence on imported oil (Lugar and Woolsey, 1999). Furthermore, co producing electricity
would be an effective way to provide baseload power to complement more cyclical renewables,
such as wind. It is also possible to recover protein from many biomass sources and use it for
animal feed, thereby achieving dual use of productive land.

Sustainable production of fuels and chemicals will become even more important as
developing countries improve their standard of living and seek to gain greater mobility (Beck,
1997). Maintaining the status quo of energy sources would strain petroleum supplies even more.
Then, the challenge will not be how to reduce petroleum use but, instead, how to meet a growing
demand that supports improved lives of more and more people around the world. Biomass
conversion to ethanol offers a promising path. An added benefit is that biomass fuels and
chemicals can be produced in countries, including the United States, that have limited petroleum
resources, helping them to reduce their trade deficit and grow their economies.

3.0 Greenhouse Gas Reduction

Perhaps the most unique and powerful attribute of biomass conversion to fuels, chemicals,
and power is very low greenhouse gas emissions, particularly when compared to other
transportation fuel, chemical, and power manufacturing options. Because burning unconverted
solids left after making the targeted biological products can provide all the heat and electricity to
run the process, no fossil fuel is required to operate the conversion plant (Hinman et al, 1992;
Wooley et al, 1999). In addition, low levels of fertilizer and cultivation are adequate for many
lignocellulosic crops, minimizing energy inputs for biomass production (Lynd et al, 1991). The
result is that most of the carbon dioxide released during manufacture and use is recaptured to
grow new biomass to replace that harvested, and the net release of carbon dioxide in a cradle-to-
grave (often called a lifecycle) analysis is less than 10% of that for gasoline (Tyson, 1993;
Interlaboratory Working Group, 1997). If credit is taken for exporting excess electricity that
displaces power generation by fossil fuels such as coal, more carbon dioxide can be taken up
than is released back into the atmosphere (Wyman, 1994). Just using the amount of corn stover
viewed as available by CEA would reduce overall U.S. carbon emissions by around 1.5 to 2.0%,
a big step toward lowering greenhouse gas emissions.

The impact of bioethanol can be particularly significant in the United States because the
transportation sector is a major contributor to greenhouse gas emissions, accounting for about
one third of the total. Furthermore, the United States accounts for about 25% of global carbon
dioxide emissions, with petroleum the largest single source (42%) of that total (US DOE, 2000).
As part of a Presidential Advisory Committee on reducing greenhouse gas emissions from
personal vehicles, a survey of experts in the field clearly showed that most alternatives to
petroleum (e.g., hydrogen production from solar energy) required significant changes in
transportation infrastructure, whereas others that could be more readily used (e.g., methanol
production from coal or natural gas) would have little impact on reducing greenhouse gas
emissions (Clinton and Gore, 1993). On the other hand, ethanol is a versatile liquid fuel,
currently produced from corn and other starch crops, that is widely accepted for blending and is
added to about 10% of gasoline sold in the United States. Vehicles that can use high-level
ethanol blends (E85, a blend of 85% ethanol in gasoline) are now being sold throughout the
United States as well, and because bioethanol production could be commercialized in a few
years, extended timeframes are not required to realize its benefits.
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4.0 Solid Waste Disposal

northern California to reduce air pollution. In British Columbia, phase-in of similar restrictions
is raising concerns about what to do with wood wastes that have been historically burned.
Suppressing natural forest fires has resulted in dense forests that cause more damage to the soil
and mature trees because hotter fires result when they finally rage beyond control, and many are
seeking to thin the forests to restore them to their natural plant density. Biorefineries that
process biomass wastes into fuels, chemicals, and power would provide a unique solution to
these growing dilemmas, an underappreciated attribute for biomass conversion.

5.0 Air and Water Pollution

In addition to augmenting the fuel supply, blending ethanol with gasoline increases octane
and provides oxygen to promote more complete combustion, particularly in older vehicles (Lynd
etal, 1991; Bailey, 1996). The former property reduces the need for additives, such as benzene
or tetra ethyl lead, that are toxic and often carcinogenic, and the latter reduces tailpipe emissions
of carbon monoxide and unburned hydrocarbons. Carbon monoxide is a serious problem in
many urban areas (particularly hi gh-altitude cities in winter months), and ethanol use reduces
carbon monoxide tailpipe emissions (Putsche and Sandor, 1996). Oxygenates, such as ethanol,
also reduce tailpipe emissions of unburned hydrocarbons that form ground-level ozone, resulting
in serious health effects. On the other hand, although ethanol has a much lower vapor pressure
than gasoline, blending the two initially increases vapor pressure, promoting evaporation of
gasoline components that increase ozone formation and resulting in considerable controversy
about the efficacy of ethanol for ozone mitigation. Substituting lower vapor-pressure gasoline
would compensate for the higher blend vapor pressure, but this change may be costly to the
consumer. Instead, because methyl tertiary butyl ether (MTBE) is vapor pressure neutral, it has
been widely blended into gasoline to reduce formation of ozone forming compounds as well as
carbon monoxide. A related compound made from ethanol, ethyl tertiary butyl ether (ETBE),
actually reduces the vapor pressure of blends, having even greater benefit as regulators continue
to mandate lower and lower vapor pressure gasoline to combat air pollution. However, MTBE
use is being curtailed because of concerns about its persistence in the environment and health
effects, and ETBE would likely suffer from the same concerns. It is important to note that direct
ethanol use for blending or neat fuels does not pose these problems because ethanol is readily
metabolized as evidenced by its widespread consumption as a beverage.

Neat ethanol provides the greatest benefits with respect to both air and water pollution
(Bailey, 1996). Its low vapor pressure (about one-quarter that of gasoline) coupled with its low
photochemical reactivity reduces its ozone-forming potential. Furthermore, ethanol is
biodegradable and readily dispersed in water, limiting damage from spills compared to
immiscible and much more toxic hydrocarbon-based fuels. Although ethanol has about two-
thirds of the volumetric energy density of gasoline, engines tuned to take advantage of its
superior fuel properties (e.g., high octane and high heat of vaporization) can actually achieve
about 80% of the range on the same volume of fuel (Wyman and Hinman, 1990). Until such
engines are widely available, flexible fueled vehicles now being offered by Ford and Chrysler
use any mixture of ethanol and gasoline above 15% gasoline and will facilitate transition to high-
performance ethanol engines. Ultimately, use of ethanol in fuel cells promises to achieve very
high efficiencies with very low emissions.



VIII. OTHER USES OF CORN BIOMASS

In addition to the emerging production of fuels and chemicals from corn biomass, other uses
are also possible, with a few summarized here. An important factor that affects production of
meat and milk in cattle and sheep is forage digestibility, which is impacted by lignin content
(Ralph and Helm, 1993). Forage quality has been traditionally manipulated by managing the
harvest time to balance overall yield against lignin content (Cherney et al, 1991), but corn
biomass can be pretreated by many of the approaches described above to improve its digestibility
as an animal feed. For example, steam treatment was applied to improve the nutritive value of
corn stover and other biomass types (Oji and Mowat, 1978). Another study employed ammonia
and/or calcium hydroxide to enhance the digestibility of corn stover (Oliveros, 1993). A solvent
delignification approach similar to organosolv pretreatment was applied to increase forage
digestibility for mature grasses (Sewalt et al, 1997). In another case, sulfur dioxide and ammonia
were compared for improving the accessibility of corn stover (Innocenti et al, 1989). Corn
stover hydrolyzate also was used to grow single-cell protein for possible use as food or feed
(Gonzalezzvaldes and Mooyoung, 1981). These examples are but a sampling of the many
approaches for enhancing the value of corn stover for feed and illustrate the parallel between
pretreatment for enzymatic conversion and improving the digestibility of stover for animals.

Another application for corn stover is co-firing with coal to reduce sulfur emissions, with the
value largely determined by displacing coal use and lowering emissions (Abdallah and
Hitzhusen, 1979). Another possibility is to mix corn stover with agents, such as polymeric
methylene diisocynate, to produce fiber mats as is done with wheat straw, although some
controversy has developed regarding the environmental merits of this formulation (McCoy,

2001).

IX. SUMMARY

Corn biomass is the most abundant crop residue in the United States and could contribute
meaningfully to the transition to sustainable manufacture of fuels and chemicals. Of course,
stover collection must be controlled to insure sound soil management, but various studies project
that significant amounts of this material could be available at low enough costs to be attractive
for biological processing without interfering with land quality. Furthermore, the vast demand for
fuels and commodity chemicals could provide a major new agricultural market. The value of
stover and other biomass residues and crops will increase as conversion costs drop due to
learning curve effects and technology advancements. Overall, such processes could give farmers
major new revenue streams and create rural agricultural and manufacturing employment.

Biological processing of stover involves several operations needed to hydrolyze the major
fractions of cellulose and hemicellulose to release sugars that can be fermented to ethanol or
various chemicals. A number of options have been developed to accomplish these steps, and
technology selection requires careful consideration of these alternatives. Through sustained
research and development, significant progress has been made in reducing the cost of biological
processing to the point it is now competitive for ethanol production in the blending market, and
genetic engineering of bacteria to ferment all the sugars in biomass to ethanol at high yields was
critical to this success. Sugar production from biomass is applicable to making fermentation
chemicals in addition to ethanol, and a number of new organisms are being engineered to expand
the range of products possible. Opportunities also have been identified to advance biomass
pretreatment and cellulose conversion further so that fermentation products from biomass can
compete in large commodity markets, thus increasing the demand for biomass supplies.

Biological conversion of corn stover to fuels and chemicals offers a number of important
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economic, environmental, and strategic benefits. The technology could create jobs in agriculture
and manufacturing that are important for rural development and that reduce dependence on

Corn stover can also be processed to improve its di gestibility as cattle feed using
pretreatment technologies similar to those used for producing fuels and chemicals. Other
options, such as blending with coal in boilers and conversion to particle board, could provide
additional new revenues for corn growers.
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