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Abstract Gthanol has been utilized as a fuel source in the
United Siates since the tumn of the century. However, it has
repeaiedly faced signiticant commerciat viabi lity obsiacles
relative to petroleum, Renewed interest exists in ethamol as
a fuel source today owing'to its positive impact on rural
America, the environment and United States energy
security. Today, most fuel ethanol is produced by cither
the dry grind or the wet mill process. Current technologies
allow for 2.5 gallons (wet mill process) to 2.8 gallons (dry
grind process) of ethanol (1 gallon = 3.785 1) prer bushel of
corn. Valuable co-products, distillers dried grains wilh
solubles (dry grind) and corn gluten meal and feed (wot
mill), arc also generated in the production of cthanol,
While curreat supplies are generated from both processcs,
the majority of the growth in the industry is from dry grind
plant constroction in rural communitics across the comn
belt. While fuel ctharol production is an energy-cilicient
pracess today, additional rescarch is occurring to improve
its long-term  economic viability. Thiee of the most
siunificant arcas of research are’ in the pruduction of
hybrids with 2 higher starch content or a higher extractable
starch confent, in the conversion of the com kermel fber
fraction to ethanol, and in the identification and develop-
ment of new and higher-value co-procucts.

Background

Tive production of cthanol from com for use as a
transportation fuel is a mature technology, Tt was first
introduced in the United States in the carly 1900s. The
carlv Ford Mode! T had a carburetor adjustiment that
allowed 1he vehicle to run on cither gasoline or cthanol
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produced by American farmers. Henry Ford’s vision was
to build a vehicle that was sffordable to the waorking
family and powered by a fuel that would boost the rurd]
farm cconomy (Kovarik [9ug).

Ethaiol wus used as o fuel source for curs well into the
1930s. Post World War 11, hawever, Hitle interest remained
i using agriculural crops for liquid fuel production
because of' the abundani and cheap supply of fuel from
petroleum and natural gas. Renewed interest in cthanot
developed in the 19705 with oil supply disruptions trom
the Middie East and the phase-out of lead as an octane
booster for gasoline (Iunt 1981, Additional Federal and
State tax incentives helped fuel the revialization of the
cthanol industry from production volumes of 10410"
gallons i 1979 t0 2.81~10% gallons in 2003 (1 gallon =
3.785 I; Anonymous 1999 19R 1), Together, the passage of
the Clean Air Act Amendments by Congress in 1990
{(which mandated the use of oxygenated fuels), gaestions
caneerning the oxygen source methyl tert-butvl cther
(MTBE), and the opportunity 1o spur ruraf developnient
have further accelerated  the growth of the domestic
ethanol industry. With roday's fimited ol supplies and
the ever-increasing United States” tependence on foreign
oil tover 42% imported).: the need for altemative energy
sourees is receiving a renewed focus. Fuel ethanol remaing
an attractive option. Fihanel has strategic value beeause it
is a renewable encrgv source and reduces (he United
States™ dependence on foreign oil imports. I benefil
farmers by ereating a substantial new markel for corn
supplies and by creaing new jobs in cconomicaily
depressed rural arcas and small communitics. As o fucl
componeit, it burna cleaniy and increases the octune level
of gasotine. Beeause cihanol has a higher oxvaen content
than MTBE, oniy half the volume is required o produce
the same oxygen level in waseline: and it is bindegradable
(DiPardo 2600,

Muost ol the current cihunol produced i the United
States uses fieid com as o feedstock. Com s the Most
important and econemical source of starch in the Unived
States. Starch is the mator carbohydrate storage produc
corit hernels comprising 70720
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dry weight hasis. Starch is readity converted o glucose
and fermented into ethanol. In 2003. comversion (o cthanol
accounted for nearly 10° bushels of corn. or 10% of the
United States corn crop. Projections are for ethanol
demand to reach 5x 167 gallons by 2012, B3I International
mainiains records on current and proposed capacity. As of
May 2004, they cite 76 currently munning ethanol planis
(with a capacity of over 310" gallons of ethanol) and 12
additional ’plums under construction, adding an incremen-
tal 01.3%707 gallons in commercial capacity. Tax incentives
and cominercial efficiencies are’ expected to ieep pace
with the expected future demand,

The United States Department of Agriculture and the
Department of Energy at Argonne National Laboratories
have conducted numerous studies-on the cnergy balance of
cthanol production. Théy both concluded thal a gallon of
cthanol produces more energy than the fossil inputs (o
produce it {Shapouri ct al. [9%6: Wang et al. 1997). The
most recently published results by Shapouri indicate an
average {across dry grind and wet mill processes) coergy
vield of 67% more than the fossil inputs required to
produce it {Shapouri et al: 2004}, This has been an arca ol
significant improvement “in  cthanol production, with
encrgy requirements at 50% less than what was required
for ethanol production in the late 19705, Alternatively,
gasotine yields 20% less energy than the fossil inputs
required to produce it (Shapouri et al. 1996: Wang et al.
1997,
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Current ethanol production processes

Today. most fuef ethanof is produced from corm by either
the dry grind (67%) or the wet mill {33%) process. The
key distinction between wet mill and dry grind facilities is
the focus of the resoureing. In the ease of a dry grind plant,
the Tocus is maximizing (he capital retwrn per gallon of
ethanol, n the case oi a wet mil) plant, capital investments
allow for the separation of other valuable COMPONENIs i
the grain before fermentation 1o ethanol,

The wet milling process is more capital- and energy-
intensive. as the grain must first he separated into s
components, including starch, fiber, sluten, and germ. The
germ is remuved from the kerel and cormn il is extracted
from the germ. The remaining germ meal is added to Gher
and the hull to form com gluten feed. Glulen is alsn
scparated 1o beeome com glulen meal, a high-protein
animal feed. In the wel milling process, a starch solution is
separated {rom the solids and fermentable SUgdrs are
produced from ihe stareh. These sugars are fermented to
cthanol. Wet mill facilitics are tuc “biorefineries™,
producing u number of high-value products,

In the dry grind process, the clean corn js ground and
mixed with water to form a mash. The mash is cooked and
envymes are added to convert starch to sugar, Then yeast
is added to ferment the sugars, producing a mixture
containing ethanol and solids. This mixture is then
distilled and dehydrated 1o create fuel-grade ethanol. The
solids remaining after distillation are dried 1o produce
distllers® dried grains with protein and are sold 45 an
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animal feed supplement. A schemalic of both Processes is
illustrated in Fig, 1.

Current technologics allow for 2.5 gallons (wet mill) 10
2.8 gallons (dry grind) of cthanol per-bushel of corn.
Recent growth in the industry has been predaminantly
with dry grind plants, because of lower {2% to 4x) capital
costs per wallon and incentives for farmer-owned co-
operatives (Shapouri et al. 1996: Wang et al. 1997). The
wet mill industry has largely relied on expanding cxisting
tacilities rather than building new plants. Currently,
59 companies operate the 76 active ethanol plants in the
United States today. The majority of these are farmer
owned cooperatives or limired liability corporation dry
grind plants. The large-scale ‘wet mill plants are concen-
trated among a few predominately publicly held conipa-
nies with a long history of processing.

To be cconomically viable, both dry grind and wet mill
plants must obtain value bath from the ethanol resulling
from the process and from the co-products generated. The
most significant input cost is the cost of the starting corn,
Commodity com prices from the USDA databasc are 1.
5. $2.32 per hushel {10-year average). The coproducts of
value are distillers dried grains with or without sclubles
(DDGS} from the dry grind process and corn oil, corn
gluten meal, and com ghiten feed from the wetr mill
process. For every bushel of com, 17 pounds of DNGS
(1 pound = 0.4536 kg) are generated via the dry grind
process and 1.6 pounds of com oil, 2.6 pounds of ghuten
meal. and 13.5 pounds of gluten feed are Lenerated via the
wet mill process. The value of these coproducts fluctuates

with available supply and the cost of  competing
commodity prolein sources: primarily com. soybeans,
and soybean meal. According (o the USDA, the 7-year

average selling price (per ton) of DDGS, com gluten meal,
and corn gluten feed are U.S. %126, $357. and SR8,
respectively. The 10-year average price for corn oil (per
pound) is U.S. $0.30. Carbon dioxidc is generated via hoth
processes. When it is captured, if is typically sold to the
beverage industry for carbonition purposes.

This Mini-Review focuses on the dry grind fuel cthanol
production process. Dry grind fuel ethanol production is
where the majority of the fuel ethanol industry growth is
loday. Further, the majority of’ the efforts 1o improve
ethanol production focus on taking, the biorefinery coneepi
of the wet mill and mimicking it in the dry grind process.

Dry grind ethanol production

The drv grind process is designed to ferment as much of
the cam kerel as possible. There are five basic steps in
the conventional dry wrind ethanal process: grinding,
cooking, ligueluction, saccharilication. and {ermemation,
Little is wasted in the production of this fuel~in addition
to ethanol, the manufacturing  process  also produces
distillers grains, a high-quality livestock feed, and carbon
dioxide. a tood and industrial product. In the diy grind
method of cthanol production, nothing is done to pre-
separale the comn starch from the kernel. The entire cOM
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kernel is ground into a coarse flour through a hammer mill,
to pass through a 30 mesh screen. then slurried with water
o form a “mash™ Each bushel of com  generales
~22 gallons of mash.

Starch conversion

Starch exists as insoluble, parttally crystatline granies in
the endosperm of the corn kemel. Comn starch is made up
of mdividual units ot glucose, linked together in chaing by
alpha 1-4 and occasional alpha 1-6 linkages. The 1-4
linkages produce linear chains that primarily comprise
molecules called “amylose™, whereas (he alpha. 1-6
linkages serve as branching points to produce branched-
chain molecules cafied amylopectin. Normal corn siarch
containg about 27% amylose. with the remainder being
amylopeetin. Starch cannot be metabolized directly by
yeast, but must iirst be broken down into simple six
carbon sugars prior to fermentation, To accomplish this
conversion, the pH of the mash s adjusted to pH 6.0,
lollowed by the addition ol alpha-amylase. A thermastahle
alpha-amylase enzyme is added 1o begin breaking down
the starch polymer to produce soluble dextrins by quickly
and randomly hydrolyzing alpha 1- 4 bonds. The mash 1s
heated above 100°C using a jet cooker, which provides (he
high temperature and mechanical shear necessary (o cleave
and rupture starch molecules, especially those of a high
molecular weight. The corn mash is kept at the elevated
temperature for several minutes by pumping it through a
holding whe equipped with a backpressure valve. The
mash fows from the holding wbe into a flash ank and ihe
iemperature (s allowed 1o fall 1o #0-90°C. Additionat
alpha-amylasc is added and the mash is Hgquefied for at
least 30 min. Liguefaction greatly reduces the size of the
starch polymer. The dextrinized mash js then cooled,
adjusted to pH 4.3, und glucoamylase enzyme is added.
Glucoamylase converts liguefied starch into glucose.
Enough glucoamylase is added such that the sacchariflea-
ton of the starch o glucose, which occurs continually
through the fermentation. Joes not limit the rate of ethanol
production,

Fermentation

Afier cooking, the mash is cooled 10 32°C and transferred
lo fermenters where veast is added. Often, ammoninm
sulfate or urca is added as a nitrogen souree for the growth
of yeast. Recently. the ethana! dry grind mills have also
begun to add proteases that hreak down the corn protein to
free wino acids. which serve as an additional souree ol
nitrogen for the yeast. The fermentation requires 48-72 k
and has a final ethanol concentration of 10 1%, The pi
of the heer declines during the fermentation 1w below
PH 4. becanse of carbon dioxide formed during the ethanai
fermemation. The decrease in pH is imporant for
increasing the activity of glucoamylase and irhibiling
the growth of comaminating bacteria, Dy grind plants can
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reduce the amount of glucoamylase added by sacchariiy-
ing the liquefied starch at 63°C prior o fermentation.
Many  plants, however, have gone 1o simultancous
succharification and fermentation (SSF) because it lowers
the opportunity for microbial contamination, lowers ihe
initial osmotic stress of yeast by uvoiding u concentrated
glucose solution, and is generally more energy-cflicient. In
addition, it can provide yields of up 0 8% more ethanol
per bushel of grain. Upon completion, the beer is distilled
through the beer cohumn. :

Either buteh or continuous termentation systems may be
used. although batch processing is more common. Some
new fermentation systems are designed to minimize
dilution water, which reduces the evaporation require-
ments and thus the energy requived in the feed-processing
slages ufler fermentation,

The carbon dioxide released during fermentation s
oflen captured and sold.’ especially by larger dry grind
tacilities. The carbon dioxide is used in carbonating soft
drinks and beverages, manbdfacturing diy ice, and in other
industrial processes,

Distillation and dehydraéion

Distillation is the process of separating the ethano] from
the solids and water in the mash. Alcohol vaporizes at
7R°C and water at 109°C {at seq level). This difference
allows water to be separated from ethanol by heating in 2
distiltation column.

Conventional distillation/rectification methods can pro-
duce 95% purc (190 proof) cthanol. At this point, the
alcohot and walter form an azeotrope. which means farther
separation by heat cannot oceur. In order to blend with
gasoline, the remaining 5% watef must be removed by
other methods. Modern dry grind cthanol plants nse a
maleculur sieve system to produce absolute (100%. or
200 proal) ethanol. ' '

The anhydrous ethanol is thern " blended with approxi-
mately 3% denaturant (such as pasoline) o render 1
undrinkable and thus not subject to beverage alcohol tax.
It is then ready for. shipment (o gasoline terminals or
retailers.

-Stillage processing ‘

The solid and liquid fraction retnaming afier distillation is
referred to as “whole stilage™. Whole stillage includes the
fiber, oil, and protein eomponents of the grain, as well as
the non-fermented  starch. This coproduct of cthanol
manufaceure is a valuable feed ingredient for livestack.
poultry, and [ish.

Although it is possible o Teed whale stillage, 1t s
usually processed further before being sold fhr feed, First,
the “thin stillage™ is separated from the msoluble solid
fraction using centrifuges or presses-extruders, The stillage
leaving the beer column is cenirifuged with a decanter,
Between 13% and 30% of the liauid fraction (thin stillage)

18 reeyeled as backset. The remainder is concenlraicd
further by evaporation and mixed with the residual sofids
from the fermeniation. Atier evaporation. the (hick,
viscous syrup is mixed back with the solids to cresie 4
feed product known us wer distillers arains with solubles
{(WD{GS).

Feed products from stilage processiing

WDGS, containing 635% moisture. can be used directly as
a feed product. I fact, it is ofien favored by dairy and heef
feeders because caule seem to prefer the moist texwre.
However, WDGS has a sheliclife of only 1-2 weeks.
Unless the feedlot is within about 50 miles (80 km) of the
cthanol plant, handling and storage can be a challenge,
especially in hot summer months when sheifilife is very
limited.

To increase shelflife and reduce transportation costs,
WDGS is usually dried w0 {0-12% moisture, to produce
DDGS. Drying WDGS is energy-intensive, consuming
about one-third ol the cnergy requirenients of the entire
dry grind plant. However, producing a uniforn, stable,
high-quality feed coproduct is cssential to the profitability
of the plant, resulting in maost plants producing DG
ratier than WDGS.

Currently, dry grind  ethanol plants produce over
3.8x10° tons of DDGS anmually. Tt is projected thar the
volume of DDGS will increase to over 5.5%10" tons by the
year 2003,

The dry grind cthanol production method is a rigorous
biological process that requires stringent quality control.
For cxample, bacierial contamination at mashing may
result in the formation of acids that divert glucose from
cthanol production and interfere with fermentatian, Muldy
grain, improper grain storage.  faulty cquipment. re-
introduced stillage. and wir are some of the major sources
ol contaminution that can reduce ethanol yiclds or impact
the value of the distillers grains.

Foture directions

A number of surveys have been conducted by the
Rencewable Fuels Association. the Ilinois Corn Growers
Associalion, and the Towa Corn Growers Association o
determine the research prioritics of the industry. The
natioral prioritics in ranked order are: new coproducts.
ant eimissions, fermeniation, feedsioeks™ TiBeT fetovery,
DDGS, scpuration, pretreafment. SaceharTicatom: germ
recovery, distitlarion, suerch hydrolysis, and carbon diox.
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1ae, For me sakc ol s TCYTSW, we Righlighid three areas:

e, - -y . ~ .
Nigh fermentable hybrids, conversion of [iker {biomass)

componeni of the kemel o cthanal, and recovery of new
and high-value ethunol Loproducts with the best near-ierm
upporiunities o produce etuansl more cost-efficienty.



High fermentable hybrids

There is considerable interest today for sced companics (o
market specific hybrids bred for enhanced cthanol
production. Corn hybrids are being developed  cither
with higher extractable starch or with h igher fermentable
starch - content, for wet mill or dry grind cthanol
production, respectively. Early cfforts are in selective
breeding versus a transgenic approach. The two largest
United States com seed compariies, Pioneer and Mon-
santo, both have ongoing research efforts to identify and
develop new com hybrids ‘with these features and to
understand the impact of agronomic practices and the
environment on the hybrid characteristics. Additionally,
both have commercial seed comn soday specifically labeled
for the ethanol industry. Not vel evalualed in either of
these programs, but important reséarch (o be conducted. is
the impact on the composition ot coproduc(s from hybrids
resulting in higher ethanol production.

Pioneer’s research efforts include work to hoth generate
hybrids more conductve to the ethanol production proccas
and o understand how fo_optimize these characteristies
under ficld conditions. Their elfarts 10 generale hybrids Jor
the dry grind industry have resulted in hybrids character-
ized by high total fenmentables tHTF). Their research has
shown that the HTF traif is a more accurate indicator of
dry grind ethanol production than total starch or
extractable starch. Pioneer has analyzed data from over
15,000 plot samples over 3 vears to assign the HTF
designation to specific brands, These hybrids, ideniified as
Pioneer Industey Scleet, result in ethanol yiclds up 10 4%
greater than a bulk comumodity. This could mean an
increase of U.8, 8§1-2x10% in profitabilily for a 40x10% -
gallon vear™’ ethanol production facility. Additionally,
Pioncer has devcloped a point-ofisale assay using whole-
grain near-infrared (NIR) technology that allows cthanol
plants fo predict the value of corit, for ethanol production
by identilving HTF -grain arriving at the plant. These
instruments ate provided to -plants participating in the
Pioneer program (Butzén et al. 2i03: Bryan 20032, k).

Pioneer’s efforts to understand the impact of agronomic
practices and environmental .conditions in optimizing
hybrid production for-the cthanol industry are also
progressing significantty. Their vesearch to-date suggests
an optimum exists for grain vield and extractable starch or
lotal fermentables, bused on plant pepulation and applied
nitrogen per acre. Pionecr. recommends hybrid selection
for yield and agronomics first. followed by the hybrid
designation as either HTF ar high cextractable starch,
Additionally, their research suggests that managing the
ficld for optimunt yield aiso maximizes éxtractable starch
or total fermentables (Q'Bryan 266,

Monsanto’s eilorls focus on the dry grind industry, They
have also developed a list of hvbrids for cthanol
production termed  “Processor  Preterred  Fermentable
Com™ For the 2004 crop year. these hvbrids were offered
m nearly 60 independent seed brands in addition 1o the
Monsanto DEKALB and - Asgrow brands. Addirionally,
Monsanto  also  provides NIR instrumentation to the
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23 plants participating in their markeling program (An-
derson 2003),

A third area of industrial interest is illusteated in the
ctforts of Syngenta Biotechnotogy Lo direct the accumula-
tions of starch-hydrolyzing enzymes in the endosperm of
transgenic  corn kernels (Craig et al. 20043 Stble
accumulations of enzymes. without detriment 1o grain
viability and composition. altows “processing capability”
tw be built into the grain itself Sel (-processing grains can
be designed to mect specific and novel Process constrainis
due to flexibilities in engineering enzymes with distinet
biophysical properties and enzymatic specificities.

Longer-term eftorts to create modified starches or other
complex carbohydrates from genetically modified comn wre
mtended 1o provide new functionalities that will ke
possible additional markets and products for corn. These
hybrids may result in starch with improved  gelling
propettics, viscosily., and temperature stability. improved
flavor or flavor stability. improved adhesion or film
formation, or propertics that enhance the ciliciency of
processing.

Fiber conversion

Fermentation of the fiber fraction of the carn kernel can
increase ethanol yield trom a bushel of corn by [0% and
subsequently yield a higher-value and higher-protein tted
coproduct than is typically recovered in corn sluten feed
and DDGS (Gulati et al. 1996). Expanding fuel ethanol
production beyond | 0% ol our tiquid transportation needs
will require developing a lower cost feedstock and only
teedstocks containing lignecellulosics are available i
sufficient quantities 1o substitute for starch as an cthanol
source.

Corn fiber is particularly attractive 25 a novel source of
sugars for cthanol fermentation. Coen fiher has a high
carbohydrate content that can be converted into fermen-
table sugars and is siockpiled at conwal locations - in
many cascs at existing (ermentation Ricilities. Currenily,
mast com fiber is incorporated into low-value animal
feeds which may face a limited market in the future as
ethanol production continues to grow. In addition to using
corn fiber as a fesdstock for ethanol, it may serve well as a
feedstock for such value-added fermentation products as
lactic acid. xyiitol. lycopene. etc. (Leathers 1S98).
addition to the fibrous component of the kermel. the rest of
the corn plant (c.g., comn stover) could also serve as g
feedstock for cthanol (Wyman 2063). Com stover containg
38% carbohydrates and 1.0- 1.3 pounds of stover are
produced per pound of hurvested corn. Unlike DDGS and
corn fiber, collecting und storing corn stover represents q
formidable challen g However, fermenting available com
staver could conceivably boost ethanol production 1{-
fold. To date, no commercial process is in operation for the
conversion of com fiber or corn stover into fuel ethano!,

Major techmical constraims 10 commerciafization exist
in the conversion of lignoeelluiose 1o ethanck. These
constraints are primarily in the arcas of pretreatment of the
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substrale. enzymatic  hydrolysis of the substrate o
fermentable sugars and strain development for the for-
mentaiion of multipte sugars. Develapment of efficient
substrate pretreatments that increase ihe susceptibiiity of
crystalline cellulose and  hemicellulose 1o enzymatic
hydrolysis will reduce the cost of producing  ethanol
from lignoccllulosic biomass, Pretrcatment of lignoeellu-
lose. coupled o enzymatic hydrolysis, gencrates a streum
of mixed sugars, including arabinose. glucose, and xylose
(Grokmumm and Bothast 1997). However. enzymes lor the
hydrolysis of biomass. rémain\cost-prohibitive {~LI
§. $0.30 gallon '; Merino and Cherry 2004) and better
enzymes are required. For exarfiple, commercial hemi-
cellulase mixtures are sineffective for hydrolyzing comn
ftber (Hespell et al. 1997). Improved microbial strains to
ferment mixed sugars are alse requircd (Bothast et al,
1999). Industrial yeast strains, used for fermenting corn
starch, are unable 1o fermént arabinose and xylose: and the
few naturally occurring strains that do ferment pentoses
only grow slowly and produce low ethanol vields. Another
challenge is to obtain strains that can tolerate the inhibitory
compounds generated dufing pretreatment and hydrolysis.
A fiber conversion process requircs implementation of all
unit operations used in biomass comversion, e, sive
reduction, pretreatiment, enzymatic saccharification, fer-
mentation, and product recovery. Last vear, the United
States Department of Energy and the United States
Department of Agriculture announced several winners of
their joint “Integrated Biomass Solicitation.” Four of these
multimillion dollar projects include conversion of the
cellulosic and hemicellulosic contponents of com fiber to
cthanol. All of these projects require scale-up validation. It
is this type of scale-up validation for which the National
Corn-to-Ethanol Research Plant was construcied.

New and higher-value coproducs’

As new technologies are implemented, adding value to
coproducts is essential to the nrofitability of the fuel
sthanol business (Anonymcus (999). This will require a
more holistic approach te.ethanol production in the dry
grind plant. Optimization of coproducts and ethanol yield
must be considered. A nuniber of new processes have been
developed in the laboratory. Examples include the quick
germ (Singh and Eckhoft 19963, quick fiber (Singh et al.
F999). enzymatic milliing (Johnston ¢t al. 2003). and the
COPE Process (Cheryan 2002). These process modifica-
tions nay allow cost-effective removal of coproducts such
as corni oil. zein, germ. pericap fiber, and cndosperm fiber
at the beginning of the process, prior to fermentation,
Potential benefits of these processes are: (1) recovery of
high quality corn germ oil and fiber for comn (iber ol (2)
an increase in protein quality of residual DDGS alter
fermentation. and (3) additionsl production of cthanol per
batch. AH await validation at the pilot scate. Within the
concept ot “bioretining”, a cadre of products can be listed
(Leathers 1998 Wyman 2003).
fiber oil. sweeteners. polysaccharides. pharmaceuricals.

Txamples include: corn Leathers TDY (19981 Uparuding el ¢

nutraceuticals. fibers. biodegradable filmg, organic acids,
solvenls, amino  acids. pigmens. enzymes,  palyols,
vilamins, ele. Also in the coproduct  aiena, today’s
DDGS feed customers are asking for more information
than the traditional moisture, protein, fa, and {iher
analyses. Animal nutitionists want complete  nutricm
profiles of the ingredients and they want to know the
variability of these nutrients and to have the abifily o
select which  nutrients  they need. In Minnesota. a
certification program for DNGS has been developed that
is resulting in market premiums for certified DDGS
(Bryan 20034, h). Research projecis are underway that
could modify the amino acid composition. protein
composition, or phosphorous content of DDGS. DDGS
market expansion beyond catlle 1o swine, poultry, and
aquaculture 15 dependent on improving the quality and
consistency of the DDGS coproduct. In addition (o feed
uses, numerous other uses for DDGS are finding their way
lo the marketplace. Examples include: deicers. cat litler,
“lick barrels™, worm food, cte.
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