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Preface

In the United States and elsewhere, the fuel ethanol industry has experienced a surge in growth
during the last decade. This has been due, in large part, to increasing demand for motor fuels as
well as government mandates for renewable fuels and fuel oxygenates. At this point in time, most of
the fuel ethanol produced in the United States is made from corn. Elsewhere, however, other crops
(such as sugarcane and various small grains) are commonly used. As demand for transportation
fuels continues to increase, it is anticipated that the fuel ethanol industry in the United States and
other countries will continue to grow, at least in the near term, and increasing amounts of corn will
be used to achieve this.

In the United States, the majority of fuel ethanol manufacturers use the dry grind method, in
which whole grain kernels are ground and the starch in grain flour is fermented into ethanol and
carbon dioxide. This leaves the rest of the grain constituents (protein, lipids, fiber, minerals, and
vitamins) relatively unchanged chemically, but concentrated. These residual components are sold as
distillers grains, most commonly in the form of distillers dried grains with solubles (DDGS). Owing
to the tremendous growth in fuel ethanol production in the United States, the supply of distillers
grains has greatly increased in recent years. Like fuel ethanol, DDGS has quickly become a global
commodity for trade.

Marketability and suitable uses of DDGS are key to the economic viability of fuel ethanol pro-
duction. As the industry grows, the importance of distiller grains has also increased.

Thus, there has been a growing body of literature on distillers grains. There has also been a
need for research into best practices for optimal coproduct utilization. However, a comprehensive
compilation of and discussion about distillers grains for scientific communities, and the feed and
ethanol industries has been lacking. In line with these developments, Distillers Grains: Production,
Properties, and Utilization has been compiled. Considerable efforts have been made to cover this
important fuel ethanol coproduct with a broad scope, and to provide readers with the most up-to-date
technical information available. Thorough discussions on all aspects relating to DDGS have been
provided, ranging from the historic perspective to the current status of the fuel ethanol industry,
from structure and composition of feedstock grains to physical and chemical properties of DDGS,
from dry grind processing to various types of end uses, and from analytical methodologies and
mycotoxin occurrence to new methods for improving production efficiency and DDGS quality.

The book is divided into six major parts and consists of 26 chapters in total. Part I has six chap-
ters and covers introduction, perspectives, history, structure and composition of raw grains, and
manufacturing processes from corn as well as other grains. Part II deals with physical character-
istics, chemical composition, and methodologies for analysis of DDGS; in addition, two chapters
provide in-depth discussions on DDGS lipids and mycotoxin occurrence. Part III consists of four
chapters, and covers traditional use of DDGS as livestock feed (beef cattle, dairy cattle, swine,
and poultry). Part IV has three chapters and discusses further uses of DDGS, including feed for
fish, feed for other animals, as well as food ingredients for human consumption. Some emerg-
ing opportunities are covered in Part V, including use of DDGS in bioplastics and as feedstocks
for bioenergy (thermochemical conversion, anaerobic digestion, pretreatment for cellulosic ethanol
production, and extraction and use of DDGS lipids for biodiesel production). The last part covers
process improvements, including new and improved enzymes for fuel ethanol production, and frac-
tionation of DDGS. It ends with a chapter on concluding thoughts.

This book brings together cutting-edge information on many aspects of DDGS. The chapters have
been authored and coauthored by more than 35 scientists with specific expertise in their respective
fields, and we appreciate their diverse approaches and viewpoints on DDGS. To ensure high quality,
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each chapter has been peer reviewed by at least two external professionals who are experts in their
fields. We appreciate their valuable inputs and many constructive suggestions for improvement.
Furthermore, extensive lists of references in each chapter should be helpful to readers who wish
additional information for a specific topic.

Our special thanks are extended to Jodey Schonfeld, Publications Director, AOCS Press (Urbana,
Illinois, USA) for getting our book project initiated, to AOCS Books and Special Publications
Committee for their timely and constructive reviews of the book proposal; to John Lavender, Senior
Vice-President of Publishing; Randy Brehm, Senior Editor; and Patricia Roberson; Jennifer Spoto,
Rachael Panthier; Kevin Craig; and Jessica Vakili, all from CRC Press, Taylor & Francis Group
LLC (Boca Raton, Florida, USA) for implementing all aspects of the book project (coordination,
production, copyrights, cover design, and marketing), and to Soniya Ashok, Project Manager at
Newgen Publishing and Data Services (Chennai, India) for managing the production phrase (edit-
ing, design, typesetting, proof trafficking and corrections) of the book. Their support and assis-
tance, along with close cooperation from all the authors, are crucial elements toward successful
execution of this project. Thanks are also expressed to our professional colleagues and spouses
for their encouragement and support.

This book has been written to serve as a timely and comprehensive reference for animal and
food scientists, feed and food technologists, ethanol plant managers and technicians, nutritionists,
academic and governmental professionals, college students, and others who are interested in the
technical aspects of fuel ethanol production from grains and the resulting coproducts. We will be
pleased if this book contributes to a better understanding of distillers grains in terms of production,
properties, and end uses, and helps in promoting and expanding utilization of this important biofuel
coproduct.

KeShun Liu
Kurt A. Rosentrater
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1.1 INTRODUCTION

Recently, many people have asked what the fuel ethanol industry is going to do about the growing
piles of nonfermented leftovers. Actually this question has been around for quite some time. As early
as the 1940s, one report stated that “Grain distillers have developed equipment and an attractive
market for their recovered grains” (Boruff, 1947), while another report described that “Distillers
are recovering, drying, and marketing their destarched grain stillage as distillers dried grains and
dried solubles” (Boruff, 1952). So it appears that a viable solution had already been developed as
far back as the 1940s. And by the early 1950s, there was already a considerable body of published
literature on both ethanol manufacturing as well as the use of distillers grains as animal feeds (see
Chapter 3 for more information).

Over the course of the last century, some aspects of ethanol and distillers grain processing have
changed, but others have not. For example, the production process that is currently used in modern
fuel ethanol manufacturing plants remarkably resembles that of the 1940s (Figure 1.1); back then
approximately 17 Ib (7.7 kg) of distillers feed was produced for every 1 bu (56 lb; 25.4 kg) of grain
that was processed into ethanol (which is very similar to today), but over 700 gal (2650 L) of water
was required to produce this feed (Boruff et al., 1943; Boruff, 1947, 1952)—this was over two orders
of magnitude higher than in modern plants!

1.2  GROWTH OF A MODERN INDUSTRY

Since Henry Ford’s time, there had been interest in using grain-based alcohol as a transportation
fuel. Prohibition, however, severely constrained development in the United States. After Prohibition
ended, both the beverage and fuel ethanol industries grew. But it was not until the price of petrol-
eum escalated during the Oil Crises of the 1970s that the fuel ethanol industry truly began to grow
in the United States. And grow it has. At the end of 2010, over 13.1 billion gal/y (49.7 billion L/y)
of fuel ethanol were produced, and 204 fuel ethanol manufacturing plants were operating in the
United States. These are primarily located in midwestern states (coinciding with the U.S. Corn
Belt), because this is where the raw materials (mainly corn) are mostly grown. Due to the growth
in demand for ethanol, new plants are now being constructed outside the corn-producing regions of
the United States as well. By the time this book is published, the statistics will undoubtedly have
changed. Updated information can be found at RFA (2010) and its website (www.ethanolrfa.org).
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FIGURE 1.1 Process flow diagram for a grain alcohol distillery, ca. late 1940s. (Reprinted from Industrial
and Engineering Chemistry, 1947, American Chemical Society. With permission.)

Inrecent years, as the price of gasoline has risen to near record levels again, there has been a con-
temporaneous surge in interest in renewable energy, particularly biofuels. This has been reflected
in public discourse as well as scientific research on a variety of feedstocks (not just corn), in terms
of production, logistics, processing, and conversion. The peer-reviewed literature is replete with
new studies; books are also growing in number. Some of the most recent works include, but are not
limited to, Cardona et al. (2009), Drapcho et al. (2008), Haas (2010), Ingledew et al. (2009), McNeil
and Harvey (2008), Minteer (2006), Mousdale (2008), Mousdale (2010), and Olsson (2007).

While it can be debated whether ethanol production (and use) has a positive or negative energy
balance, whether it leads to deforestation in the Amazon rain forest, and whether this approach to
meeting fuel demand is sustainable in the long run, there is no question that millions of tons of
nonfermented residues are currently available to the feed industry, primarily in the dry form of
distillers dried grains with solubles (DDGS), and to a lesser extent in the wet form of distillers wet
grains (DWG). During the past several years, ethanol coproducts have become major feed ingredi-
ents in North America, and DDGS has become a global agricultural commodity as well. Because
the coproducts are now available in such great quantities, a tremendous amount of research has been
conducted in recent years to determine their suitability in various livestock diets, as well as best
practices for their use.

DDGS is a heterogeneous granular material, and it varies from plant to plant, as well as over time
within any given plant. Thus DDGS can be challenging to use, both in terms of nutrient properties,
but also physical characteristics. There is a growing body of literature (both scientific and anec-
dotal) attempting to determine optimal utilization for various animals. Most of this information has
been in the form of conference papers, extension publications, magazine articles, as well as other
forms of information available on the Internet. Many articles have been published for livestock
producers—the end users of the coproducts. And each year, more peer-reviewed journal articles
are published as well. To date, however, a comprehensive compilation and discussion of this infor-
mation for the scientific and technical community has been lacking. This work aims to address that
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gap. The overall objective of this book is to provide a thorough summary of all aspects of DDGS,
ranging from the corn kernel itself all the way through end use. The broad topic of distillers grains
intersects a variety of disciplines, including physics, chemistry, microbiology, biology, animal sci-
ence, as well as engineering and economics. This book will tie these diverse areas together.

1.3 CONCLUSIONS

As the industry continues to evolve, new manufacturing processes will undoubtedly change how
ethanol is produced, and will also impact the resulting DDGS. Ethanol production cannot be suc-
cessful without the sale of distillers grains. As the industry moves forward, it is important to have
a solid reference base to serve as a strong technical guide on numerous aspects relating to distillers
grains. And hopefully this book will serve useful in that regard.
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2.1 INTRODUCTION

Modern societies face many challenges, including growing populations, increased demands for
food, clothing, housing, consumer goods, and the concomitant raw materials required to produce
all of these. Additionally, there is a growing need for energy, which is most easily met by use of
fossil fuels (e.g., coal, natural gas, and petroleum). In 2008, the overall U.S. demand for energy
was 99.3 x 10" Btu (1.05 x 10 M1J); 84% of this was supplied by fossil sources (U.S. EIA, 2009).
Transportation fuels accounted for 28% of all energy consumed during this time, and nearly 97%
of this came from fossil sources. Domestic production of crude oil was 4.96 million barrels per
day, whereas imports were 9.76 million barrels per day (nearly two-thirds of the total U.S. demand)
(U.S. EIA, 2009). Many argue that this scenario is not sustainable in the long term, for a variety
of reasons (such as the need for energy independence and global warming), and other alternatives
are needed.

Biofuels, which are renewable sources of energy, can help meet some of these increasing needs.
They can be produced from a variety of materials, including cereal grains (such as corn, barley, and
wheat), oilseeds (such as soybean, canola, and flax), sugary crops (such as sugar canes), legumes
(such as alfalfa), perennial grasses (such as switchgrass, miscanthus, prairie cord grass, and others),
agricultural residues (such as corn stover and wheat stems), algae, food processing wastes, and other
biological materials. Indeed, the lignocellulosic ethanol industry is poised to consume large quanti-
ties of biomass. At this point in time, however, the most heavily used feedstock for biofuel produc-
tion in the United States is corn grain, because industrial-scale alcohol production from corn starch
is readily accomplished, and at a lower cost, compared to other available biomass substrates. The
most commonly used process for the production of fuel ethanol from corn is the dry grind process
(Figure 2.1), the primary coproduct of which is distillers dried grains with solubles (DDGS).

The goals of this chapter are twofold: (1) to briefly describe the current fuel ethanol industry, how
the industry has evolved to its current state, and controversies surrounding this industry; and (2) to
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FIGURE 2.1 Simplified flow chart of dry grind fuel ethanol production.

briefly discuss ethanol and coproduct manufacturing practices, explain the importance of coprod-
ucts, and describe how coproduct quality and potential uses are expanding as the industry continues
to evolve.

2.2 THE FUEL ETHANOL INDUSTRY—CURRENT AND PAST

Ethanol is a combustible material that can readily be used as a liquid fuel. It has, in fact, been
used for this purpose for more than 150 years (see Chapter 3), although up until recent times the
industry has been quite small. The modern corn-based fuel ethanol industry, however, has reached
a scale that can augment the nation’s supply of transportation fuels. In 2008, for example, ethanol
displaced more than 321 million barrels of oil (Urbanchuk, 2009), which accounted for nearly 5%
of all oil imports.

To help meet the increasing demand for transportation fuels, the number of ethanol plants has
been rapidly increasing in recent years, as has the quantity of fuel ethanol produced (Figure 2.2).
At the beginning of 2011, however, that number had risen to 204 plants with a production capac-
ity of nearly 51.1 billion L/y (13.5 billion gal/y) (www.ethanolrfa.org). And, over the next several
years, the Renewable Fuel Standard (RFS) mandates the use of 15 billion gal/y (56.8 billion L/y)
of renewable biofuels (i.e., primarily corn-based ethanol). Because the industry is dynamic and
still growing, the current production numbers will likely be outdated by the time this book is pub-
lished. As production volume increases, the processing residues (known collectively as “distillers
grains”—Figure 2.3) will increase in tandem (as shown in Figure 2.2). It is anticipated that over 40
million metric tonnes (t) of distillers grains (wet and dry) will eventually be produced by the U.S.
fuel ethanol industry.

Over the last decade, while many new fuel ethanol plants have been built, considerable innova-
tions have occurred in the industry, not only in production processes used and final products pro-
duced, but also in terms of optimizing raw materials, water, and energy consumed. Some of these
innovations have arisen with the advent of dry grind processing. Due to many advantages, including
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FIGURE 2.2 Trends in fuel ethanol production over time, and estimated DDGS generation; RFS denotes
levels mandated by the RFS. (Adapted from RFA, 2009b. Industry Resources: Co-products. Renewable Fuels
Association: Washington, DC. Available online: www.ethanolrfa.org/pages/industry-resources/coproducts/;
RFA, 2009¢. Growing Innovation. 2009 Ethanol Industry Outlook. Renewable Fuels Association. Washington,
DC. Available at: www.ethanolrfa.org/pages/annual-industry-outlook/.)

FIGURE 2.3 An example of distillers dried grains with solubles (DDGS), as it is currently available from
most fuel ethanol plants (author’s photograph).

lower capital and operating costs (including energy inputs), most new ethanol plants are dry grind
facilities (Figure 2.4) as opposed to the older style wet mills. In 2002, 50% of U.S. ethanol plants
were dry grind; in 2004 that number had risen to 67%; in 2006 dry grind plants constituted 79% of
all facilities; and in 2009 the fraction had grown to over 80% (RFA, 2009c¢).

Most ethanol plants are centered in the Midwest and north-central portions of the United
States—which happens to coincide with the primary production region for corn (i.e., fermentation
substrate)—the Corn Belt. But, in recent years, ethanol plants have been built in other states as well.
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FIGURE 2.4 A typical dry grind corn-to-ethanol manufacturing plant. This plant has a nominal production
capacity of approximately 120 million gal/y (450 million L/y) (author’s photograph).

For example, in 2002, there were ethanol plants in 20 states; in 2009, however, there were plants in
26 states (Figure 2.5). Some of these plants are so-called destination plants, which are located near
concentrated ethanol markets, and the raw corn is shipped to the plant. This scenario is the inverse
of those plants that are located in the Corn Belt.

It is true that as the industry has grown, the concomitant consumption of corn has grown as well
(Figure 2.6). In 2008, for example, over 30% of the U.S. corn crop was used to produce ethanol.
When examining these numbers, however, it is important to be aware of several key points: exports
have been relatively constant over time, there has been a slight decline in the corn used for ani-
mal feed, and the overall quantity of corn that is produced by U.S. farmers has been substantially
increasing over time. Thus, it appears that the corn that is used to produce ethanol is actually arising
mostly from the growing corn supply; it is also slightly displacing use for livestock feed. It is also
important to note that the corn that is redirected away from animal feed is actually being replaced
by DDGS and other ethanol coproducts in these animal feeds.

The fuel ethanol industry has gained considerable momentum over the last several years, although
it is not really a new industry. Rather, the manufacture of ethanol from corn has been evolving for
over 150 years. A brief summary of the history of the industry is warranted, and is provided in
Table 2.1. Only recently has this industry become truly visible to the average citizen—at least to
the current generation. This has been due, in part, to the growing demand for transportation fuels,
escalating prices at the fuel pump, positive economic effects throughout rural America, as well as
questions and controversies surrounding the production and use of corn ethanol.

2.3 THE FUEL ETHANOL INDUSTRY—QUESTIONS AND CONTROVERSIES

There have been many questions over the years regarding the sustainability of corn-based ethanol;
these have been asked by the scientific community, policymakers, as well as the public. Many of
these questions have focused on the production of the corn itself, resource and energy inputs versus
outputs (i.e., the net energy balance and the life cycle of ethanol), economics, resulting impacts of
manufacture, and the performance of ethanol in vehicles vis-a-vis gasoline. To address these, many
studies have been conducted to examine the overall costs and benefits of this biofuel.
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FIGURE 2.5 On a state-by-state basis, ethanol production has increased in recent years across the United
States; Midwestern states (i.e., corn belt states) lead production. (Adapted from RFA, 2009a. Biorefinery
Locations. Renewable Fuels Association: Washington, DC. Available online: www.ethanolrfa.org/bio-refinery-
locations/; RFA, 2009b. Industry Resources: Co-products. Renewable Fuels Association: Washington, DC.
Available online: www.ethanolrfa.org/pages/industry-resources/coproducts/.)
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FIGURE 2.6 U.S. corn production (bu) and major categories of use since 1990. (Adapted from ERS, 2009.
Feed Grains Database: Yearbook Tables. Economic Research Service, U.S. Department of Agriculture:

Washington, DC. Available online: www.ers.usda.gov/data/feedgrains/.)

TABLE 2.1
Highlights in the History of Fuel Ethanol

Date Event

1796 Johann Tobias Lowitz (b. 1757, d. 1804), a Russian chemist (born in Germany) obtained purified
ethanol by filtering distilled ethanol through charcoal

1808 Nicolas-Theodore de Saussure (b. 1767, d. 1845), a Swiss chemist, determined the chemical formula of
ethanol

1826 Samuel Morey (b. 1762, d. 1843), an American inventor, developed an engine that ran on ethanol or
turpentine

1828 Michael Faraday (b. 1791, d. 1867), an English chemist, produced ethanol by acid-catalyzed hydration
of ethylene

1840 Ethanol was widely used as lamp fuel in the United States; often it was blended with turpentine and
called “camphene”

1858 Archibald Scott Couper (b. 1831, d. 1862), a Scottish chemist, was the first to publish the chemical
structure of ethanol

1860 Nicholas Otto (b. 1832, d. 1891), a German inventor, used ethanol to fuel an internal combustion engine

1862 Congress enacted a $2.08/gal tax on both industrial and beverage alcohol to help fund the Civil War
effort

1876 Nicholas Otto (b. 1832, d. 1891), a German inventor, developed the Otto Cycle, the first modern
combustion engine; it combined four separate strokes with piston chambers for fuel combustion

1890-1900 France holds multiple car races to compare engine performance using ethanol, benzene, and
gasoline fuels

1896 Henry Ford’s (b. 1863, d. 1947) first automobile, the quadricycle, used corn-based ethanol as fuel

1899 Germany became a world leader in use of ethanol as a fuel; established an office to regulate alcohol

sales, the Centrale fur Spiritus Verwerthung; it used taxes, tariffs, and subsidies to keep ethanol prices
equivalent to those of petroleum

© 2012 by Taylor & Francis Group, LLC


http://www.ers.usda.gov/

Overview of Fuel Ethanol Production and Distillers Grains 13

TABLE 2.1 (Continued)
Highlights in the History of Fuel Ethanol

Date
1906

1908

1918

1919-1933

1919
1920

1921
1921-1933

1924-1925

1930-1940

1930

1932

1933

1936

1937

1939

1940

1942

1941-1945

1945-1978

1970s

1973

1975

1976

1977
1978

Event

In Germany, approximately 72,000 distilleries produced 27 million gal of ethanol; between 10% and
30% of German engines ran on pure ethanol

U.S. government ended the $2.08/gal tax on ethanol (funding for the Civil War was no longer necessary)

Hart-Parr Company (Charles City, IA) manufactured tractors that could use ethanol as a fuel

Henry Ford’s (b. 1863, d. 1947) Model T used corn-based ethanol, gasoline, or a combination as fuel

‘World War I caused increased need for fuel, including ethanol; demand for ethanol reached nearly
60 million gal/year

Prohibition in the United States

In Brazil, the governor of Pernambuco state mandated that all governmental vehicles use ethanol as fuel

As gasoline became more popular, Standard Oil added ethanol to gasoline to increase octane and reduce
engine knocking

Harold Hibbert (b. 1878, d. 1945) a chemist at Yale University, experimented with the conversion of
cellulose into sugar, and garnered the interest of General Motors

Tetraethyl lead developed as an octane enhancer and engine knock reducer

Several studies were conducted into the efficacy and safety of tetraethyl lead as a fuel additive, although
many were not published, especially those that directly compared it to ethanol

Tetraethyl lead becomes suspected for the death of many workers in U.S. oil refineries (due to lead
poisoning)

Corn-based “Gasahol” (generally 6% to 12% ethanol) becomes widely available in Midwest gasoline
markets; see Figure 2.7

To boost farm income during the Great Depression, the Nebraska legislature petitioned Congress to
mandate blending 10% ethanol into gasoline, but it was defeated

Towa State University chemists tested efficacy of gasoline/ethanol blends, and convinced local retailers
to offer blends of 10% ethanol with gasoline at service stations in Ames, IA

A campaign to increase industrial uses for farm crops and commodities (including fuel ethanol) became
popular across the Midwest, and was known as “Farm Chemurgy”

Experimental ethanol manufacturing and blending with gasoline was initiated by the Chemical
Foundation, which was backed by Ford; this program founded the Agrol Company in Atchison, KS

As a result of this experiment, Agrol 5 (5% ethanol) and Agrol 10 (12.5%—17.0% ethanol) were widely
sold at service stations throughout Midwestern states

The Agrol plant was closed due to high costs, poor markets and economics

The U.S. Army constructed and operated a fuel ethanol plant in Omaha, NE

The Agrol plant reopened to manufacture materials for the war effort, especially aviation fuel and
rubber; production was increased from 100 million gal/year to 600 million gal/year

World War II caused increased need for fuel, including ethanol; ethanol was also used to manufacture
rubber; ethanol was produced at nearly 24 million gal/year in the United States

After World War II, a reduced need for fuel led to low fuel prices, and a decline in commercial ethanol
in the United States; almost no ethanol was produced during this time period

Disruptions in the Middle East coupled with environmental concerns over leaded gasoline led to
renewed interest in ethanol in the United States

Arab Oil Embargo—U.S. dependence on imported oil becomes obvious; severe economic impacts; gas
shortages and lines

Brazil’s government launched the National Alcohol Programme to utilize ethanol as an alternative to gasoline

United States began to phase out use of lead in gasoline

Brazil’s government mandated that only ethanol could be used in Brazilian motorsports

Brazil’s government mandated that all fueling stations had to offer ethanol

U.S. Congress passed the Energy Tax Act of 1978 (PL 95-618), which provided exemption to the
4 cent/gal federal fuel excise tax for gasoline blended with at least 10% ethanol

continued
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TABLE 2.1 (Continued)
Highlights in the History of Fuel Ethanol

Date Event

1978/1979 First distillation column for the production of fuel ethanol was invented by Dennis and Dave Vander
Griend at South Dakota State University in 1978/1979; see Figure 2.8

1979 Brazil’s government mandated all automakers to manufacture ethanol-powered vehicles

1980 Sugar prices escalated, oil prices plummeted, Brazil’s conversion to ethanol collapsed

U.S. Congress passed the Crude Oil Windfall Profit Tax Act of 1980 (PL 96-223) (which extended the
blenders tax credit) and the Energy Security Act of 1980 (PL 96-294) (with loan guarantees), which
encouraged energy conservation and domestic fuel production

U.S. ethanol industry began to grow, but less than 10 commercial ethanol plants were operating and
produced nearly 50 million gal/y

1983 Broin family built an ethanol plant on their farm in Wanamingo, MN; capacity of 125,000 gal/y

U.S. Congress passed the Surface Transportation Assistance Act (PL 97-424), which raised the
gasoline excise tax from 4 to 9 cent/gal and increased the exemption for 10% ethanol blends from
4 to 5 cent/gal

1984 U.S. Congress passed the Tax Reform Act (PL 98-369), which increased the tax exemption for 10%
ethanol blends from 5 to 6 cent/gal

U.S. ethanol industry continued to grow; 163 operational plants

1985 Due to poor ethanol prices, 89 of the 163 plants closed; this was due to very low oil prices; the
remaining 74 plants produced 595 million gal/y
1986 The Broin ethanol plant in Wanamingo, MN passed the breakeven point
Tetraethyl lead banned in U.S. gasoline
1987 Broin family purchased a bankrupt ethanol plant in Scotland, SD; capacity of 1 million gal/y
1988 U.S. Congress passed the Alternative Motor Fuels Act of 1988 (PL 100-494), which funded research

and demonstration projects for fuels and vehicles
Denver, CO mandated the use of oxygenates in fuels to reduce carbon monoxide emissions during the
winter
1990 U.S. Congress passed the Omnibus Budget Reconciliation Act (PL 101-508), which extended the
ethanol-blended fuel excise tax exemption from 1990 to 2000, but decreased the level from 6 to
5.4 cent/gal
U.S. Congress passed the Clean Air Amendment of 1990, which created new gasoline standards to
reduce fuel emissions, and required fuels to contain oxygenates
1991 Broin & Associates is formed to design and construct ethanol plants
1992 U.S. Congress passed the Energy Policy Act of 1992 (PL 102-486), which established 5.7%, 7.7%,
and 85% ethanol blends, set a goal of 30% alternative fuel use in light-duty vehicles by 2010,
increased the use of oxygenates in several U.S. cities, and mandated alternative fuel use in
government vehicles
1993 Brazil’s government passed a law that required all gasoline to be blended with 20%-25% ethanol
1995 Dakota Gold began marketing distillers grains for Broin ethanol plants
ICM, Inc. founded by Dave Vander Griend to design and construct fuel ethanol plants
1998 U.S. Congress passed the Transportation Efficiency Act of the 21st Century (PL 105-178), which
extended the excise tax exemption through 2007
1999 Bans on MTBE begin to appear in various states, because it was found to contaminate water sources
2000 EPA recommended that MTBE should be phased out of use
Broin began to develop the Broin Project X (BPX), which is a process for producing ethanol without
cooking the corn
2004 Broin’s BPX process officially commercialized
California, New York, and Connecticut ban the use of MTBE in motor fuels
VeraSun Energy opened the largest dry grind ethanol plant in the United States; 120 million gal/y in
Aurora, SD
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TABLE 2.1 (Continued)
Highlights in the History of Fuel Ethanol

Date Event

2005 U.S. Congress passed the Energy Policy Act of 2005 (PL 109-58), which required that biofuels must be
increasingly mixed with gasoline sold in the United States; levels had to increase to 4 billion gal/y by
2006, 6.1 billion gal/y by 2009, and 7.5 billion gal/y by 2012; this established the first RFS
Broin developed a prefermentation fractionation process (known as BFrac) that separates corn germ and
hull from starch
2007 U.S. Congress passed the Energy Independence and Security Act of 2007 (PL 110-140), which aimed
to improve vehicle fuel economy and increase use of alternative fuels by expanding the RFS to include
9 billion gal/y of biofuels in 2008, increasing up to 36 billion gal/y of biofuels by 2022; corn ethanol
was slated to increase to a maximum level of 15 billion gal/y by 2015; the balance of the RFS must be
met by cellulosic and advanced biofuels
Broin changes company name to POET
POET received $80 million grant from the U.S. Department of Energy to build the nation’s first
commercial cellulosic ethanol plant in Emmetsburg, IA (known as Project Liberty)
2008 VeraSun Energy declared bankruptcy
Food versus fuel debate raged throughout the media; led to global discussion about biofuels

Note: The people, events, and developments presented in this table were based upon information found in several sources,
including Buchheit (2002); CABER (2007); Kovarik (2003); Kovarik (2006); Looker (2006); NDDC (2006); U.S. EIA
(2008); and Way (2008).
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FIGURE 2.7 Ethanol was extensively used as a motor fuel additive prior to the end of World War I1, photo ca.
1933. (From www.jgi.doe.gov/education/bioenergy/bioenergy_7.html.)
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FIGURE 2.8 The first distillation column for the production of fuel ethanol was invented by Dennis and
Dave Vander Griend at South Dakota State University in 1978/1979 (author’s photograph).

As some questions have been answered (the preponderance of scientific evidence indicates that
ethanol’s positive attributes outweigh the negative), new criticisms have arisen in recent years. These
include water consumption, land use change, greenhouse gas emissions, and the use of corn for eth-
anol instead of food (i.e., the food vs. fuel debate). These questions are leading to further studies
of ethanol as a fuel and its impacts, not only nationally, but also globally. It is true that these types
of analyses are complicated; but assessing the effectiveness and truth of each study is even more
difficult. Results are completely dependent upon initial assumptions and system boundaries. Thus,
answers to these new questions have not yet been completely definitive. It is clear, however, that
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demand for transportation fuels in the United States continues to increase. Ethanol is one means to
provide additional fuel for the consumer, and it has had tremendous benefits to rural economies. For
example, it has been estimated that during 2008 alone, the fuel ethanol industry contributed more
than $65.6 billion to the U.S. GDP, and supported nearly 494,000 jobs (Urbanchuk, 2009).

Even though a thorough discussion of the findings, strengths, and shortcomings of each of these
studies is beyond the scope of this book, it is important that the reader is at least aware of the work
that has been published. Table 2.2 provides a listing of many of the published reports, and the reader
is referred to them for more specific details.

TABLE 2.2
Some Published Research Discussing Shortcomings/
Benefits of Fuel Ethanol

Topic Reference

General Agrawal et al., 2007
Cassman et al., 2006
Goldemberg, 2007
Pimentel, 2008
Pimentel and Pimentel, 2008
Robertson et al., 2008
Wishart, 1978

Costs, efficiencies, economics De La Torre Ugarte et al., 2000
Gallagher et al., 2005
Gallagher and Shapouri, 2009
Laser et al., 2009
Perrin et al., 2009
Rendleman and Shapouri, 2007
Rosenberger et al., 2002
Shapouri and Gallagher, 2005

Environmental impacts Cassman, 2007
Dias De Oliveira et al., 2005
Donner and Kucharik, 2008
Farrell et al., 2006
Hill et al., 2006
Kim and Dale, 2005b
Kim and Dale, 2009
Naylor et al., 2007
Pimentel, 1991
Plevin and Mueller, 2008
Tilman et al., 2009

Food versus fuel Alexander and Hurt, 2007
Cassman and Liska, 2007
Harrison, 2009
Pimentel et al., 2008
Pimentel, 2009
Pimentel et al., 2009

Invasive species Raghu et al., 2006

Land use change Fargione et al., 2008
Foley et al., 2005
continued
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TABLE 2.2 (Continued)
Some Published Research Discussing Shortcomings/
Benefits of Fuel Ethanol

Topic Reference

Kim et al., 2009
Liska and Perrin, 2009
Searchinger et al., 2008

Land/water usage, biodiversity Chiu et al., 2009
Green et al., 2005
Groom et al., 2008
Mubako and Lant, 2008
Searchinger and Heimlich, 2009
Service, 2009

Lifecycle analysis Brehmer and Sanders, 2008
Dewulf et al., 2005
Hedegaard et al., 2008
Kaltschmitt et al., 1997
Kim and Dale, 2002
Kim and Dale, 2004
Kim, and Dale, 2005a
Kim and Dale, 2006
Kim and Dale, 2008
Kim et al., 2009
Liska and Cassman, 2008
Liska and Cassman, 2009
Liska et al., 2008
Outlaw and Ernstes, 2008
Plevin, 2009

Net energy balance Chambers et al., 1979
Da Silva et al., 1978
Dale, 2007

Hammerschlag, 2006
Persson et al., 2009a

Persson et al., 2009b

Persson et al., 2010
Pimentel, 2003

Pimentel and Patzek, 2005
Shapouri, 1998

Shapouri et al., 2002
Shapouri et al., 2003a, 2003b
Weisz and Marshall, 1979

2.4 ETHANOL MANUFACTURING

Dry grind ethanol manufacturing typically results in three main products: ethanol, the primary end
product; residual nonfermentable corn kernel components, which are sold as distillers grains; and
carbon dioxide. A common rule of thumb is that for each 1 kg of corn processed, approximately
1/3 kg of each of the constituent streams will be produced. Another rule of thumb states that each
bushel of corn (~56 1b; 25.4 kg) will yield up to 2.9 gal (11.0 L) of ethanol, approximately 18 1b
(8.2 kg) of distillers grains, and nearly 18 1b (8.2 kg) of carbon dioxide. Of course, these will vary
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to some degree over time due to production practices, equipment settings, residence times, concen-
trations, maintenance schedules, equipment conditions, environmental conditions, the composition
and quality of the raw corn itself, the location where the corn was grown, as well as the growing
season that produced the corn.

The overall production process consists of several distinct unit operations. Grinding, cooking, and
liquefying release and convert the starch so that it can be fermented into ethanol using yeast. After
fermentation, the ethanol is separated from the water and nonfermentable residues by distillation.
Downstream dewatering, separation, evaporation, mixing, and drying are then used to remove water
from the solid residues and to produce a variety of coproduct streams (known collectively as distillers
grains): wet or dry, with or without the addition of condensed soluble materials. More specific details
will be provided in a subsequent chapter dedicated to ethanol and DDGS processing (Chapter 5).

Carbon dioxide, which arises from fermentation, is generated by the yeast, due to the metabolic
conversion of sugars into ethanol. This byproduct stream can be captured and sold to compressed
gas markets, such as beverage or dry ice manufacturers. Often, however, it is just released to the
atmosphere because location and/or logistics make the sales and marketing of this gas economi-
cally unfeasible. Carbon dioxide release may eventually be affected by greenhouse gas emission
constraints and regulations.

2.5 IMPORTANCE OF COPRODUCTS FROM ETHANOL PRODUCTION

Because the starch is converted into glucose, which is consumed during the fermentation process, the
nonfermentable materials will consist of corn kernel proteins, fibers, oils, and minerals. These are used
to produce a variety of feed materials, the most commonly produced is DDGS. DDG (i.e., without added
solubles) can also be produced, but DDGS is often dried to approximately 10% moisture content (or
even less at some plants), to ensure an extended shelf life, and then sold to local livestock producers or
shipped by truck or rail to various destinations throughout the nation. And they are increasingly being
exported to overseas markets as well. Distillers wet grains (DWG) has been gaining popularity with
livestock producers near ethanol plants in recent years; in fact, it has been estimated that, nationwide,
up to 25% of distillers grains sales are now DWG (RFA, 2009b). But, because the moisture contents are
generally greater than 50% to 60%, their shelf life is very limited, and shipping large quantities of water
is expensive. DDGS is still the most prevalent type of distillers grain in the marketplace.

Currently available DDGS typically contains about 30% protein, 10% fat, at least 40% neutral
detergent fiber (NDF), and up to 12% starch. Composition, however, can vary between plants and
even within a single plant over time, due to a number of factors, which have already been mentioned.
For example, Table 2.3 summarizes composition of DDGS samples collected from five ethanol

TABLE 2.3
Average Composition (% db) of DDGS from Five Ethanol Plants in South
Dakota (+1 Standard Deviation in Parentheses)

Plant Protein Lipid NDF ADF Starch Ash

1 28.33v(1.25)  10.76°(1.00)  31.84°(4.02) 15.56°(2.29) 11.822(1.20)  13.27%(3.10)
2 30.65(1.20)  9.75:(1.05) 39.90°(3.95) 15.21:(3.95)  9.81:(1.52)  12.842(2.56)
3 28.70%(1.32) 10.982(0.95) 38.46*(4.01) 17.892(4.01)  11.59*(1.42)  11.522(3.05)
4 30.65*(1.23) 9.40°(0.16)  36.73*(1.07)  15.28%(0.49) 9.05°(0.33) 4.13(0.21)
5 31.784(0.63) 9.50°(0.41)  38.88(0.86)  17.24*(1.12)  10.05*(0.65) 4.48(0.22)

Source: Adapted from Bhadra, R., K. A. Rosentrater, and K. Muthukumarappan. Cereal Chemistry, 86(4),
410-420, 2009.
Note: Statistically significant differences among plants for a given component are denoted by differing
letters, oo = 0.05, LSD.
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plants in South Dakota during 2008. On a dry basis, crude protein levels ranged from 28.3% to
31.8%; crude lipid varied between 9.4% and 11.0%; ash ranged from 4.1% to 13.3%. In terms of
within-plant variability, the crude protein, crude lipid, and starch content all exhibited relatively low
variation, whereas NDF, acid detergent fiber (ADF), and ash all had substantially higher variability
DDGS composition is covered in detail in Chapter 8.

A question that should be asked is: does DDGS composition vary according to geographic region
in the United States? To address this concern, samples of DDGS from 49 plants from 12 states were
collected and analyzed for proximate composition and amino acid profile (UMN, 2009). These data
are shown in Tables 2.4 and 2.5, respectively. Across all of the samples, dry matter content varied
from 86.2% to 92.4%; protein varied from 27.3% to 33%. Crude fat content displayed even higher
variability, and ranged from 3.5% to 13.5%; crude fiber ranged from 5.37% to 10.58%; and ash con-
tent varied from 2.97% to 9.84%. On average, there do not appear to be any geographic trends for
any of the nutrient components (Table 2.4). In terms of amino acids, lysine ranged from 0.61% to
1.19%, but again, no geographic variability was apparent.

Currently, the ethanol industry’s primary market for distillers grains, most often in the form
of DDGS, and to a lesser degree in the form of DWG, has been used as livestock feed (the other
coproducts are sold in much lower quantities than either DDGS or DWG, and are not available from
all ethanol plants). Feeding ethanol coproducts to animals is a practical method of utilizing these
materials because they contain high nutrient levels, and they are digestible, to varying degrees, by
most livestock. Use of DDGS in animal feeds (instead of corn grain) helps to offset the corn that has
been redirected to ethanol production, although this fact is not well publicized by the media. Over
80% of all distillers grains is used in beef and dairy diets, but swine and poultry diets are increas-
ing their consumption as well (UMN, 2009). Over the years, numerous research studies have been
conducted on coproduct use in livestock diets, for both ruminant and monogastric feeds. These will
be topics of several subsequent chapters (Chapters 12 through 15).

Not only are coproducts important to the livestock industry as feed ingredients, but they are
also essential to the sustainability of the fuel ethanol industry itself. The sale of distillers grains
(all types—dry and wet) contributes substantially to the economic viability of each ethanol plant
(sales can generally contribute between 10% and 20% of a plant’s total revenue, but at times it can
be as high as 40%), depending upon the market conditions for corn, ethanol, and distillers grains.

TABLE 2.4
Average Composition (% db) of DDGS Samples from 49 Ethanol Plants from 12 States
Plants Dry Matter  Crude Protein Crude Fat Crude Fiber Ash
State Sampled (%) (%) (%) (%) (%)
Minnesota 12 89.03 30.70 11.73 6.96 6.63
Illinois 6 89.72 29.98 11.48 7.26 5.60
Indiana 2 90.55 29.40 12.80 8.07 5.86
Towa 7 88.92 31.23 10.27 7.57 5.76
Kentucky 3 90.57 29.43 9.71 9.28 4.47
Michigan 1 89.60 32.60 11.00 7.37 6.06
Missouri 2 87.90 30.45 10.25 7.17 5.39
Nebraska 4 89.02 30.40 11.35 8.13 423
New York 1 88.21 30.00 9.60 7.87 4.55
North Dakota 4 89.21 31.75 11.70 6.89 6.32
South Dakota 4 88.61 31.80 11.53 6.65 4.78
Wisconsin 3 89.68 31.70 11.63 7.59 5.71
Overall Average 49 (Total) 89.25 30.79 11.09 7.57 5.45

Source: Adapted from UMN. The Value and Use of Distillers Grains By-products in Livestock and Poultry Feeds. University
of Minnesota: Minneapolis, MN, 2009.
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TABLE 2.5
Average Essential Amino Acid Profiles (% db) of DDGS Samples from 49 Ethanol Plants
from 12 States

Plants Agrinine Histidine  Isoleucine  Leucine  Lysine Methionine
State Sampled (%) (%) (%) (%) (%) (%)
Minnesota 12 1.39 0.84 1.20 3.63 0.99 0.61
Illinois 6 1.37 0.82 1.15 3.45 0.94 0.63
Indiana 2 1.19 0.79 1.08 3.28 0.85 0.60
Iowa 7 1.34 0.86 1.20 3.63 0.95 0.61
Kentucky 3 1.35 0.79 1.09 3.33 0.89 0.66
Michigan 1 1.28 0.86 1.18 3.67 0.87 0.71
Missouri 2 1.35 0.83 1.18 3.68 0.89 0.73
Nebraska 4 1.46 0.88 1.18 3.61 1.05 0.65
New York 1 1.46 0.85 1.21 3.64 1.04 0.61
North Dakota 4 1.37 0.88 1.24 3.76 0.97 0.65
South Dakota 4 1.47 0.87 1.22 3.70 1.08 0.62
Wisconsin 3 1.45 0.86 1.24 3.75 1.07 0.59
Overall Average 49 1.37 0.84 1.18 3.59 0.96 0.64
Plants Phenylalanine  Threonine Tryptophan  Valine  Tyrosine

State Sampled (%) (%) (%) (%) (%)

Minnesota 12 1.59 1.17 0.24 1.62 1.20

Illinois 6 1.51 1.11 0.22 1.52 1.22

Indiana 2 1.45 1.04 0.21 1.44 —

Iowa 7 1.57 1.14 0.25 1.60 —

Kentucky 3 1.48 1.09 0.26 1.43 —

Michigan 1 1.52 1.15 0.25 1.57 —

Missouri 2 1.53 1.15 0.24 1.58 —

Nebraska 4 1.58 1.15 0.26 1.58 1.14

New York 1 1.63 1.11 0.20 1.59 1.19

North Dakota 4 1.62 1.19 0.25 1.67 —

South Dakota 4 1.67 1.19 0.23 1.63 1.35

Wisconsin 3 1.65 1.14 0.22 1.64 1.25

Overall Average 49 1.56 1.13 0.24 1.57 1.22

Source: Adapted from UMN. The Value and Use of Distillers Grains By-products in Livestock and Poultry Feeds. University
of Minnesota: Minneapolis, MN, 2009.

This is the reason why these process residues are referred to as “coproducts,” instead of “byprod-
ucts” or “waste products”; they truly are products in their own right along with ethanol.

The sales price of DDGS is important to ethanol manufacturers and livestock producers alike.
Over the last decade, the price for DDGS has ranged from approximately $61.6/ton ($67.9/t) up to
$165/ton ($181.8/t) (Figure 2.9). On an as-sold basis, both DDGS and corn ($1.7/bu to $6.55/bu) have
exhibited great volatility over the last several years, due to a number of market-influencing factors.
Drastic price increases in both corn and DDGS occurred during 2004, 2007, and 2008. Taking
another look at this data, and placing each product on an equivalent basis ($/ton; Figure 2.10), DDGS
and corn prices have historically paralleled each other very closely. This should not be surprising, as
DDGS is most often used to replace corn in livestock diet formulations. How closely are the prices
of DDGS and corn related? Figure 2.11 shows that the relationship has been quite strong over the last
several years. Monthly data for each commodity shows a slightly stronger linear relationship, but
even on a yearly basis, the relationship is still significant. Overall, this behavior is positive in nature;
in other words, the higher the price of corn, the higher the price of DDGS. Moreover, it appears that

© 2012 by Taylor & Francis Group, LLC



22 Distillers Grains: Production, Properties, and Utilization

(a) 180

160 A

140 ~

120 A

100 +

Price/Unit

80

60

40

20 -

Jul-00 A

Oct-00 -
Jan-02 ~

Apr-02 4
Jul-02 +

Oct-02
Jul-03 -

Oct-03
Jul-04 -

Oct-04 -
Jul-05 4

Oct-05
Jul-06

Oct-06 -
Jul-07 -

Oct-07 +
Jan-08 -

Apr-08 -
Jul-08 A

Jan-00
Apr-00 A
Jan-01 4
Apr-01 -
Jul-01 A
Oct-01 4
Jan-03 -
Apr-03 -
Jan-04 -
Apr-04
Jan-05
Apr-05 A
Jan-06 —
Apr-06
Jan-07 +
Apr-07 A
Oct-08
Jan-09 +
Apr-09 A
Jul-09 A
Oct-09
Jan-10
Apr-10 A
Jul-10 -

)
o
o
o

(b) 160

140 -

120 1 DDGS sales price ($/ton)
100

80

Price/Unit

60

40
Corn sales price ($/bu) X 10

20 +

0 TR T A A S S R R S

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

Year

FIGURE 2.9 DDGS and corn sales prices over time on an as-sold basis: (a) monthly averages and (b) yearly
averages. (Adapted from ERS, 2009. Feed Grains Database: Yearbook Tables. Economic Research Service,
U.S. Department of Agriculture: Washington, DC. Available online: www.ers.usda.gov/data/feedgrains/.)

over time, DDGS has been declining in value vis-a-vis corn (Figure 2.12), at least slightly, although
there is quite a bit of fluctuation in the markets. A ratio of less than 1.0 indicates that DDGS is sold
at a discount compared to corn; this indicates that DDGS is considered less valuable than corn in
the marketplace. Over time, a greater supply of DDGS has become available as more ethanol plants
have come online. Usually as supply increases, price for a commodity decreases, due to traditional
supply—demand behavior. However, by examining the historic data (Figure 2.13), it appears that this
has not actually occurred for DDGS, at least not yet. This is probably a function of larger feed and
grain market forces, which are reacting to demand for feed by the livestock industry, competing
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FIGURE 2.10 DDGS and corn sales prices over time on a similar quantity basis: (a) monthly averages
and (b) yearly averages. (Adapted from ERS, 2009. Feed Grains Database: Yearbook Tables. Economic
Research Service, U.S. Department of Agriculture: Washington, DC. Available online: www.ers.usda.gov/
data/feedgrains/.)

demands for corn, as well as crude oil and transportation fuel prices. As the industry continues to
expand, coproducts will continue to have a significant impact on the industry. The increased supply
of distillers grains may eventually impact potential feed demand and sales prices, because ethanol
coproducts must compete against other feed materials in the marketplace.

2.6 COPRODUCT CONSTRAINTS AND CHALLENGES

As the ethanol industry has grown, several constraints and challenges associated with the utility
of distillers grains have arisen. Fortunately, several have already been addressed and the industry
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FIGURE 2.11 Relationship between DDGS sales price and corn sales price: (a) monthly averages and (b)
yearly averages. (Adapted from ERS, 2009. Feed Grains Database: Yearbook Tables. Economic Research
Service, U.S. Department of Agriculture: Washington, DC. Available online: www.ers.usda.gov/data/
feedgrains/.)

has continued to move forward. First and foremost was how to use DDGS. The answer, of course,
has been to utilize DDGS as a feed ingredient for livestock diets. Due to their ability to utilize high
levels of fiber, ruminant animals have become the dominant consumers of DDGS. But, as producers
and nutritionists increase their knowledge, through research and experience, the swine and poultry
markets are also increasing their consumption as well.

Another impending challenge that arose a few years ago was the so-called 10 million tonne
question. In other words, if the livestock industry would become saturated with “mountains of
DDGS,” then all of the unused material would probably have to be landfilled. A production level of
10 million metric tonnes of DDGS was perceived as unsustainable and more than the feed markets
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FIGURE 2.12 Ratio of DDGS sales price to corn sales price over time: (a) monthly averages and (b) yearly
averages. (Adapted from ERS, 2009. Feed Grains Database: Yearbook Tables. Economic Research Service,
U.S. Department of Agriculture: Washington, DC. Available online: www.ers.usda.gov/data/feedgrains/.)

could bear (Rosentrater and Giglio, 2005; Rosentrater, 2007). Fortunately, this situation has not
occurred as the industry has grown. In fact, the opposite has happened—utilization in livestock
diets has continued to increase. Predictions of the peak potential for DDGS use in domestic beef,
dairy, swine, and poultry markets have estimated that between 40 and 60 million t could be used in
the United States each year, depending upon inclusion rates for each species (Staff, 2005; Cooper,
2006; U.S. Grains Council, 2007). These are estimates of domestic use only, however; globally,
the need for protein-based animal feeds continues to grow. Of the 23 million t of DDGS pro-
duced in 2008 (RFA, 2009b), 4.5 million t were exported to international markets (FAS, 2009); this

© 2012 by Taylor & Francis Group, LLC


http://www.ers.usda.gov

26 Distillers Grains: Production, Properties, and Utilization

160
y =2.9853x + 67.601 <

140 &+ R?=0.7348

120 A

100 A

80

60

DDGS sales price ($/ton)

40

20 +

(=}
21
—_
(=}
—_
[S2)
[\
(=}
no
[
w
(=}

DDGS supply (ton) X 10°

FIGURE 2.13 Relationship between DDGS supply and sales price. (Adapted from ERS, 2009. Feed Grains
Database: Yearbook Tables. Economic Research Service, U.S. Department of Agriculture: Washington, DC.
Available online: www.ers.usda.gov/data/feedgrains/.)

accounted for nearly 20% of the U.S. DDGS production that year. Furthermore, the potential for
global exports is projected to increase for the foreseeable future (U.S. Grains Council, 2007). So,
in fact, the opposite situation than that which was anticipated is occurring—that of being able to
supply the growing demand.

A third challenge has been determining which analytical laboratory methods should be used to
measure chemical constituents in DDGS (i.e., moisture, protein, lipid, fiber, and ash). This issue has
become important for the trade and delivery of DDGS. The various methods that are available will
produce differing results (some more so than others), and buyers and sellers need guaranteed ana-
lytical values. To address this, Thiex (2009) conducted an extensive multilaboratory examination of
relevant methods, the results of which have led to recommendations endorsed as industry-preferred
methods by the American Feed Industry Association, the Renewable Fuels Association, and the
National Corn Growers Association. Information on analytical aspects is covered in Chapter 10.

There are still, however, several key issues that impact the value and utilization of distillers grains,
both from the ethanol production standpoint, and from a livestock feeding perspective. Some of the
most pressing topics include variability in nutrient content, quality, and associated quality man-
agement programs at each plant; lack of standardized metrics to quantify DDGS quality (beyond
just the nutrient components and color); potential mycotoxin contamination; potential antibiotic
and drug residues from processing; sulfur content; inconsistent product identity and nomenclature,
especially as new coproducts result from the evolution of the ethanol production process; the large
quantities of energy required to remove water during drying, coupled with the high cost of energy
itself; costs associated with transporting DDGS to diverse and distant markets (especially fuel costs,
rail leasing fees, etc.); international marketing and export challenges; and the need for more edu-
cation and technical support for the industry. Poor flowability and material handling behavior are
still challenges for many plants as well. All of these issues ultimately impact the end users—the
livestock producers. The industry is currently working to address each of these, and in so doing will
increase the utility and value of these coproducts.
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2.7 IMPROVEMENT OF ETHANOL PRODUCTION, COPRODUCT
QUALITY, AND END USES

The ethanol industry is very dynamic and has been continually evolving since its inception. A
modern dry grind plant is vastly different from the inefficient and input-intensive gasohol plants
of the 1970s. New developments and technology advancements, to name only a few, include new
strains of more effective enzymes (see Chapter 24), higher starch conversions, cold cook technolo-
gies, improved drying systems, fractionation systems decreased energy consumption throughout the
plant, increased water use efficiencies, and decreased pollutant emissions. Many of these improve-
ments can be attributed to the design and operation of the equipment used in modern dry grind
plants; but a large part is also due to computer-based instrumentation and control systems.

Much formal research as well as many informal trial and error studies have been devoted to
adjusting existing processes in order to improve and optimize the quality of the coproducts that are
produced. Ethanol companies have recognized the need to produce more consistent, higher quality
DDGS that will better serve the needs of livestock producers.

The sale of DDGS and the other coproducts has been one key to the industry’s success so far, and
will continue to be important to the long-term sustainability of the industry. Although the majority
of DDGS is currently consumed by beef and dairy cattle, use in monogastric diets, especially swine
and poultry, continues to increase. Additionally, there has been considerable interest in developing
improved mechanisms for feeding DDGS to livestock, especially in terms of pelleting/densifica-
tion (Figure 2.14). This is a processing option that could result in significantly better storage and
handling characteristics of the DDGS, and it would drastically lower the cost of rail transportation
and logistics (due to increased bulk density and better flowability). Pelleting could also broaden the
use of DDGS domestically (e.g., improved ability to use DDGS for rangeland beef cattle feeding)
as well as globally (e.g., increased bulk density would result in considerable freight savings in bulk
vessels and containers). Moreover, as feeding research continues, the use of DDGS for other species,
such as fish (Figure 2.15) and companion animals, will begin to play larger roles as well.

There are also many exciting developments underway in terms of evolving coproducts
(Figure 2.16), encompassing the development of more value streams from the corn kernel (i.e.,
upstream fractionation) as well as the resulting distillers grains (i.e., downstream fractionation). In
fact, many plants have been adding capabilities to concentrate nutrient streams such as oil, protein,

FIGURE 2.14 Pelleting is a unit operation that can improve the utility of DDGS, because it improves stor-
age and handling characteristics, and allows more effective use in range land settings for beef cattle (author’s
photograph).
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FIGURE 2.15 DDGS has been shown to be an effective alternative to fish meal as a protein source in Nile
tilapia diets (and for other cultured fish species as well) (author’s photograph).

High-Protein Low-fat
DDGS DDGS

FIGURE 2.16 Examples of unmodified DDGS and some fractionated products that are becoming commer-
cially available (author’s photograph).

and fiber into specific fractions, which can then be used for targeted markets. For example, if the
germ is removed from the corn kernel prior to ethanol processing (i.e., prefermentation), it can be
used to produce food-grade corn oil. If the lipids are instead removed from the DDGS (i.e., post-
fermentation; Figure 2.17), they can readily be used to produce biodiesel, although they cannot be
used for food-grade corn oil, because they are too degraded structurally. Another example is the
removal of corn fiber, either from the kernel or from the DDGS; this type of fractionation leads to a
DDGS with higher protein and fat levels. As these process modifications are developed, validated,
and commercially implemented, improvements in the generated coproducts will be realized: higher
quality DDGS and unique materials (such as high protein, low fat, and/or low fiber distillers grains)
will be produced. Of course, these new products will require extensive investigation in order to
determine how to optimally use them in livestock diets.

There are also new opportunities to increase the utility and value of DDGS. Some of these
emerging possibilities include using DDGS (or components thereof) as ingredients in human foods
(Figure 2.18), as biofillers in plastics (Figure 2.19), as feedstocks for the production of bioenergy
(especially heat and electricity at the ethanol plant), and as substrates for the further production
of ethanol or other biofuels (Figure 2.20). These topics will each be discussed in turn throughout
the book.
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FIGURE 2.17 Corn oil that has been extracted from DDGS can be used to manufacture biodiesel (author’s
photograph).

FIGURE 2.18 As a partial substitute for flour, DDGS can be used to improve the nutrition of various
baked foods by increasing protein and fiber levels and decreasing carbohydrate (i.e., starch) content (author’s
photograph).

FIGURE 2.19 DDGS has been shown to be an effective filler in plastic products, replacing petroleum addi-
tives and increasing biodegradability (author’s photograph).
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FIGURE 2.20 DDGS can be thermochemically converted into biochar, which can subsequently be used to
produce energy, fertilizer, or as a precursor to other biobased materials (author’s photograph).

2.8 CONCLUSIONS

While it may be true that ethanol is not the entire solution to our transportation fuel needs, it is
clearly a key component to the overall goal of energy independence. The industry has been rapidly
expanding in recent years in response to government mandates, but also due to increased demand
for alternative fuels. This has become especially true as the price of gasoline has escalated and
fluctuated so drastically, and the consumer has begun to perceive fuel prices as problematic. As long
as support for the expansion of the ethanol industry continues, there will be many opportunities for
those involved in process and product development to help add value to various material streams
in ethanol biorefineries—especially the coproducts known as distillers grains—as this industry
continues to mature.
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3.1 INTRODUCTION

The rapid growth of the fuel ethanol industry and recent amount of research on distillers grains
and utilization have in most cases not indicated the interesting historical perspective of prior years.
While the earlier years were of smaller beverage ethanol plants, the distillers grains products were
very similar in many respects to those produced from giant fuel ethanol plants of today. Plus, the
distillers grains coproducts are being utilized and fed to livestock in the same manner—to provide
a valuable feed ingredient and an important plant revenue.

3.2 HISTORY OF DISTILLERS GRAINS

The reality is that distillers grains has been readily utilized in animal feeds for over 100 years in
the United States. By common understanding and feed ingredient definition, distillers grains is the
resulting product that remains after distillation of alcohol from grain that has been fermented by
yeast. Therefore, grain, yeast, fermentation, and distillation are all required in the production of
distillers grains. While true for distillers grains, it is not true for ethanol because it can be produced
from many different sources (sugar cane, fruit, or mostly any carbohydrate source by fermentation
or by chemical reaction from other organic compounds).

In early frontier days of the United States in the 1700s, clearing the frontier land, raising crops,
and feeding animals were the major ways people survived. These frontiersmen brought with them
from Europe most of the then-known agricultural practices and among these was the knowledge for
producing distillers alcoholic beverages. Those knowledgeable found that this practice was quite
helpful because being in a far rural area with few if any passable roads, transporting their harvested
grain to a market was near to impossible. A much easier solution with higher financial rewards
was fermenting the grain with yeast to produce alcohol and using simple pot stills distilling off the
concentrated alcohol and placing it into wooden barrels (common packaging for commodities in
this era). These new and more commonly used barrels were much easier to transport (usually using
river or water systems) than loose grain. This had an even greater benefit in that after distillation
there remained the liquid mixture (stillage), which was used to feed livestock and provided a sec-
ond source of food and/or income. An example of this practice is President George Washington’s
restored distillery at his farm at Mount Vernon, Virginia. Details may be found at Distilled Spirits
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Council of the United States website (www.discus.org/heritage/washington.asp). During the 1800s
these on farm distilleries grew in number and size. The distillation equipment was expensive and
knowledge about its use was limited so it became more convenient and useful for nearby farmers
to bring their grain to those established distilleries and for a portion have their grain converted into
distilled alcohol. This resulted in the farmers with distillation equipment to become larger; and
therefore, larger numbers of livestock to consume the stillage, which at that time was called “slop.”
Very little is known about the composition or variability of “slop” during this time as there seems to
be almost no written records. However, it was probably very similar to the author’s experience when
he visited the former Soviet Union in 1992 and toured two different “country distilleries.” These
were small with one continuous still, using grain (corn), freshly malted wheat (for enzymes), prop-
agated yeast, and a feed lot with beef steers. The hot stillage, direct from the still, flowed in a pipe
by gravity into a large tank that steers drank from. The condition of the steers looked remarkably
good and I was told this and some grass or hay was all the feed that was required. Similar situations
no doubt also occurred in the United States in the 1800s. The problem developed that the distilled
product became such a profitable venture that distilleries became more numerous in number and
some were even large enough to install more productive small continuous distillation stills. This
was beginning to lead to a problem with handling of the increased amount of stillage. The pop-
ulation around the distilleries was increasing, larger space was needed for the livestock near the
distillery, and managing livestock was less profitable, so in many cases what was not consumed by
livestock went into the closest stream of water.

Apparently there was some drying of distillers grains in the late 1800s as it has been reported
that distillers dried grains was widely used and was a popular feed ingredient in dairy rations prior
to 1900 (Loosli and Turk, 1952). There seems to be few reported feeding studies to indicate the
value of these distillery coproducts compared to other feeds available at the present time. Another
reference indicates that “over twenty million bushels of grain, mostly maize, are used annually in
the distilleries of the United States (Thomas, 1904). The annual output of distillers dried grains
exceeds forty thousand tons and is largely exported to Germany for cattle feeding.”

An early 1905 University of Pennsylvania feeding study indicates equal dairy cattle performance
with cottonseed meal, tending to increase fat content of milk (Armsby and Risser, 1905). So it is
quite evident that there was a substantial amount of distillers grains being dried and that the quality
was good and at least equal to cottonseed meal available at that time. There seems to be very little
record as to the process or equipment that was used during this time in the production and drying
of distillers grains.

The period 1920-1933 was the United States’ prohibition of all distilled alcoholic beverage and
therefore the distilleries were closed except for a very few producing so-called medicinal products.
In 1934, after prohibition, a complete change occurred in the distilling industry. A number of new
distilleries were built, some very large for that period, such as the Hiram Walker Distillery in Peoria,
Illinois and the Seagrams Distilleries in Lawrenceburg, Indiana and Louisville, Kentucky. These
were both Canadian firms that had been producing distilled whiskies in Canada during the United
States’ prohibition period. Of course, these newer distilleries incorporated the latest technologies of
that time period and all included drying equipment for producing dried distillers grains.

The first official definition for distillers dried grains was by the Association of Feed Control
Officials (AAFCO) by 1913 and accepted in 1915 by the American Society of Animal Science
Committee on terminology (Committee on Terminology Report, 1915). The terminology agreed to
was: “The dried residue from cereals obtained in the manufacture of alcohol and distilled liquors.
The product shall bear the designation indicating the cereal predominating.” Today, the AAFCO
definition used commercially to define the distillers grains products has been expanded to include
sources from different grains, concentrated and dried solubles, wet and dried.

Boruff and Miller (1938) provide the earliest records as to the issues regarding the need to dry and
recover a saleable feed product after distillation of alcohol (Boruff and Miller, 1938; Colley, 1938).
By 1933 most states had sanitary laws governing stream pollution and most cities prohibited feeding
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of livestock in conjunction with the distillery. So, by necessity, these larger distilleries (20,000 bush-
els per day) installed the equipment to dry distillers grains even though at the time it was an expen-
sive (30.7-1.0 MM) and complicated process. Typically the process consisted of screening the hot
stillage from the stills through metal or cloth screens and mechanically pressing the solids held on
the screen (20% solids). The liquid portion that passed through the screens was sent to evaporators
and concentrated to 15%-17% solids, which was then combined with the pressed solids and sent to
rotary dryers. The authors state that the Hiram Walker Peoria, Illinois plant, was the first to incorpo-
rate basket centrifuges to further remove fine particulates from the screened effluent. This removal
of a small percentage (approximately 10% solids) of gelled particles (sludge) by the centrifuges made
it possible in the evaporators to increase the final evaporated solids from about 26% to 45%—-50%,
which resulted in a significant improvement in drying costs. The evaporated solubles (50% moisture)
plus sludge from centrifuges (80% moisture) was added back and mixed with the wet pressed solids
held on the screens (70% moisture). Included in the mixer were recycled dried grains from the rotary
dryers. The product from the paddle mixer was typically uniformly fed to steam tube rotary dryers,
which in the case of the Hiram Walker plant was five dryers, each 8 V2 ft in diameter and 26 2/3 ft
long. Thus, while the scale is much smaller, it is interesting to note that some of the unit processes
used were quite similar to those used in large fuel ethanol plants today. Of further interest are the
commercial efforts during this period to solvent extract corn oil from dried distillers grains (Boruff
and Miller, 1937; Walker, 1951). Also during this time there were considerable research and pilot
testing of the anaerobic fermentation of distillery stillage to biogas with determination of gas yield
and analysis of remaining fermentor sludge (Boswell and Hatfield, 1938).

During World War I1 in the early 1940s, there was a lack of protein feeds due to the sharp growth
in animal production. The government realized that recovering and drying the stillage from the
distilleries were ways of adding to availability of feed supply. Therefore, the government financed
or helped finance approximately 80 distillers to establish facilities to recover and dry distillers
grains. This additional feed supply was considered a major benefit to meeting the critical needs
for expanded meat production. Development and commercial implementation of drying concen-
trated distillers solubles using double drum dryers were accomplished by Hiram Walker prior to
World War II (Boruff and Weiner, 1944). Several of the larger distilleries installed the drum dryers
because there were increasing demand and utilization by the poultry industry, and the dried solubles
provided an attractive premium price over regular dried distillers grains. Also, they provided higher
water-soluble vitamin and nutritional value equal to dried milk, which was especially important
during World War II. It was thought that much of this nutritional value came from the very high
content of inactive yeast cells, which was estimated by hemacytometer counts to be 3.5—4.5 billion
cells/g. Comparing this to the same yeast culture dried would equate the dried solubles being 20%
by weight dried yeast (Bauernfeind and Garey, 1944).

From initial sales in 1940, commercial sales of dried distillers solubles grew to approximately
20,000 tons in 1943 and were finding commercial usage in poultry, swine, calf, and dog rations.
However, after 1947 the total sales of distillers grains declined due to less alcohol production
because barreled whisky warehouses were finally being replenished after World War II. Plus the
distillers dried solubles was more expensive to dry and it was becoming more difficult to obtain a
significant premium price over distillers dried grains with solubles. Joseph E. Seagrams & Sons
was reported to be the first to install a spray dryer in their Lawrenceburg, Indiana plant to commer-
cially dry distillers solubles (Ridgway and Baldyge, 1947). Their use of boiler flue gas as the heat
source reportedly led to issues of potential fires, excessive wear on atomizer nozzles, and excessive
end product ash due to inefficient boiler fly ash separation. It is apparent that spray drying was not
adopted by other members probably due to high capital costs and operational complexity, and the
industry practice of drying solubles was soon abandoned altogether.

Typical composition of distillers light grains (without solubles), dark grains (with solubles),
and dried solubles can be found in Tables 3.1 and 3.2. With the building of the larger beverage
ethanol plants after prohibition and the following strong demand for ethanol during World War 11,

© 2012 by Taylor & Francis Group, LLC



TABLE 3.1

Chemical Composition of Distillers Feed from Corn, Rye, and a Typical Commercial Mash Bill

Light Grains Dark Grains (Grains with Solubles) Solubles

Corn, 90% Rye, 85% Typical Corn, 90% Rye, 85% Typical Corn, 90% Rye, 85% Typical

B. Malt 10% R. Malt 15% M. B.2 B. Malt 10% R. Malt 15% M. B2 B. Malt 10% R. Malt 15% M. B2
Moisture (%) 11 11 11 11 11 11 5 5 5
Protein (%) 30 18-26 28 28 29 28 25 36-38¢ 27
Fat (%) 11 6 10 9 8 6 1 5
Fiber (%) 11 15 12 8 1-3° 1-3° 1-3°
Ash (%) 2 2 2 6 6 8-9 8-9 89
N.FE. (%) 35 44 37 39 43 40 52-55 44-49 51-54

Source: Boruff, C. S. Our Products. Second Conference of Feeds of the Beverage Industry, February 27, 1947, 12-13.
* Typical mash bill—70% corn, 20% rye, and 10% barley malt.

b Lower (1%) fiber content in solubles produced by use of centrifuges.

¢ Protein content of rye solubles decreases as mashing temperatures are increased.
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TABLE 3.2
Vitamin Content (Micrograms per Gram) of Distillers Feed Products from Corn, Rye, and a Typical Plant Mash Bill
Light Grains Dark Grains (Grains with Solubles) Solubles

Corn, 90% Rye, 85% Typical Corn, 90% Rye, 85% Typical Corn, 90% Rye, 85% Typical

B.Malt10% R.Malt15% M. B2 B. Malt 10% R. Malt 15% M. B.2 B. Malt 10% R. Malt 15% M. B2
Thiamin 1 1 1 5 3 9 3 7
Riboflavin 3 3 3 9 8 9 18 14 17
Niacin 30 15 30 85 62 82 160 110 150
Pantothenic Acid 3 3 3 12 17 13 23 32 25
Biotin — — — — — 1 — — 2
Pyridoxin — — — — — — — — 9
Folic Acid — — — — — — — — 1
Choline - - 2000 - - 4500 - - 6500
P-aminobenzoic
Acid — - - - — — — — 10
Unidentified — — — — — — ++++ — ++++

essential factors

Source: Boruff, C. S. Our Products. Second Conference of Feeds of the Beverage Industry, February 27, 1947, 12-13.
2 Mash bill of 70% corn, 20% rye, and 10% barley malt.
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there was a significant increase in the production of both distillers dried grains and distillers
dried solubles. The dried distillers grains increased in 1938 from approximately 150,000 tons to
approximately 700,000 tons in 1945, while during the same years dried solubles became commer-
cially available in 1939 and by 1945 approximately over 85,000 tons was being produced (Boruff,
1947). This increased availability of lower cost feed ingredients produced a number of animal
feeding studies at universities and also larger beverage distilleries. Hiram Walker hired Dr. R. A.
Rasmussen, an animal nutritionist, and Joseph E. Seagram (who had their own research farm),
were both industry leaders and had active ongoing animal feeding studies. The animal research
in this area had grown so extensively that in 1945, Seagrams Distillers Corporation hosted a
meeting of industry, university, and government attendees to discuss the research being done and
how to better coordinate and communicate the results in hopes that less duplication would occur.
A list of presentations at this meeting is found in Figure 3.1. From this meeting came an indus-
try consensus to establish a nonprofit organization “Distillers Feed Research Council (DFRC)”
with Dr. Frank Shipman as its chairman. Dr. Philip Schaible was hired as Director of Research
and William Stice as Educational Director. These men became very effective in establishing a

FIRST DISTILLERS GRAINS CONFERENCE AGENDA

Call to Order 7
Opening Address, Gen. Frank R. Schwengel 7
Address of Welcome, Mr. Owsley Brown 7
Harnessing Industry to War, Gen. Donald Armstrong 8
Permanent Chairman, Mr. H.F. Willkie takes Chair 11

Protein Feed Recovery Program of the United States Department

of Agriculture, Mr. Walter Berger 12
Wet Feeding of Cattle, Dr. Frank M. Shipman 20
Dry Feeding of Cattle, Mr. R.S. Mather 23
Swine & Poultry Feeding, Mr. R.A. Rasmussen 26

Report of Industry on Dry Feed Recovery and Statistical Data on Number

of Cattle Fed Wet Stillage, Mr. Don A. Fisher 33
Production and Distribution of Branded Feed Products, Mr. Charles P. Bur 39
The Feed Manufacture and Distillers By-Products, Mr. Syl Fisher 41
Luncheon Menu 43
The Grain Outlook, Mr. Wm. McArthur 44
The Farmer Looks to the Future, Mr. James Stone 53
Gen. Frank R. Schwengel Resumes the Chair 56
Resolution, Mr. Jos. A. Engelhard 57
Adjournment 58
Appointments to Permanent Standing Committee 59
Roster of those Registered at Conference 60

FIGURE 3.1 1945 Proceedings of the Conference on Feed and Other By-Product Recovery in Beverage
Distilleries.
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distillers grains research program that identified and funded research projects at major universi-
ties utilizing member dues, and an active promotional program to encourage feeding of distillers
grains. Since its earliest inception, DFRC hosted annual distillers grains conferences, with the
early meetings in Cincinnati, Ohio. Figures 3.2 and 3.3 are two of the many pictures we have
in our files showing the active distillers grains promotional efforts at the 1947 conference and
at subsequent meetings. The goal was always to bring together presentations of all the latest
research on distillers grains utilization. Until 1996 these presentations were published by DFRC
as written and bound conference proceedings. From 1945 to 1960 funds for the administration

FIGURE 3.3 Distillers Feed Research Council Meeting, March 15, 1951, Cincinnati, OH.
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of DFRC and its research programs originated from DFRC member companies, most of which
were beverage alcohol producers. In 1960, DFRC became affiliated with and funded by Distilled
Spirits Council of the U.S. (DISCUS) headquartered in Washington, DC. This affiliation ended in
1985. The loss of funding occurred due to a steadily declining whisky market (since 1968) and it
became an economic necessity for DISCUS to separate DFRC as a totally independent organiza-
tion and begin to again charge member dues. While this was a benefit in that DFRC could seek
members outside of DISCUS members, it was a major problem for many small whisky producers
to pay dues and remain members. By retaining large and some smaller whisky producers, with
some early fuel ethanol producers, DFRC continued with reduced research funds exhibiting at
animal shows and their prominent annual distillers grains conference. By 1996, with continuing
loss of membership and resignation of the Director, the DFRC Board wisely sought out a new
direction with a cooperative agreement with the University of Louisville, Louisville, Kentucky in
which DFRC was to fund respective office costs and organizational management salaries. Also a
different organizational name, Distillers Grains Technology Council (DGTC), was approved by
the Board of Directors to indicate rapid industry technological and utilization changes occurring
at that time. Clearly rapidly increasing petroleum price, lower corn prices, and encouragement of
federal and states with tax subsidies were going to bring about the “second ethanol revolution”
(gasohol being the first). Thus, profitability was back to producing fuel ethanol, which resulted
in a greatly increased number of large dry mill ethanol facilities in the Midwest Corn Belt and
increasing quantities of the coproduct, distillers grains. What to do with this growing amount of
distillers grains was a deep concern in the industry. Research on feeding distillers grains to ani-
mals was well underway at universities and was being funded by other associations and govern-
ment, so limited DGTC funds could be diverted from this area. What was lacking was the great
need to communicate past and current research results on benefits of feeding distillers grains to
animals. Therefore the efforts of DGTC since 1996 have been to increase presentations at animal
meetings, exhibiting at dairy shows and animal science meetings and continuation of the annual
symposium on distillers grains.

The energy crises in the United States during the late 1970s and subsequent ethanol subsi-
dies brought on the first wave of building very large fuel ethanol plants (50+ MM gal/y) (Food
Engineering, 1985). This was commonly referred to as the “gasohol era” (Reilly, 1979). Many of the
large ethanol plants built during this period (1978-1988) were of questionable design, especially in
regards to production of quality dried distillers grains. Problems with starch conversion, fermen-
tation contamination, and inadequate drying capacity resulted in higher sugar, under-dried (high
moisture), and over-dried (burnt-dark color-lower nutrition) distillers grains. This led to consider-
able market place complaints from nutritionists and feed formulators as to the variability in qual-
ity, and consequently resulted in a lost confidence of all distillers grains suppliers. This impacted
the beverage alcohol distilleries as well that had developed well-established markets with known
and trusted quality distillers grains, particularly in central and northeastern markets. It also cre-
ated many upsets in the price structure of the distillers grains marketplace due to continued offer-
ings of lower priced distressed products. This became such a problem to the members of DFRC
that they proceeded to seek from AAFCO new ingredient definitions for distillers grains produced
at fuel ethanol facilities. These had been approved to the level of tentative status when by 1998,
most of the old gasohol plants had either shut down or made production changes to correct quality
issues, at which time the renamed DGTC requested to AAFCO that the tentative definition for fuel
ethanol distillers grains be eliminated from consideration for implementation. AAFCO Ingredient
Definition Committee voted to approve this request and there have been no new distillers grains
definitions added since 1982, all of which are found in the AAFCO Operations Manual, which can
be purchased at (www.aafco.org). The distillers grains quality issues of the gasohol plants were
used very effectively by the newly designed built (1993-2000) and equipped fuel ethanol plants in
Minnesota and South Dakota. Utilizing lower drying temperatures and times, these plants produced
dried distillers grains with a yellow to light brown color. These were effectively marketed as the
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“new generation” plants that offered “golden yellow” distillers grains as a means of differentiating
them from the well-known quality problems of the earlier gasohol plant distillers grains.

In the early 1980s began the first commercial operation of a fuel ethanol plant located adjacent
to a cattle feed lot using wet (30% solids) distillers grains as a source of feed. The Reeve Cattle Co.
(Garden City, Kansas) continues to operate this ethanol distillery feed lot today and has expanded
the production of the distillery and feed lot several times (Reeve, 1995). It seems ironic that this
model is being successfully repeated on a much larger scale from the early 1800s where distilleries
and feeding animals were closely located together.

3.3 CONCLUSIONS

Distillers grains has had a remarkable history of growth from the early, very small beverage ethanol
plants to the mega gallon fuel ethanol plants of today. Environmental issues of the beverage plants in
the 1940s forced the concentration and drying of the stillage so it could be stored, transported, and
marketed. This however meant that animal research had to be collectively funded by these early bev-
erage distillers to substantiate and convince the animal industry that distillers grains was a valuable,
nutritious feed ingredient. This established a base of both processing and utilization knowledge for
distillers grains, which in many ways benefitted the rapid growth and availability issues of the fuel
ethanol era. Ideas that were adopted and/or abandoned in the past have been or may be tried in the
future by the fuel ethanol plants as they seek out higher valued end products and markets.

Distillers grains composition and handling characteristics are highly dependent on type of grain
used as a feedstock. The regional grain availability and transportation costs are a significant con-
tributing factor in distillers grains variability for different plants, and this has sometimes been
forgotten.
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4.1 INTRODUCTION

Cereals grains are the fruits of cultivated grasses. As members of the monocot family of Gramineae,
cereal crops are mostly grown in the temperate and tropical regions of the world, and provide
more food energy worldwide than any other type of crop. They are therefore staple crops. The
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principal cereal crops are corn (also known as maize), rice, wheat, barley, oats, rye, sorghum, triti-
cale, and millets.

The word cereal is derived from Ceres, the name of the Roman goddess of harvest and agricul-
ture. For thousands of years, cereals have been important food crops. Their successful production,
storage, processing, and end utilization have undoubtedly contributed to development of modern
civilization. In recent years, there emerges a new opportunity for production growth of cereals. As
the world’s petroleum supplies continue to diminish, there is a growing need for alternative fuels.
One such substitute is fuel ethanol that is derived from renewal biomass, including sugary crops,
starch-containing grains, and cellulosic materials. Although the current practice of producing fuel
ethanol from grains and its phenomenal growth are debatable with respect to sustainability and a
perceived link with increasing grain price, and thus are politically charged, there is no question that
millions of tons of grains are now converted to fuel ethanol, with distillers dried grains with solu-
bles (DDGS) (which contain nonfermented residues) as the main coproduct (Sanchez and Cardona,
2008; Balat and Balat, 2009; RFA 2010; Chapter 2 of this book). For ethanol production, corn is by
far the most common cereal grain used in the United States (RFA, 2010). However, in other parts of
the world, other grains such as sorghum, wheat, barley, and millets are also used (see Chapter 6).

Regardless of whatever the end uses are for cereal grains, as food, feed, fuel ethanol, or others, a
knowledge of the structure and composition of cereal grains is necessary not only for understanding and
optimizing plant growth and seed development to achieve the highest level of grain production, but also
for developing improved methods of storage and handling for maximum preservation of grain quality,
and methods of suitable processing for most efficient end utilization. This chapter is aimed at provid-
ing general information about structure and composition of cereal grains as well as the unique features
of each cereal grain. These pieces of information are important for understanding the principles for
bioethanol production from grains. They are also important for maximizing efficiency of ethanol pro-
duction and improving quality of the DDGS coproduct. Additional information can be found in Kent
and Evers (1994), Lasztity (1999), Evers and Millar (2002), Abdel-Aal and Wood (2005), and Delcour
and Hoseney (2010). Information about individual grains can also be found in White and Johnson
(2003) for corn, Khan and Shewry (2009) for wheat, Marshall and Sorrels (1992) for oat, Newman and
Newman (2008) for barley, Champagne (2004) for rice, and Dendy (1994) for sorghum and millets.

4.2 GRAIN STRUCTURE

4.2.1 GENERAL STRUCTURE

The fruits of most plants contain one or more seeds, which can be easily separated from the rest of
the fruit tissues when the fruits ripen. However, for Gramineae family, this is different: a fertilized
egg cell in the ovary develops into a single seeded fruit. The fruit wall (pericarp) and seed coat are
united and there is no simple method to separate the two. This type of fruit is characteristic for all
grasses (including cereals). It is botanically known as caryopsis. Caryopses of cereals may unam-
biguously be called grains while the terms berry and kernel are generally used to describe other
types of fruits. However, the word kernel or seed is frequently used to describe caryopses of cereals
also, although strictly speaking, they do not have the same definition (Kent and Evers, 1994).

Although the structural parts of cereal grains are adapted differently among cereal species, a
generalized structure can be described for all cereals (Figure 4.1). It mainly comprises embryo,
endosperm, and tissues surrounding the embryo and endosperm. Some grain species also contain
hulls (husks). Each of these structural parts also consists of different structural tissues.

4.2.1.1 Embryo

The embryo results from the fusion of male and female gametes. It is the most important grain com-
ponent for the survival of the species as it is capable of developing into a plant of the filial genera-
tion Evers and Millar (2002). A mature embryo consists of an embryonic axis and scutellum. The
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FIGURE 4.1 Diagram of general structure of cereal grain, showing the relationships among the tissues.
(Reprinted from Kent, N. L., and A. D. Evers, Kent’s Technology of Cereals, 4th ed. Pergamon Press Ltd,
Oxford, 1994.)

FIGURE 4.2 Scanning electron micrograph of hard (a) soft (b) wheat, showing the contents of endosperm
cells. The white bar length is 10 um. (Adapted from Hoseney, R. C. and P. A. Seib, Structural differences in
hard and soft wheat. The Baker’s Digest, 47(6): 2628, 56, 1973.)

embryonic axis is the plant of the next generation. It further consists of primordial roots (known as
radicle) and shoot with leaf initials (known as plumule). Scutellum, the name deriving from its shield-
like shape, lies between the embryonic axis and endosperm. It consists mainly of parenchymatous
cells, each containing nucleus, dense cytoplasm, and oil bodies, and functions as a secretory and
absorptive organ to nourish the embryonic axis during germination. The word “germ” is frequently
used by cereal chemists to describe the embryo. But strictly speaking, it refers to the embryo-rich
fraction produced during milling.

4.2.1.2 Endosperm

The endosperm is the largest structural part of the grain. It is also the component with the greatest
economic value in all grains. Nutrients stored in it are mostly insoluble. The major one is starch, fol-
lowed by nonstarch polysaccharides (NSP), protein, lipid, minerals, and vitamins. The endosperm
has two distinct tissues: starchy endosperm and aleurone. Starchy endosperm is a solid mass, con-
sisting of cells that are packed with starch granules embedded in a protein matrix (Figure 4.2).
These nutrients can be mobilized to support growth of the embryonic axis at the onset of germina-
tion. Starchy endosperm is commonly referred to as “endosperm” although strictly speaking it is
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only a major part of endosperm. Based on visual appearance, starchy endosperm of some cereals
can be divided into two types, opaque (floury or mealy) endosperm and translucent (horny or vitre-
ous) endosperm. In general, the opaque endosperm contains many air spaces. Starch granules in it
are spherical in shape. Translucent endosperm is tightly compact, with few or no air spaces and its
starch granules are polygonal. In wheat, some kernels have opaque endosperm while others have
translucent endosperm. In corn, sorghum, and millets, both translucent and opaque areas are found
in the starchy endosperm of a single kernel (Delcour and Hoseney, 2010).

Aleurone is the tissue surrounding the starchy endosperm, consisting of 1-3 layers of thick-walled
block-like cells with dense contents and prominent nuclei. The number of layers present in aleurone
is characteristic of the cereal species. Wheat, rye, oats, corn, and sorghum have one, while barley
and rice have three. The size of aleurone cells is not a function of grain size; in wheat, for exam-
ple, aleurone cells are approximately 50 um cuboids, but in the much larger grain of corn, they are
smaller. Pigmentation in the aleurone layer can give grains of some cereals a blue, red, or almost black
appearance.

Unlike the tissue they surround, aleurone cells do not contain starch but have higher concentrations
of protein, lipid, vitamins, and minerals than the starchy endosperm. They are extremely important
in both grain development and germination. During grain development, aleurone cells divide to pro-
duce starchy endosperm cells, while during germination they are the site for synthesis of hydrolytic
enzymes responsible for solubilizing the reserves. Furthermore, during roller milling, most of the
aleurone layer is removed as part of the bran, leading to reduction of nutritional values of resulting
flour. However, the removal of the aleurone layer can be reduced when decortication rather than roller
milling is employed, as in production of pearled barley, milled rice, degermed corn, and wheat prod-
ucts that are milled by a process involving abrasion in the early stages (Dexter and Wood, 1996).

4.2.1.3 Tissues Surrounding the Endosperm and Embryo

The maternal tissue immediately surrounding the endosperm and embryo is known as nucellus or
nucellar epidermis Evers and Millar (2002). It is the mass of tissues in which the endosperm and
embryo have developed. Epidermal cells in many higher plants secrete a cuticle. For many cereals, a
cuticle is present on the outer surface of the nucellar epidermis. Following fertilization, the embryo
and endosperm expand at the expense of the nucellus, which is broken down except for a few remnants
of the tissue and single layer of squashed empty cells. The compressed epidermis with its thin outer
cuticle is all that remains of the nucellus. Nucellus is particularly prominent in sorghum but is appar-
ently absent from mature oat grains. In corn only the cuticle persists. The nucellus is also called the
hyaline layer or perisperm.

The outermost tissue of the seed is seed coat or testa (Figure 4.1). The nucellar epidermis is also
regarded as a seed coat. The inner face of the testa lies adjacent to the cuticle of the nucellar epider-
mis. The testa consists of one layer in barley, oats, and rice, and two layers in wheat, rye, and triticale.
In mature sorghum, no testa is present. In millet, if present, it is inconspicuous. The cuticle of the testa
is thicker than that of the nucellar epidermis, and is responsible for the relative impermeability of the
grain to water over most of its surface. It also plays a role in regulating gaseous exchange. Frequently,
the testa accumulates pigmented corky substances in its cells during grain ripening and this may
confer color on the grain and further contribute to impermeability Evers and Millar (2002).

In transverse section of caryopses featuring a crease, such as wheat grain, a discontinuity in the
testa can be seen in that region. During grain development this facilitates transport of nutrient solution
from the vascular strand to the nucellar projection and then to the endosperm. As the grain matures,
impermeable material accumulates to form a pigment strand between the borders of the integuments,
completing the waterproof layer around the grain. In red wheat, the pigment strand is dark brown but
in white wheat it is less obvious and much paler. In corn, which does not have a crease, the tip cap area
is the point of entry for nutrient transport from the plant to the developing grain. This path is sealed
during maturation with a dark layer of dense cells called the hilar layer, which may be a possible
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source of black specks in cornmeal. This tip cap is the weakest point of the mature corn grain and is
the point of water ingress when grains are steeped or tempered Evers and Millar (2002).

Pericarp refers to the caryopsis tissues that lie outside the seed coat and originate as components
of the carpel wall. They are parts of the fruits but not of the seed. Therefore, pericarp is sometimes
known as fruit coat. It is a multilayered structure consisting of several complete and incomplete
layers. In all cereal grains, pericarp becomes dry at maturity and consists of largely empty cells.
The innermost layer of the pericarp is the inner epidermis. In many cereals, this is an incomplete
layer. Its cells are elongate, thus termed as “tube cells.” The long axes of tube cells lie parallel to
the long axis of the embryo. Outside the tube cell layer is the layer of cross cells. This layer takes
its name from the fact that the long axes of its elongate cells lie at right angles to the grain’s long
axis (also the axis of the embryo). Cross cell shape varies among species and in different areas of
the same grain. Over most surfaces of wheat, barley, triticale, and rye, they form a complete layer
of cells about six times as long as their width, arranged in rows, but at the grain tips, they become
squarer. Because of the fragmentary nature of the tube cell layer, it is the cross cells that adhere to
the underlying cuticle of the testa. In corn, rice, sorghum, and pearl millets, there are large spaces
among the distorted, more elongated cells. In oats, tube cells and cross cells are indistinguishable
from other inner pericarp cells, which are all elongated and distorted with no common orientation.
In rice all pericarp cells follow a cross cell orientation Evers and Millar (2002).

The mesocarp, the outside of cross cell layer, is a true layer in mature grains except in sorghum.
The outermost layer of the pericarp and indeed of the caryopsis is the outer epidermis. It is one cell
thick and adherent to the “hypodermis,” which may be virtually absent, as in oats or some millets,
one or two layers thick, as in wheat, rye, sorghum, and pearl millets, or several layers thick, as in
corn. The outer epidermis has a cuticle, which probably helps control water loss in growing grains
but generally becomes leaky on drying.

During seed development, pericarp serves to protect and support the growing endosperm and
embryo. At this stage chloroplasts are present in the innermost layers (tube cells and cross cells)
and starch accumulates as small granules in the central layers (mesocarp). By the time the grain
matures, starch in the pericarp disappears and the cells in which the starch used to be are largely
squashed or broken down. An exception to this feature can be found in some types of sorghum in
which at least some of the cells and some of the starch granules remain.

The empty cells of the pericarp hold enough water to increase grain weight by 4%—5% after
only a few minutes of immersion. They act as a reservoir for water that may ultimately enter the
grain slowly through the micropyle. The absorbent nature of the pericarp is of great benefit in the
milling of wheat, which is conditioned or tempered by water addition prior to milling. The grain is
allowed to absorb water over a period of 12-24 h, during which time the bran layers are softened
and become easily removed Evers and Millar (2002).

4.2.1.4 Lemma and Pales

All cereal caryopses are subtended on their parent plants by a pair of glumous bracts known as the
lemma and pale, which in most types, surround and protect the immature fruit. In some species,
nature caryopses are shed from the plant free from the structures, but in other species the lemma
and pales remain as a hull, and are in close contact with the caryopsis even after it separates from
the plant. Although the hull of all hulled species is formed from the lemma and pale, the mechanism
of their connection with the fruit varies. The hulls of oats and rice are held in place by structural
devices. The lemma and pale in rice have a rib and groove arrangement at their meeting margins. It
is possible to free the fruits from them by using appropriate machines. By contrast, the lemma and
pale of barley adhere to the pericarp and cannot be removed cleanly from the caryopsis by mechani-
cal means Evers and Millar (2002). In hulless oats, hulls are less tightly adhering to the grain and
thus thresh free during harvesting (Marshall and Sorrells, 1992). Hulless barleys are also cultivated
(Bhatty 1999), but for malting purposes hulled varieties are preferred since hulls do not detach during
mashing (Bamforth and Barclay, 1993; Newman and Newman, 2008).
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It is usual for hulled grains to be traded with hulls in place and for analytical and compositional
data to be presented for the grains as traded Evers and Millar (2002). Grain weights and the con-
tributions of main morphological components are presented in Table 4.1. For hulled types (barley,
oats, and rice), proportions are given for both hulled grains and caryopses. It is worth noting that
the size of embryo relative to the whole grain varies with grain species. Wheat, barley, oats, and
rice all have smaller embryos relative to the total grain mass, while sorghum, corn, and millets all
have larger embryos.

4.2.2 CHARACTERISTICS OF INDIVIDUAL CEREAL GRAINS

In spite of structural similarities, there are wide variations among cereal grains in size and shape.
Comparison in size and shape among 12 grains are shown diagrammatically in Figure 4.3, and
various weight and proportions of grain parts for some grains are given in Table 4.2. Shape,
size, and mass are the most readily identifiable characteristics of the grains of individual cereal
species, but within species, there is also considerable variation. Furthermore, morphology can
be associated with quality parameters. For example, in rice, the ratio of length to width is a use-
ful index of the nature of the endosperm, and more importantly it indicates the type of starch
present; short grain rice, when cooked, tends to have a sticky texture. Corn grains vary from

TABLE 4.1
Typical Proportions (%) of Grain Parts in Some Cereals
Pericarp Embryo
and Starchy Embryonic
Cereal Hull Testa Aleurone Endosperm Axis Scutellum
Wheat
Thatcher — 8.2 6.7 81.5 1.6 2.0
Vilmorin 27 — 8.0 7.0 82.5 1.0 1.5
Argentinian — 9.5 6.4 81.4 1.3 1.4
Egyptian 74 6.7 84.1 1.3 1.5
Barley
Whole grain 13 R9 4.8 76.2 1.7 1.3
Caryopsis — 33 5.5 87.6 1.9 L5
Oats
Whole grain 25 9.0 63.0 12 1.6
Caryopsis (groat) — 12.0 84.0 kﬁ ZJI
Rye — 10.0 86.5 18 N 17
Rice
Whole grain 20 4.8 73.0 2.2
Caryopsis I Y
Indian — 7.0 90.7 0.9 e 1.4
Egyptian — 5.0 91.7 33
Sorghum — 79 823 9.8
Maize
Flint — 6.5 22 796 Ul 106
Sweet — 5.1 33 76.4 2.0 Y 13.2
Dent — 6 82 12
Proso millet 16 3 6.0 70 5

Source: Data from Kent, N. L., and A. D. Evers, Kent’s Technology of Cereals, 4th ed. Pergamon Press Ltd, Oxford, 1994.
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FIGURE 4.3 Grains of cereals showing comparative sizes and shapes. The caryopses of the three hulled
grains, (barley, oates, and rice) are shown with and without their sorrounding pales. (Reprinted from Kent,
N. L., and A. D. Evers, Kent’s Technology of Cereals, 4th ed. Pergamon Press Ltd, Oxford, 1994.)

TABLE 4.2
Dimensions and Weight per 1000 Grains of Cereals
Dimensions Weight per 1000 Grains
Cereal Grain Length (mm)  Width (mm) Range (g) Average (g)
Barley 8-14 1.04.5 32-36 35
Corn 8-17 5-15 150-600 324
Millets (Pearl) 2 1.0-2.5 5-10 7
Oats 6-13 1.0-4.5 32
Rice 5-10 1.5-5.0 27
Rye 4-10 1.5-3.5 15-40 21
Sorghum 3-5 2-5 8-50 28
Triticale 10-12 2.5-3.0 28-48 36
Wheat 5-8 2.5-4.5 27-48 37

Source: Adapted from Kent, N. L., and A. D. Evers, Kent’s Technology of Cereals,
4th ed. Pergamon Press Ltd, Oxford, 1994.

the near-spherical popcorn to flattened and angular flint maize. A depression on the distal face
arising through contraction of endosperm is characteristic of dent corn and reflects the presence
of a region of soft endosperm within a harder textured cup. Caryopses of members of the tribes
Triticease (Wheat, rye, barley, and triticale) and Aveneae (0ats) can be distinguished by the pres-
ence of a crease, a reentrant region on the ventral side, extending along the grain’s entire length,
and deepest in the middle. It is most marked in wheat. In milling wheat into white flour, the
crease presents the greatest difficulty for separation of starchy endosperm from other tissues.
Within a cultivar, sources of variation in grain size include growing conditions of the crop and
the grain position within the inflorescence. In general the largest grains occur in the center of the
inflorescence (Bremner and Rawson, 1978). Regardless of the size or shape of individual grains, the
uniformity of their morphology is also important for processing. For example, more uniform wheat
grains give more predictable milling performance, while malting performance of barley relies
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heavily on homogeneous samples. The uniformity can be readily achieved through sorting of grains

by a physical parameter, such as the degree of shriveling.

4.2.2.1 Corn

Compared to other grains, corn caryopsis has a unique flat shape and low specific gravity. It has
a blunt crown and pointed conical tip cap. Corn grain is also the largest among cereals, weighing
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FIGURE 4.4 Longitudinal and cross sections of corn caryopsis (kernel). (Courtesy of the Corn Refineries

Association, Washington, DC.)
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250-300 mg each (yellow dent type). The caryopsis is attached to the cob by the pedicle, and con-
tains a complete embryo and all other structural parts (Figure 4.4) for nutritional and enzymatic
functions required for growth and development into a plant. The pericarp is thicker and more robust
than that of the smaller grains. It is also known as hull or bran. The part of the hull overlying the
embryo is known as the tip cap. The tip cap is the attachment point to the cob (Kent and Evers, 1994;
White and Johnson, 2003).

Similar to other cereal grains, the largest fraction of the corn grain is the endosperm. Endosperm
cells are packed with starch granules embedded in a combination matrix of amorphous protein Also
embedded in this matrix are protein bodies composed almost entirely of the storage protein zein.
In spite of the large size of the endosperm in corn, individual aleurone cells are small, comparable
to those of oats and rice. Only one layer of them is present. In blue varieties, it is the aleurone cells
that provide the coloration. By appearance, the starchy endosperm of a single corn kernel consists
of two types of endosperm, floury and horny. The floury endosperm surrounds the central tissue
and is opaque to transmitted light. Horny (also known as corneous) endosperm occurs as a deep cap
surrounding a central core of floury endosperm (Figure 4.4). In the floury endosperm, many small
starch granules (average 10 um) occur. Protein (zein) also occurs in tiny granular form. In horny
endosperm, the protein matrix is thicker and starch granules are compressed into polyhedral shapes.
In dry milling of corn, the primary product is the isolated piece of endosperm, which is recovered
by progressive grinding, sieving, and aspiration. The dry process causes floury endosperm break-
age across the cell contents, releasing some free starch granules and producing a rough surface with
many exposed starch granules and very little starch granules damage. In contrast, horny endosperms
break more along cell wall lines but also across cells, with little release of starch granules but much
granule damage (Kent and Evers, 1994; White and Johnson, 2003).

Based on shape and endosperm character, corn can generally be classified into five classes: flint
corn, popcorn, flour corn, dent corn, and sweet corn. Flint corn has a rounded crown and the hard-
est kernels due to the presence of a large and continuous volume of horny endosperm. Popcorn is a
small flint corn type. Flour corn generally also has a rounded or flat crown, but contains virtually
all floury endosperm. Dent corn has a depressed crown that forms as the maturing kernel dehy-
drates. Among these corns, dent corn is the most abundantly grown, particularly in North and South
America (White and Johnson, 2003).

Corn kernels also differ significantly in color from white to yellow, orange, purple, and brown.
Color differences may be due to genetic differences in pericarp, aleurone, germ, and endosperm
(Neuffer et al., 1997). However, only yellow or white dent corns are grown commercially. Some
hybrids may have light tan or light orange pericarp.

In dry grind processing of grains for fuel ethanol production, yellow dent corn is mostly used
as the feedstock. This is particularly true in the United States. Corn undergoes several basic steps,
including dry grinding, cooking, liquefaction, saccharification, fermentation, distillation, and
coproduct recovery and processing. The resulting coproduct is DDGS. DDGS consists of particles
varying in size and composition. Close examination of DDGS has shown that the particles can be
grouped into three classes: flakes, granules, and aggregated granules, each is determined by the
composition of the structural part of corn that remains. The flakes come mostly from tip cap and
broken seed coat of corn kernels. The granules are mostly nonfermentable materials that were left
from ground endosperm and germ. The aggregated granules are glued together, apparently by con-
densed distillers solubles added during the final drying stage of the process (Liu, 2008). For more
information on processing of corn into fuel ethanol, refer to Chapter 5. For more on DDGS chemical
composition refer to Chapter 8; for more on DDGS physical properties refer Chapter 7.

4.2.2.2 Wheat

Wheat grain has a somewhat vaulted shape with embryo at one end, and a bundle of hairs, which
is referred to as the beard or brush, at the other end. The most striking morphological character-
istic of wheat is a deep crease or elongated reentrant region, which is parallel to its long axis but
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FIGURE 4.5 Longitudinal and cross sections of wheat caryopsis (kernel). (Courtesy of the North American
Miller’s Association, Washington, DC.)

opposite the embryo (Figure 4.5). At the inner margin of the crease there lies a layer of nucellus
tissue between the testa and the endosperm. The aleurone layer consists of a single layer of cells
of cubic shape. The starchy endosperm has round cells filled with starch granules embedded in a
protein matrix (Figure 4.2). Two distinct populations of starch granules are present, large lenticular
granules between 8 and 30 um and near-spherical granules of less than 8 um diameter. The former
occupies about two-thirds of the starch mass. The endosperm is surrounded by the fused pericarp
and seed coat (Hoseney, 1994; Khan and Shewry, 2009).

The texture of the endosperm has been a major criterion for classification of wheat, because this
characteristic of the grain is related to the way the grain breaks down in milling. In hard wheat,
fragmentation of the endosperm tends to occur along the lines of the cell boundaries, whereas the
endosperm of soft wheat fractures in a random way. This phenomenon suggests a pattern of areas
of mechanical strength and weakness in hard wheat, but fairly uniform mechanical weakness in
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soft wheat. Wheat hardness is related to the degree of adhesion between starch granules and the
surrounding protein. Thus differences in endosperm texture must be related to differences in the
nature of the interface between starch granules and the protein matrix in which they are embedded
(Figure 4.2) (Simmonds et al., 1973). This is the biochemical basis for grain hardness. For the past
three decades, the molecular genetic explanation of wheat grain hardness has become known, which
is based on puroindoline proteins “a” and “b.” When both proteins are in the functional wild state,
grain texture is soft. When either one of the puroindolines is absent or altered by mutation, the result
is hard texture. Durum wheat lacks puroindolines, so the texture is very hard (Morris, 2002).

The color of wheat grain can be another criterion for classification. Wheat grains have either a
dark, orange—brown appearance or a light, yellowish color. The former is generally known as red
wheat, while the latter known as white wheat. There was a time when many countries preferred
white wheat. This preference has gradually disappeared. Red wheat varieties are popular nowadays.
The main reason for this change is that white wheat is more susceptible to preharvest sprouting than
the majority of the red wheat (Khan and Shewry, 2009).

During the first stage of milling, the outer layers of the wheat grain, that is the bran, are separated
from the starchy endosperm. The fracture is located right under the aleurone layer. This means that
bran is made up of the pericarp, the seed coat, and the aleurone layer. Wheat grain has been used
for fuel ethanol production. Ojowi et al. (1997) showed that soft wheat, either soft white or soft red
class, was preferred to hard wheat because soft wheat generally contains higher starch content.

4.2.2.3 Rice

The hull of rice is removed from the grain only by mechanical means, as it is locked by a “rib and
groove” mechanism. The proportion of hulls in the rice grain averages about 20%. Once the hulls
are removed, the outer epidermis of the pericarp is revealed as the outer layers of the caryopsis.
Unlike the other small grain cereals, rice does not have a crease. It is laterally compressed, and this
surface is longitudinally indented where broader ribbed regions of the pales restricted expansion
during development. Distinctively, in all except one of the tissue layers (the tube cells) surrounding
the endosperm, the cells are elongated transversely (in other grains only the cross cells are elongated
in this direction). Aleurone cells are similar to those of oats, but the number of layers varies around
the grain from one to three. Starch granules in the starchy endosperm cells are also similar to those
of oats. Unusually, the embryo of rice is not firmly attached to the endosperm. Varieties of rice are
classed according to grain width, length, and shape, described as short, medium, or long (Champagne,
2004). Unlike other grains, rice is almost exclusively used as human food throughout the world.

4.2.2.4 Barley

Most barley grains have adherent pales (hulls), which are removable only with difficulty. It amounts
to about 13% of the grain mass on average. Some barleys are hulless. Regardless, barley grains are
generally larger and more pointed than wheat. They have a ventral crease that is shallower than
those of wheat and rye, and its presence is obscured by the adherent pales. Two to four (mostly three)
aleurone layers are present, cells being smaller than those in wheat, about 30 um in each direction.
Blue color may be present due to anthcyanidin pigmentation (Newman and Newman, 2008).

4.2.2.5 Oats

The oat grain is featured by pales that are not removed during threshing. As they do not adhere to
the groat (the term describes the actual caryopsis of the oat), they can be removed mechanically.
Oats are traded with the hull in place. In this condition, they have an extremely elongated appear-
ance and even with the hull removed groats are long and narrow.

Hulless oats is a type of oat that readily loses its husk during threshing, thus obviating the need
for a special dehulling stage in milling. Comparatively, naked oats have higher protein and oil con-
tents, and higher energy value. For hulled oats, groat contribution to the entire grain mass varies
from 65% to 80%.
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Oat pericarp has two layers while the testa comprises only a single layer with cuticle. In the
endosperm there is a single aleurone layer. The wall of aleurone cells is not as thick as in wheat and
rye. Conversely, the starchy endosperm cells have thicker walls than in wheat. Endosperm cells of
oats have relatively higher protein and oil contents compared to those of other cereals (Marshall
and Sorrels, 1992).

4.2.2.6 Rye

Rye grains are more slender and pointed than wheat grains, but they also have a crease and indeed
share many of the features described for wheat. Rye grains may exhibit a blue—green cast due to
pigment presence in the aleurone cells. Two populations of starch granules are present as in wheat,
the large granules, seen under the microscope, often display an internal crack.

4.2.2.7 Sorghum

The grain of sorghum is near spherical with a relatively large embryo. It has no crease. There are
two unusual features of the sorghum grain. First, its mesocarp consists of parenchymatous cells that
still contain starch at maturity; the cells are not crushed as in other cereals. The starch granules in
the mesocarp are up to 6 um diameter, smaller than those in the endosperm. Second, the testa is
absent. Instead, the nucellar layer is well developed, being up to 50 um thick. Therefore, in some
literature, the nucellar epidermis is referred to as the seed coat layers. In addition, cross cells do not
form a complete layer; they are elongated vermiform cells aligned in parallel but separated by large
spaces. Tube cells on the other hand are numerous and closer packed.

Pigmentation occurs in some sorghum. All tissues may be colored, but not all together. The
starchy endosperm may be colorless or yellow and the aleurone may or may not contain pigments.
The pericarp and nucellar layers may be clear, colored, or incomplete. The color of pericarp layers
is mostly due to the presence of tannins, which are polyphenolic compounds. Because of unpalat-
ability of the polyphenols, colored sorghums are certainly attacked less by birds than the white type
(Dendy, 1994).

4.2.2.8 Pearl millet

Of the different millet species grown in the world, pearl millet is the most popular. Pear]l millet has a
small tear-shaped caryopsis that is threshed free of hulls. The kernels vary in color, including yellow,
white, brown, and slate gray, but slate gray is the most common. The structure of pearl millet cary-
opsis is similar to that of other cereals. The germ in pearl millet is large (about 17%) in proportion to
the rest of kernel. Its endosperm has both translucent and opaque endosperm, as do those of sorghum
and corn. The translucent endosperm is void of air spaces and contains polygonal starch granules
embedded in a protein matrix having well-defined protein bodies. The opaque endosperm contains
many air spaces and spherical starch granules, also embedded in a protein matrix (Dendy, 1994).

4.2.2.9 Triticale

Triticale is a new cereal produced by crossing wheat (Triticum) and rye (Secale). Thus the morphol-
ogy of its grain closely resembles its parent species. The caryopsis is generally larger than wheat,
but also has a crease that extends its full length. It consists of a germ, an endosperm with aleurone
as the outer layer, a seed coat, a pericarp, and the remains of the nucellar epidermis. The yellowish
brown grain is featured by folds of the outer pericarp, apparently caused by shriveling of the grain,
which is a major problem with triticale. Shriveling of the grain leads to low test weight, poor appear-
ance, and unsatisfactory milling performance (Kent and Evers, 1994).
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4.3 GRAIN COMPOSITION

4.3.1 Gross COMPOSITION

The gross composition of all cereals is similar, being characterized by a small amount of water,
abundant starch, sufficient protein and fiber, and relatively low amount of lipids. Minerals and
vitamins are also present. Yet each species has its own distinguishing features. The differences
between different cereal grains are considerable (Table 4.3).

Within a cereal species, variety and growing conditions play an important role in grain composi-
tion. Scott et al. (2006) characterized protein content and amino acid profile for a set of corn culti-
vars that were widely grown in different areas from the 1920s through 2001, and found that grain
composition exhibited clear trends with time, with protein decreasing and starch increasing and that
the grain protein content of modern hybrids responds to plant density and environment differently
than the protein content of older varieties. These differences are consistent with a model in which
protein content is modulated by different growth conditions. They also found that on a per tissue
mass basis, the levels of the nutritionally limiting essential amino acids lysine, methionine and tryp-
tophan dropped with time, while on a per protein basis, their levels were not significantly changed.
The conclusion is that the development of modern hybrids has resulted in corn with reduced protein
content, but the nutritional quality of this protein has not changed.

When grains are used for ethanol production by dry grind processing, variation in feedstock
includes grain species, varieties, and blends. Even with the same species and varieties, there is vari-
ation in field condition and production year, which can lead to compositional differences of feed-
stock. With regard to species, corn is by far the most common cereal used for ethanol production in
the U.S. However, in other parts of the world, other grains such as sorghum, wheat, pearl millets,
and barley are also used. Due to differences in composition among grains the resulting DDGS are
expected to differ in composition and feeding value. For example, Ortin and Yu (2009) compared
wheat DDGS, corn DDGS, and blended DDGS from bioethanol plants and found great variation in
chemical composition and nutritional values among them. Similarly, Kindred et al. (2008) showed
the effect of variety and fertilizer nitrogen on alcohol yield (through biofermentation), grain yield,
starch and protein content, and protein composition for winter wheat. Details about grain feedstock
and their effect on DDGS quality is covered in Chapters 5 through 8.

TABLE 4.3
Average Proximate Composition of Cereal Grains
(% Dry Matter)

Cereal Grain Protein  Oil Starch Ash  Total CHO?

Barley 10.9 2.3 534 2.4 84.4
Corn 10.2 4.6 69.5 1.3 83.9
Millets (Pearl) 10.3 4.5 589 4.7 80.5
Oats 11.3 5.8 555 32 79.7
Rice 8.1 12 75.8 1.4 89.3
Rye 11.6 1.7 71.9 2.0 84.7
Sorghum 11.0 35 65.0 2.6 82.9
Triticale 11.9 1.8 71.9 1.8 84.5
Wheat 12.2 1.9 68.5 1.7 84.2

Source: Adapted from Lasztity, R. Cereal Chemistry. Akademiai
Kiado, Budapest, 1999.
2 CHO = carbohydrate, total CHO is based on calculation ((100 —
(% protein + % oil + % ash)).
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TABLE 4.4

Chemical Composition of Embryo and Endosperm of Cereal Grains (% Dry Matter)

Cereal Embryo Endosperm

Grain Protein Lipid Ash Total CHO*  Protein Lipid Ash Total CHO?
Barley 21.9 16.2 6.7 552 9.0 1.0 0.6-0.8 89.1
Corn 173-19.0  31.1-351  9.9-11.3 346417  69-104 07-1.0 02-05  88.1-92.2
Oats 36.2 — — — 9.6 5.9 1.8 82.7
Rice 177-239  193-238  6.8-10.1  42.2-56.2 7.3 04-06  0.4-09 91.5
Rye 37.2 134 5.8 436 8.8 1.0 0.8 89.4
Sorghum — — — — 8.3 0.9 0.4 90.4
Wheat 24.3-26.8 12.8 43795  51.0-540  82-13.6 1.2 0.3 84.9-90.3

Source: Data in “corn” row adapted from Earle, F. R., J. J. Curtis, and J. E. Hubbard. Cereal Chemistry, 23, 504-511, 1946.
The rest adapted from Lasztity, R. Cereal Chemistry. Akademiai Kiado, Budapest, 1999.
2 CHO = carbohydrate, total CHO is based on calculation.

The chemical composition of cereal grains also varies greatly with structural parts (Table 4.4).
The germ has the highest concentration of lipid. In fact, corn oil, an economically important com-
modity, comes mainly from its germ. The germ is also rich in protein, minerals, and lipid-soluble
vitamins. However, its carbohydrate content is lower than in other parts of the kernel, particularly
that of the endosperm. In contrast, starch is the main component of the endosperm. Protein content
in endosperm is lower than that of germ. The endosperm is also lower in lipid, vitamin, and mineral
contents. However, nutritional and functional significance of the endosperm is evident because of
its largest proportion in a cereal grain by mass.

Besides germ and endosperm, two other structural parts that have distinct chemical composi-
tion are hulls and aleurone. The main components of hulls are NSP (nonstarchpolysaccharide),
such as cellulose, hemicellulose, and lignin. No starch is found in hulls. Protein and lipid content
are very low. Potassium and phosphorus are the main mineral components, although the major
mineral in rice hulls is silica. Because of its nutritional insignificance, the hull is a poorly studied
structural part of a grain. The aleurone layer has a quite different composition from the starchy
endosperm, due to its physiological function during seed germination. It has higher protein con-
tent and generally does not contain starch, although considerable quantity of NSP is present. The
aleurone layer is the main reservoir of many enzymes (such as amylases, proteases), which are
responsible for degradation of starch and storage proteins during seed germination. The aleurone
is rich in vitamins of B-group (thiamine, niacin, pyridoxine, riboflavin, and panthothenic acid) and
minerals. It is also rich in phytate (myoinositol hexaphosphate), which is a major form (about 70%)
of phosphorus in cereal grains (Schlemmer et al., 2009).

With regard to nutrient distribution within a kernel, all grains have similar patterns. Taking
barley as an example, Liu et al. (2009) showed that protein was most concentrated in the outer
areas, and decreased all the way toward the center core area. Starch showed an opposite trend, con-
centrated in the center and becomes less toward the outside of the grain. As for minerals, they are
found chiefly in the outer layers of cereal grains (Liu et al., 2007). Lipid is found in small amounts
scattered through the entire grain, but most of it is found in the embryo.

For dry grind processing of grains into fuel ethanol, the whole grain is used. Only starch is
hydrolyzed to sugars that are then fermented into ethanol and carbon dioxide; all other chemical
components are considered nonfermented residues and end up in a coproduct known as DDGS.
Even for starch, a complete hydrolysis cannot be reached and thus DDGS has residual starch at
about 5% (dry matter) (Liu, 2008). Since approximately two-thirds of the mass of the starting mate-
rial (typically corn) is converted into carbon dioxide and ethanol it is normally expected that the
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concentrations of all unfermented nutrients, including protein, lipids, NSP, minerals, and vitamins,
will be concentrated about threefold (Han and Liu, 2010). However, for some nutrients, such as Na,
S, Ca, and inorganic P, the fold of increase is much higher than three, presumably due to exogenous
addition of compounds containing the minerals or action of yeast phyase on grain phytate (Liu and
Han, 2011). For a detailed discussion on changes in chemical composition during dry grind process-
ing, from grain to DDGS, refer to Chapter 8.

4.3.2 STARCH

Starch is the most abundant carbohydrate component in cereal grains, and it is the main form of
energy stored in grains. The amount of starch contained in a grain varies but is generally between
60% and 75% of the grain weight. In addition to its nutritive value, starch is important because of
its effect on physical properties of many foods, such as the texture of cooked rice, the gelling of
puddings, the thickening of gravies, and the setting of cakes. Starch is also an important industrial
commodity, particularly in paper making. For bioethanol production from grains, starch is a key
component since the whole production system (either wet milling or dry grind) centers around
converting starch into glucose and fermenting glucose into ethanol (Bothast and Schlicher, 2005).
Details on grain-based ethanol processing are covered in Chapter 5.

4.3.2.1 Chemistry

Starch is a polymer of o-D-glucose, and can have two distinguishable types, amylose and amylo-
pectin. Amylose is a linear polymer of o-D-glucose linked through o-1, 4-glycosidic linkage. Its
glucose unit ranges from 1000 to 4000, giving a molecular weight between 1.6 x 105 to 7.1 x 10°
Daltons. Amylopectin is a branched polymer of glucose. In addition to o.-1, 4-glycosidic linkage, it
also has o.-1,6-glycosidic linkage at branching points. Approximately every 20-25th glucose residue
has a branch point. Amylopectin is a much larger molecule than amylose with a molecular weight
of 1 x 107 to 1 x 10° Daltons. Its structure is built from about 95% -1, 4- and 5% o-1, 6-linkages.
The degree of polymerization is typically within the range 9,600 to 15,900 glucose units (Tester
et al., 2004).

The ratio of the two polysaccharides varies according to the botanical origin of the starch. For
normal starches, amylose typically makes up 20%—-35% of the total starch. Over the years, mutants
of many cereal species with amylose content significantly lower or higher than this normal range
have been developed. High amylopectin cereal grains (amylose content <15% of total starch) are
generally described as waxy since the endosperms of the first mutants discovered have a waxy
appearance. For example, waxy corn is a starch variant of normal corn. It was first found in China
in 1908. The trait is controlled by a single recessive gene. High amylose corn is a mutant that has an
amylose content higher than 50% (Neuffer et al., 1997).

When suspended and cooked in water, amylose and amylopectin exhibit different properties
due to physical structure and chemical bonding. When in solution, the linear structure of amylose
assists in rapidly aligning with itself, resulting in more extensive hydrogen bonding and high gel
strength. Thus, a high amount of energy is required to break these bonds and gelatinize starches
with higher amylose content. The highly branched structure of amylopectin yields a large molecule,
resulting in high viscosity. However, the branched amylopectin molecules cannot align as easily,
thus have weaker hydrogen bonding and lower gel strength (Ellis et al., 1998). Such a difference in
physicochemical properties between the two types of starch has something to do with grain-based
ethanol production. For example, Sharma et al. (2007) evaluated the effect of two enzyme systems
(granular starch hydrolyzing vs. conventional enzymes) and different ratios of amylose to amylo-
pectin of corn starch on ethanol production. They found differences in ethanol yields between the
two enzyme systems and among different amylose/amylopectin ratios. For pure starch and maize
samples, the high amylopectin type resulted in higher ethanol concentrations than the high amylose
type, by either enzyme system.
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The waxy and normal types of cereal grains are readily distinguished by an iodine staining
technique (Neuffer et al. 1997). Upon contact with iodine/potassium iodide solution, the normal
grain typically stains deep blue because of the presence of amylose. However, for waxy types, which
contain little or no amylose, they stain yellow to brownish red. One exception is sorghum, for which
iodine is less indicative since its binding is reduced in lines with corneous endosperm. However,
according to Pedersen et al. (2004), the iodine stain technique can be made applicable to sorghum
grains, by heating samples at 95°C for 1 h to gelatinize starch first.

4.3.2.2 Starch Granules

Starch occurs as discrete granules in a broad array of plant tissues. In cereal grains, the granules are
synthesized in plastids during seed development. The plastids that form starch are known as amy-
loplasts. In the cereals (corn, wheat, barley, rye, sorghum, and millet) with simple starch granules,
each plastid contains one granule. In rice and oats, which contain compound starch granules, many
granules are found in each amyloplast.

Starch granules are solid, optically clear bodies that appear white when seen as a bulk powder
because of light scattering at the starch—air interface. Starch granules contain about 98%—99%
amylose and amylopectin. The rest are some minor constituents, including lipids (such as lysophos-
pholipids and free fatty acids), protein, and minerals (Tester et al., 2004).

TABLE 4.5
Properties of Starch Granules of Cereals
Range of Gelatinization Granule
Cereal Grain Temperature (°C) Shape Size (um) Special Features
Barley 51-60 Small, spherical 2-10 As wheat
Large, lenticular 10-30
Corn 62-72 Spherical 2-30 In floury endosperm
Polyhedral 2-30, average 10 In flinty endosperm
Millets (Pearl) Spherical 4-12 As corn
Polyhedral 4-12
Oats? 53-59 Compound, up to 60 Comprising up to
spherical 150 granuli
Simple, polyhedral 2-5
Rice? 68-78 Compound, up to 50 Comprising up to 80 granuli
polygonal
Simple, polyhedral 2-5
Rye 51-60 Large lenticular 10-40 As wheat, often displaying
radical cracks, visible
hilum
Sorghum 68-78 Spherical 16-20, average 15  As corn
Triticale 55-62 Large, lenticular 12-30 As wheat
Small, spherical 1-10
Wheat 51-60 Large, lenticular 15-35 Characteristic equatorial
groove
Small, spherical 1-10 Polyhedral where closely

packed

Source: Data on “Range of Gelatinization Temperature (°C)” column adapted from Delcour and Hoseney (2010). Adapted
from Kent, N. L., and A. D. Evers, Kent’s Technology of Cereals, 4th ed. Pergamon Press Ltd, Oxford, 1994.
2 Data are for isolated individual granules and not for compound granules.
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FIGURE 4.6 Scanning electron micrographs of isolated starch granules of corn (a) and pearl millet (b). The
white bar on the left micrograph is 10 um. (Reprinted from Robutti, J. L., et al. Modified opaque-2 corn
endosperms. II. Structure viewed with a scanning electron microscope. Cereal Chemistry 51, 173-180, 1974.)
The white bar on the right micrograph is 5 um. (Reprinted from Delcour, J. A., and R. C. Hoseney, eds.
Principles of Cereal Science and Technology, 3rd ed. AACC International, Inc., St. Paul, MN, 2010.)

There are large variations in granule size (1-100 um in diameter), shape (round, lenticular, polyg-
onal), size distribution (uni- or bi-modal), association as individual (simple) or granule clusters
(compound), and composition (ratios of amylose:amylopectin, lipid, moisture, protein, and mineral
content). These variations reflect the botanical origin. In the case of cereal grains, each species has
characteristic features of starch granules, although some are similar (Table 4.5). For example, the
Triticeae tribe (wheat, barley, rye, and triticale) all have two types and sizes of starch granules: the
large (25—40 um) lenticular (biconvex) and small (5—10 um) spherical granules. Corn and sorghum
are very similar to each other in shape and size. They average about 20 um in diameter and their
shape varies from polygonal to almost spherical (Figure 4.6). Pearl millet starch is also similar to
that of corn and sorghum, except that its granules are smaller. Starch granules of rice and oats are
similar in that they are small (2-5 um) in size and polygonal in shape, and have some compound
granules in which many granules fit together to produce large void holes. However, the two differ
in size and shape of compound granules. Those of oats are large and spherical, and those of rice are
smaller and polygonal.

Within the endosperm of a species, small differences in granule shape may arise as a result
of granule packing conditions. These can be seen in grains as mealy (or opaque) and vitreous (or
horny) regions. In mealy regions, packing is loose and granules adapt what appears to be their
natural form. In horny regions, close packing causes granules to become multifaceted as a result of
mutual pressure. Small indentations can also arise from other endosperm constituents such as pro-
tein bodies. For example, in the grain of corn and sorghum, starch granules in cells near the outside
of the kernel (i.e., in the vitreous endosperm) tend to be polygonal, whereas those in cells from the
center of the kernel (in the opaque endosperm) tend to be spherical.

In wet milling of grains, starch granules must be released from the matrix in order to recover
starch. This can be accomplished by treating grains (such as corn) with an alkali (such as SO,,
which is also a reducing agent) at 45°C—50°C. This step is commonly known as steeping, which
causes the matrix structure to weaken. When the treated endosperm is pulverized in water, the
starch granules are released free of adhering matrix and can be separated by a gravitational proce-
dure, such as centrifugation. The matrix fragments are recovered as a high protein fraction called
gluten, which also contains endosperm cell walls and small starch granules (Kent and Evers, 1994).
In dry grind processing for ethanol production, the whole grains (mostly corn) are dry milled, and
then mixed and/or cooked with water. The starch in the flour matrix is converted into sugars by
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enzymes and fermented into ethanol and carbon dioxide by yeast (Bothast and Schlicher, 2005;
Chapter 5 of this book).

4.3.2.3 Gelatinization

When starch is heated in the presence of water, such as in aqueous solution, it undergoes a series
of changes known as gelatinization. This phenomenon is manifested as several changes in proper-
ties, including granule swelling and progressive loss of organized structure (detected as loss of
birefringence and crystallinity), increased permeability to water and dissolved substances (includ-
ing dyes), increased leaching of starch components, increased viscosity of the aqueous suspension,
and increased susceptibility to enzymatic digestion. These changes are required and responsible
for achieving certain unique characters of many foods containing starch, and in many cases for
maximum conversion of starch to glucose in ethanol production based on starch or starch-containing
feedstock.

When starch is placed in water at a room temperature, the granule is freely penetrated by water.
With hydration, the starch can hold about 30% increase of its dry weight as moisture. The granule
swells slightly, and this volume increase is generally considered to be about 5%. The volume change
and water absorption are reversible, and heating the system to just below 60°C (the exact tempera-
ture depends on the variety of starch) will not bring about any other changes.

However, when the temperature is raised to above 60°C or higher, irreversible changes occur.
At this high temperature, a few of the granules, usually the largest ones, swell very rapidly. As
the temperature continues to rise, other granules undergo the same rapid swelling until, within
a temperature range of 10°C—15°C, almost all have swollen. The process is known as starch
gelatinization, which is defined as the loss of starch birefringence, as examined under polarized
light. The temperature range over which the swelling of all the granules in the microscope field
occurs is known as the gelatinization range. It includes initiation, midpoint, and termination
in terms of temperature, is characteristic of the particular variety of starch being examined,
and serves as a means of identification of starch (Table 4.5). The irreversible swelling is endo-
thermic and can be quantified by thermal analysis techniques, such as differential scanning
colorimetry.

Certain other changes occur simultaneously or shortly after the initial swelling of the starch
granules. One of them is an increase in the clarity of the starch suspension, which may be measured
quantitatively by a sudden change in light transmission. Another change is an increase in viscosity
of the starch suspension. The viscosity increase results from substantial hydration and swelling of
starch granules. With continued heating, the starch granules become distorted, and soluble starch
is released into the aqueous system. The soluble starch and the continued uptake of water by the
remnants of the starch granules are responsible for the viscosity increase. The changes, which occur
after starch gelatinization, are termed pasting, during which solubilization of the starch continues.
In excess water, the starch granule is not completely solubilized until the system reaches a tempera-
ture of 120°C or higher.

Then, there is a change that is of great significance in the baking of yeast breads and fuel etha-
nol production from starch or starch-containing feedstocks. It is the increase in susceptibility of
the starch to enzyme attack. Although amylase can attack raw starch to a limited extent, depen-
dent on both the type of starch and the source of the enzymes, its rapid action on starch follows
gelatinization (Gallant et al., 1992; Oates, 1997; Tester et al., 2006). The extent of amylase action
on starch depends on several factors, including medium temperature, pH, the source of particular
amylases, etc.

In a typical dry grind process for fuel ethanol production, which also leads to production of
DDGS, grains, mostly corn kernels, are ground in a hammer mill without removing other compo-
nents, then slurried with water and o-amylase. The slurry is heated to high temperatures to gelati-
nize starch so that the amylase can randomly cleave the large o-1, 4-linked glucose polymers into
shorter oligosaccharides known as dextrin. This phase is called liquefaction. After liquefaction, the
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mash is cooled, and glucoamylase is added to convert the liquefied starch into free glucose (ferment-
able sugars). This second phase is known as saccharification. Then, yeast is added to the mash to
ferment the sugars into ethanol and carbon dioxide, and the remaining unfermented constituents are
recovered and become DDGS (Power, 2003; Bothast and Schlicher, 2005). Refer to Chapter 5 for
more in depth information on processing of corn into fuel ethanol.

Using the traditional amylase enzymes, without heating the slurry to gelatinize starch, the reac-
tion would be very slow and result in slow and only partial macromolecule hydrolysis and very poor
product gain (Oates, 1997). However, by heating the slurry, the process requires an intense amount
of energy and special equipment, such as heat exchangers, steam jet cookers, and holding tanks.
Although the traditional process is highly advanced, the process inevitably limits a plant’s produc-
tion capacity. To overcome this limitation, for the past decade, an effort has been to develop new
types of amylolytic enzymes capable of hydrolyzing starch granules that have not been gelatinized
(Kumar, 2008; Szymanowska and Grajek, 2009). The progress is marked by introduction of the
commercial enzyme preparation called Stargen developed by Genecor in 2005. The preparation
contains two amylolytic enzymes: a-amylase from Aspergillus kawachi expressed in Trichoderma
reesei and glucoamylase from Aspergillus niger. These enzymes work synergistically below the
gelatinization temperature. The omission of the energy-consuming process of thermal liquefac-
tion allows reduction in operational costs. The new process is known as the raw starch hydrolysis
method, also referred to as cold cooking or cold hydrolysis.

4.3.2.4 Gel Formation and Retrogradation

After gelatinization and pasting of starch, the amylose and amylopectin molecules may be consid-
ered “dissolved.” When the system is allowed to cool without stirring, it will form a gel. A gel is a
liquid system that has the properties of a solid. Some common examples are gelatins, pie fillings,
and puddings. In gels, a small amount of solid material holds a large amount of water. Gelling
of pasted starch is mainly due to the formation of intermolecular bonds, mostly hydrogen bonds.
Amylose plays a more important role than amylopectin. For amylose, concentrations as low as 1.5%
can form firm gels, while for amylopectin, the intermolecular association is too slight to be of any
permanence unless the paste contains 30% or higher concentrations of starch.

The gel formation becomes progressively stronger during the first few hours after it is prepared.
However, as a gel ages, the starch chains have a tendency to interact strongly with each other and
force water out of the system. The gel shrinks. The squeezing of water out of a gel is called “synere-
sis.” Longer storage gives rise to more interactions between the starch chains and eventually to
formation of crystals. The increased association of the starch, with the accompanying changes in its
properties, is termed retrogradation. When applied to starch, the term does not imply a backward
movement of the starch molecules to their original position within the starch granule. This would
be impossible because of the enormous disruption of the original orientation of the starch molecules
during the swelling process. Instead, it means a return to a more orderly, partially crystalline state,
but one quite different from its original.

4.3.2.5 Starch-Degrading Enzymes

Three enzymes are important for hydrolyzing starch to smaller molecules and eventually glucose
(Kent and Evers, 1994; Delcour and Hoseney, 2010). They are o-amylase, B-amylase, and glucoam-
ylase. Some of these enzymes (0.~ and 3-amylases) are naturally present in cereal grains and become
active during germination. All three enzymes can also be produced and isolated from microbial or
other biological sources, and then added to starch or cereal flour as exogenous sources.

a-Amylase (EC 3.2.1.1) displays an endoaction and can hydrolyze the a-1,4 linkage of starch
internally and randomly, yielding low molecular weight dextrins. It is optimally active at about
pH 5.3, and contains calcium iron in its structure, which is necessary for its catalytic activity.
When the starch has been gelatinized and pasted, o.-amylase decreases the size of large starch
molecules rapidly and thus reduces viscosity of a starch solution. However, given sufficient
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time, they also degrade granular starch (native, unheated starch) but slowly. Sound, intact cereal
grains have low levels of the enzyme, but upon germination, the level of ai-amylase increases
many times.

B-Amylase (EC 3.2.1.2) is an enzyme having an exoaction. It can hydrolyze starch from the
nonreducing chain end. The product removed through -amylase action is maltose due to the hydro-
lysis of alternate o-1,4 linkages. 3-amylase alone is basically inactive on granular starch but is
capable of rapid action when the substrate is solubilized. f-amylase is found in sound, intact cereal
grains and the level does not increase much as a result of germination. Its optimal pH is 5.5 and the
enzyme is more susceptible to heat inactivation than oi-amylase.

Even the combined action of o- and B-amylases cannot completely digest solubilized starch.
Neither of them can catalyze hydrolysis of a-1,6 linkages and hence branch points of starch remain
intact. Also those a-1,4 bonds close to branch points resist hydrolysis by the enzymes. Therefore,
only about 85% of starch is converted to simple sugars. In order to increase yield of sugars in com-
mercial processes, a debranching enzyme may be used. Glucoamylase (also known as amyloglu-
cosidase, EC 3.2.1.3) from fungal sources is a popular debranching enzyme used commercially. It
can catalyze hydrolysis of o-1,4 linkages at the nonreducing ends of the starch molecules and thus
release glucose as an end product. Although slower, the enzyme can also hydrolyze o.-1,6 linkages.
Therefore, this enzyme can completely convert starch to glucose.

During fuel ethanol production by wet milling or dry grind processing, both o-amylase and
glucoamylase are used to convert starch into glucose (Kelsall and Lyons, 2003). After starch is
separated and heated (as in wet milling) or after grains are dry milled and flour is slurried and
heated to gelatinize starch (as in dry grind), o-amylase is added. The enzyme acts randomly on
the o-1,4 glucosidic linkages in amylose and amylopective but does not break the o.-1,6 linkages of
amylopectin. The resulting shorter straight chains (oligosaccharides) are called dextrins, while the
shorter branched chains are called o-limit dextrins. The mixture of dextrins is much less viscous
than pasted starch. The step is commonly known as liquefaction. Then a second enzyme, glucoamy-
lase, is added. The enzyme converts both types of dextrins into individual glucose molecules. The
step is known as saccharification.

4.3.3 PROTEINS

Protein is the second most abundant constituent of cereal grains, following starch. Depending on
cereal species, variety, and agronomic conditions, the protein content can range from 5% to 20%.
The type and amount of protein in cereal grains are important in terms of nutritional values as well
as impacts on functional properties of food or feed containing the protein. For example, bread qual-
ity is mostly influenced by the type (proportion of gluten relative to the total protein) and content of
wheat proteins in dough (Shewry, 2007).

During ethanol production from grains, proteins are either isolated before fermentation of starch
into ethanol (such as in wet milling) or go through fermentation but remain in the coproduct, rela-
tively unchanged (such as in dry grind processing). The relationship between the amount and the
type of protein in a feedstock and the efficiency of bioethanol production has not clearly been dem-
onstrated, but they have impact on nutritional quality of coproducts, such as distillers grains.

In term of classification, traditionally, cereal proteins have been classified into four types, accord-
ing to their solubility, based on the classical work of T. B. Osborne in the early twentieth century
on wheat. Albumins are proteins soluble in water. Their solubility is not affected by salt concentra-
tions within a low range. However, these proteins can be coagulated upon heating. The classical
example of this type of protein is ovalbumin (egg white protein). Globulins are proteins insoluble
in pure water but soluble in dilute salt solutions, but insoluble at high salt concentrations. This class
of proteins shows the classic salting in and salting out property. Glutelins are proteins insoluble in
neutral aqueous solution, saline solutions, or alcohol but soluble in dilute acids or bases. Prolamins
are proteins soluble in aqueous (70%—90%) ethanol. To add complexity to terminology, the glutelin
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of wheat is named glutenin, that of rice oryzenin, and that of barley hordenin. The prolamin of wheat
is named gliandin, those of corn, sorghum, oats, and barley are zein, kafirin, avenin, and hordein,
respectively.

This traditional classification is still used today, as it has stood the test of time. The method
gives reproducible results and provides useful information about cereal proteins. However, it has
some limitations. The fractions obtained show much complexity and are mutually contaminated.
In addition, some proteins do not appear to fall into any of the four solubility groups. For example,
wheat, barley, and rye contain glycoproteins, which are soluble in water but not coagulated by heat.
Delcour and Hoseney (2010).

Most albumin and globulin proteins are physiologically active (enzymes). In cereals, they are
concentrated in cells of aleurone and germ, but are lower in the endosperm. Nutritionally, these two
types of proteins have a very good amino acid composition, relatively high in lysine, tryptophan,
and methionine. The prolamins and glutelins are usually storage proteins. The cereal plant stores
them in protein bodies. These proteins are limited to the endosperm in cereals, and in contrast to
albumins and globulins, they are low in lysine, tryptophan, and methionine. Since albumin and
globulin proteins are present in much lower quantity than the two storage proteins, the amino acid
composition of whole cereal grain is thus influenced mostly by that of prolamins and glutelins.

Among the cereal flours, only wheat flour has the ability to form strong and cohesive dough that
retains gas and produces a light, aerated baked product. Wheat proteins, and more specifically, the
gluten proteins (a combination of glutenin and gliadin), are believed to be primarily responsible for
that uniqueness of wheat flour. Thus, the storage proteins of wheat are unique because they are also
functional proteins.

The proteins of cereal grains other than wheat do not have dough-forming properties to any
extent. Rye and triticale probably come closer than the others, but their doughs are still weak. In
many parts of the world, the so-called coarse grains, such as corn, sorghum, and pearl millet, are
used to make dough-type products, such as chapathi of India, and tortilla of Central and South
America. The dough produced is quite different from a wheat flour dough. The major cohesive force
appears to be that created by the surface tension of water rather than by the cereal proteins.

In general, the protein content of cereal grains is estimated as the nitrogen content times 6.25.
This factor is used for all cereals except for rice and wheat. The protein content of wheat is calcu-
lated as nitrogen content times 5.75, while the protein content in rice is calculated by multiplying the
nitrogen content with 5.95 (Hoseney, 1994).

4.3.4 LiriDs

Lipids present in cereals are complex as they consist of a large number of chemical classes and indi-
vidual compounds. The distribution of the classes and compounds varies with not only cereal species,
but also structural parts. Also, lipids can be bound to various other constituents in cereal and thus the
same chemical entity can exhibit differences in solubility and other properties (Kitahara et al., 1997).

In general, the lipid content in cereals, based on the whole grain, is relatively low (about 3%, dry
basis). Some grains, such as oats, contain higher content of lipids. Most lipids are concentrated in germ
and aleurone. Corn is the major cereal used commercially for the production of oil. Rice bran oil and
wheat germ oil are also in minor commercial production. With regard to lipid classes, the main com-
ponents are triglycerides (about 70% of total lipid content). Phospho- and glycolipids are also signifi-
cantly present. Minor components include free fatty acids, tocopherols, tocotrienols, and phytosterols
(Moreau et al., 2001). Similar to lipids of oilseeds, the five main fatty acids of cereal lipids are palmitic,
stearic, oleic, linoleic, and linolenic acids. From the outer surface to the inner core of seeds, the oil con-
tent decreased, while palmitic and stearic acids (in relative %) increased, oleic and linolenic decreased,
and linoleic changed slightly (Liu 2011). Like protein, during dry grind processing, lipids in cereal
grains undergo little change, and end up mostly in the coproduct (DDGS). Methods for removing
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lipids at either the frontend or backend during dry grind processing for ethanol production have been
developed (see Chapters 5 and 8). The subject of lipids in DDGS is sufficiently covered in Chapter 9.

4.3.5 NONSTARCH POLYSACCHARIDES

Nonstarch polysaccharides (NSP) are the constituents of grain cell wall materials. They are the main
components of cereal grains, covering a large number of chemical compounds. These compounds
consist of cellulose and noncellulosic carbohydrates. The latter includes a range of heteropolysac-
charides without o-glucosidic linkages.

Similar to amylose, cellulose is a linear polymer of D-glucose units with 1,4 linkages. However,
the steric configuration of the linkage on carbon 1 is B in cellulose, instead of o as in amylose.
Because it is unbranched and has essentially a linear configuration, cellulose modules associate
strongly with each other by forming hydrogen bonds between chains, and is quite insoluble. As par-
tially crystalline microfibrils, it forms the basic structural materials of the cell walls of plant tissues.
Hulls are the rich source of cellulose in cereal grains. Thus those cereals that are harvested with their
hull intact (rice, barley, and oats) contain more cellulose than others. The pericarp of cereals is also
quite rich in cellulose (up to 30%). The endosperm contains much less cellulose (only about 0.3%).

The noncellulosic carbohydrates can be further classified into neutral (containing mainly neutral
sugar residues), acidic (containing mainly uranic acid residues, also referred to as pectic substances),
and hemicellulose (Asp, 1996). Hemicellulose, sometimes, known as pentosans, are widely distrib-
uted in the plant kingdom and thought to make up the cell walls, along with cellulose and other
substances, and serve as a cementing material that holds cells together. Chemically, they are quite
diverse, varying in composition from a simple sugar such as is found in B-glucans, to polymers that
may contain pentoses, hexoses, proteins, and phenolics. Sugars that are often reported to be constit-
uents of cereal hemicellulose include D-xylose, L-arabinoes, D-galactose, D-glucose, D-glucuronic
acid, and 4-O-methyl-D-glucuronic acid. Hemicelluloses are sometimes further divided into water
soluble and water insoluble types. Due to the lack of uniform extraction and purification procedures,
as well as lack of a definite test to show if one has a pure entity, the establishment of the true chemi-
cal nature of these fractions has been difficult.

Cell walls of different cereals have some common components. In general, cellulose is one compo-
nent present in all cell walls. It is the material of the simplest and the youngest structure. In most cases,
additional carbohydrates of varying complexity are deposited as a matrix, and some proteins are also
included. Lignin is a common component of secondary thickening in the pericarp of all cereal grains.
It is found in the pales but this is relevant to processing only in those grains of which they remain
a part after threshing (i.e. oats, barley, and rice). The walls of nucellus and seed coat are generally
unlignified. Walls of cereal endosperm (aleurone and starchy endosperm) consist predominantly of
arabinoxylans and (1-3, 1-4) B-glucans, with smaller amounts of cellulose, heteromannans, protein,
and estified phenolic acids. They are unlignified and contain little, if any, pectin and xyloglucan, or
hydroxyproline-rich glycoprotein, all of which are common components of other primary cell walls.

However, cell wall composition is not consistent among species. This is particularly true with the
composition of endosperm cell walls. For example, wheat has arabinoxylans as major components
while barley and oats have cell walls rich in mixed linkage B-glucan. Recently, a great attention has
been paid to B-glucan, due to their cholesterol lowering action (Chen and Huang, 2009). B-Glucans
are also linear glucose polymers as is cellulose, but consist of about 30% of -1,3 linkages and 70%
of B-1,4 linkages, whereas cellulose has only B-1,4 linkages. It is considered as a soluble dietary
fiber and can be used as functional food ingredients (Brennan and Cleary, 2005).

Beside the nutritional significance, information also exists as to the possible significance of dif-
ferences in cereal cell wall composition as related to chemical and physical properties of cereal
grains. Hicks et al. (2005) examined production of ethanol from barley instead of corn, but found
that the presence of mixed linkage B-glucans caused high viscosity during processing. To solve this
technical problem, they screened several commercial enzymes that can hydrolyze B-glucans and at
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the same time increase ethanol yield due to the fermentable glucose formed. Further information
can be found in Chapter 6. A report also indicated that high B-glucan content in malt can cause dif-
ficulty in the filtering processes during brewing (Bamforth and Barclay, 1993).

Extraction of individual cell wall components is complex and unsuitable for routine analysis.
Nevertheless an estimate of cell wall content is often required, particularly in relation to nutritional
attributes of a product. In particular, NSP is a major component of dietary fiber. Dietary fiber does not
constitute a defined chemical group but a combination of chemically heterogeneous substances, which
cannot be digested by the endogenous secretions of human digestive tract. In recent years, the nutritional
significance of dietary fiber has gained much attention (Anon., 2008; Cho and Samuel, 2009). The defi-
nition of dietary fiber is still evolving. It generally refers to NSP and lignin, but there is scientific evidence
that this definition can be extended to include other indigestible food constituents such as resistant starch,
oligosaccharides, resistant protein, polyphenols, and others (Goni et al., 2009).

Several analytical procedures have been developed to determine undigestible material as fiber,
and each has its own terminology for fiber. These include crude fiber, acid detergent fiber (ADF), and
neutral detergent fiber (NDF) (Bach Knudsen, 2001). Crude fiber is the residue left after boiling the
defatted sample in dilute alkaline and then in dilute acid. The method recovers 50%—-80% cellulose,
10%-50% lignin, and about 20% hemicellulose. ADF refers to the measured residue after samples
are digested with a hot dilute sulfuric acid, containing a detergent cetyl trimethylammonium bro-
mide. NDF is the residue left after extraction with a hot neutral solution of sodium dodecyl sulfate,
also known as sodium lauryal sulfate. The goal is to separate the dry matter of feeds into those that
are nutritionally available by the normal digestive process and those that depend on microbial fer-
mentation for their availability. Therefore, the definition of dietary fiber differs from the above three
in that it is not based on the method by which it is determined but on the value of the component.

During dry grind processing of grains into ethanol, NSP remains relatively unchanged chemi-
cally and all end up in DDGS (Han and Liu, 2010). Unlike other nonfermented components, such
as proteins, lipids, minerals, and vitamins, which are nutritious as animal feed, high levels of NSP

TABLE 4.6
Mineral and Vitamin Composition (mg/100 g Dry Matter) for Several Cereal
Grains

Barley Corn Oats Rice Rye Sorghum Wheat
Minerals
Phosphorus (P) 470 310 340 285 380 405 410
Potassium (K) 630 330 460 340 520 400 580
Calcium (Ca) 90 30 95 68 70 20 60
Magnesium (Mg) 140 140 140 90 130 150 180
Iron (Fe) 6 2 7 — 9 6 6
Copper (Cu) 0.9 0.2 4 0.3 0.9 0.5 0.8
Manganese (Mn) 1.8 0.6 5 6 7.5 1.5 5.5
Vitamins
Thiamine (B1) 0.57 0.44 0.70 0.33 0.44 0.58 0.55
Riboflavin (B2) 0.22 0.13 0.18 0.09 0.18 0.17 0.13
Niacin (B3) 6.40 2.60 1.80 4.90 1.50 4.80 6.40
Pantothenic acid (B5) 0.73 0.70 1.40 1.20 0.77 1.00 1.36
Pyridoxine (B6) 0.33 0.57 0.13 0.79 0.33 0.60 0.53

Source: Adapted from Delcour, J. A., and R. C. Hoseney, eds. Principles of Cereal Science and Technology,
3rd ed. AACC International, Inc., St. Paul, MN, 2010.
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in DDGS are undesirable for feeds of nonruminant animals. However, the carbohydrate portion
of this coproduct may have higher value as a feedstock for additional fuel production. Efforts to
convert NSP into simple sugars through a cellulosic approach (pretreatment and action of cellulosic
enzymes) have been made (Kim et al., 2008). Detailed discussion of this is covered in Chapter 22.

4.3.6 MINERALS AND VITAMINS

About 95% of the minerals in caryopses of cereals consist of phosphates and sulfates of potassium,
magnesium, and calcium (Table 4.6). Some of the phosphorus is present as phytate (Schlemmer et
al., 2009). Important minor elements are iron, manganese and zinc, and copper. In addition, a large
number of other elements are also present in trace quantities. Liu et al. (2007) reported that in hulled
barley grain, major minerals in a decreasing order were P, K, Mg, S, and Ca, which had a level of
0.5 to 5.8 mg/g, while minor minerals, Ba, Cu, Mn, Fe, and Zn, also in a decreasing order, were in
arange of 1 to 30 ug/g.

The content of minerals in hulls of barley, oats, and rice is higher than that in caryopses, and the
hull is particularly rich in silica. Furthermore, within caryopses, minerals are concentrated in the
aleurone layer (Liu et al., 2007). During dry grind processing of grains into fuel ethanol, miner-
als from the original feedstock are concentrated about threefold in DDGS over the original grain.
However, Na, S, and Ca were found to have a much larger (more than three) increase over corn in
some processing streams or DDGS, presumably due to exogenous addition of compounds contain-
ing these minerals during processing (Liu and Han, 2011).

Vitamins comprise a diverse group of organic compounds. They are necessary for growth and
metabolism in the human and animal bodies, which are incapable of making them in sufficient
quality to meet their needs. Most vitamins are known today by either their chemical name or identi-
fication as vitamin A, B, C, etc. Vitamins are sometimes classified according to solubility. Vitamins
A, D, E, and K are fat soluble, but B and C vitamins are water soluble. Fat soluble vitamins are
more stable to cooking and processing. Cereal grains contain significant quantities (in relation to
daily requirements) of B vitamins (thiamin, riboflavin, pyridoxine nicothin acid, and pantothenic
acid) and vitamin E (Table 4.6). Variation in content from one cereal to another is remarkably small
except for niacin, the concentration of which is higher in barley, wheat, sorghum, and rice than in
oats, rye, corn, and the millets. Vitamins are concentrated in the aleurone or the scutellum or both
(Delcour and Hoseney, 2010).

4.4 CONCLUSION

This chapter covers general information about the structure and composition of cereal grains as
well as unique features of each. Cereal grains are the fruits of cultivated grasses and members
of Gramineae family. The fruit of a cereal is botanically known as caryopsis, featured by fusion
of fruit wall and seed coat. A cereal grain generally consists of embryo, endosperm, and tissues
surrounding the embryo and endosperm. Some species also have hulls. Each of these structural
parts also consists of different structural tissues and has different chemical compositions. However,
these structural parts are adapted differently among cereal species and there are wide variations
in size and shape. In terms of composition, cereal grains are characterized by a small amount of
water, abundant starch, sufficient protein and fiber, and relatively lower amounts of lipids. Minerals
and vitamins are also present. However, there is considerable variation among species and among
varieties within a species. During dry grind processing of grains into fuel ethanol, only starch
is hydrolyzed to sugars, which are fermented into ethanol and carbon dioxide. All other chemi-
cal components remained relatively unchanged chemically and end up in a coproduct known as
distillers dried grain with solubles (DDGS). Therefore, differences in grain species and feedstock
composition will have impact on not only the yield and production efficiency of ethanol but also the
composition and nutritional values of DDGS.
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Before examining all of the different possible uses of distillers dried grains with solubles (DDGS),
a discussion regarding ethanol and DDGS production methods is warranted. This chapter will cover
current production processes and some of the new practices that have been developed and are being
adopted at plants, including front-end fractionation and back-end fractionation. Additionally, standard
coproduct definitions will be discussed, as they govern the marketing and sales of these materials.

5.1 PRODUCTION PROCESSES AND PRODUCTS

While corn can be converted into ethanol by three commercial processes, namely wet milling, dry
milling, and dry grind ethanol processing (Rausch and Belyea, 2006), only the last process, which
constitutes the major growth in the U.S. fuel ethanol industry in recent years, will be thoroughly
discussed in this chapter. As pointed out in a previous chapter, over 80% of U.S. ethanol plants cur-
rently use the dry grind process. Some plants are, however, beginning to implement dry milling and
wet milling fractionation processes to produce more product streams at less cost than a wet milling
facility (RFA, 2009).

73
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5.1.1 DRy GrIND PROCESSING OF CORN TO ETHANOL

The dry grind process has become the predominant method for production of fuel ethanol in recent
years (in 2009 approximately 80% of all U.S. ethanol plants were dry grind) because of its lower
investment and operational requirements, as well as advances in fermentation technology. The dry
grind process (Figure 5.1) entails several key steps, including grain receiving, distribution, stor-
age, cleaning, grinding, cooking, liquefaction, saccharification, fermentation, distillation, ethanol
storage and loadout, centrifugation, coproduct drying, coproduct storage, and loadout. Additional
systems that play key roles include energy/heat recovery, waste management, grain aeration, CO,
scrubbing and extraction, dust control, facility sanitation, instrumentation and controls, and sam-
pling and inspection. Figure 5.2 depicts an example of how all of these pieces may fit together in a
commercial plant. During operation of a plant, there are many complex interactions between all of
these components, and they all must work in concert for the plant to be efficient and effective.

A brief summary of dry grind ethanol production will be provided below. Additional detailed
information on these processing steps can be found in Tibelius (1996), Weigel et al. (1997), Dien
et al. (2003), Jaques et al. (2003), Bothast and Schlicher (2005), Rausch and Belyea (2006), and
Ingledew et al. (2009). The reader is referred to these sources for more specific information. In
addition, the effects of processing methods on physical properties are covered in Chapter 7, while
the effects on DDGS composition are covered in Chapter 8.

While there are some ‘“‘standard” configurations in terms of plant construction, each facility is
actually unique—no two are identical. Design choices often depend upon individual client needs
and requirements, operational flexibility, the ability to expand in the future, the creativity and imag-
ination of engineers and designers, but most importantly, on cost.

5.1.1.1 Receiving, Cleaning, and Storage

As in traditional grain elevators, receiving operations introduce incoming grain into the storage
facility. Corn is typically delivered to an ethanol plant in large wagons, hopper-bottom semitrucks,
or even by rail cars at the large plants. The incoming grain is sampled at the receiving station (gener-
ally at or prior to the truck scale), and tested for moisture content, broken and foreign material, mold
damage, and sometimes mycotoxin levels. Because of the extra expense associated with mycotoxin
testing, plant managers typically monitor the harvest crop quality forecasts for mold and mycotoxin
pressures, in order to determine how rigorous their mycotoxin testing should be. After testing, the
inbound grain is then dumped into an underground receiving pit, and then transferred to mechani-
cal distribution equipment (i.e., bucket elevators, spouts, and conveyors), which then transport the
grain to storage. A key consideration with this operation is to maximize material throughput and
minimize waiting time (especially at harvest). Receiving hopper (Figure 5.3) volumes can be up to
1200 bu (42.3 m?), and conveyor capacities are often greater than 20,000 bu/h (705 m?3/h). Bucket
elevators are used for vertical grain transfers (Figure 5.4), while drag or belt conveyors are used for
horizontal transfers (although screw conveyors are often used for moving DDGS and distillers wet
grains (DWG), but that will be discussed later).

In terms of grain storage, there are two options that are commonly used in the ethanol industry:
concrete silos and steel bins (Figures 5.4 and 5.5). Concrete silos are most common for large-volume
storage, and can be built with heights up to 150 ft (45.7 m), diameters up to 100 ft (30.5 m), and often
have storage capacities of several hundred thousand bu (sometimes even greater than 1 million bu
[35,239 m3; ~28,000 tons; ~25,400 t]) per silo. Steel bins, on the other hand, are more common for
lower-volume storage (these are often found at small to midsize ethanol plants [~20 to 60 million
gally]), and are often used for future facility expansions (even at the large ethanol plants [~80 to
150 million gal/y]. They are typically built with heights up to 115 ft (35 m), diameters up to 105
ft (32 m), and often have storage capacities more than 100,000 bu (3524 m?3) (depending upon the
diameter and height used). A typical rule of thumb is to have between 7 and 10 days of corn storage
onsite at the ethanol plant.
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FIGURE 5.1 Flow chart of typical corn dry grind fuel ethanol and coproducts processing. (Adapted from
Rosentrater, K. A. International Sugar Journal 109(1307): 1-12, 2007.)
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FIGURE 5.2 General plan view of a typical fuel ethanol plant.

FIGURE 5.3 A below-ground grain receiving hopper accepts incoming corn by truck or rail, and then the
corn is transferred to a bucket elevator by a drag conveyor (author’s photograph).
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FIGURE 5.4 Corn is conveyed vertically by bucket elevators, and horizontally by drag conveyors. Note
the drag scalper between the bucket elevator discharge and the distribution conveyor—it is used to clean the
incoming grain. This is a 21-million gal/y plant (author’s photograph).

FIGURE 5.5 A large-scale ethanol plant often uses both types of grain storage options. Large concrete silos
are generally constructed with the original facility, and steel bins are then installed during future expansions.
Note the small concrete silos used for DDGS storage. This is a 120-million gal/y (450 million L/y) plant
(author’s photograph).

After storage, the corn is then sent through at least one coarse cleaning operation, such as scalp-
ing and/or screening (Figure 5.6). This is done to remove broken corn kernels, fines, and chaff from
the grain (i.e., screening), as well as foreign material (such as rocks, stems, cobs, leaves, and insects)
(i.e., scalping). Also, large magnets (generally mounted on the grain spouts) are used to remove
metal objects that may be in the grain stream. Removing these types of materials is very important
for subsequent grinding and fermentation operations.
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5.1.1.2 Grinding

In the conventional dry grind process, the entire corn kernel is ground into either a coarse meal or
flour using either a hammer mill or a roller mill (Figure 5.7). Corn is ground before processing into
ethanol in order to reduce particle size, which increases the surface area and thus exposes the starch
in the endosperm so that it can more easily be accessed and transformed by the enzymes and yeast
during subsequent processing steps. The resulting particle size can be affected by a number of fac-
tors, including the grinding equipment used (i.e., hammer mill or roller mill), the screen size (if a
hammer mill is used), the roller or rotor speed, equipment wear, and the characteristics of the corn
kernels themselves, such as hardness, shape, size, moisture content, existing stress cracks and frac-
tures, and structural susceptibility to breakage. Typical particle size distributions of ground corn for
ethanol production can range (lognormally) from 2.0 mm to less than 0.25 mm. Liu (2009a) found
geometric mean diameter (d,,,) values for ground corn ranging from 0.430 to 0.516 mm from six
ethanol plants; while Rausch et al. (2005) found a geometric mean value of 0.94 from nine ground

FIGURE 5.6 Two common types of grain cleaning equipment include drag scalpers (shown on the left) and
rotary scalpers (shown on the right) (author’s photograph).

FIGURE 5.7 Schematic representation of size reduction (i.e., grinding). The image on the left illustrates the
basic operation of a hammer mill, while the image on the right depicts a roller mill.
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corn samples. Particle size has been shown to affect ethanol production. For example, Naidu et al.
(2007) examined the effects of five ground corn particle size distributions (0.5, 2.0, 3.0, 4.0, and
5.0 mm). They found that particle size affected both ethanol yield and the concentration of soluble
solids in the resulting thin stillage. The highest ethanol yield (12.6 mL/100 mL of beer) was attained
at a particle size of 0.5 mm, which resulted in a soluble solids concentration of 25.1 g/L in the thin
stillage. This was higher than the concentrations obtained for the other particle sizes, which had a
mean concentration of 16.2 g/L.

Of the two main types of grinding systems, hammer mills are most common at ethanol plants
because of high throughput capacities; but the trade off is high energy consumption (up to 600 hp
[450 kW] can be required). Knives within the rotor assembly often travel at linear speeds between
9000 and 24,000 ft/min (2743 to 7315 m/min), depending on the diameter, and screen surface areas
can be up to 6000 in? (3.9 m?), especially for the larger hammer mills.

Roller mills are not often used in ethanol plants, but they are sometimes used in plants that use
the dry milling process (which will be discussed later). These types of mills often have higher capi-
tal costs than hammer mills, but they will have greater throughput at a given horsepower. They gen-
erally produce coarser, but more uniform particle size distributions, and will not generate as many
fines, nor will they heat the product as much. Rollers are generally between 9 and 12 in (23 and 30.5
cm) in diameter, and often travel at linear speeds between 1500 and 3000 ft/min (457 and 914 m/
min). The grooved rollers rotate at slightly different speeds in order to grind the kernels. Additional
details on corn milling can be found in Kelsall and Piggot (2009).

5.1.1.3 Cooking and Liquefaction

After grinding, the corn flour is mixed with water from the backset and process condensate (10%
to 60% of the total liquid supplied, in fact, thus conserving water and energy) to form a slurry of
approximately 30% solids. The starch, which has been exposed during milling, is then prepared for
fermentation. The pH is adjusted to between 5.5 and 6.0 by the addition of ammonia (NH;), lime
(CaCO0,), or sulfuric acid (H,SO,), and the enzyme o-amylase is added at a rate between 0.04%
and 0.08% (of the corn, on a dry basis, db). The slurry is then heated to between 80°C (176°F)
and 95°C (203°F) for 15 to 20 min (although some plants may hold the slurry as long as 40 min)
to begin starch gelatinization, which makes the starch more accessible and amenable to modifica-
tion during subsequent processing steps, and allows the slurry to be pumped because the viscosity
is reduced. The ground corn, backset, and cook water can also be added together simultaneously,
which can result in an immediate temperature of ~85°C (185°F). The slurry is cooked using a jet
cooker, which injects steam into the slurry (Figure 5.8). An actuator is used to adjust the mixing of
the streams, and cooking temperatures between 120°C (248°F) and 140°C (284°F) are achieved.

ﬂ Steam
=

=
I 1
] Iiislurry
— =
ﬁ Warm slurry

FIGURE 5.8 Schematic representation of a jet cooker.
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During cooking, the slurry is held in a cooking column for 5 to 20 min, which fully gelatinizes the
starch and breaks down the crystalline structure of the starch granules. After cooking, the slurry
is then cooled to between 80°C (176°F) and 95°C (203°F) by flashing to atmospheric pressure in a
vacuum condenser.

The mixture is then held in a liquefaction tank at 85°C (185°F) to 95°C (203°F) for 30 to 120 min,
and more o-amylase enzyme is added at a rate between 0.05% and 0.08% (of the dry solids in the
slurry). Caustic solution from the clean-in-place (CIP) system, or sulfuric acid, may be added to
maintain the pH between 5.5 and 6.5. Lime and calcium may be added as nutrients for enzymes;
backset may be added (generally 10% to 15%) for nutrients as well; and urea is often added as a sub-
sequent nitrogen source (the yeast will require this nutrition during fermentation). The liquefaction
step breaks the long starch polymers into short chains: the ci-amylase enzyme hydrolyzes the starch
polymers into short glucose chains called maltodextrins. A detailed discussion regarding enzymes,
their importance to ethanol production, and their impact on DDGS is provided in Chapter 24.

5.1.1.4 Saccharification and Fermentation

The next step, saccharification, breaks down the short glucose chains into individual glucose mol-
ecules (known as dextrose). The enzyme o-amylase is used to cleave the o.-1,4 glucosidic linkages,
while the gluco-amylase is used to hydrolyze the o.-1,6 glucosidic bonds (Ingledew et al., 2009). To
accomplish this, mash from the liquefaction stage is cooled using plate heat exchangers to between
55°C (131°F) and 65°C (149°F). Another enzyme, gluco-amylase, is added either in its own tank or
when the slurry is pumped to the fermentation vessels. Sulfuric acid is generally added to produce
a pH between 4.0 and 4.5, which is optimal for this enzyme. The mash is kept at an elevated tem-
perature for several minutes and then cooled to approximately 30°C (86°F) before being transferred
into the fermentation tanks. In recent years it has become common for the saccharification step to
occur in the fermentation tanks; this is known as simultaneous saccharification and fermentation (or
SSF), and is indicated in Figure 5.1.

The mash is then transferred to fermentation tanks (Figure 5.9), which can have volumes greater
than 2.0 million L (528,000 gal) each. Residence times in the fermentors may range from 40 to 72 h.

FIGURE 5.9 Fermentation tanks at a 120 million gal/y (450 million L/y) plant (author’s photograph).
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Generally speaking, pH levels are set at an initial pH of 4.0 to 5.0, and then they are allowed to run;
sometimes they are maintained between 3.5 and 4.0. Temperatures are maintained at approximately
28°C (82°F) to 34°C (93°F) using external recirculating plate heat exchangers. In the fermentation
vessels, gluco-amylase may be added; this enzyme converts the remaining dextrins into glucose.
Yeast (Saccharomyces cerevisiae) is also added to the mash to consume simple sugars and convert
glucose molecules into heat, ethanol, and carbon dioxide. Theoretically, 1 g of glucose will yield
0.51 g of ethanol and 0.49 g of carbon dioxide, following:

C(H,,0, = 2C,H,OH + 2CO..

These maximums, however, will be reduced in reality (generally 90% to 95% of theoretical) due
to a number of factors, including the growth of yeast biomass cells (between 5% and 10% of the
glucose may actually be consumed for cell growth) during fermentation, as well as the possible
production of other secondary products, including glycerol, acetic acid, lactic acid, propanol,
butanol, furfural, or other unintended products. Furthermore, protease activities must be moni-
tored during fermentation to ensure that the yeast are receiving adequate nutrition. When com-
plete, the fermentation slurry will contain between 10% and 15% ethanol, as well as yeast cells,
nonfermentable materials (i.e., proteins, fibers, oils, minerals) that are processed further and sold
as distillers grains, secondary products, and water. A common rule of thumb states that for each
1 kg of corn processed, approximately 1/3 kg of each of ethanol, carbon dioxide, and distillers
grains will be produced. Another rule of thumb states that each bushel of corn (~56 1b; 25.4 kg)
will yield up to 2.9 gal (11.0 L) of ethanol, approximately 18 1b (8.2 kg) of distillers grains, and
nearly 18 1b (8.2 kg) of carbon dioxide.

The carbon dioxide that is produced during fermentation is cleaned, and most often released to
the atmosphere. Sometimes it is compressed and sold to beverage manufacturers, but plant location,
logistics, and economics often make this option cost prohibitive for most plants. Generally, the car-
bon dioxide is subjected to a wet scrubbing system, in which the gas stream is thoroughly in contact
with water in order to remove volatile organic compounds (VOCs). The water from the scrubber is
then recycled through the ethanol plant as process water.

5.1.1.5 Distillation, Dehydration, and Ethanol Storage

The fermented liquid stream that leaves the fermentors is known as beer. The beer is transferred to
a large holding tank called the beer well. The beer is then sent through a stripping/rectifier column
to remove the ethanol. The overflow from the column is a mixture of ethanol and water, while the
underflow is a liquid stream called whole stillage—it contains all the nonfermentable components
of the corn as well as the yeast cells and water. The ethanol-water mixture is further processed
through distillation columns and molecular sieves to remove the water. The mixture is continuously
pumped through a heated multiple-column distillation system (often with 28 to 34 separate stages)
that boils off the ethanol (ethanol has a boiling point of 78°C (172°F), whereas water has a boiling
point of 100°C (212°F)). The superheated alcohol vapor, which is approximately 190 proof (95%
pure ethanol and 5% water) then moves on to dehydration in a molecular sieve (with one or more
columnar beds), which physically separates the remaining water from the ethanol vapor. Molecular
sieves contain microporous beads (such as zeolyte), which adsorb the water vapor and result in 200
proof (100% pure) ethanol. The pure ethanol vapor is then condensed, cooled, blended with a dena-
turant (generally gasoline, so that it is not fit for human consumption, and thus not subject to bever-
age alcohol taxation) to produce the final liquid fuel ethanol product. This is then stored in tanks
until it is loaded onto rail tanker cars for shipping to an ethanol/gasoline blending facility.

5.1.1.6 Coproduct Processing, Handling, and Storage

Conversion of nonfermentable residues into valuable animal feeds and other value-added coprod-
ucts is an important goal. The sale of all types of distillers products as livestock feed substantially
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contributes to the economic viability of ethanol manufacturing, and coproducts are thus vital com-
ponents to each plant’s operation (Rosentrater, 2006). Conversion of nonfermentable materials into
coproducts begins with the whole stillage. The whole stillage (which contains the nonfermentable
materials, in both dissolved and suspended form) generally has an overall solids content of approxi-
mately 5% to 15%, and can be processed into a range of distillers grains coproduct feed materials
(Figure 5.1), depending upon the specific configuration of the ethanol plant. The whole stillage is
centrifuged (most commonly with a decanter style or solid-bowl centrifuge) to remove water (the
resulting process stream is known as thin stillage, and contains high concentrations of the water-
soluble solids); the dewatered product, on the other hand, is known as wet cake, and it contains the
suspended solids that were removed from the whole stillage. Wet cake is often sold directly as DWG
to cattle feedlots that are within the locality of the ethanol plant. Wet cake, or DWG, can contain
between 35% and 50% solids (although it often has 50% to 65%), and thus is still very high in
moisture. Sometimes syrup or partially dried DDGS is mixed with the DWG to produce a modified
product. More details about processing these coproduct streams can be found in Meredith (2003).

Often between 10% and 50% of the thin stillage (which generally contains between 5% and 10%
solids content) is recycled through the process; this is known as “backset.” The balance of the thin
stillage is then processed through a multiple-effect evaporator system to produce condensed distill-
ers solubles (CDS); this is referred to as “syrup” in the industry. During the evaporation process,
the solids content of the thin stillage is increased to between 25% and 55%. CDS is a golden brown,
thickened, highly viscous liquid. CDS is sold as a specific coproduct at only a few plants in the
United States, and is usually fed to cattle as a mixed feed with silage. At most plants, it is recom-
bined with the DWG, and this combination is then dried to about 10%—-12% wet basis (wb), or over
90% solids content (to ensure a stable shelf life), to produce DDGS. This coproduct is a granular,
bulk material, and is physically similar to other dry feed ingredients, such as soybean meal.

If the CDS is not added before the DWG is dried, then the resulting feed product is known as
distillers dried grains (DDG). The majority of ethanol plants are set up to solely produce the dried
coproducts (most currently produce DDGS, while only a few produce DDG). Dried products are
stable, and can be either used locally or shipped via truck or rail for use by distant customers. Lately,
however, there has been growing interest in local use of DWG, because it appears to offer some
nutritional benefits to livestock, and the production of DWG substantially reduces the overall energy
requirements for the ethanol plant vis-a-vis the production of DDG or DDGS.

Drying is one of the most energy-intensive operations of the ethanol plant, and can consume up
to 1/3 of the plant’s entire energy supply (Meredith, 2003a, 2003b). As a rule of thumb, approxi-
mately 0.06 kg of natural gas is required to evaporate 1 kg of water (or 1000 BTU per 1 1b of
water) during drying. Two main types of drying systems are used in U.S. fuel ethanol plants:
rotary drum dryers (Figure 5.10) and ring dryers (Figure 5.11). Each of these types of systems has
several potential configurations. For example, both the rotary drum and the ring dryers can have
partial or full combustion gas recycling systems, and both can be constructed with either a direct-
fired heat source, or they can be indirectly fired (i.e., use heat exchangers to heat the drying air).
Additionally, rotary dryers can use steam tube heating as a heat source instead of air. The equip-
ment used and manner in which the DDGS is dried will greatly impact the resulting nutritional
quality as well as physical properties (more about the influence of processing conditions will be
discussed in Chapters 7 and 8).

At this point in time, rotary drying is the predominant type of drying system used in U.S. ethanol
plants (Figure 5.10 shows a generic schematic for this process); for larger plants, usually more than
one high-capacity dryer operates simultaneously in parallel. To begin the drying process, two prod-
uct streams (DWG and CDS) are blended in a mixing chamber, screw conveyor, or paddle mixer,
before being conveyed to the dryer. Additionally, a portion of freshly dried DDGS (at approxi-
mately 10% moisture content) from the rotary drum dryer is mixed in as well (this DDGS is actu-
ally recycled through the system again). The ratio of DWG, CDS, and freshly dried DDGS is such
that the solids content of the blend is about 65% before entering the dryer. Air temperatures in the
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FIGURE 5.10 An example of a basic rotary drum drying process. (Adapted from Monceaux, D. A.,
and D. Kuehner. In The Alcohol Textbook, Sth ed., eds. W. M. Ingledew, D. R. Kelsall, G. D. Austin, and
C. Kluhspies, pp. 303-322. Nottingham, UK: Nottingham University Press, 2009.)

dryer are very high: at the dryer inlet the temperature can be over 500°C (932°F), and at the dryer
discharge over 100°C (212°F). Most rotary dryers operate in a cocurrent configuration, that is, the
product and the airflow move in the same longitudinal direction inside the dryer. Upon exiting the
dryer, the DDGS will generally be slightly lower (nearly 10°) in temperature than the air discharge
temperature, and it will have approximately 10% to 12% moisture content (wb). Between 50% and
70% of the dried DDGS is then conveyed to storage. The other (i.e., recycled) portion is routed back
to the mixer where it is blended with incoming DWG and CDS. Residence times in rotary dryers
can range from approximately 10 to 20 min (although some particles can reside as long as 60 min,
depending upon the moisture).

It is inside the rotary drum dryer that the DDGS particles are formed, as the drying air removes
water vapor and the particles are mixed with other drying particles. The resulting DDGS character-
istics will thus depend upon a number of drying factors: the ratio of DWG to CDS in the blend prior
to entering the dryer, the process configuration used for blending (i.e. where in the process and how
are the products blended), the ratio of recycled DDGS to stored DDGS, and drying parameters (such
as drying temperatures, air flow rates, and drum rotation speed). Kingsly et al. (2010) examined the
influence of some of these drying process variables on the resulting characteristics of DDGS. The
drying process is also a granulation process, where wet solids are broken up (pulverized) and/or
agglomerated into granulated, flowable materials (Probst and Ileleji, 2009). Having a liquid in the
blend (i.e., CDS) during drying induces particle agglomeration, and results in spherical ball-shaped
solids, which are often referred to as “syrup balls” in the industry. The size of agglomerates depends
on the level of CDS in the blend, the physical process of introducing and blending the CDS with the
DWG and recycled DDGS, dryer rotation speed, as well as the total number of dryer revolutions.
Compared to newer plants, DDGS from older generation plants that use rotary dryers are typically
darker in color, have a larger geometric mean particle size (d,,, of 3 mm or more), and have a larger
particle size distribution. The large agglomerates occur in these older systems because of the way
the CDS is introduced into the blend—often all at once, which precludes thorough mixing with
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FIGURE 5.11 An example of a basic ring drying process (Adapted from Monceaux, D. A., and D. Kuehner.
In The Alcohol Textbook, 5th ed., eds. W. M. Ingledew, D. R. Kelsall, G. D. Austin, and C. Kluhspies,
pp- 303-322. Nottingham, UK: Nottingham University Press, 2009.)

the DWG and recycled DDGS. It should also be noted that the partial recycling of dried DDGS to
reduce the energy requirements for drying, prevent plugging of the dryer, as well as speed up dry-
ing has the potential to cause product degradation due to denaturing of proteins (especially heat-
sensitive amino acids) and other components that are repeatedly exposed to high temperatures.
Another type of rotary dryer configuration that is becoming commonly installed at newer dry
grind ethanol plants consists of a pair of rotary drum dryers connected in series. In this configu-
ration, the blend of DWG, CDS, and freshly recycled DDGS enters the first dryer, which dries
the product to between 25% and 35% moisture content. The DDGS discharging from the second
dryer, on the other hand, is between 10% and 12% moisture content. A portion of the DDGS
from each dryer is recycled back through that specific dryer, along with the incoming material
stream (DWG and CDS for the first dryer; partially dried DDGS and new CDS for the second
dryer). Generally about four times more CDS is added to the second dryer versus the first. This
newer configuration produces DDGS that is lighter (golden) in color, has a smaller particle size
(generally less than 2 mm), and has a narrower particle size distribution. The decrease in particle
size is correlated to a decrease in particle agglomeration during drying, because the addition of
the syrup (which is the agglomeration agent) is accomplished in two stages instead of one, which
reduces agglomeration formation and enhances bulk pulverization. Additionally, the second dryer
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can often be operated at somewhat lower temperatures than the first; this also impacts the result-
ing DDGS properties (Kingsly et al., 2010).

In recent years, ring dryers have become used at many ethanol plants as well (Figure 5.11 shows
a generic schematic for this process). In this type of system, recycled DDGS is mixed with incom-
ing CDS and DWG (as with rotary systems), but then the mixture travels through a disintegrator/
disperser (which provides some particle size reduction) where it is introduced into a moving hot air
stream. The wet material is then pneumatically conveyed through ductwork in the shape of a “ring,”
where the water is partially or totally evaporated from DDGS particles. After traveling around the
ring circuit, the air stream and entrained particles travel through a split manifold where the wetter
(and thus heavier) particles are separated from the lighter, drier particles. The wetter material falls
directly to the disperser for travel through the drying circuit again; the dry DDGS material, on the
other hand, is sent through cyclone separators to remove them from the air stream. The clean air is
then recycled through the system, while the DDGS is then either conveyed to storage, or recycled
through the drying system. Ring drying is a very fast process. Typical residence times in a ring
dryer are often only a few seconds in the air stream itself, while those particles that are recycled
can spend between 2 and 4 min in the system. Overall, a ring dryer will have higher electrical usage
compared to rotary dryers, most of which is used to power the primary fan. But these systems will
require lower heat (often between 5% and 10% less). Additionally, a ring dryer will have a smaller
“footprint,” requiring less area for the system, but it will require a support tower because the sys-
tem’s components have a vertical orientation (Figure 5.12). Drying of DDGS has been discussed in
more depth in Meredith (2003a, 2003b) and Monceaux and Kuehner (2009).

FIGURE 5.12 Ring dryers require a support tower, but encompass a smaller footprint than rotary dryers
(author’s photograph).
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After drying, the DDGS (or DDGQG) is transferred to a storage structure (Figure 5.13)—most
often a flat storage building (via drag conveyor), discharged into multiple piles, and allowed to
cool to ambient temperature (this is known as “curing”). Flat storage buildings (Figure 5.14) are
generally of sheet metal construction with steel frames and concrete floors; they are often at least
100 ft x 200 ft (30.5 m x 61 m) in size, and can store between 6000 and 8000 tons (5443 and
7257 t) of DDGS. At larger plants, however, concrete silos have become common (Figure 5.13).
These can have diameters up to 55 ft (16.8 m), heights up to 110 ft (33.5 m), and often store up to
4000 tons (3629 t). Because DDGS does not generally flow well (as will be discussed in Chapter
7), screw-type reclaim unloaders must be used in these silos. If a large plant does have silos, the
DDGS is still generally cured in a flat storage building first; otherwise flowability problems have
been shown to become exacerbated. After storage, conveyors are used to transfer the DDGS to
the loadout system, which includes a bulkweigher and rail loadout spouting (generally of flexible/
retractable design). Capacities for loadout systems generally range from 200 to 400 tons/h (181 to
363 t/h). Sometimes loadout buildings are combined with grain receiving operations in a common
structure (as in Figure 5.2).

Conveyor (from flat storage)
- —I

PP

Conveyor
(to loadout or silo)

/|

Conveyor (from dryer/cooler)

1

Conveyor
(to loadout)
-

—

FIGURE 5.13 Typical storage structures at a large-scale ethanol plant. The top image shows, from left, corn
storage in concrete silos; steel corn receiving/DDGS loadout building; concrete DDGS silos; steel DDGS flat
storage building; and on the far right, denatured ethanol rail loadout building. The image on the lower left
illustrates a typical steel DDGS flat storage building. The image on the lower right illustrates a concrete DDGS
storage silo (author’s photograph (top)).
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DWG, on the other hand, is placed in outdoor concrete bunkers (Figure 5.15). Depending upon
the season and prevailing weather conditions, DWG is extremely susceptible to spoilage (due to the
high moisture content and water activity), so ethanol plants try to sell the DWG before it degrades
(often less than one week). If this occurs, then the product must be disposed of—generally by
landfilling. When the product is sold, it must be shipped. Most often, local livestock producers

FIGURE 5.14 Distillers dried grains with solubles (DDGS) are most often piled into a flat storage building
until cooled, at which time the DDGS will be transferred and loaded onto rail cars or semitrucks (photograph
courtesy of USDA).
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FIGURE 5.15 Distillers wet grains (DWG) being piled into a concrete bunker, awaiting loading onto live-
stock producers’ trucks (author’s photograph).
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provide their own trucks (as opposed to the ethanol plants shipping the DWG), and they arrive at
the plant when they need to procure the material for their animals. Due to its semisolid nature, and
thus challenging material handling behavior, the DWG must be loaded onto semitrailers with a pay
loader. Interestingly, the DWG and the CDS have completely different flow characteristics (semi-
solid vs. fluid), even though their solids contents can be very similar.

5.1.2 Errects ofF ProcessING ConDITIONS oN DDGS

Although other chapters in this book are dedicated to the chemical composition (Chapter 8) and
physical properties (Chapter 7) of DDGS, it is appropriate to briefly discuss the effects that pro-
cessing conditions may have on these attributes. Theoretically, all unit operations will ultimately
have an influence on the resulting DDGS. Thus grinding, cooking, fermentation, distillation, cen-
trifugation, evaporation, blending, and drying will all play a role, as will the blend ratio of CDS
to DWG prior to drying. Moreover, the quality of the incoming corn will also influence the final
coproducts as well. Practically speaking, however, some processing steps and parameters are more
influential than others. Unfortunately, there have been very few studies to date that have tried to
quantify these effects. Han and Liu (2010) collected samples of various process streams through-
out the dry grind process (i.e., ground corn, raw slurry, cooked slurry, liquefied mash, fermented
mash, whole stillage, DDG, DWGS, and DDGS), and determined the proximate compositions of
each, in order to quantify chemical changes during processing. Additional discussions regarding
the effects of processing on composition can be found in Chapter 8.

One of these studies, Liu (2009a), examined the particle size distributions (0.15 to 2.36 mm) of
both raw ground corn and resulting DDGS samples from six commercial ethanol plants. This study
found that the particle size of the raw corn and the DDGS were indeed highly correlated (r = 0.81),
which logically makes sense. Overall, the geometric mean diameter (d,,,) of the ground corn ranged
from 0.43 to 0.52 mm; that of the DDGS ranged from 0.48 to 0.70 mm. Thus, the grinding unit
operation does impact the DDGS particles.

Another question that needs to be answered is: what effect does the addition level of CDS have
upon the DDGS? To investigate the effects of CDS/DWG ratio on resulting chemical composition
of DDGS, Cao et al. (2009) conducted a laboratory study. CDS was combined at five levels with
DWG (0%, 23%, 27%, 40%, and 100% [i.e., no DWG]), and then the samples were oven dried
to produce DDGS. As shown in Figure 5.16, the nutrient composition of the CDS played a pro-
gressively important role as the CDS increased in the blend. As the level of CDS grew, both the
crude protein and the NDF values declined, specifically because the CDS was low in each of these
components. Conversely, the crude fat and ash increased with increasing levels of CDS. Also of
note, both P and the S (which are elements that are very important to livestock diet formulations)
increased as the CDS increased. These results underscore the importance of blending a consistent
level of CDS to the DWG at the ethanol plant in order to produce DDGS with consistent nutrient
properties and low variation.

Along these lines, Kingsly et al. (2010) examined the effects of varying CDS addition levels on
various physical and chemical properties of DDGS, but on a commercial scale. Three levels of CDS
addition were used: 0 L/min (0 gal/min), 106 L/min (28 gal/min), and 212 L/min (56 gal/min). In
this study, DDGS was manufactured using two rotary dryers in series; the first dryer used an inlet
temperature of approximately 487°C (909°F), and an outlet temperature of 106°C (223°F); the sec-
ond dryer had a varying inlet temperature (273°C (523°F), 377°C (711°F), and 499°C (930°F), in
order to properly process the varying level of CDS), but the outlet temperature was nearly constant
at 109°C (228°F); for all treatments, the speed of the recycling conveyor was held constant at 60% of
the maximum. As shown in Figure 5.17, varying the level of CDS resulted in substantial changes in
the DDGS properties—both the physical properties as well as the chemical composition. Moisture,
geometric mean particle diameter (d,,), bulk density, fat, and ash levels all increased linearly as
the level of CDS increased. Protein and Hunter L scale (which is a color parameter that quantifies
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FIGURE 5.16 Effects of CDS addition rate on the resulting chemical composition of laboratory-produced
DDGS. NDF is neutral detergent fiber. (Adapted from Cao, Z. L., J. L. Anderson, and K. F. Kalscheur. Journal
of Animal Science 87: 3013-3019, 2009.)

lightness/darkness), not surprisingly, decreased as the CDS level increased; thus the DDGS dark-
ened with increasing CDS levels.

Rosentrater and Wrenn (2009) conducted physical and flowability property analyses on DDGS
samples that were produced under a series of varying conditions in order to investigate the effects
of various manufacturing operations (specifically, ethanol processing [i.e., front-end processing
conditions] and DDGS drying conditions [i.e., back-end processing conditions]) on the resulting
properties of the DDGS. The experiments that focused on front-end variables were primarily con-
cerned with how liquefaction, saccharification, and solids processing conditions (e.g., factors that
influence fermentation performance) impacted the resulting DDGS. The trials that examined drying
conditions, on the other hand, were primarily concerned with the flowrates of CDS and DWG, as
well as dryer temperature. They measured DDGS angle of repose (AOR,°), aerated (i.e., loose) bulk
density (ABD, kg/m?), Hausner Ratio (HR, —), and uniformity (). Processing conditions that were
varied included hammer mill screen size (0.06 to 0.11 in; 1.52 to 2.79 mm), jet cooker temperature
(225°F to 235°F; 107°C to 113°C), slurry enzyme flowrate (0 to 103 gal/h; O to 390 L/h), mash tank
enzyme flowrate (0 to 207 gal/h; 0 to 784 L/h), CDS flowrate (0 to 18 kg/h; 0 to 40 1b/h), DWG
flowrate (0 to 57 kg/h; 0 to 126 Ib/h), and dryer temperature (153°F to 243°F; 67°C to 117°C).
During the experiments, several processing conditions were held constant, including a corn feed
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FIGURE 5.17 Effects of CDS addition rate on the resulting physical and chemical properties of commer-
cially produced DDGS. L is the Hunter L (lightness—darkness) parameter. (Adapted from Kingsly A. R. P, K.
E. Ileleji, C. L. Clementson, A. Garcia, D. E. Maier, R. L. Stroshine, and S. Radcliff. Bioresource Technology
101: 193-199, 2010.)

rate of 500 Ib/h (227 kg/h), a process water temperature of 200°F (93.3°C), a process water density
of 0.96 g/cm? (60.5 1b/ft?), a jet cooker flow rate of 3 gal/min (11.4 L/min), a fermentor volume of
3600 gal (13,627 L), a fermentor temperature of 90°F (32.2°C), and a corn solids density of 1.47 g/
cm?(92.6 1b/ft). In terms of front-end effects, they found that as hammer mill screen size increased
(i.e., ground corn particle size increased), the bulk density decreased (Figure 5.18). Additionally,
they found that as the enzyme flowrates increased, both the angle of repose and the bulk density of
the DDGS increased. Regarding the back-end variables, they found that as the CDS level increased,
the bulk density tended to increase as well, but the uniformity of the particles decreased (i.e., they
became more nonuniform, and thus varied in shape).

5.1.3 REsOURCE CONSUMPTION DURING MANUFACTURE

After having discussed the production processes that are used to manufacture both ethanol and
coproducts, as well as the influences that processing variables may have on the resulting coprod-
uct properties, it is appropriate to briefly quantify how much energy and water are required for
these processes. This topic has been one of interest, not only from the manufacturer’s standpoint
(because these requirements affect the bottom line for each plant), but also from a net energy
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FIGURE 5.18 Effects of front-end (a) and back-end (b) processing conditions on the resulting physical prop-
erties of pilot scale-produced DDGS. AOR is angle of repose; ABD is aerated bulk density; HR is Hausner
Ratio. (Adapted from Rosentrater, K. A., and B. A. Wrenn. 2009. Examining the Effects of Ethanol Processing
and Drying Conditions on the Physical Properties of Distillers Dried Grains with Solubles (DDGS). ASABE
Paper No. 095563. St. Joseph, MI: ASABE.)

balance sustainability and lifecycle assessment standpoint (as mentioned in Chapter 2). Table 5.1
provides some estimates for the total energy and water that are required (on a per gallon of ethanol
basis). The table illustrates that over time, energy and water use has been declining industry-wide.
This trend is attributable to increases in efficiencies in the plants, which is partly due to new tech-
nologies being developed and deployed.
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TABLE 5.1
Estimates of Resource Consumption during Ethanol Manufacturing
Ethanol Total Natural Water Use DDGS
Yield Energy Use Gas Use Electricity Use (gal H,O/  Production
Year (gal/bu) (BTU/gal) (BTU/gal) (kWh/gal) gal) (dry Ib/gal) Reference
1995 2.53 53,277 37,000 1.2 Shapouri
et al. (1995)
1998 3.3-10.6 Keeney and
(5.8) Muller
(2006)
2002 2.64 39,719 4.7 Shapouri
et al. (2002);
Wu (2008)
2003 2.75 45,900 35,000 1.09 6.55 Tiffany and
Eidman
(2003)
2004 2.63 48,539 39,031 1.07 6.80 Graboski
(2002)
2005 3.5-6.0 Keeney and
“4.2) Muller
(2006)
2006 2.80 34,000 0.75 Patzek (2007)
2008 2.62-2.96 17,706-44,034  16,000-36,883 0-1.57 (0.70) 2.65-4.90 4.7-8.1 Wu (2008)
2.81) (31,070) (27,589) (3.45) (5.9)

Note: Values in parentheses indicate mean values.

5.2 FRONT-END FRACTIONATION

Front-end fractionation techniques offer opportunities to use various corn components in high-value
food and industrial applications, as the separations occur before any of the ethanol unit operations.
A few examples of experimental fractionated products are provided in Table 5.2, and some com-
mercially developed products are listed in Table 5.3. Due to economic conditions in recent years,
however, not all of these are actually available. These new processes have led to a burgeoning of
coproducts of various compositions that are now available to livestock producers.

5.2.1 Dry FrAcTIONATION OF CORN FOR ETHANOL PRODUCTION

Dry milling has historically been a process used for the production of food-grade corn flours, meals,
and grits for various uses in the food and beverage industry. In dry milling of corn (Figure 5.19),
the kernel is physically separated, using a dry process, into its primary components in which the
germ (which contains the fat), tip cap, and pericarp (which contains fiber) are separated from the
endosperm (which contains the starch) (Rausch and Belyea, 2006). This general process has also
begun to be applied as a prefractionation method prior to fermentation in dry grind ethanol plants.
In the ethanol industry this is known as dry fractionation, and a number of different dry milling
technologies to fractionate corn are currently being retrofitted into existing dry grind fuel ethanol
plants. The economics and value of dry fractionation lie in the fact that only the fermentable portion
of the kernel, the endosperm, is ground and fermented into ethanol, while the other nonfermentable
components (i.e., protein, fiber, oil, and tip cap) can be processed into other higher value products.
Rausch and Belyea (2006) describe the dry milling process as follows: (1) corn kernel moisture
content is first increased from approximately 15% to 22%, which causes differential swelling of the
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TABLE 5.2
Some Experimentally Fractionated Ethanol Coproducts
Type of Crude Crude Crude
Product Fractionation Protein  Fat  Fiber ADF NDF Ash Reference
Prefermentation
DDGS No fractionation 28.5 12.7 10.8 3.6 Singh et al. (2005)
DDGS Quick germ 35.9 4.8 8.2 4.0 Singh et al. (2005)
process
DDGS Quick germ, quick 493 3.8 6.8 4.1 Singh et al. (2005)
fiber process
DDGS Enzymatic dry 58.5 4.5 2.0 3.2 Singh et al. (2005)
grind process
DDGS No fractionation 21.2 13.9 Martinez-Amezcua
et al. (2007)
DDGS Dry degerm 23.8 8.7 Martinez-Amezcua
defiber et al. (2007)
DDGS Quick germ, quick 28.0 54 Martinez-Amezcua
fiber process et al. (2007)
Postfermentation
DDGS Elusieve 33.6 12.5 32.5 Srinivasan et al. (2005)
Pan DDGS Elusieve 42.2 12.9 19.0 Srinivasan et al. (2005)
Enhanced Elusieve 35.6 14.2 32.6 Srinivasan et al. (2005)
DDGS
“Fiber” Elusieve 19.3 7.05 53.3 Srinivasan et al. (2005)
DDGS Elusieve 33.0 8.0 12.4 37.8 4.7 Rosentrater and
Srinivasan (2009)
Pan DDGS Elusieve 37.3 7.0 11.5 29.2 5.0 Rosentrater and
Srinivasan (2009)
Enhanced Elusieve 31.9 8.7 11.6 34.6 4.7 Rosentrater and
DDGS Srinivasan (2009)
“Fiber” Elusieve 25.2 6.6 423 4.9 Rosentrater and
Srinivasan (2009)
Deoiled Solvent extraction 34.0 2.7 8.4 4.8 Saunders and Rosentrater
DDGS (2009)
Deoiled Solvent extraction 34.5 3.5 12.9 45.0 5.2 Kalscheur et al. (2008)
DDGS
Deoiled Solvent extraction 33.3 2.1 9.7 4.8 Ganesan et al. (2009)
DDGS

Note: All Nutrients Reported as % Dry Basis. ADF is acid detergent fiber; NDF is neutral detergent fiber.

germ relative to the other kernel components, and increases the resiliency of the germ; (2) the corn is
then sent through a degerminator to separate the germ; this is an abrasion step that breaks the kernel
into pericarp (i.e., bran), germ, and endosperm fragments; (3) additional steps remove pericarp and
germ from the endosperm; and (4) an aspirator and a gravity table are used to further classify and
purify the broken pieces of kernel into their respective components.

In comparison to the wet milling process, fractionation of the kernel components is not as complete
in the dry milling process. The resulting distillers grains from plants that utilize dry milling fraction-
ation generally has a higher concentration of protein than distillers grains produced using traditional
dry grinding, but a lower fiber and oil content, because these components are separated out prior to
fermentation. Additionally, dry milling fractionation processes save energy and increase fermentation
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TABLE 5.3

Some Commercially Developed Fractionated Ethanol Coproducts

Manufacturer
FWS

Technologies
Poet

Renessen
Solaris

Note: All Nutrients Reported as % Dry Basis. ADF is acid detergent fiber; NDF is neutral detergent fiber.

Product
Enhanced DDGS

Dakota Gold BPX
DDGS
Dakota Bran

Dakota Germ—Corn
Germ Dehydrated

Dakota Gold HP
DDG

Enhanced DDG(S)

Energia

Glutenol

Neutra-Fiber

NeutraGerm

ProBran

Type of
Fractionation

Prefermentation

No fractionation
Prefermentation
Prefermentation
Prefermentation
Pre/postfermentation
Pre/postfermentation
Postfermentation
Prefermentation

Prefermentation
Pre/postfermentation

Crude
Protein
35.0-37.0

28.2
14.0
15.8
41.0
35.0-50.0
30.0
45.0
6.8

17.5
9.5

Crude
Fat
6.5

10.8
8.9
17.1
4.0
2.5-4.0
2.5
33
L5

45.0
2.0

Crude

Fiber

7.1

7.0

6.2

8.1

8.2

3.8

17.1

6.0
16.6

ADF

10.0

8.0

8.2

13.0

7.0-11.0

9.23

NDF
21.0

26.1

38.1

234

24.0

15.0-25.0

153

Ash
3.8

4.8

5.5

59

2.1

2.5

4.0

0.6

1.9
1.0

Reference
FWS (2009)

Dakota Gold (2009a)

Dakota Gold
(2009b)
Dakota Gold (2009¢)

Dakota Gold
(2009d)
Stern (2007)
Lohrmann (2006)
Lohrmann (2006)
Lohrmann (2006)
Lohrmann (2006)
Lohrmann (2006)
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FIGURE 5.19 Flow chart of typical corn dry milling processing. (Adapted from Alexander, R. J. Corn
Chemistry and Technology, 1sted., eds. S. A. Watson and P. E. Ramstad, pp. 351-376. St. Paul, MN: American
Association of Cereal Chemists, 1987, and Rausch, K. D., and R. L. Belyea. Applied Biochemistry and
Biotechnology 128: 47-86, 2006.)

capacity since a highly concentrated stream of starch (which is converted into ethanol) is processed
through the fermentors. The economics and value of germ and fiber separation prior to fermentation
have been researched and are described in Singh and Eckhoff (1997) and Singh et al. (2002).

The dry fractionation process has a number of benefits, but it also has several disadvantages that
need to be considered. Dry separation equipment does not cleanly separate the components with-
out losing some starch. If starch is lost with these coproducts, it cannot be converted into ethanol,
thus yields will be reduced. Additionally, the soluble components in the germ contain important
nutrients for yeast metabolism. When the germ is removed using dry separations, these nutrients
are removed as well. Without these being available to the yeast, metabolism can be significantly
reduced and fermentation rates and yields decreased. Lastly, while the overall coproduct drying
costs are reduced relative to the conventional process, electricity use is significantly increased for
the various fractionation equipment.

Several variations of dry fractionation have been developed and commercially implemented
(Table 5.3), including BFrac (www.poet.com), FWS (www.fwstl.com), Cereal Process Technologies
(www.cerealprocess.com), and dry degerm defiber (Murthy et al., 2006) technologies. Singh and
Johnston (2009) have provided an extensive discussion regarding dry fractionation techniques for
dry grind plants, and the reader is referred to this source for more information.

5.2.2 WET FrAacTIONATION OF CORN FOR ETHANOL PRODUCTION

In the corn wet milling process (Figure 5.20), the corn kernel is fractionated into individual compo-
nents of starch, protein, fiber, germ, and soluble solids using an aqueous medium (Blanchard, 1992;
Johnson and May, 2003). The process involves multiple stages, including chemical pretreatment
using sulfites, followed by size and density separations to produce the isolated components. Wet
milling is currently used to produce a significant portion (over 1 billion gallons [~ 3.8 billion L]
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FIGURE5.20 Flow chart of typical corn wet milling processing. (Adapted from Loy, D. D., and K. N. Wright,
Nutritional properties and feeding value of corn and its by-products. In Corn: Chemistry and Technology, 2nd
ed., eds. P. J. White, and L. A. Johnson, pp. 571-604. St. Paul, MN: American Association of Cereal Chemists,
and Rausch, K. D., and R. L. Belyea. Applied Biochemistry and Biotechnology 128: 47-86, 2006.)

per year) of fuel ethanol; however, as previously mentioned, capital and operational costs are high
relative to the dry grind process (Ramirez et al., 2009), so the majority of new facilities have been
dry grind in recent years.

A number of prefractionation processes using wet milling unit operations have been developed
for use in dry grind plants. As with the dry fractionation techniques, these processes separate out
the higher value germ and can remove fiber as well. One process developed also incorporates an
enzyme treatment that aids in the subsequent separation and fermentation processes (Ramirez et al.,
2009). Unlike dry fractionation, however, wet fractionation also can remove the endosperm fiber
and extract the soluble nutrients from the germ. Wet fractionation can also have higher starch recov-
eries relative to dry fractionation; however, all components must be hydrated, so the overall coprod-
uct drying costs will be higher than traditional dry grind plants.

Several variations of wet fractionation have been developed, and include the quick germ process
(Singh and Eckhoff, 1997), the quick germ quick fiber process (Wahjudi et al., 2000), and the enzy-
matic milling process (Wang et al., 2005). Singh and Johnston (2009) have provided an extensive
discussion regarding wet fractionation techniques for dry grind plants, and for the sake of brevity,
the reader is referred to this source for more information.

5.3 BACK-END FRACTIONATION

In addition to fractionating nutrients from the raw corn kernels prior to fermentation, another pos-
sibility that has been explored in recent years is the fractionation of nutrients from the coproducts
themselves (i.e., postfermentation). To date, most of the interest in this type of fractionation has
primarily revolved around the DDGS, the thin stillage, or the CDS. A few examples of experimen-
tal fractionated products are provided in Table 5.2, and some commercially developed products are
listed in Table 5.3. As these tables show, the various fractionation processes can lead to coproducts
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with substantially unique nutrient compositions. A brief discussion about various back-end frac-
tionation options follows; but more extensive discussions about each will be provided in subsequent
chapters.

5.3.1 FracTioNATION OF COMPONENTS FROM DDGS

The idea of removing chemical components from ethanol coproducts has actually been around
for quite some time. An early example of concentrating nutrient streams was described in Wu and
Stringfellow (1986), who found that a simple screening method (using sieves) could result in finer
particle fractions with substantially higher protein content, as well as lower fiber, compared to
the initial materials, for both corn DDG and DDGS. Composition of the screened DDG fractions
depended on the mesh size (ranging from 20 through 80 mesh; 0.84 to 0.18 mm), and resulted in
14.5% to 49.3% protein, 8.4% to 9.3% fat, and 1.3% to 2.4% ash content (on a dry basis); screened
DDGS, on the other hand, yielded protein contents ranging from 16.9% to 36.8%, fat contents of
7.4% to 12.0%, and ash contents of 2.0% to 6.5%.

In another early study, Wu and Stringfellow (1982) fractionated corn DDG (using moisture con-
tents between 6% and 31%) and corn DDGS (using moisture contents between 5% and 31%). The
materials were first milled and then screened on various sieves (ranging from 20 through 80 mesh;
0.84 to 0.18 mm). The original DDGS had 30% protein content, while the resulting fractions ranged
in protein from 11% to 46%. Optimal DDGS processing conditions were found to be 21% moisture
with two passes through the mill at 14,000 rpm. The original DDG, on the other hand, had a protein
content of 25%, while the resultant fractions ranged in protein from 13% to 50%; optimal condi-
tions were determined to be similar to those for the DDGS—21% initial moisture content but only
one pass through the mill at 14,000 rpm. They also found that, for both the DDGS and the DDG,
the fractions that had the highest protein also had the highest fat levels. And fiber appeared to be
resistant to grinding, as the fractions with the largest particle size tended to have the highest fiber
content.

Air aspiration can also be used to separate fiber from DDGS. Singh et al. (2002) examined
samples from both corn-based dry grind ethanol plants in the Midwest, and beverage alcohol plants
that used combined feedstocks consisting of corn, rye, and malted barley. An aspiration technique,
which entailed placing DDGS on a 20 mesh (840 pm) screen and then aspirating with an air jet at
a pressure of 2.8 atm, (284 kPa) was able to separate the pericarp from the germ fraction, though
not extremely effectively. Overall, the aspirated DDGS samples contained (on a dry basis) 25.7% to
28.9% protein, 7.7% to 12.3% fat, 39.3% to 51.8% NDF, and 13.1% to 17.9% ADF.

Srinivasan et al. (2005) further expanded these concepts and developed a process (termed the
“Elusieve” process) using a combination of elutriation (air classification/aspiration) and sieving to
separate fiber particles from DDGS. First, DDGS was sieved into four size fractions, and then the
three larger size fractions were subjected to air classification. The smallest size fraction (which was
not subjected to air classification), the “pan” DDGS, represented nearly 40% of the original DDGS
and had reduced fiber and increased protein content (by approximately 6% to 14%, and 7% to 8%
points, respectively) compared to the original DDGS. The three larger size fractions, on the other
hand, which were subjected to air classification, yielded heavier and lighter fractions. Air velocity
played a key role in this classification. Overall, the resulting lighter fractions had higher fiber and
lower protein and fat contents than the heavier fractions, depending on air velocity. The heavier
fractions from air classification of the three larger size fractions were then combined together to
produce an “enhanced” DDGS product that had nearly same protein content, but lower NDF con-
tent, than the original DDGS. The lighter fractions from air classification of the three larger size
fractions were combined together to produce a “Fiber” product, which had higher NDF and lower
protein and fat contents than the original DDGS. Liu (2009b) also examined the effects of combin-
ing sieving and air separation. This study found that, depending on the particle (i.e., sieve) size
used, a maximum protein reduction of 56.4% and a maximum protein increase of 60.2% could
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be achieved. Additionally, oil could be reduced by as much as 81.4%, or increased by as much as
262.7%. The topic of mechanical fractionation will be covered in more depth in Chapter 25.

Another possibility for fractionation includes the removal of oil from the DDGS, which can
readily be accomplished by solvent extraction. Singh and Cheryan (1998) were the first to report
successful solvent extraction of corn oil from DDGS. Their optimal process entailed using a ratio of
ethanol-to-DDGS of 6:1, and this resulted in extraction of nearly 50% of the oil. In general, if the oil
is removed after ethanol processing, its quality is not high enough to be appropriate for food use; but
it has been shown to be acceptable for conversion into biodiesel (more about this will be discussed
in Chapter 23). The process of removing the oil will not only affect the DDGS composition, but it
can also impact the physical nature of the particles. For example, Saunders and Rosentrater (2009)
examined chemical and physical properties of commercially processed solvent extracted DDGS.
Crude fat levels (2.7% db) were much lower, while crude protein (34.0% db) and crude fiber (8.4%
db) contents were somewhat higher than traditional DDGS. The resulting DDGS exhibited water
activity (0.24), thermal conductivity (0.07 W/m/°C), thermal diffusivity (0.17 mm?/s), bulk density
(482 kg/m3; 30.1 1b/ft?), and angle of repose (21.7°) values similar to unmodified DDGS. Color
values were substantially lighter (Hunter L = 54.1 compared to ~40 to 50 for unmodified DDGS),
however, because of fat-soluble pigment losses during processing. Similarly, Ganesan et al. (2009)
examined physical and flowability properties of commercially produced solvent-extracted (2.1%
db fat) and unmodified (9.3% db fat) DDGS to determine if fat level affected flowability behavior.
The extracted DDGS had an angle of repose 4.3% lower and Carr compressibility 70% lower than
unmodified DDGS. Jenike shear testing indicated that reduced fat DDGS had unconfined yield
strength and Jenike compressibility values that were 15.7% and 40.0% lower, respectively, than
unmodified DDGS, but had major consolidating stress and flowability index values that were 6.7%
and 13.2% higher. Overall, a reduction in fat content slightly improved some flow properties, but
both types of DDGS were ultimately classified as cohesive in nature.

5.3.2 FrACTIONATION OF COMPONENTS FROM LIQUID STREAMS

In recent years interest has grown in removing corn oil from liquid coproduct streams prior to
the drying operation. This is not a new concept, however. Wu et al. (1981) examined fractionation
of whole stillage using screening (20 mesh; 0.84 mm) and centrifugation (10,400 xg for 10 min).
Although the focus of their work was to concentrate protein, they were also able to produce streams
that had fat contents concentrated up to 36% more than the level found in DDGS.

As the fuel ethanol industry has grown, commercial processes have been developed to remove
corn oil from thin stillage, semiconcentrated thin stillage, and even CDS, in order to increase rev-
enue for ethanol plants. This type of fractionation has been pursued because, although the resulting
corn oil fractions cannot be used as food-grade oil, they can readily be converted into biodiesel.
More on this will be covered in a Chapter 23.

Some of the processes that are currently being deployed include those of Mean Green BioFuels
(www.meangreenbiofuels.com; Winsness, 2006), GS CleanTech (www.greenshift.com; Kirkbride
McElroy, 2007; Cantrell and Winsness, 2009; Winsness and Cantrell, 2009), and ICM (www.
icminc.com; ICM, 2009). In general, all of the processes that are currently available are based upon
physical separation techniques, using various configurations of decanters and centrifuges, and have
been reported to remove between 30% and 70% of the oil in the coproduct stream.

5.4 COPRODUCT DEFINITIONS

As discussed, there are a variety of fuel ethanol coproducts than can potentially be produced at a
given plant. Each plant is unique, and employs various permutations of processing technologies.
In terms of end use (i.e., feeding to livestock), it is important for livestock producers to under-
stand specifically what they are purchasing. To facilitate the sale and fair trade of coproducts in the

© 2012 by Taylor & Francis Group, LLC


http://www.meangreenbiofuels.com
http://www.greenshift.com
http://www.icminc.com
http://www.icminc.com

Manufacturing of Fuel Ethanol and Distillers Grains 99

TABLE 5.4
Common and Official (as Delineated by AAFCO, 2006) Coproduct Names and Definitions
Common
Acronym Official Name Official Definition for Trade
DDGS Corn Distillers Dried ~ “Is the product obtained after the removal of ethyl alcohol by distillation
Grains with from the yeast fermentation of a grain or a grain mixture by condensing
Solubles and drying at least 3% of the solids of the resultant whole stillage by
methods employed in the grain distilling industry. The predominating grain
shall be declared as the first word in the name.”
DDG Corn Distillers Dried ~ “Is obtained after the removal of ethyl alcohol by distillation from the yeast

Grains fermentation of a grain or a grain mixture by separating the resulting
coarse grain fraction of the whole stillage and drying it by methods
employed in the grain distilling industry. The predominating grain shall be
declared as the first word in the name.”

DWG (WDG) Distillers Wet Grains ~ “Is the product obtained after the removal of ethyl alcohol by distillation
from the yeast fermentation of a grain mixture. The guaranteed analysis
shall include the maximum moisture.”

CDS (syrup) Corn Condensed “Is obtained after the removal of ethyl alcohol by distillation from the yeast

Distillers Solubles fermentation of a grain or a grain mixture by condensing the thin stillage
fraction to a semi-solid. The predominating grain must be declared as the
first word in the name.”

DDS Corn Distillers Dried ~ “Is obtained after the removal of ethyl alcohol by distillation from the yeast

Solubles fermentation of a grain mixture by condensing the thin stillage fraction and
drying it by methods employed in the grain distilling industry. The
predominating grain must be declared as the first word in the name.”

marketplace, the American Association of Feed Control Officials (AAFCO) has established official
definitions (Table 5.4) for feed materials. These definitions have worked well for the last several
decades, but this is changing as modern processing operations have evolved. Note that coproducts
(especially DDGS) that are produced from new fractionation technologies may not necessarily be
compatible with the definitions listed in Table 5.4. New definitions may need to be added as these
newer processing technologies that modify DDGS from a typical dry grind process are deployed.
This will be true for both the front-end as well as the back-end fractionation processes.

5.5 CONCLUSIONS

This chapter was intended to provide a broad overview of the production methods that are com-
monly used to manufacture both fuel ethanol and the concomitant coproduct streams from corn.
Other grains can also be used; these will be discussed in the following chapter. The industry is
dynamically evolving, so the fractionation techniques that have been discussed will most probably
grow in use during the coming years. And newer technologies that will improve energy efficiency
and decrease water use throughout the plant, as well as improve the ethanol yield, will undoubtedly
continue to be refined. The ultimate impact of these modifications will be upon coproduct proper-
ties, and thus, utilization opportunities.
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6.1 INTRODUCTION AND COMPARISON OF CORN
AND OTHER STARCH-RICH FEEDSTOCKS

Because corn (maize, Zea mays) is the predominant feedstock for fuel ethanol in the United
States and in many other countries, most of the chapters in this book focus on ethanol produc-
tion and DDGS composition from corn. However, corn is not the only starch-rich crop that has
been used as a feedstock for fuel ethanol. This chapter will describe eleven other starch-rich
crops that have been used or have potentials to be used as feedstock for fuel ethanol. A useful
website that includes information and references comparing various types of DDGS is hosted by
the University of Minnesota (University of Minnesota, 2009). Another recent chapter described
the commercial development of fuel ethanol plants using starch-rich and cellulosic feedstocks
(Nghiem, 2008).

Mention of trade names or commercial products in this publication is solely for the purpose of providing specific informa-
tion and does not imply recommendation or endorsement by the U.S. Department of Agriculture.

103

© 2012 by Taylor & Francis Group, LLC



104 Distillers Grains: Production, Properties, and Utilization

This chapter will focus mainly on the chemical composition of starch-rich crop feedstocks
(Table 6.1) and the composition of their stillage and DDGS (Table 6.2). We also compared the
international production values for all of the crops and noted the major countries where each is
produced (Table 6.3).

It should be noted that there has been considerable controversy in recent years about using corn
and other edible grains as feedstocks to make fuel ethanol (Congressional Budget Office, 2009).
This food versus fuel debate was exacerbated by recent upturns in the price of petroleum products.
Most experts agree that the long-term solution to the food versus fuel problem is to develop improved
feedstocks that will not compete with food production. Such feedstocks as sugar cane bagasse,
switchgrass, miscanthus, and hybrid poplar have been suggested, but it is important to note that the
growth of these feedstocks could compete with food production and the use of these feedstocks to
make ethanol does not result in the production of a high-protein animal feeds such as DDGS, which
could result in a “fuel versus feed” issue. At the moment the cost of making fuel ethanol from corn
and other starch-rich grains is considerably cheaper than making fuel ethanol from lignocellulosic
feedstocks. The authors hope that during the next decade processes will be developed to make eco-
nomically and environmentally sustainable biofuels from a mixture of acceptable feedstocks in a
way that optimizes the use of the world’s land mass for the sustainable and affordable production of
food, feed, fuel, and fiber. Until cellulosic ethanol become economically competitive with ethanol
from starch, ethanol from grains will continue to be a bridge to more advanced biofuels.

Even though corn is the focus of most of the chapters in this book, we feel that it is important
to briefly discuss corn in this chapter and use it as a benchmark to compare the composition of
feedstocks and DDGS of other starch-rich crops. Modern corn hybrids have been bred to give high
yields and to contain consistently high levels of starch (~70%), as well as possessing many other
desirable agronomic and compositional traits (Table 6.1). Corn is the #1 crop in the world in terms
of grain production (Table 6.3), followed by rice and then wheat (also far ahead of soybeans with a
world production of 219 MMT, million metric tons, in 2007).

The primary components in corn and other grains are carbohydrates, proteins, and lipids (Tables 6.1
and 6.2). Among the carbohydrates, starch and crude fiber are reported in Tables 6.1 and 6.2. Proteins
are polymers of various combinations of 20 amino acids (12 amino acids are considered essential amino
acids, since they are not synthesized by men and other mammals and must be included in the diet). The
amino acid composition of corn, sorghum, wheat, and barley is shown in Table 6.4. It is interesting to
note that corn and sorghum grains are known to be low in lysine, but the DDGS produced from these
grains contains significantly higher amounts of lysine due to the contribution of yeast proteins (Table
6.4). Also, the same is true with wheat and barley, whose grains contain higher amounts of lysine, than
do corn and sorghum—the DDGS from wheat and barley shows a dramatic additional increase in lysine
over that in the whole grains, due again to the presence of yeast proteins (Table 6.4). Further discussion
about the yeast effect on DDGS proteins can be found in Chapter 8.

The main lipids in starch-rich crops and all plants are triacylglycerols. Each triacylglycerol is
hydrolyzed during digestion to yield three fatty acids and glycerol, and the nutritional value of these
lipids is mainly due to the fatty acid composition (Table 6.5). It is interesting to note that the most
abundant fatty acid in corn and the other four crops is linoleic acid, which is an 18 carbon fatty acid
with two double bonds (Table 6.5).

It is important to note that considerable research and development has been invested over many
decades by industry and other researchers to improve the agronomic and compositional traits of
corn (maize) (Farnham et al., 2003). For this reason, #2 yellow dent corn obtained from different
parts of the country or from different production years can have very similar compositions of starch,
protein, and other components. Small grains, on the other hand, and particularly grains like barley,
rye, and triticale, have received very little attention in this regard, so that one might expect much
greater variation in yields and composition of these grains harvested in different years or locations.
For this reason, values given in Tables 6.1 through 6.5 reflect a work in progress, rather than data
from improved and optimized commercial lines. As research on them progresses, more consistent
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TABLE 6.1

Composition of Starch-Rich Feedstocks for Fuel Ethanol, % Dry Basis

Crop
Corn
Sorghum (milo)
‘Wheat, hard
Wheat, hard
Wheat, soft
Wheat, waxy
Barley, Hulled*
Hull-less®
Barley, various
Barley
Hulled
Hull-less
Hull-less + high B-glucan
Hull-less + waxy starch + high B-glucan
Oats, whole
Groats
Groats
Oats, hulled
Oats, hull-less
Rye

Triticale

Rice, brown long grain
Short, white

Field Peas, dehulled
Pearl Millet

Cassava

Cassava

Sweet Potato

2 Mean of 6 hulled barley lines.
® Mean of 18 hull-less barley lines.

Starch
73.4 (67.8-74.0)
73.9
64.8
61.1
65.2
59.1
56.38
63.48
50-65

64.7
68.7
70.0
62.7
48.2
61.8
57.1-60.4
50.8
59.8
57.0-62.5
nr
67.87
712
79.15
71.8
65.3-70.39
63.3
75-85
55.7

B-Glucan
0
0
0
nr
nr
nr
4.26
4.42
1.9-10.7

55
6.8
8.8
or
nr
43-5.8
3.0
5.7
nr
2.26
nr
nr

nr
nr
nr
nr

nr

Protein
9.1 (9.1-11.5)
10.9
15.7
13.83
11.51
15.05
7.92
8.41
8.1-21.2

17.7
18.5
15.5
18.7
11.3
16.0
14.6-19.6
10.6
16.3
8.0-10.4
or
10.33
7.94
6.50
nr
9.73-13.68
2.4
1.5-3.0
6.9

Crude Fat
4.4 (3.9-5.8)
3.2
1.3
nr
nr
nr
nr
nr
0.9-3.3

2.5
2.6
2.3
2.9
44
6.3
4.6-7.8
5.0
6.4
nr
nr
nr
2.92
0.52
nr
6.8
0.3
0.2
0.2

Fiber
nr
2.2 (CF)
3.4 (CF)
nr
nr
nr
nr
nr
nr

5.7 (ADF)
2.3 (ADF)
2.0 (ADF)
2.4 (ADF)
132 (CF)
2.0 (CF)
nr
nr
nr
nr
nr
nr
3.5 (CF)
2.8 (CF)
nr

4.5 (CF)
3-4 (CF)
13.2 (TDF)

References
Nghiem (2008)
Wau et al. (1984)
Wu et al. (1984)
Zhao et al. (2009)

Griffey et al. (2010)
Bhatty (1993)

Ingledew et al. (1995)

Wu (1990)

Doehlert et al. (2001)
Thomas and Ingledew (1995)

Hansen et al. (2004)
Henry (1987)
Kucerova (2007)
USDA (2010)

Nichols et al. (2005)

Wu et al. (2006)

Stevenson and Graham (1983)
Shetty et al. (2007)

USDA (2010)
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TABLE 6.2
Composition of DDGS and Stillage after Fermentation of Starch-Rich Feedstocks, % Dry Basis
Feedstock Starch B-Glucan Protein Crude Fat Fiber
Corn 5.1 nr 31.3 11.9 10.2 (CF)
5.48 nr 30.8 114 7.41 (CF)
Sorghum (milo) 52-52 nr 39.9-45.1 10.8-12.0 7.5-9.2 (CF)
5.7 nr 45.3 12.3 11.6 (CF)
Wheat hard nr nr 35.59 7.66 5.56 (CF)
‘Wheat hard 6.3 nr 39.3 4.98 48.1 (NDF)
Wheat, waxy 0.43 nr 374 nr nr
Wheat, soft 1.01 nr 323 nr nr
Wheat, hard 0.85 nr 38.8 nr nr
Barley
Hulled nr nr 353 7.2 8.2 (CF)
Hull removed nr nr 40.4 8.1 2.7 (CF)
Hull-less nr nr 39.9 8.6 1.6 (CF)
Hull-less nr 1.7 242 nr 33.9 (ADF)
Hull-less + high B-glucan nr 1.9 34.5 nr 22.6 (ADF)
2.6 36.4 nr 22.7 (ADF)
Hull-less + high B-glucan + nr 32 34.8 nr 21.4 (ADF)
waxy starch
Hulled with EDGE process 1.64 0.2 21.75 4.43 39.36 NDF
Oats 1.0 nr 18.8 9.7 25.4 (CF)
Rye, stillage 1.52 +0.08 nr 27.72 £0.20 3.32+0.01 28.24 + 0.72 (TDF)
Rye, stillage 1.08 nr 25.00 2.64 32.84 (TDF)
Pearled Rye, stillage 2.18 nr 29.72 322 18.66 (TDF)
Triticale, stillage 1.67 £0.52 nr 34.54+0.71 3.93 £0.06 32.61 = 1.03 (NDF)
Rice, stillage 32.6° nr 55.8 8.2 2.1 (CF)
Field peas 0.79 nr 41.4 0.4 nr
Pearl Millet 345 nr 30.7 19.2 4.28 (CF)
Sweet potato 55.3b nr 272 1.7 11.4 (CF)

Abbreviations:  ADF, acid detergent fiber; CF, crude fiber; NDF, neutral detergent fiber; nr, value not reported; TDF, total dietary fiber.

2 Mean of samples from 49 dry grind ethanol plants.
b Nonfibrous carbohydrate.

References
Belyea et al. (2004)*
UMN (2009)
Corredor et al. (2006)
Wu et al. (1984)
UMN (2003)
Nuez-Ortin and Yu

(2009)
Zhao et al. (2009)

Gibreel et al. (2009)

Ingledew et al. (1995)

Nghiem et al. (2010)
Wu (1990)

Wang et al. (1998)
Wang et al. (1999)

Wang et al. (1998)
Minowa et al. (1994)
Nichols et al. (2005)
Wu et al. (2006)
Minowa et al. (1994)
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Ethanol Production from Starch-Rich Crops 107

TABLE 6.3

World Production and Major Producing Countries of Starch-Rich Crops
Crop MMT Major Countries

Grain Crops

Corn? 784 United States (332), China (152), Brazil (52)
Rice? 650 China (185), India (141), Indonesia (57)
Wheat? 607 China (110), India (54), United States (54)
Barley® 136 European Union (58), Russia (16), Canada (12)
Sorghum (milo)® 59 United States (10), India (8), Nigeria (8)
Pearl Millet* 32¢ India (11), Nigeria (8), Niger (3)

Oats® 25 Russia (5), Canada (3), United States (2)
Triticale® 14 Poland (4), Germany (3), France (2)

Rye® 13 Russia (4), Poland (3), Germany (3)

Field Peas® 12 Canada, France, Russia

Root Crops

Cassava® 185 Thailand (77), Vietnam (14), Indonesia (6)
Sweet Potato? 125 China (100), Nigeria (3), Uganda (3)

2 FAO 2007.

b FAO 2005.

¢ All millets.
4 usda.mannlib.cornell.edu/MannUsda.

levels of starch, protein, and other components will likely result. These data in the tables therefore
represent current status and a starting point for future improvements.

6.2 SORGHUM (MILO)

Sorghum (Sorghum bicolor) has a world production of about 59 MMT, with highest productions in
the United States, India, and Nigeria (Table 6.3). Sorghum has been used as a fuel ethanol feedstock
in the United States at many ethanol plants. Because the composition of the sorghum grain is similar
to that of corn (Table 6.1), it can be blended with corn and used in ethanol plants designed for corn.
The chemical composition of sorghum DDGS is also very similar to that of corn DDGS (Table 6.2)
and the feed value of corn and sorghum DDGS was reported to be similar in feeding studies with
beef and lambs (Lodge et al., 1997; Harborth et al., 2006). Decortication is an abrasive dehulling
process that has been used to remove nonfermentable fiber from sorghum grain and the resulting
DDGS is more valuable, especially for nonruminant feeds because they are higher in protein and
lower in fiber (Corredor et al., 2006). The amino acid composition of sorghum grain and DDGS is
similar to that of corn grain and DDGS (Table 6.4). Although there are few published reports of
sorghum DDGS composition, it is possible that as new and improved regional cultivars of sorghum
are developed (Buffo et al., 1998), when fermented they may produce DDGS with enhanced com-
positions of protein and other nutrients. Also, as with any grain, the proportion of protein can be
increased by conventional breeding, but this is usually achieved at the expense of starch yields, and
starch yields are usually considered to be the primary trait for ethanol production.

6.3 BARLEY

Barley (Hordeum vulgare) is the #4 cereal, behind corn, rice, and wheat with a worldwide produc-
tion of 136 MMT in 2007 (Table 6.3). The countries that produce the highest amounts of barley are
Russia, Canada, and Spain.
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TABLE 6.4
Crude Protein and Amino Acid (AA) Composition of Selected Grains and their DDG or DDGS (% Dry Sample Weight)

Corn Grain® Corn DDGS? Sorghum Grain*  Sorghum DDGS*  Wheat Grain® Wheat DDG? Barley Grain® Barley DDG*¢
Crude protein 8.0 27.5 9.8 31.0 15.7 29.2 13.4 32.6
Amino Acid
Arginine 0.39 1.16 0.32 1.10 0.87 2.11 0.77 1.71
Histidine 0.23 0.72 0.23 0.71 0.37 0.75 0.32 0.71
Isoleucine 0.28 1.01 0.37 1.36 0.52 1.05 0.46 1.24
Leucine 0.95 3.17 1.25 4.17 1.09 2.21 0.89 2.39
Lysine 0.24 0.78 0.20 0.68 0.43 1.08 0.54 1.21
Methionine 0.21 0.55 0.18 0.53 0.18 0.42 0.23 0.56
Phenylaline 0.38 1.34 0.47 1.68 0.72 1.41 0.69 1.90
Threonine 0.26 1.06 0.29 1.07 0.49 1.49 0.45 1.09
Tryptophan 0.09 0.21 0.07 0.35 nr nr nr nr
Valine 0.38 1.35 0.48 1.65 0.74 1.19 0.68 1.65
Alanine 0.58 1.94 0.86 2.90 0.58 1.44 0.54 1.34
Aspartic acid 0.55 1.83 0.60 2.17 0.88 1.97 0.76 1.86
Cysteine 0.16 0.53 0.18 0.49 nr nr 0.31 0.40
Glutamic acid 1.48 4.37 1.92 6.31 5.11 7.26 3.93 9.54
Glycine 0.31 1.02 0.29 1.03 0.68 1.50 0.51 1.15
Proline 0.70 2.09 0.77 1.40 1.72 2.71 1.30 3.45
Serine 0.38 1.18 0.37 2.50 0.77 1.58 0.57 1.31
Tyrosine 0.27 1.01 0.25 nr 0.54 1.03 0.45 1.09

Note: Abbreviations, nr, value not reported.

2 Stein, H. H. 2008. Use of distillers co-product in diets fed to swine, in Using Distillers Grains in the US and international livestock and poultry industries, Midwest Agribusiness and Trade
Research Information Center, Iowa State U, Ames, Iowa. Available online: www.matric.iastate.edu/DGbook/chapters/chapter4.pdf. Accessed November 2, 2010.

> Wu, Y. V., K. R. Sexson, and A. A. Lagoda. 1984. Protein-rich residue from wheat alcohol distillation: Fractionation and characterization. Cereal Chemistry 61: 423-427.

¢ Wu, Y. V. 1986. Fractionation and characterization of protein rich material from barley after alcohol distillation. Cereal Chemistry 63: 142-145.
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TABLE 6.5
Concentration of Fatty Acids in DDGS (Relative %)
Linoleic Oleic Palmitic Others

Corn? 49.7 25.3 16.1 8.9
Wheat? 56.1 11.6 21.4 11.1
Hulled barley?* 50.9 11.6 23.3 14.0
Hulless barley* 514 12.3 24.0 12.5
Sorghum® 441 28.2 21.8 6.0

2 Gibreel, A., J. R. Sandercock, L. Lan, L. A. Goonewardene, R. T. Zijlstra, J. M. Curtis,
and D. C. Bressler. 2009. Fermentation of barley by using Saccharomyces cerevisiae:
Examination of barley as a feedstock for bioethanol production and value-added
products. Applied and Environmental Microbiology 75: 1363-1372. All fermenta-
tions were jet cooked before adding amylase.

b Wang, L., C. L. Weller, V. L. Schlegel, T. P. Carr, and S. L. Cuppett. 2007. Comparison
of supercritical CO, and hexane extraction of lipids from sorghum distillers grains.
European Journal of Lipid Science and Technology 109: 567-574.

Until recently, barley had been used only sparingly for fuel ethanol production because several
of its attributes made it more costly to produce fuel ethanol from this feedstock compared to corn or
most other starch-rich crops. The first negative factor is the presence of silica in the hulls (2%—6%
of the weight of the hulls), which is abrasive and causes damage to grain handling and processing
equipment. For this reason thicker and harder processing equipment needs to be used for barley
than for corn. Two other strategies have been used to try to overcome the problems caused by the
abrasiveness of barley grain. The first is to remove the hull by abrasive techniques such as pearling
or scarification (Wang et al., 1997a; Flores et al., 2007). This process works well but it can also
remove some of the starch, thus reducing ethanol yields per bushel of grain. Another strategy has
been to use hull-less (sometimes spelled “hulless”) or “naked” cultivars of barley, which lose their
hulls in the field and during harvesting, so little or no abrasive hull is attached when the grain enters
the ethanol plant.

The second negative attribute for barley is the fact that most barley previously used for fuel
ethanol production had low levels of starch and gave low amounts of ethanol per bushel of grain.
Most barley used in the past had been either “feed” grade or off-grade malting barley, both of
which may have low levels of starch and very high levels of neutral detergent fiber (NDF). To
solve the low-starch problem, breeding programs have been initiated recently to produce higher-
starch and lower NDF “energy” varieties of both hulled and hull-less barley varieties (Griffey
et al., 2010). Many of these newer barley varieties, especially the hull-less ones, contain lower
levels of fiber and higher levels of starch that are more desirable for fuel ethanol production
(Table 6.1). As a general rule, most hull-less varieties contain higher levels of starch, protein,
and PB-glucan and lower levels of fiber than similar hulled varieties (Table 6.1) so that hull-less
varieties are receiving more attention as ethanol feedstock. Still another innovative approach
to solve this problem has been to use roller milling and fractionation to separate whole barley
kernels into high-starch fractions for ethanol production and low starch fractions for various
food and feed applications (Flores et al., 2005). Fractions containing well over 70% starch and
low levels of NDF that produce high yields of ethanol can be produced in this manner.

The third attribute of barley that makes fuel ethanol production difficult is the presence of
B-glucans, which are present throughout the barley kernel and especially in the endosperm.
B-Glucans are water-soluble mixed linkage B-1,3- and B-1,4-linked glucans that create very
high viscosity when dissolved in aqueous solutions. B-Glucans derived from barley or oats can
be valuable components in human diets because they are a healthy soluble fiber that can reduce
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levels of serum LDL-cholesterol by 10%—15%. The presence of B-glucans in ethanol produc-
tion, however, is not desirable. Early attempts to produce fuel ethanol from barley resulted in
extremely high mash viscosity, which created difficulties in mixing, pumping, saccharification,
and fermentation. The resulting DDGS from such processes contains high levels of B-glucans,
which are not well tolerated in swine and poultry diets and therefore decrease the value of barley
DDGS as a feed component for these species. The use of B-glucanase enzymes during mashing
and saccharification of barley (Ingledew et al., 1995) was shown to lower viscosity to acceptable
levels and is now standard practice in the industry. While these enzymes decreased viscosity,
they did not increase ethanol yields (Ingledew et al., 1995). This is because 3-glucanase only
partially hydrolyzes the B-glucan polymers to produce short oligomers, which are not ferment-
able by Saccharomyces cerevisiae. These B-glucan oligomers therefore end up as a component
in the resulting DDGS. Researchers have recently developed a barley “EDGE” (Enhanced Dry
Grind Enzymatic) ethanol process that results in several process improvements and gives higher
ethanol yields. The EDGE process employs a second enzyme, a B-glucosidase, in combination
with B-glucanases, which hydrolyzes the glucan oligomers to glucose, and this glucose, along
with the glucose from barley starch can be fermented to ethanol (Nghiem et al., 2010). Using
the EDGE process, a barley variety that contains 65% starch and 5% [B-glucan should provide
equivalent ethanol yield to a grain containing 70% starch. Recently, barley has been converted
to fuel ethanol using advanced GSHE “granular starch hydrolyzing enzyme” technology (Li et
al., 2007; Gibreel et al., 2009). This technology allows starch to be efficiently converted without
first gelatinizing the starch by exposure to high (jet cooking) temperatures. This simple process
is less complicated and requires less energy and processing equipment than conventional starch
conversion technologies. The GSHE process gives high ethanol yields and high quality DDGS.
The technology and similar ones are beginning to be used in the United States on corn grain and
in Europe for small grains.

In the past, barley DDGS has been criticized for having too much B-glucan and too much fiber
for monogastric animal diets, but the levels of B-glucan, NDF, and other components in DDGS will
depend upon the composition of the feedstock as well as the process (and enzymes) used to convert
it to ethanol. Comparison of the barley grain and DDGS compositions in Tables 6.1 and 6.2 reveals
the following trends:

* DDGS from hulled barley has high fiber levels and lower protein and fat levels. Its compo-
sition is more suitable for ruminant animals than monogastric types.

* DDGS from hull-less or dehulled varieties has lower fiber content than that from hulled
varieties and also has higher protein and fat levels. All other factors being equal, this
DDGS would be more valuable and suitable for monogastric animals than the DDGS from
hulled varieties. It is of course also quite suitable for ruminant animals.

* DDGS made using the EDGE process contains low levels of B-glucans that are approxi-
mately one order of magnitude lower than that found in DDGS produced from barley eth-
anol production using B-glucanases without B-glucosidase.

* Based upon high levels of protein and low 3-glucans, use of the EDGE process with hull-
less or dehulled barley results in DDGS that should be more valuable than traditional
hulled barley DDGS and well tolerated by monogastric animals.

The amino acid composition of barley DDGS is also quite good (Table 6.4) and is richer than corn
DDGS in lysine and some other essential amino acid levels. Because of the advances in barley vari-
ety improvement, improved ethanol conversion processes, and the positive attributes of hull-less
and dehulled barley DDGS, the first barley ethanol plant in the United States is scheduled to begin
production in Hopewell Virginia in 2010 (Robertson, 2010) beginning a new era in small grain
biorefining in the United States.
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6.4 WHEAT

In Canada, Europe, and Australia, wheat (several Triticum species) is an important feedstock for
fuel ethanol production. Zhao et al. (2009) recently reviewed the technology on wheat to ethanol
conversion. In the United States, two ethanol plants ferment wheat starch (produced by wet mill-
ing), so they do not produce DDGS. In Europe and Australia, wheat is the primary feedstock being
considered for expansion of the fuel ethanol industry. Recently Zhao et al. (2009) compared the
composition and conversion efficiency of waxy, soft, and hard wheat into fuel ethanol. Ethanol yield
was highly related to both total starch and protein content, but total starch was a better predictor
of ethanol yield. Wang et al. (1998) showed that wheat can be sequentially abraded to yield pearled
grains with a significant (12%) increase in starch content over the whole kernels.

Most wheat cultivars contain slightly more starch and slightly more protein than corn (Table 6.1).
Wheat is the #3 crop in the world (following corn and rice) in terms of grain yield (607 MTT in
2007) (Table 6.3).

Compared to corn, wheat DDGS is potentially more valuable because it contains more protein
and less fiber (Table 6.3). The nutrient variation and availability of wheat DDGS from bioethanol
plants in Canada were recently surveyed (Nuez Ortin and Yu, 2009). The amino acid composition
of wheat kernels and wheat DDGS is also better than for corn and sorghum (Table 6.4). Wheat is
an important crop in western Canada, where virtually all new and existing grain ethanol plants use
wheat as the main feedstock. A useful website that includes information and references about wheat
DDG and DDGS is hosted by the University of Saskatchewan’s Department of Animal and Poultry
Science (University of Saskatchewan, 2010).

6.5 TRITICALE

Triticale (x Triticosecale) is a hybrid of wheat (Triticum) and rye (Secale) first bred in laboratories
during the late 19th century. Triticale is a cereal grain with potential for use as an important feed-
stock for fuel ethanol production. The world annual production of triticale (14 MMT in 2007) is
relatively small compared to that of the major crops such as corn and barley. The major producing
countries are Poland, Germany, and France (Table 6.3). During the last 20 years, triticale production
has increased.

Traditionally triticale has been used mostly for food and feed products. Triticale also has been used
for fuel ethanol production. However, in terms of total production, its use for fuel ethanol production
has been modest compared to other feedstocks such as corn and cane sugar. In Sweden, triticale has
been used for fuel ethanol production together with wheat (Fields of Energy, 2006). Only recently,
triticale has attracted considerable attention as a feedstock for fuel ethanol production as the direct
result of the surge in demand for this renewable liquid fuel. Rye and triticale were studied as substi-
tutes for wheat as fuel ethanol feedstocks due to their similar starch contents but much lower costs
(Sosulski et al., 1997; Wang et al., 1997a, 1997b, 1998, 1999). Interest in using triticale for fuel etha-
nol production has been growing strong particularly in Canada. The Canadian government recently
invested $15.5 million from the Agriculture and Agri-Food Canada’s Agricultural Bioproducts
Innovation Program in the Canadian Triticale Biorefinery Initiative (CTBI) (Christiansen, 2009;
Agriculture and Agri-Food Canada, 2010).

Recent data on starch contents and other important characteristics related to ethanol production
of triticale grown in the Czech Republic are summarized in Table 6.1 (Kucerova, 2007). According
to actual data on ethanol production from triticale in Sweden, 2.65 kg triticale grain produces
1 L ethanol, 0.8 kg carbon dioxide, and 0.8 kg DDGS (Fields of Energy, 2006).

One advantage of triticale as a feedstock for ethanol production is its high content of endogenous
o-amylase, which helps to reduce enzyme requirements and costs (Kucerova, 2007; Davis-Knight
and Weightman, 2008). This was also studied by Pejin et al. (2009), who stated that in laboratory
studies “in the case of triticale, technical enzymes were not needed for starch degradation.” This
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would indicate that in addition to endogenous a-amylase, triticale must also contain endogenous
glucoamylase or related enzymes. Since triticale is a cross between wheat and rye, it inherits some
of the traits from rye and can grow under soil and environmental conditions that are not favorable to
wheat. Unlike barley and rye, triticale mash does not have high viscosity and hence does not require
application of viscosity-reducing enzymes like rye mash (see further discussion below in the section
on rye). Addition of urea resulted in lower ethanol yields in some cases, for example, in a laboratory-
scale fermentation using a mash containing 28.5 g of dissolved solids/100 mL of mash liquid, 89.4 +
3.1% theoretical yield was obtained with 16 mM urea addition compared to 93.0 = 0.1% theoretical
yield without urea addition. However, the addition of 16 mM urea shortened the time required to
complete the fermentation from 120 to 70 h. The final ethanol concentrations obtained were 14.7%—
15.1% (v/v). The chemical compositions of the fermentation stillages obtained in these and related
experiments are summarized in Table 6.2 (Wang et al., 1998, 1999). These data show that triticale
stillage is richer in protein and fat than rye stillage and when pearled prior to ethanol production,
the resulting DDGS is even richer in protein and fat and lower in fiber. While the pearling process
results in the loss of some fermentable starch, the resulting protein levels of over 40% may in some
cases justify the loss of ethanol yields.

6.6 RYE

Rye (Secale cereale) has a world production of 13 MMT and the major producing countries are
Russia, Poland, and Germany (Table 6.3). Like triticale, rye is also a cereal grain with potential for
use as important feedstocks for fuel ethanol production. The total world production in 2008 was only
15 MMT for rye (FAO, 2005, 2007). During the last 20 years, rye production has declined.

Traditionally, rye has been used mostly for food, brewing, and feed products. Rye has also been
used for fuel ethanol production. However, in terms of total production, use of rye for fuel ethanol
production has been modest compared to other feedstocks such as corn and cane sugar. In Canada,
rye has been used only occasionally as an adjunct in fuel ethanol manufacture (Ingledew et al.,
1999). Poland is the only country where rye is an important feedstock for fuel ethanol production,
where it accounts for more than 80% of the total fuel ethanol production (Czarnecki and Nowak,
2001). Only recently has rye attracted considerable attention as a feedstock for fuel ethanol pro-
duction as the direct result of the surge in demand to meet Federal renewable fuel guidelines. Rye
and triticale were considered as substitutes for wheat as fuel ethanol feedstocks due to their similar
starch contents but much lower costs (Ingledew et al., 1999; Wang et al., 1999).

Some grain characteristics of rye grown in Denmark are summarized in Table 6.1 (Hansen et
al., 2004). One of the problems of using rye as a fuel ethanol feedstock is its high pentosan and
B-glucans contents, which result in very high viscosity of the mash. The B-glucan content of whole
grain rye is about 2%, which is less than in barley and oats (Table 6.1; Henry, 1987).

Because of the high pentosan and B-glucans contents viscosity-reducing enzymes are needed,
either in an additional preincubation step or during the simultaneous saccharification and fermenta-
tion (SSF) (Ingledew et al., 1999; Czarnecki and Nowak, 2001; Balcerek and Pielech-Przybylska,
2009). The enzymes include pullulanase, cellulase, xylanase, 3-glucosidase, pectinase, and pro-
teinase. Addition of enzymes such as xylanase and pullulanase is found to also increase release of
fermentable sugars and improve fermentation efficiency and ethanol yield (Balcerek and Pielech-
Przybylska, 2009). Fermentation of the ground pearled grains reduces energy requirements for mash
heating, mash cooling, and ethanol distillation (Sosulski et al., 1997; Wang et al., 1999). A mass
balance for an ethanol fermentation using Canadian ground pearled rye was reported (Sosulski
et al., 1997).

The composition of the whole rye stillage from two separate studies is shown in Table 6.2 (Wang
et al., 1998, 1999). Wang et al. (1999) also reported that pearling rye, prior to ethanol production
resulted in feedstock with higher starch content and results in DDGS with higher protein and fat and
lower levels of fibrous polysaccharides (Table 6.2).
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Whereas much has been studied and published on the nutritive value of corn DDGS, relatively
little has been published on those from rye. One in vitro study (Mustafa et al., 2000) indicated that
rye thin stillage and distillers grains from rye had some superior nutritional qualities in ruminant
diets.

6.7 OATS

Oats (Avena sativa) have a world production of about 25 MMT, with Russia, Canada, and the United
States being the major producing countries (Table 6.4). Like barley, a major attribute of oats is the
presence of 3-glucans (4%—6%) throughout oat kernels (Table 6.1). Another attribute of oats, which
distinguishes it from other cereals, is its higher values of crude fat (4%—-9%). The higher fat levels
have been utilized to give baked goods a softer and moister texture than can be achieved with most
other cereals, which all have lower levels of fat (Doehlert, 2001). Thomas and Ingledew (1995)
showed that hull-less oats contained higher levels of starch than hulled varieties and produced more
ethanol per unit of grain. They also showed that the use of cellulases or endo-glucanases was nec-
essary to reduce mash viscosities, especially for very high gravity fermentations. Wu (1990) dem-
onstrated the feasibility of fermenting ground oats and reported the composition of starch (1.0%),
protein (18.8%), crude fat (9.7%), and crude fiber (25.4%) in the stillage (Table 6.2).

6.8 RICE

Rice (Oryza sativa) is the #2 cereal crop behind corn, with world production of 650 MMT in 2007
(Table 6.3). Rice has high levels of starch (~75%), no B-glucans, and low levels of fiber (Table 6.1).
Although Minowa et al. (1994) demonstrated the feasibility of fermenting starch to ethanol, the high
value of rice as a food has precluded it from serious consideration as a feedstock for fuel ethanol.
Minowa et al. (1994) reported that stillage from rice fermentation contained starch (32.6%), protein
(55.8%), fat (8.2%), and crude fiber (2.1%) (Table 6.2).

6.9 PEARL MILLET

Laboratory scale ethanol production from Pearl Millet (Pennisetum glaucum) was investigated by
Wau et al. (2006). Because Pearl Millet (not to be confused with “pearled millet”) can grow in semi-
arid conditions where sorghum and corn cannot, it is being considered by some as a potential biofuel
crop for those regions. In this study they examined four Pearl Millet cultivars with starch contents
varying from 65.3% to 70.39% on a dry weight basis. The starting protein contents of the cultivars
were significantly higher than corn and ranged from 9.72% to 13.68% on a dry weight basis. Crude
fat contents were also high relative to corn and were as high as 6.80%. Mash concentrations from
20% to 35% dry mass were investigated by examining ethanol yields and fermentation efficiencies.
Fermentation rates and efficiencies were found to be similar to corn. The resulting DDGS from
Pearl Millet has a protein content of 30.74% and a fat content of 19.22%. For other components, see
Table 6.2.

6.10 FIELD PEAS

Field peas (Pisum sativum) and other legumes have been considered as feedstocks for fuel ethanol.
Laboratory ethanol production from field peas was investigated by Nichols et al. (2005). They used
whole peas as well as air-classified fractionation to enrich starch content. The fractionation process
increased the starch content from 46.2% (starting peas) to as high as 77.8% for the dehulled, 9 x
14,000 rpm pin-milled and air-classified fraction. The resulting DDGS from the field peas con-
tained significantly higher levels of protein (42.8%) compared to corn DDGS, but has a much lower
oil content (0.4%) (Table 6.2).

© 2012 by Taylor & Francis Group, LLC



114 Distillers Grains: Production, Properties, and Utilization

6.11 CASSAVA

Cassava (Manihot esculenta, also called manioc, Brazilian arrowroot, sagu, yucca, or tapioca) is
an important tropical root crop, which had a world production of 185 MMT in 2005 and the major
producing countries were Thailand, Vietnam, and Indonesia (Table 6.3). It is our understanding that
cassava is being considered as a feedstock for fuel ethanol in China. Cassava root contains about 63%
starch, 1.6% protein, and 4.5% fiber, when expressed on a dry weight basis (Table 6.1, Stevenson and
Graham, 1983). Shetty et al. (2007) found higher starch content (Table 6.1) and gave complete details
for the use of cassava as an alternative feedstock in the production of fuel ethanol. We are not aware
of any published reports about the composition of stillage or DDGS from cassava but since the levels
of protein are so low in the tuber, it is presumed that the protein in the DDGS would be low as well.
Shetty et al. (2007) actually referred to this material as “DDS,” dry distiller’s solids.

6.12 SWEET POTATO

Sweet potatoes (Ipomoea batatas) are a second starch-rich crop that is being evaluated as a feed-
stock for fuel ethanol. Sweet potatoes have a world production of 125 MMT and the major pro-
ducing countries are China, Nigeria, and Uganda (Table 6.3). Sweet potatoes contain about 55.7%
starch, 6.9% protein, 0.2% fat, and 13.2% fiber, when expressed on a dry weight basis (Table 6.1).
Minowa et al. (1994) reported that the stillage from sweet potatoes was comprised of 27.2% protein
and 2% fat. Fermentation and ethanol yields of three sweet potato cultivars were also studied by Wu
and Bagby (1987), who reported three stillage fractions (filter cake, centrifuged solids, and stillage
solubles) for each cultivar, with protein levels ranging from 9.8% to 54.4%. There have been many
press reports of sweet potato and “energy potato” biorefineries that are being planned or considered
in various parts of the United States, especially the southern United States. As far as we are aware,
there is little data published on the composition of the “energy” sweet potato varieties or the dried
distiller’s solids that would result from drying the stillage.

6.13 FINAL THOUGHTS: ADVANCED BIOFUELS AND
COPRODUCTS FROM GRAIN BIOREFINERIES

Corn continues to be “king” in the United States as the primary ethanol feedstock in 2010 and
only time will tell about the future of other small grains and starchy feedstocks for these purposes.
Many resources are currently being applied to develop economically and environmentally sustain-
able processes to convert nonfood lignocellulosic feedstocks into advanced biofuels by biochemical
and thermochemical pathways. These technologies seem to be about 5 years away from economic
feasibility and this has been so for more than 20 years. The use of winter barley as cover crops and
then using the grain as ethanol feedstock on the East Coast is creating a new paradigm: the abil-
ity to produce a low-greenhouse gas “advanced” biofuel from a feedstock that we know how to
efficiently convert to ethanol (Nghiem et al., 2010). Since the grain is grown on winter fallow land
and doesn’t interfere with summer crop rotations, it avoids the food versus fuel debate. Growing the
winter barley also prevents the leaching of nutrients and sediment in winter soils into watersheds.
The Chesapeake Bay Commission (2007) fully supports growing winter barley as a cover crop to
clean up the Chesapeake Bay. This model of growing an additional winter crop can be repeated in
many different parts of the United States and abroad. Each location may have a different crop but
it can have the same effect. In Illinois, for instance, maybe that crop is Pennycress (Moser et al.,
2009). Imagine the potential impact of winter energy cover crops on cleaning up the Mississippi
River watershed and the dead zone in the Gulf of Mexico. Many of the starchy crops reported in
this chapter plus others not yet imagined may play a large role in future production of advanced
biofuels in the United States. If this is so, the DDGS or high-protein meals from those grains will
be positioned to fill animal feeding needs in that region.
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Two other important topics that were not addressed in the chapter were the topics of sustainability
and the need for the development of biorefineries for the conversion of starch-rich grain to fuel ethanol,
animal feeds, and to multiple higher value coproducts. There has been much discussion about convert-
ing corn dry grind ethanol plants into more efficient biorefineries and there is a need to continue this
discussion as other starch-rich feedstocks are further developed. For instance, it is known that grains
such as corn and barley contain valuable nutraceuticals and functional proteins and hydrocolloids
that could be isolated in biorefineries as valuable coproducts. Whereas laboratory processes for such
coproducts as phytosterols (Moreau et al., 1996; Lampi et al., 2004), tocopherols and tocotrienols
(Moreau et al., 2007a, 2007b), lutein and zeaxanthin (Moreau et al., 2007c), functional polysaccha-
rides (Doner et al., 1998; Yadav et al., 2007), and zein (Shukla and Cheryan, 2001) have been devel-
oped to isolate these potential coproducts from grains and by-products, none of the processes have
been economically scaled-up to commercial levels in existing ethanol plants. With continued research,
this will likely become a reality, enabling a more economically sustainable biofuels industry.
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7.1 INTRODUCTION

Many research studies have examined chemical properties and nutritional characteristics of
distillers dried grains with solubles (DDGS), especially in terms of utilization as livestock
feed ingredients, their digestibilities, and resulting animal performance. Much of this is actu-
ally discussed in other chapters of this book (see, Chapter 8 for a review of DDGS chemical
composition, and Chapters 12 through 17 for discussions on feeding DDGS to various animals).
Until just a few years ago, however, no information was available regarding the physical prop-
erties of DDGS. But that is beginning to change, though, as more research is being conducted
and published. The scientific understanding of DDGS is increasing, and this chapter aims to
encapsulate this knowledge.

DDGS is a heterogeneous granular material (also known as a bulk solid). It consists of a range of
particle types, sizes, and shapes (Figure 7.1). These particles include corn kernel fragments (i.e., tip
cap and pericarp tissues), nonuniformly crystallized soluble protein and lipid coatings on the sur-
faces of these fragments, and agglomerates, which form during drying (often referred to as “syrup
balls”).

The macroscale behavior of DDGS is ultimately a function of microscale particle—particle inter-
actions. These microscopic relationships have a large influence on the utility of DDGS, both at the
ethanol plant and at livestock production facilities, as they influence material handling, flowability,
and storage behavior.

The objective of this chapter is to summarize what is currently known about the physical
attributes of DDGS. Specifically, this chapter will provide typical ranges for DDGS properties
(including various physical and flow properties) and definitions of these properties. It will also
review relationships among soluble solids, moisture, and lipids, how these influence the nature
of particle surfaces and resulting frictional properties, and ultimately how all of these affect
flowability.
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FIGURE 7.1 DDGS is a heterogeneous mixture of various particle sizes and shapes; (a) 10x magnification
(scale gradations are in cm); (b) 60x magnification; (c) 200x magnification. Note the variation in color amongst
particles. Also note the crystalline formations on the DDGS particles in (b) and (c) (author’s photograph).

7.2 PHYSICAL PROPERTIES

As discussed in other chapters, DDGS often has a reputation for variability in chemical
(i.e., nutritional) and physical properties, both among ethanol manufacturing plants, as well
as at a given plant over time. Although all causative variables have not yet been fully quanti-
fied or even identified, variations in DDGS properties are generally attributed (often quali-
tatively) to a number of factors, including the characteristics of the raw corn itself, settings,
conditions, additives, and chemicals used during processing, the proportion of condensed
distillers solubles (CDS) added to the distillers wet grain (DWG) prior to drying, the type
of dryer used, drying conditions (e.g., times and temperatures), cooling of the DDGS after
drying (i.e., flat storage vs. vertical silo, final moisture content of the DDGS, time allowed
for the product to cool prior to shipping, or even loading of the DDGS into railcars when
it is still hot), and environmental conditions (especially ambient temperatures and relative
humidities).

Even though there can be considerable nonuniformities in the properties of various DDGS
samples, it is important to have baseline of information—providing this is one of the main
goals of this chapter. Chemical data are essential for livestock diet formulations; they are also
important for pursuing other potential end uses, such as human foods, bioenergy, and biofillers,
to name a few. These topics are covered in depth in other chapters throughout the book. Physical
properties, on the other hand, are critical for the design and operation of processing equipment
(e.g., dryers, conveyors, mixers, pellet mills, extruders, etc.), processing facilities, and storage
structures (e.g., flat storage buildings and vertical silos). As with other biomaterials, the physical
characteristics of DDGS are intimately related to the chemical constituents, and the two cannot
be completely separated from each other. Key physical properties include particle size, bulk den-
sity, angle of repose, moisture properties, thermal properties, and color. Table 7.1 summarizes
much of the currently published data on DDGS physical properties. Details about these proper-
ties are discussed below.
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TABLE 7.1
Typical Physical Properties of DDGS Samples from Commercial Ethanol Plants
Property Range Reference
Geometric mean diameter 0.21-1.38 Bhadra et al. (2009)
(d,y,, mm) 0.680-1.862 Clementson et al. (2009)
0.434-0.949 Liu (2008)
0.073-1.217 U.S. Grains (2008)
0.256-1.087 U.S. Grains (2008)
0.61-2.13 U.S. Grains (2008)
Geometric standard deviation 0.20-0.55 Bhadra et al. (2009)
(S, mm) 0.418-1.494 Clementson et al. (2009)
0.313-0.556 Liu (2008)
0.26 U.S. Grains (2008)
0.28 U.S. Grains (2008)
1.56-2.75 U.S. Grains (2008)
Bulk density 490-600 Bhadra et al. (2009)
(BDA, kg/m?) 414.37-577.78 Clementson et al. (2009)
389.3-501.5 Rosentrater (2006)
365.22-504.58 U.S. Grains (2008)
398.86-560.65 U.S. Grains (2008)
493.37-629.53 U.S. Grains (2008)
Angle of repose 35.94-41.60 Bhadra et al. (2009)
(°) 26.5-34.2 Rosentrater (2006)
Moisture content 4.32-8.89 Bhadra et al. (2009)
(%, db) 13.2-21.2 Rosentrater (2006)
Water activity 0.53-0.63 Rosentrater (2006)
=)
Thermal conductivity 0.06-0.08 Rosentrater (2006)
(W/(m°C))
Thermal diffusivity 0.13-0.15 Rosentrater (2006)
(mm?/s)
Color—L 36.56-50.17 Bhadra et al. (2007)
=) 40.0-49.8 Rosentrater (2006)
Color—a 5.20-10.79 Bhadra et al. (2007)
(=) 8.0-9.8 Rosentrater (2006)
Color—b 12.53-23.36 Bhadra et al. (2007)
=) 18.2-23.5 Rosentrater (2006)

7.2.1 PARTICLE S1ZE AND SHAPE

As with other granular materials, DDGS is composed of a distribution of particle sizes and shapes.
Visual examples of this are illustrated in Figure 7.1. DDGS particles are not uniform, but rather
tend to exhibit lognormal size distributions. These profiles are mathematically summarized using
the geometric mean diameter (d,,) and geometric standard deviation (S,,) (American Society of
Agricultura Engineers, ASAE, 2004). As shown in Table 7.1, the size of DDGS particles can often
range from less than 0.1 mm to greater than 2 mm in diameter. Particle size and shape are func-
tions of grinding (i.e., size reduction) prior to fermentation (Liu, 2009), due to type of grinder used,
screen sizes used, knife sharpness/wear, etc., but they are also dependent upon the drying and cool-
ing conditions after fermentation (Kingsly et al., 2010), and the agglomeration of fat, protein, and
residual sugar molecules on the surface of the nonfermented solids, especially near glass transition
temperatures (Bhadra et al., 2009b).
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Particle size and shape are important because they affect other physical properties, such as bulk
density, angle of repose, compressibility, heat transfer characteristics, and flowability properties
(Ganesan et al., 2008b). Generally, the finer the particle size, the greater the surface area and num-
ber of contact points between particles, and the smaller (but more numerous) the interstitial air
spaces between particles. This, consequently, can lead to greater compressibility, higher resulting
cohesive bulk strength, and thus lower flowability.

7.2.2 Bulk DensITY

Bulk density (denoted as BD or P) is used to determine effective capacities for storage bins and con-
tainers. It is also fundamental to the structural design of these vessels. This parameter is defined as
the mass of a granular material that will occupy a specific volume, such as a bin or rail car (Figure
7.2). Bulk density includes not only particle mass, but also the air entrained in the void spaces
between the particles. As shown in Table 7.1, bulk density of DDGS from commercial fuel ethanol
plants has been found to range from ~365 to 630 kg/m3 (~22.8 to 39.3 Ib/ft}). Anecdotally, a bulk
density of 30 Ib/ft? is common for DDGS throughout the industry.

Actually, there are two unique types of bulk density that are important: packed bulk density
(BDy) and aerated bulk density (BD,). Aerated bulk density, also known as loose bulk density, is
the easiest to measure and is determined by pouring a quantity of granular material into a container
of known volume (BDA is provided in Table 7.1.). This parameter is representative of the bulk solid
that has not been subjected to compression or packing. Packed bulk density, on the other hand, is
the bulk density of the material after it has been compressed, and thus some of the entrained air has
been displaced. This is representative of the material’s actual bulk density in storage and transport,
and is a more realistic quantity to use.

Bulk density is a function of particle size and shape, the mass of each individual particle, and
how the particles are placed into the storage vessel. Lock and key interactions as the particles come
into contact with each other determine the internal structure of the bulk solid, and influence how
much packing occurs.

7.2.3 ANGLE OF REPOSE

Angle of repose is defined as the angle that forms between a horizontal plane and the slope of a pile
(at rest) that has been formed by dropping the bulk material from some elevation (Figure 7.3). There
are, in fact, two separate types of angle of repose: filling (Figure 7.4) and emptying (Figure 7.5);
these occur when a material is poured into bins, trucks, railcars, or other storage structures, and
when it is removed, or drained, from them. Filling and emptying angle of repose are not always

Py

V=n(D/2)*x h

p=m/V

FIGURE 7.2 Bulk density (p) is defined as the mass () that a given volume (V) will contain. In this exam-
ple, the storage container is a cylindrical vessel, similar to a vertical storage silo.
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y

FIGURE 7.3 Angle of repose (0) for a pile of granular material, such as DDGS, is the angle that forms
between the slope of the pile and a horizontal plane.

i .....................‘.-...-_...-_-

FIGURE 7.4 [Illustration of angle of repose (0) resulting from filling a storage vessel, such as a bin or rail
car. Because boundary conditions are not the same as a flat surface, this value may be different from that of
a pile on a flat floor.

equal due to the particle dynamics vis-a-vis potential energy versus kinetic energy changes when
the particles flow from a given height compared to starting flow at rest.

In general, angle of repose is related to many of the flow properties of the material, and thus is an
indirect indication of general flowability behavior. Angle of repose is a function of physical proper-
ties of the particles, such as size, shape, and porosity. It is also affected by the drying and cooling
conditions used at the ethanol plant, especially when the sugar and fat molecules on the particle
surfaces reach glass transition temperature, which influences the surface frictional properties, and
is reflected in the stickiness, or cohesion, between particles. Bulk solids with an angle of repose
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FIGURE 7.5 Illustration of angle of repose (0) resulting from emptying a storage vessel, such as a bin or rail
car. Because of dynamic flow conditions, and a lower potential energy compared to that during filling of the
vessel, this value is often different from the filling angle of repose.

between approximately 25° and 35° are generally considered free flowing. Higher values, however,
indicate poor flowability. As shown in Table 7.1, DDGS samples from commercial ethanol plants
have exhibited angle of repose values ranging from ~26° to nearly 42°. Not surprisingly, DDGS
often has flowability problems (this topic will be discussed in depth later in the chapter).

7.2.4 MOISTURE

In order to effectively utilize DDGS, drying is necessary to prevent microbial spoilage, ensure a
long shelf life, and reduce shipping costs. Most ethanol plants currently dry DDGS to a moisture
level of approximately 10% to 12%, or even less. This moisture content is typically recommended
for feed products because it substantially reduces transportation costs and is microbiologically safe
(Beauchat, 1981; Wang et al., 1997). As shown in Table 7.1, moisture content of DDGS samples
from commercial fuel ethanol plants has been found to range from ~4.3% to 8.9% (dry basis—db),
although some samples have been found up to nearly 21% (db).

Contemporaneous to the total quantity of water that is contained in the DDGS, the availability
of that water to interact with microorganisms and participate in biological and biochemical reac-
tions is also important. Water activity (ay) quantifies the amount of “free” water (i.e., unbound
water) available in materials for use by microorganisms and chemical agents, and hence is a mea-
sure of susceptibility to spoilage and deterioration. Products with no free water (ay, = 0.0) are not at
risk for spoilage, whereas materials with 100% free water (a,, = 1.0) are at risk for rapid spoilage.
Materials become safe from yeast growth below water activities of approximately 0.9, safe from
bacterial growth below approximately 0.8, and safe from mold growth below approximately 0.6
(Barbosa-Canovas and Vega-Mercado, 1996). Water activity of DDGS samples from commercial
fuel ethanol plants has been found to range from 0.53 to 0.63, which indicates that DDGS is largely
shelf stable (Table 7.1).
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7.2.5 THERMAL PROPERTIES

The thermal properties of DDGS govern heat storage and heat transfer in the granular material.
As such, these attributes dictate behavior during processing at the plant (i.e., drying and cooling
operations), during storage (i.e., product temperature vis-a-vis environmental temperature fluctua-
tions), and during further value-added processing of DDGS (e.g., pelleting, extrusion, fabrication
of bioplastics, cooking properties, etc.). Thermal properties can be summarized using the thermal
diffusivity:

o= (7.1)

where a is the thermal diffusivity (mm?/s), k is the thermal conductivity (W/(m°C)), p is the mass
density (kg/m®), and c, is the specific heat capacity (J/(kg°C)). DDGS samples from commercial
ethanol plants have exhibited thermal conductivity values ranging from 0.06 to 0.08 W/(m°C), and
thermal diffusivity values ranging from 0.13 to 0.15 mm?/s (Table 7.1).

7.2.6 Color

It is true that DDGS can exhibit considerable variability in both nutrient components as well as
physical properties. This is easily apparent by visually examining DDGS samples (Figure 7.6).
Color variations are readily visible across DDGS samples, and often range from “golden yellow”
to “dark brown.” These variations often arise due to differences in processing, handling, and stor-
age conditions. However, much of the variability can often be attributed to the CDS addition level
and drying conditions at the ethanol plant (Chapter 5). Color has been shown to be an indicator of
nutritional quality, and can be related to amino acid digestibility (Goihl, 1993; Ergul et al., 2003;
Batal and Dale, 2006; Fastinger and Mahan, 2006). Because of this, quantitative color measure-
ment using the Hunter L-a-b three-dimensional color space (Figure 7.7) has become a frequently
used quality control parameter. As shown in Table 7.1, DDGS samples from commercial ethanol
plants have exhibited Hunter L values ranging from 36 to 50, Hunter a values ranging from 5 to 10,
and Hunter b values ranging from 12 to 24. Anecdotally, the more yellow the DDGS, the better the
nutrient quality and physical properties.

FIGURE 7.6 DDGS samples showing variability in nutrient components and physical properties. These
often arise due to differences in processing, handling, and storage conditions (author’s photograph).
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L=100

L=0

FIGURE 7.7 Three-dimensional color space used to define L-a-b color coordinates.

7.3 FLOWABILITY PROPERTIES
7.3.1 Principles

With the exponential growth of the U.S. fuel ethanol industry during the past several years (see
Chapter 2), large quantities of distillers grains are now produced. To utilize these materials as live-
stock feeds, however, they must be transported greater distances via rail (often outside the corn belt),
and then stored in bins and silos until final use. Unfortunately, discharge (i.e., unloading) of DDGS
after reaching various destinations is often problematic (Figure 7.8), owing to agglomeration, cak-
ing, and bridging among particles that occurs during storage and transport. In fact, flowability has
become one of the major issues that must be addressed for effective sales, marketing, distribution,
and utilization of distillers grains (Janes, M. 2004. VeraSun Energies, personal communication;
Cooper, T. 2005. VeraSun Energies, personal communication; Schlicher, 2005; Rosentrater, 2007).
Because DDGS does not flow well from rail cars, workers often hammer the car sides and hopper
bottoms to induce flow. This leads to severe damage to the rail cars themselves (Figure 7.9), repairs
of which have become very expensive to ethanol manufacturing companies. Large rail carriers have
even prohibited DDGS shipment on their own cars (UP, 2009). So ethanol companies either have
to own or lease rail cars. Even though some anecdotal knowledge about flowability is present in the
industry, it is often proprietary in nature, and is incomplete. Furthermore, only a few formal scien-
tific studies have investigated handling and flow properties of distillers grains to date.

Flowability is defined as the ability of bulk granular solids and powders to flow. Basic flow of
granular materials typically follows two main types of regimes: mass flow (Figure 7.10) and funnel
flow (Figure 7.11). Mass flow, which is the type of flow that is desired, occurs when the entire bulk
mass flows downward during bin discharge. Essentially, the first material placed in the bin (i.e.,
at the bottom) will be the first to leave. No arching or bridging forms between particles, and thus
this type of flow is very predictable and controllable. Funnel flow, on the other hand, which is not
desirable, often occurs when the bulk solid has flowability problems, such as with distillers grains.
Essentially the granular mass exhibits bulk strength, with arching and bridging between particles,
and thus mass flow is reduced or even prevented. A vertical flow channel (also known as a “rat
hole”) forms in the center of the granular mass and is surrounded by stagnant material (Figure 7.12).
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FIGURE 7.8 Flow of distillers grains is often problematic, due to caking and bridging between particles,
which frequently occurs during storage and transport (author’s photograph).
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FIGURE 7.9 Transporting distillers grains can lead to substantial rail car damage due to flowability

problems (when trying to unload product), because sledgehammers are often used to induce flow (author’s
photograph).

Material flows down into this rat hole from the top of the bin, in successive layers, often unpredict-
ably, uncontrollably, and sporadically. With this type of flow, the first material in the bin is often the
last to discharge. Sometimes flow will even stop and not easily start again. Funnel flow can occur
when the hopper bottom is not steep enough, when the discharge area is undersized, or when the
bulk material has high cohesion between particles, which is often the case with distillers grains. So

© 2012 by Taylor & Francis Group, LLC


http://www.crcnetbase.com/action/showImage?doi=10.1201/b11047-10&iName=master.img-007.jpg&w=263&h=239
http://www.crcnetbase.com/action/showImage?doi=10.1201/b11047-10&iName=master.img-008.jpg&w=264&h=197

130 Distillers Grains: Production, Properties, and Utilization

FIGURE 7.10 Tllustration of mass flow bin discharge, which is desirable. This is indicative of free flowing
materials.

’
'

FIGURE 7.11 Illustration of funnel flow (rat-holing) bin discharge, which is not desirable. This is indicative
of flowability problems.

the fundamental issue is determining what causes this cohesion, and thus flowability problems, in
some situations but not others.

Flowability is, in fact, not an inherent natural material property in itself, but rather is the conse-
quence of several interacting properties that simultaneously influence material flow. Environmental
conditions during storage and the equipment used for handling, storing, and processing the mate-
rial also play key roles. From studies of other granular materials, it has been determined that
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FIGURE 7.12 Funnel flow occurs when the central core discharges out of the storage vessel, but peripheral
material does not. Note the vertical channel walls, which occur due to sticky particles and large frictional
forces (author’s photograph).

flowability problems may arise from a number of synergistically interacting factors, including
product moisture, particle size distribution, storage temperature, relative humidity, storage time,
compaction pressure distributions within the product mass, vibrations during transport (i.e., rail
or truck shipping), and/or variations in the levels of these factors throughout storage and transport
processes (Craik and Miller, 1958; Johanson, 1978; Moreyra and Peleg, 1981; Teunou et al., 1999;
Fitzpatrick et al., 2004a, 2004b). In addition to the parameters listed above, other factors that
may affect flowability include chemical constituents, (e.g., protein, fat, starch, and carbohydrate
levels), as well as addition of flow conditioning agents (Peleg and Hollenbach, 1984; Prescott and
Barnum, 2000).

Flow behavior is thus multidimensional in nature. Because of this, no single test can fully quan-
tify a product’s flowability; instead several tests are required. Toward this end, two main types of
testing methodologies have been developed: Jenike (1964) and Carr (1965a, 1965b). Shear testers
are the primary equipment used to measure the strength and flow properties of bulk materials
(Figures 7.13 and 7.14). A shear test typically consists of two components: measurement of consoli-
dation (i.e., compaction) and of bulk strength (Figure 7.15). The measured bulk strength depends on
the degree of consolidation and how it was achieved (i.e., stress history). Stress history is strongly
influenced by the strength of the bulk solid itself. Thus, each of these aspects is highly dependent
upon the other. Reliable predictions of the strength of a bulk solid can be achievable only if the
stress history and the directions of the major principal stresses during consolidation and failure are
known (Figure 7.16).

In terms of shear testing, Jenike (1964) developed the fundamental methodologies for deter-
mining the strength and flow characteristics of powders and granular materials. To analyze flow
in bins and hoppers, and to develop flow/no-flow criteria for various bulk solids, Jenike used the
principles of plastic failure (Thomson, 1997). From a physical standpoint, the general principle
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FIGURE 7.13 Typical Jenike shear tester setup (author’s photograph).
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FIGURE 7.14 Schematic diagram of Jenike shear cell components.

is that granular flow is equivalent to failure of a solid material due to shear stress. In ideal, free
flowing materials, resistance to flow is only the result of friction. In cohesive (sticky) materials,
such as distillers grains, however, interparticle forces and binding are enhanced by compaction,
which can produce mechanical strength in the bulk solid, and thus flowability problems (Peleg,
1983). Jenike’s methodologies are benchmarks for determining design criteria for storage bins and
silos, and have been used for characterizing many types of granular materials, including cement
(Schrimli, 1967), lactose powder (York, 1975), sugar (Kamath et al., 1993), wheat flour (Kamath
et al., 1994), confectionary sugar (Duffy and Puri, 1994), grains (Duffy and Puri, 1999), and milk
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FIGURE 7.15 Experimental steps in a Jenike shear test: (a) preconsolidation (i.e., prior to adding weights);
(b) consolidation (i.e., adding a specified load); (c) shearing of the material (i.e., determining frictional resis-
tance); and (d) compressibility testing (author’s photograph).

Effective yield locus (EYL)

N

Yield locus (YL)

Shear stress, T (Pa)

O

Normal stress, ¢ (Pa)

FIGURE 7.16 A Mohr circle failure plot is used to analyze Jenike shear cell experimental data. V denotes the
normal load applied to the shear cell; S denotes the resulting shear stress in the sample; ¢ denotes the angle
of internal friction; & denotes the effective angle of internal friction, o, is the major consolidation stress; o, is
the unconfined yield strength.
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powders (Fitzpatrick et al., 2004b). Further information about Jenike’s methodology can be found
in American Society for Testing and Materials (ASTM, 2006).

Carr (1965a, 1965b) also developed a series of laboratory procedures that permit the evalua-
tion of flow properties of granular materials (Figures 7.17 and 7.18 and Table 7.2). This approach
requires the determination of eight key properties: angle of repose, angle of fall, angle of difference,
angle of spatula, bulk density, compressibility, uniformity, and dispersibility. These tests do not,
however, account for consolidation or stress history (i.e., compaction over time), as the shear testing
does. During storage of granular materials, pressure continuously acts throughout the duration of
residence in the vessel, so consolidation can be an important factor to consider. Thus, it is important
to consider Carr testing in conjunction with Jenike shear testing. Even so, the information deter-
mined by the Carr methodology is useful for designing bins and hoppers so that particle flow can
be achieved, and provides information that is complimentary to that of the shear test data. Further
information about Carr’s methodology can be found in ASTM (1999).

Angle of Repose Angle of repose is a bulk property of granular materials, as discussed in
Section 7.2. But it is also used to assess flowability, according to the Carr methodology. Since it has
already been thoroughly described, it will not be discussed further.

Angle of Fall  When a material lies at rest in a pile, it has a specific angle of repose. If the support-
ing surface experiences vibrations, impacts, or other movements, the material on the sloped sides
of the pile will dislodge and flow down the slope. The new angle of repose that forms is referred to
as the angle of fall. This parameter provides an indication of particle size, shape, uniformity, and
cohesion, and thus the flowability of the material.

Angle of Difference The angle of differences is calculated by subtracting the angle of fall from
the angle of repose. This parameter is related to the internal cohesion of the granular particles. The
larger the angle of difference, the more flowable the material.

Angle of Spatula Angle of spatula provides an indication of the internal friction between
particles. It is determined by inserting a flat blade into a pile of granular material and lifting verti-
cally (Figure 7.19). The new angle of repose that the material forms relative to the horizontal blade

FIGURE 7.17 Typical semiautomated tester used to measure Carr indices (author’s photograph).
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FIGURE 7.18 Experimental steps in a Carr test: (a) angle of repose; (b) aerated bulk density; (c) packed bulk
density; (d) angle of spatula; (e) angle of fall; and (f) dispersibility (author’s photograph).

TABLE 7.2
Carr Classification of Granular Material Flowability by Carr Indices
Property Index Value  Degree of Flowability/Floodability Remediation Measures
Flow index 90-100 Very good Bridge breaking measures not required.
0-19 Very bad Special apparatus and techniques are required
to break the bridge/cake/agglomerations.
Flood index 80-100 Very high Rotary seal must be used to prevent flushing.
0-24 Won’t flush Rotary seal is not required to prevent flushing.

Source: Adapted from Carr, R. L. Chemical Engineering 72(3): 69-72, 1965.
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FIGURE 7.19 Illustration of angle of spatula (0), formed when a flat blade is inserted into a pile of granular
material and lifted vertically (this simulates movement of the supporting surface), is the new angle of repose
resulting from this movement.

surface is known as the angle of spatula. This test simulates movement of the supporting surface
and material handling behavior that will be encountered in real settings. Generally, bulk solids with
an angle of spatula less than approximately 40° are considered free flowing.

Bulk Density ~As with angle of repose, bulk density (aerated and packed) is an overall bulk prop-
erty, but it is also used to assess flowability according to the Carr methodology. It has been thorough
discussed in Section 7.2.

Compressibility Some granular materials have a propensity to become tightly packed; others do
not. After determining aerated and packed bulk densities, the compressibility of a material can
be calculated as:

_(BD,-BD,

P

where C is compressibility (%), BDj, is the packed bulk density, and BD, is the aerated bulk
density. This parameter provides an indication of particle size, shape, uniformity, and cohesion,
and thus the overall flowability of the material. Bulk solids with a compressibility value less than
approximately 18% are considered free flowing. Hausner Ratio (HR) is related to compressibility,
and is defined as:

HR < BD,
= BD, (7.3)
Compressibility and Hausner Ratio are thus related by:
C =11 ! x 100
IR . (74)

Uniformity  The relative homogeneity of the size and shape of the particles within a bulk solid (i.e.,
uniformity) has a direct effect on a material’s ability to flow. This can be quantified by determining
the screen size that will allow 60% of a sample to pass through (which is generally a relatively large
mesh size) and the screen size that will allow 10% to pass through (which is generally a relatively
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small mesh size). Uniformity is then calculated by dividing the 60% mesh size by the 10% mesh
size. Thus, the smaller the uniformity value, the more homogeneous the particle sizes and shapes.
A material that is more uniform will have a tendency to have better flowability than a material with
a wide range of particle sizes.

Dispersibility - Dispersibility is a measure of the propensity for a granular material to form dust,
and thus lose mass to the surrounding air. It is especially important during vertical flow (e.g., pile
formation after spout or conveyor discharge). The more dispersible a material, the higher the poten-
tial for mass loss due to dust generation.

Although the Jenike and Carr procedures have been extensively used in many industries to
understand and alleviate flow problems, to date few formal studies have used these to investigate
the handling and flow characteristics of distillers grains. Determining the specific physical, chem-
ical, and/or environmental factors, or interactions thereof, which cause flowability problems for
these coproducts should be pursued aggressively, because solving this issue will have substantial
economic implications for both the fuel ethanol and the livestock industries. Refer to Ganesan et
al. (2008b) for a more in-depth discussion about flowability principles, especially as they relate to
DDGS.

7.3.2 Frow BeHavior oF DDGS

In recent years, data on the flow properties of DDGS have become available, and various studies
have examined multiple aspects of flowability both on a laboratory scale as well as a commercial
scale. A summary of some of these data for DDGS samples collected from commercial ethanol
plants is provided in Table 7.3.

For example, Ganesan et al. (2008a) produced laboratory-scale DDGS and examined the effect
of five moisture content levels (10%, 15%, 20%, 25%, and 30% db) on the resulting physical and
chemical properties of DDGS with four soluble solid levels (10%, 15%, 20%, and 25% db). To
produce these materials, CDS was combined with DDG, and appropriate quantities of water
were added to adjust moisture contents. Carr indices were used to quantify the flowability of the
DDGS samples. The results showed that both soluble solid level and moisture content had nega-
tive effects on physical and flow properties (e.g., aerated bulk density, packed bulk density, and
compressibility). According to dispersibility, flowability index, and floodability index, flowability
declined significantly with an increase in moisture content for most of the soluble levels under
consideration (as shown in Figure 7.20). The color values and protein content of the DDGS sig-
nificantly decreased as soluble level increased as well.

In another study, Ganesan et al. (2008c) determined the Jenike flow properties of laboratory-pro-
duced DDGS using a Jenike shear tester. Measured properties included cohesion, effective angle of
friction, angle of internal friction, yield locus, flow function, major consolidating stress, unconfined
yield strength, and compressibility. This work investigated the effects of four levels of soluble solid
content (10%, 15%, 20%, and 25% db) and five levels of moisture content (10%, 15%, 20%, 25%,
and 30% db) on the resulting flow properties of DDGS. With an increase in soluble solid levels, the
flow function curves shifted in a counterclockwise direction (i.e., toward the shear stress, or verti-
cal) axis, which indicated worsening flowability. As soluble solid and moisture levels increased, the
compressibility of the DDGS was found to increase, which indicated worsening flow. Overall, the
DDGS was classified as a cohesive material, and was likely to produce cohesive arching and thus
flowability problems.

Using data from these two studies, Ganesan et al. (2007) used exploratory data analysis to develop
a mathematical model to predict the flowability of DDGS. A simple, yet robust model (R? = 0.93,
standard error = 0.12) was developed by combining flow properties obtained from conventional
Carr and Jenike tests via dimensional analysis and response surface modeling. In this model, com-
pressibility, dispersibility, angle of internal friction, and effective angle of internal friction were
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TABLE 7.3
Typical Flowability Properties of DDGS Samples from Commercial Ethanol Plants
Property Consolidation Range Reference
Carr properties Angle of repose (°) 35.94-41.60 Bhadra et al. (2009a)
26.5-34.2 Rosentrater (2006)
Aerated bulk density (g/cm?) 0.44-0.60 Bhadra et al. (2009a)
Packed bulk density (g/cm?) 0.47-0.62 Bhadra et al. (2009a)
Hausner ratio (-) 1.03-1.09 Bhadra et al. (2009a)
Compressibility (%) 2.88-7.86 Bhadra et al. (2009a)
Uniformity (-) 1.20-2.80 Bhadra et al. (2009a)
Dispersibility (%) 36.40-55.53 Bhadra et al. (2009a)
Jenike properties  Effective angle of friction Level 1 42.33-57.00 Bhadra et al. (2009a)
©) Level 2 49.67-59.33 Bhadra et al. (2009a)
Level 3 48.33-61.00 Bhadra et al. (2009a)
Angle of internal friction Level 1 32.33-47.00 Bhadra et al. (2009a)
©) Level 2 32.67-46.00 Bhadra et al. (2009a)
Level 3 25.00-54.33 Bhadra et al. (2009a)
Unconfined yield strength Level 1 3.23-18.00 Bhadra et al. (2009a)
(kPa) Level 2 1.52-6.56 Bhadra et al. (2009a)
Level 3 0.44-1.24 Bhadra et al. (2009a)
Major consolidation stress Level 1 17.75-31.31 Bhadra et al. (2009a)
(kPa) Level 2 4.93-10.40 Bhadra et al. (2009a)
Level 3 1.48-2.24 Bhadra et al. (2009a)
Jenike flow function Level 1 1.43-5.57 Bhadra et al. (2009a)
-) Level 2 1.45-5.69 Bhadra et al. (2009a)
Level 3 1.36-4.16 Bhadra et al. (2009a)
Compressibility (1/cm) 2.94-22.30 Bhadra et al. (2009a)

nonlinearly related to Hausner Ratio (i.e., ratio of packed bulk density to loose bulk density), and
regions of good flow, fair flow, and poor flow were identified. However, this model was developed
exclusively based on coproduct materials from one ethanol plant and, as DDGS flow properties
often differ among plants, it was suggested to use this methodology and approach to develop similar
models to predict the flowability of DDGS from other plants.

Bhadra et al. (2009a) measured the flowability characteristics of DDGS samples from five com-
mercial ethanol plants in the north central region of the United States. Carr and Jenike tests were
performed and the resulting data were mathematically compared with Ganesan’s previously devel-
oped empirical computer model. The largest DDGS particles had an average geometric mean diam-
eter (d,,) of 1.19 mm, while the lowest particle size had an average d,,, of 0.5 mm. Soluble solid
levels ranged from 10.5% to 14.8% (db). The effective angle of friction was 42° to 57°. Additionally,
some physical and flow properties exhibited fairly high linear correlations with each other, includ-
ing aerated and with each packed bulk densities (r = 0.97), geometric standard deviation and Carr
compressibility (r = 0.71), and geometric standard deviation and Hausner Ratio (r = —0.70). Overall
flowability assessment validated the Ganesan et al.’s model and indicated that the commercial DDGS
samples did have the potential for flow problems, although no samples exhibited complete bridging.

To examine the behavior of a new, nutrient-fractionated DDGS product, Ganesan et al. (2009)
quantified physical and flow properties of commercially produced, unmodified (9.3% db fat) and
fractionated, reduced fat (2.1% db) DDGS to determine if lipid level affected flowability. The com-
pressive modulus of reduced fat DDGS was 28.2% higher than unmodified DDGS, but shear stress
resistance was the same (0.03 kg/m?). Carr testing indicated that the reduced fat DDGS had an angle
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FIGURE 7.20 CDS level and moisture content in DDGS have nonlinear interactions. As the moisture content
increases, flow index declines (i.e., flowability worsens), although floodability declines as well. As CDS level
increases, flow index increases slightly (i.e., flowability improves), while floodability declines. (Adapted from
Ganesan et al. Cereal Chemistry, 85(4), 464-470, 2008a.)

of repose 4.3% lower, and Carr compressibility 70% lower, than unmodified DDGS. However, in
terms of uniformity and dispersibility, reduced fat DDGS was 100% and 41.5% greater than regular
DDGS, respectively. Jenike shear testing revealed that reduced fat DDGS had unconfined yield
strength and Jenike compressibility values that were 15.7% and 40.0% lower, respectively, than
unmodified DDGS, and had major consolidating stress and flowability index values that were 6.7%
and 13.2% higher, respectively. For regular DDGS, the flow function curve was located somewhat
closer to the shear stress (vertical) axis, which indicated slightly worse flowability than the reduced
fat DDGS. Overall, the reduction in the fat content showed slight improvement in some flow proper-
ties, especially compressibility. But both types of DDGS were ultimately classified as cohesive in
nature. Additionally, exploration of the data using the previously developed computer assessment
tool appeared to show that the reduced fat DDGS may have somewhat better flow characteristics.
Bhadra et al. (2009b) investigated the cross-sectional and surface natures of DDGS particles
from five commercial ethanol plants, and how these characteristics interacted with overall physical
and flow properties as well as composition. This study examined the distribution patterns of chemi-
cal components within cross sections, within section edges (i.e., surface layers), and on surfaces
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using standard staining techniques. Crude protein in the bulk DDGS samples ranged from 28.33%
to 30.65% db, crude fat ranged from 9.40% to 10.98% db, and neutral detergent fiber (NDF) was
31.84% t0 39.90% db. Moisture contents ranged from 4.61% to 8.08% db, and d,,, values were 0.37 to
0.52 mm. Cross-sectional staining of individual particles, however, indicated protein levels ranging
from 19.57% to 40.39%, and carbohydrate levels from 22.17% to 43.06%, depending on the particle
size examined and the production plant from which the DDGS was sampled. Staining of DDGS par-
ticles indicated a higher amount of surface layer protein (see Figure 7.21 for an example) compared
to carbohydrate thickness on DDGS particles that had a lower flow function index (which indicated
poor flowability). Additionally, surface fat staining (Figure 7.22) suggested that higher surface fat
also occurred in samples with poor flow problems.

FIGURE 7.21 Cross-sectional image of a DDGS particle. Carbohydrate is denoted by dark stain, while pro-
tein by light stain. (Adapted from Bhadra et al. Cereal Chemistry, 86(4), 410—420, 2009b.)

10.0 pm

FIGURE 7.22  Surface fat globules on DDGS particles (note the small spheres). (Adapted from Bhadra et al.
Cereal Chemistry, 86(4), 410—420, 2009b.)
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7.4 CONCLUSIONS

DDGS is similar to other dry, granular feed materials (such as soybean meal and corn gluten meal)
in many respects. Currently, there are several challenges that affect the value and utility of DDGS,
including variability and poor flowability. But more information is becoming available on the physi-
cal properties of DDGS, as well as the effects that processing parameters at the ethanol plants
(especially CDS addition and drying operations) and the influence of storage conditions (including
time, temperature, and relative humidity) have on these properties. Physical properties (especially
moisture, particle size, shape, hardness, and stickiness) impact other physical attributes (such as
thermal properties, bulk density, and angle of repose) and thus influence end use functionality. These
properties affect material handling, storage behavior, as well as value-added processing operations.
Physical properties are only one facet of DDGS, however; the others are chemical composition and
nutritional quality (including digestibility). The following chapter discusses chemical composition
of DDGS in depth, while nutritional quality is covered in the chapters on animal feeds (Chapters 12
through 17).
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8.1 INTRODUCTION

Distillers dried grains with solubles (DDGS) is a major type of distillers grains in the current market.
By definition, distillers grains are cereal coproducts of the distillation process. There are two main
sources of distillers grains. The traditional source is from brewers where beverage ethanol, such as
beer or spirits, is produced, and a growing source is from fuel ethanol plants. Fuel ethanol can be pro-
duced from sugary, starchy, or cellulosic materials and has been highly concentrated to remove water
and blended with other compounds to render the alcohol undrinkable. There are two major industrial
methods for producing fuel ethanol from grains: wet milling and dry grind.
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Wet milling involves soaking grains (mostly corn) in water (steeping) under carefully controlled
conditions. The softened grain is then milled, and its structural or chemical components are sep-
arated by screening, centrifuging, and washing, to generate fractions of starch, germ, fiber, and
gluten. The isolated starch is fermented by yeast into ethanol, processed into sweeteners (such as
high fructose corn syrup), or sold as it is. The other fractions are further processed into different
products, including oil (from germ), gluten meal (from gluten), and gluten feed (by mixing fiber and
evaporated steepwater and drying the mixture). Both corn gluten meal and corn gluten feed are used
for animal feed (Kent and Evers, 1994).

A detailed description of dry grind processing is covered in Chapter 5, as well as by Jacques et al.
(2003), Bothast and Schlicher (2005), and Koster (2007). Briefly, as shown in Figure 8.1, grains
(mostly corn) are dry milled, and then mixed and/or cooked with water. The starch in the flour is con-
verted into sugars by enzymes and fermented into ethanol and carbon dioxide by yeast. After ethanol
is distilled out, all residual components remain and end up in an intermediate stream known as whole
stillage, which is further processed and recovered into several types of coproducts. Typically, whole
stillage is centrifuged into thin stillage and distillers wet grains (DWG). Thin stillage is then evapo-
rated to become condensed distillers solubles (CDS). For increasing shelf life and improving drying
and handling, both DWG and CDS are subsequently mixed and then dried to produce DDGS. Thus,
DDGS is the coproduct of dry grind processing of corn or other starchy grains into fuel ethanol. It is
the major form of distillers grains available to the feed industry. For this reason, in this chapter, the
terms “distillers grains” and “DDGS” are used interchangeably.

Dry grind ethanol production represents the majority of ethanol processing in the United States,
and all newly constructed ethanol plants employ some variation on the basic dry grind process
because such plants can be built at a smaller scale for a smaller investment (RFA, 2010). Although
DDGS has been in the market for a century (see Chapter 3), its surge in global supply in recent
years has stimulated many new investigations into this important coproduct of biofuel production.
In particular, chemical composition of DDGS has been a great interest to researchers in animal sci-
ence, ethanol producers, and traders in the feed industry. This chapter focuses on major and minor
nutrients in DDGS in terms of concentrations (quantity), composition (quality), changes during the
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entire dry grind process, and the underlying causes for high compositional variation of DDGS.
Additional topics, including particle size of DDGS, its relationship with chemical composition, and
wet fractionation of DDGS, are also discussed. As for mycotoxins in DDGS, refer to Chapter 11.

8.2 CHEMICAL COMPOSITIONS

During dry grind processing, since approximately two-thirds of the mass of the starting material
(typically corn) is converted into carbon dioxide and ethanol, it is normally expected that the con-
centrations of all unfermented nutrients, such as oil, protein, and minerals, will be concentrated
about threefold. Thus DDGS can be a rich source of significant amounts of crude protein, amino
acids, phosphorus, and other nutrients for animal feed. The main problem with use of DGGS as a
feed ingredient is the high variability of nutrient concentrations among different DDGS sources.

There are many reports on the general composition of DDGS and their variability. Some are in
published literature (Cromwell et al., 1993; Spiehs et al., 2002; Belyea et al., 2004, 2006; Skiatkiewicz
and Koreleski, 2008; Kim et al., 2008; Liu, 2008, 2009a). Others are posted in various websites
of state agricultural extension offices (USA), trade, or commodity organizations. Variation in the
chemical composition of CDS is also reported (Belyea et al., 1998). As shown in Tables 8.1 through
8.3, nutrient contents in DDGS vary with reports; they differ not only among production plants but
also among years of production from the same plant or even among batches. It is not surprising that
nutrient composition often differs from standard reference values as reported in NRC (1994, 1998).
Thus it has been recommended that a complete chemical analysis of each source of DDGS should
be done on a regular basis.

8.2.1 GENErRAL COMPOSITION

In an early study, Cromwell et al. (1993) evaluated the physical, chemical, and nutritional properties
of DDGS from nine different sources (two from beverage and seven from fuel alcohol production
systems). They found that considerable variability in nutrient content and physical properties existed
among DDGS samples. When converted to a dry matter basis, crude protein ranged from 26.0%
to 31.7%, fat from 9.1% to 14.1%, ash from 3.7% to 8.1%, acid detergent fiber (ADF) from 11.4% to
20.8%, and neutral detergent fiber (NDF) from 33.1% to 43.9%. The coefficient of variation (CV,
also known as relative % of standard deviation) for these nutrients ranged from 5.3% to 27.7%. The
average value for protein, oil, ash, total carbohydrate, ADF, and NDF were 29.7%, 10.7%, 5.3%,
54.3%, 15.9%, and 38.8%, respectively. The average dry matter content was 90.5% with a CV of
1.8% (Table 8.1).

A decade later, Spiehs et al. (2002) evaluated the nutrient content and variability of DDGS in a
total of 118 samples from ten fuel ethanol plants during 1997, 1998, and 1999. They found that the
average values (% dry matter) for protein, oil, ash, crude fiber, ADF, and NDF were 30.2, 10.9, 5.8,
8.8, 16.2, and 42.1, respectively. The CV ranged from 6.4% for protein to 28.4% for ADF (Table 8.1).
The average dry matter content was 88.9%, with a CV of 1.7%. These values were not substantially
different from those of Cromwell et al. (1993). Both showed higher variation in ash content and
lower variation in dry matter content.

Later, Belyea et al. (2004) analyzed as many as 235 DDGS samples from a fuel ethanol plant in
Minnesota, USA, and found that the average values (% dry matter) for protein, oil, ash, crude fiber,
and ADF were 31.4, 12.0, 4.6, 10.2, and 16.8, respectively. They also reported the average content
of residual starch as 5.3%. Thus, Belyea et al. (2004) gave higher average values of protein, oil, and
crude fiber and lower values of ash than Spiehs et al. (2002). Liu (2008) showed that the average val-
ues of six DDGS samples from fuel ethanol plants for protein, oil, ash, and starch were 27.4, 11.7, 4.4,
and 4.9, % dry matter, respectively. The lower estimate of the protein value as compared with the pre-
vious three studies might be due to use of 5.75 as a conversion factor from nitrogen instead of 6.25.
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TABLE 8.1

General Composition of DDGS from Different Plants, Years, and Sources Reported in Different Sources

Cromwell et al. (1993) Spiehs et al. (2002) Belyea et al. (2004) Liu (2008)

Source Mean Range CV (%) Mean Range® CV (%) Mean Range© CV (%) Mean Range CV (%)
No. of data points 9 9 9 118 10 118 235 5 5 6 6 6
Dry matter 90.5 87.1-92.7 1.8 88.9 87.2-90.2 1.7
Protein 29.7 26.0-31.7 53 30.2 28.7-31.6 6.4 314 30.8-33.3 6.3 274 25.8-29.1 4.0
Oil 10.7 9.1-14.1 6.5 10.9 10.2-114 7.8 12.0 10.9-12.6 5.6 11.7 11.0-12.2 4.0
Ash 53 3.7-8.1 27.7 5.8 5.2-6.7 14.7 4.6 43-5.0 5.7 44 4.0-4.9 7.8
Starch 53 4.7-5.9 9.7 4.9 3.2-5.7 25.7
Total carbohydrate 54.3 53.1 52.1 5.2 56.5 55.7-57.9 1.6
Crude fiber 8.8 8.3-9.7 8.7 10.2 9.6-10.6 3.7
Acid detergent fiber 15.9 11.4-20.8 21.1 16.2 13.8-18.5 28.4 16.8 15.4-19.3 9.3
Neutral detergent 38.8 33.1-439 10.0 42.1 36.7-49.1 14.3

fiber

Note: Nutrient values are all expressed in or converted to % dry matter basis; bold indicates mean values.
4 CV = coefficient of variation, also known as relative standard deviation.

b Range values for means of ten sample origins (locations).

¢ Range and CV (%) values for means of five sample groups (by year).
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8.2.2 AmiINo Acip COMPOSITION

In the early study, Cromwell et al. (1993) reported that among nine different sources from bever-
age or fuel alcohol production systems, when converted to dry matter basis, lysine varied from
0.48% to 0.97%, methionine from 0.49% to 0.61%, threonine from 0.99% to 1.28%, and trypto-
phan from 0.18% to 0.25%. Lys was the most variable among the 11 amino acids (AA) measured,
with a CV = 18.71%. In the Spiehs et al. (2002) study, 119 DDGS samples were analyzed for ten
essential amino acids. On a dry matter basis, the average lysine content was 0.85%, ranging from
0.72% to 1.02%. Again, lysine was the most variable among the ten amino acids, with an average
CV = 17.3% (Table 8.2). Methionine values ranged from 0.49% to 0.69%, with an average value of
0.55%. Average tryptophan and threonine values were 0.25% and 1.13%, respectively. The mean
values (% dry matter) for arginine, histidine, phenylalanine, isoleucine, leucine, and valine were
1.20, 0.76, 1.47, 1.12, 3.55, and 1.50, respectively. These values did not substantially differ from
those reported by other researchers (Table 8.2). Cromwell et al. (1993) and Spiehs et al. (2002) only
analyzed essential AA, but others (Batal and Dale, 2006; Kim et al., 2008; and Han and Liu, 2010)
examined contents of both essential and nonessential AA. Like proximate composition, variation in
individual amino acids exists among reports and among sample sources.

Although protein content in DDGS is increased about threefold over that in the grain feedstock,
the protein quality (in terms of AA composition relative to total AA) is not substantially improved
over the grain. Because corn is the primary grain used in fuel ethanol production, the resulting
DDGS has a similar AA profile to corn even though fermentation yeast has some effect (to be
discussed labor). In particular, the lysine level is low relative to crude protein in DDGS. Thus,
the protein quality of DDGS is considered incomplete, relative to the amino acid requirements of
animals.

In addition, due to its high susceptibility to heat damage, lysine content and digestibility are the
main concerns in the use of DDGS as a feed component. Cromwell et al. (1993) reported that Lys
concentration tended to be lowest in the darkest and highest in the lightest-colored DDGS, and
correlation between the Hunter lab L score and Lys content was also significant. This was later con-
firmed by Fastinger et al. (2006) who reported that Lys content in five sources ranged from 0.48% to
0.76%, with the lowest Lys content in the darkest DDGS source. Furthermore, they also reported that
apparent and true Lys digestibility evaluated on adult roosters was significantly lower in the dark
colored than in other DDGS samples. Differences in other essential amino acid digestibility among
sources were smaller but also significant. Concurrently, Batal and Dale (2006) observed consider-
able differences in the true amino acids digestibility among samples, and significantly lower total
and digestible Lys content in the darker DDGS samples, and attributed it to the Maillard reaction,
which occurs when a reducing carbohydrate such as glucose reacts with the epsilon amino group of
Lys. The reaction may result in destruction of a significant amount of Lys during excessive heating.
They further suggested that color analysis might be a quick and reliable method of estimating the
amino acid, particularly Lys, digestibility of DDGS for poultry.

8.2.3 MINERALS

Many studies also documented mineral composition in DDGS (Spiehs et al., 2002; Batal and Dale,
2003; Belyea et al., 2006; Liu and Han, 2011). Like in other biological materials, major minerals in
DDGS are Ca, P, K, Mg, S, and Na (Table 8.3). Mean concentrations ranged from 0.05% (dry matter) for
Cato 1.15% for K. The remaining four fell in between. Minor minerals in DDGS include Zn, Mn, Cu,
Fe, Al, Se, etc. Their concentrations ranged between 6 ppm for Cu to 149 ppm for Fe, among reports.
High concentration and high variability of minerals are two issues that impact practical uti-
lization and thus marketing of DDGS as animal feed (Spiehs et al., 2002; Batal and Dale, 2003;
Belyea et al., 2006; Liu and Han, 2011). High concentration can lead to not only nutritional disorders
but also excessive minerals in wastes. For example, excessive dietary S concentrations have been
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TABLE 8.2
Amino Acid Composition of DDGS Reported in Different Sources

Cromwell et al. (1993) Spiehs et al. (2002) Batal and Dale (2006) Han and Liu (2010)
Source Mean Range CV (%)* Mean Range CV (%)* Mean CV (%) Mean Range CV (%) Kim et al. (2008)
Number of data points 9 9 8 118 10 118 8 8 3 3 3 1
Essential
Arg 1.18 0.95-1.33 9.70 1.20 1.11-2.17 9.1 1.09 14.68 1.29 1.16-1.40 9.45 14
His 0.80 0.65-0.93 12.65 0.76 0.72-0.82 7.8 0.69 8.70 0.91 0.82-1.01 10.41 0.8
Ile 1.13 1.06-1.26 5.89 1.12 1.05-1.17 8.7 0.97 6.19 1.03 0.91-1.25 18.85 1.1
Leu 3.69 3.05-4.40 12.56 3.55 3.51-3.81 6.4 3.05 4.59 3.50 3.18-3.91 10.62 33
Lys 0.78 0.48-0.97 18.71 0.85 0.72-1.02 17.3 0.71 22.54 1.04 0.88-1.15 13.63 1.0
Met 0.57 0.49-0.61 6.65 0.55 0.49-0.69 13.6 0.54 11.11 0.72 0.65-0.76 8.45 0.6
Phe 1.61 1.39-1.91 9.48 147 1.41-1.57 6.6 1.31 3.05 1.50 1.37-1.76 14.79 14
Thr 1.13 0.99-1.28 10.00 1.13 1.07-1.21 6.4 0.96 6.25 1.17 1.06-1.26 8.67 1.1
Trp 0.22 0.18-0.25 11.09 0.25 0.21-0.27 6.7 0.20 25.00 0.2
Val 1.49 1.30-1.64 7.18 1.50 1.43-1.56 7.2 1.33 5.26 1.56 1.40-1.80 13.72 1.5
Nonessential
Ala 1.78 3.93 2.07 1.86-2.27 9.91 1.9
Asp 1.75 11.43 1.97 1.77-2.16 9.91 1.7
Cys 0.59 0.49-0.66 9.52 0.56 7.14 0.57 0.53-0.60 6.33 0.5
Glu 3.49 6.88 5.48 4.94-6.01 9.76 33
Gly 1.19 1.11-1.31 8.72 1.1
Pro 1.99 5.03 2.19 1.94-2.63 17.32 2.0
Ser 1.09 6.42 1.45 1.32-1.58 9.00 1.2
Tyr 0.96 9.38 1.02 0.87-1.29 22.65 1.2

Note: Nutrient values are expressed in or converted to % dry matter basis, except for Batal and Dale (2006) data, which were expressed as % wet (as is) basis; bold indicates mean values.
2 CV = coefficient of variation.

® Range values for means of ten sample origins (locations).
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TABLE 8.3

Concentrations of Minerals in DDGS Reported in Different Sources

Source Parameters K (mg/g) P (mg/g) Mg (mg/g) S (mg/g) Na (mg/g) Ca(mg/g) Fe(ug/g) Zn (ug/g) Mn (ug/g) Cu (ug/g)

Spiehs et al. (2002) Sample No. 118 118 118 118 118 118 118 118 118 118
Minimum 6.9 7.0 25 33 1.2 0.3 753 447 10.7 4.7
Maximum 10.6 9.9 37 74 5.1 1.3 156.4 312.0 21.3 7.6
Mean 9.4 8.9 33 4.7 2.4 0.6 119.8 97.5 15.8 5.9
CV (%) 14.00 11.70 12.10 37.10 70.50 57.20 41.10 80.40 32.70 20.40

Batal and Dale (2003) Sample No. 12 12 12 12 12 12 12 12 12 12
Minimum 6.7 5 2.1 5.8 0.9 0.1 67 44 9 3
Maximum 9.9 7.7 33 11 4.4 7.1 325 88 48 18
Mean 9.1 6.8 2.8 84 2.5 2.9 149 61 22 10
CV (%) 12.08 12.29 14.28 25.00 60.00 93.00 57.70 21.30 50.00 43.00

Belyea et al. (2006) Sample No. 9 9 9 9 9 9 9 9 9 9
Minimum 9.31 7.10 2.99 3.44 0.60 0.25 90.0 75.0 15.6 4.9
Maximum 12.40 9.43 3.79 8.27 2.30 0.34 109.0 170.0 193 6.8
Mean 11.22 8.52 3.48 5.76 1.30 0.28 98.7 113.7 17.0 5.6
CV (%) 9.60 8.71 7.70 25.06 40.99 11.14 5.87 36.52 7.04 10.92

Liu and Han (2011) Sample No. 3 3 3 3 3 3 3 3 3 3
Minimum 10.72 8.35 3.24 6.03 2.16 0.31 17.52 63.36 14.57 5.01
Maximum 12.42 9.28 3.63 7.94 2.94 0.48 26.63 67.28 17.98 6.07
Mean 11.44 8.73 3.45 6.83 2.63 0.37 2147 65.15 15.81 5.55
CV (%) 7.66 5.60 5.79 14.56 15.56 26.02 21.75 3.04 11.93 9.52

Note: Values are expressed in dry matter basis. CV = coefficient of variation, also known as relative standard deviation; bold indicates mean values.
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associated with thiamine deficiency, which in turn causes polioencephalomalacia (PEM) in rumi-
nants (Gould, 1998; Niles et al., 2002). It has also been linked, together with high nitrogen (N), to
increased odor production in manure (Spiehs and Varel, 2009). High phosphorus (P) concentration
in DDGS, which ranges from 0.5% to 1.0% (Spiehs et al., 2002), has been shown to cause increased
P excretion in livestock wastes (Koelsch and Lesoing, 1999; Spiehs and Varel, 2009), which in turn
increases the amount of land necessary to utilize manure P. Therefore, high DDGS inclusion in
rations for certain animals has been avoided because of potential problems with PEM and/or envi-
ronmental concerns.

Variation in mineral contents (Table 8.3) is much larger than the composition of other nutrients
(Tables 8.1 and 8.2). For some minerals (such as S, Na, and Ca), the CV values (>25%) within
a single study were higher than others. Exogenous addition of some mineral compounds dur-
ing processing may be an explanation. For example, ethanol plants may use sodium hydroxide to
sanitize equipment. They may also use it, along with sulfuric acid, to adjust the pH of mashes for
optimum enzyme activity during liquefaction and/or meeting yeast requirements during fermen-
tation (Belyea et al., 2006). High variation in mineral contents makes accurate diet formulation
difficult because assumed concentrations could be different from actual concentrations. To prevent
the potential for underfeeding, producers often formulate diets on the assumption that mineral
concentrations are low. This practice results in overfeeding of nutrients, which can lead to not only
nutritional disorders but also in excess minerals in wastes. Because of excessive variation of ele-
ments in DDGS, they are frequently measured in order to develop a more complete nutrient profile
of DDGS.

8.2.4 LiriDs

The lipids in DDGS originate from the feedstock for ethanol production (i.e., grain). In the United
States, the major feedstock is yellow dent corn, although sorghum and other grains are also used to
a limited extent. So, lipid profiles in distillers grains mostly resemble those in corn, except for the
about threefold increase in concentration. The major lipid is triglycerides while minor ones include
phytoesterols, tocopherols, tocotrienols, carotenoids, etc. (Winkler et al., 2007; Leguizamon et al.,
2009; Winkler-Moser and Vaughn, 2009; Majoni and Wang, 2010; Moreau et al., 2010a, 2010b).
Yet, unlike oil of the original feedstock, distiller grains was found to contain unusually higher
amounts of free fatty acids (6%—8% vs. 1%—2% in corn, based on extracted oil weight) (Winkler-
Moser and Vaughn, 2009; Majoni and Wang, 2010; Moreau et al., 2010b). Oil extracted from CDS
was also found to contain higher levels of free fatty acids (Moreau et al., 2010a).

Since the crude oil content in DDGS is around 10%, there is a renewed interest in removing
oil either before (frontend) (Singh et al., 2005) or after fermentation (backend) (Wang et al., 2008;
Cantrell and Winsness, 2009) (Chapter 5). Unlike oil removed at the frontend, oil removed at the
backend is no longer edible (mainly due to unusually high levels of free fatty acids) so it is mainly
for use as a feedstock of biodiesel production. Details on lipid composition in DDGS are covered in
Chapter 9 of this book.

8.2.5 CARBOHYDRATES AND Low MOLECULAR WEIGHT ORGANICS

During dry grind processing, starch is converted to simple sugars, which are then fermented to
ethanol and carbon dioxide. However, other carbohydrates (CHO), such as cell wall CHO, remain
relatively unchanged chemically. DDGS also contains low molecular weight organic compounds
that are present in the original feedstock or produced during processing. Since starch conversion
cannot lead to completion under normal processing conditions, there are also some residual starch
and sugars in the coproduct (Liu, 2008).

Dowd et al. (1993) reported that the low molecular weight organics in the solubles of corn ori-
gin were lactic acid (10.40 g/L), glycerol (5.8 g/L), and alanine (free amino acid, 4.08 g/L), as well
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as smaller amounts of ethanol, and various non-nitrogenous and nitrogenous acids, polyhydroxy
alcohols, sugars, and glucosides. Wu (1994) measured various types of sugars in DDGS, distillers
dried grains (DDG), and distillers dried solubles (DDS) by hydrolyzing samples with trifluoroacetic
acid (TCA), followed by HPLC analysis. Analyses revealed that these ethanol coproducts contained
many neutral sugars after TCA hydrolysis, including glycerol, arabinose, xylose, mannose, glucose,
and galactose. DDS had the highest content of sugars (38.7%), followed by DDGS (38.0%) and DDG
(35.8%). The sugar composition also differed among the three coproducts. For example, among
the sugars in DDGS, the highest amount was glucose (11.9%), followed by xylose (8.5%), glycerol
(7.8%), arabinose (6.4%), galactose (1.9%), and mannose (1.6%). Note that these sugars were not
present in free form, but rather as a complex carbohydrate, commonly seen in cell walls. They
became measurable after TCA hydrolysis.

Traditionally, DDGS is mainly used as animal feed. Compositional analysis is thus centered
on key nutrients such as protein, oil, minerals, etc. Yet, with an increasing demand for fuel
ethanol, DDGS is viewed as a potential feedstock for ethanol production by a cellulosic method
(Chapter 22). Thus, Kim et al. (2008) developed a new analytical approach, which aimed at
determining a more detailed chemical composition, especially for polymeric sugars, such as cel-
lulose, starch, and xylan, which release fermentable sugars upon action by cellulosic enzymes.
Not surprisingly, DDGS had higher water extractives than DDG (Table 8.4) since the solubles,
as a part of DDGS, contained more simple sugars. Here, the ether extractives can be considered
crude oil content, while water extractives can be considered soluble carbohydrates and related
compounds such as glycerol and lactic acid. In this table, assuming that the complex carbohy-
drate consists of glucan (which includes residual starch and cellulose), xylan, and arabinan, by
adding all four constituents plus water extractables, we can have a total carbohydrate (CHO) of
59.4% dry matter. This value was very close to the calculated amount of total CHO (59.0%) by
subtracting the sum of protein, ether extractives, and ash from 100%. In either case (by mea-
surement or by calculation), the total CHO content in DDGS was higher than those reported in
Table 8.1.

TABLE 8.4
Cellulosic Biomass Compositional Analysis of Distillers Wet
Grains (DWG) and DDGS

Constituents DWG DDGS
Dry matter (% wet basis) 353 88.8
Ether extractives 9.6 11.6
Crude protein 36.6 24.9
Ash 2.0 45
Total carbohydrate by calculation 51.8 59.0
Water extractives 8.8 24.7
Glucan 18.5 21.2
Cellulose 12.6 16.0
Starch 5.9 52
Xylan and arabinan 20.9 135
Xylan 14.9 8.2
Arabinan 5.5 53
Total carbohydrate measured 48.2 59.4

Source: Adapted from Kim, Y. et al. Bioresource Technology 99: 5165-5176, 2008.
Note: All values are expressed in dry matter basis except where otherwise noted.
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8.3 PARTICLE SIZE AND ITS RELATIONSHIP WITH CHEMICAL COMPOSITION

DDGS is a heterogeneous particulate bulk consisting of all the nonfermentable components from
corn kernels, after the majority of starch is hydrolyzed and depleted during ethanol production
(Ileleji et al., 2007). Thus, the relative amounts of particles present, sorted according to size, would
be a characteristic of a particular DDGS sample. Such a feature, commonly known as particle size
distribution (PSD), has been widely used to describe many other powder materials, since it is an
important quality parameter that helps in understanding the physical and chemical properties of a
particular powder material (Barbosa-Canovas et al., 2005). See Chapter 7 for further details.

The way that PSD is expressed is usually defined by the method by which itis determined (Barbosa-
Canovas et al., 2005). In general, a sieve analysis is the easiest method for particle size determination
(ASAE Standards, 2003), where a powdery material is separated on sieves of different sizes, and PSD
is defined in terms of mass frequency over discrete size ranges. It is based on an assumption that the
particles are spheres that will just pass through a square hole in a sieve. In reality particles in most
powder materials, such as DDGS, are irregular in shape, often extremely so. However, it does not
diminish the value of particle size analysis. Based on sieve analysis, PSD is generally expressed in
two ways: in the proportion of material retained on (or passed through) each sieve size (by a table or a
graph) or as geometric mean diameter based on a statistical treatment (ASAE Standards, 2003). The
former expression can be more easily understood by processors, but geometric mean diameter can be
an effective way for comparing PSD of different samples on a statistical basis.

Particle size has been shown to affect the volume and acceptability of baked products incorpo-
rated with DDGS (Abbott et al., 1991). It could also affect digestibility by various species of animals
(Wondra et al., 1995). Therefore, PSD data of DDGS are essential for many aspects, including for-
mulation of animal feed, digestibility and nutrient availability, design of equipment and processing
facilities, optimization of unit operations, storage, material handling systems, assessment of poten-
tial or flexibility for a particular nutrient enrichment by sizing, and of end product quality.

There is limited information in the literature on the PSD of DDGS and its relationship with chemi-
cal composition. Rausch et al. (2005a) compared the PSD of DDGS with those of ground corn mea-
sured in the same study and determine the relationship between the two, but no chemical properties
were measured. In an attempt to provide information about DDGS PSD and its relationship with
chemical composition, Liu (2008) studied 11 DDGS samples processed from yellow dent corn and
collected from different ethanol processing plants in the U.S. Midwest area. PSD (by mass) of each
sample was determined using a series of six selected U.S. standard sieves: No. 8, 12, 18, 35, 60, and
100, and a pan. The original sample and sieve sized fractions were measured for surface color and
contents of moisture, protein, oil, ash, and starch. Total carbohydrate (CHO) and total nonstarch CHO
were also calculated.

The study showed that the particle size of DDGS varied greatly within a sample, and PSD varied
greatly among samples (Figure 8.2). The majority had a unimodal PSD, with a mode in the size
class between 0.5 and 1.0 mm. The 11 samples had a mean value of 0.660 mm for the geometric
mean diameter (d,,,) of particles and a mean value of 0.440 mm for the geometric standard devia-
tion (S,,) of particle diameters by mass. The study also showed that there was a great variation in
chemical composition (Figure 8.3) and color attributes in whole and sieved fractions among DDGS
from different plants. A few DDGS samples contained unusually high amounts of residual starch
(11.1%-17.6%, dry matter basis, vs. about 5% for the rest), presumably resulting from modified
processing methods. More importantly, although particle size and color parameters had little cor-
relation with the composition of whole DDGS samples, distribution of nutrients as well as color
attributes correlated well with PSD. In sieved fractions, protein content, color values of L and a
were negatively correlated with particle size, while contents of oil and total CHO were positively
correlated with particle size. This means that finer fractions were higher in protein concentration,
but lower in oil and CHO, and lighter in color. Thus, there was a highly heterogeneous distribution
of nutrients in sized fractions.
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FIGURE 8.2 Particle size distribution of 11 DDGS samples collected from the U.S. Midwest region. Mass
frequency was based on the proportion of materials retained on each sieve size, by weight. (Adapted from Liu,
K. S. Bioresource Technology 99: 8421-8428, 2008. With permission.)
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FIGURE 8.3 (a) Protein, (b) oil, and (c) ash contents (%, dry matter basis) in the original (whole) and sieve

sized fractions of the 11 DDGS samples. (Adapted from Liu, K. S. Bioresource Technology 99: 8421-8428,
2008. With permission.)
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FIGURE 8.4 Close-up photograph of a DDGS sample, showing different texture and shapes of particulate
material. (Adapted from Liu, K. S. Bioresource Technology 99: 8421-8428, 2008. With permission.)

Liu (2008) further showed that the particles in DDGS can be grouped into three classes, flakes,
granules, and aggregate granules (Figure 8.4). The flakes came mostly from tip cap and broken
seed coats of corn kernels. The granules were mostly nonfermentable materials that were left from
ground endosperm and germ. The aggregate granules are mostly granules glued together, appar-
ently by solubles added during the final stage of the process. Because all three types of particulates
varied in size and shape, sieving could cause changes of their proportions in sized fractions. Since
the flakes were mostly fiber, while the granules and aggregates were mostly nonfiber components,
shifts in their proportions led to change in composition in sieve sized fractions. Therefore, the study
of Liu (2008) supports the idea of nutrient enrichment of DDGS through sieving and/or air clarifi-
cation reported previously (Wu and Stringfellow, 1986; Srinivasan et al., 2005; Liu, 2009b) and in
Chapter 25 of this book.

8.4 CHANGES IN CHEMICAL COMPOSITION
DURING DRY GRIND PROCESSING

Some have reported compositional differences between the raw material (corn) and the end product
(DDGS) of the dry grind process (Belyea et al., 2004). Others investigated compositional differ-
ences among different versions of the process—traditional versus modified methods (Wang et al.,
2005; Singh et al., 2005). These studies provided some information about changes that occur dur-
ing the process, but lacked details on changes that occur step by step during dry grind processing.
Belyea et al. (2006) investigated mineral concentrations of primary process streams from the dry
grind process, the first of its kind, although the documented changes were limited to minerals only.
Recently, Liu and colleagues conducted a comprehensive study, with objectives to monitor changes
in concentrations of various nutrients, composition of particular nutrients, and some physical prop-
erties during the entire dry grind process, from corn to DDGS. The study, documented in several
reports (Han and Liu, 2010; Moreau et al., 2010; and Liu and Han, 2011), used three sets of samples
that were provided from different commercial dry grind ethanol plants in Iowa. Each set consisted
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of ground corn, yeast, intermediate streams, and DDGS (Figure 8.1). Intermediate streams included
raw slurry, cooked slurry, liquefied mass, saccharified mash, fermentation mash, whole stillage, thin
stillage, CDS, DWG, and distillers wet grains with solubles (DWGS), although the total number
of intermediate streams varied slightly among plants. Results of these reports are to be covered in
detail in the following subsections.

8.4.1 CHANGES IN GENERAL COMPOSITION

Protein, oil, and ash contents (on a dry basis) of the processing streams increased slightly at the
beginning of the process, up to the saccharification step (Figure 8.5a). The increase of these compo-
nents in cooked slurry as compared with ground corn was most likely due to using a portion of thin
stillage as backset to slurry ground corn; the contents of protein, oil, and ash in thin stillage were
much higher than ground corn. After fermentation, these nutrients were concentrated dramatically,
about threefold over corn. The increase was mainly due to depletion of starch as it was fermented
into ethanol and carbon dioxide. Distillation caused little changes in composition, but centrifuga-
tion did. Thin stillage was higher in oil and ash content but lower in protein content than DWG.
This implies that in whole stillage, a larger portion of oil was emulsified in the liquid phrase, and
the majority of ash was soluble, so that they went more in the liquid fraction than the solid fraction
during centrifugation. Among all the stream samples, oil and ash were highest in thin stillage and
its condensed form—CDS, while protein was highest in DWG. In addition, the ash content was so
greatly reduced in DWG upon centrifugation that it was only slightly higher than that in ground
corn. When the two were mixed together to become DWGS, the composition was averaged out and
became similar to that of the whole stillage. There was a slight but significant (p < 0.05) difference
in contents of protein, oil, and ash between DWGS and DDGS. This difference was most likely due
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FIGURE 8.5 Changes in gross composition during dry grind ethanol processing from corn at a commercial
plant in Iowa, USA. (a) contents of protein, oil and ash, and (b) contents of starch/dextrin, total CHO (carbohy-
drates), and total nonstarch CHO. (Adapted from Han, J. C., and K. S. Liu. Journal of Agricultural and Food
Chemistry 58: 3430-3437, 2010. With permission.)
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to the dynamics of drying, since part of the DDGS output was recycled, to be mixed with DWG and/
or CDS for improving operational performance (Kingsly et al., 2010).

Changes in starch/dextrin and total carbohydrate during dry grind processing of corn (Figure
8.5b) were opposite to those of protein, oil, and ash (Figure 8.5a). At the beginning of the process,
starch and dextrin were relatively unchanged, although a decrease from corn to cooked slurry was
noticeable. This decrease was apparently due to an increase in protein, oil, and ash contents dis-
cussed earlier. Upon saccharification, starch/dextrin decreased substantially and decreased further
to about 6% after fermentation. It remained unchanged in the rest of processing streams. Enzymatic
action and fermentation converted most of the starch to ethanol, but apparently could not achieve
a complete conversion. Residual starch in coproducts was also reported elsewhere (Belvea et al.,
2004; Pedersen et al., 2007; Liu, 2008). Concomitant with starch/dextrin change, the total CHO was
relatively stable at about 83% until fermentation, where it decreased substantially to about 51%. This
value fluctuated slightly in the rest of the processing streams (Figure 8.5b).

Total nonstarch carbohydrate refers to all carbohydrates excluding starch and dextrin. It includes
cellulose, hemicellulose, and lignin, which are all cell wall components. It also includes soluble sug-
ars and other low molecular organics (such as glycerol and lactic acid). In ground corn, starch was a
major portion of total CHO and the total nonstarch CHO was around 17% of dry matter (Figure 8.5b).
This value remained relatively unchanged until the step of saccharification, where it increased sig-
nificantly due to conversion of starch and dextrose to simple sugars. Upon fermentation, depletion of
soluble sugars caused some decrease in total nonstarch CHO, but the value was still about 43%, more
than double the value in ground corn. This value fluctuated slightly in the remaining streams.

8.4.2 CHANGES IN AMINO AciD COMPOSITION

Amino acid composition is a major nutritional index of a protein ingredient. It is typically expressed as
concentrations (% of sample weight, dry or fresh weight basis) or relative % (based on weight of total
amino acids or protein in a given sample). DDGS proteins, like other proteins, contain essential and
nonessential amino acids. In general, changes in AA concentrations, either essential or nonessential,
followed the pattern of protein changes during the dry grind process (Table 8.5). Before fermenta-
tion, there was a slight change. Upon fermentation, concentrations of all AA increased 2.0-3.5-fold,
resulting from starch depletion. When whole stillage was separated into thin stillage and distillers wet
grains, AA concentrations, just like protein content, were higher in DWG than thin stillage. When the
CDS and DWG were mixed to produce DWGS, the AA concentrations became close to that in whole
stillage. There was some minor change upon drying into DDGS. The content of total amino acids was
close to the protein content in each sample, but the difference between the two fluctuated between
positive and negative values, depending on sample type and ethanol plant. This difference was pre-
sumably attributed to the difference in nonprotein nitrogen content among samples and the variation
of two separate analytical methods. Note that Table 8.5 also includes yeast AA concentration.

Although the general trend in AA concentration followed that of protein content, the extent of
change for each AA of a given downstream product as compared with that of ground corn varied
with individual AA (Table 8.5). For example, upon fermentation, some amino acids increased in
concentration significantly faster than others. Furthermore, when AA profile is expressed as relative
% (based on total AA), it describes more protein quality than quantity. Unlike AA concentrations,
the change in AA composition in terms of relative % (Table 8.6, converted from Table 8.5) did not
follow the trend of protein change. Upon fermentation, some AA increased, others decreased, and
still others remained unchanged.

8.4.3 CHANGES IN PROTEIN STRUCTURES

Reports on changes in protein structures are rather limited. Yu et al. (2010) investigated changes in
protein molecular structures during bioethanol production, and found that proteins from original
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Amino Acid Concentration (% Dry Weight) during Dry Grind Ethanol Processing of Corn at Plant 1

7.70+£022 927+0.13 9.77+0.04

TABLE 8.5

Amino

Acid Milled
(AA) Corn
Essential

Arg 0.36 £ 0.03
His 0.32 +0.01
Ile 0.37 £0.03
Leu 1.24 +0.01
Lys 0.32 +0.00
Met 0.34+0.08
Phe 0.66 = 0.05
Thr 0.40 + 0.01
Val 0.76 £ 0.01
Nonessential

Ala 0.66 = 0.01
Asp 0.60 = 0.02
Cys 0.30 £ 0.05
Glu 1.80 £ 0.02
Gly 0.35+0.02
Pro 0.68 +0.04
Ser 0.51 +0.01
Tyr 0.49 £0.17
Total AA  10.13 +0.28
Protein

Source:

Cooked
Slurry

0.37
0.36
0.29
1.03
0.32
0.45
0.49
0.40
0.69

0.66
0.63
0.34
1.68
0.34
0.45
0.49
0.38
9.35

Mash

0.34
0.31
0.35
1.14
0.32
0.33
0.68
0.38
0.75

0.66
0.64
0.30
1.78
0.36
0.73
0.48
0.50
10.04

0.39
0.39
0.30
1.12
0.31
0.37
0.58
0.42
0.70

0.66
0.65
0.35
1.73
0.37
0.54
0.53
0.35
9.73

Liquefied Saccharified Fermented

Mash Mash

1.28
0.81
1.05
3.21
1.13
0.67
1.53
1.15
1.57

2.05
1.97
0.59
5.30
1.20
2.21
1.41
1.16
28.28

Note: Means * standard deviation. The rest are values of single measurement.

Whole
Stillage

1.22
0.87
0.77
2.75
1.01
0.69
1.22
1.05
1.31

1.81
1.76
0.55
4.74
1.08
1.56
1.26
0.78
24.46

Thin
Stillage

1.03
0.65
0.48
1.35
0.81
0.60
0.76
0.77
1.03

1.29
1.26
0.49
3.22
0.93
0.84
0.87
0.56
16.93

From Han, J. C., and K. S. Liu. Journal of Agricultural and Food Chemistry 58: 3430-3437, 2010.

Condensed
Solubles

0.98
0.60
0.69
1.62
0.97
0.56
0.97
0.83
1.23

1.45
1.42
0.46
3.51
1.03
1.30
0.92
0.76
19.32

Wet
Grains

1.34
1.00
0.99
3.97
1.17
0.68
1.59
1.29
1.55

2.20
2.11
0.64
5.93
1.14
2.17
1.60
1.00
30.38

DWGS

1.24
0.74
0.96
2.83
1.05
0.48
1.26
1.05
1.40

1.87
1.78
0.48
4.69
1.13
1.91
1.27
0.74
24.88

12.08 £0.02 2943 +0.03 29.50+0.48 2290=+0.63 21.31+0.24 33.40+0.09 27.67+0.37

DDGS

1.32+£0.02
1.01 £0.00
0.91 +£0.01
3.42 +0.04
1.09 £ 0.03
0.76 £ 0.04
1.38 £0.07
1.19 £0.02
1.47 £0.02

2.09+0.03
1.99 £ 0.03
0.58 £0.02
5.50 £ 0.06
1.16 £ 0.03
1.94 +£0.03
1.44 +0.02
0.91 £0.02
28.15+£0.46
29.47 £ 0.04

Yeast

1.59 +0.06
0.87+0.01
1.38 £0.01
2.37+0.03
2.57+0.01
0.66 +0.03
1.44 +0.05
1.84 £0.02
1.68 + 0.00

1.79 £ 0.02
3.35+0.05
0.43£0.03
6.33 +£0.02
1.44 £ 0.01
0.68 £ 0.08
1.71 £0.03
0.81£0.15
3091 £0.31
36.90 +0.28
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Amino Acid Composition (Relative % of Individual Amino Acids in Each Sample) during Dry Grind Ethanol Processing of Corn at Plant 1

TABLE 8.6

Amino

Acid (AA)  Milled Corn
Essential

Arg 3.55+043

His 3.13+£0.17

Ile 3.61 £0.35

Leu 12.23 +0.25
Lys 3.19 +0.09

Met 3.30£0.74

Phe 6.49 +0.32

Thr 3.96 £0.03

Val 7.50 +0.12

Nonessential

Ala 6.56 +0.26

Asp 5.91+0.33

Cys 2.95+042

Glu 17.73 £ 0.66
Gly 343 +£0.26

Pro 6.67 +£0.23

Ser 5.02 +0.05

Tyr 4.82+1.54

Cooked
Slurry

3.96
3.85
3.08

11.00
3.41
4.84

5.28
4.29

7.37

7.04
6.71
3.63

17.93
3.63
4.84
5.28
4.07

Liquefied
Mash

3.40
3.09
3.50

11.32
3.19
3.29

6.79
3.81

7.51

6.58
6.38
2.98
17.70
3.60
7.30
4.73
4.94

Saccharified Fermented

Mash

4.05
4.05
3.04

11.49
3.15
3.83

5.97
4.28

7.21

6.76
6.64
3.60
17.79
3.83
5.52
5.41
3.60

Mash

4.51
2.86
3.71

11.36
3.99
2.38

5.40
4.07

5.56

7.25
6.97
2.09
18.73
4.23
7.81
4.99
4.11

Whole
Stillage

4.98
3.57
3.15

11.23
4.13
2.82

4.98
4.27

5.35

7.42
7.19
2.25
19.40
442
6.39
5.17
3.19

Thin
Stillage

6.11
3.84
2.84

7.95
4.76
3.55

4.47
4.55

6.11

7.60
7.46
291
19.03
5.47
4.97
5.11
3.34

Source:  From Han, J. C., and K. S. Liu. Journal of Agricultural and Food Chemistry 58: 3430-3437, 2010.
Note: Means =+ standard deviation. The rest are values of single measurement.

Condensed
Solubles

5.09
3.13
3.56

8.40
5.03
2.88

5.03
4.29

6.38

7.48
7.36
2.39
18.15
5.33
6.74
4.78
3.92

Wet
Grains

442
3.28
3.25

13.07
3.84
2.25

5.22
425

5.12

7.26
6.95
2.11
19.53
3.77
7.16
5.25
3.28

DWGS

5.00
2.98
3.85

11.38
4.22
1.93

5.05
4.22

5.64

7.52
7.16
1.93
18.85
4.54
7.66
5.09
2.98

DDGS

4.68 £0.13
3.59+0.06
3.25+0.02

12.16 = 0.06
3.87+£0.05
2.68 +0.10

4.90+0.18
423 +0.01

5.22+0.00

7.42+0.01
7.06 + 0.00
2.06 +0.02
19.52 = 0.09
4.11 £0.05
6.90 = 0.00
5.12+0.03
3.23+£0.00

Yeast

5.15+0.15
2.81 £0.07
4.46 = 0.00

7.67+0.18
8.31 +0.04
2.14 £0.08

4.66 = 0.20
5.95 +0.00

5.43 £0.07

5.79 £0.00
10.83 £ 0.06
1.38£0.12
2047 =
4.66 = 0.01
2.18 +0.25
5.52+0.14
2.60 £ 0.46
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Chemical Composition of DDGS 159

grains had a significantly higher ratio of alpha helix to beta sheet than those of coproducts produced
from bioethanol processing (1.38 vs. 1.03, p < 0.05). There were significant differences between
wheat and corn (1.47 vs. 1.29, p < 0.05) but no difference between wheat DDGS and corn DDGS
(1.04 vs. 1.03, p > 0.05). In terms of the ratio of protein amide 1 to 11 in the protein structure, the
grains had a significantly higher value than their coproducts (4.58 vs. 2.84, p < 0.05). There was also
a significant difference in the ratio between wheat DDGS and corn DDGS (3.08 vs. 2.21, p < 0.05),
although no significant differences existed between wheat and corn (4.61 vs. 4.56, p > 0.05).

8.4.4 CHANGES IN FATTY AciDs AND FUNCTIONAL LipiD PROFILES

When the fatty acid composition of DDGS oil was expressed in relative %, linoleic acid was
the major one (53.96%-56.53%), followed by oleic acid (25.25%—-27.15%) and then palmitic acid
(13.25%-16.41%), with low levels of stearic (1.80%—-2.34%) and linolenic (1.15%-1.40%) acids
(Moreau et al., 2010b). Although some minor yet significant difference existed in mean values of
individual fatty acid among steps (fractions), all major fatty acids generally remained constant. This
is also true among means of plants (Moreau et al., 2010b).

The major phytosterols in ground corn were sitosterol > campesterol > sitostanol > campestanol
(Moreau et al., 2010b). Ten other minor phytosterols (stigmasterol, avenasterol, and others) and
squalene were also detected but their total proportions ranged from 12% to 15% (based on total
phytosterols mass). Since ergosterol, the major sterol in yeast (Redon et al., 2009), was not detected
in any of the postfermentation samples, the contribution of yeast sterols to the total phytosterol pool
was considered negligible. There were some differences in the sterol levels among samples col-
lected at each step, but no obvious trends were observed. The proportions of the various phytosterols
remained relatively constant among the nine fractions. Total phytosterol content in oil extracted
from DDGS samples ranged from 1.5% to 2.5% and averaged around 2%. These data indicate that
phytosterol content and composition remained relatively constant throughout dry grind processing.

Moreau et al. (2010b) also made quantitative analysis of the tocotrienols and tocopherols in
the various fractions (Table 8.7) and confirmed previous reports that y-tocopherol is the major
tocopherol and y-tocotrienol is the major tocotrienol in ground corn (Moreau et al., 2006) and in
DDGS (Winkler et al., 2007), with small amounts of a- and d-tocopherols and trace amounts of
a- and o-tocotrienols. Yet, in HPLC chronographs of all samples, there was an unknown peak that
eluted between a-tocopherol and a-tocotrienol. In a previous paper, Moreau et al. (2010a) found
the same unknown peak in ground corn and in “postfermentation” corn oil samples and suggested
that it might be “a-tocomonoenol.” This unknown tocol is labeled as «-T* in Table 8.7. Overall,
levels of tocols and the proportions of the homologues remained relatively stable throughout the
dry grind operation. However, there was an exception. Both §-tocopherol and the unknown peak
(a-T*) showed significant increase upon fermentation and remained relatively high thereafter. Since
the total tocols included the values of these two compounds, they showed significant higher values
for all fractions after the fermentation step. Thus, dry grind processing caused little changes to the
majority of tocols and some increase of the remaining ones. The preservation of these important
antioxidants may help maintain the oxidative stability of corn oil extracted from DDGS. Additional
information on lipid changes can be found in Chapter 9.

8.4.5 CHANGES IN MINERAL COMPOSITION

Belyea et al. (2006) studied element concentrations in primary process streams from nine dry grind
ethanol plants, after monitoring P concentrations and flows in corn wet milling streams (Rauch
et al., 2005b). Samples included corn, ground corn, fermented mash (beer), DWG, CDS, and DDGS.
They found that concentrations of most elements in corn were similar to published data and did
not differ among processing plants. However, for the processing streams, there were differences in
several element concentrations among processing plants. The concentrations of most elements in
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TABLE 8.7
Tocopherol and Tocotrienol Composition of Nine Fractions from Three Dry Grind Ethanol
Plants
Alpha Alpha Gamma  Delta Alpha  Gamma Delta Total
Fraction no.  Plant T ™ T T T3 T3 T3 Tocols
1 8 12.74 4622 109.93 1619 12.08 24.90 1.35 22342
1 9 19.80 32.13 84.92 996  11.09 19.48 0.98 178.37
1 10 23.16 31.35 85.80 9.65 13.04 25.94 1.48 190.41
Mean®  18.57°  36.56¢ 9355 1194  12.07° 2344 1.27¢  197.4°
2 8 9.88 10.01 93.48 11.05 7.23 19.18 1.20 152.04
2 9 16.70 9.47 74.02 10.31 6.84 15.65 0.87 133.85
2 10 22.27 8.88 76.60 6.41 8.55 18.75 0.99 142.45
Mean®  16.28¢ 9.45¢ 8136 9.25! 754 17.86' 1.02¢ 142.78"
3 8 9.95 19.58 89.86 13.74 9.06 21.87 1.23 165.29
3 9 18.86 12.01 80.48 10.85 9.82 20.80 1.05 153.86
3 10 22.27 18.88 73.50 9.84  11.65 24.67 1.28 162.07
Mean®  17.03¢  16.82'  81.28d 1148 1017 2245 119%  160.41¢
4 8 1179 126.05 95.75 6482 10.20 25.52 1.89 336.03
4 9 1650  103.34 72.41 70.23 9.90 22.62 117 296.17
4 10 2247 103.79 73.26 4972 10.33 23.04 1.59 284.20
Mean® 1692 111.06°  80.47°  61.59* 1014«  2373% 155 30547
5 8 1376 15429  100.79 69.44  10.90 28.04 2.07 379.29
5 9 18.21 90.28 77.16 61.07 11.08 24.59 1.45 283.83
5 10 18.69  126.79 70.76 4831 10.67 23.61 1.67 300.49
Mean® 16.88<¢  123.79° 82.9«¢ 59.60° 10.88¢ 25.42¢ 1.73b¢ 321.2P
6 8 933 188.08 91.09 7066 1274 33.29 248 407.68
6 9 1598 11345 77.01 5041 15.37 32.63 2.64 307.49
6 10 17.80  201.42 67.74 54.01 13.30 30.70 3.16 388.14
Mean® 14.37¢  167.65° 78.61¢ 58.36" 13.802 32.212 2.76° 367.77¢
7 8 9.62 93.63 88.05 12.55 12.09 30.72 2.15 248.81
9 1595  123.11 68.84 3486 13.40 28.28 276 287.19
7 10 1725  155.53 59.94 2370 13.61 29.12 241 301.55
Mean"  14.27¢  124.09c 7228  23.7¢ 13.03 2937 2440 279.18°
8 8 14.06 4029  112.53 27.93 6.71 18.25 1.06 220.82
8 9 21.52 30.79 89.95 2851 731 17.25 0.88 196.21
10 28.82 50.84 92.90 27.55 8.01 19.20 0.96 228.29
Mean® 21.472 40.64¢ 98.46° 28.00¢ 7.34¢ 18.23¢ 0.97¢ 215.10¢
9 8 1321 11221 104.00 22.14 9.62 25.29 1.91 288.37
9 9 16.18 87.01 73.87 28.32 7.52 20.30 1.41 234.61
9 10 2405 197.89 84.52 2439 1279 29.33 235 375.32
Mean® 17.81  132.37° 87.46¢ 24.954 9.984 24,97« 1.89" 299.43¢
Mean® 8 11.59¢ 87.820 98.392 34.28° 10.07° 25.232 1.712 269.08°
Mean 9 1774 6684  77.63° 3383 1026 = 22.4 147°  230.18
Mean 10 21.86° 9949  7611°  28.17° 1133 2493 176 263.66"

Source: Adapted from Moreau, R. A. et al. 2010b. Journal of the American Oil Chemists Society. DOI 10.1007/s11746-
010-1674-y.

2 Means of duplicate results, expressed as mg/100g extracted oil.

> Column means of three plants for each of nine fractions bearing different letters differ significantly at p < 0.05.

¢ Column means of nine fractions for each of three plants bearing different letters differ significantly at p < 0.05.
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fermented mash were about three times those of corn, due to depletion of starch during fermenta-
tion. CDS had the highest element concentrations. However, the study did not include samples of
cooked slurry, liquefied mash, or thin stillage. Liu and Han (2011) conducted a similar study but
included all possible streams of dry grind processing, from corn to DDGS. They found that the
changes in individual mineral content followed the changing pattern of protein, oil, and ash shown
in Figure 8.5a. Fermentation caused the most dramatic increase in mineral content mainly due to
depletion of starch. Upon centrifugation, more minerals went to the liquid fraction (thin stillage)
than the solid fraction (DWG). They also showed that among processing streams, thin stillage (not
CDS) had the highest levels of all minerals, while DWG had the lowest.

More importantly, several studies reported a larger fold (more than three) of increase over corn
in Na, S, and Ca concentrations in some processing streams or DDGS, as compared to other miner-
als. Batal and Dale (2003) noticed that the content of most minerals in DDGS appeared generally
consistent with a threefold concentration increase, but unusually larger range of values were noticed
for Na and Ca. Belyea et al. (2006) also reported that in the stream of fermented mash, both Na
and S had unusually higher increases in concentrations than other minerals. They attributed this to
the addition of compounds which contained Na and S during the dry grind process. Liu and Han
(2011) showed that Na, S, and Ca in fermented mash, whole stillage, and DDGS had much higher
fold of increase over corn than other minerals (Table 8.8), presumably due to exogenous addition of
compounds containing these minerals.

8.4.6 CHANGES IN VARIOUS FORMS OF PHOSPHORUS

The concentration and availability of phosphorous (P) in animal feed are the two most important
factors that affect the retention of P in ingested feeds by animals and the amount of P excreted in
wastes. P bioavailability is in turn determined by its chemical forms. Grains and their byproducts
contain various forms of P, including inorganic P, phytate P, and the rest of P. Inorganic P (also
known as phosphate P) has higher bioavailability than phytate P. The rest of P represents the sum
of all P-containing compounds in a sample other than phytate P and inorganic P. It includes, for
example, P found in DNA, RNA, proteins, lipids, and starch, and can be calculated by subtracting
the sum of phytate P and inorganic P from total P.

Approximately two-thirds of total phosphorus in various grains is present as phytate or inosi-
tol hexaphosphate (Raboy, 1997), which is not well utilized by monogastric animals. Besides its
low P availability, phytate has been shown to interact directly and indirectly with various dietary
components to reduce their availability to animals (Morris, 1986). Theoretically, using low phytate
ingredients in feeds should reduce P excretion, provided that available P levels in feeds containing
these ingredients are appropriately adjusted downward.

Although reports on phosphorus content of both corn and DDGS are readily available (Spiehs
et al., 2002; Batal and Dale, 2003), data on different forms of P as well as changes during dry grind
processing of corn into DDGS are rather limited. Rausch et al. (2005b) monitored phosphorus con-
centrations and flow in corn wet milling streams but did not study streams of the dry grind process.
Belyea et al. (2006) studied changes in element concentration in primary process streams from dry
grind plants, but only total P content was measured (other forms of P were not).

Noureddini et al. (2009) analyzed total P in several streams of both dry grind and wet milling
operations, and found that about 82% of total P in whole stillage went into the liquid fraction (thin
stillage) and that CDS contained the highest phosphorus content (1.34%, dry matter) among selected
streams of dry grind processing (corn, milled corn, whole stillage, CDS, DWG, DWGS, and DDGS).
They further showed that about 59% of total P in whole stillage was phosphate P, and attributed the
remaining P in whole stillage as phyate P. However, their HPLC analysis on this stream and its two
centrifuged fractions did not reveal the presence of phyate. In contrast, Liu and Han (2011) showed
that, in whole stillage, 48% of total P was phytate P, 25.19% was phosphate P, and the remaining
26.82% was contributed by the rest of P. When phosphate P and the rest of P are added together and

© 2012 by Taylor & Francis Group, LLC



162

Distillers Grains: Production, Properties, and Utilization

TABLE 8.8

Ratios of Streams versus Ground Corn (Fold of Increase) in Mineral Concentrations during
Dry Grind Processing of Corn into Ethanol at Three Plants

Fraction Plant
Name No.
Ground corn 1
2
3
Mean

Cooked slurry 1

Liquefied 1
mash

Fermented 1
mash

Whole stillage 1

Thin stillage 1

Condensed 1
solubles

Wet grains 1

DDGS 1

Mean

K
1.00
1.00
1.00
1.00f
1.54
1.54
1.36
1.48¢
1.50

1.53
1.29
1.44¢
4.03

4.27
4.22
4.17¢
4.16
443
4.36
4.31¢
8.23
8.08
8.39
8.232
7.12

7.83
8.41
7.77°
1.03
1.18
1.15
1.12f
3.03
2.80
2.92
2.924

P
1.00
1.00
1.00
1.00f
1.44
1.45
1.31
1.40¢
1.26

1.42
1.28
1.32¢
3.70

4.17
3.95
3.94¢
3.56
4.01
4.12
3.89¢
6.65
6.85
7.61
7.03°
5.63

6.46
7.20
6.41°
1.52
1.67
1.46
1.55¢
2.85
2.99
3.02
2.954

Mg
1.00
1.00
1.00
1.00f
1.45
1.47
1.35
1.43¢
1.38

1.48
1.26
1.37¢
3.70

4.06
3.94
3.89¢
3.97
4.17
4.13
4.09¢
7.32
7.33
7.60
7412
6.33

6.77
7.14
6.73>
1.10
1.38
1.29
1.25¢
2.78
2.95
2.83
2.854

S
1.00
1.00
1.00
1.00f
1.91
1.52
1.48
1.64¢
1.67

1.48
2.27
1.80¢
7.40

5.78
7.30
6.82b¢
7.53
6.17
7.51
7.07°
11.00
7.24
10.62
9.622
11.30

722

10.70
9.74
4.95
4.46
4.85
475
7.33
5.62
6.23
6.40¢

Na
1.00
1.00
1.00
1.00"

92.53
87.76
69.85
83.38¢
84.74

86.26
69.82
80.28¢
250.45

298.74
394.92
314.70¢
263.69
520.33
422.84
402.29¢
515.19
859.08
811.21
728.492
483.41

809.20
805.83
699.48>
65.37
141.97
114.79
107.38f
216.39
278.32
293.63
262.78¢

Ca
1.00
1.00
1.00
1.00¢
2.00
2.10
2.37
2.134
2.09

2.05
2.24
2.114
5.23

5.97
8.77
6.40°
5.57
6.05
9.10
6.62"
9.37
9.03
14.93
10.56*
8.72

7.58
12.44
9.13*
2.03
3.30
3.44
2.91¢
4.36
5.20
6.07
5.13b¢

Fe
1.00
1.00
1.00
1.00¢
1.31
1.09
1.42
1.27¢
0.97

1.06
0.95
0.99¢
2.00

2.25
3.26
2.45>
1.99
2.58
3.06
2.50°
291
3.33
4.59
3.552
3.74

3.29
3.61
3.552
1.43
1.98
1.83
1.72b¢
1.98
3.03
2.19
2.38>

Source: From Liu, K. S. and J. C. Han. Bioresource Technology 102: 3110-3118, 2011.
Note: Column means of three plants for each of nine fractions bearing different letters differ significantly at p < 0.05.

Zn
1.00
1.00
1.00
1.00¢
1.30
1.23
1.17
1.23¢
1.08

1.22
1.15
1.15¢
3.09

3.56
3.51
3.38»
3.16
3.57
3.53
3.41°
4.44
432
4.38
4.38°
4.01

3.71
3.08
3.60°
2.12
2.63
2.73
2.48¢
2.71
3.17
2.90
2.92¢

1.00
1.00
1.00
1.00¢
1.52
1.41
1.25
1.39¢
1.30

1.41
1.25
1.328
3.61

391
3.90
3.814
3.63
4.58
4.00
4.07¢
6.47
5.97
6.57
6.34°
5.62

4.80
4.77
5.06"
1.38
2.23
1.73
1.77°
2.77
3.47
2.69
2.97¢

Cu
1.00
1.00
1.00
1.004
1.24
1.20
1.18
1.214
1.08

1.17
1.17
1.14¢
3.27

3.39
3.63
3.43>
3.13
3.31
3.66
3.37
3.78
3.87
5.35
4.35
3.31

3.72
5.24
4.112
2.48
2.82
2.35
2.54¢
2.62
3.05
3.02
2.90¢
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considered as nonphytate P, the nonphytate P in DDGS was 56.30%. This value matches well with
54% reported by NRC (1994).

Liu and Han (2011) also determined the levels of different forms of P in all possible streams of
dry grind processing, from corn to DDGS (Table 8.9). They found that, on average, milled corn con-
tained 0.21% of phytate P, 0.03% of inorganic P, 0.05% of the rest of P, and 0.29% total P. There were

TABLE 8.9
Changes in Various Forms of Phosphorus (P) during Dry Grind Processing of Corn into
Ethanol at Three Plants

Plant PhyP  InorgP Restof P Total P  Phy P/TP Inorg P/TP Rest P/TP

Fraction Name No. mg/g mg/g mg/g mg/g % % %
Ground corn® 1 2.22x 0.26* 0.52* 3.01* 73.97* 8.76x 17.27*
2 1.99¥ 0.23y 0.53x 2.75¢ 72.19% 8.47 19.35%
3 2.15% 0.27% 0.49% 2.90 74.11% 9.30* 16.59*
Mean® 2.12¢ 0.26f 0.512 2.898 73 8.84f 17.74
CV (%) 5.69 7.60 4.31 4.42 1.46 4.76 8.08
Cooked slurry 1 3.65 0.61 0.52 4.79 76.28 12.82 10.90
2 3.19 0.81 0.54 4.54 70.30 17.85 11.85
3 3.06 0.55 0.68 4.30 71.24 12.86 15.89
Mean® 3.30° 0.66¢ 0.582 4.54< 72.61 14.51¢ 12.88"
CV (%) 9.45 20.45 15.02 5.46 4.42 19.93 20.58
Liquefied mash 1 3.13 0.68 0.40 4.20 74.48 16.09 9.43
2 3.25 0.71 0.54 4.50 72.28 15.79 11.93
3 3.09 0.55 0.56 4.20 73.40 13.18 13.42
Mean® 3.16" 0.65¢ 0.502 4.30° 73.39 15.02¢ 11.59»
CV (%) 2.69 12.72 18.08 4.00 1.50 10.67 17.38
Fermented mash 1 5.19 3.00 2.80 11.00 47.23 27.30 25.47
2 542 2.73 3.85 12.00 45.13 22.78 32.09
3 5.54 2.97 3.51 12.01 46.13 24.72 29.15
Mean® 5.382 2.90> 3.39 11.67° 46.16" 24.93> 28.9
CV (%) 3.26 5.02 15.80 5.01 2.28 9.09 11.48
Whole stillage 1 5.24 2.95 292 11.11 47.18 26.54 26.28
2 5.50 2.74 3.28 11.52 47.74 23.78 28.47
3 6.37 3.28 3.34 12.99 49.05 25.24 25.71
Mean® 5.71° 2.99> 3.18 11.88 47.99> 25.19> 26.82
CV (%) 10.40 9.11 7.18 8.35 2.00 5.47 543
Thin stillage 1 9.20 5.63 3.86 18.69 49.21 30.15 20.64
2 9.40 6.62 2.99 19.01 49.47 34.81 15.72
3 11.01 6.62 4.03 21.65 50.83 30.56 18.62
Mean® 9.87 6.29 3.63 19.78 49.84 31.84 18.33
CV (%) 10.03 9.05 1543 8.22 1.74 8.11 13.51
Condensed solubles 1 7.67 6.08 3.25 17.01 45.11 35.76 19.13
2 8.23 6.82 3.45 18.50 44.53 36.87 18.60
3 9.96 7.42 3.38 20.76 48.00 35.74 16.26
Mean® 8.62 6.77 3.36 18.75 45.88 36.12 18.00
continued

© 2012 by Taylor & Francis Group, LLC



164 Distillers Grains: Production, Properties, and Utilization

TABLE 8.9 (Continued)
Changes in Various Forms of Phosphorus (P) during Dry Grind Processing of Corn into
Ethanol at Three Plants

CV (%) 13.83 9.88 2.93 10.07 4.06 1.80 8.47
Wet grains 1 232 1.07 1.16 4.55 51.01 23.59 25.40
2 2.59 0.91 1.72 5.23 49.63 17.48 32.89
3 2.22 0.78 1.34 4.34 51.03 17.99 30.98
Mean® 2.382 0.922 1.41° 4.71¢ 50.56 19.692 29.76
CV (%) 8.18 15.92 20.37 9.81 1.59 17.24 13.09
DDGS® 1 3.76* 3.04* 1.76* 8.56Y 43.90* 35.55% 20.55Y
2 3,79 2.56Y 201 8.35¢ 45.39% 30.72Y 23.89¥
3 3.88% 2.64¥ 2.76 9.28 41.82x 28.45¥ 29.73%
Mean® 3.81¢ 2.75b 2.17 8.732 43.70° 31.57 24.72
CV (%) 1.67 9.34 24.07 5.60 4.11 11.48 18.80
Mean of Fractions® 1 4.71Y 2.59v 1.91Y 9.21% 56.48* 24.06* 19.45¥
2 4.82Y 2.68% 2.1% 9.60¥ 55.18% 23.17¢ 21.64%
3 5.25 2.79% 223 10.27¢ 56.18* 22.00* 21.82*

Source: From Liu, K. S. and J. C. Han. Bioresource Technology 102: 3110-3118, 2011.

Note: Means of duplicate results. Concentration is expressed on dry weight basis. P = phosphorus, Phy = phytate,
Inorg = inorganic, Rest P = the rest of P, TP = total P, CV = coefficient of variation.

2 Column means for each of three plants bearing different xyz letters differ significantly at p < 0.05.

b Column means of three plants for each of nine fractions bearing different a—g letters differ significantly at p < 0.05.

little changes in P profile before saccharification. Upon fermentation, phytate P, inorganic P, and
total P increased dramatically. Distillation caused little further change. Compared to thin stillage,
DWG was much lower in all forms of P. Since CDS (resulting from concentrating thin stillage) was
added back to DWG for drying, DDGS had similar composition and P profile as whole stillage.
Furthermore, Liu and Han (2011) found some interesting trends of P changes during dry grind
processing. In terms of relative % of each form of P of the total P of, for the first few steps of the
process, phytate P was about 73% of total P, while inorganic P and the rest of P collectively con-
tributed the remaining 27%. Upon fermentation, phytate P decreased to about 46%, while inorganic
P and the rest of P increased to about 27% each (doubled). In the remaining processing streams,
contribution of phytate P toward total P fluctuated slightly. This observation indicates that upon
fermentation phytate underwent some degradation, most likely due to the action of yeast phytase.
In terms of fold of increase in concentration over corn, phytate P increased about 1.5-fold in cooked
slurry and liquefied mash, similar to that of other minerals. However, upon fermentation, phytate P
increased only 2.54-fold, as compared to three- to fourfold for most other minerals. Concomitantly,
fold of increase for inorganic P concentration in these steps was much higher than that of most min-
erals: 2.58-fold in cooked slurry and 11.37-fold in fermented mash. In the final product (DDGS),
the increase of phytate P was 1.80-fold that of corn, but inorganic P was 10.77-fold. The lower fold
of increase in phytate P concentration over ground corn and much higher fold of increase in inor-
ganic P, as compared to other minerals further indicated occurrence of phytate degradation during
dry grind processing. Phytase is widely distributed in plants and microorganisms, including grains
and fermentation yeast (Wodzinki and Ullah, 1996). Based on Shetty et al. (2003), it is possible
that phytate is hydrolyzed during steps prior to fermentation by endogenous phytase of feedstock
(corn) and/or during fermentation by yeast phytase. It is also possible that nonenzymatic hydrolysis
of phytate occurs under harsh processing conditions (heat and/or pH changes) during the dry grind
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process. However, Liu and Han (2011) reasoned that activity of yeast phytase is most likely the
major route for phytate degradation, since their study showed that only during fermentation were
dramatic changes in phytate P and inorganic P observed in terms of both % relative to total P and
fold of increase in concentrations over corn.

For years, the bioavailability of P in DDGS has been repeatedly shown to be significantly higher
than that in corn (Amezcua et al., 2004; Pedersen et al., 2007). In one report for nutritional require-
ments of swine (NRC, 1998), the relative availability of P in corn was 14%. This value increased
to 77% for DDGS produced from corn. Phytate degradation during the dry grind process, was sup-
ported by (1) observed decrease in % phytate P and concomitant increase in % inorganic P toward
total P during fermentation; and (2) observed varying fold of increase over corn in concentrations
of different forms of P, would account for improved P bioavailability in DDGS over corn. Most of
the P in corn is bound in the phytate complex, so its bioavailability is very low. During dry grind
processing, particularly the fermentation step, some of the bonds that bind P to the phytate complex
have been hydrolyzed. This would make more P available for absorption and result in greater P
bioavailability in DDGS compared to corn.

8.5 FACTORS AFFECTING CHEMICAL COMPOSITION OF DDGS

The average concentrations of various nutrients in DDGS available in the market can be quite
variable with sources. This is evidenced by high CV values (Tables 8.1 through 8.3). For example,
protein content in DDGS often has a CV in the range of 4.0%—6.4%. In comparison, protein in soy-
bean meal generally has CV <2%. The nutrient composition of all feed ingredients varies, but using
ingredients (such as DDGS) that are highly variable can reduce profitability of livestock operations
because of increased feed costs and/or reduced production. Increased feed costs occur when diets
are over supplemented to avoid the possibility of reduced production. Reduced production occurs
when a diet does not contain adequate concentrations of a particular nutrient because a feed has
less than anticipated concentrations of that nutrient. For example, Batal and Dale (2003) reported
use of DDGS in laying hen formulas. In this incidence, use of the NRC (1998) value for sodium in
the DDGS led to a severe deficiency with an almost total cessation of egg production. Subsequent
analysis of the sodium content of the DDGS sample revealed 0.09% sodium in contrast to 0.48%
as listed by the NRC (1998). Reformulation of the feed to provide intended level of sodium (0.18%)
led to resumption of the level of egg production observed prior to initiation of the study. Therefore,
in order to manage nutrient variation in DDGS, distilleries and ethanol plants need to provide aver-
age concentrations of major nutrients plus standard deviation by analyzing an adequate number of
samples. Feed nutritionists need to properly characterize the composition of DDGS from respective
suppliers the prior to incorporation into balanced rations.

The cause for varying DDGS composition can be multiple and has been the subject of many stud-
ies. They include, but are not limited to, differences in feedstock species, composition, processing
methods (e.g., front-end or back-end fractionation), processing parameters (e.g., the amount of CDS
added to DWG), effect of fermentation yeast, analytical methodology, etc. A better understanding of
many causes for nutrient variations will help us develop strategies to control quality variation, and
thus improve value-added utilization of DDGS.

8.5.1 GRAIN SPECIES, VARIETIES, AND BLENDS

For dry grind processing, variation in raw materials includes grain species, varieties, and blends.
Even with the same species and varieties, there is variation in field conditions and production year,
which can lead to compositional differences of feedstock. With regard to species, corn is by far
the most common cereal grain used for ethanol production in the United States. However, in other
parts of the world, other grains such as sorghum (Corredor et al., 2006), wheat (Ojowi et al., 1997;
Nyachoti et al., 2005), pearl millet (Wu et al., 2006), and barley (Mustata et al., 2000), are also used.
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Due to differences in composition among grains the resulting DDGS are expected to differ in com-
position and feeding value. Ortin and Yu (2009) compared wheat DDGS, corn DDGS, and blended
DDGS from bioethanol plants and found great variation in chemical composition and nutritional
values among them. Ethanol production from starch-rich crops other than corn and composition and
values of the resulting DDGS are covered in Chapter 6 of this book.

Even with the same grain species, different varieties are sometimes used. For example, in
Canada, many different classes and types of wheat can be used as feedstock for ethanol production.
In general, soft wheat, either soft white or soft red class, is preferred to hard wheat because soft
wheat generally contains higher starch content (Ojowi et al., 1997). Therefore, inconsistencies in the
feedstock, ranging from variability in grain species and variety to variability in blends of different
grains (corn, wheat, barley, etc.) are expected to have an effect on the nutritional characteristics of
the DDGS produced. However, as discussed in the next section, some controversy exists in literature
with regard to the effects of particle size and chemical composition of the same raw material (yellow
dent corn) on those of DDGS.

8.5.2 ReLATIONSHIP BETWEEN GROUND CORN AND DDGS IN PARTICLE SizE AND COMPOSITION

In the dry grind method for fuel ethanol production from corn, grinding is the first basic step as it
reduces corn particle size by passing whole corn through a hammer mill containing screens with
relatively small openings (3.2 to 4.8 mm diameter) (Bothast and Schlicher, 2005; Chapter 5 of this
book). The resulting ground corn consists of a mixture of particles of different sizes. The particle
size of ground corn is reported to affect fuel ethanol fermentation rate, ethanol yield, energy effi-
ciency, and concentration of solids in thin stillage. Kelsall and Lyons (2003) reported that decreas-
ing the particle size of ground corn from a relatively coarse grind (0.80 mm) to fine grind (0.48 mm)
increased ethanol yield from 0.366 to 0.396 L/kg. However, they also suggested that decreasing
the particle size excessively could have adverse affects on downstream processing steps, such as
centrifugation. Guritno and Hague (1994) showed that reducing the particle size of different grains
significantly increases energy consumption. Naidu et al. (2007) reported that the particle size of
ground corn affected ethanol yield as well as concentration of solubles in thin stillage. In general, if
particles are too large, starch granules are not gelatinized easily, enzyme access becomes limited,
and all these lead to reduced production of fermentable sugars, resulting in lower ethanol yields. If
particles are too small, the hammer mill needs more energy to grind corn, and finer particles also
reduce centrifuge efficiency, and increase the amount of solids in thin stillage. Therefore, Kelsall
and Lyons (2003) suggested that for efficient fermentation about 80% sample of ground corn should
be 0.43 mm or larger, but particles larger than 0.84 mm or smaller than 0.25 mm should be no more
than 10% each.

Although the effect of the particle size of raw material on ethanol fermentation has been gener-
ally established, its effect on the particle size of DDGS has not. Oftentimes, by intuition and com-
mon reasoning, corn processors believe that (1) PSD of ground corn affects that of DDGS; (2) the
chemical and other physical properties of ground corn and DDGS are related to each other; and (3)
variation in the composition of corn is a major cause of variation in the composition of DDGS. In
many other processes (such as food processing and drug processing), raw material does show some
effects on the final product quality. Yet, for fuel ethanol production by the dry grind process, infor-
mation on the effect of raw material is not only limited but also contradictory.

Rausch et al. (2005a) compared PSD between ground corn and DDGS from dry grind process-
ing. They found that mean geometric diameter (d,,,) values for nine ground corn samples and result-
ing nine DDGS samples were 0.94 and 0.92 mm, respectively, and thus concluded that the two types
of samples were not significantly different from each other in particle size. They also found that the
PSD of ground corn was not correlated (r = 0.35) to that of DDGS.

Belyea et al. (2004) compared the chemical composition of corn and DDGS produced in mul-
tiple years from a single plant and found that there were no significant correlations (r ranged of
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—0.21-0.16) in nutrients (fat, protein, starch, crude fiber, and acid detergent fiber) between corn and
DDGS. They concluded that variation in the chemical composition of DDGS was not related to the
composition of corn used in fermentation but rather to variations in processing techniques. Later,
the group (Belyea et al., 2006) studied element concentrations in primary process streams from nine
dry grind plants. They found that the element content of corn was not different among plants, but
the element content in several process streams varied with plants as well as streams. Since the nine
plants used similar processing equipment to convert corn into ethanol and DDGS, they concluded
that variations in element contents of DDGS and parent streams were due to processing conditions.
Stein et al. (2009) found that energy and nutrient digestibility varied among sources of DDGS even
when the DDGS was produced from ethanol plants that use corn grown within a narrow geographi-
cal region. Thus, factors other than corn growing region are responsible for the variability of these
parameters in DDGS.

Yet, Liu (20092) measured PSD, gross composition, and surface color of six ground corn samples
and corresponding DDGS samples from different processing plants in the whole DDGS sample as
well as in sieved fractions. In contrast to Rausch et al. (2005a), Liu (2009a) showed that the aver-
age geometric mean diameter (d,,,) of particles for the six ground corn and corresponding DDGS
samples was 0.479 and 0.696 mm, respectively, and thus concluded that the d,,, of ground corn was
significantly lower than that of corresponding DDGS. Change or improvement of processing meth-
ods over the span of several years might explain this discrepancy between the two studies. More
importantly, the study of Liu (2009a) also showed that in terms of the geometric mean diameter
(d,y,) of particles of the whole fraction and mass frequency of individual particle size classes, the
relationship between ground corn and DDGS varied, but in terms of PSD, the two had a highly posi-
tive correlation (r = 0.807). Furthermore there were some positive correlations in contents of protein
and nonstarch CHO and in L value (a color index) between corn and DDGS, while variations in
nutrients and color attributes were larger in DDGS than in corn.

Results of Liu (2009a) disagreed with Belyea et al. (2004) and Rauch et al. (2005a) in certain
aspects, but provided a scientific basis to partially support the common belief expressed by proces-
sors regarding relationships in quality parameters between corn and DDGS. Here, the support is
partial since the study showed that raw material affected DDGS quality only to some extent, and
that other factors, such as processing method and fermentation yeast, were also responsible for large
variations in quality attributes of DDGS. The major reason causing the disagreement is that in both
Belyea et al. (2004) and Rauch et al. (2005a), comparison and correlation were performed only in
the whole sample between ground corn and DDGS, but in Liu (2009a), linear regression was also
conducted for attributes measured in all sieved fractions between ground corn and DDGS.

8.5.3 ErrecTs OF METHOD MODIFICATIONS

In a conventional dry grind process, corn is ground using a hammer mill; water is added to pro-
duce slurry that is to be fermented. Since northing is removed from the corn, the fermentable mash
mainly consists of starch, protein, germ, and fiber fractions. Of these four fractions, only starch is
fermentable, the other three fractions remain relatively unchanged and end up in the DDGS. Yet,
over the years, several modified methods have been developed, with a main variation in fraction-
ation either before (i.e., front end) or after (i.e., back end) the fermentation step to remove one or
more nonfermentable fractions. As a result, not only ethanol production efficiency is improved,
but also the chemical composition of DDGS is significantly altered (Singh et al., 2005; Wang et
al., 2005; Khullar et al., 2009). The modified DDGS generally has higher protein, lower oil, and/
or lower fiber contents than conventional DDGS. For example, in one report (Singh et al., 2005), a
modified process in a laboratory setting was found to reduce the fiber content of DDGS from 11% to
2% and increased the protein content of the DDGS from 28% to 58%. The following provides some
discussion on the topic; additional information can be found in Chapter 5.

© 2012 by Taylor & Francis Group, LLC



168 Distillers Grains: Production, Properties, and Utilization

The front-end fractionation is further divided into wet and dry methods. The wet fractionation
methods include the “quick germ” method, in which germ can be recovered from the mash by
using a corn wet milling degermination process (Singh and Echhoff, 1996), and the “quick germ
and quick fiber” method, in which corn was soaked in water, both germ and pericarp fiber were
removed before fermentation (Singh et al., 1999; Ponnampalam et al., 2004). In addition, Wang
et al. (2005) reported modifications based on front-end fractionation, which included treatment of
corn slurry with enzymes and/or using a new granular starch hydrolyzing enzyme STARGEN 001.
STARGEN 001 can convert starch into dextrins at low temperatures as well as hydrolyze dextrins
into fermentable sugars. Robinson et al. (2008) evaluated nutritional composition of four types of
distillers grains resulting from different processing methods, conventional DDGS, DDGS using
BPX technology (raw starch hydrolysis), high protein distillers grains (with most fiber and germ
removed prior to fermentation), and dehydrated dry milled corn germ. They found significant differ-
ences among the four samples for many of the nutrients measured.

For front-end dry fractionation, Murthy et al. (2005) reported a method for processing corn into
ethanol as follows: The grain is tempered, degermed, and passed through a roller mill. Ground corn
is sieved to separate germ and fiber fractions from the endosperm, and the remaining endosperm
is processed by conventional dry grind ethanol methods to produce ethanol. Corredor et al. (2006)
investigated the effect of decortication as a pretreatment method on ethanol production from sor-
ghum, as well as its impact on the quality of the resulting DDGS. Eight sorghum hybrids with 0%,
10%, and 20% of their outer layers removed were used as raw materials for ethanol production.
The decorticated samples were fermented to ethanol. Removal of germ and fiber before fermenta-
tion allowed for greater starch loading for ethanol fermentation and resulted in increased ethanol
production. Ethanol yields increased as the percentage of decortication increased. They concluded
that the decortication process resulted in DDGS with higher protein and lower fiber contents. Wang
et al. (1999) carried out a similar work with rye and triticale as feedstocks for ethanol production
and found that partial removal of outer grain solids by pearling in an alcohol plant would improve
plant efficiency and decrease energy requirements for mash heating and cooling, and ethanol distil-
lation. They did not look at the effect of pearling on DDGS quality.

Back-end fractionation refers to removal of oil, fiber, and other valuable components from etha-
nol coproducts at any stage after fermentation. It not only modifies DDGS composition, but also
results in value-added products. The methods can also be divided into dry and wet. The back-end
dry fractionation is limited to removing fiber from DDGS by sieving (Wu and Stringfellow, 1986),
sieving and elutriation (Srinivasan et al., 2005), or sieving followed by winnowing (Liu, 2009b),
while reports on wet methods of back-end fractionation focus mostly on removing oil from vari-
ous types of coproducts. They include removing oil from DDGS through ethanol extraction (Singh
and Cheryan, 1998), from thin stillage through centrifugation (Wang et al., 2008) and from CDS
through heating to a high temperature and centrifugation with a disk stack centrifuge (Cantrell
and Winsness, 2009). Conventional DDGS contains about 12% oil on dry matter basis. Although
the presence of oil increases the energy density of DDGS as livestock feed, it may interfere with
normal milk production by dairy cattle, and may impact fat deposits and meat quality in swine.
Therefore, partial removal of oil from DDGS will improve its feed quality. More importantly, the
oil recovered can be used as a feedstock for biodiesel production (Chpater 23). The back-end recov-
ery process also requires much less capital to build and has lower operating costs than the front-end
fractionation. The subject of DDGS wet fractionation is to be covered separately in Section 8.6 of
this chapter, while the subject of DDGS dry fraction is to be covered in Chapter 25.

8.5.4 PROCESSING PARAMETERS

Even with the same dry grind method, changes in some processing parameters or practices can cause
significant changes in chemical composition and nutritional properties of DDGS (Belyea et al.,
2004, 2006; Kingsly et al., 2010). For example, during dry grind processing, some plants use sodium
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hydroxide for sanitation of processing equipment and sulfuric acid (sulfur) for pH adjustment. This
not only causes larger variations for the contents of Na and/or S in DDGS, but also creates nutri-
tional challenges when included in some animal diets (Belyea et al., 2006).

Much of the variation in nutrient contents is related to the drying step (Kingsly et al., 2010).
Uneven mixing and variability in the quantity and quality of CDS added back to the DWG during
drying will certainly affect the nutrient content of resulting DDGS. Fluctuation in the ratio of CDS
to DWG entering the dryer occurs as the rates are often adjusted in order to improve the drying
characteristics. The ratio may vary from batch to batch and from plant to plant (Belyea et al., 2004,
2006). Aggregation and lumping during the drying process often occur if the ratio is too high. Also,
during drying, DDGS is subject to high temperature conditions, which may result in reduced protein
quality despite the high overall crude protein content. More about drying is covered in Chapter 5.

8.5.5 ErrecTs OF FERMENTATION YEAST

Yeast is one of the least expensive raw materials for dry grind processing. Yet, it is an important
ingredient for fuel ethanol production. A healthy and well-selected strain of yeast is needed for
an efficient fermentation. It can also potentially affect the final product quality. As early as 1944,
Bauerfeind et al. defined corn DDS as a grain-yeast concentrate comprising the water-soluble nutri-
ents derived from the original grains and from the grain-yeast fermentation. Thus, there is no doubt
that DDGS proteins come from corn and yeast. Yet, the effect of fermentation yeast on DDGS pro-
tein quantity and quality (AA profile) has not been well documented.

Based on literature search, there are at least four methods that are described to estimate yeast
contribution toward distillers grains products. As discussed below, the estimate results vary greatly
across methods. Since major factors affecting DDGS quality and market values are protein quantity
(concentration) and quality (amino acid composition), and since yeast AA profile is better than that
of corn, investigation into yeast effect and accurate estimation of yeast contribution will have a posi-
tive impact on the feed and ethanol industries, and at the same time increase our basic understand-
ing of the processing system.

Bauerfeind et al. (1944) suggested that yeast cell (all dead) content can be estimated by hema-
cytometer counts of thin stillage, condensed solubles, or dried solubles. They reported that DDS
contained about 4 + 0.5 x 10° cells per gram. When this figure was compared to that of dried yeast,
the approximation was reached that 20% by weight of dried solubles is dried yeast. The method
may not be applicable directly to DDGS unless a separation of solubles is carried out or a portion of
solubles is first estimated or assumed.

Ingledew (1999) used an assumption and calculation approach to estimate the amount that yeast
contributed toward DDGS by both mass and protein. He stated that in the late 1990s, the annual
fuel ethanol production in North America was 7 x 10° L. Assuming that the fermentation mash
contains 12% alcohol, the total mash would be 6 x 10'° L. Assuming that at the peak of fermenta-
tion, yeast count in a fermentor is 1.9 x 10! cells per L mash, the total yeast cells in total annual
mash production would be 6 x 10'° x 1.9 x 10! = 1.14 x 10?2. Assuming that 1 g dry yeast contains
4.87 x 10'° cells, the total annual mash would contain (1.14 x 10%2)/(4.87 x 10°) = 2.34 x 10! g =
2.34 x 103 metric tons (MT)of yeast biomass. Assuming that average yeast contains 38% protein, the
total annual mass would contain 2.34 x 10° x 38% = 88,920 MT yeast protein. Assume that 1000 L
ethanol leads to 860 kg DDGS, the total annual DDGS would be (7 x 10° 1)/1000 L x 860 kg = 6 x
106 MT. Assume that the average protein content in DDGS is 28%, the total annual DDGS protein
was 6 x 10° x 28% = 1.68 x 10® MT. Therefore, yeast contribution by mass (2.34 x 10%)/(6 x 10°) =
3.9%; and yeast contribution by protein 88,920/(1.68 x 10°) = 5.3%. Since the approach was based
on many assumptions, the accuracy of the final estimation is uncertain.

Belyea et al. (2004) calculated the average ratio of AA concentrations (based on dry sample
weight) of DDGS versus yeast and suggested that yeast contribute up to 50% of DDGS protein. This
approach apparently had some shortcomings: (1) it disregarded corn protein contribution; (2) it did
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not include nonessential AA; and (3) the average ratio in AA concentrations actually reflected the
ratio of protein concentration of DDGS versus yeast.

Recently, Han and Liu (2010) proposed a multiple lineat regression model based on changes in
amino acid profile in terms of relative % during the entire process of dry grind ethanol production.
As discussed earlier, when amino acid composition was expressed on dry sample weight basis,
the change in AA concentrations, either essential or nonessential, followed the pattern of protein
changes during the dry grind process (Table 8.5). However, when expressed as relative % (based
on total AA), the change of AA profile (Table 8.6), unlike AA concentration, did not follow the
trend of protein change. Upon fermentation concentrations of some AA concentrations increased,
others decreased, still others remained unchanged. This is because the expression of AA in terms of
relative % to total AA focuses more on quality of protein rather than on quantity. More importantly,
when amino acid composition is expressed as concentration in dry samples (Table 8.5), there was
little information about influence of yeast AA composition on upper and downstream products
(including DDGS). However, when AA is expressed as relative % (protein based) (Table 8.6), the
influence of yeast AA on that of a downstream products becomes clear. For example, Arg in corn
was 3.55%, in yeast 5.15%, so the trend was increasing. For example, Met in corn was 3.32%, in
yeast, 2.14%, so the trend was decreasing. Although changing trends in AA composition depend
mostly on the difference between yeast and corn AA compositions, there were some exceptions.
For example, for Pro, there was no clear pattern of change during processing, but yeast had much
lower value than corn (2.18% vs. 6.67%).

The above observations were based on data measured on stream products from Plant 1. The
changing patterns of amino acid profile in stream products of dry grind process from two other
Plants (2 and 3) were very similar to those found with samples of Plant 1 (data not shown). This
confirms all the observations on change in AA composition during the dry grind process of corn
with samples from Plant 1.

Thus, Han and Liu (2010) proposed that AA composition (% relative) of a stream (response vari-
able) is a function of AA of corn (independent variable 1) and AA of yeast (independent variable 2),
based on a multiple linear regression model:

Y = AX, +BX, +C

where Y = relative % of an amino acid in a stream; X, = relative % of the AA in ground corn; X, =
relative % of the AA in yeast; A = a fixed value parameter indicating the extent of contribution by
corn AA; B = afixed value parameter showing the extent of influence by yeast AA; C = a fixed value
parameter showing the intercept on the Y-axis.

According to the above proposed model, regression results show that parameters A, B, and C,
varied greatly with the type of stream products, but only slightly with the sample source (Plant No.)
(Table 8.10). When regression was conducted on the combined data set of three plants, results show
that before fermentation, the value of parameter A was about 0.92, and B was around 0.05. After fer-
mentation, value A was reduced to about 0.84 and value B increased to about 0.20. This implies that
the average AA composition for fermented mash from all three plants would increase by a factor
of 0.84 if AA composition of ground corn increased by 1% and AA composition of yeast remained
fixed. Similarly, a 1% increase in yeast AA composition, with corn AA held fixed, would now
increase mean AA of fermented mash by a factor of 0.20. Furthermore, upon centrifugation, the B
value increased in thin stillage and CDS, but decreased in DWG. The A value changed accordingly,
decreasing in thin stillage and CDS but increasing in DWG. The two parameters in both DWGS and
DDGS became similar to those found in whole stillage and fermented mash.

Based on multiple linear regression of amino acid composition (% relative) of DDGS with those
of ground corn and yeast as two independent variables, the yeast accounted for about 20% of effect
on DDGS amino acid profile, while corn accounted for the remaining 80%. The method was also
useful to estimate the effect of yeast on AA profile of intermediate streams. For example, before
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TABLE 8.10

Multiple Linear Regression for Amino Acid Composition (Relative % of Individual Amino Acids in Each Sample) of Intermediate Streams
and DDGS of Dry Grind Processing from Three Commercial Plants, with Milled Corn and Yeast AA Composition as Variants X; and X,,

Respectively
Sample
Source Parameter
Plant 1 A
B
C
r2
Plant 2
r2
Plant 3
r2
Combined A

Source:  From Han, J. C., and K. S. Liu. Journal of Agricultural and Food Chemistry 58: 3430-3437, 2010.
Note: Regression was based on a multiple linear model Y = AX, + BX, + C, Where Y = relative % of an amino acid in an downstream product; X, = relative % of the AA in milled corn;

Raw
Slurry

0.842
0.151
0.048
0.975

Cooked

Slurry
0.783

0.162
0.332
0.965
0.969
0.000
0.165
0.985

1.026
—-0.038
0.062
0.996

0.918
0.046
0.208
0.977

Liquefied

Mash
0.967
0.013
0.116
0.993
0.947
0.048
0.030
0.984

0.845
0.218
0.136
0.960

0.926
0.060
0.080
0.978

Mash
0.840
0.121
0.240
0.980

Saccharified Fermented

Mash
0.840
0.191
—-0.188
0.963
0.821
0.177
0.019
0.940

0.846
0.218
-0.378
0.959
0.835
0.196
—-0.180
0.954

X, = relative % of the AA in yeast; r? = the square of the correlation coefficient.

Whole
Stillage
0.745
0.304
-0.295
0.965
0.794
0.224
-0.109

0.965

0.885
0.175
-0.361
0.963
0.802
0.238
0.240
0.963

Thin
Stillage
0.428
0.482
0.531
0.926
0.565
0.330
0.617

0.940

0.555
0.354
0.535
0.952

0.513
0.390
0.571
0.936

Condensed
Solubles
0.535
0.366
0.580
0.945
0.476
0.433
0.545

0.949

0.444
0.426
0.767
0.929

0.488
0.407
0.622
0.940

Wet
Grains
0.924
0.198
-0.719
0.963
0.892
0.199
-0.530

0.942

1.061
0.082
—-0.847
0.947
0.950
0.165
-0.680
0.949

DWGS
0.783
0.258

—-0.244
0.949

0.924
0.157
-0.484
0.963
0.843
0.214
-0.343
0.955

DDGS
0.843
0.244

-0.516
0.962
0.895
0.156

-0.320
0.940

0.939
0.178
-0.728
0.956

0.889
0.195
-0.511
0.951

Average
0.769

0.234
-0.016
0.961
0.800
0.191
0.052
0.958

0.836
0.197
—-0.144
0.958

0.796
0.212
0.001
0.956
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fermentation, yeast accounted for about 5% (due to recycle of thin stillage), but after fermentation
its contribution increased to about 20%. This value was higher in thin stillage and CDS, but lower
in DWG. Since yeast had a better AA profile than corn (particularly with regard to Lys), the higher
the yeast effect, the better the DDGS AA profile as compared to that of corn.

Among the four methods described, the proposed model of multiple regression model by Han
and Liu (2010) is believed to be the most accurate estimation for the effect of yeast on the AA profile
of DDGS. First, it links DDGS A A profile as a function of both corn and yeast AA profiles. Second,
it includes all amino acids. Third, it is based on relative %, rather than absolute concentrations of
AA. The latter is affected by the protein content in the sample. Fourth, it can estimate the yeast
effect on not only DDGS but also any intermediate streams. Finally, unlike the previous three meth-
ods, which focus on how much protein in DDGS is of yeast origin, the regression approach focuses
on the impact of yeast and corn AA profiles on that of DDGS and intermediate streams.

8.5.6 ANALYTICAL METHODOLOGIES

The use of various analytical methods for DDGS has, in part, led to significant variation of reported
compositional values among laboratories, and therefore created confusion for producers, marketers,
nutritionists, regulatory bodies, and end users. For example, Ileleji et al. (2010) reported that the
various methods that have been used for moisture determination of DDGS did not give identical
results, and therefore caution should be exercised when selecting a method for determining moisture
in DDGS. One key factor leading to the situation of using various methods is lack of standardized
protocols for characterizing DDGS composition and quality. To address the issue, Thiex (2009)
conducted a study to evaluate analytical methods for DDGS. The study was commissioned by the
American Feed Industry Association (AFTA), Renewable Fuels Association (RFA), and National
Corn Growers Association (NCGA), since with increasing production of DDGS, both fuel etha-
nol and animal feed industries are demanding standardized protocols for analytical methodology.
Details of this work as well as recommended analytical methodologies for DDGS are covered in
Chapter 10.

Another key factor leading to the current situation is lack of systematic studies that have inves-
tigated factors affecting oil analysis of DDGS. Although DDGS is derived from milled corn, and
both milled corn and DDGS are dry particulate materials, the two have different chemical composi-
tions and physical matrices. Therefore, their responses to factors affecting analytical methods are
expected to be different. Considering oil analysis as an example, recently, Liu (2010) used AOCS
Approved Procedure, Am 5-04 (AOCS 2005) for measuring crude oil content in both milled corn
and resulting DDGS, and found that for the crude oil analysis by the AOCS method, particle size
had no effect for milled corn but it had the most significant effect for DDGS among other factors.
DDGS, with the larger particle size (compared to those of the original matrix), tends to have signifi-
cantly lower measured values of crude oil content than samples with reduced particle sizes, when
other analytical conditions are kept the same (Table 8.11). On average, the measured oil content in
DDGS ranged from 11.11% (original matrix), to 12.12% (<0.71 mm) and to 12.55% (<0.50 mm). It
is commonly believed that there is a strong relationship between surface area and solvent extrac-
tion efficiency. The smaller size of particles, the greater surface area, and thus the greater extrac-
tion efficiency would be. However, the effect of particle size on crude oil analysis cannot be fully
explained by the increase in surface area of particles, since the same study showed that for milled
corn, particle size had no significant effect (Table 8.11). It is presumably attributed to the differences
in chemical composition and physical matrix between raw corn and DDGS.

8.5.7 OTHER FACTORS

Improper sampling can be another factor causing variation in DDGS composition, since only a very
small portion of sample is typically used for chemical analysis. Aggregation and inconsistent physical
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TABLE 8.11

Least Square Means of Crude Oil Content for Levels of Sample Type (milled
corn or DDGS) x Plant No. (1, 2, or 3) x Particle size (original matrix,

<0.71 mm, or <0.50 mm)

Level Mean (%) Level Mean (%)
Milled corn, 1, Original matrix 2.892h DDGS, 1, Original matrix 11.384¢
Milled corn, 1, <0.71 mm 3.146" DDGS, 1, <0.71 mm 12.819°
Milled corn, 1, <0.50 mm 3.114h DDGS, 1, <0.50 mm 13.2942
Milled corn, 2, Original matrix 3.706¢ DDGS, 2, Original matrix 11.409¢
Milled corn, 2, <0.71 mm 3.693¢ DDGS, 2, <0.71 mm 11.932¢
Milled corn, 2, <0.50 mm 3.623¢ DDGS, 2, <0.50 mm 12.428¢
Milled corn, 3, Original matrix 2.116! DDGS, 3, Original matrix 10.533f
Milled corn, 3, <0.71 mm 2.231 DDGS, 3, <0.71 mm 11.624¢
Milled corn, 3, <0.50 mm 2.220 DDGS, 3, <0.50 mm 11.9564
Mean of 3 plant samples with a same particle size range

Milled corn, original matrix 2.904 DDGS, original matrix 11.11¢
Milled corn, <0.71 mm 3.024 DDGS, <0.71 mm 12.120
Milled corn, <0.50 mm 2.994 DDGS, <0.50 mm 12.552

Source:  Adapted from Liu, K. S. Cereal Chemistry 87(3): 243-249, 2010.

Note: Degrees of freedom = 4, standard error = 0.05373, % dry matter basis.

Column means bearing different letters differ significantly at p < 0.05.

Original matrix = control, unground samples; DDGS = distiller dried grains with solubles.

characteristics of the DDGS also make it challenging to obtain a truly representative sample from such
a small quantity of material (Clementson et al., 2009). Thus, sampling of the material must include a
large pooled sample, comprised of multiple samples per batch throughout the production process.

8.6 WET FRACTIONATION OF DDGS

The major components in DDGS are protein, oil, and carbohydrates. Fractionation of DDGS into
value-added products may improve the economic viability of dry grind corn ethanol facilities in the
wake of variable corn and ethanol prices. In Section 8.5.3, back-end fractionation was briefly covered,
while dry fractionation of DDGS is covered separately in Chapter 25. This section covers only wet
fractionation of DDGS, which is a part of an overall strategy of back-end fractionation. Additional
information on both front-end and back-end fractionation can also be found in Chapter 5.

Brehmer et al. (2008) investigated protein separation techniques to produce higher value-added
product options for distillers grains to improve the corn-ethanol industry. This would allow addi-
tional utilization of the cellulosic components and separation of the proteins from DDGS for use
as chemical precursors. They treated several different corn feedstock layouts with second gen-
eration ammonia fiber expansion (AFEX) pretreatment technology and tested for protein separa-
tion options (protease solubilization). They concluded that the resulting system has the potential
to greatly improve ethanol yields, lower bioprocessing energy costs, and can satisfy a significant
portion of the organic chemical industry.

The same group also conducted research aimed at creating a high protein, high lysine product
from the grain byproduct using alkaline protein extractions in conjunction with hydrolysis of the
remaining fiber to sugars, which are then fermented to ethanol (Bals et al., 2009). They found that
alkaline extractions improved the lysine content in protein products, although protein solubility did
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not exceed 45% of the total protein. However, oligomeric carbohydrates, starch, and other water
solubles were also extracted, leading to a low purity protein product. They concluded that alkaline
extraction is unlikely to be a useful tool for fractionation of distiller’s grains. In a follow-up study,
Datta et al. (2010) attempted to simultaneously extract proteins from and enzymatically saccharify
cellulosic materials in DDGS, using food-grade biobased solvents (ethyl lactate, D-limonene, and
methyl esters). This approach would produce a high-value animal feed while simultaneously pro-
ducing additional sugars for ethanol production. Their preliminary experiments on protein extrac-
tion resulted in recovery of 15%—45% of the protein, with hydrophobic biobased solvents obtaining
the best results. The integrated hydrolysis and extraction experiments showed that biobased solvent
addition did not inhibit hydrolysis of the cellulose. However, only 25%-33% of the total protein was
extracted from DDGS, and the extracted protein largely resided in the aqueous phase, not the organic
solvent phase.

In a similar study, Cookman and Glatz (2009) reported protein extractions based on aqueous eth-
anol, alkaline-ethanol, and aqueous enzyme treatments, and found that all three methods extracted
a significant amount of the protein from dried, defatted distillers grains (DDDG). Comparatively,
the enzymatic extraction was effective for both milled and unmilled DDDG. The alkaline-ethanol
extraction was similarly effective for milled but not unmilled distillers grains. Simple extraction
with alcohol was not as effective. The AA profile of each protein extract was consistent and resem-
bled that of zein. For the protease-assisted extractions, 95% the proteins were in the form of peptides
smaller than 10 kDa.

The third research group (Wang et al., 2009) extracted kafirin proteins from sorghum DDGS
with various extraction methods including use of acetic acid, HCl-ethanol, and NaOH-ethanol
under reducing conditions, and achieved extraction yields of 44.2%, 24.2%, and 56.8%, respectively.
They also found that extraction conditions affected purity and thermal properties of the extracted
kafirin proteins. Acetic acid and NaOH-ethanol extracted protein with higher purity (98.94% and
94.88%, respectively) than kafirins extracted with the HCI-ethanol (42.32% protein), while the orig-
inal material (sorghum DDGS) contained 35.47% protein. The acetic acid and HCl-ethanol based
extraction methods tended to extract more high-molecular weight protein than the NaOH-ethanol
based method, while the yg kafirins were found only in extracts from the NaOH-ethanol extraction
system.

The use of solvent-based methods to recover DDGS proteins has been a relatively new attempt.
Such an effort, although still very limited, may lead to efficient recovery and production of purified
protein products that have high-value utilization. For example, the extracted proteins may be used
for many bioindustrial applications such as adhesives and resins. The residue after protein extraction
is a carbohydrate rich product, which is better suited for conversion to fermentable sugars. Although
fractionation of DDGS into value-added products may serve to improve the economic viability of dry
grind ethanol plants, its potential is yet to be seen. Since during the conventional dry grind process
grain proteins are subjected to some harsh conditions, including heating, pH adjustment and fermen-
tation, some of them are denatured or tightly bound to other molecules in the final DDGS products.
Wet extractions, based on above reports, have so far had limited effect in obtaining protein products
with high recovery yield. In addition, the use of harsh and heavy solvent systems, such as strong acid
or alkaline solvents, makes the methods not only costly but also less environmentally friendly.

8.7 CONCLUSIONS

Marketability and suitable uses of DDGS are keys to the economic viability of fuel ethanol produc-
tion. As the industry grows, the importance of distillers grains has also increased. In this chapter,
several topics, which are crucial to the use of DDGS, have been discussed with updated informa-
tion, ranging from nutrient levels in DDGS to their variations among reports and within the same
report, and from compositional changes during the entire dry grind process to analysis of several
key factors causing high compositional variation.
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During dry grind processing, starch is converted to glucose and then to ethanol and carbon dioxide.
All other components in the original grain feedstock remain relatively unchanged. As a result, all nutri-
ents other than starch in DDGS are concentrated about threefold over the initial grains. Thus, DDGS is
nutritious as a livestock feed ingredient, or even for aquafeed and pet food. Yet one key challenge for
using DDGS as a feed ingredient is its large variation in nutrient levels compared to some other feed
ingredients, such as soy meal. The main factor causing the large variation is the dry grind process itself
since it is more complex than processes of other feed protein ingredients (such as oilseeds), and entails
more steps and more variables in processing conditions by the same method. Using different grain spe-
cies or their blends as feedstock adds another factor. For better utilization of DDGS, both suppliers and
end users need to better understand factors that cause variation and develop strategies to decrease it.
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9.1 INTRODUCTION

The word “lipids” generally describes a class of nonpolar organic molecules that are not soluble
in water but are soluble in nonpolar organic solvents such as hexane, chloroform, and ether
(Moreau, 2005). Lipids usually contain long chains of hydrocarbons, but may also contain oxy-
gen, nitrogen, phosphorus, and sulfur. Plant seed oils, usually called vegetable oils, and animal
fats, are composed of a mixture of many different lipids, but the main component is triacylglyc-
erols (TAGs). TAGs (Figure 9.1a) make up anywhere from 85% to 98% of a crude (unrefined)
plant seed oil or animal fat. The term “o0il” is used for triacylglycerols that remain liquid at room
temperature, while the term “fat” refers to triacylglycerols that are solid at room temperature.
In corn, sorghum, and other seeds, TAGs are stored in the germ. They are composed of three
fatty acids esterified to each hydroxyl position of a glycerol molecule. The five major fatty acids:
palmitic, stearic, oleic, linoleic, and linolenic, which are 16- or 18-carbons in length, and have
zero to three double bonds, make up the majority of plant TAGs. The percentage of each fatty
acid in the TAGs varies depending on plant species and variety; these percentages are known as
the “fatty acid composition.” Fatty acids can be hydrolyzed from TAGs by heat and moisture,
acid or alkali, or by enzymes called lipases, to form free fatty acids (FFA) and diacylglycerols,
monoacylglycerols, or free glycerol, depending on how completely the fatty acids were hydro-
lyzed from the TAG molecule. Other lipids that are commonly found in vegetable oils include,
but are not limited to: diacylglycerols, monoacylglycerols, FFA, phytosterols, tocopherols and
tocotrienols (vitamin E), waxes, phospholipids, carotenoids, acyl alcohols, acyl aldehydes, and
hydrocarbons (Moreau, 2005). Examples of the structures of phospholipids, carotenoids, tocoph-
erols, and tocotrienols are shown in Figure 9.1b through e. The other lipids mentioned above are
found in much lower quantities in crude vegetable oils. Whereas TAGs mainly function as car-
bon storage, lipids such as phospholipids, tocopherols, phytosterols, and carotenoids have other
important functions within plant cells, and they are found in tissues other than just the seeds.
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FIGURE 9.1 Structures of some common plant lipids: (a) a triacylglycerol; (b) phosphatidylcholine, a phos-
pholipid; (c) B-carotene, a carotenoid; (d) a-tocopherol; and (e) a-tocotrienol.

9.2 LIPIDS IN DDGS

Over 13 billion gallons of ethanol were produced in the United States in 2010, generating over 30 mil-
lion metric tons of distillers dried grains with solubles (DDGS) as a coproduct (Rosentrater, 2009;
Renewable Fuels Association, 2011; U.S. Energy Information Administration, 2011). DDGS has, on
average, 10% (by weight) oil (Belyea and Rausch, 2004; Rausch and Belyea, 2006), so over 3 million
metric tons of oil are potentially available. Until recently, references to DDGS lipids in the literature
were mostly in the context of reporting total fat content (total ether solubles) for the purpose of deter-
mining nutrient composition and energy (caloric) content. However, extraction of oil from DDGS to
increase the number and value of coproducts from the dry grind ethanol process has been gaining inter-
est (Watkins, 2007). In addition to the value of the oil itself, removing the oil increases the protein con-
tent of DDGS, making it a more valuable feed component (Rausch and Belyea, 2006). The high content
and availability of oil in DDGS limits its use in the diets of some animals, such as swine (Shurson
and Spiehs, 2002; Hutjens, 2008; Stein and Shurson, 2009), so a modified DDGS with lower fat and
higher protein is desirable to increase the market for DDGS in nonruminant diets. Oil extracted from
DDGS can be sold as a feedstock for biodiesel production, or if produced in a food-grade environment,
as an edible oil. In addition, some of the individual lipids in DDGS oil are bioactive phytochemicals
that have potential value as nutraceutical ingredients for the food and cosmetic industry. About eight
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decades ago, at least one distillery produced edible corn oil from DDGS: the Hiram Walker and Sons
whiskey distillery in Peoria, Illinois built an oil extraction plant that processed 100 tons of distillers
dried grains per day to produce approximately 14,000 pounds of crude oil per day (Boruff and Miller,
1937; Anonymous, 1977). The extracted oil was sold to vegetable oil refineries for refining and human
consumption (Boruff and Miller, 1937). The Hiram Walker and Sons whiskey distillery was eventually
sold to Archer Daniels Midland Company, and is now used to produce industrial ethanol, and the oil
extraction has ceased. Today, oil from DDGS would not be considered suitable for human consumption
unless the production plant, processes used, and final product were all certified food grade.

The lipids in DDGS originate from the feedstock for ethanol production, which in the United States
is mainly corn, although sorghum and other grains are also used to some extent. About 95% of the
commercial corn oil produced in the United States [2.5 billion pounds per year (USDA, 2009)], is
extracted from corn germ isolated from corn wet milling plants (Anonymous, 2006). Approximately
85% of the total oil in a kernel of corn is found in the germ, the rest is found in the endosperm and hull
fractions. In conventional dry grind fermentation, the entire corn kernel is ground, and as the starch
and sugars are utilized for fermentation, the lipids remain un-utilized and partition between the thin
stillage and the wet grains, and ultimately end up in the DDGS. Thus, the oil is concentrated from
3%—-5% in whole corn to 8%—12% in corn DDGS (Belyea and Rausch, 2004; Rausch and Belyea,
2006). Since the lipids in DDGS are derived from the entire corn kernel, and have been subjected
to the processing conditions from ethanol production, their composition and properties are different
from commercial corn oil from corn germ. This chapter will summarize the available literature on the
characteristics of the lipids in DDGS. The focus will be on lipids from either corn or sorghum DDGS,
since these are the two feedstock sources on which literature is available. Additional information on
lipids in various distillers grains functions, such as corn distillers dried grains with no added solubles
(DDG) and oil that has been removed by centrifugation of whole or thin stillage is also included.

9.2.1 GuryceroLiriDs AND FFA

Standard methods for determination of total oil content (often called crude ether solubles, total fat,
or total oil) in DDGS extract of ethyl ether, petroleum ether, or hexane soluble compounds using a
Soxhlet or similar extractor, and then gravimetrically measure the extracted lipid weight (AOAC,
1984; AOCS, 1998). The major lipid component in the extracts is TAGs, which have a caloric value
of 9 kcal/g. Total lipid content of corn DDGS ranges from 8% to 12% on a dry weight basis (Belyea
and Rausch, 2004), and in sorghum DDGS is around 9% (Wang et al., 2005). Though the percent-
ages of TAGs are not reported, Wang et al. (2007, 2008) showed by thin-layer chromatography
(TLC) that TAGs are the main component in sorghum DDGS oil. The fatty acid compositions of
corn germ oil and sorghum kernel oil TAGs are shown in Table 9.1. The fatty acid composition of
TAGs from corn DDG and DDGS oil, as well as from oil extracted at every major step in the dry
grind ethanol fermentation process, is similar to commercial corn oil or corn germ oil (Winkler
et al., 2007; Majoni and Wang, 2010; Moreau et al., 2011), thus, processing conditions do not appear
to significantly affect the fatty acid composition.

Crude vegetable oils typically have low content of FFA (0.5%—1.5%) because TAGs are stored
and protected in protein-coated “oil bodies” in intact seeds and because there is very little lipase
activity in seeds until germination (Quettier and Eastmond, 2009). However, FFA content is higher
in sorghum DDGS and corn DDG (Wang, 2007; Winkler et al., 2007). The reason(s) for the high
FFA content are not known, but potential causes are corn or yeast lipase activity, the high tempera-
tures combined with high moisture content as well as acid and base used for pH adjustment, and
high temperatures used during the evaporation of thin stillage and the drying of wet grains. As of
yet there are no published reports on the FFA content of corn at each processing step of a dry grind
operation; however, Noureddini et al. (2009) reported that hexane extracts of corn whole stillage,
condensed distillers solubles, and DDG all had 7.5%—-8% FFA. Winkler-Moser and Vaughn (2009)
reported 6.8% FFA content in a Soxhlet extract (using hexane) of corn DDG. Wang et al. (2007)
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TABLE 9.1
Fatty Acid Composition of Corn (Zea mays) Germ Oil and
Sorghum (Sorghum bicolor) Seed Oil Triacylglycerols

Fatty Acid (%)? Corn Grain Sorghum
16:0 (Palmitic) 9.2-16.5 15-25
18:0 (Stearic) 0-3.3 1.0-1.4
18:1 (Oleic) 20-42.2 30-42
18:2 (Linoleic) 39.4-65.6 36-51
18:3 (Linolenic) 0.5-1.5 1.6-2.3

Source: Firestone, D., ed. Physical and Chemical Characteristics of Oils, Fats,
and Waxes, 2nd ed. Urbana, 2006.
2 The number in front of the colon represents the number of carbons in the fatty
acid, the number following the colon designates the number of double bonds.

reported FFA content in sorghum DDGS oil ranging from 6% to 32.9% of the oil (0.5%—-4% of
DDGS) depending on the extraction solvent and conditions. Much higher FFA content was observed
when supercritical CO, was used for extractions rather than hexane in a recirculating solvent extrac-
tor. FFA content in supercritical CO, extracts increased with increasing temperature (40°C-70°C),
but temperature had no impact on FFA extracted using recirculating hexane. The FFA in sorghum
DDGS were composed of palmitic, oleic, and linoleic acids (Wang et al., 2007).

In terms of overall oil quality, high FFA content is usually considered detrimental for several
reasons. High FFA content in crude oils leads to refining losses (Gupta, 2008), and contributes to
low oil stability to oxidation (Frankel, 2005). Oils for human consumption are refined to remove
FFA to alevel of 0.5% or less (Gupta, 2008) because lipid oxidation results in the production of off-
flavors and odors (Frankel, 2005). For biodiesel production, oils with FFA content greater than 1%
require an acid pretreatment because the fatty acids form soaps during base-catalyzed esterification,
which interfere with the separation of the glycerol from the fatty acid methyl esters (Freedman et al.,
1984). On the other hand, given the amount of FFA that have been extracted from sorghum DDGS
using supercritical CO, (Wang et al., 2007), it may be economically feasible to extract the FFA for
use by chemical and cosmetic industries.

9.2.2 PHYTOSTEROLS

Phytosterols (plant sterols) are triterpenes, similar in structure to cholesterol, found ubiquitously in
plants (Moreau et al., 2002). They exist as free sterols, acylated sterols, where the hydroxyl group
is esterified to a fatty acid, as sterol glycosides, acylated sterol glycosides, or as esters to ferulic or
p-coumaric acid (Figure 9.2). In vegetable oils, they are found mainly either in their free or acylated
form (Piironen et al., 2000; Moreau et al., 2002). Like cholesterol in mammalian cells, phytosterols
help to regulate the fluidity of plant cell membranes, though they also play a role in other cellular
and developmental processes (Piironen et al., 2000). Phytosterols inhibit the intestinal absorption
of dietary cholesterol and reabsorption of biliary cholesterol. The general consensus is that con-
sumption of approximately 2 g/day of phytosterols as part of a low-fat diet can reduce total serum
and low density lipoprotein (LDL) cholesterol by ~10% thereby reducing the risk of cardiovascular
heart disease (Weststrate and Meijer, 1998; Gylling and Miettinen, 2005; Wu et al., 2009). Since the
year 2000, the FDA has allowed a health claim for foods containing at least 0.65 g or 1.7 g/serving
of phytosterol or phytostanol (fully saturated phytosterol) esters, respectively (FDA, 2009). Since
then, the number of “functional food” products containing phytosterols has skyrocketed, in addi-
tion to numerous dietary supplements and pharmaceutical products (Ohr, 2006). There also have
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(@) (b)

FIGURE 9.2 Structures of cholesterol and plant sterols: (a) cholesterol; (b) -sitosterol; (c) steryl ester,
R represents a long-chain fatty acid; and (d) sitostanyl ferulate, a stanyl ferulate (ferulate phytosterol ester or
FPE).

been numerous reports that phytosterols may have anticancer properties; these studies have recently
been reviewed (Woyengo et al., 2009). Currently, the two main sources for large-scale isolation of
phytosterols are deodorizer distillates from the refining of vegetable oils, and tall oil, a byproduct
of the wood pulp industry (Fernandez and Cabral, 2007).

Phytosterols (free and acylated) are present in most commercial vegetable oils, such as soybean,
corn, sunflower, and canola, at concentrations ranging from 2 to 10 mg/g (Piironen et al., 2000;
Phillips et al., 2002). In comparison to commercial corn oil extracted from corn germ, corn fiber
oil and corn kernel oil have much higher phytosterol content (Moreau et al., 1996; Singh et al.,
1999; Moreau and Hicks, 2005). Corn kernel and corn fiber oils also have a considerable amount
of the ferulic acid esters of sterols (ferulate phytosterol esters, or FPE) that are virtually absent
in commercial corn oil because FPE are derived from the aleurone layer of corn kernel pericarps
(Moreau et al., 2000). Since corn DDG and DDGS are derived from whole corn kernels, the phy-
tosterol content and composition of their oils are similar to corn kernel oil (Winkler et al., 2007,
Moreau et al., 2011). Phytosterol content, including free sterols, acylated sterols, and FPE, of corn
DDG and DDGS has been reported to range between 1.0 and 3.5 mg/g, depending on the DDGS
source, extraction solvent, and technique; content in lipid extracts ranges from 9 to 22 mg/g (Singh
et al., 2001; Winkler et al., 2007; Wong et al., 2008; Leguizamén et al., 2009; Moreau et al., 2011).
Phytosterol content of sorghum DDGS ranges from 0.8 to 2.5 mg/g, again, depending on the extrac-
tion solvent and technique (Wang et al., 2007; Leguizamén et al., 2009). Leguizamén et al. (2009)
also reported that total phytosterol content of grain sorghum DDGS is actually up to 50% higher
when content of acylated steryl glycosides (ASG) and steryl glycosides (SG) is included in the analy-
sis. However, only low levels of ASG and SG are extracted by conventional pressing and/or hexane
extraction (Moreau et al., 2003). Moreau et al. (2011) analyzed phy