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P B o T

ABSTRACT
THE CHILLED AERATION AND STORAGE OF CEREAL GRAINS
By

Dirk E. Maier

Grain chilling is a non-chemical preservation
technology that utilizes a refrigeration system to control
the temperature and moisture content in stored grain
independent of the ambient conditions. Over 10 million
metric tonnes of grain are chilled annually throughout the
world, but very little in the U.S.A. A comprehensive
analysis of chilled aeration and storage of cereal grains is
made considering physical, operational and biological

factors.

A model was developed of the performance of a
commercial grain chiller. It predicts the flowrate,
temperature and relative humidity of the air under transient
conditions. The chiller model was incorporated into a
grain-aeration model, which predicts the temperature and
moisture content in a grain mass. A third model describes
the influence of the ambient conditions on the chilled grain
during non-ventilated storage periods. Experimental data
for a three-year period was used to validate the MSU Systems

Model for Chilled Aeration and Storage of Cereal Grains.




The main results of the tests with corn and wheat
revealed that (1) the ambient conditions significantly
affect the airflow rate through the chiller, (2) the
reheating of the chilled air significantly affects the cool-
down time and moisture loss of the grain, (3) a small change
in the cold-air set-point hardly changes the refrigeration
capacity of the chiller, (4) the geographic location and
surface-to-volume ratio of the grain bin have the greatest
influence on the temperature distribution in the chilled
grain during non-ventilated storage, and (5) in order to
preserve grain quality, chilled aeration is preferred over

ambient aeration and over no-aeration.

A new procedure was developed to chill grain

immediately as the bin is filled and to intermittently

rechill the outer grain layers only. This management
technique minimizes the dry-matter loss and the risk of
insect-infestation. The process of chilled aeration
followed by low-temperature storage was found to be
technically feasible and biologically desirable for cereal
grains in the Midwestern U.S.A. Economic and environmental
considerations must be taken into account in the final

evaluation of the process of grain chilling in the United

States.
Major Professor Department Chair
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INTRODUCTION

In a major 1989 study on "Enhancing the Quality of U.S.
Grain for International Trade" (U.S. Congress 1989a) the
following main conclusions were drawn:

+ more competitors exist in the international grain market
now than ever before, and grain quality has become an
extremely important competitive factor

+ no other country can offer such a wide range of intrinsic
differences in grains to customers than the United States

+ the premiums established for grain in the U.S.A. are via
the interaction of supply and demand for measurable quality
characteristics

+ the process of drying (and cooling) has a greater
influence on grain quality than all other grain-handling
operations combined

+ a switch by farmers from non-bin drying to combination
drying (i.e. high-temperature non-bin drying followed by
slow low-temperature/chilled-air in-bin drying) will
significantly improve the quality of U.S. corn

+ maintaining low temperature- and moisture-levels in the

grain is the main way to preserve grain quality, and to
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prevent damage from molds and insects.

In the 1970’s countries representing one-third of the world
population supplied grain to the other two-thirds of the
world. Growth in grain-trade was dynamic. Today, countries
representing two-thirds of the world population supply grain
to the other third of the world. The growth in trade has
become stagnant. In such a competitive environment, foreign
buyers of U.S. grain have become increasingly sensitive

about the qguality of the grain they receive.

Concern was expressed during the 1985 and 1990 debates of
the Food Security Act before the United States Congress over
the quality of U.S. grain exports. Accusations were leveled
that U.S. elevator managers and grain traders adulterated
grain shipped to foreign buyers. A sharp increase occurred
in foreign complaints concerning quality. U.S. traders and
handlers argued that they had been shipping grain according
to the U.S. grain standards, and that most buyers complained
only in order to obtain a higher grade of grain at a lower
price. The main focus of the debates centered on the
adequacy of the grain standards, some of which were
developed over 70 years ago. Critics argued that the grain
standards had not kept up with a changing world market, and

that they were frequently misunderstood by foreign buyers.
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Improving U.S. grain quality - or even the perception of
quality - will require much more than changing the
standards. Grain is vulnerable to quality deterioration at
every stage of the production and marketing process. Many
aspects of the interactions of producing, harvesting,
storing, handling, and testing grain need to be better
understood before positive changes in the system can be

expected.

One technology that has been successfully utilized to
preserve grain quality during storage is grain chilling. It
permits the short- to long-term storage management of grain
independent of the ambient conditions. The chilled aeration
of grain has been applied commercially in over 50 countries
during the past 30 years (Brunner 1990), but not the United
States. In 1992, over 10 million metric tonnes (MMT) of
grain are cooled with grain chilling systems. Commonly,
grain is cooled in-situ using conventional aeration systems,
which are able to lower the temperature of the stored grain
to within several degrees of the minimum ambient
temperature. In contrast, grain chilling is defined as the
cooling of grain independent of the minimum ambient

temperature using a mechanical refrigeration system.

In a mobile grain chilling system, ambient air is ducted

over a bank of refrigeration coils in order to decrease the

F s $ 20909090 0
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air dry and wet bulb temperatures (see Figure 1.1). The
chilled air dry and wet bulb temperatures are set by the
operator. Since grain absorbs moisture at high humidity
levels, the chilled air is reheated to the desired 60 - 75
percent relative humidity range. When the trailing edge of
the cooling front exits the top of the pile, the cooling
cycle is completed. The ability to control the bin-inlet
air temperature and humidity to the desired values,
regardless of the ambient conditions, is a distinctive
feature of a well-designed grain chilling unit. After the
initial cool-down, a rechilling cycle is run periodically in
order to maintain the grain at the desired temperature.
Figure 1.2 shows a typical commercial grain chiller, and

Table 1.1 summarizes its design specifications.

A cooperative research project on grain chilling, that is in
part the basis of this dissertation, has been a three-year
effort (beginning in 1988) between Michigan State
University, East Lansing, Michigan, the University of
Hohenheim, Stuttgart, Germany, and the Sulzer-Escher Wyss
Company, Lindau, Germany. One of the goals of the project
has been to evaluate the potential application of commercial
grain chilling in the United States’ grain industry.
Understanding the structure of the industry and the quality
parameters important to the industry aid a company, such as

Sulzer-Escher Wyss, to evaluate the commercial potential of

A



Figure 1.1 Schematic of the grain chilling process using a
mobile grain chiller connected to an upright
grain storage silo (Sulzer USA 1991).



Figure 1.2 Typical commercial mobile grain chilling unit
(Sulzer USA 1991).
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grain chilling in the United States. Consequently, the
characteristics of the U.S. grain production, processing,
and marketing system is discussed first, including the
quality standards currently in use in the U.S. grain
industry. The technical aspects of applying chilled
aeration and storage of cereal grains in the U.S. grain
industry are the main focus of this dissertation. They will

be evaluated in detail in the remaining chapters.

Table 1.1 Typical design and operating specifications of a
commercial' grain chilling unit.

Cooling capacity

maximum 160 t/day
average 95 - 110 t/day
Cold air flowrate
at 100mm W.G. 5,050 m*/h
at 300mm W.G. 3,500 m*/h

Refrigeration capacity
at 30°C condensing and 0°C
evaporating temperature 32,700 W

Connected loads
compressor 7.9 kW

cold-air fan 5.5 kW
condenser fan 0.55 kW
total load 13.0 kw

"SRRT40 manufactured by Sulzer-Escher Wyss, Lindau, Cermany




1.1 U.S. Climate

In order to fully understand the production of grain and
subsequent processing problems in the United States, a
knowledge of the prevalent climatic conditions is
necessary. Furthermore, the variation of the climate
prevalent in the United States is important to the proper
sizing of the refrigeration capacity of a grain chiller in

U.S. storage and processing facilities.

The climate of the United States is a continental climate.
However, this term fails to describe the climatic extremes
that occur throughout the year. Both hot and cold
temperatures at any location are determined by the ease with
which abnormally cold and hot air flow across the continent.
The rate of the movement of the air from a so-called major
source region to a particular location affects the extreme
temperatures (Ecodyne 1980). Figures 1.3 and 1.4 show major
source regions for the temperature extremes throughout the
United States. Extreme cold temperatures are caused by
rapid movement to a particular location of cold air within a
one- or two-day period from the Polar source region.
Mountainous terrain does not present a physical barrier to
the spread of cold air since it runs from North to South,
i.e. the Continental Divide in the Western United States and

the mountain range in the Eastern part of the United States.




Figure 1.3 Source region and typical flow pattern that
produces the low temperature extreme throughout
the United States (Ecodyne 1980).

<~ SOURCE REGION

Figure 1.4 Source regions and typical flow patterns which
produce the high temperature extremes
throughout the United States (Ecodyne 1980).
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Thus, cold air can flow with ease from the Polar region deep

into the Southern latitudes of the United States.

Source regions and typical flow patterns that produce high
temperature extremes develop in the hot and dry desert
region of the Southwest, and the hot and moist Gulf region
of the South. On most summer days, atmospheric air flows
toward the desert region of the southwestern United States.
The prevalent airflow patterns spread the hot and dry air
away from the source region to the northeast across the
continent. The major source region for high dry-bulb
temperatures with a high moisture content lies inland from
the Gulf of Mexico and the Atlantic Ocean. When moist air,
which has originated over a warm ocean, is permitted to
stagnate 100 to 200 miles inland, it increases to higher
temperatures and humidities. The northward flow of this air
produces the highest temperatures and humidities, mainly in
the eastern third of the United States. There is a zone in
the Middle West which can alternate from year to year
depending on whether hot, dry air moves up from the desert

southwest, or hot, moist air flows from the Gulf south.

The mean wet-bulb temperatures and wet-bulb depressions in
the U.S.A. for the month of July are shown in Figure 1.5
(ASAE 1991). The maps are based upon weather records from

127 U.S. sites averaged over 21 years. The wet-bulb

-
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Figure 1.5 Wet-bulb temperatures and wet-bulb depressions
in the United States in the month of July (ASAE
1991) .
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temperature and depression lines allow the estimation of the
mean dry-bulb and relative humidity wvalues across the United
States. For example, the mean wet-bulb temperature in the
Panhandle area of Texas in July is 20°C; the wet-bulb
depression is 8°C. This yields a mean dry- bulb temperature

of 28°C and a mean relative humidity of 63 percent.

The standard deviation isolines estimate the standard
deviation of hourly readings about the monthly mean. For
example, in July in the Panhandle of Texas, the standard
deviation is 5°C. Assuming the variations are normally
distributed, about 68% of the hourly temperature readings
will be within one standard deviation of 20°C, i.e. between

15 and 25°C.

1.2 U.S. Grain Production

The United States’ grain industry has several
characteristics that make it a_unique producer in the world
(U.S. Congress 1989b). First, it has the productive and
distributional capability to meet practically any demand for
grain. Second, the United States produces every type of
grain. Third, a buyer can purchase nearly any type of grain
at any time of the year. Fourth, grain can be moved from

farm to terminal to buyer very efficiently because of the



13
extensive interstate highway system, rail system, and
waterways, and because of the high-volume, high-speed

elevator facilities.

Grains are categorized in the United States according to
primary utilization. The feed grains (corn, sorghum,
barley, and oats) lead all crops in terms of value and
acres; their 1988 value totaled $15.3 billion, or 22 percent
of the total U.S. crop value (USDA 1990d). Thirty-three
percent of the cultivated crop acreage consists of feed
grains. Domestic use accounts for 73 percent of the total
disappearance, mainly for livestock and poultry. Food,
seed, and industrial use claim the remaining share.
Products such as ethanol, high-fructose corn syrup, barley
malt, oats bran, and other food and beverage items are for
industrial usage. The export of feed grains claims 27

percent and consists primarily of corn, sorghum, and barley.

The principal food grains are wheat and rice (USDA 1990a,
1990c). Wheat is the fourth leading field crop produced in
the United States in terms of value of production. Only
corn, hay, and soybeans are more valuable. In 1987/88, the
value of wheat was $5.4 billion, or 8% of the total U.S.
field crop value. Wheat is mainly used for food
consumption, both in the United States and throughout the

world. Rice ranks ninth among major U.S. field crops in
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terms of value, i.e. about 2% of the value of U.S. field
crops, or about $1.2 billion. The United States supplies
about 19% of the world’s rice exports.

The soybean industry is one of the world’s fastest growing
agricultural sectors (USDA 1990b). With an estimated farm
value of $11.4 billion in 1988/89, soybeans are second only
to corn in production value in the United States. The
primary demand for soybeans is for meal and oil. Soybean
and soybean-product exports averaged $6.2 billion over the

past few years.

Production trends in the United States for the three primary
grains - wheat, corn, and soybeans - from 1971 to 1986 are
shown in Table 1.2. Annual wheat production has increased
by 29 percent since 1971, peaking at 2,785 million bushels
(80 million tonnes) in 1981. The 1991 U.S. crop forecast
published by the U.S. Department of Agriculture (USDA)
predicts a wheat harvest of 526 million bushels (15 million
tonnes) (The Wall Street Journal 1991). The annual corn
production peaked at 8,235 million bushels (206 million
tonnes) in 1982. The 1991 U.S. crop is forecast to be 7,490
million bushels (187 million tonnes) of corn (The Wall
Street Journal 1991). Except for 1983, when the production
was reduced drastically through government programs, and for

1988, when a severe drought reduced the harvest, U.S. corn
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production has been fairly constant in the 1980’s. Soybean
production has increased by 71 percent since 1971, peaking
at 2,268 million bushels (65 million tonnes) in 1979. The
harvest of soybeans is estimated at 1,960 million bushels
(56 million tonnes) in the 1991 crop forecast (The Wall
Street Journal 1991), which would be the fifth largest on

record.

There are five market classes of wheat in the United States:
hard red winter (about 48% of the total wheat production),
soft red winter (17%), hard red spring (20%), white (10%),
and durum (4%). Figure 1.6 shows the general areas where
the various types of wheat are grown. Forty-two states
produce wheat; however, almost 42 percent of the U.S. wheat

is grown in five States - Kansas, Oklahoma, Texas, Nebraska,

Year Wheat Soybeans Com

1971 .. 1.618.6 1.176.1 5.641.0
1972 ... 1.546.2 1.270.6 5.573.0
1973 ... 1.170.8 1.547.5 5.647.0
1974 ... ... ... 1,781.9 1,216.3 4.701.4
1975 ... 2.126.9 1.547.4 5.829.0
1976 .................. 2.148.8 1.287.6 6.266.4
1977 .. 2.045.0 1.767.0 6.425.5
1978 ...l 1,775.5 1.869.0 7.081.8
1979 ... 2.134.1 2.268.0 7.938.8
1980 .................. 2.380.9 1.798.0 6.644.8
1981 ... ... 2.785.4 1.989.0 8.201.6
1982 .................. 2.765.0 2.190.0 8.235.1
1983 ........... .. 2.4198 1.636.0 4,174.7
1984 ...............nn 2.594.8 1.861.0 7.674.0
1985 .................. 2.425.1 2.099.0 8.876.7
1986 .................. 2.086.8 1.940.0 8.252.8
1987 .. ... . 2.105.0 1.905.0 7.084.0
1988° ... ............. 1.821.0 1.472.0 4.462.0

Table 1.2 U.S. wheat, corn, and soybean production
between 1971 and 1988 (in millions of bushels)
(U.S. Congress 1989a).
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Figure 1.6 Wheat-producing areas
(U.S. Congress 1989a).

in the United States
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and Colorado, which produce Hard Red Winter wheat, the major
type grown in the United States. About 25 percent of the
wheat produced in the U.S. is grown in North and South
Dakota, Minnesota, and Montana, which primarily produce Hard
Red Spring wheat. Durum wheat is grown mainly in North
Dakota, Montana and California; and white wheat is grown
mainly in the Pacific Northwest, i.e. Washington, Oregon and
Idaho. Soft Red Winter wheat is grown from Missouri to Ohio
and in the Atlantic States. The harvest time for winter
wheat in the principal areas of the United States is shown

in Figure 1.7, and ranges from late spring to after July 15.

Figure 1.8 shows the principal corn growing areas in the
United States and their approximate harvesting period.
Harvesting takes place between late summer and the middle of
fall. Corn is produced in 47 States. The six Corn Belt
States - Iowa, Illinois, Indiana, Nebraska, Minnesota, and
Ohio - produced about 70 percent of the 1985 corn crop.

Corn production in recent years has increased in other parts
of the country as a result of the availability of new,
short-season hybrid seed corn and government-support

programs.

Soybeans are produced in 29 States. Six account for almost
two- thirds of the output: Illinois, Indiana, Missouri,

Ohio, and Minnesota. Illinois and Iowa are the dominant



Figure 1.7 Harvest dates of winter wheat in the United
States (MADA 1989).

Figure 1.9 Harvest dates of soybeans in the United States
(MADA 1989).
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producers, i.e. they accounted for 33 percent of the 1985
crop. Figure 1.9 shows the principal growing areas in the
United States and the respective harvesting times between

early and late fall.

Three classes of rice are produced in the United States -
long, medium, and short grain - with long grain predominant.
The bulk of the rice crop is produced in five States:

Arkansas, Louisiana, Mississippi, Texas and California.

The United States, together with Canada, is one of the major
grain producing areas in the world. Table 1.3 lists the
1986 production by area of the principal grain crops in the
world. North America is the largest producer of corn and
sorghum, ranks second in the production of rice and third in
the production of wheat. Only Asia produces more total
grain. North America is the largest exporter of wheat (see
Table 1.4), with most of the crop going to the USSR and the
Far-East. In 1985, the U.S.A. exported almost 50 percent of
the total amount of corn traded world-wide, mainly to Japan

and the USSR in 1985 (see Table 1.5).

The world supply of wheat and feed grain (i.e. corn and
sorghum), and their utilization and stocks in 1986 and 1988,
are summarized in Table 1.6. At the beginning of the

harvest, about 20-30 percent of the world-wide available
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wheat is stored in the U.S.A., and about 60-65 percent of

the corn. In other words, the United States is the

principal storer of grains in the world.

The information contained in this section furnishes proof of
the importance of the production and the subsequent storage
of cereal grains in North America. The technique of
grain-chilling can provide an essential link between the
production and post-harvest processing phase for cereal

grains.

Table 1.3 World production of cereal crops by region in million metric
tonnes (MMT) in 1986 (FAO 1987).

Area Wheat | Rice Corn Sorgum | Millet Barley | Other | Total
Africa 11.6 9.8 30.8 14.3 11.8 6.3 0.3 84.9
N.America 93.5 98.3 | 231.3 30.4 0.0 28.7 10.8 403.0
S.America 16.8 15.3 38.2 6.2 0.1 0.8 1.0 78.4
Asia 189.6 | 434.1 99.7 17.4 15.3 18.7 2.5 777.3
Australia 16.7 0.7 0.2 1.4 0.04 3.5 1.7 24.2
Europe 115.8 2.2 68.0 0.4 0.03 70.3 27.1 283.8
USSR 92.3 2.6 12.5 0.1 2.4 53.9 37.2 201.0
World 536.5 | 473.1 | 480.9 70.2 29.7 182.7 80.5 | 1853.6

Note: Other 1s oats ana rye
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| Table 1.4 The structure of the world wheat
trade in 1985 in million metric
tonnes (MMT), and as a percentage
of export and import trade

(Uhlmann 1988).

USA

Canada 19.9

Australia 19.1

Arqentina

Import (%)

E. Europe

USSR 19.4
Far East' 17.3
Africa 14.8
S. America 11.3
China 8.1

Middle East
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— — =
Table 1.5 The structure of the world :
feed grain' trade in 1985 in |

million metric tonnes (MMT), and as 1

|

a percentage of export and import

trade (Uhlmann 1988).

r/Total Trade (MMf)
’““;&;* o AOSOWV 77777 |
USA 45.3 H
Canada 4.9 H
Australia 6.6 n
Argentina 11.1 P
Thailand 4.7
S. Africa 1.3
= e
Import (%) 100.0
_—
W. Europe 9.7
E. Europe 6.4 |
USSR 15.0
Japan 26.0
Saudi-Arabia 8.7
— ' corn, sorghum, oats, rye, W—L
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million metric tonnes

R

Table 1.6 World wheat and feed grain supply, utilization and stocks in
(MMT) in 1986 and 1988 (NGFA 1988).

Feed grain
1986 1988

Beginning Stocks

United States 51.8 34.5 126.9 138.1

Non-U.S. 116.3 111.3 80.7 75.9

World Total 168.2 145.7 207.6 214.0
Production

United States 56.9 49.3 252.8 136.7

Non-U.S. 472.8 455.4 581.2 573.9

World Total 529.7 504.6 834.0 710.7
Total Supply'

United States 108.7 83.8 370.7 274.8

Non-U.S. 589.1 566.7 661.9 649.8

World Total 697.9 650.3 1041.6 924.7

Utilization

United States 32.5 30.1 181.6 169.5

Non-U.S. 490.0 502.9 627.7 630.3

World Total 522.5 533.0 809.3 799.8
Ending Stocks

United States 49.6 14.6 152.6 58.6

Non-U.S. 125.8 102.7 79.8 65.7

World Total 175.3 117.3 232.2 124.4

Betore Imports
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1.3 U.S. Grain Storage
1.3.1 PFacilities and Capacities

The annual surplus of U.S. grains means that storage is
required for certain periods of time. Grain is a perishable
commodity with a finite safe-storage period. Storage can

maintain grain quality, but cannot improve it.

The total U.S. grain storage capacity in 1987 was
approximately 23,000 million bushels (575 MMT), of which
about 14,000 million bushels (350 MMT) was on-farm storage
and about 9,000 million (225 MMT) was considered off-farm
(i.e. commercial) storage (Anon 1990b). The 1991 USDA crop
report forecasts the stockpile of corn to exceed 1,280
million bushels (32 MMT), a decrease of about four percent
compared to the previous year (The Wall Street Journal
1991). The U.S. wheat stockpile is predicted to reach 514
million bushels (15 MMT), the tightest since 1975; and
soybean stockpiles are predicted to reach 315 million
bushels (9 MMT) (The Wall Street Journal 1991). These
figures imply that only about 20 percent of the available
U.S. storage capacity will be used by the current stocks; in

1986 over 40 percent of the storage capacity was used.

The 1990 North American Grain Yearbook lists the major grain
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companies and cooperatives in the United States and their
corporate grain storage capacities (Anon 1990b). To be
among the top 100, a company must have more than one
facility and more than 6.5 million bushels (162,500 MT) of
storage capacity. The storage capacity of the top 100 grain
companies in the United States in 1990 totaled over 3,467
million bushels (87 MMT), an increase of 3.6 million bushels
(90,000 MT) compared to 1989. [Canadian companies and
cooperatives account for 405 million bushels (10 MMT) of the

capacity.])

In 1989, the major North American grain companies operated
3,540 grain storage facilities, a decrease of 394 compared
to 1988. A breakdown for the U.S.A. shows 58 port-, 196
river-, 267 terminal-, 243 subterminal- and 1,179 country
elevator facilities; [and for Canada 29 port-, 6 terminal-,
1,554 country elevator- and 8 storage facilities at

processing plants.]

Table 1.7 lists the top and bottom ten largest commercial
grain handling and storage companies in North America with
their total number of facilities and capacities in 1989
(Anon 1990b). The average size of the Top-10 facilities
range from 250,000 to 9.7 million bushels (6,250 to 242,500
MT), while the average size of the Bottom-10 range from

180,000 to 2.5 million bushels (4,500 to 62,500 MT).
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Table 1.7 The top and bottom 10 commercial grain handling and
storage companies in North America with the total
number of facilities owned and total storage
capacity (in million bushels) in 1989 (Anon 1990b).
Rank Company Facilities Storage
1 Cargill 234 340
2 Peavey 103 190
3 Continental Grain 79 188
4 Union Equity 17 165
5 Bunge 55 164
6 Sasketchawan Wheat 486 120
7 Scoular Grain 44 95
8 Riceland Foods 35 94
9 Cargill Canada 132 65
10 Harvest States 108 64
94 B&W Co-op 5 .
95 Garden City Co-op 8
96 Goderich Elevators 3
97 Dixie-Portland Elevator 6
98 Columbia Grain 4
99 Gold Kist 38
100 Whitman County 21
101 Stegner Grain
102 Cereal Food Processors .
103 Alberta Terminals .

Table 1.8 lists the off-farm storage capacity by principal

states. The off-farm commercial grain storage capacity

increased in 1988 by 4.2 million bushels (105,000 MT) from
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1987. During the 1980’s - a period in the U.S.A. considered
to be the "commercial storage decade" due to favorable tax
laws - 2,629 million bushels (66 MMT) of storage capacity
was added. According to the USDA, the off-farm storage
capacity in 1988 totaled 9,615 million bushels (240.4 MMT)
compared to 9,611 million bushels (240.3 MMT) the previous
year. The off-farm grain storage capacity between 1943 and
1988 is illustrated in Figure 1.10. Between 1987 and 1988
the storage capacity decreased in 25 states and increased in

17 states.

Commercial storage in the U.S.A. is dominated by five states
- Illinois, Iowa, Kansas, Texas, and Nebraska - which hold
about 52.1% of the nation’s total storage capacity.

Illinois ranks first with over 1,202 million bushels (30
MMT), or 12.5% of the total off-farm storage capacity. The
second largest commercial storage state is Iowa with 1,127
million bushels (28 MMT), or 11.7% of the total capacity.
Kansas ranks third with 944 million bushels (24 MMT), or 9.8
percent, followed by Texas with 942 million bushels 24 MMT),
or 9.8 percent, and Nebraska with 879 million bushels (22

MMT), or 9.1 percent.

The largest change in commercial storage between 1987 and
1988 occurred in Texas, which increased its storage capacity

by 5%, i.e. by 44 million bushels (1.1 MMT). Iowa and



Dec. 1, 1987
42.180 -1.960
31.500 .70
231500 5120
110400 ~8340
142860 <2360
19.750 500
8120 +1.680
65720 -1880
115.380 -1.530
225,600
390820 4310
1152670
936,780 +7.080
71.420 1210
14
51.540 -9.060
172000 -
628,140 +5.660
T8.470 70
~480
54.360 ~1.890
770 250
7.600 +20
1510 hed
19.260 -1.760
450 -2280
070 ~6.190
232100 -17.040
6420 -15840
450 -
81.75%0 300
38920 -300
38690 450
136.220 -8.600
72440 -5.080
897520 -43810
33580 1380
860 - 480
238170 1370
000 -
10370 «10
9.610.590 -4210

Table 1.8 Off-farm storage capacity by principal state
(in thousand bushels) (Anon 1990b).

Figure 1.10 Rated off-farm grain storage capacity from
1943 through 1988 (in million bushels) (Anon
1990b) .
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Illinois both decreased by 26 and 23 million bushels
(650,000 and 575,000 MT), respectively. The fourth and
fifth largest changes occurred in North Dakota and Ohio,
which increased by 17 and 16 million bushels (425,000 and
400,000 MT), respectively. On a percentage basis, the
largest changes in off-farm storage capacity from 1987 to
1988 occurred in Florida, up 21%, Maryland, down 18%, New
Mexico, down 9%, California, up 8%, and North Dakota,

Tennessee and North Carolina, up 7% each.

In the five hard winter wheat states of the Southwest -
Colorado, Kansas, Nebraska, Oklahoma and Texas - commercial
storage capacity totaled 3,125 million bushels (78 MMT), or
33% of the U.S. total. The total commercial storage
capacity in the Central states - Illinois, Indiana,
Michigan, Missouri and Ohio was 2,412 million bushels (60
MMT), or 25.1% of the U.S. total. 1In the four major spring
wheat states - Minnesota, Montana, North Dakota and South
Dakota - the storage capacity was 1,067 million bushels (27
MMT), or 11.1% of the U.S. total. Commercial grain storage
in the Pacific Northwest - Idaho, Oregon and Washington -
was 433 million bushels (11 MMT), or 4.5% of the total U.S.

off-farm storage capacity.

The number of off-farm storage facilities as of December 1,

1989 was 13,799, a decrease by 90 from the year before.
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States with the largest numbers of off-farm storage
facilities were Illinois, 1,295,; Kansas, 941; Iowa, 907;
Texas, 875; and Minnesota, 803. Thus, the potential number
of grain chilling units that could be employed in commercial

facilities throughout the United States is enormous.

1.3.2 Technology and Management

Grain handling and storage systems provide an economical
means of moving grain into storage, preserving its quality,
and unloading it from storage. The on-farm and off-farm
storage and handling systems use the same basic type of

equipment.

Storage structures in the United States are categorized as
upright metal bins and concrete silos, flat warehouse
buildings, and on-ground piles. Upright bins and concrete
silos are the most easily managed type and are found on-farm
as well as at commercial facilities. They range from 3,000
bushel farm-bins to commercial facilities with bins larger
than 500,000 bushels. The storages are loaded from the top
and unloaded from the bottom. The bottom of a grain bin can
be flat or be constructed with a hopper bottom. In most
U.S. facilities, the stores are equipped with aeration fans

to maintain cool and uniform grain temperatures. Some bins
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can be sealed for fumigation. Stores can be unloaded with

an under-floor auger.

The recent demand for additional storage space has increased
the use of flat-storage warehouses, and of on-ground
tarp-covered piles. These storages are more difficult to
load, unload, fumigate, and aerate than upright bins.
Horizontal stores have flat floors and are filled with
portable conveyers. In the summer of 1987 on-ground piling
of 600 million bushels (15 MMT) occurred in the U.S., mostly

for feed corn.

Grain breakage occurs during harvesting and handling. It is
more significant in corn than in wheat and soybeans. High
grain moisture contents and temperatures minimize breakage,
but are not safe for storage. Uniform low grain moisture
content and temperature within a storage facility are
critical for maintaining grain quality. Knowledge of the
moisture content range is a key element in determining
storability. Table 1.9 shows the relationship for corn
between the grain temperature, moisture content and the
allowable storage time (U.S. Congress 1989a). At the end of
the AST, corn is on the verge of dropping one grade as
defined by the U.S. standard for corn, and will have lost

about 0.5 percent of its original dry matter weight.



32

Corn moisture (percent)

Grain temperature (°F) 18 20 22 24 26 28 30
days in storage
o PPN 648 321 190 127 o4 74 61
L P 432 214 128 85 62 49 40
B0 ... e iiiieeeea 288 142 84 56 4 32 27
A5 ... it 192° 95 56 37. 27 21 18
B0 ..ttt 128 63 37 25 18 14 12
L L 7P 85 42 25 16 - 12 9 8
B0 ... e 56 28 17 1 8 7 5
B8 ... ittt e 42 21 13 8 6 5 4
Y N 16 9 () 5 4 3
£ YA 3 12 7 5 4 3 2
. T 17 9 5 4 3 2 2

Table 1.9 Allowable storage time for corn (U.S. Congress
1989a).

Moisture and temperature do not stay uniform during the
storage time. Moisture will migrate in response to
temperature differentials (see Figure 1.11 and 1.12). When
the average ambient air is colder than the grain, the area
of condensation occurs on the grain surface; when the
average ambient air is warmer than the grain, the area of
condensation is found several feet beneath the grain
surface. Cold-weather moisture migration primarily affects
grain in land-based storage, causing deterioration as
temperatures rise in the spring. Warm-weather moisture
migration occurs particularly in grain in transit within the

United States, and during transport to foreign buyers.
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Figure 1.11 Moisture migration pattern at low ambient
temperatures (MWPS-13 1988).

Figure 1.12 Moisture migration pattern at high ambient
temperatures (MWPS-13 1988).
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Maintaining low temperatures and moisture levels in stored
grain is the principal method for preventing damage from
molds and insects. The aeration of cereal grains has long
been practiced to control and maintain the physical, e.gq.
grain temperature and moisture content, and qualitative,
e.g. prevention of molding and insect infestation,
characteristics of grain while held in storage until
subsequent marketing and processing. The two primary
objectives of aeration are (1) to maintain uniform
temperature in the grain bulk, and (2) to keep the
temperature as low as practical (Foster and Tuite 1982).
According to the Midwest Plan Service '"more stored dry grain
goes out of condition because temperatures are not

controlled than for any other reason" (MWPS-13 1988).

Aeration involves moving low volumes of ambient air through
the grain over extended periods of time. The airflow rates
range from as low as 0.05 m¥/min/t (0.05 cfm/bu) to over 1.0
m}/min/t (1.0 cfm/bu) (MWPS-13 1988). Commonly, an airflow
rate of 0.1 m*/min/t (0.1 cfm/bu) is used to aerate shelled
corn and soybeans in farm bins and flat storages, and 0.05
m®*/min/t (0.05 cfm/bu) for wheat and other smaller kernel
crops (Foster and Tuite 1982). 1In deeper bins or silos,
commonly found at commercial elevators and processing
plants, lower airflow rates are used as a compromise between

recommended airflow rates and fan power requirements, i.e.
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0.05 m*/min/t (0.05 cfm/bu) for corn and soybeans and 0.025
m}/min/t (0.025 cfm/bu) for wheat and other small kernel
crops. In warmer climates, higher airflow rates areutilized
in the aeration of dry grain to take advantage of short

periods of cooler weather.

In the United States, it is recommended to cool the grain
uniformly to below 4.4°C (40°F) in the fall to prevent
moisture migration, and to rewarm the grain to 10 to 15.6°C
(50 to 60°F) to store through the spring and summer (MWPS-13
1988). The maximum recommended storage moisture contents in
the United States for safe grain storage are summarized in
Table 1.10. The values are for good quality, clean grain

and properly aerated storage bins.

13 1988).

(¢, w.b.]
Shelled Corn:

Table 1.10 Maximum moisture contents for the safe storage of
shelled corn and wheat in the United States (MWPS-

ﬁ
Grain Type and Storage Time Maximum Moisture

— !

Sold as #2 corn by spring 15.5

Stored 6 - 12 months 14.0

Stored more than 1 year 13.0
Wheat:

Stored up to 6 months 14.0

Stored more than 6 months 13.0




36
Aeration can change the moisture content of the grain,
depending on the initial grain temperature, the humidity,
the airflow rate, and the length of aeration. A relative
humidity above 70 percent tends to add moisture to the
grain. Most storage bins in the United States are equipped
with aeration fans but are frequently not used effectively.
A majority of on-farm aeration systems is manually
controlled and either not operated sufficiently or operated
when the relative humidity of the air is too low or too
high. A common problem is not operating the fans long
enough to bring the entire grain mass to a uniform
temperature. If a cooling front is moved through only part
of the grain, moisture condensation is likely at the point

where the warm and cool grain meet.

Aeration fans are mounted at the base of the storage
structure and either push or pull air through the grain
mass. Some installations use fans mounted in the roof or
bin top to assist the removal of the outlet air from the
storage structure. Condensation in aeration ducts can be a
problem when fans are not running during warm weather and
the grain mass is cold. Likewise, moisture from warm grain
can condense on cold aeration ducts exposed to outside air.
The accumulated moisture allows molding of the grain,
sometimes caking the grain around the perforated ducts.

Tight-fitting covers should therefore be used to prevent air
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infiltration when the fans are not running.

In general, the U.S. grain industry with the exception of
the South has been quite successful in achieving low grain
temperatures using the existing aeration systems in the
storage facilities. The aeration of grain during the cooler
nights and during the cold winter months allows the lowering
of the grain temperatures to less than 15.6°C, even as far
south as Texas. Well-managed facilities in the Northern
U.S.A. are able to maintain the low temperatures in the
larger storage structures even throughout the warm summer
months, provided the moisture content of the stored grain is
sufficiently low. After the harvest, the grain can be
aerated until colder climatic temperatures become available.
The economic costs in terms of power consumption and grain
quality loss have todate not been assessed in the U.S. grain

industry.

The equipment and methods used to fill a storage bin affect
the performance of an aeration system. Filling the bin
without a grain spreader causes a cone to develop - with the
lighter, less dense material concentrated in the center
(i.e. forming a spoutline), while the heavier, denser
material flows to the sides. This impedes uniform airflow
and may result in mold growth. Spoutlines are often removed

from upright storage bins by drawing some of the grain out
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of the bin, a practice called coring. It should be noted
that in the United States the grain is frequently not
cleaned before filling the storage structure. The general
argument is that during the short harvest period the amount
of grain taken in by an elevator facility is too large to
allow proper cleaning. Furthermore, the handling of the
cleanings is considered to be a nuisance. Thus, both the
drying and storing operations frequently occur with

uncleaned grain in the United States.

Storage structures should be equipped with temperature
sensing cables, which allow the monitoring of the grain
temperatures during the storage period. The cables are hung
from the roof or bin top and extend down through the grain
mass. Each cable has a steel support cable and a number of
thermocouples in a protective plastic shield. Heating of
the grain more than one meter from the thermocouple may not
be detected. Commercial facilities have used temperature
monitoring systems for years; farmers now frequently also
monitor grain temperatures. The monitoring at commercial
facilities is usually done on a fixed schedule, either
manually or by automatic recording equipment. Some
facilities have installed programmable micro-processors that

can be used in conjunction with aeration fan controllers.

Turning is the process of physically moving grain from one



39

storage bin to another. It is expensive and is seldom used
in the U.S.A. anymore. The turning process mixes the grain
and helps to equalize the grain moistures and temperatures.
When hot spots are detected, the affected bin is unloaded
and transferred to another bin to break up the hot spots.
This process is more costly than aeration since it requires
more electrical energy and contributes to the physical

damage of the grain kernels.

1.3.3 Fungi and Pest Control

Fungi (molds) grow on any kernel or group of kernels stored
under certain relative humidity/temperature conditions.
Molds are plants without roots, leaves or chlorophyll;
therefore they are forced to live off other organisms. Over
100 fungi species have been isolated from cereal grains.
Each has an optimum and minimum temperature and relative

humidity value for growth.

The development of fungi in cereal grains can be controlled
by chemical or by physical means. Propionic and acetic
acids are used as chemical mold preventives in high moisture
grain. Although grain properly treated does not mold, its
viability reduces to zero, its germs turn brown, and a

strong acid odor is given off. Thus, such chemically-
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treated grain is only suitable as feed grain.

Insects create numerous economic and quality problems in
stored grain. Preventing insect infestations should begin
on the farm with efforts to clean the stores and to remove
foreign material. In the United States it is recommended to
use a protective treatment for long-term on-farm storage.
Protective treatments are used most frequently in the
southern grain-producing States, where the climate is most
favorable for insect activity. As grain is marketed and
moves through the various facilities, the identity of a lot
is usually lost and additional treatments may occur. Thus,
additional doses of insecticides are added to the grain.
This can result in excessive chemical residues in the final
product; a point that will be discussed in more detail under

the topic of grain quality.

The major insects identified in the United States are the
(1) granary weevil, (2) saw-toothed grain beetle, (3) red
flour beetle, (4) foreign grain beetle, (5) rice weevil, (6)
Indian- meal moth, (7) flat grain beetle, and (8) Angoumis
grain moth (see Figure 1.13) (Storey et al. 1983). The
pests have in common that they reproduce rapidly, feed on
dry grain, migrate into the grain mass, and cause extensive
physical damage. The damage to the grain includes bored

holes and the disappearance of a large percentage of the
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inside of the kernels, the injury to the germ, the heating
and subsequent condensation and molding of the grain mass,

the contamination with excrements, and webbing.

Often infestation is controlled only on a case-by-case basis
as it occurs rather than using preventive treatments. A
100-percent kill is usually not achieved by a treatment.
The population may be reduced to an undetectable level and
several generations may pass before infestation is detected
again; however, numerous immature and even pre-emerging
adult insects may remain inside the grain kernels. Often
insect fragments are not removed in the pre-conditioning
process of a mill, and thus can frequently be found in
finished products. In the United States, pesticides are
considered the only present technology available, although
not considered entirely satisfactory to rid grain of live
insects. The use of other control measures is severely
limited by the inability to penetrate large grain depths,
the short available time for application and kill, the

quantity to be treated, the pesticide cost, and the labor.

Pest control in grain is economically driven. Anything that
costs money will in all likelihood not be undertaken unless
omission decreases income or prohibits grain sales. The
pesticides used to control insects are divided into two

broad categories: insecticides and fumigants. Insecticides
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Figure 1.13 Principal stored grain insects in the U.S.A.
(Brooker et al. 1974).
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are applied to facilities and/or directly to the grain,
usually during loading. The term '"grain protectant" refers
to the application of an insecticide to grain as it is
conveyed into storage. When properly applied, grain

protectants can prevent and minimize insect damage caused.

The primary grain protectants used in the United States are:
(1) synergized pyrethrins, (2) malathion, (3)
pirimiphos-methyl (commercial name: Actellic; for legal use
in sorghum and corn), and (4) chlorpyrifos-methyl
(commercial name: Reldan 4E; for legal use in wheat, oats,
barley, rice, sorghum, and on empty bins). Malathion has
been the insecticide of choice for more than 20 years.
However, during the last 15 years high levels of insect
resistance to this chemical have been reported. Recent
developments seem to indicate the end of malathion-use in
the United States. Manufacturers have decided not to
provide the Environmental Protection Agency (EPA) with
updated information on pest persistence, environmental
impact, and mammalian toxicity (Weinzierl 1991). This data
has been requested by the EPA before production licenses
will be reissued. Other protectants such as Bacillus
thuringiensis (a bacterium) and inert dusts (such as silica
aerosols, aluminum oxide, diatomaceous earth, and clays)
have been found to have varying degrees of effectiveness.

They are not used extensively in the United States.
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The term '"fumigation" is often used incorrectly. A fumigant
is a chemical which, at a required temperature and pressure,
can exist in the gaseous state in sufficient concentration
to be lethal to a given pest organism. Thus, fumigants are
gases that penetrate into the treated material, and are
subsequently removed by aeration. Some wrongly believe that
any application of an insecticide as an aerosol, fog, mist
or smoke is a fumigation treatment. Fumigation is highly
specialized and involves very toxic pesticides; their
application requires professionally licensed personnel. A
structure must be gas-tight for fumigation to be successful.
The fumigant gas concentration must be maintained long
enough to kill the least susceptible life stage of an
insect. The primary fumigants used in the United States
are: (1) methyl bromide, and (2) hydrogen phosphate. The

latter is at present the fumigant of choice.

The effectiveness of an insecticide or a fumigant is limited
by the amount of time available, the moisture and
temperature of the grain to be treated, and the legal
restrictions on the use of the pesticide by local, State,
and Federal authorities. The insect must come in contact
with the residual before it is killed, and must be exposed

to the correct level of fumigant for the required time.

Other technologies slowly emerging for controlling mold
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development and insect infestation are modified atmosphere
storage, hermetic storage, irradiation, and microwave
heating. Recently developed growth-regulators show some
promise to control insects without toxicity to humans or
chemical residues (Blichi 1991). Predator ("beneficial')
insects have also been proposed. Adding them to the grain
constitutes an illegal adulteration according to the present
regulations of the U.S. Food and Drug Administration (FDA)
(Weinzierl 1990). Research has shown that adding beneficial
insects in large numbers greatly curtails the rate of
increase of pest populations, but not necessarily below
levels required by the standards of the Federal Grain

Inspection Service (FGIS).

During the storage period the quality of cereal grains and
oilseeds cannot be improved. The preservation of the
quality during the handling operations is critical to the
subsequent processing operations. Grain chilling has been
shown to be an effective technology in achieving grain
quality preservation in countries throughout the world. The
U.S. grain industry is expected to also benefit from the

utilization of grain chilling technology in the future.
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1.4 U.S. Grain Processing

To appreciate the quality requirements of each industry
segment involved in the processing of grain, a basic
understanding of the processing operations is necessary.
Each grain has multiple end-uses. Wheat is used for
domestic food consumption, export, animal feed and seed (see
Table 1.11). The proportion used for domestic purposes in
the U.S.A. has fluctuated between 32 and 53 percent over a
15 year period (U.S. Congress 1989a). Wheat is very
dependent on export. By the early 1980’s as much as 68
percent of U.S. wheat was exported. During the past several
years, the export share has leveled off to about 50 percent.
Almost all wheat other than that fed to livestock and used
for seed is milled into flour for a variety of bakery

products for human consumption.

The major use of corn in the U.S.A. is as animal feed; it
accounts for well over half the corn consumed (see Table
1.12). Feed use has fluctuated due to price changes and a
changing livestock inventory. Other domestic uses are for
food, industrial utilization, and as seed. The industrial
use has steadily increased since 1971. Domestic utilization
has accounted for 70 to 85 percent of the corn crop over the
past 15 years. Although not as dependent on world markets

as wheat, about 30 percent of the U.S. corn is exported
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Domestic Export
Arumal Tota share share
Yoar Food Seed feed [ Expons (percent)
W72, .. 2.7 6.2 2624 8493 $8.2 6098 418
WY.L 5318 67.4 199.8 796.0 a3 11350 8.7
W78, ... 5443 84.1 128.1 7538 6.1 1.2170 a9
548.0 3 6719 397 1.0188 ]
7289 382 11729 618
7544 4“2 9495 558
850.0 Q3 11239 8.7
8370 "2 1.194.1 588
783.1 8.2 13752 (V]
7828 3.0 15138 9
847.2 24 1.770.7 (14 ]
908.2 a6 1.508.7 62.4
11117 48 14288 582
11838 4“7 1.424.1 553
1.044.6 533 9154 8.7
1.193.3 54.3 1.003.5 487
1.084.2 40.5 1.582.1 9.5

Table 1.11 U.S. utilization of wheat by type of use, 1971-
88 (in million bushels and percentage) (U.S.
Congress 1989%a).

Food. Domestc Export
alcohol. and Ammal Total share share

Yoar ngusina! Seed ‘eed (D Expo! [
wnera.. o L. 394.0 15.0 19780 .2387 848 T88.0 18.2
197273, 407.0 16.0 423100 473 7.2 1230 208
1973764, .. ... @70 18.0 4.285.0 4.700 708 1.188.0 202
19778, .. ... 426 188 J.2256 en 76.2 1.1488 28
1975-78 e 4899 202 350168 40817 705 1.71114 25
werr . ... 493.3 198 3.588.6 40997 709 1.684.2 2.1
9718, . 5329 180 3.709.% 4.260 4 X ) 19478 e
were.. ... 557.0 18.0 41981 41731 69.1 2133 2.9
197980 ... .......... 6351 200 45186 51937 8.1 24326 N9
190081 @ ... 7181 202 41390 4873 674 2.388.2 326
198182 . e 792.1 19 42780 508758 1B 1.968.9 279
198283, ... . 880.3 (Y ) 4527 54155 747 18238 253
198384 0 ... 956.0 191 38176 47927 ne 1.901.5 284
198485, ... ... 1.070.0 212 40790 51702 738 1.885.4 288
1985868..  ......... 1.1400 198 4095) 52548 809 1.241.2 191
190687 @ ......... 1.175.0 167 ERAKRS 5908 ¢ 797 1.504 4 203
1968788 .. ... ... . 12070 170 46497 58737 773 1.725.0 2.7
Lo ”e o’ 10 “hoony

Table 1.12 U.S. utilization of corn by type of use, 1971-
88 (in million bushels and percentage) (U.S.
Congress 1989a).
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annually. Most food corn is used for dry and wet milling.
Several by-products of the corn dry and wet milling
industries are used for animal feed, including gluten feed

and meal, Brewer’s dried grain, and distiller’s dried grain.

Soybeans are processed for domestic food and feed
consumption, seed use, and export. Domestic processing is
the most important use of soybeans, and has increased
steadily over the past 15 years (see Table 1.13). Domestic
soybean utilization accounts for about 60 percent of the
total, while 40 percent of the soybeans are exported.
Soybeans are used for o0il extraction and as a high-protein
feed source. Other products made from soybeans include
lecithin, soy flour, and soy grits. Soybean meal usage has
increased 49 percent relative to the livestock inventory

since 1971.

The domestic use of rice is small compared with other grains
(UsSDA 1990a). Food, processed food, and beer comprise the
domestic outlets for rice. The domestic use of rice has
increased from less than 18 million hundredweights (0.8 MMT)
in 1950 to over 55 million hundredweights (2.5 MMT) in
1987/88. Direct food use averages 60-64 percent of the
total domestic usage of rice. Beer manufacturing requires
20-25 percent, and processed foods the remainder of the

balance. Processed foods include soups, cereals, pet foods,
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Seed. Domestic Export
Domestic feed. and Total share share
Yoar processing [ Exports (percent)
LT 7 4 T A 720 5] 88 653 47 u7
w2 . ke 82 804 827 479 373
W73 e 821 75 898 624 539 376
we ... 701 4] T80 649 a 1
1978 . 085 n 98 628 S85 72
19 .. ... 790 7 [ ] [ X ) 5684 9.4
L 1 7 2 927 82 1.009 59.0 700 410
W .. 1.018 [ ] .17 602 7% 398
w0 .. 1123 -] 1.208 58.0 [.1¢] 420
190 .. . 1.020 9 1.119 607 T24 393
8 1.030 89 1.119 546 929 454
92 .. . 1.108 88 1.194 56.9 908 a1
198 983 79 1.082 58.8 7 a2
1984 1.030 9 1.123 5.3 598 M7
9S8 .. ... 1.053 88 1.139 606 740 394
1908 ... ... 1179 104 1.283 629 57 371
197 .. 1.170 9 1268 6.7 788 383
98°.. .. ... 1.07% 95 1170 €5.2 625 348
- ”e 9 gens
Sovgnannen

Table 1.13 U.S. utilization of soybeans by type of use,
1971-88 (in million bushels and percentage)
(U.S. Congress 1989%9a).

rice cakes, and baby foods. Most of the direct food use
consists of long-grain rice. Processors and brewers usually
purchase short and medium grain rice, and brokens. Only
rice millfeed - a mill by-product consisting of bran and

hulls - is fed to animals.

The objective of milling is to make cereals more palatable
and thus more desirable as food (Hoseney 1986). Milling
involves the removal of bran. The germ is usually removed
during milling: it is relatively high in o0il content, and
may cause rancidity. There are two types of milling
processes - dry and wet. Dry milling separates the

anatomical parts of the grain cleanly. Wet milling attempts
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to separate the bran or germ from the endosperm, and
separates the endosperm into its chemical components of

starch and protein.

1.4.1 Wheat Milling

Wheat is dry-milled to remove the bran and germ; the process
reduces the wheat kernel to flour for various baked and
non-baked goods. In general, 100 pounds of wheat produces
72 pounds of flour (Hoseney 1986). The remaining 28 pounds
is classified as millfeed; this product is mostly used for
livestock in formulated rations. The Association of
American Feed Control Officials differentiates between eight
types of millfeed. 1In recent years, wheat bran has become
an important fiber ingredient in foods for human
consumption, especially in breakfast cereals. Soft-wheat
and yeast-leavened products, pasta, and noodles are made
from wheat flour. The flour is produced from the

dry-milling of wheat.

The number of wheat flour mills in the United States in 1989
was 208 with a total capacity of 1.2 million hundredweights
[cwt] (54,000 MT) pér day (see Figure 1.14) (Anon 1990c).
The average capacity was 5,700 cwt (259 MT) per U.S. mill

per day. The basic flour types (and the daily production
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capacities) are hard wheat flour (over 840,000 cwt; 38,000
MT), soft wheat flour (over 240,000 cwt; 11,000 MT), whole
wheat flour (about 40,000 cwt; 1,800 MT), and Durum flour
(about 95,000 cwt; 4,300 MT).

Table 1.14 lists the number of wheat flour mills and the
capacity per state (Anon 1990c). The largest numbers are
located in Kansas (19), Pennsylvania (19), New York (12),
Minnesota (11), North Carolina (11), Ohio (11), and
California (10). These seven states had a total capacity in
1989 of over 517,000 cwt (23,500 MT), or 48.2% of the total
U.S. capacity. The largest capacity mills are located in
Minnesota with an average of 10,650 cwt (484 MT) per mill,

followed by New York with 9,625 cwt (438 MT) pef mill.

Sate :-_-'- .A.- Capastly S .l.- Capasity
Alsbama ............ccoveeceee 1 9.000 2,170
[V e @ 9.500 12,000
Calilorms ........cocceeene. 10 76.200 1.000
COlOrBAD .......coccnvseccanoarecas 3 19.000 115,500
Delaware ...............cccomeene.. 2 ar2 33,110
Flonda .......coocicneonees 3 27.500 7.000
[c ., YO 13,100 00.57%
Hewas ... 1 2200 20.500
MBAOKS ..........oconeninnrcaconsnce 08,760 17.500
indere ... 30.400 42,050
lowa ........ 14.900 1.600
Kanses .... 118.440 3.000
Kenwuciy .. 4,028 44,600
Lousena 11.500 44,080
Marytend.. 4,000 35,470
Machugan .. 27.600 17.508
Minnesota 117.110 28,800
Missoun .. 75.848 13.500
Montane ... 14.820 1187318

* Total mciudes approsamately 30.000 cwis of durum capacily 8t Vanous IoCasons.

Table 1.14 Wheat flour milling capacity by state in the
U.S.A. (Anon 1990c).
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The majority of the wheat flour mills in the United States
have a daily capacity ranging from 1,000 to 4,999 cwt (45 to
230 MT) (Anon 1990c). The 60 mills have a combined capacity
of 163,620 cwt (7,400 MT), or 13.8% of the total. The 5,000
to 9,999 cwt (230 to 455 MT) per day capacity range is made
up of 53 mills with a total capacity of 352,300 cwt (16,000
MT), or 29.7%. In addition, 44 mills are larger than 10,000
cwt (455 MT) per day, and have a combined capacity of
654,950 cwt (30,000 MT), or 55.2% of the total U.S. wheat
flour milling capacity; 24% of the mills produce 84 percent
of the flour. Kansas, Minnesota, and New York have a daily
capacity of over 100,000 hundredweights (4,600 MT). There
are flour mills in 38 of the 50 States. No flour mills are
found in Alaska, Idaho, Nevada, Wyoming, Arkansas,
Mississippi, West Virginia, Connecticut, Rhode Island,

Vermont, New Hampshire and Maine.

Table 1.15 lists the top 15 flour milling companies in the
United States in 1990 (Anon 1990c). The top four companies
- ConAgra, ADM Milling, Cargill and Pillsbury - have a
combined wheat-durum-rye milling capacity of 711,800 cwt
(32,000 MT) per day, or about 60% of the total U.S. daily
milling capacity. Furthermore, these four companies have a
combined grain storage capacity of 124.9 million bushels

(3.1 MMT), or 1.3% of the total U.S. storage capacity. Most
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of the larger companies are multiple mill companies, i.e.
besides the wheat-flour milling operation they also mill
durum, rye, bulgur, dry corn, soy, buckwheat, ocat, and rice,
operate specialty flour mills, flour-packaging facilities,

mix-manufacturing plants, and corn refineries.
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= == So8 whest Wasts whent Toml = 1'-' o

Company s e [ ] o) () () (o) ()
ConAgra. Inc. -] 2 35.000 5.400 266.000° 0 0 268.000
ADM Mising Co. 2 1 29.500 3.700 169.700 5.000 0 174.700
Cargil, Inc. 14 1 5.000 2,000 148,700 1.400 1.300 151.400
Piisbuyry Inc. 8 0 29.300 3.700 119.700 0 0 119.700
Cersal Food Processors 9 0 15,300 2.500 08.300 0 0 68.300
General Milts, Inc. 7 0 4,800 0 66.700 0 0 66.700
Bay State Milling Co. 7 2 4.500 4,250 53.250 2.500 2.600 58.350
Dixie-Portiand Four Mills 6 0 21.000 500 §5.000 0 0 55,000
Nabisco Brands, Inc. 1 0 28.000 0 28.000 0 0 28.000
Mennel Milng Co. 4 0 22.700 1.500 2.700 0 0 2.700
N. Dakota Mill & Blevator 1 0 0 0 7.000 11,000 0 18.000
Fisher Mills inc. 1 0 $.000 1.000 15,000 0 0 15.000
Bartiett Miling Co. 2 0 1.400 0 13.000 0 0 13.000
Shawnee Milling Co 2 0 0 0 9.500 0 0 9.500
Star of the West Miling 3 0 9.500 400 9.500 0 0 9.500
*Inciudes unspectied durum capacily.

Table 1.15 The major U.S. wheat-durum-rye milling
companies (Anon 1990c).

Although a significant amount of wheat is wet-milled into
starch in the United States, the major source of starch is

corn. Wheat starch is produced mainly because of the co-

production of wheat gluten fraction.
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1.4.2 Corn Milling

Dry milling of corn is a process by which the corn kernel is
separated into the hull, germ, and endosperm (Hoseney 1986).
The two processes used - tempering-degerming and alkaline
dry milling - produce flaking grits for breakfast cereals,
baking, and snack-food. The corn kernel presents a number
of problems for the miller. It is large, hard, flat and
contains a larger germ than other cereals (i.e. 12% of the
kernel). The germ is high in fat (about 34%) and must be
removea if the product is to be stored without becoming
rancid. In corn milling, the desired products are low-fat
grits rather than corn flour. Thus, the miller has to
remove the hull and germ without affecting the endosperm.
The hulls are sold as animal feed, and the germs are

processed in order to recover corn oil.

The dry milling industry processed 161 million bushels (4
MMT) of corn in 1986 (U.S. Congress 198%9a). Total corn
milling has ranged from a low of 154 million bushels (3.9
MMT) in 1975 to a high of 170 million bushels (4.3 MMT) in
1982 (see Table 1.16). The dry-milling share of the U.S.

corn utilization is 1.8 - 3.9 percent.
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Dry-milled
ﬁ:;mumo Total U.S.
coo products com production Dry-mill share
Year* (million bushels) (million bushels) (% percent)

1975 ... 154 5,841 X
8.l 15 6.289 25
1977.... 158 6,505 2.4
1978 ... 155 7,288 2.1
1979.... 158 7,928 20
1980 ... 160 6,639 24 -
1081 ... 162 8,119 20
1982 ... 170 8,235 2.1
1963 ... 164 4,175 39
1084 ... 160 7,674 2.1
1965 ... 161 8,885 1.8
1966 ... 161 8,253 20
“Year vegins Sept. 1.

Table 1.16 Amount of corn used annually for dry milled
products in the United States (U.S. Congress

1989a).

The low-fat flaking grits are the highest valued products,
and are used primarily in breakfast foods. General food use
accounted for 1,125 million pounds (0.5<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>