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HOPE FOR THE WORLD'S HUNGRY

by Kenneth L Robinson

The world food situation is now some-
what less precarious than it was at the
time of the World Food Conference in
1974. Reserves of both wheat and rice
have increased, especially in the United
States. Better crops in a number of
chronic food-deficit countries also have
helped to ease the tight supply situation.
But a year or two of unfavorable crop
seasons could reverse the situation once
again; and while the threat of starva-
tion for large numbers of individuals
has been deferred, the problem of
chronic malnutrition and seasonal food
shortages remains for perhaps 10 to 15
percent of the world's population.

No one can deny the seriousness of
the situation confronting the world over
the next twenty to twenty-five years. In
many developing countries, it will be
necessary to double food production
during this period if malnutrition and
critical food shortages are to be avoided.
Birth rates are already beginning to de-
cline in most food-deficit countries, but
not fast enough to bring down the over-
all rate of population growth, which
now averages between 2 and 3 percent
per year over much of Asia, Africa, and
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Latin America. A sustained 3-percent
growth rate will lead to a doubling of
the population in less than twenty-five
years. In many developing countries,
approximately 40 percent of the popu-
lation is now under fifteen years of age;
most of those who will produce the next
generation have already been born.
Even if one assumes that current efforts
to limit the number of children born to
each family will be successful, the
world's population will still rise from
the present size of around four billion
to more than six billion in the year 2000

Figure 1. Estimated world populations in
1975 and 2000. Nations grouped as
"developed" are mainly countries in North
America and Europe, the Soviet Union,
Japan, Australia, and New Zealand. The
data are based on United Nations projec-
tions as reported by Eric M. Ojala in Food
Policy, Vol. 1, No. 1 (November 1975),
p. 80.

(see Figure 1). Almost all of this in-
crease (about 90 percent) will occur in
those countries where there is already
a precarious food balance. Providing
the added food required for this incre-



*.. .foodproduction can be increased at a rate that

will match the growth of population"

ment in the world's population (plus
some allowance for increased demand
due to improvements in income) pre-
sents a formidable challenge. Very few
countries, including the United States,
have increased agricultural production
over an extended period of time at the
rate that will be required over the next
twenty-five years to sustain the popula-
tion and provide even a modest im-
provement in diets.

PROBLEMS OF CLIMATIC
CHANGE, ENERGY SHORTAGES

Climatic changes and energy shortages
could make the task of increasing food
production even more difficult. Evi-
dence of climatic changes is by no
means conclusive, but it is possible that
growing seasons could average a little
shorter, and rainfall a little less in some
of the important grain-producing areas
of the Northern Hemisphere during the
next ten to twenty years. Increasing
variability in weather as compared to
the 1960s (a relatively favorable period)
could lead to temporary shortages and
serious deprivation in the absence of

3 substantial storage holdings.

A general shortage of energy, partic-
ularly of natural gas, could have a
major impact on food production. The
manufacture of critically needed mineral
fertilizer currently depends on fossil
fuel. In addition, increasing amounts of
energy are used to dry crops. Nitrogen
obviously can be obtained from the
atmosphere, as was done before lower
cost methods of producing ammonia
and urea, based on natural gas, were
developed, but the older process still
requires substantial amounts of energy.
Extraction of phosphate rock or potash
and the conversion of these raw mate-
rials into fertilizer likewise requires
significant quantities of energy. Without
access to low-cost energy or some
method of allocating natural gas sup-
plies so as to ensure adequate feed-
stocks for fertilizer plants, it will be.
very difficult to meet future world food
requirements.

GROUNDS FOR OPTIMISM
ABOUT THE FOOD SUPPLY

It is not difficult to visualize a sequence
of events that could lead to critical food
shortages. But starvation is not in-

evitable. Given sufficient incentives for
farmers to increase output, government
support for agricultural research, and
an international commitment to develop
and transfer technology appropriate for
developing countries, plus some addi-
tional capital for investment in irrigation
and fertilizer manufacturing facilities,
food production can be increased at a
rate that will match the growth of pop-
ulation over the next twenty to twenty-
five years. Success is by no means
assured, but there is more scope for
increasing food production than is
commonly recognized.

The gains in food production achieved
by developing countries over the past
two decades provide grounds for at
least a moderate degree of optimism
regarding the future. The record of such
countries taken as a group is slightly
better than that of the industrial coun-
tries (see Figure 2). Since 1960, total
agricultural production in the develop-
ing countries has increased about 40
percent (as compared with a little over
30 percent in the industrial countries).
This is slightly greater than the increase
in population over the same period,



Figure 2. Food production and population
of industrial and less developed countries
from 1960 to 1975. The index numbers
are calculated on the basis of 100 = the
averages for the period 1961 to 1965.
Source: U. S. Department of Agriculture,
Handbook of Agricultural Charts (Agri-
cultural handbook no. 504, October
1976).

permitting a modest increase in per
capita food availability in most coun-
tries. There are, of course, significant
exceptions. Per capita food supplies
generally have declined slightly in Africa
south of the Sahara, for example. In
several countries, increased imports
have been required to satisfy the food
needs of urban areas.

Increases in domestic food produc-
tion must be the chief source of supply
for the developing countries, for inter-
national transfers of food (mainly in
the form of grains) can provide only a
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small part of their food needs. Cur-
rently, less than 10 percent of the total
supply of starchy staple foods (grains
and tubers or root crops) consumed in
developing countries is obtained from
imports of grain, and less than 2 per-
cent is provided on concessional terms
or donated as food aid. A few countries
such as the United States, Canada, and
Australia do have the capacity to pro-
vide additional food aid if necessary,
but at best, this can meet the needs of
only a small part of the world's popu-
lation. Furthermore, too great a reli-

ance on food aid can have an adverse
effect on internal production by curbing
incentives or taking the pressure off
governments to allocate sufficient re-
sources for agricultural research and
development.

REQUISITES FOR INCREASING
FOOD PRODUCTION

There are a number of steps that can
be taken, both in the United States and
in developing countries, to increase the
chances of success in meeting world
food needs over the next twenty years.



Fortunately, in most of the potential
food-deficit countries, the importance
of increasing agricultural production is
now recognized. Experience during the
past three years has contributed to an
important change in attitude on the part
of government officials. It remains to
be seen whether they will follow through
by altering price policies which now
inhibit production, and by allocating the
resources needed to solve some of the
technical problems.

The first requisite is to give those
who till the soil additional incentives
to increase food production. "Cheap
food" policies which have been adopted
at the insistence of civil servants or
urban minorities are responsible in
some instances for the relatively poor
performance of the agricultural sector.
Governments can encourage produc-
tion by offering to purchase key food
crops at more favorable prices or by
subsidizing inputs such as fertilizer.
Farmers will have an incentive to use
additional fertilizer if it requires no
more than five kilograms of grain (or
the equivalent in root and tuber crops)
to pay for one kilogram of nitrogen.
Clearly, it is the ratio between crop and
fertilizer prices that is critical from the
standpoint of increasing production.

Reduction of post-harvest losses also
would help to increase food availability,
especially late in the marketing season
before the new crop is harvested. Con-
ventional storage structures used in
industrial nations, such as those made
of cement or steel, often do not prove
satisfactory in tropical regions where
temperatures and humidity are high.
Fortunately, the need to develop stor-
age methods suitable for use under

5 tropical conditions is now recognized,

but more research is needed to devise
improved methods using indigenous
materials.

Yields can be increased in many
areas simply by distributing irrigation
water more efficiently and by improving
drainage. It is also possible to exploit
additional underground water reserves,
especially in Eastern India and Ban-
gladesh where monsoon rains are suffi-
cient to insure adequate recharge.
Growing a second or third crop in the
dry season with supplemental irrigation
has proved to be an enormously produc-
tive practice in many areas (although
some of the potential gains from irriga-
tion are now being foregone as a result
of excessive application of water and
the build-up of salts in countries such
as Egypt). In other areas, substantial
increases in production could be
achieved by distributing water more
efficiently. Faculty members in the De-
partments of Agricultural Engineering
and of Rural Sociology at Cornell are
now involved in joint research efforts
designed to help developing countries
create and maintain structures and in-
stitutions to utilize their water resources
more effectively.

ENGINEERING RESEARCH
IN AGRICULTURAL METHODS

Internationally supported centers of
agricultural research, such as the Inter-
national Rice Research Institute in the
Philippines, the International Maize
and Wheat Improvement Center in
Mexico, and the International Institute
of Tropical Agriculture in Nigeria have
taken the leadership in developing im-
proved varieties of food crops that are
responsive to fertilizer and resistant to
insects and disease. More attention is

now being given to the selection of
varieties that will perform well under
adverse conditions, not simply on the
best soils or on irrigated land; this
means selection for tolerance to mois-
ture stress, low availability of phospho-
rus, and excess amounts of aluminum
or iron in the soil. But research efforts
by these centers will not solve all the
problems. Much more needs to be done
within developing countries to increase
their research capacity so that they can
create new varieties based on genetic
material made available through the
international centers. Research on both
varieties and cropping practices has to
be location-specific to cope with the
enormous variability that exists in soils,
climate, and pests.

Additional research also is needed to
find ways of managing tropical soils so
as to increase yields. Soils in the tropics
tend to be low in organic matter and to
have very poor water-retention capac-
ity. They have the property of fixing
large amounts of phosphorus, thus
making it unavailable for crops. High
soil temperatures combined with inter-
mittent rain, even during the wet season,



"The critical period

lies in the next

twenty years"

and sometimes an impermeable layer
within a few inches of the surface limit
the capacity of plants to develop an ade-
quate root structure; thus plants are
subject to periods of moisture stress.
The Department of Agronomy at Cor-
nell is now involved in research efforts
designed to find out what can be done
to overcome some of these limitations.

Agricultural scientists are beginning
to learn more about the advantages of
planting several species in the same
field rather than a single crop, as is now
commonly done in the United States.
The combined yields of intermingled
crops may exceed those of sole crops,
especially where there are complemen-
tary relationships involved. More effi-
cient use of soil moisture and plant
nutrients, for example, may occur if
two or more species with different
growth patterns are intermingled. Dam-
age by pests also may be reduced by
growing crops together.

Other areas in which research can
help to increase output include the
development of minimum tillage tech-
niques and better methods of control-
ling weeds and bird damage. Recent

experiments with minimum tillage tech-
niques in Africa indicate that yields can
be increased in some instances and
erosion controlled by leaving crop
residues on the surface and then plant-
ing directly in the stubble remaining
from the old crop without turning over
the soil with either plows or hoes. In
addition to conserving moisture and
lowering soil temperatures, such tech-
niques reduce energy requirements for
tillage; however, there is an offsetting
economic and environmental cost in-
volved, since increased use of herbicides
may be required.

Better techniques for controlling
weeds would pay high dividends in
Africa. In many areas, crop production
is held down by the inability of farmers
to weed more land, rather than by a
shortage of available cropland. If weeds
could be controlled with less labor,
farmers could plant a larger area
to crops.

Losses attributable to birds also are
very high, especially for crops such as
rice, sorghum, and millet. As yet no
one has devised a practical method of
preventing serious damage, other than

by scaring birds with human effort. The
labor required for "bird scaring" repre-
sents one of the largest items in the
total cost of producing upland rice in
West Africa.

LONG-TERM SOLUTIONS TO
THE WORLD FOOD PROBLEM

Solving the world's food problem is
difficult but not impossible. Many of
the technical problems that now limit
production in tropical areas can be
solved, provided that additional scien-
tists are trained and sufficient resources
are devoted to both basic and applied
research. But although increased sup-
port for research is necessary, this alone
will not insure success. In addition,
farmers must be given adequate incen-
tives in the form of attractive prices for
food crops and access to improved
seeds, fertilizer, pesticides, and credit.
Countries that are relatively well off
can assist, not only by training scientists
and engineers, but also by helping to
finance international research centers,
the construction of fertilizer plants, and
in some cases, irrigation and drainage
projects. Increased food aid still may 6



be required, but there are compelling
political as well as economic reasons
for giving first priority to increasing
production of indigenous food crops
within the developing countries.

In the long run, of course, the food
problem in the developing world cannot
be solved without slowing down the
rate of population growth. The only
alternative to this is massive interna-
tional transfer of food—a strategy that
probably would require a reduction in
the consumption of meat and livestock
from grain-fed animals in the higher-
income countries. Birth rates are already
beginning to drop in many developing
countries, but it is totally unrealistic to
expect the decline to occur fast enough
to stabilize the population within the
next two or three decades. The rate of
increase in food requirements probably
will peak between now and the year
2000, and then begin to decline as
birth rates come down. The critical
period lies in the next twenty years.

Long-run answers to the food prob-
lem will depend also on our ability to
develop alternative sources of energy.

7 Industrial nations can economize on

the use of energy for tillage and crop
drying, but more energy will be required
during the next two decades for fertil-
izer production. There is no way that
the world's food needs during this in-
terval can be met without applying more
mineral fertilizer. Eventually, the ca-
pacity to fix atmospheric nitrogen may
be transferred to plant species other
than legumes. But even if this proves to
be feasible, it is not likely to provide
adequate nitrogen for the increase in
crop yields that will be required over
the next ten to twenty years. If the
world's hungry are to be fed, sufficient
energy must be made available to at
least double and probably even triple
fertilizer production.

Kenneth L. Robinson, professor of agri-
cultural economics, is an economist with
special interest in United States and
foreign food and agricultural policies. In
recent years he has been concerned with
the economics of increasing food produc-
tion in tropical Africa; during a leave
from Cornell in 1973-74, he served as

visiting economist at the International In-
stitute of Tropical Agriculture in Ibadan,
Nigeria.

Robinson has been a member of the
Cornell faculty since 1951. He first came
to the University after completing under-
graduate studies at Oregon State College
in 1942, and earned the Cornell M.S. de-
gree in agricultural economics in 1947.
He also holds the Diploma in Agricultural
Economics from Oxford University (1949)
and the Ph.D. in economics from Harvard
University (1952). He has served as a vis-
iting lecturer at the University of Cali-
fornia at Berkeley and as a Fulbright
lecturer at the University of Sydney, Aus-
tralia.

His professional activities in the past
several years have included service as a
consultant to the National Science Found-
ation on research priorities in crop pro-
duction and on economic effects of im-
proved weather forecasting. He has also
served on the U.S. Department of Agri-
culture Feed Grains Advisory Committee
and as a member of the New York Coun-
cil of Economic Advisers. His publica-
tions include a book, Agricultural Product
Prices, written with William G. Tomek
and published by the Cornell University
Press in 1972.



FOOD AND ENERGY:
THEIR INTERDEPENDENCE

by Donald R. Price

Almost a quarter of the energy con-
sumed in the United States is connected
with agriculture, the nation's largest
single industry. The cost of imported oil
is nearly offset by the revenue from ex-
ported food, fiber, and wood. These
two facts demonstrate the interdepend-
ence of two commodities essential to
human existence—food and energy.

The provision of food and the supply
of energy became widely recognized as
potential world problems only in recent
years. The energy problem was rapidly
propelled to the forefront of attention
in the United States by the fuel short-
ages of 1973, caused partly by the oil
embargo. At about the same time, the
international food problem began to in-
tensify and for the first time in history,
a world food conference was convened.
The situation in which the United States
finds itself today graphically illustrates
the interrelationship of these two crucial
problems: This nation is a very impor-
tant source of food for the world's
people, yet because modern agriculture
has become heavily dependent on en-
ergy from petroleum, the food-produc-
tion capacity of the United States is

dependent on the availability of fossil
fuel. The ability of developing nations
to produce food by fuel-dependent tech-
nology is also limited by the amount of
oil and gas they can obtain or afford.
A severe shortage of fossil fuels would
force the development of agricultural
practices different from those currently
used.

Such changes in agricultural methods
would require considerable time and in-
tensive research efforts, but they could
enormously reduce the agricultural de-
pendence on energy supplies. Combina-
tions of conservation techniques and
alternative sources could allow many
agricultural operations to become nearly
energy self-sufficient.

FUEL FOR FOOD: A BASIC
EXCHANGE IN TODAY'S WORLD

In the United States, energy consump-
tion connected with agricultural industry
now stands at about 22 percent. This
comprises 16.5 percent directly related
to the food chain and 5.5 percent used
for all aspects of natural fiber and
forestry production. The amount used
for the food system is distributed as

Table I. ENERGY USE
IN THE U.S. FOOD SYSTEM

Energy Use % of U.S. Total

Production (on-farm) 3.0
Processing 4.9
Distribution 1.5
Food preparation

in the home 4.3
away from home 2.8

Total 16.5

Source: Energy Use in the Food Sys-
tem (1976). Federal Energy Adminis-
tration report FEA/76/083/0.

shown in Table I. The data include
both direct and indirect energy inputs;
for example, the "on-farm" energy
category includes that used indirectly
for such purposes as the manufacture of
fertilizers, pesticides, and machinery, as
well as that used directly to power
tractors, combines, irrigation pumps,
milking machines, sawmills, conveyors,
grain dryers, and heating and ventilat-
ing equipment.

Comparable data for New York State
were compiled at Cornell in 1975 (and
published as Agricultural Engineering 8
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Bulletins 405 and 406). This study
identified the energy inputs to agricul-
ture. For instance, in 1974 approxi-
mately 70 million gallons of diesel fuel
and gasoline were consumed in tractors
and other farm vehicles. And the fuel
required to produce the approximately
242,000 tons of fertilizer used that year
comprised slightly more than 5 trillion
cubic feet of natural gas, 54.6 million
kilowatt-hours of electricity, and
605,000 gallons of fuel oil. The reports
also give details of energy use for crops,
livestock operations, and greenhouses.

While the proportion of total United
States energy used for "on farm" pro-
duction—3.0 percent—is not over-
whelming, there are some built-in
peculiarities that can be troublesome.
The fuel requirement for crop produc-
tion is concentrated in short periods of
time, once in the spring when crops are
being established and again in the fall
at harvest time. If shortages occur dur-
ing these peak times, they can have
serious consequences. If a lack of fuel
delays a farmer as much as one week
during the spring planting season, and
if the delay is compounded by unfavor-

Figure 1. United States oil imports and
agricultural exports since 1970. Agricul-
tural products, especially grain, are the
nation's single most important type of ex-
port to offset the balance-of-payments
deficit.

able weather conditions, the result could
easily be crop failure. In the fall, a
shortage of fuel at the critical time for
harvest could cause large field losses of
crops. After the crisis of 1973, many
farmers increased their on-farm storage
capacity to reduce the possibility of such
a disaster.

The fuel-for-food requirement has
intensified in the past few decades.
Since 1950, agricultural production in
the United States has increased by more
than 50 percent, while labor require-
ments have decreased by more than 50
percent. This change was brought about
partly by mechanization, which in turn
resulted in a quadrupling of energy use.
Farm labor has gradually been replaced
by machines that require fuel or elec-
tricity. Some observers have advocated
a return to the technology of 1950 or
earlier in order to save energy, but the

result would be a drastic drop in pro-
duction, with less land under cultiva-
tion, and decreased use of fertilizer,
pesticides, irrigation, grain drying, and
so forth.

FOOD FOR FUEL: THE OTHER
HALF OF THE EQUATION
The second major interdependence of
food and energy is related to the na-
tional balance of payments. Agricultural
exports, largely grain, have been the
single most valuable commodity group
to offset dollars spent for foreign oil;
Figure 1 shows the relationship between
the costs of importing oil and the dollar
returns from agricultural exports. Be-
cause of the increases in oil prices
charged by the OPEC countries and the
continuing rise in the amount of oil im-
ported, it probably will not be possible
in the near future for the United States
to meet the cost of imported oil through
the export of agricultural products.
Nevertheless, the 20 to 30 billion dol-
lars from agricultural exports will be a
major asset in the balance-of-payments
battle. Increasing yields and bringing
additional land into cultivation could



help. So, of course, could energy con-
servation or increased domestic fuel
production.

The political ramifications of both
oil imports and food exports are com-
plicated. The United States has already
had a good taste of the political aspects
of dependence on foreign oil. It is to be
hoped that food and fuel will not be-
come the guns and tanks of a new kind
of war. To avoid this, world food and
energy policies and cooperation are
going to be essential. For all the nations
of the world, the development of do-
mestic energy sources and greater food
production capability is extremely im-
portant.

THE ENERGY REQUIREMENTS
OF FOOD PRODUCTION
Although the per capita consumption
of food and the energy required to pro-
duce it are difficult to estimate, such
calculations are the basis of any kind
of prediction or planning. One such
estimate for the United States is given in
Table II. These data for the year 1972
show that the total requirement of
energy for food production is the equiv-

Table II

FOOD CONSUMPTION AND ENERGY REQUIREMENTS FOR FOOD
PRODUCTION

Food Items

Animal products
beef
dairy
pork
fats and oils
poultry
eggs
veal and lamb
fish

Plant products
flour and cereal
sugar
fats and oils
fruits
potatoes
beans, peas, nuts
green and yellow vegetables
miscellaneous

Total

Source: Heichel and Frink (1975)

N THE U.S. IN THE YEAR 1972

Food Consumption
(Ibs./person/year)

660.6
115.9
352.4
66.4
14.9
51.5
38.7

5.9
14.9

779.5
138.6
120.8
41.6

130.7
104.1
15.8

213.0
14.9

1,440.1

Energy Required
(gal. of oil/person/year)

37.6
18.9

4.7
4.7
3.5
1.6
1.3
0.8
2.1

14.1
2.2
1.4
3.7
1.9
0.6
1.8
2.3
0.2

51.7

Journal of Soil and Water Conservation 30:48-53.

alent of more than 50 gallons of oil per
person annually. On the basis of a pop-
ulation figure for the United States in
1972 of 210 million, the total oil con-
sumption for food production is calcu-
lated to be about 260 million barrels.
By the year 2000, this total will be 400
million barrels, according to a projec-
tion that assumes a population of 300
million and some dietary changes (see
Table III).

Several factors that cannot be ac-
curately determined influence the esti-
mates in Table III. These include the

possibility that there will be improve-
ments in the efficiency of energy use for
growing plants, and in the conversion
of plant and grain feeds to meat and
other animal products. Also, changes
in dietary patterns cannot be predicted
with certainty; changes in technology
and consumer preferences or practices
may have an effect. For example, if
beef consumption were to decline in-
stead of increase, this would reduce the
energy requirements because the ratio
of energy input to energy output is con-
siderably higher for beef than for grains. 10



Table III

FOOD CONSUMPTION AND ENERGY REQUIREMENTS FOR FOOD
PRODUCTION PROJECTED FOR THE U.S. IN THE YEAR 2000

Food Items

Animal products
beef
dairy
pork
fats and oils
poultry
eggs
veal and lamb
fish

Plant products

Total

Source: Heichel and Frink
State University.

Food Consumption Energy Required
(Ibs./person/year) (gal. of oil/person/year)

579.3 42.5
156.4
239.6

67.3
14.9
53.5
26.8

5.9
14.9

779.5 13.9

1,358.8 56.4

[1975) and Heady (1972). CARD Report 405, Iowa

11

Similar extrapolations of population
and energy-consumption figures to in-
clude the entire world yield some over-
whelming totals. If the world population
were indeed to reach 7 billion by the
year 2000, as has been projected, and
if the per capita food consumption
everywhere were equivalent to the cur-
rent United States consumption, and if
the production technology now used in
this country were to be used throughout
the world, then the total energy con-
sumption per year would be equivalent
to 9.5 billion barrels of oil a year. Of
course, it is not reasonable to expect
that diets will be the same throughout
the world or that production technology
will be the same as that in the United
States today (even though there has
been movement in these directions).
Dietary differences could reduce the

total energy requirement, but they
would not in themselves be sufficient to
eliminate the concern. Therefore, if the
energy-supply problem is to be affected
significantly, agricultural practices
throughout the world will have to be
substantially different from the current
United States technology. Changes that
would provide for significant use of al-
ternative sources such as solar energy
could have some effect—contingent, of
course, on successful research and
development.

But regardless of what plans are
made, what technology is developed, or
what energy resources are tapped, there
remains the overriding world problem
of overpopulation. If the projected
population increases to 7 billion people
by 2000 and 8 billion by 2050 actually
occur, it will be extremely difficult, if

not impossible, to meet the demands
for either food or energy.

CORNELL RESEARCH IN
AGRICULTURE AND ENERGY

Researchers at Cornell are engaged in
a number of projects related to the con-
servation of energy or the development
and use of new sources of energy for
food production. Many of these are
centered in the Department of Agri-
cultural Engineering.

An example is the development of
equipment that reduces the need for hot
water and sanitizing chemicals on dairy
farms. In New York State, dairying is
the largest single agricultural industry—
more than half of the state's agricul-
tural income is derived from the sale of
milk—and on a modern dairy farm, the
electrical energy used to heat water for
cleaning and sanitizing milking equip-
ment and for cooling the milk amounts
to more than half the total amount used
on the farm. The equipment designed
by the Cornell researchers reduces the
water-heating requirements by more
than 50 percent and at the same time
reduces the demand for cleaning and



The use of solar energy for heating green-
houses is being studied by a Cornell re-
search group. Right: Professor Price (on
the left) and Thomas D. Hayes, research
associate, check data recordings. Below:
the experimental greenhouse.

sanitizing chemicals by about 75 per-
cent. The design is in the process of
being patented by the University. If it
is adopted on dairy farms throughout
the United States, the energy savings
will be tremendous.

Other researchers, supported by a
grant from the Energy Research and
Development Administration (ERDA),
are developing methods of converting
animal manures and agricultural waste
materials to methane gas. The feasi-
bilities of various bioconversion tech-
nologies are now being tested in pilot
demonstrations. ERDA, in cooperation
with the Agricultural Research Service
(ARS) also supports research on the
use of wind turbines to provide hot
water for milking centers. One of the
methods under investigation is the use
of a churning action in a fluid to trans-
fer energy from the wind to water; a
full-scale demonstration is planned for
some time within the next two years.
Some of these projects are discussed by
William J. Jewell elsewhere in this issue
of the Quarterly.

Studies are under way to develop
systems for manure handling, storage, 12



"Agricultural exports, largely grain, have been the

single most valuable commodity group to offset

dollars spent for foreign oil"

and land application that will optimize
the value of the manure as a fertilizer
for plant growth. Valuable nutrients,
especially nitrogen, are lost under cur-
rent handling and storage practices. If
the manure were stored properly and
applied as needed for plant growth, the
resulting reduced need for purchased
nitrogen would have a significant effect
on energy demands for agriculture.

Basic biological processes are also
being studied for ways in which plant
production could be made more effi-
cient. For example, one research group
is seeking to induce genetic or biological
changes that would enable plants such
as corn to utilize nitrogen from the air.
This capability occurs naturally in
several legumes, including soybeans,
and if it could be developed for corn,
considerable savings in energy would
result.

Historically, agriculture has been
about the only industry to utilize solar
energy to a significant extent. The major
aim has been to facilitate the basic
process of photosynthesis by which the
sun's energy is converted to food en-

13 ergy. The row spacing of plants, for

instance, is determined mostly on the
basis of the room needed for maximum
absorption of sunshine by the plant
leaves. At Cornell, one group of re-
searchers is investigating possible tech-
niques to improve the efficiency of the
photosynthesis process. Others are
studying the effective use of solar energy
for heating greenhouses. A model struc-
ture erected on the campus features
modular gravel beds that double as
growing benches and as heat-storage
units: excess heat recovered during the
daytime is reclaimed during the night.

These projects, and many others at
Cornell that relate to food production
and energy, suggest the scope of oppor-
tunity for research in this area. The re-
sults are sure to have a major influence
on the health and well-being of the
world's people.

Donald R. Price, associate professor of
agricultural engineering at Cornell, has
centered his recent research and profes-
sional interests on the interaction of food

and energy, the subject of this article. Re-
cently he served as chairman of an En-
gineering Foundation conference which
drafted a national energy policy for the
food system, a study that is being used in
the current development of an overall fed-
eral energy policy.

Price holds three degrees in agricultural
engineering: the B.S. and Ph.D. from Pur-
due University, and the M.S. from
Cornell. He joined the Cornell faculty in
1962. At the present time he serves as
chairman of the Task Force on Energy
and Agriculture of the College of Agri-
culture and Life Sciences and as program
leader of the Environmental Studies Pro-
gram in the Department of Agricultural
Engineering.

He is also program director of the New
York Farm Electrification Council and a
member of the board of directors of the
National Food and Energy Council. He is
active in the American Society of Agri-
cultural Engineers and is a member of the
honorary societies Sigma Xi, Alpha
Epsilon, and Phi Kappa Phi.

His publications include nearly one
hundred articles on electrification, mech-
anization, environmental subjects, energy
use and conservation, and alternative
energy sources.



NATURAL GAS
FROM AGRICULTURAL WASTES

by William J. Jewell

This past cold winter, natural gas short-
ages which forced the closing of schools
and industries throughout the North
stimulated a growing interest in the idea
of generating gas from waste organics
such as manure. The possibility that
such a valuable commodity as natural
gas could be provided from a renewable
source with the simultaneous solution of
an existing waste-disposal problem has
attracted much attention. At Cornell,
the biological conversion of organics
such as cow manure to methane and
other byproducts has been under study
since 1973, and ongoing work shows
that it could become a reality in the
near future.

POLLUTION PROBLEMS
IN FOOD PRODUCTION
The popular image of rural America is
one of pastoral scenes far removed
from urban pollution. Actually, how-
ever, there is a growing potential for
pollution of the rural environment as
food-production rates increase. United
States agriculture has expanded at an
unprecedented rate in the past two
decades—the poultry industry (see
Figure 1) is an example—and although

large-scale agricultural methods are
largely responsible for the beneficial in-
crease in food-production capability,
providing a great abundance of food at
low costs, they have also intensified
waste-management problems.

The quantity of agricultural residues
is immense; the total waste produced by
people as garbage and sewage is small
in comparison (see Figure 2). A typical
New York dairy farmer with about fifty
cows spends up to 40 percent of his
labor managing animal wastes that can
be equivalent to the waste produced by
five thousand people—and there are ten
thousand dairies of this size or greater
in the state. A poultry operation with
one million birds can produce more
waste than a human population of half
a million.

The magnitude of agricultural resi-
dues emphasizes the need for effective
management. When improperly man-
aged, these residues may be washed off
the land as a result of erosion. This
runoff, unlike sewage, is difficult to ob-
serve and cannot be measured directly;
agricultural residues containing run-
off are part of the problem referred to
as nonpoint-source pollution. Compari-
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Figure 1. Chronological changes in the
size of chicken-raising operations in the
United States. The curves in color reflect
how fast the industry is changing: for ex-
ample, in 1962, 50 percent of all chicken-
raising farms had flocks with more than
3,200 birds, but by 1968, 50 percent had
flocks of more than 10,000 birds. The
steady development of fewer and larger
facilities has resulted in lower costs to
consumers, but increasing waste-disposal
problems.

Figure 2. Comparative amounts of solid
wastes produced in the United States in
1969. The large percentage of animal and
agricultural wastes (top circle) is subdi-
vided into major groups (below).

son of this kind of pollution to point
sources, such as domestic sewage, raises
complex questions regarding cost-
effective solutions for pollution control.
A rule-of-thumb estimate is that in any
watershed where the average popula-
tion density is less than three people
per acre, the nutrient pollution from
runoff may exceed that from the raw
sewage.

Animal and
Agricultural Wastes

60%

Beef Cattle
Fed in Feedlots

28%

The issues involved in agricultural
waste management include also the fea-
sibility of converting wastes into usable
products such as methane gas. At the
present time, most agricultural residues
are applied to the land in order to make
beneficial use of their value as fertilizer.
The possibility of converting the stored
solar energy in farm wastes to methane
prior to their land application is a prom-
ising area of investigation.

At Cornell, interest in the generation
of energy is an aspect of an overall
concern with agricultural waste man-
agement. A particularly active graduate
program in agricultural waste manage-
ment and rural environmental engineer-
ing has developed over the past twelve
years. It has its roots in the Department
of Agricultural Engineering, but it in-
volves personnel in many divisions of
the University, especially in the College
of Engineering and the College of Agri-
culture and Life Sciences. Academic
areas that interact with agricultural
engineering in this program include
agricultural economics, agronomy, ani-



mal science, poultry science, biological
sciences, microbiology, chemical engi-
neering, civil and environmental engi-
neering, and rural sociology.

AGRICULTURAL RESIDUES FOR
ENERGY: FACT OR FANTASY?
The vision of a manure pile being con-
verted into a natural gas pump is an
engaging one, but of course it bypasses
the many engineering problems that
must be confronted. Among practical
questions are these: If the conversion
were accomplished by anaerobic fer-
mentation, would the resulting combi-
nation of carbon dioxide and methane
be usable? Can significant quantities of
methane be generated? Is the required
technology available? Could it provide
fuel to satisfy existing and future de-
mands for food-production processes,
and if so, would it be economically
feasible? Would on-site use be the best
utilization of farm-produced gas? Or
would it be practical to make use of gas
produced from agricultural wastes for
nonagricultural needs?

These questions and others were ex-
amined by a multidisciplinary group at
Cornell which studied the feasibility of 16



Members of the Department of Agricul-
tural Engineering form the nucleus of the
University's research program in agricul-
tural waste management and rural envi-
ronmental engineering.

1. The anaerobic digestion of manure is
discussed by (left to right) Professor
Raymond C. Loehr, director of the
Environmental Studies Program; Patricia
Dauplaise (holding a model anaerobic
digester), research technician; Michael
Switzenbaum, graduate student; Professor
Jewell; and Professor David C. Ludding-
ton.

2. Professor Luddington supervises re-
search in waste management.

3. Professor Douglas A. Haith works with
the group as a systems analysis specialist.

4. Professors Loehr (at left) and Jewell
inspect one of the laboratory models of
a high-rate methane generator.

5. Research associate Thomas D. Hayes
works with a multi-purpose reactor that
produces three effluents; methane gas;
solid float material, potentially useful for
bedding or feed; and liquid containing
most of the nutrients for fertilizers.

5

17



PETROLEUM
FUELS

250

METHANE

FARM a HOME
USE

ELECTRICITY

MAINTENANCE

FEED ENERGY:

CORN SILAGE.
HAY, AND
CON CENTRA- MANURE

1545
ANAEROBIC
DIGESTERWASTF FEED

170
BEDDING a CROP RESIDUES 162

SLUDGE
RESIDUE

producing energy from agricultural
wastes.* Early in their study, the re-

*The final report of the Cornell study
group, probably the most comprehensive
treatment of the subject now available, is
Bioconversion of Agricultural Wastes for
Pollution Control and Energy Conserva-
tion by W. J. Jewell, H. R. Davis, W. W.
Gunkel, D. J. Lathwell, J. H. Martin, Jr.,
T. R. McCarty, G. R. Morris, D. R. Price,
and D. W. Williams. It may be obtained
from the Technical Information Service,
U.S. Department of Commerce, Spring-
field, Virginia 22161.

searchers estimated that on a national
basis, the total amount of energy avail-
able from animal wastes and crop
residues would constitute between 1
and 10 percent of the total energy
usage. "Energy farming" of large land
areas or the oceans could increase the
amount of energy that could be gen-
erated. At a more practical level, the
crop residue from ten to twenty acres
could provide all the heat required for a
home in northern New York, although
even this small-scale technology is
nearly totally undeveloped.

Figure 3. Diagram of energy flow on a
hypothetical 100-cow dairy farm equipped
with an anaerobic digester for methane
generation. The numbers represent mil-
lions of kilocalories.

The Cornell group considered vari-
ous possible ways of using agricultural
residues to generate energy. For ex-
ample, processes based on high-
temperature and high-pressure pyrolysis
are available. The most promising
method, however, appeared to be a
microbial process of anaerobic fermen- 18



Table I
ENERGY USE IN MILK AND

BEEF PRODUCTION*
Operation Annual Energy Usage

(kcal X 1CT6)

40-cow dairy
100-cow dairy
1,000-head

beef feedlot

Total

164
306
670

Per Animal

4.1
3.1
0.7

*ln the U.S. in 1975. Includes energy
used directly in the form of electricity,
gasoline, diesel fuel, heating oil, and
labor.

Below: These tanks composed the main
methane generator constructed for a 100-
cow dairy in Hornberg, West Germany,
in 1952. Energy from this system would
now cost more than twenty times the cor-
responding price of purchased energy.

tation to produce a mixture of carbon
dioxide and methane gas, while leaving
all the plant nutrients to be recycled in
the stabilized humus material. This is
the approach used in a project sup-
ported by the Energy Research and
Development Administration (ERDA).

As part of the study, a comprehen-
sive analysis was made of energy needs
in the production of milk and beef (see
Table I). A comparison (see Figure 3)
of the fuel needs and the energy poten-
tially available from fermentation of the

19 organic wastes showed that the required

energy could be entirely supplied by the
methane generated from the manure,
bedding, and milking wastes. Other
analyses have also shown that energy
potentially available from methane
generation on farms exceeds the exist-
ing usage. The concept of a relatively
energy-independent food-producing fa-
cility emerges as a real possibility.

ENERGY FROM ORGANICS
AS AN HISTORIC IDEA

The concept of generating natural gas
from organics is not new. As early as

1936, work in Illinois had progressed
through pilot experiments to an ad-
vanced understanding of the process of
energy production from agricultural
residues. It was reported* that a ton
of cornstalks would furnish enough gas
for four hundred people for one day,
allowing twenty-five cubic feet per
capita per day, and that with 30 percent
of the land planted to corn, a circular
area eight miles in radius would pro-
duce enough cornstalks to supply a
city of eighty thousand inhabitants with
gas. The residue would be suitable for
paper-making, the report indicated. The
cost of producing the gas was estimated
to be about the same as the cost of
natural gas at that time.

In the mid-1940s, several thousand
farms in France were using simple
methane generators. The popular press
in Germany picked up the idea (see the
examples of cartoons that appeared

*This classic report, Anaerobic Fermenta-
tion by A. M. Buswell and W. D. Hatfield,
was published in 1936 as State Water
Survey Bulletin 32 (Urbana, Illinois: Uni-
versity of Illinois).



"Is it time yet, Bessie?"

These cartoons accompanied a news-
paper story, published in Germany
in 1944, which reported that a
farmer from Limoges, France, had
built an apparatus which generated
gas from cow manure and which he
used to run his machinery and for
fuel in the kitchen and laundry. His
system consisted of two 10-cubic-
meter fermentation tanks which
could hold a three-month supply of
manure. The newspaper was pub-
lished by the National Socialist
German Workers Party.

"Run, Otto, here he comes!"

"There is enough for only one pancake—we
have five people to feed!"

"Be happy, Lucie, by chance I
was able to scrounge up a few
miles of gas and we can drive
to Potsdam tomorrow and visit
Grandma."

around this time), and during the latter
part of the decade, eighteen highly com-
plex installations were built in th^
country. These systems provided ga^
for multiple purposes; a compressed
form, for example, was used for tractor
fuel. The problem with these systems
was that the energy they produced was
not economically competitive with the
low-cost energy then on the market.
Today, however, thousands of smaller
and simpler units are reported to be
either in use or under construction in
India, Korea, China, and other develop-
ing countries.

The overall impression gained in re-
viewing the history of methane-generat-
ing schemes is that up to a few years
ago, very little progress had been made
in understanding and optimizing the
technology as it applied to agricultural
wastes.

FERMENTATION PROCESS
DESIGN AND ECONOMICS

In order to evaluate both the technical
and the economic feasibility of potential
systems, the Cornell group modeled
several for specific agricultural opera-
tions and estimated their capital and
operating costs.

Three different types of cow-manure
anaerobic fermentors—for conven-
tional, batch-load, and plug-flow diges-
tion—were built. The conventional
system was essentially the same as the
kind that has been used for many years
in sewage sludge treatment; the batch-
load unit was a practical system similar
to one presently being promoted by a
well-known German engineering con-
sultant firm; and the plug-flow system
was the simplest the group could de-
velop. The design criteria for these three 20
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Figure 4. Estimated net cost of methane
generated from agricultural wastes, as
compared with commercially available
fuels. The colored bars pertain to methane
generated by the lowest-cost anaerobic
fermentation system for 40-cow and 100-
cow dairy farms and for a 1,000-head beef
feedlot. The figures for propane, gasoline,
and natural gas (at the federally controlled
interstate levels) are for the year 1975.
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types of fermentor are summarized in
Table II.

These three systems were evaluated
in long-term laboratory tests, including
measurements of gas production. Costs
for the least expensive system, the plug-
flow design, are summarized in Table
III for the three animal-production
operations studied. The estimated costs
of energy in the form of generated meth-
ane as compared with the costs of
alternative, commercially available
forms of energy are shown in Figure 4.

Although the data presented in the
figure are encouraging, there are several
remaining problems. For example, these
costs do not include gas storage or
cleaning or conversion of the gas to
other usable forms of energy. If only
half of the energy can be easily used at
the agricultural facility, what happens
to the remaining portion? The cost of
conventional gas-storage equipment
appears to be too high to be feasible on
a small scale, and therefore the current
prospect is that any gas that cannot be
readily used must be wasted.

The possibility of selling excess gas
to a pipeline company was included,

Table II
DESIGN CRITERIA FOR THREE TYPES

OF COW-MANURE ANAEROBIC FERMENTORS

Digester Design

Hydraulic retention (days)
Temperature (°C)
Influent solids (% by weight)
Solids reduction (%> of dry weight)
Gas production (liters/gm solids)
Gas composition (CH1/CO2)

*Two digesters operating on ten-day feeding plus ten-day batching schedules,
t Numbers in parentheses refer to wastes from beef-feedlot operations.

Conventional
10
32.5
10
32 (50)t
0.27 (0.42)t
65/35

Batch Load
32.5
20*
10
38 (55)t
0.32 (0.46)t
65/35

Plug Flow
30
32.5
10
30 (45)t
0.25 (0.38)t
60/40

Table III

ESTIMATED COSTS OF METHANE-GENERATING SYSTEMS

Farming Operation

40-cow
dairy

100-cow
dairy

1,000-head
beef feedlot

Total capital costs* $10,000
Annual operating costs* 2,460

$14,000
3,300

$27,000
6,300

* Include costs for pretreatment units, fermentors, and gas-handling equipment;
storage of treated residue and the cleaning or storage of gas are not included. All
figures were calculated for the lowest-cost option, the plug-flow design.
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35.8 X 10 Kcal net energy
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(equivalent to 1.42 million

cu. ft. of natural gas)
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however, in an analysis made to deter-
mine the least-cost plan for biogas utili-
zation. An example of the analysis data
is shown in Figure 5, which pertains to
a 100-cow dairy. The methane that
could be generated would provide not
only for home space heating, but also
for water heating, milking-parlor space
heating, clothes drying, and home cook-
ing for one household. There would
even be enough to serve as a replace-
ment for gasoline used on the farm.
During the summer months, at least,
there would be a considerable surplus.

In an overall assessment of this tech-
nology, several factors other than energy
production should be considered: po-
tential benefits include also labor re-
duction, odor control, and nutrient
recovery. Some sample comparisons of
estimated benefits and costs are shown
in Figure 6.

One significant conclusion drawn
from the Cornell study is that even
though few improvements have been
made in agricultural residue fermenta-
tion technology over the past four de-
cades, the method appears to be feasible
for energy generation, pollution control,

Figure 6
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and nutrient conservation in many ag-
ricultural operations. Furthermore, it is
reasonable to assume that improve-
ments in fermentation technology can
make the process even more attractive.
The ongoing Cornell study is attempting
to estimate the improvement that might
be made with innovative applications
and development of fundamental in-
formation.

Gas from agricultural residues rep-
resents a clean, renewable energy-
production system that is the closest of
any now proposed to being available at

Figure 5. Monthly energy production
versus energy demand for anaerobic fer-
mentators. These examples of analyses
made at Cornell pertain to a batch-load
fermenter and gas-handling system for a
100-cow dairy, with the generated meth-
ane used for the indicated purposes. The
open spaces represent excess quantities of
methane: unless this excess were sold to
a utility company (as in the diagram at
far right), it is assumed to be unused.

Figure 6. Comparisons of costs and po-
tential benefits of anaerobic fermentation
systems. These examples are for conven-
tional technology applied to three different
animal food-production operations. The
cost figures represent totals for energy gen-
eration and utilization. The benefits in-
clude labor reduction, odor control, and
nutrient recovery, in addition to the en-
ergy obtained.

competitive costs. ERDA estimates that
by the year 2020, about one quarter of
our total energy needs could be derived
from renewable sources, and that bio-
mass could provide a significant frac-
tion of this type of energy.

Perhaps the highest priority at this
time is to determine whether better and 22
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Animal-waste digesters can provide a
source of fuel and simultaneously solve
waste-disposal problems.
1. The only full-scale functioning animal-
waste digester unit in the United States of
which Professor Jewell is aware is this
one located at a 350-head beef feedlot
in Michigan.
2. Feedlots like this one in Colorado could
make large-scale use of digesters to handle
the huge amounts of animal wastes con-
centrated in relatively small areas.
3. A pilot-scale digester at Cornells
Animal Science Teaching and Research
Center at Harford, New York, is large
enough to handle the waste from three to
five cows. This is a simplified anaerobic
ferment or, called an unmixed horizontal
displacement reactor, that is being devel-
oped for small farms. A feed tank located
to the right of the reactor pumps the
manure, which then flows by gravity under
cover of a rubberized membrane. On the
farm, a covered trench would be used.
Laboratory personnel in the picture are
Donald F. Sherman (left), research tech-
nician, and Robert J. Cummings, research
support specialist.
4. Experimental work with a four-stage
anaerobic digester model is carried out by
Kenneth Fanfoni, research support spe-
cialist.



" ...the crop residue from

ten to twenty acres could

provide all the heat

required for a house in

northern New York"

less costly means of methane genera-
tion can be developed. This is the main
focus of the current ERDA-sponsored
study at Cornell. The Cornell project is
one of twenty or thirty in this general
area of research that ERDA is spon-
soring in university and corporate lab-
oratories around the country. These
projects range from small-scale and
pilot-plant studies to large-scale test
operations, and include thermophilic
digestive processes, thermal processing
methods, and biophotoloysis with algae.
The wastes being worked on include
animal manures, municipal garbage,
and wood wastes, and the products
sought include ethanol, nutrients, and
oil, in addition to methane.

The national energy policy now un-
der development will surely encompass
at least three components: conserva-
tion, increased use of coal, and the
development of renewable, clean energy
sources. Anaerobic fermentation of
agricultural wastes and other organics is
a particularly attractive alternative for
renewable, clean energy because it can
supply a significant amount and si-
multaneously provide pollution control
and allow valuable plant nutrients to be
recycled. Manure and other agricultural
wastes appear to be that rare phenom-
enon: an energy source with beneficial
rather than detrimental side effects.

William J. Jewell, associate professor of
agricultural engineering at Cornell, has
major research interests—reflected in this
article—in agricultural waste manage-

ment, rural environmental engineering,
land disposal of wastes, and biological
and chemical mechanisms involved in pol-
lution control. His activities in these areas
also include industrial consultation, which
has extended over a period of sixteen
years, in a wide variety of pollution prob-
lems. His efforts to bring attention to the
problems and possibilities of agricultural
waste management include the organiza-
tion of the first national conferences on
rural environmental engineering (in 1973)
and energy considerations in waste man-
agement (in 1974).

Jewell holds the B.S. degree in civil
engineering from the University of Maine,
the M.E. in sanitary engineering from
Manhattan College, and the Ph.D. in en-
vironmental engineering from Stanford
University. After completion of the doc-
torate in 1968, he spent sixteen months
as a postdoctoral research fellow at the
University of London and the Water Pol-
lution Research Laboratory in Stevenage,
England, under sponsorship of the U.S.
Water Quality Administration. He joined
the Cornell faculty in 1973, after teaching
at the Universities of Texas and Vermont.
His honors include a National Science
Foundation Engineering Research Initia-
tion Award.

He has published widely in professional
journals, and currently serves as technical
review editor for the Journal of Environ-
mental Engineering of the American So-
ciety of Civil Engineers, the Journal of
Environmental Science and Technology,
and the Water Pollution Control Federa-
tion Journal. He is active in a number of
professional societies; at the present time
he is serving as an elected member of the
board of directors of the Association of
Environmental Engineering Professors, as
chairman of the American Water Works
Association research committee on con-
trol of nitrates in the environment, and as
chairman of the national research com-
mittee of the Water Pollution Control
Federation. 24



CHICKEN MANURE TO CHICKEN FEED
A Recycling of Agricultural Nutrients

by Michael L Shuler

Our ancient enemies, malnutrition and
starvation, still haunt us in spite of tre-
mendous advances in world agriculture
over the past three decades. Our vast
productivity gains could be wiped out
by an extended period of unfavorable
weather. Our world food problem could
become a world food crisis.

Not only the quantity but the kind of
food is critical: One of the essential
factors in preventing malnutrition is an
adequate supply of protein. But protein
production is limited by the availability
of fixed nitrogen—nitrogen in the form
of compounds such as ammonia and
urea—and for much of the world's
plant protein, notably grains, this means
a dependence on industrially produced
fertilizer. It has also come to mean a
dependence on fossil fuels, which are
required for the manufacture of fixed-
nitrogen fertilizer. Shortages of fossil
fuels, or high prices for them, can mean
shortages of food, especially nutrition-
ally important protein.

Here is where chicken manure comes
in. This agricultural waste is potentially
a valuable source of protein. Instead of

25 disposing of manure, polluting the en-

vironment in the process, the resource-
ful agriculturalist could recycle it back
to feed by converting the fixed-nitrogen
compounds to single-cell protein. Con-
version processes such as this could
provide a partial solution to the inter-
related problems of insufficient food
protein and environmental damage. In
addition, they would offer farmers the
advantages of a feed-production method
that is largely independent of weather
and of fluctuations in grain prices.

A waste-to-protein conversion scheme
for poultry manure is the subject of
cooperative research at Cornell by fac-
ulty, students, and staff members of the
College of Engineering and the College
of Agriculture and Life Sciences. The
supervising faculty members are Rich-
ard E. Austic, animal nutritionist in the
Department of Poulty Science; Harry
W. Seeley, Jr., of the Laboratory of
Microbiology in the Department of
Food Science; and myself in the School
of Chemical Engineering. As the prin-
cipal investigator, I would like to dis-
cuss this project in terms of both its
specific utility and its broader im-
plications.

NITROGEN-FIXED FERTILIZER:
THE NEED AND THE PROBLEMS

The story begins with the need for fixed
nitrogen for growing crops. Although
we are bathed in an atmosphere con-
taining about 80 percent nitrogen gas,
none of it is accessible to plants until it
is converted into ammonium salts. The
conversion can be accomplished bio-
logically by a few microorganisms, or
it can be done by a high-temperature,
high-pressure industrial process. The
biological process is economically im-
portant only for the growth of legumes
such as soybeans; grains such as corn
and wheat depend upon the supply of
fixed nitrogen that comes almost ex-
clusively from industrial nitrogen fixa-
tion. As energy for the manufacture
becomes more scarce and costly, in-
dustrially fixed nitrogen also increases
in price.

Ironically, much of the fixed nitrogen
applied to a field is lost through proc-
esses such as denitrification, soil ero-
sion, and runoff. The loss amounts to
about 60 percent of the nitrogen applied
to corn fields, for example. Indeed,



much of the nitrogen released into the
environment comes from nutrient
losses in plant protein production or
from manure. There is also danger of
contamination, for fixed nitrogen is a
potentially hazardous material. It can
lead to algal blooms and consequent
environmental degradation of aquatic
systems. And it can be detrimental to
human and animal health. High con-
centrations of fixed nitrogen in water
supplies can lead to methemoglobinemia
in animals and human infants; severe
cases can be fatal. There is also a
danger that the fixed nitrogen will be
converted into nitrosamines, which may
be carcinogenic.

A PROMISING SOLUTION
FOR THE POULTRY MANURE
DISPOSAL PROBLEM

The egg-production industry is an at-
tractive system for application of the
waste-to-protein conversion principle
because chicken-manure disposal is a
common and serious problem and be-
cause the ultimate product, egg protein,
is prized for its usefulness and high
nutritional quality. 26



1. Cooperating in the chicken-manure
conversion project are Professor Harry
W. Seeley, Jr., of the Department of Food
Science (left), and graduate student
Robert D. Vashon. They are inspecting a
culture of a microbe being studied for
possible use in the waste-to-protein con-
version process.

2. Eugene Roberts, graduate student work-
ing with Professor Shuler, adjusts a mixer
for a controlled experiment.
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3. Drawing a sample from the second stage
reactor is graduate student Fikert Kargi.

4. Inspecting data from an amino acid
analyzer are (left to right) Professor
Richard E. Austic of the Department of
Poultry Science; Michelle Reif, laboratory
technician; Ann Henry, graduate student;
and Maribea Marranca, technician.

5. Ann Henry weighs chicks in prepara-
tion for a feeding trial with an experimen-
tal product.

The poultry-manure-disposal prob-
lem is a consequence of the develop-
ment of poultry operations designed to
reduce production and marketing costs.
Laying facilities have grown increas-
ingly large and are often located very
near urban areas. Highly concentrated
poultry culture produces large quan-
tities of manure rich in fixed nitrogen,
particularly uric acid, that can result in
local environmental pollution, mostly
from the release of ammonia and odors.

The prevalent method of waste dis-
posal is by land spreading, but there is
a maximum amount of manure that can
be loaded on the land before nutrient
loss occurs with its accompanying envi-
ronmental problems. Near urban areas,
a producer whose manure-loading is
near the maximum has the alternatives
of acquiring more nearby land—which
is usually expensive and sometimes un-
available—or of drying the manure and
transporting it to a more rural location
for disposal. The trouble with this
second option is that although the
manure has economic value as fertilizer,
that value is not enough to offset the
costs of disposal. As a consequence of



Figure 1. A possible process scheme for
the controlled aerobic microbial conver-
sion of poultry manure into single-cell
protein, as developed by the Cornell re-
search team. In the experimental studies,
naturally occurring organisms, largely of
the genus Pseudomonas, accomplished the
crucial degradation of uric acid in the
first stage; glucose added during the pH-
controlled second phase enhanced the
efficiency of the process. The optimal
conditions for stage 1 were pH 6.5 and
25°C; complete conversion of uric acid
could be obtained with holding times as
low as 2.5 hours. In stage 2, under various

conditions, ammonia conversions up to 95
percent were obtained, but for adequate
ammonia conversion and high carbon
utilization, the optimal conditions were
found to be pH 6.5, 30°C, and a holding
time of 1.5 to 3 hours. The product re-
covered was found to be high in lysine
and adequate in methione and contained
a good balance of the other amino acids
required by the chicken.

In ongoing research, possibilities such
as the use of other organisms and addi-
tives are being investigated. Criteria are
process efficiency, economics, and nutri-
tional quality of product.

(First stage) Grit
separator

(Second stage)

Poultry
manure

Make-up water

Uric acid + O 2 +
CO2 +NH j + cells + base + more cells + CO? + acid +

Water for
recycling

Recovery steps

Liquid purge High-protein teed product
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this poultry-manure problem, there is
a compelling economic incentive for
the development of new methods of
waste utilization.

A CONTROLLED AEROBIC
FERMENTATION SCHEME

Last May Cornell received from NSF-
RANN a two-year grant to study the
economic, microbial, and nutritional
feasibility of a controlled microbial
process for the conversion of poultry
manure into a single-cell protein prod-
uct that could be fed back to the hens.
Many other schemes for the use of poul-
try manure or a product from manure
as a feedstuff have been suggested, but
generally they have failed because of the
low nutritional value of the product or
the cost of production. The scheme pro-
posed by our Cornell group is different
in that it involves a controlled microbial
conversion of the manure into a nutri-
tious, high-protein feedstuff.

Poultry manure contains, on a dry-
weight basis, approximately 6 percent
nitrogen in the form of uric acid (about
70 percent), protein (10 percent), am-
monia (10 percent), and other organic
compounds; it also contains about 27
percent ash, 13 percent fiber, and 40
percent non-nitrogenous, nonfibrous or-
ganics. On the basis of this manure
composition, the composition of a typi-
cal aerobically grown microorganism,
and some preliminary observations, our
research group developed the process
shown in Figure 1.

The important first stage of the proc-
ess is the breakdown of uric acid into
ammonium ion as a result of the action
of microorganisms. It is this reaction
that is essential to the complete recov-

29 ery and conversion of the fixed nitrogen

in the manure. A significant observation
is that the natural uric-acid-degrading
organisms are inhibited by readily avail-
able carbon compounds such as glucose.
Accordingly, the needed addition of
carbon must be delayed until after the
uric acid reaction has been completed.
We have found that only about 5 per-
cent of the organisms present in the
manure participate in the uric acid de-
gradation; other organisms probably
consume much of the ammonia and the
non-nitrogenous, non-fibrous organic
matter. The overall result of the first
stage is a substantial increase in
biomass.

In our initial experiments, we utilized
the natural flora, which produces large
quantities of basic compounds. Without
pH control, the pH of the system would
rise to values of around 9 or 10; at
these levels, the ammonium ion is con-
verted into ammonia gas, which is vola-
tile and easily stripped from the reactor.
It was obvious that if all the fixed nitro-
gen were to be conserved, either the
ammonia would have to be recovered
from the exit gas stream, or the pH in
the reactor would have to be controlled.
In our initial scheme, we have chosen
to control the pH at a value of 7 or
less by the addition of acid.

In the second stage, the main reac-
tion is the conversion of fixed nitro-
gen and carbon from the first stage into
biomass which is largely protein. Since
the effluent from the first stage is rich
in fixed nitrogen but poor in carbon,
a carbon source—we have been using
glucose—is added to balance the con-
centration of nutrients. The natural flora
growing on sugar produces a great deal
of acid, and since a lowered pH de-
creases the biomass growth rate, pro-

visions must be made for pH control
by base addition.

The cell-rich effluent must then be
sent to a recovery system where the
solids can be removed from the liquid.
A feasible method would be to centri-
fuge the second-stage effluent and dry
the solids. The liquid would be recycled
to effect a more complete conversion of
the fixed nitrogen and carbon into
cellular protein. The liquid purge is
necessary also to control the concen-
tration of any compounds that might
build up to toxic levels.

An additional necessary step is the
removal of large, heavy grit such as
sand, oyster shell fragments, and grain
hulls. Such material would decrease
the protein content of the final product
and would be mechanically undesirable.
The best location of a grit separator
might vary with different process modi-
fications; in the diagram (Figure 1), it
is shown after the first stage. The res-
idue from the grit separator should
be low in BOD (biochemical oxygen
demand) and nitrogen, and relatively
odorless and easy to dispose of by land
spreading.



"Instead of disposing of

manure, polluting the

environment in the

process, the resourceful

agriculturalist could

recycle it back to feed."

SOME INITIAL FINDINGS
AND PLANNED RESEARCH

With the scheme we have outlined, we
anticipate that 90 percent of the fixed
nitrogen in poultry manure could be
recovered to yield a product containing
about 40 to 50 percent protein. Es-
pecially important is the quality of the
product: it contains a good proportion
of the amino acids essential to the diet
of the chicken, including two—lysine
and methione—that are present in low
amounts in many commercial feed-
stuffs. Our product contained a high
8.6 percent lysine and an adequate 3.2
percent methione.

The potential contribution of the
process is indicated by the figures as-
sembled in Table I, which applies to a
45,000-hen operation. A preliminary
economic evaluation of the process
scheme indicates that it is potentially
economical for egg producers with
50,000 or more hens. More than half
of this country's hens are maintained
in operations of this size or larger.

Further development will be based
on analysis of specific experimental
findings. For example, we found the
maximum temperature for stage 1 to
be a low 30°C, and this, combined
with the inhibition of the uric-acid-
degrading pathways by easily metabo-
lized carbon sources, places a limitation
on the first-stage process. Professor
Seeley is therefore directing work on
the development of an organism able
to degrade uric acid in the presence of
sugars and at a higher temperature. If
such an organism can be developed to
replace the natural Pseudomonas
strains, the two-stage process could be
reduced to a single stage.

In the second stage, the natural flora

Table 1
PROSPECTS FOR PROTEIN

YIELD FROM POULTRY MANURE

The figures refer to c
operation that includes
bioconversion process.

Fuel consumption
Wet manure produced

(75% water)
Feed produced

(10% water)
Protein recovered

3 45,000-hen
the Cornell

Pounds
per day

10,000

11,400

1,500-1,700
600-700

was tested for growth on glucose over
a range of pH and temperature. How-
ever, an important problem may have
been encountered: The data suggest the
possible existence of inhibitors of the
ammonia conversion. At least one of
these inhibitory agents may be pro-
duced by the cells as a byproduct of
their growth. The presence of inhibitors
could greatly restrict the yield of solids,
lead to excessive processing costs be-
cause of the larger reactors, aerators,
centrifuges, etc., that would be required,
and make the use of a liquid-recycle
stream difficult. These possibilities are
being evaluated at the present time. If
the natural flora is found to be in-
adequate, we plan to test several other
process alternatives. The most probable
approach would be to develop a "semi-
pure" culture in the second stage. For
example, methanol, a very inexpensive
source of carbon, could be fed. Most
organisms cannot utilize methanol, and
so if the tank were seeded with a large
quantity of a methanol-using organism,
it would become dominant and control
the reaction characteristics and the
nutritional qualities of the product. An- 30



other possibility would be to keep the
pH in the second stage at a low level
where only a few organisms could easily
grow; such organisms might be lacto-
bacilli or yeasts. In addition to testing
the "semi-pure" culture approach, we
plan to investigate carbon sources other
than glucose (which is too expensive).
Molasses will certainly be tested, along
with any carbonaceous waste stream,
such as whey, that might be economi-
cally attractive.

Since toxic compounds and patho-
genic organisms could build up during
a liquid recycle, we will monitor the
concentrations of metals such as ar-
senic and copper and of common
pathogens, such as Salmonella sp,
Staphylococcus aureus, and Pseudomo-
nas aeruginosa. A simulated liquid re-
cycle will be obtained by slurrying the
manure with supernatant from the cen-
trifugation process.

Throughout the course of the proj-
ect, we intend to evaluate process al-
ternatives in terms of their potential
economic effect. Economic analyses will
be made by some of the students in the
Master of Engineering (Chemical) de-
gree program as their design projects.

Each potential product must be
tested also for nutritional quality and
ease of recovery. Professor Austic will
direct the nutritional studies. For rapid
screening, we will analyze for amino
acid content, total protein, and phos-
phorus. The more promising products
will be subjected to feeding trials to
determine the metabolizable energy, the
nutritional quality of the protein, and
the availability of phosphorus. The best
product will be tested for its effects on
egg production and quality.

This project is a good example of the
31 kind of investigation that can succeed

only through a multidisciplinary ap-
proach. The economic, microbiological,
nutritional, and product engineering
aspects of the process are strongly in-
terrelated and cannot be evaluated in-
dependently. The required diversity in
expertise is illustrated by the composi-
tion of the NSF-RANN overview com-
mittee for the project: George T. Tsao
of the chemical engineering faculty of
Purdue University; Leo S. Jensen of
the poultry science faculty at the Uni-
versity of Georgia; Stanley B. Smith,
feed specialist at Agway, Inc.; Cam
C. Calvert of the Agricultural Environ-
mental Quality Institute, United States
Department of Agriculture; Leslie W.
Driggs of the New York State Depart-
ment of Agriculture and Markets; W.
Dexter Bellamy, microbiologist at the
General Electric Company; and Nor-
man Hecht, poultryman of Hecht's
Hatchery, Inc.

The world's food, energy, and en-
vironmental problems are very much
intertwined. Their solution will require
the efforts of engineers working not
independently, but as members of
multidisciplinary teams.

Michael L. Shuler, assistant professor of
chemical engineering at Cornell, writes
that the concept for the poultry-feed proj-
ect described in his article was "hatched"
by Bob Finn and Dick Austic during bus
rides to work. (An article by Professor
Finn is included in this issue; Professor
Austic is a co-investigator for the project.)

Shuler has been at the University since
the spring term of 1974, following com-
pletion of his doctoral work in chemical
engineering at the University of Minnesota
at Minneapolis. He studied at the Univer-
sity of Notre Dame for the B.S. degree,
granted in 1969. Supporting graduate
studies in microbiology, biochemistry, and
mathematics helped prepare him for his
current research in biochemical engineer-
ing. At Cornell he holds a joint appoint-
ment with the School of Chemical
Engineering and the Institute of Food
Sciences (at Geneva, New York), and he
is also a member of the Graduate Field
of Food Science and Technology.

His professional experience includes
summer work with the American Oil
Company in Whiting, Indiana, on the pro-
duction of single-cell protein from petro-
leum, and with a process engineering
group at the Army Ammunition Plant in
Joliet, Illinois. He is a member of the
American Institute of Chemical Engineers
and the honorary society Tan Beta Pi.



FERMENTATION ALCOHOL
A New Look at an Old Process

by Robert K. Finn

The most economical way to convert
renewable resources—crops and crop
residues—to liquid fuel is probably to
produce ethanol by fermentation. To-
day this ancient process is being looked
at with new interest by nations that
have long depended on petroleum as a
major source not only of fuel, but of
industrial alcohol for other purposes.

Because of cheap petroleum, the
production of ethanol by synthesis from
ethylene has increased in both United
States and Western Europe ever since
the 1930s; today more than 90 percent
of the two billion pounds of industrial
alcohol used annually by the United
States comes from this source. On a
worldwide basis, however, three-fourths
of the nonbeverage alcohol is still made
by fermentation. In Asia, Africa, South
America, and Eastern Europe, it is
more economical to make alcohol from
molasses or various starchy plant res-
idues than to use petroleum imported
with hard currency. Even Japan has a
sizeable fermentation industry. A ques-
tion that concerns industrialists, plan-
ners, and researchers in the United
States is what the prospects are for in-

creased use of fermentation processes
in this country.

THE ANCIENT AND MODERN
ART OF MAKING ALCOHOL

The art of fermenting sugar with yeast
to produce beverage alcohol was
probably practiced before the time of
recorded history. Even the more sophis-
ticated process of distillation to pro-
duce concentrated alcohol—the ethanol
of commerce—goes back to the time
of Napoleon. In 1811, in response to
Napoleon's offer of a million francs for
the development of practical processes
for refining sugar, Jean Baptiste Cellier
patented a method of refining beet
sugar by extraction with alcohol, and
subsequently he improved the process
of alcohol recovery by introducing
distillation. Cellier's patent of 1813
describes the essential features of a
modern beer still: It shows the first use
of a vertical column with bubble-cap
trays operating on the countercurrent
principle, and in addition to a partial
condenser (invented by an earlier dis-
tiller) it had provisions for preheating
the feed by condensing the overhead

vapors. This invention of Cellier won
him a gold medal in 1816. A hundred
years later, the technology was applied
to petroleum refining and so formed
much of the early basis of chemical
engineering as a separate discipline.

ENERGY CONSERVATION
AND PROCESS EFFICIENCY
The basic reaction in the fermentation
process is the conversion of simple
sugar such as glucose to ethanol in the
presence of yeast. If the starting ma-
terial is cellulose or starch, it must
first be hydrolyzed to simple sugars.
The alcohol is formed in about 95 per-
cent of the theoretical yield, and even
though half the initial weight and a third
of the carbon is lost, most of the energy
is conserved. More than 90 percent of
the chemical energy contained in the
glucose molecule is still in the alcohol
molecule. Furthermore, about half of
the "lost" energy is conserved by the
yeast cells and used for synthesis of
their own tissues; and since yeast pro-
tein for animal feed is a recoverable
byproduct, the overall process is very
efficient. 32



(CH2O)6

glucose

yeast
- ^ 2 C2H5OH + 2 CO2

alcohol

(CH2O)6 + 6 O 2

2 C2H5OH

6 CO2 4- 6 H2O; AG =-686.4 kcal

6 CO2 + 6 H2O; AG = -633.8 kcal

Above: The basic fermentation reaction,
understood since prehistoric times; and a
comparison of the energetics of combus-
tion. The reaction is very efficient, since
almost 95 percent of the theoretical yield
of alcohol can be obtained, and because
surplus yeast protein can be used for ani-
mal feed. The figures for energy change
show that most of the chemical energy in
the sugar molecule is retained in the al-
cohol molecule.

PROSPECTS FOR ETHANOL
AS A LIQUID FUEL

Ethyl alcohol is actually superior to
gasoline as a motor fuel. A gallon of
ethanol, despite its relatively low
thermal value, will produce as much
power as a gallon of hydrocarbon if the
engine is properly designed with high
compression ratio. An especially valu-
able characteristic of ethanol as fuel is
its smooth, low-temperature combustion
without appreciable pollution.

For the United States, with ample
supplies of coal and lignite, synthetic
methanol will be more attractive as a
liquid fuel than fermentation alcohol for

33 some time to come. But other countries

without such fossil reserves are already
beginning to consider the idea of
"energy farms" for the production of
ethanol. The most ambitious of such
undertakings is under way in Brazil,
which now imports 80 percent of its oil
at an annual cost of three billion dollars.
Brazil has committed almost a half
billion dollars to the development of a
program for producing alcohol from
sugar cane and from manioc or cassava,
a starchy root that can grow in the
poorer soils in tropical countries and
which is known in the United States in
the form of tapioca.

A program as extensive as this one
in Brazil has important social and
political aspects, as well as economic
impact. Not only are food carbohydrates
expensive to burn as fuel, but also one
can question the ethics of doing so in a
hungry world. On the other hand, the
alcohol-production program has an ad-
vantage in that in comparison with other
ways of capturing solar energy, agricul-
tural methods require much less capital
and much more labor. For the develop-
ing countries, this combination is highly
desirable, as pointed out in a recent re-

port on the Brazilian effort in Science
(February 11, 1977).

COST OF RAW MATERIALS:
THE KEY TO FEASIBILITY

Unless wastes are used or appreciable
byproduct credit can be taken, more
than half the cost of the alcohol pro-
duced by fermentation is in the carbo-
hydrate at the start. Before World War
II, when considerable alcohol was still
made by fermentation in the United
States, it was estimated that the cost of
molasses amounted to three-fourths of
the total cost of production in a large
plant. Table I shows that of the primary
renewable resources, molasses remains
the cheapest. Direct comparison of corn
and molasses cannot be based directly
on such a tabulation, however; it is ex-
pensive to cook and hydrolyze the corn,
but on the other hand, feed grains from
corn are a more valuable byproduct
than molasses slops. An old rule of
thumb still holds: Use of corn can be
justified only if its price per bushel is
not more than seven times the price
of a gallon of molasses plus eighteen
or twenty cents. Moldy corn or other



products unfit for food or feed can be
effectively utilized in small scattered
fermentation plants. A good example is
the recent opening of a fermentation
alcohol plant in Juneau, Wisconsin, that
uses waste milk whey from cheese
manufacture.

Because of reluctance to use food
carbohydrates for fuel, considerable
attention is being given to cellulose, a
feed and fiber carbohydrate. Some cel-
lulosic wastes are viable candidates for
ethanol production, as indicated in
Table II. One must take into account,
however, the much greater difficulty
and expense of hydrolyzing cellulose
instead of starch to a fermentable syrup;
lignin is almost always present in crude
cellulose supplies, and this must first be
broken down or removed in order to
facilitate enzymatic hydrolysis. A fur-
ther consideration is that once the
cellulose has been treated sufficiently to
enable it to be saccharified, there is
again the question of whether to convert
it to fuel or feed it to a ruminant animal.
Finally, the costs of collection simply
make it impractical to do much on a
large scale with most agricultural resi-
dues. Concentrated sources are not

Table I
COSTS OF CONVENTIONAL CARBOHYDRATES, SPRING 1975

Refined sugar
Hydrated dextrose
Corn syrup
Rice
Wheat
Corn
Molasses
Ethanol

Source: C. E. Dunlap

Wholesale Cost
(cents/lb)

33.0
21.6
14.4
10.3

5.6
5.2
2.7

14.9

(paper for Institute of

Carbohydrate
(percent)

100
91
81
74
67
68
55
95

Food Technologists,

Cost of
Carbohydrate
(cents/lb)

33.0
23.7
18.0
13.9

8.4
7.7
4.8

15.7

June 1975).

COSTS

Unbleached sulfate pulp
Grass hay
Groundwood pulp
Sugarcane bagasse
Waste newsprint
Waste corrugated
Wheat or rice straw
Corn cobs, stalks
Municipal refuse

Source: C. E. Dunlap (paper

Table II
OF CELLULOSE,

Cost
(dollars/ton)

310-315
40-50

165-175
15-17
14
10

Collection
Collection
Negative

SPRING 1975

Cellulose
(percent)

95-98
20-35
80-85
50-55
75-80
75-80
45-50
35-50
50-55

for Institute of Food Technologists,

Cost of Cellulose
(cents/lb)

16
6-12

10
1.6
0.9
0.65

June 1975).

plentiful; conversion of all the minicipal
waste in the country into fuel alcohol by
fermentation would produce a quantity
of fuel equivalent to only 5 percent
of the nation's current gasoline con-
sumption.

STATE OF THE ART OF
FERMENTATION TO ALCOHOL

The usual batchwise fermentation of
molasses is conducted in tanks of
several hundred thousand gallons ca-
pacity over a period of forty to fifty
hours at an optimum temperature of

30°C. The heat of fermentation is ap-
preciable (260 BTU per pound of
sugar fermented), and since this is gen-
erated most rapidly during the first
fifteen to twenty hours, adequate cool-
ing can be a problem in the tropics
where water temperatures are high. The
molasses must be diluted with water
from its normal strength of 55 percent
sugar to perhaps 16 percent sugar;
otherwise, the alcohol formed would
bring fermentation to a halt. As every
winemaker knows, fermentation is pro-
gressively slowed down as alcohol ac- 34



cumulates. A 16-percent sugar solution
will yield 8 percent alcohol, but if con-
centrations were much higher than this,
the process would be greatly prolonged.
To provide inoculum for the fermen-
tors, yeast is grown aerobically in dilute
molasses to a high cell density in sepa-
rate tanks. In some places, particularly
in Russia, continuous or semicontinu-
ous operation is used so as to obtain
higher productivity.

Distillation is performed in two
stages. The fermented molasses, called
wash, is sent to a beer still. The over-
head, containing 40 volume percent
alcohol, is further distilled to yield a
spirit that is 190 proof or 95 volume
percent alcohol. This is an azeotrope,
or constant-boiling mixture, which be-
haves almost as if it were a chemical
compound. Its volatility is higher than
that of pure alcohol. To "break the
azeotrope" and produce absolute (100
percent) alcohol requires additional dis-
tillation in the presence of a third com-
ponent such as benzene. Slops from the
bottom of the beer still are dried for an
animal feed supplement or sometimes
used as fertilizer.

Even though it may be efficient in
principle, fermentation has built-in
process costs that are almost as immu-
table as the biochemistry. Distilling the
wash requires some fifty pounds of
steam for each gallon of commercial
alcohol produced. Steam costs can
amount to a third of the total cost of
conversion, and despite schemes of
vapor recompression and the like, little
process improvement seems possible.
Not much advantage can be gained by
distilling solutions more concentrated
than 8 percent ethanol, and below 4 or
5 percent, steam consumption becomes

35 excessive, as indicated by the shape of

the vapor-liquid equilibrium curve. This
fact places a penalty on dilute syrups
prepared from starch or cellulose
wastes.

ARE FURTHER PROCESS
IMPROVEMENTS POSSIBLE?

Since the yeast is able to convert sugar
to ethanol and carbon dioxide at 95
percent of the theoretical yield, a fact
noted by Pasteur, one cannot expect
any dramatic breakthrough by way of
mutant strains (as has indeed been
possible in antibiotics manufacture, for
example). Several interesting develop-
ments that affect the rates of fermenta-
tion and hence the size of the equipment
needed are worth noting, however.

One of these is the use of high con-
centrations of yeast to bring about very
rapid fermentation. In work directed
by Dr. Keith Steinkraus at the Cornell
University Agricultural Experiment
Station in Geneva, New York, it was
shown that even a 25-percent sugar
solution could be fermented to 12 per-
cent alcohol in only three hours by a
heavy yeast cream. Death of the cells is
rapid, but by lowering the temperature

Fermentation for alcohol production has
a long history.

Left: This historic photograph shows an
open fermentor tub once used at the Old
Taylor Distillery in Frankfort, Kentucky.
The bubbles are from escaping carbon
dioxide. (Photograph courtesy the National
Distillers & Chemical Corporation.)

Below: A potential process for industrial
alcohol is under development at Cornell.
This apparatus was used in Professor
Finn's work on the Vacuferm process.

and enriching the mixture with vita-
mins, it is possible to achieve some cell
multiplication. Of course, one way of
holding a high yeast population is to
conduct the fermentation in a packed
tower of some sort, so that pellicles
remain attached to solid surfaces. Such
a falling-film process has been studied
in a pilot plant for waste sulfite liquor
by the Crown Zellerbach Paper Com-
pany and is also under investigation at
Oak Ridge National Laboratories.

In the School of Chemical Engineer-
ing at Cornell, we have been exploring



"...itappears likely that

many new plants for

fermentation alcohol will

be built in this country

over the next decade. *

another approach to speeding up the
fermentation: continuous removal of
the inhibitory ethyl alcohol as it is
formed. The fermentation is carried out
under reduced pressure with simultane-
ous distillation. So as not to kill the
yeast, it is necessary to maintain a
pressure of 30-35 mm mercury at the
optimal temperature of about 30°C.
The principle of using vacuum to re-
move alcohol is not new, having been
patented in 1948, but the claims were
not verified by experimental data. Our
first attempts at vacuum fermentation
were unsuccessful, but the cause was
traced to the extremely anaerobic en-
vironment of the yeast and we found
that by supplementing the sugar solu-
tions with sterols and fatty acids or by
occasionally admitting air, the process
could be operated successfully. We have
conducted continuous fermentation for
many days and envisage a full-scale
"Vacuferm" process as shown in Fig-
ure 1.

The proposed process offers several
advantages. Direct addition of full-
strength molasses is possible. Not only
would the fermentors be smaller, but
there would be less water to evaporate
from the beer-still bottoms. By recy-
cling a portion of the still-viable yeast,
either directly or as a centrifuged cell
cream, the fermentation rate could be
further enhanced; moreover, if the re-
cycled inoculum were aerated, no addi-
tional nutrients would be needed. Tests
at Cornell and also at Charles Wilke's
laboratory at the University of Cali-
fornia at Berkeley show that a concen-
tration of sugar three times higher than
the normal 16 percent can be fermented
in only one-third the time, even without
continuous cell recycle. Still higher pro-

ductivities were obtained by Professor
Wilke when he recycled the cells.

In the Vacuferm process, the heat of
fermentation is used directly for distill-
ing off alcohol, rather than being re-
moved with cooling water as it is in the
conventional process. But although this
saving in energy represents about 7
percent of the latent heat required for
distilling off the alcohol, the advantage
is offset by a much greater energy re-
quirement of the process: Because of
the low pressure, a larger volume of
noncondensible carbon dioxide must
be pumped up to atmospheric pressure.
This problem might be lessened by re-
ducing the size of the fermentors, but
then elaborate additional equipment
would be needed to condense the alco-
hol at the specific low temperature and
pressure. One obvious improvement
would be to find thermotolerant yeasts,
such as have been developed in both
Russia and mainland China, that can
ferment at 40° to 50°C. Use of such
yeasts would permit higher pressures
in the fermenter and would therefore
reduce by half the energy needed to
maintain the vacuum. Such a yeast is
specified in the modified Cornell process
design described below.

USE OF AN AZEOTROPE
TO REMOVE ALCOHOL

A modification of vacuum fermentation
that appears to be more promising
economically is currently being studied
in our laboratory. This "Azeoferm"
process is represented in Figure 2. The
chief innovation is the addition of hex-
ane, a paraffin hydrocarbon, to the
fermenting mash to form a ternary low-
boiling azeotrope that can be distilled
off at a more moderate vacuum. We 36
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have previously shown that in the ab-
sence of air, hexane does not inhibit the
growth or metabolism of yeast.

We are just now beginning labora-
tory work on this process, but we have
already made a rough economic com-
parison with classical batch fermenta-
tion. We chose preliminary designs for
each process that would produce twenty-
six million pounds of ethanol per year;
the costs of final rectification steps
were not included in the comparison,
nor were other costs common to both
processes. The analysis shows that costs

for steam and cooling water are about
the same for both processes, but that
equipment costs are considerably less
for the Azeoferm system. The compara-
tive figures for equipment are $600,000
for the conventional system (two-thirds
of this is for fermentors and heat ex-
changers) and only $125,000 for
Azeoferm (which requires a special
condenser to handle the immiscible
liquid mixture, but only one relatively
small fermentor). Of course, many costs
cannot be properly evaluated without
operation of a pilot plant, but our esti-

Figures 1 and 2. Simplified flow charts
for Cornell-designed fermentation pro-
cesses. Both systems are designed to use
undiluted molasses, the cheapest source
of sugar, as the starting material, al-
though they could be adapted to other
carbohydtatc materials. With either pro-
cess, the principal product, ethanol, could
be further rectified as needed.

The Vacuferm process (Figure 1) calls
for a temperature of about 30° C and a
reduced pressure equivalent to 30-35 mm
mercury. The holding time is about 12
hours. Carbon dioxide is removed by a
steam jet ejector.

In a modified system, the Azeoferm
process (Figure 2), hexane is introduced
into the fermentor, which is operated at
40°C under vacuum conditions equivalent
to 300 mm mercury for a holding time of
10-12 hours. A ternary azeotrope contain-
ing, by weight, 3 percent water, 12 percent
ethanol, and 85 percent hexane is continu-
ously distilled off and condensed with
chilled water to give two liquid layers.
The upper layer, containing more than
95 percent hexane, is returned to the still
as reflux. The lower layer, amounting to
an eighth of the total condensate, is re-
distilled at atmospheric pressure in a
secondary column where hexane is
stripped off as an azeotrope of substan-
tially the same composition as that from
the beer still.



mates are that the overall manufacturing
cost for ethanol would be 15 to 20
percent lower with the Azeoferm proc-
ess than with the conventional batch
system, assuming that the plant must
be constructed.

U.S. PROSPECTS FOR
FERMENTATION ALCOHOL

This preliminary conclusion brings us
back to the question of the feasibility
of fermentation processes for the
United States.

Because of the increasing price for
ethylene from petroleum, it appears
likely that many new plants for fermen-
tation alcohol will be built in this country
over the next decade, to continue the
supply of ethanol for its present indus-
trial uses. The economic attractiveness
of fermentation processes will be en-
hanced by the introduction of improved
methods, such as Cornell's Azeoferm
process, which is expected to show its
greatest savings over conventional sys-
tems in the area of capital investment.

Significant use of fermentation alco-
hol for liquid fuel seems less likely in
this country; methanol obtained from

coal or lignite appears more feasible.
Yet fermentation alcohol may well
prove to be a viable option, at least on
a relatively small scale and under favor-
able regional situations, such as the
availability of an expendable agricul-
tural material. In the context of rising
prices and diminishing supplies of oil,
the economics of fuel alternatives are
certain to change in the coming years,
and we may well see a modern resur-
gence of one of the oldest methods of
chemical engineering.

Robert K. Finn, professor of chemical
engineering, has been promoting the pos-
sibilities of microbial engineering tech-
niques for some years, both in his research
and through consultation and participa-
tion in international conferences. Last
year, for example, he spent a sabbatic
leave as a Guggenheim Fellow at the In-
stitute of Microbiology in Zurich. He also
attended the fifth International Fermenta-
tion Symposium in Berlin, continuing an
association he began as a delegate to the
first symposium held in Rome in 1960. He
spent an earlier sabbatic leave in Stuttgart
as a Fulbright Research Professor, and in
the past few years has visited Japan and

India for international conferences. His
research interests include waste treatment
methods, microbial kinetics, fermentation
processes, and enzymic conversions of al-
cohol and sugar for industrial applications.

Finn received his early university edu-
cation at Cornell, earning bachelor's de-
grees in chemistry (in 1941) and in chem-
ical Engineering (in 1942). After working
as a research engineer at Merck and Com-
pany, Inc., for four years, he entered
graduate school at the University of Min-
nesota and received the Ph.D. in chemical
engineering and microbiology in 1949. He
joined the Cornell faculty in 1955 after
six years at the University of Illinois at
Urbana, where he established a program
in bioengineering.

Throughout his academic career, he has
been active also as a consultant; organiza-
tions he has worked with include the Com-
mercial Solvents Corporation, the Viobin
Company, Versar, Inc., the Syracuse Uni-
versity Research Corporation, the Mobil
Research and Development Corporation,
and the International Minerals and
Chemical Corporation.

He is a fellow of the American Associa-
tion for the Advancement of Science, and
a member of a number of professional
and honorary societies. 38



FACULTY
PUBLICATIONS

The following publications and conference
papers by faculty and staff members and
graduate students of the Cornell College of
Engineering were published or presented
during the period September through De-
cember 1976. Earlier publications inad-
vertently omitted from previous listings are
included here in parentheses. The names of
Cornell personnel are in italics.

• AGRICULTURAL
ENGINEERING

Cooke, J. R.; DeBaerdemaeker, J. G.; Rand,
R. H.; and Mang, H. A. 1976. A finite ele-
ment shell analysis of guard cell deforma-
tions. Transactions of the ASAE 19(6):
1107-1121.

Delwiche, M. J. and Cooke, J. R. 1976. An
Analytical Model of the Hydraulic Aspects
of Stomatal Dynamics. Paper read at Winter
Meeting of American Society of Agricultural
Engineers, 14-17 December 1976, in Chi-
cago, Illinois.

Haith, D. A., and Dougherty, J. V. 1976.
Estimating nonpoint source pollution from
agricultural runoff. ASCE Journal of En-
vironmental Engineering 102(EE5):1055-
1069.

Kelly, J., and Rehkugler, G. E. 1976. Com-
puter Graphics Display of Simulated Tractor
Motion. Paper no. 76-1523 read at Winter
Meeting of American Society of Agricultural
Engineers, 14-17 December 1976, in Chi-
cago, Illinois.

Larson, C. L.; James, L. G.; Goodrich, P. R.;
39 and Bosch, J. 1976. Performance of feedlot

control systems in northern climates. Trans-
actions of the ASAE 19(16): 1175-1180.

Loehr, R. C ; Prakasam, T. B. S; Srinath,
E. G.; Scott, T. W.; and Bateman, T. W.
(1976). Design parameters for animal waste
treatment systems—nitrogen control. Report
no. EPA-600/2-76-190, Environmental Pro-
tection Technology Series, U.S. Environ-
mental Protection Agency, Athens, Georgia.

Prakasam, T. B. S.; Joo, Y. D.; Srinath, E.
G.; and Loehr, R. C. 1976. Nitrogen removal
from a concentrated waste by nitrification
and denitrification. In Proceedings of annual
industrial waste conference (held 4—8 May
1976 at Purdue University), pp. 497-509.
West Lafayette, Indiana: Purdue University.

Prakasam, T. B. S., and Loehr, R. C. (1976).
Microbial Denitrification of a Wastewater
Containing High Concentrations of Oxidized
Nitrogen. Paper read at Annual Industrial
Waste Conference, 4-8 May 1976, at Pur-
due University, West Lafayette, Indiana.

Rehkugler, G. E. 1976. Energy Efficiency in
Supplying Recommended Dietary Allow-
ance. Paper no. 76-6521 read at Winter
Meeting of American Society of Agricul-
tural Engineers, 14-17 December 1976, in
Chicago, Illinois.

Reitsma, S. Y., and Scott, N. R. 1976. Dyna-
mic Responses of the Dairy Cow's Teat End.
Paper read at 18th Annual Meeting of Mas-
titis Research Worker's Conference, 1 De-
cember 1976, in Columbus, Ohio.

1976. Teat End Tissue Responses
to Dynamic Changes in Vacuum Level.
Paper read at 29th Annual Northeastern
Mastitis Conference, 30 September—1 Octo-
ber 1976, in Chaffey's Locks, Ontario,
Canada.

Srinath, E. G.; Prakasam, T. B. S.; and
Loehr, R. C. 1976. A technique for estimat-
ing active nitrifying mass and its applica-
tion in designing nitrifying systems. In
Proceedings of annual industrial waste con-
ference (held 4-8 May 1976 at Purdue
University), pp. 1038-1048. West Lafayette,
Indiana: Purdue University.

• APPLIED AND
ENGINEERING PHYSICS

Axelrod, D.; Koppel, D. E.; Schlessinger, J.;
Elson, E.; and Webb, W. W. 1976. Mobility
measurements by analysis of fluorescence
photobleaching recovery kinetics. Biophysical
Journal 16:1055-1069.

Axelrod, D.; Ravdin, P.; Koppel, D. E.;
Schlessinger, J.; Webb, W. W'.; Elson, E. L.;
and Podleski, T. R. 1976. Lateral motion of
fluorescently labeled acetylcholine receptors
in membranes of developing muscle fibers.
Proceedings of the National Academy of
Sciences 73:4594-4598.

Batson, P. E.; Chen, C. H.; and Silcox, J.
1976. Plasmon dispersion at large wave
vectors in Al. Physical Review Letters
37(14):937-940.

Broden, G.; Rhodin, T. N.; Brucker, C;
Benbow, R.; and Hurych, Z. 1976. Synchro-
tron radiation study of chemisorptive bond-
ing of CO on transition metals—polarization
effect on Ir(100). Surface Science 59(2):593-
611.

Buhrman, R. A.; Wyns, J.; and Sievers, A.
J. 1976. Far infrared absorption in ultrafine
Al particles. Physical Review Letters 37:625-
629.



Chen, C. H., and Silcox, J. (1976). Observa-
tions of Direct Non-Vertical Interband Tran-
sitions in Al and Si by Electron Energy-
Loss Spectroscopy. Paper read at 11th An-
nual Conference of Microbeam Analysis
Society, 9-13 August 1976, in Miami Beach,
Florida.

Dragsten, P.; Webb, W. W.; Paton, J. A.;
and Capranica, R. R. 1976. Light scattering
heterodyne interferometer for vibration
measurements in auditory organs. Journal of
the Acoustical Society of America 60:665-
671.

Koppel, D. E.; Axelrod, £>.; Schlessinger, J.;
Elson, E. L.; and Webb, W. W. 1976. Dyna-
mics of fluorescence marker concentration
as a probe of mobility. Biophysical Journal
16:1315-1329.

Lane, M. -A.; Sastre, A.; and Salpeter, M. M.
1976. Innervation of heart cells in culture
by an endogenous source of cholinergic
neurons. Proceedings of the National Acad-
emy of Sciences 73(12):4506-4510.

Lockner, T. R., and Kusse, B. R. 1976. Elec-
tron Beam Trajectories in Coaxial Toroidal
Geometry. Paper read at Annual Meeting of
Plasma Physics Division, American Physical
Society, 15-19 November 1976, in San Fran-
cisco, California.

Matthews-Bellinger, J. A., and Salpeter, M.
M. 1976. Localization of 125I-a-Bungaro-
toxin Binding at Frog Neuromuscular Junc-
tions. Paper read at Annual Meeting of
Society for Neurosciences, 9-12 November
1976, in Toronto, Canada.

Morse, D. L. 1976. Correlated Density and
Magnetic Field Fluctuations at Strong
Shocks. Paper read at Annual Meeting of

Plasma Physics Division, American Physical
Society, 15-19 November 1976, in San
Francisco, California.

. 1976. A model for ion thermaliza-
tion in the earth's bow shock. Journal of
Geophysical Research 81(34):6126-6130.

Overskei, D.; Gondhalekar, A.; and Kusse,
B. R. 1976. Low Frequency Fluctuation
Measurements from Alcator. Paper read at
Annual Meeting of Plasma Physics Division,
American Physical Society, 15-19 Novem-
ber 1976, in San Francisco, California.

Salpeter, M. M., and Szabo, M. 1976. An
improved Kodak emulsion for use in high
resolution electron microscope autoradio-
graphy. Journal of Histochemistry and Cy-
tochemistry 24(11): 1204-1209.

Schlessinger, J.; Metzger, H.; Webb, W. W.;
and Elson, E. L. 1976. The lateral motion
and valence of Fc receptors on rat perito-
neal mast cells. Nature 264:550-552.

Webb, W. W. 1976. Lateral transport on
membranes. In Proceedings of international
conference on electrical phenomena at the
level of biological membranes (held October
1976 in Paris, France). Amsterdam: Elsevier.

• CHEMICAL ENGINEERING

Dufty, J. W.; Gubbins, K. E.; Groome, L.
E.; and Egelstaff, P. A. 1976. Neutron scat-
tering from gases. In Proceedings of con-
ference on neutron scattering (held June 1976
in Gatlinburg, Tennessee), ed. R. M. Moon,
pp. 968-974. Springfield, Virginia: ERDA.

Gray, C. G.; Gubbins, K. E.; Lo, B. W.; and
Poll, J. D. 1976. Theory of collision-induced
absorption in liquids. Molecular Physics
32:989-994.

Haile, J. M.; Gubbins, K. E.; and Mo, K. C.
1976. Viscosity of cryogenic liquid mixtures,
including LNG. Advances in Cryogenic En-
gineering 21:501-508.

Kan, J. K., and Shuler, M. L. 1976. An Im-
mobilized Whole Cell Hollow Fiber Reactor
for Urocanic Acid Production. Paper read
at 69th Annual Meeting of American Insti-
tute of Chemical Engineers, 28 November-
2 December 1976, at Chicago, Illinois.

Smith, J. C. 1976. Problems in teaching coal
technology. Chemical Engineering Progress
71(12)15

Stevenson, J. F.; Hauptfleisch, R. A.; and
Hieber, C. A. 1976. Fill that mold—a quick
way to estimate injection pressure and clamp
force. Plastics Engineering 32:34-37.

Stevenson, J. F., and Parry, J. S. 1976. Char-
acterization of Small Tubular Membranes.
Paper read at 69th Annual Meeting of
American Institute of Chemical Engineers,
28 November-2 December 1976, in Chicago,
Illinois.

Zvanut, C. W., and Rodriguez, F. 1976. Col-
lagen as a biomaterial: Modulus jump and
degradation of collagen gels. Journal of Ap-
plied Polymer Science 20(10):2871-2878.

. 1976. Modulus Jump and
Degradation of Collagen Gels: Dependence
on Concentration and pH. Paper read at 1st
Cleveland Symposium on Macromolecules:
Structure and Properties of Biopolymers,
11-15 October 1976, at Case Western Re-
serve University, Cleveland, Ohio. 40



• CIVIL AND ENVIRONMENTAL
ENGINEERING

Fisher, G. P., ed. (1976). Goods transporta-
tion in urban areas. Washington, D.C.: U.S.
Department of Transportation.

Gallagher, R. H. 1976. Finite element struc-
tural analysis, an overview. In Proceedings
of ASCE annual convention and exposition;
Development of computational methods in
structural analysis and design: past, present,
and future (held 27 September-1 October
1976, in Philadelphia, Pennsylvania), pre-
print 2765. New York: American Society of
Civil Engineers.

Gallagher, R. H., and Greenberg, D. P.
1976. Computer Graphics in Structural En-
gineering Research. Paper read at Panel
Session on Computer Graphics, ASME An-
nual Winter Meeting, 8 December 1976, in
New York, New York. (To appear in ASME
special publication, Computer Graphics.)

Grosskurth, J. F., Jr.; White, R. N.; and Gal-
lagher, R. H. 1976. Shear buckling of square
perforated plates. ASCE Journal of the
Engineering Mechanics Division 102(EM6):
1025-1040.

Kay, J. N., and Abel, J. F. 1976. Imple-
mentation of finite element studies for the
design of buried circular culverts. In Finite
element methods in engineering, pp. 30-1 to
30-16. Adelaide, Australia: University of
Adelaide.

Meyburg, A. H. (1976). Modeling in the con-
text ot urban goods movement problems. In
Goods transportation in urban areas, ed. G.
P. Fisher, pp. 127-168. Washington, D.C.:
U.S. Department of Transportation.

Meyburg, A. H., and Stopher, P. R. Urban
goods movement: a study design. ASCE
Journal of Transportation Engineering 102
(TE4): 651-664.

Ramamurthy, S., and Gallagher, R. H. 1976.
Generalized Geometric Programming in
Light Gage Steel Design. Paper read at
ORSA-TIMS Annual Meeting, 3-5 Novem-
ber 1976, in Miami Beach, Florida.

Sangrey, D. A. 1976. Research on Civil En-
gineering Education. Paper read at Annual
Meeting of American Society of Civil En-
gineers, 28 September 1976, in Philadelphia,
Pennsylvania.

Schuler, R. E. 1976. The interaction between
local government and urban residential lo-
cation: Reply and further analysis. American
Economic Review 66:968-975.

(1975). A policy inspired model
41 for estimating the residential demand for

energy by fuel type. Report of Institute for
Energy Analysis.

Stopher, P. R., and Meyburg, A. H. 1976.
Transportation systems evaluation. Lexing-
ton, Massachusetts and Toronto, Canada:
Lexington Books, D. C. Heath.

Young, D.-L.; Liggett, J. A.; and Gallagher,
R. H. 1976. Unsteady stratified circulation
in a cavity. ASCE Journal of the Engineer-
ing Mechanics Division 102(EM6):1009-
1023.

• COMPUTER SCIENCE

Conway, R., and Strip, D. 1976. Selective
partial access to a database. In Proceedings
of 1976 national conference, Association for
Computing Machinery, pp. 85—89. New
York: ACM.

Gries, D. 1976. Compiler. In Encyclopedia
of computer science and technology, vol. 5,
ed. Belzer, Holzman, and Kent, pp. 206-243.
New York: Marcel Dekker.

. 1976. An illustration of current
ideas on the derivation of correctness proofs
and programs. IEEE Transactions on Soft-
ware Engineering 2:238-244.

Salton, G. 1976. A comparison of term value
measurements for automatic indexing. Ameri-
can Journal of Computational Linguistics
13(7) on microstrip.

Salton, G., and Wong, A. 1976. On the role
of words and phrases in automatic text
analysis. Computers and Humanities 10:69-
87.

• ELECTRICAL ENGINEERING

Antonsen, T., and Ott, E. 1976. Propagation
of Waves in Inhomogeneous Magnetic
Fields. Paper read at Annual Meeting of
Plasma Physics Division, American Physical
Society, 15-19 November 1976, in San Fran-
cisco, California.

Balsley, B. B., and Farley, D. T. 1976.
Auroral zone winds detected near the tropo-
pause with the Chatanika UHF doppler
radar. Geophysical Research Letters 3(9):
525-528.

Book, D. L.; Ott, E.; and Lampe, M. 1976.
Nonlinear evolution of the sausage instabil-
ity. Physics of Fluids 19(12): 1982-1986.

Carlin, H. J. 1976. A New Approach to
Broadbanding. Paper read at 14th Annual
Allerton Conference on Circuit and System
Theory, 29 September-1 October 1976, at
University of Illinois, Urbana, Illinois.

Chu, K.; Ott, E.; and Manheimer, W. 1976.
Ways of Stabilizing Trapped Particle In-
stabilities in Tokamaks. Paper read at An-
nual Meeting of Plasma Physics Division,
American Physical Society, 15-19 Novem-
ber 1976, in San Francisco, California.

Copeland, D.; Mahr, H.; and Tang, C. L.
1976. Threshold and rate equation con-
siderations for a H+-Cs charge-exchange
laser. IEEE Journal of Quantum Electronics
QE-12:665-673.

Copeland, D., and Tang, C. L. 1976. Photon-
assisted nonresonant charge exchange: a
simple molecular orbital model. Journal of
Chemical Physics 65:3161-3171.

Costa, E., and Kelley, M. C. 1976. Calcula-
tions of equatorial scintillations at VHF and
gigahertz frequencies based on a new model
of the disturbed equatorial ionosphere. Geo-
physical Research Letters 3:677-680.

Dudas, A.; Nation, J. A.; and Read, M. 1976.
Microwave Generation Processes in Rotating
Relativistic Electron Beams. Paper read at
Annual Meeting of Plasma Physics Division,
American Physical Society, 15-19 November
1976, in San Francisco, California.

Dreike, P.; Ott, E.; Sudan, R. N.; Lovelace,
R. V.; et al. 1976. Generation of intense ion
beams and their application to controlled
fusion research. In Plasma physics and con-
trolled nuclear and fusion research. Vienna:
International Atomic Energy Agency.

Fejer, B. G., and Farley, D. T. 1976. Radar
studies of anomalous velocity reversals in
the equatorial ionosphere. Journal of Geo-
physical Research 81(25):4621-4626.

Gammel, G.; Nation, J. A.; and Read, M. E.
1976. Space Charge Waves Generated on
Relativistic Electron Beam for Use in the
Acceleration of Ions. Paper read at Annual
Meeting of Plasma Physics Division, Ameri-
can Physical Society, 15—19 November 1976,
in San Francisco, California.

Gupta, A. K.; Dalman, G. C; and Lee, C.
A. 1976. Simple 2-GaAs-Read-diode oscilla-
tor power-combiner module. Electronics Let-
ters 12(20):521-522.

Humphries, S., Jr.; Sudan, R. N.; and Wiley,
L. (1976). Extraction and focusing of intense
ion beams from a magnetically insulated
diode. Journal of Applied Physics 47(6):
2382-2390.

Kelley, M. C; Swartz, W. E.; Tayan, Y.; and
Torbert, R. 1976. Enhancements of low lati-



tude intermediate layers by energetic electron
precipitation. Transactions of the American
Geophysical Union 57:974.

Kelley, M. C, et al. 1976. The large scale
ionospheric electric field: Its variation with
magnetic activity and relation to terrestrial
kilometric radiation. Transactions of the
American Geophysical Union 57:981.

Kim, Y., and Kim, M. 1976. Control system
model of the spontaneous and light-evoked
patterns of the compound action potentials
in the eye of Aplysia. Biological Cybernetics
23:203-209.

Lampe, M.; Ott, E.; and Manheimer, W.
1976. Reflection of Electromagnetic Waves
from a Moving Ionization Front. Paper read
at 2nd International Conference on Submil-
limeter Waves, 6-10 December 1976, in San
Juan, Puerto Rico.

Nelson, T.; Kim, Y.; and Kim, M. 1976.
Photosensitivity of a bursting pacemaker
neuron in Aplysia Californica. Brain Re-
search 105:583-587.

Oey, K. K., and Thomas, R. J. 1976. A digi-
tal technique for measurement of speed
deviation and torque angle during the tran-
sient interval. In Proceedings of 1976 Can-
adian conference on communications and
power, ed. Conference Executive Committee,
IEEE publication no. 76 CHI 126-2, pp.
400-402. Montreal, Canada: Institute of
Electrical & Electronics Engineers.

Ott, E., and Manheimer, W. 1976. Cross
Field Propagation and Energy Deposition of
Intense Ion Beams for Tokamak Plasma
Heating. Shear Stabilization in Noncircular
Tokamaks. Papers read at Annual Meeting
of Plasma Physics Division, American
Physical Society, 15-19 November 1976, in
San Francisco, California.

Read, M. E., and Nation, J. A. 1976. Diode
compression of an intense relativistic electron
beam. Journal of Applied Physics 47(12):
5236-5241.

Shen, J. S.; Swartz, W. E.; and Farley, D. T.
1976. Ionization layers in the nighttime E
region valley above Arecibo. Journal of Geo-
physical Research 81(31):5517-5526.

Tang, C. L. 1976. Thin-Films for Integrated
Optics. Invited paper read at 3rd Annual Fall
Symposium, Upstate New York Chapter,
American Vacuum Society, 26—27 October
1976, in Corning, New York.

Thomas, R. J.; Thorp, J. S.; and Pottle, C.
1976. A model-referenced controller for
stabilizing large transient swings in power
systems. IEEE Transactions on Automatic
Control AC-21(5):746-750.

Williams, R.; Nation, J. A.; and Read, M.
1976. Measurements of Ion Acceleration in
Relativistic Electron Beams. Paper read at
Annual Meeting of Plasma Physics Division,
American Physical Society, 15—19 Novem-
ber 1976, in San Francisco, California.

Wong, Y. -M., and Pottle, C. \916. Adapta-
tion of circuit-simulation algorithms to a
simple parallel microcomputer structure.
IEEE Journal of Electronic Circuits and
Systems l(l):27-32.

• GEOLOGICAL SCIENCES

Barazangi, M., and Isacks, B. L. 1976. Spa-
tial distribution of earthquakes and subduc-
tion of the Nazca plate beneath South
America. Geology 4:686-692.

Caldwell, J. G.; Haxby, W. F.; Karig, D. E.;
and Turcotte, D. L. 1976. On the applicabil-
ity of a universal elastic trench profile. Earth
and Planetary Science Letters 31:239-246.

Cardwell, R. K., and Isacks, B. L. 1976. In-
vestigation of the 1966 earthquake series in
northern China using the method of joint
epicenter determination. Bulletin of the Seis-
mological Society of America 66:1965-1982.

Karig, D. E.; Caldwell, J. G.; and Parmen-
tier, E. H. 1976. Effects of accretion on the
downgoing lithosphere. Journal of Geophysi-
cal Research 81:6281-6291.

Kaufman, S., and Oliver, J. E. 1976. Deep
Crustal Seismic Profiling in Hardeman
County, Texas and the Rio Grande Rift Area
of New Mexico. Paper read at 46th Annual
International Meeting of Society of Explora-
tion Geologists, 24-28 October 1976, in
Houston, Texas.

Moore, G. F., and Karig, D. E. 1976. De-
velopment of sedimentary basins on the
lower trench slope. Geology 4:693—697.

Oliver, J. E., and Brown, L. D. (1976). Verti-
cal crustal movements from leveling data
and their relation to geologic structure in the
eastern United States. Reviews of Geo-
physics and Space Physics 13:13-35.

Oliver, J. E., and Kaufman, S. (1976). Pro-
filing the Rio Grande Rift. Geotimes July:
20-23.

1976. Seismic Reflection Profiling
of the Deep Basement: The Rio Grande
Rift. Paper read at Annual Meeting of Geo-
logical Society of America, 8-11 November
1976, in Denver, Colorado.

Perfit, M.; Easter, J.; and Kay, R. 1976.
Geochemical constraints on Aleutian arc
plutonism: Unalaska Island. In Abstracts
with programs, annual meetings of Geo-
logical Society of America, vol. 8, no. 6,
p. 1046. Boulder, Colorado: GSA.

Travers, W. B. 1976. Relations of outer arc
basins to melanges with examples from
British Columbia. In Transactions of Ameri-
can Geophysical Union (EOS), ed. A. F.
Spilhaus, Jr., p. 1003. San Francisco: AGU.

Travers, W. B., and Luney, P. R. 1976.
Drilling, tankers, and oil spills on the At-
lantic outer continental shelf. Science 194:
791-796.

Turcotte, D. L., and Oxburgh, E. R. 1976.
Stress accumulation in the lithosphere. Tec-
tonophysics 35:183-199.

Wilson, J. S.; Shepherd, B. P.; and Kaufman,
S. 1976. An analysis of the potential use of
geopressured geothermal energy for power
generation. In Proceedings of 2nd U.N. sym-
posium on the development and use of geo-
thermal resources (held 20-29 May 1975 in
San Francisco, California), vol. 3, pp. 1865-
1869. Washington, D.C.: U.S. Government
Printing Office.

• MATERIALS SCIENCE
AND ENGINEERING

Blakely, J. M. 1976. Carbon Segregation to
Transition Metal Surfaces. Paper read at
Metallurgical Society of AIME Symposium,
20-23 September 1976, in Niagara Falls,
New York.

Chhabildas, L. C, and Ruoff, A. L. 1976.
Isothermal equation of state for sodium
chloride by the length-change-measurement 42



technique. Journal of Applied Physics 47:
4182-4187.

Gaudig, W.; Guan, D. Y.; and Sass, S. L.
1976. X-ray diffraction study of large angle
twist grain boundaries. Philosophical Maga-
zine 34:923-928.

I sett, L. C, and Blakely, J. M. (1976). Seg-
regation isosteres for carbon at the (100)
surface of nickel. Surface Science 58(2): 397-
414.

Johnson, H. H., and Hirth, J. P. 1976. In-
ternal hydrogen supersaturation produced by
dislocation transport. Metallurgical Trans-
actions 7A: 1543-1548.

Kuan, T. S., and Sass, S. L. 1976. The struc-
ture of a linear omega-like vacancy defect
in Zr-Nb B.C.C. solid solutions. Acta Metal-
lurgica 24:1053-1059.

Raj, R. 1976. Time dependent effects in
creep-fatigue. In Proceedings of ASME-MPC
symposium on creep—fatigue interaction, ed.
R. M. Curran, pp. 337-348. New York:
American Society of Mechanical Engineers.

Ruoff, A. L., and Chan, K. S. 1976. Analysis
of contact pressures attainable using indent-
ors which are bodies of revolution. Journal
of Applied Physics 47:5077-5080.

Ruoff, A. L., and Chhabildas, L. C. 1976.
The sodium chloride primary pressure scale.
Journal of Applied Physics 47:4867-4872.

Sass, S. L. 1976. The study of the structure
of grain boundaries using diffraction tech-
niques. In Proceedings of 6th European
congress on electron microscopy, ed. D. G.
Brandon, pp. 221-226. Israel: TAL Inter-
national Publishing Company.

Tu, Y. -Y., and Blakely, /. M. 1976. Blank-
ing resistive heating circuit for Auger elec-
tron spectroscopy experiments. Review of
Scientific Instruments 47:1554—1555.

• MECHANICAL AND
AEROSPACE ENGINEERING

Auer, P. L.; Manne, A. S.; and Yu, O. S.
1976. Nuclear power, coal and energy con-
servation (with a note on the costs of a nu-
clear moratorium). Energy 1:301-313.

Booker, J. F. 1976. Review of Principles and
applications of tribology by D. F. Moore.
Journal of Lubrication Technology 98:635.

Conta, B. 1976. Intermediate technology: Its
place in our world today. Engineering: Cor-

43 nell Quarterly 11(3): 12-18.

Hiestand, J. W., and George, A. R. 1976.
Generalized steady-state method for stiff
equations. AlAA Journal 14(9): 1153-1154.

Leibovich, S. 1976. Evolution of the Wind-
Drift/Langmuir Current System in the
Ocean. Paper read at International Union of
Theoretical and Applied Mechanics, 30
August-6 September 1976, in The Hague,
The Netherlands.

. 1976. Mixing of the Upper Ocean
by Organized Motions: Part I. Paper read
at EUROMECH 78: Dynamics of the
Planetary Boundary Layer and the Ocean
Thermocline, 7-8 September 1976, in Paris,
France.

Moore, F. K. 1976. Dry cooling for large
power plants. In Advances in heat transfer,
vol. 12 (1976), ed. T. F. Irvine, Jr., and J.
P. Hartnett, pp. 1-75. New York: Academic
Press.

. 1976. Regional climatic effects
of power-plant heat rejection. Atmospheric
Environment 10:805-811.

Moore, F. K., and Ndubizu, C. C. 1976.
Analysis of large dry cooling towers with
power-law heat exchanger performance.
Journal of Heat Transfer 98(3):345-352.

Phoenix, S. L. 1976. Probabilistic theories of
time dependent failure of fiber bundles. In
Proceedings of Oceans '76 2nd annual com-
bined conference, publication no. 76CH1118-
9, ed. J. R. Vadus, pp. 9F1-9F11. New
York: Institute of Electrical & Electronics
Engineers and Marine Technology Society.

1976. Stochastic models for
the tensile strength, fatigue and stress-
rupture of fiber bundles. In Advances in
engineering science, NASA publication CP-

2001, ed. J. E. Duberg and J. L. Whitesides,
pp. 167-182. Springfield, Virginia: NASA.

Shepherd, D. 1976. What price wind power?
Engineering: Cornell Quarterly 11(3):2-11.

Taylor, D. L., and Kane, T. R. 1976. Effects
of drawbar properties on the behavior of
articulated vehicles. ASME paper no. 76-
WA/Aut-10. New York: American Society
of Mechanical Engineers.

Torrance, K. E. 1976. Diurnal wind and
temperature profiles in the atmospheric layer
(0—150 meters) of interest for natural draft
cooling towers. Report no. EPR-76-7, Cor-
nell Energy Program. Ithaca, New York:
Cornell University.

Torrance, K. E.; Black, S. H.; and Lykins,
L. G. 1976. Five-year averages of diurnal
and seasonal climate in the first 150 meters
of the atmosphere at selected sites in the
United States. Report no. EPR-76-6, Cornell
Energy Program. Ithaca, New York: Cornell
University.

Wang, K. K.; Shen, S. F.; Stevenson, J. F.;
and Hieber, C. A. 1976. Computer-aided in-
jection molding system. In Proceedings of
NSF/RANN conference on production re-
search and technology, ed. G. Jacobi, pp.
22-28. Chicago: IIT Research Institute.

. 1976. Computer-aided injection
molding system. Program report no. 3 for
NSF by Sibley School of Mechanical and
Aerospace Engineering, Cornell University.

Yetter, R. A., and Goudin, F. C. 1976. Ex-
haust Gas Emissions of a Vortex Breakdown
Stabilized Combustor. Paper read at Fall
Meeting of Western States Section, Combus-
tion Institute, 18-20 October 1976, in La
Jolla, California.



• OPERATIONS RESEARCH AND
INDUSTRIAL ENGINEERING

Billera, L. J. 1976. A Survey of Market
Games Without Side Payments. Paper read
at Joint National ORSA-TIMS Conference,
3-5 November 1976, in Miami Beach,
Florida.

Heath, D. 1976. On Pari-mutuel Wagering
Systems. Paper read at 3rd annual Confer-
ence on Gambling, 18-20 December 1976,
in Las Vegas, Nevada.

Heath, D., and Sudderth, W. 1976. DeFi-
netti's theorem on exchangeable variables.
The American Statistician 30(4): 1880189.

Lucas, W. F. 1976. Modeling Coalitional
Values. Paper read at Conference on Mathe-
matical Models, 18-20 November 1976, at
Indiana University, Bloomington, Indiana.

Santner, T. J. 1976. A two-page procedure
for selection of 8* -optimal means in the
normal case. Communications in Statistics
A5:283-292.

Schruben, L. 1976. Multiple Variance Re-
duction Techniques. Paper read at Joint
National ORSA-TIMS Conference, 3-5
November 1976, in Miami, Florida.

. 1976. Chairman of session on
simulation applications in health systems.
In Proceedings of 1976 winter simulation
conference, ed. J. Highland and T. Schriber,
pp. 331-349.

Schruben, L., and Margolin, B. (1976).
Pseudo-Random Number Assignment in
Simulation Experiments. Paper read at
American Statistical Association National
Meeting, 23-26 August 1976, in Boston,
Massachusetts.

Turnbull, B. W. 1976. Multiple decision
rules for comparing several populations with
a fixed known standard. Communications in
Statistics A5(13): 1225-1244.

Weiss, L. 1976. Multiyariate tests of fit using
asymptotically sufficient grouping. Naval
Research Logistics Quarterly 23(4):629-638.

1976. Two-sample tests and
tests of fit. Communications in Statistics
A5(13): 1275-1285.

• THEORETICAL AND
APPLIED MECHANICS

Block, H. D. 1976. Article in The compleat
computer, ed. D. L. Van Tassel, pp. 66-71.
Chicago: Science Research Associates.

Blinka, J., and Sachse, W. 1976. Application

of ultrasonic-pulse-spectroscopy measure-
ments to experimental stress analysis. Ex-
perimental Mechanics 16(12):448-453.

Burns, J. A. 1976. An elementary derivation
of the perturbation equations of celestial
mechanics. American Journal of Physics
44:944-952.

Hart, E. W. 1976. State Variables in Defor-
mation. Paper read at International Sym-
posium on Advances in Metal Deformation:
Phenomena and Mechanism, 25-27 October
1976, at Cornell University, Ithaca, New
York.

Pao, Y. -H., and Varatharajulu, V. 1976.
Huygen's principle, radiation conditions, and
integral formulas for the scattering of elastic
waves. Journal of the Acoustical Society of
America 59:1361-1369.

Rand, R. H. 1976. Gaseous Diffusion in the
Leaf Interior. Paper read at Winter Meeting
of American Society of Agricultural En-
gineers, 14-17 December 1976, in Chicago,
Illinois.

Sachse, W. 1976. On the Reciprocity of the
Response of Ultrasonic Transducers. Paper
read at IEEE Ultrasonics Symposium, 29
September-1 October 1976, in Annapolis,
Maryland.

Sachse, W., and Pao, Y. -H. 1976. The Scat-
tering of Ultrasonic Pulses from Cylindrical
Inclusions in Elastic Solids. Paper read at
14th International Congress of Theoretical
and Applied Mechanics, 30 August-4 Sep-
tember 1976, in Delft, The Netherlands.

Sancar, S., and Sachse, W. 1976. Determi-
nation of the geometry and mechanical prop-
erties of a fluid-filled cylindrical bi-inclusion
in an elastic solid. In 1976 ultrasonics sym-
posium proceedings, ed. J. deKlerk, pp. 54-
57. New York: Institute of Electrical &
Electronics Engineers.

Varatharajulu, V., and Pao, Y. -H. 1976.
Scattering matrix for elastic waves. I.
Theory. Journal of the Acoustical Society of
America 60:556-566.

• GENERAL

Gardner, R. E. 1976. Medical school for
engineers? Cornell Engineer 42(1):8-12.

Ott, M. D. 1976. Women's participation in
first-professional degree programs in medi-
cine, dentistry, veterinary medicine, and
law, 1969-70 through 1974-75. Women's
representation among recipients of doctor's
and first-professional degrees, 1970-71
through 1974-75. Reports 76-023 and 76-
022, -National Center for Educational
Statistics, U.S. Department of Health, Edu-
cation and Welfare.

Engineering: Cornell Quarterly

Published by the College of Engineering,
Cornell University

Edmund T. Cranch, Dean

Editor: Gladys McConkey

Circulation Manager: Beth Rugg

Graphic Art Work: Francis Russell

Lithographers: General Offset Printing Co.,
Springfield, Massachusetts

Typography: Eastern Typesetting,
Hartford, Connecticut 06103

Photographic credits for this issue are as
follows.
David Ruether: 1, 7, 12, 16, 17, 23 (bottom
two photos), 26, 27, 31, 38, inside back cover.
C. Had ley Smith: inside front cover.
Please address any correspondence, includ-
ing notification of change of address, to
ENGINEERING: Cornell Quarterly, Car-
penter Hall, Ithaca, New York 14853. 44






	VOLUME 12 NUMBER 2 SPRING 1977 USING OUR AGRICULTURAL RESOURCES
	IN THIS ISSUE
	HOPE FOR THE WORLD'S HUNGRY
	FOOD AND ENERGY: THEIR INTERDEPENDENCE
	NATURAL GAS FROM AGRICULTURAL WASTES
	CHICKEN MANURE TO CHICKEN FEED A Recycling of Agricultural Nutrients
	FERMENTATION ALCOHOL A New Look at an Old Process
	FACULTY PUBLICATIONS



