











“...food production 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
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,






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
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,



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

“The critical period
lies in the next
twenty years.”

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
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“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-
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.

































“...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 lnitia-
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.
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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, Ir., 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,
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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-
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.









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.
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yeast

(CH,0), ———————> 2C,H;OH + 2 CO,

glucose

alcohol

(CH,0), + 60, ——————> 6 CO, + 6 H,0; AG=—686.4 kcal

2 C,H;OH + 6 Oy ————> 6 CO; + 6 H,0; AG=-633.8 keal

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
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 com 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 com or other









“...it appears 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
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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 nanies of
Cornell personnel are in italics.
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