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CHAPTER 3

ENERGETICS OF WORLD FOOD PRODUCTION '
By Howard T. Odumn, University of North Carolina
Introduction

The problem of world food production and the population explosion
is one of system design. How do we develop a network of food chuins
with as much stability as those which evolved earlier in some natural
systems or in some of man’s more primitive agricultural regimes now
Leing displaced by war, competition, and overpopulation ? How ara the
new energies now available to man’'s eivilization to be best introduced ?
VWhich of the various kinds of possible new designs for systems of food
production and consumption will lead to the survival of man in
aflluence, stability, and justice?

In recent years, studies of the energetics of ecological systems have
provided points of view and means of dealing with complex food net-
works that combine the basic laws of physics and chemistry with the
complex aspects of living systems such as self maintenance, self design,
self control, self switching, self reproduction, and other properties that
characterize forests, seas, anthropological systems, and modern socie-
ties. An energy network language is used to organize quantitative data
on the parts and their exchanges with each other. Just as the parts of
a radio arve related to each other and to the whole system in a eireuit
dingram showing the flow of electric current, so an energy diagram
can be constructed that illustrates the flow of energy among the popu-
lations using symbols for each component that are mathematically
defined and have numerically measured magnitudes. Because energy
15 a common denominator for all processes, all forces and influences
in the world system of food flows can be drawn and measured. When
an energy network diagram is prepared, it can be simulated with elec-
tronic computing devices so that the consequences of one design feature
or one external feature may be tested before some action program is
attempted with o nation’s food reserves,

When the relationships of world food production, consumption, and
internation transfer are clarified with simple diagrams, some principles

1 Abbreviated from a beok manuscript, Power and Survival,
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are reguived for stability, Understauding the workl's Tood produetion
system is essentially the same problem for the whele biosphere as un-
derstanding the natural systems that formerly predominated on the
sarth. Although the study of man’s system in this way is new and the
details worked out in only n few cases, let us consider from energy
flow analysis what kinds of limitations there arc on man and his pro-
grams of feeding the world.

Energy Network Diagram for a Nalive Cattle Keeping Systein

To illustrate the principles of the energy network diagram, consider
in Figure 1 the pattern of food flow to man in a section of Uganda
as dezeribed by Deshler (3). The parts of the system are grouped into
logical compartments that contain populations of similar function
and similar input-output flows of energy. The main pathways of
energy flow are drawn, and their magnitudes are indicated in kilo-
ealories per area of land per year. The storage of potential energy in
each compartment is also indicated in kilocalories per area of land.

Energy flow starts with the allocation of light energy from the sun
Lo o square meter of earth in Uganda which supplies energy for
plant growth. The plants are grouped into two compartments, the
natural range of mixed plants and cultivated crops. The photosyn-
thetic conversions of food from these two groups pass next to con-
sumers; the range production goes partly to wild consumers and partly
to the cattle of the Dodo tribe, while crop production goes directly to
stornge for tribal man. The cattle provide protein supplement to man
through meat, blood, and milk.

As required by the energy laws of the universe, a large fraction of
the potential energy disperses into heat at each step as shown in
Figure 1 by a heat sink symbel at each process indicating energy that is
no longer available to the system. The work that is done by the sun
in bringing rain, by the wild consumers, by cattle, and by man is indi-
cated by a work symbel in another energy flow at the point where that
work controls or predisposes necessary action, Note that many work
actions result in small flows of energy from downstream back upstream
providing the means by which downstream agents such as man and
cattle can, with small but highly foeused energies, stimulate flows m
the main power stream that will lead to their own support. These
are reward loops that are the key controls that permit evolution and
self design of successful systems that have survival stability.
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prospect of overgrazing the photosynthetic surfaces, and (3) upset
the soil bases.

Small work cxpenditures of about three ealories by man control
and augment flows of much larger magnitude for grain prouction thus
serving as gates so that their own work is amplified by the natural
system.

The yield of protein to man is 0.06 percent of the range intake of the
cattle which includes all the many stage processes of collecting sparse
vegetation, putting it through the ruminant microbe systems of the
stomach, and making not just organic matter, but high quality di-
versified proteins while refertilizing the range to further stimulate the
system,

The input of rain involves a huge energy subsidy from outside the
system, but its input is very irregular. In electrical networks, variable
input is stabilized by introducing storage units (called pulse filters)
that smooth out the enerey flow. The eattle also serve ns pulse filters
as well as doing loopback work on the range through fertilization.

Buasic Energetics and the Energy Flow Network Diagram

Let us interrupt our discussion of man’s food support systems to
indicate a few of the basic laws of energetics and force and illustrate
the way they are represented in an energy network diagram. The basic
symbols are given in Figure 2.

Everything that takes place on earth involves o flow of potential
energy into dispersed heat through pathways driven by directed forees
that oviginate from the energy storages, The essence of canse, New-
tonian physics, and the laws of energetics arve irrefutable on these
prineiples. It is only recently that these laws, which were developed
for simple physical systems, have been applied to the complex levels
of nature’s ccological system or the even more complex system of mnan's
activities in the biosphere. The flows of energy throngh complex { ool
chain pathways and through enltural economic systems follow the
basie laws, and may be expressed quantitatively with the understanding
that the flows in the large scale world are primarily populations of




A uselul w ay of representing the networks of cnergy flows fo inelude
e Dttt doms nnd reuieements of (e laws ol eneegetios is through
the energy network langunge illustrated in Figure 1. Here a pathway
of polentinl energy flow is represented by a line; if it is inherently
unidirectional and ineapable of reversal, it is marked with an arrow
symbol. The potential energy storages are marked with the tank
symbol which indicates a source of causal foree anlong the pathway
lines. The mathematical equation that deseribes the relation of poten-
tial energy fo storage varies and must be specified in each case. The
force is in linear proportion to the storage quantity whenever the
storage function is one of stacking up units of similar ealovie content,
a properly common in ecological and large seale systems involving
inan,

One adheres to the second prineiple of energetics by drawing the net-
work to illustrate that any process has some potential energy diverted
into dispersed random motion of molecules (heat). The necessary heat
flows are indicated by a downward flow into the heat sink which is
symbolized with an arrow into the ground. The first law of energetics
is adhered to by having all inflows balance outflows either into stor-
ages, into the heat ground, or into exports. The many kinds of work
which are done against frictional forces are illustrated by arrows that
flow from the potential energy storage tanks into the heat sink.

Where a work process is necessary to facilitate a second flow, the
arrow crosses the second flow representing the work done on it. For
example, the work of people on a farm fucilitates the flow of light
energy into food storage, although the energy of the workers' food
went info metabolic heat during the time of work. A work flow whieh
facilitates a second flow in proportion to its activity is mathematieally
a product function and thus is indicated with a box containing an
“X."” Such a box indicates a limiting factor process and the work is
identifinble as a control gate on the flow. Many of these secondary
flows derive their driving potential energies from a point downstream
and are thus multiplicative reward feedbacks.

Odum and Pinkerton (11) showed that whenever an energy flow is
transformed and restored into a tank at the optimum rate for maxi-
mum energy storage, 50 percent of it must go into the heat drain.
Whenever a flow must cross an energy barrier, the energy earrier must
increase in potential energy temporarily and hence must lose 50 percent
to the heat sink (Figure 2D).

Fach symbol nsed has o mathenedienl  delinifion and for wachy
sytbiol, Lhere 35 o geaph of Tonelional mesponse of onbpal sith ionpd
variation. These response graphs are known in vavions eanehes of
seience under different names so that individuals using the relation-
ship in one branch of seience may be unaware that the same Jaw is in
independent usage in another branch. For example, the hyperbolic
curve of limiting factor control, where there is a loop of necessary
material being eyeled and reused, is given different names in systems
used in biochemistry, photosynthetic kinetics, phofometry, economics,
and chemical engineering. In Figure 1, ench of the loopbacks of nee-
essary work, if isolated, constitutes one of these hyperbolic responses.

Since cach symbol represents something definite mathematieally,
the network diagram is also a statement of the computer program
that has to be written for simulation in digital computers.

When the response of the groups of connected parts is to be studied,
one may also model the system with electrical units on the passive
principle where the flow of the electrical current simulates the flow
of carbon, and heat energy losses in the real system are simulated by
heat losses in the eleetrical system. The voltage simulates potentin
energy. There is an electrical unit for each of the %}rmboh whieh
are shown in Figure 2, For example, if the system in Figure 1 is
constructed in electrical hardware, one may vary the input energy
pulse and determine the pattern of arrival of energy to man in the
course of the year, If something is omitted in drawing the eireut, the
response will differ from that of the real system so that one may
add features, gradually developing the model until it does indeed
simulate the real system. Then one may use it for predicting responses
to new situations. The importance of considering whole system fune-
tions together may be illustrated by the controversy over the utility
and requirements of the sacred cow in India.

Sacred Cattle and Rice Production in Monsoon Climates

Another example of a primitive agricultural system of man and
nature is provided by the system of rice and cattle in India and in other
monsoon climates where the severity of the dry season essentially
forces all systems of vegetation, whether controlled by man or noi,
to recommence each year. As shown in Figure 3, there is o flow of
energy through rice and some grass, man, and the sacred cattle (work
animals) with the loopback cireunits of work control similar to those
described in the Uganda example in Figure 1. Harris (7) opposes
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anil espesindly Tacililate mineral eyeling amd worl on e plobs neces-
sary fora fust start on erop production when the wel. monsoon begins.
The energy nebwork dingram (Figure 3) supports these contentions by
showing the necessary reward Joops, the work diversity in building
protein and the storage function required where rain is irregular.
Those who advocate removal of the sacred cows needed under the
present agricultural system refer to the simple principle of shorten-
ing the food chain to save energy. In this ease, o little knowledge about
one proepss without understanding the complete system may be
producing recommendations that endanger millions by upsetting a
zelf-supporting system. Harris (7} cites Gandhi's comment that cows
are sacred because they are necessary. The more general principle
may be that religion is the program of energy control necessary for
survival encoded in behavioral language.

Comparizon of the Energelics of Primitive and Modern Food
Produclion Systems

In elementary school textbooks, the expanding role of man on
enrth is often presented in terms of the evolution of his food produe-
ing systems and how they increased the number of people that it
was possible to feed on a given area of land. First, man obtained food
by hunting, fishing, and gathering fruits of the natural forests. Then
eame primitive ngriculture in which man’s labors, domestic animals,
and erops are substituted for part of the natural environmental sys-
tem of plants and animals. Finally, industrial man’s agriculture is
largely nccomplished with aid of machines, chemicals, special varietics
of plants and livestock and various kinds of industrial aids. The bulk
of the persons who work to support the farming process are in cities
far away from the farm but they are just as necessary to the farm
ns the man viding the tractor, Consider the networl: dingram for these
three levels of complexity of food producing systems.

In Figure 4A is an energy diagram of the populations of a com-
plex natural system in which man is supported by many converging
food flows. Examples are the pigmy in the rain forest of the Congo
and the Amazon Indian in the American Rain Forest. Many species
af the varieus stages of photosynethetic production and consumption
form one of nature’s complex networks of loops, controls, and inter-
actions most of which are still only slightly understood. The popula-
tion density of man was about one person per square mile, The energy

been important in the = :1.h'|1'|l_1,' Iill't"h'.ﬂ'l-!}-'\.l':iﬁ 'Iw..--.:u:.:p. Tis t*iTi:'i Wi
Tocused on specilic componeids of the system. The complex of popula-
tions sugrested in Figore 4A performed many work Tunclions neces-
sary for survival of man and the whole system. This situation is
sumunarized in Fievnre 413 which emphasizes that all the necessury
services such as receiving energy, cyeling minerals, preventing
epidemics, developing soil structure, controlling microclimate and
light levels were done with feedback of small energies from the sys-
tem’s own resources. Man was the child under an umbrella of the
stable forest system. Remnants of such systems still exist in the
tropical forest belts.

The sccond level of complexity is the agriculture that is based largely
on solar energy which was described in the examples from Uganda in
Figure 1 and India in Figure 3. In these systems, man controlled a
larger part of the energy budget by acting as a control gate on crops
and cattle. The sharp fluctuations of rainfall required and permitted
man to have a larger influence in comparison to his role in the forest
from where his culture may have spread. In both systems, however,
he was supported entirely from solar energy; the necessary work
processes being performed directly or indirectly from energy from
the sun. Man's role was limited by the amount of potential energy
he could divert without weakening the system and permitting com-
peting alternatives to displace the system or man himself. His activi-
ties were limited to those which would guide, reinforee, and improve
the total power flows. Man’s inputs in these semi-arid regions provided
a measure of stability for him in an environment in-which there
were large seasonal variations in plant production.

The third level of complexity is illustrated in Figure 5. This is an
entirely new system in which vast new flows of potentinl energy ave
made available from fossil fucls so that all the things that once had
to be dene as drains from the central budget may now be done with
outside fuel. The original flow may produce vastly increased yields
because the necessary work is being done on n different budget. This
diagram shows how increases in agricultural yields have been achieved
in modern times. Ninety-seven percent of farm production in the
United States is exported from the farms for consumption in the
cities by urban workers who are really farm workers but don’t know
it. Speecial new varieties of plants and animals have been developerd
which allow much of the food to be routed into net food storage rather
than into disease prevention, protection, and other aspects of self
work in the old system.
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Energy Cost of High Quality Nutrition

One of Hu-.'highr:;’r. work costs in terms of energy is involved in
diversifying food flows from a simple fuel to a variety of nutritional
components sufficient to support man; a diet complete with amino
acids, vitamins, and other necessary chemical compounds. The cost of
10 qualitatively different flows is much greater than the cost of
the same organic mass produced in one form since all the specialized
machinery and enzyme systems must be supported in each flow and
many of the special molecules are produced through long chains of
biochemieal action. The advantages of mass production are lost. The
divergity of species in nature’s original habitats provided man with a
broad nutritional base when he was a small part of the system. Later,
when his agriculture concentrated on a few plants and replaced the
natural system with a greater net yield of food, his population density
incrensed but some of the energy was converted to increased yield
at. the expense of the former system’s diversifieation. Special com-
ponents were developed to supply the nutritional diversity either
through transportation of products produced elsewhere or through
loeal diversification systems such as the ecattle in Figures 1 and 3.

A vegelarvian may have n good nutrition provided he goes to the
extra work and expense of gathering and combining enough kinds
of plant foods to satisfy his dietary requirements. As an alternative
he ean eat more expensive meat produets that provide n nutrition
that is closer to his need. In meat, the combining has already been
achieved by the integrating action of the animals and their systems
of work and sustenance.

In natural communities, there iz a convergance of separate food
chains, each of which begins with a different plant, so that many
higher animals are concentrations of the diversified nutvitive com-
position required by man, The energy cost of such concentrating and
combining may be inferved from the maximum yields of meat observed
in some systems of food flow from plants to dependent larger animals
(Figures 1 and 4). Those who claim that a calorie of diversified
protein supplement can be made as cheaply as can a calorie of car-
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The Carrging Capacily for Man

In wildlife management, one somelimes uses the phese Yeareyving
eapacily” to describe the ability of o grassland runge 1o sapport a
population of animals or bivds, The earrying eapacity is that popuala
tion level which is compatible with the entire network of supporting
plants, the mineral cycles, and especially the maintenance of the
essential elements for effective support such as soil, water levels,
diversity, and reserves that protect all parts against fluctuations. It
is a population level for long-range survival.

The essence of the problem of food production for the world is in
the question: “What is the earrying capacity of the earth's surface
for man "' The same question arises in the discussions of man in space.
What is the area of plant surface necessary to support man on selar
energy ! How much area is needed when solar energy is supplemented
by some fuel eneérgy from earth? The biosphere is really an overgrown
space capsule and the questions about carrying capacity are similar.
For projected levels of energy supplement from coal, oil, and nuclear
power what is the carrying capacity of the carth®

This has been a much confused subject. Several years ago some ex-
tremo estimates of carrying capacities were made by those attempting
to develop algal systems for man in space. The carrying capacity for
n man was said to be half of one square meter, This was based not
only on erroneous figures of photosynthetic efficiency but also on yields

. of laboratory algal systems which were heavily supported by fossil fuel

energies through research appropriations, but the efliciencies were
computed without the work of the researchers and industrial support
oven being mentioned. .

Figure 6A and Figure 6B are network dingrams for an algal pro-
duetion system of pilot plant size. In Figure 6A ull of the energy inputs
are drawn including the sun and the work flows drawn from the indus-
trial enlture. As much fuel energy is apparently required as is produced
as food. In Figure 6B, the energy subsidies are omitted and only the
sun's energy is shown. This was the approach taken by the propenents
of the extreme efficiency of algal culture and is very misleading. Often
intensified agriculture is presented in the same way without adding
the energy inputs of the many subsidies of city work and industrial
inputs,

Caleulations of carrying eapacity for man must include all the work
flows that provide stability, reserves, protection, organization, yield,
special nutrition, recyecling, and the controls necessary to the complex
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nal speenhzntion as o mobile control asil and becuse his cenelie
iherilanee of nulvitiona ] requirenents has remained relalively stable,
ha still requires the food contributions of many chemieal systems, He
miy live ab the apex of a natural network of hundreds of species of
plants and anumnals; he may keep a symbiotic nutrition factory such as
cuftle which utilize the ruminant stomachs containing many species of
microorganisms to develop the complex nutritive convergence; or he
may set up an economic system for convergence of a complex farm and
grocery distribution system, Our modern system is based on the latter
two  alternatives. Disastrous consequences follow when workable
systems of the first two types are discarded before an adequate system
of the lntter type is developed.

Summarizing, we conclude that the carrying capacity of man is de-
termined by the energy source utilized to do the work necessary for
the system to survive. When energy inputs are limited to those pro-
vided by the sun, the carrying capacity of men is apparently on the
order of one individual per acre as in the rice-cattle system (Figure 3).
Much greater densities are possible where the energy inputs are con-
coentrated flows as when fossil Tuels are used.

A Diagram for Classification of Countries, TakeolT

Industrialized civilizations support dense populations because their

larger carrying capacity is based on the continued flow of concentrated
potential energy derived from fossil fuels. Other sources such as nu-
elenr energy may become important in the future. The present uneven
distribution of wealth is really an uneven distribution in the applica-
tion of fossil fuels. Primitive areas with rich oil deopsits can only sell
the fuel since they have no network of advanced technology capable
of accepting the subsidy directly.

For consideration of problems of world food suply, the diagram in
Figure ¥ may be used to scale countries ranging from these rich in
in power to thoze that still survive on primitive food gathering sys-
tems. The vertical axis of the graph shows the net yield of food to man:
the horizontal axis marks the rate of subsidy of concentrated potential
energy from non-solar energy sources, The horizontal line at the top
of the figure marks a production of 50,000 K cal/m?*/year, which rep-
resents the maximum gross photosynthetic rates of natural systems.
The gross fixation of solar energy in photosynthesis (before one sub
tracts nature’s nse of its production in self-sustaining work processes)
deseribes an upper limit which agricultural production approaches but

el suprpierentation, production aever execods The maxiim wrn
photosynl hesis vade where Bebb enerey is (he only Bidbing faced
Man iy nnprove gross production wilh Tosstl Taels only By o
coming limitations other than lghl enevgy availability sueh as wal
ormineral shortages (see Figure 5}, In Figure 7, we may draw the i
corresponding to maximum gross photosynthesis in the unlimit
nutural system, or in the best agricultural system at nbout 150 K «
of organic matter fixed/m?*/day in growing seasons. Several leve
of energy subsidy ave indieated in Figure 7, The system of man in t
deep forest described in Figure 4 is plotted in the lower left corn
Just nbove this is the farming system of man and nature without fos
fuel support as in Figures 1 and 3. Paszsing upward to the right, o
finds present patterns of modern grain agriculture with consideral
fossil Tuel subsidy that serves to remove limiting factors and subs
tute for some of the self-controlling functions. These increases

yields that have been obtained by modern agriculture have been d
scribed as a yield takeoff by Brown (2) and are proportional to t
nuxilinry fossil fuel energy. The algal pilot plant (Figure 6) is four
in the uper right of the dingram where the subsidy of concentrats
energy is much higher than for ngrienlture.

The diagram shows the role of auxiliary fossil fuels and that mu
is enting potatoes indirectly made from oil. The progress made
providing food for the world's population results mainly from i
provements in conversion of existing concentrated fuels into edil
form by substituting outside work for self-maintenance in the sol
ngricultural systems.

If one locates the position of a country on this diangram, one is loca
ing its degree of commercial complexity. One thus establishes t!
amount of auxilinry energy subsidy that can be utilized and the kit
of system that can be immediately recommended.

Food Direct From Fuel

If highly concentrated, fuel-rich agriculture is really providing
potatoes where main system-support energies come from oil, one na
urally asks the question if direct conversion of oil to food in chemic
or microbiologically mediated industries would not provide the san
or better yields. Since fuel-enriched agriculture is subsidized by natur
light, it may continue to out-complete food production only from o
Figure 8 is the results of an attempt to dvaw an energy dingram fi
direct conversion of fuel to food by microbial and chemical mean
The energy souree is petroleum and the control system is also from tl
fossil fuel-based industry. As physical laws require, energy transfo
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prrotaplasue Where system work is being subsidized as in ez, milk, and
menl produet o, ellicieneies approach the Cheoretion] B pereent. ol
which maximum power delivery oceurs, Where the organic sulbstrale
requites more energy lor processing, efliciencies may be less, The din-
gram in Figure 8 reflects low yields in which energy input. is approxi-
mately ten times output. Compare this with the inereased yields ob-
tained by using fossil fuel to overcome various limiting factors in
agricnltural systems (Figure 7) in which output iz equivalent to
energy input at the higher production levels. So long as areas of the
world have agriculture with limiting factors that can be attacked
with fossil fuel work supplements, one may achieve such a one to one
conversion of fuels to food by substituting fuel based work for the
loopbnek work in the solar-based food producing systems.

Loop Seleciion Principle and Feood Give-Away

One of the principles emerging from ecological energy studies is
the positive feedback loop by which & downstream recipient of po-
tential energy rewards its source through the passage of a neccessary
material, currency, or work back upstream, Thus the animals in a bal-
anced system feed the phosphates, nitrates, and other requirements for
plant growth back to plants in reward loops so that a plant which is
in o food chain that regenerates nutrients in the form it needs is re-
inforced and the system continucs. Species whose work efforts are not
reinforced are quickly eliminated slnce they run out of raw materials
or energy. They must be connected to input-output flows to survive.

Man’s pollution production problem is related to his food produc-
tion problem since there is an energy block when the wastes of civiliza-
tion’s metabolism do not get back into the fertilization of agriculture.

In man’s complex system, he has arranged a feedback currency that
is even more flexible than the geochemical recycling systems of nat-
ural ecosystems. He has invented money which is fed back in reward
for work done. The action of money moving in opposite direction from
the energy flows is indicated with the economic transactor symbol
(Figure 2). The money flow of each population is thus looped to at
least one other population, and by interconnecting loops the economic
system provides rewards for each and a means by which productive
circuit designs are rewarded by reuse. Reinforced and reused loops

LELE LRl i B LT R TR T I TE R RSANATE WAR UAGWL LA WAANEL Rebra AL N ar

evolutionney mechanisme The pelworks of man wee doing e sane
things A mderstanding of the ol of closed Toop seleciion allows
s e s Hue pronepledo develop systems of Teeding the sworbl BPailore
Lo inderstand 4he elosed Toop prineiple has been vesponsible Tor many
Fuilurves where some systeme ol Tood preoduetion swas stacted Dab o
conlinued.

Examples of the work loops that Torm reward controls in long-
sueviving sucecssful systems of man and nature were cited in Figuves
1, 3 and 4. Similar loops are required for system stability where the
food systems of two or more countries are being joined. The serious
problems of how to send food to Indin and Vietnam are examples. The
food chains must have loops of worl to be stable and surviving, Several
ways of sending food from a food-rich country like the United Stales
to an underdeveloped country are dingrammed in Figure 9 energy
cireuits. The give-nway of food is indicated at I3 without a work loop,
a system which will be eliminated either by decision or by loss of the
effectiveness of participating agricnlture of both countrics.

Iiven the sale of food at market price by an industrialized conntry
destroys old workable systems. The rise in standard of living that
zoes with fuel injections into an economy produces a lower standard
of living among subsistence farmers and forces them to join the com-
plex developing system. As standards rize, the amount. paid to individ-
uals for work increases. As a result, the cost of products including
service work goes up. So long as an individual’s work is pari of the
main system, payments increase with costs. However, the subsistence
farmer who produces his own food and needs to purchase a few things
with his small surplus cannot get them because prices have nereased
disproportionately to his produection, principally because food is being
produced at less cost elsewhere using fossil fuels, Unless o farmer pro-
duees a considerable cash erop surplus, there is no way for him fo
take advantage of the enriched main culture, Iis relative position is
reduced. The cheaper food becomes anywhere in the world, the more
the subsistence farmer loges.

Energetics of Cash Crop Monoculture Versus Fuel Subsidized
Agriculture
The production of highly-specialized cash erops by developing coun-
tries presents a special problem in their relationships with developed
nations, The rich countries, if they cannot or have not learned to manu-
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foor ddeveloping count ries Lo produens Lhe complex product suehoas collee,
tea, chovolade, and spiees Tor export and wse the fands obiained to buy
less exobie foodstuifs from countries that have Tossil fuel subsidized
agrieulture. This is the relationship between many tropieal countries
and the United States at the present time. The energy diagram for
such a system resembles part I) in Figure 9 and has a reward loop.

The hazard inherent in a national economy based on monocultural
production of a specialized commodity is its collapse if too much
production is arranged. With the tropical countries disorganized and
competing for markets for specialized products from plantations
which require long-term capital investments, over-production has
produced disastrous results, As world-wide food storages develop and
cheap food exports from mass producing countries dwindle, the pres-
sure on all nations to produce large quantities of basic foodstuils will
return. A lower standard of living will result unless food production
averywhere receives some fossil fuel injection. The sooner notice goes
out that food subsidies from rich mass production lines eannot be
permanent, the sooner the change in plantings will be made. Will there
be enongh know-how remaining in specinlty crop-producing conntries
Lo reinstitute basic food-producing agriculture !

Presently, the exportation of cheap food by developed nations is
eausing severe poverty among the non-industrial producers of food
which further reduces the world food production capacity. As the
rewards for farming decline, there is little incentive for farmers to
make the kind of investments necessary for injecting fossil fuels into
the network, The more low cost or free food that flows out from the
fossil fuel rich eenters, the more the developing countries are driven to
drop subsistence farming and substitute specinlty eash products or
work services desired by the industrialized system. Little wonder that
cconomic curtains of all kinds are put up to prevent lesser developed
cconomies from becoming slave systems in which food producing
capabilities are permanently lost (Figure 9A). Because the people in
the towns can buy cheap foed from abroad, they desert their own
market production systems and become permanently dependent on
foreign food. If domestic production is eliminated in this fashion
and world food shortanges develop, the resulting increase in prices
will eause a sharp drop in living standards in towns whose progress
was based on fossil fuel expenditures in rich countries far away.

wor e world network ol rich countries and do i just ns cheaply as
these counbeies eom UL enjoys no adviantoge duae Do loeatton, elinte,
or resonrees, i nmsh import o full-fledged  fossil-fuel Dased activity
if it is Lo compete, perhaps gaining some aid from cheap Tabor, Sinee
the injection of fossil fuels into tropical agrienliural systems has not
been worked out for many food erops, these countries find it easier (o
become specialized industrial arms of the rich countries than to de-
velop a food production economy. The patterns of tropical develop-
ment so far have been of this nature.

Imperatives in Design of World Food Systems

If fossil fuels are the real means for feeding the world above the
present and primitive carrying capacities, then the principal political
issue is how to introduce a stable fossil {fuel subsidy into the food
networks of underdeveloped regions. There are several possibilifies.

1. Suppose fossil fuels and nuclear power are first passed through
the advanced cultures for food manufacture, the food being exported
ns a gift (Figure 9B). Such a system seems to leave control of the
energies with the advanced cultures, but it is not a closed loop system
and does not. receive the rewnrd reinforcement necessary to form
permanent structure. The donation of food without provision for loop-
back reward has a negative effect on the producing system, and the
receiving system develops larger and larger populations whose un-

_ channeled energies must go either into random and hence destructive

activities, or be focused on some group action, that may have further
negative effect on the donor or itself. To make such a food donation
flow work, the eireuit must be closed with a loopback of work, curreney,
or materials sufficient to male that a more stable loop than alternative
ones (Figure 9D), The closing of such economic loops from rich coun-
tries to underdeveloped ones was the raw materials-manufactured
goods production system of the colonial ern. Unfortunately, inequities
in distribution of wealth and other issues made that system unpopular
and curtailed its further use,

2. An alternative way to develop food production based on oil is to
design whole closed loop systems in the rich countries and export the
whole loop process (Figure 9C). No food is exported, but the initinl
equipment and educational investments to start the loop within the
less developed countfries are exported along with arrangements for
fossil fuel imports. A closed self-completing loop within a nation would
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sons responsible for the work of the Tood augmending process,

Such o developinent is not. without hazard to the altruistic donor
country sinee it involves setting up a fuel competitor which in effect
dilutes the relative power of the donor in the world.

3. The third alternative is to do nothing, leaving the less aevelopued
countries and their burgeoning populations to their own fates (Fig-
ure 9A). Confronted with starvation and desperation, some form of
totalitarianism could evolve which would set up its erash programs
without the essence of demoeracy and peaceful development. Military
ambitions may take the helm at considerable hazard to present
demoeracies,

4. A fourth alternative involves a single, fuel-based economic sys-
tem of food production, closed loops, and a one-world economy. No
part is in competition if it is locked with direct and indirect reinfore-
ing and stable currency loops. Sinece larger systems tend to dominate
smaller ones, there is a tendency toward evolution of a one-world
system. This solution may evolve, but cannot be initiated through the
unilateral action of rich countries that control only limited parts of
the earth's populations.

Summary

The design of a system of world food production and consumption
can be aided by consideration of energy flow networks that show some
hidden bases for man's progress and point up some delusions regarding
the capacity of science to develop means for feeding growing
populations.

For the future contingency of continuing increase of energy flows
from fossil and nuclear fuels, maximum food production may be ex-
pected if our auxiliary energies are used as controls to overcome limit-
ing factors wherever they exist in solar energy based agriculture rather
than as direct substitutions for agriculture. To be effective, aid to new
areas must introduce whole, self-contained systems that permit the
effective use of auxilinry energies,

For the future contingency of failing energy flows from fossil and
nuelear sources, a national program of research is needed now to plan
for survival of man within simpler systems that will be induced by the
reduction of our energy base. If we gain knowledge now of the opera-
tion of networks of nature and man that will support him in lesser

1
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some of Uhe workable primitive systems of man and nature is essentind,

For eil her contingency, the ability of o nation to hold leadership will
depend upon its ability to control flows of food and fuel.
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= Lo Kilo calorios nsing 4.0 K-l fzm.
:? 1t The basie net prodielion of planl maderial For dey regions s given by Waller,

g ! 1054 (reproduesd in Odum, 12510, po 030100 ) as o function of ralnfall. Vsing
e 21 ineches 'of rainfall and Walter's dingram, one is able to determine that 500 g
of dry plant material matter are produced per square meter of land each year.
| Az 1 aere iz eultivated per person and thete are 70 persons per square mile, omne
! finds that 11 percent of the natural yield area is pre-cmpted by orops.
[ 9 i At 4.5 cattle per person and 300 pounds per cow, 32 percent of which is dry
i welght exeluding ash and water, one i8 able to determine that 10,2 g of animal

welght is produced per square meter,

Soventy people per square mile at 150 pounds per person of which 25 percent
1 ig dry matter is equivalent to 1.0 groms per square meter,

By integrating the aren under curves given for monthly consumption of milk,
blood, and meat, one obtains an annual caloric yield per person from the cattle
of 3800 cal of milk, 2450 cal of meat, and 1265 cal of blesd which provides the
per area data in the figure, Calorie requirement per person {2 given ns I000
cal/person/day or 19,7 cal per square meter per year, The milk, meat, and Mood
supply only 0.2 of this requirement o crop intake i= the remaining 195, a nel
yield mueh less than the not yield of vegotation of the natural range.

Total insolation in this area just above the equator is about 4000-culfom®/day
based on solar radiatlon 'maps for winter and sommer for Africa given by
Prrammond (4},

The work of men in tending the crops amd eattle can e tnken ns o pereent
of thedr time involved in this actividy (primarily the daylight hours), As the
culture is intimately involved with the eattle, one may assume that 4 of ihe
daily metabolism of man is devoted to management of the cattle and the same

. amount is used for production of cropes, The rationale for this procedure is thnt

| the maintennnee roquirements of wan during his work are necessary to that
work, The metabolic activitles of 050 pound steers esbimated from Kleiber (&)

| require 8000 Keal per day or 3063 Keal /m®/yr,

| Some fraction of the cow's time and metnbolism goes dinto refertilizing the
range on which it grazes thus reinforcing and maintaining its loop, Part of n

|' _; cow's day is spent on the move, and part= of §ts organ systems are Involved in

the putrient regeneration system. One-tenth of its metabolizm was tnken ns

its work contribution to vepeiation stimulation.

| This system does not invoelve moeney and the eeonomle transactor symlol does
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typer anml whollwr (e soneee §= condant. foree, onstanl ax, orF Tidlows som
wther delivory Funtedlon,

IE When pudenelind eoerey da sloeedd sl ool o sformalion sl leesm pesanarves
the simple tank symbol s wsed, Por example moving geadn ioto o waecehouse an
ot involves oo (ennsformmbion of Ahe chemicnl polontial eocagy ol the Erai
althongh some work must be done in Lhe process utilizsing energy from other fows

C, This symbol shows the dispersion of potentinl energy into beat no longe
nsable for work processes by the =ystem. This heat dispersal is required fo
any spontancons process and irreversible entropy inerenses resnll.

D, When patential enercy iz stored with o transformation, the sceoml energ:
law requires dispersal of part of it into heat. At eptiimum rates of potentin
energy storage, 50 percent 1z dispersed.

E. When dneoining pure energy in the form of light or wave trains withon
matter flow is received and transformed into the potential epergy assoclated
with matter as in photosynthesis or in converszion of tidal energy, the receptor
symbol i5 nsed. Heat energy is dispersed ns in symbol D

I, The work-gate symhbol shows the work done by one flow agninst friction
or in acceleration and deceleration of work at rates that aid a second energy
flow to cross an energy barrier. Work done in this manner hns mass netion
Kinetics, serves as n limiting factor, is a hyperbolic gate, and makes possible
loops and hidden energy subsidies capable of system control. Work which induces
a =econdary cpergy flow increases the conductivity of the second clroult. and
thus is mathematieally a multiplier.

G, The hexagonal shaped symhbol with heat sink drain s wsed for consumer
populations which haove the combined properties of symbol D for =clf storage
and one or more work gates as part of their self maintenance system, including
at least one work gate looped 4o an upstream eireuit facilitation the introdnction
of fuel energy. This symbol mathematically has a logistic (antocatalytic)
input-output function,

H. Plant populations are n combinntion of the functions of the energy receptor
symbol B and the self-maintnining consumer symbaol G,

I. The economic transactor symbol Is used In human systems where economde
transactions provide o low energy flow of symbols (moner) in a direction
opposite to the energy flow and in proportion to the work or potential energy
flow, The economic trangactor I2 one of the system control devices, The dnshed
line shows the flow of money according to the price-energy flow ratic, In energy
dingramming, the dashed line can be omitted.
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monsoon agricuiture in India
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- memms s tume s GERL AR LT PRNTFLATIEES TR A8 LML =il ns Lndling e s
hos o shorp sensonal pulse (bl preevents more diverse systemes Deom exel
thee simple o Dy enmgud ifive Invasion. Datn are bosed  on [REETIER |
ppntaed fesns of U persons geer sipnee miles Toallnn gendn phelds averg
Kgneredyr. [Beown, (2)], One Duvme animnd Ig shown Por each W e
One-third of the food enlories of the sibe remaln o feces. Onehalf of a
metabalism = considersd to e used for work amd facesl fertilizilion
animal protein intake for Indin is about six grames/pueeson per day. [Browi,
From IPAO data, 2 percent of the food crop is fed to animals, Animal metat
is BOOO I eal/fday [Kleiber, (8)]. Farm work oceuples 0.1 of the totnl man-
of the population,



is is fhie kind of nebworls ame s wilh o complex nnioarnl ecolegion] =y
with mnuy speclvg, Hoeh sysloms nee fonmd whers 1he ellmnbe does nol b
shirp pulse i droughl, temperabure, or otlur Fetors thnl foree e syste

pre T AW Wl D F 3TN

EJ sbarl over ench year. Man is fovnd i low densilles of aboul one pee sgqonree
= ~ i many such syslome ; examples aee D Indian in the raln Torest of the Ama
m?‘—' _:_II the rain forest pigmy of the Congo, and the aboriginal peoples of Aust
g% 0 ¢ Hagen (6) gives a population in 1940 of 1.4 porsons por squore mile for the Am
o g J‘_|..~|I.’_..| Iasin, including the towns,
EQ Turnbull {12} gives a population of 40,000 plgmiecs for a rain forest are
ul = 50,000 square miles, or 0.8 person/aquare miles.
% E S Birdsell (1) finds aboriginal populations in Australin range in dens
=0 o from 650 persons per 600 square miles in villages in high rainfall areas ¢
g to 530 persons per 40,000 square miles in dry central areas.
< Rain forest gross photosynthesis at El Verde, Puerto Rieo is 82 grams of
T matter/m*/day.
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nuaimn Toresrt Sy sTem with cﬂmp ﬂnenfs grﬂupe d Hee Fignre 3A for the type of network for which all the detnils are raeely Known.
The maltiple specles network of food chalos amd minern] regenerntion ronles
aecemplish Uee following work Sows: (1) Hegenerale plant moferinld; (28) provide
epldemic protection with speeinl piochemieal substances in each plant species;
(3 provide limit on any one microorganism or insect specles by peneralized
carnivores and omnivores; (4) provide continuous chlorophyll receptors. for
maximum use of light; (5) provide stable programs of fruiting and other
reproduction; (8) gather and converge specialized plant nutrition into organie
constitution of higher organism meat; (7) provide shade to control ground invas-
fon; (8) maintain soil structure with organie matter, burrowing animals, roots
and microbes; (9) provide auxilinry energies from action of winds, raln, and
other flows of the blosphere contributing to system function.
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Fuel subsidized industrial agriculture
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Man in n United States sayatem of industrinlizged, high yicld agricnimre wiv
enerpetie inpots inelude some of Lhe vosh ows of Tossil foels whieh replnee
waork formerly done by man, his animnls, nmd Che nelwork of nodnels ool pla
in which he was formerly norscd. Work flows ionelade: (1) Mechoinel
commercinl preparation of =eed and planting rveplacing natural dispers
gystems; (2) fertilizer inerements which replaee minernl re-cyeling syste
(4) chemienl and power weeding replacing the woody maintenanee of n shal
system; (4) soil preparation and treatment to reploce the forest soll-build
processes; (5) insecticides and fungicides which replace the system of rhemi
diversity and earniveres for proventing epldemic grazing or discase; (G) devel
ment of varieties which are capaple of passing on the savings in work o
food storages ; new varieties nre developed as disense types appear, thus provid
the genetic selection formerly arranged by the forest evolution and che
selection system. One hundreed seventy persons per square mile support 32 x t
number in cities, The level of United States grain production is about 1
Keal/m*/yr. [Brown, (2).] The fuel subsidy iz calenlated using 10° Keal/S.
production yields $60 per ncre per vear in United States prodoction and if
costs were 00 percent of the gross, then 254 per acre was the measure of usze
materials and services from the industrialized culture. This becomes 54 x
Keal per acre or 135 Keal/m®/yr.
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. = g % in algal plet planls. Work processes: (1) Mineral inpnt which replaces naluraed

A Igﬂ{ p I I D'l pl U ﬂt W It h su b Sl d IB S INC [LI d e d |'L'1','r1-1[||*_:1.~4,1.'.-l iru.\: (L) st ire ol Tnndes o Dodves Cled replaeed noboarnl mising

sl mednpintions for woving cells relative to medinm ; CG8) energy for poampiog sl

stivring replacing (he nataral wind, wave, amd coreent systems; () carbon

dioxide injections replacing the respiratory feedback system; (5) encrgy for

concenlrating med drying algne replacing the gulhevers aud concenteators of

the natural food chainz; (6) control valves operated by man replacing the
built-in eontrol network of the larger specles.
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Algal pilot plant without subsidies shown
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Lhageam of Lhe lows poer square owetor per vear whieh (he aliEnl probngonisis
inelucded in theie enlenlations, finding 4.2 percent offieioney of visilie light 1hnt
I one-lindl of flwe solar Inpul energy shown,

Caleulations for Pigore G oweee tnken Crom il on an abnd prilal pland
operated by Arthur D, LitHe Company. [Plscher, (5).] A yield of 20 tons per
acre was obfained, A year of isolation provides 1,400,000 Kenl/m? Input (400
langleys per day). Gross production is taken as 10 percent greater due te
respiration, which §s small in rapidly growing and harvested cells sinee they
are not maintaining thelr own system. Five Keal per gram dry welght was
used to convert algal welght Lo potential energy of wield,

The work costs were given by Fischer in dollars including a depreclation of
the cozt of the installations over a ten year period. The dollar costs of 250
per m'/Fr. were converted to work cnergy values using the ratio of United

Blates Tuel consumption to United States dollae Tadget in 10460 of about 10,000
Keal/dollar spent.
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50000 wionld otherwise have to be done Peom U yicld. As Tovornble cnvieotme
T R s e T TR R TR “ T e | supplements and fossil Toel ingoals Toeome Large, (he net yield (o man approa
<5 Gmss phﬂmsynthESIS flnE f{ﬂ‘jgﬂei the maximum gross photesynthesis celling Inhereotly limited Dby the t
“CU“UT J modynamies of photosynthetic cells. The eeilings for the gross photosyntl
= g of the best ngricnlture aml the most productive patuenl communitios are al
P the same, here written as around 160 Kilo-enlories rer square meter per day
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roga Trom nydrocarbons uslng Industrial microlological means of growing baeteris on bydroenel
Calenlatlons are prorated too indiente the e, of Foel requinsd por
boe suppart GH porsons per squeoe mlle, Pael cest of Do Sodosteial sob
8 computed feom the $0.60 per kilogeam eost estimuated by Mellerson
Percont of furdd converted was oblained from a report on n Bhell Co, prlot

%"&:‘I in which 10" g of food (50 percent prrotein) were prodoesd from two mil
ng cuble feet of methane (408 x 10" kCalorles) (J. van Overbeek, pors
E:J < communication *).
oo A —
L1 *Dr. van Overbeek was formerly with Shell Development Company, Madesta, Callfar
=l I He I8 now with Texos AGM Unlversity,
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Figure 9 eountry to o less developed country,

. 2 ' A. Both systema with closed looges nnd separate.

Eysterns connecting ch’E[ﬂpEd and dEVﬁ]UDII’Ig countries I Industrinlized system donnting food withont loop back; system §s o
rewarding and unstable; temporary subsidy of energies does harm to um
developed population.

i . Industrialized country nbis second country to develop itz own fossil
= support 4s a separate loop system,

I}, Industrialized ecountry produces food but incorporates second country
a closed work loop of its economic system.
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