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Energy Resources 
and Agriculture 

INTRODUCTION 

The so-called "energy crisis" is a symptom of one of the most fundamental 
and far-reaching changes experienced by our economy in many years. Long-standing 
price relationships have been realligned. Economic relationships between different 
sectors of our economy and between different nations of the world have been 
altered drastically, with resultant political adjustments. Patterns of resource use and 
technology will likely never be the same. The precise nature and extent of the 
coming adjustments is of necessity unknown. 

Agriculture is not immune to these changes, nor to their effects. We may no 
longer rely on our accustomed technology nor on a continued supply of the 
familiar low-cost imputs. The uncertainty which attends the rest of the economy 
as it struggles to deal with adjustments plagues agriculture as well. It is thus 
important that we gather information about the changes and strive to under
stand the prospects and alternatives before us. 

This publication surveys the history of energy consumption, by sector and by 
source, in the United States; offers a summary of the sources of energy remaining 
and discusses the interpretation of these estimates in the light of projected 
demand, geophysical factors and the impacts of energy use. The special case of 
agriculture is also discussed. 

HISTORICAL TREND OF ENERGY CONSUMPTION 

The economic history of the United States has been a history of tremendous, 
unprecendented growth in energy consumption. From a total annual non-biologic 
energy consumption of 2.357 quads (quadrillion BTU) in 1850, consumption has 
grown to more than 75 quads in 1973. lOur rate of energy consumption has 
grown so high that we consume a grossly disproportionate share of the world's 
total. With less than six percent of the world's population we consume more than 
one-third of the world's energy.2 The total hides even more ghastly components: 
Representative Morris Udall reports that "Americans consume for air conditioning 
the same amount of power that all 800 million Chinese need for every thing. "3 

Per capita energy consumption has also risen. The index of per capita consump
tion of all non-biologic energy rose from 80.4 in 1850 to 100 in 1900 and to 231 
in 1965; the index of per capita consumption of mineral fuels and hydro-power 
(but excluding fuel wood and, lately, geothermal and nuclear energy) rose from 
9.4 in 1850 to 100 in 1900, to 281.4 in 1965 and is already above 360.0. 4 
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TABLE I 

ENERGY CONSUMPTION IN THE U. S. 1850-1973 

A B C D E F G H 

Year Gross GNP Index of Energy Energy Index of per Capita 
Energy (1958 $) Energy Consumption Consumption Energy Consumption 

Consumption Consumption per 1958. per Capita (1900=100) 
(quad. BTU) per Unit of Dollar (thousand 

mineral fuels, mineral fuels, 
GNP (1900= (million BTU) 

hydropower, hydropower 
100) BTU) 

fuel wood, 

1850 2.3 80.4 9.4 

V\ 
1855 2.8 81.4 15.5 
1860 3.2 79.6 16.6 
1865 3.4 75.8 18.1 
1870 4.0 78.6 26.6 

1875 4 .3 76.1 32.4 
1880 5.0 56.8 79.0 43.0 
1885 5.6 68.2 79.1 52.6 
1890 7.0 68.6 88.3 71. 7 
1895 7.6 86.9 87.4 77.3 

1900 9.3 100.0 100.0 100.0 
1905 12.8 119.8 125.1 136.3 
1910 16.0 132.2 142.3 161.0 
1915 17.1 134.2 140.2 160.7 
1920 19.8 136.0 186.0 159.4 186.6 



TABLE I CONTINUED 

ENERGY CONSUMPTION IN THE U. S. 1850-1973 

A B C D E F G H 

1925 20.9 116.3 180.0 153.6 181.1 
1930 22.3 118.0 181. 0 152.8 181. 5 
1935 19.1 105.2 150.0 127.5 150.4 
1940 23.9 99.5 181.0 151. 6 181. 6 
1945 31.5 87.7 238.0 181.5 225.8 

1950 34.0 355.3 91. 5 95.7 223.2 183.9 225.1 
1951 36.8 383.4 96.0 237.6 
1952 36.5 395.1 92.4 231. 7 
1953 37.6 412.8 91.1 234.7 

0. 1954 36.3 407.0 89.2 222.7 

1955 39.7 438.0 87.8 90.6 239.3 196.0 241.6 
1956 41. 7 446.1 93.5 246.9 
1957 41. 7 452.5 92.2 242.4 
1958 41. 7 447.3 93.2 238.4 
1959 43.1 475.9 90.6 242.4 

1960 44.6 487.7 87.8 91.4 246.8 204.9 249.4 
1961 45.3 497.2 91.1 246.5 
1962 47.4 529.8 89.5 254.1 
1963 49.3 551. 0 89.5 260.5 
1964 51.2 581.1 88.1 266.9 

1965 53.3 617.8 81.2 86.3 274.4 231.0 281.4 
1966 56.4 658.1 85.7 287.0 



A B 

1967 58.3 
1968 61. 7 
1969 65.0 

1970 67.4 
1971 69.0 
1972 72.3 
1973 75.6 

-....J Sources: B: 1850-1915: 
1920-1945: 
1950-1973: 

C: 1950-1973: 
D: 1880-1955: 

1960-1972 : 
E: 1950-1973: 
F: 1920-1945: 

1950-1973: 
G: 1850-1955: 

1960-1965: 
H: 1850-1955: 

1960-1965: 

C 

675.2 
706.6 
724.7 

722.5 
745.4 
790.7 
837.3 

TABLE I CONTINUED 

ENERGY CONSUMPTION IN THE U. S. 1850-1973 

D 

86.2 
84.8 
83.3 

E 

86.3 
87.3 
89.7 

93.3 
92.6 
91.4 
90.2 

F 

293.5 
307.5 
320.8 

329.1 
333.3 
344.9 
358.1 

G H 

U. S. Department of Commerce /76/, computed from total mineral fuels and fuel wood, pp. 354-355. 
U.S. Bureau of the Census /74/, p. 517. 
Committee on Banking and Currency /18/, Table VIII-I, p. 129. 
Committee on Banking and Currency /18/, Table VIII-I, p. 129. 
Schurr /68/, Table 52, p. 158. 
U. S. Bureau of the Census /74/, computed from Table 854, p. 515. 
Committee on Banking and Currency /18/, Table VIII-I, p. 129. 
U.S. Bureau of the Census /74/, p. 517. 
Committee on Banking and Currency /18/, Table 1-3. p. 25. 
Schurr /68/, Table 50, p. 151. 
Darmstadter /21/, computed from Table 2, p. 10. 
Schurr /68/, Table 50, p. 151. 
Darmstadter /21/, computed from Table 2, p. 10. 



A. Industrialization and Mechanization 
This growth is not surprising, for we are familiar with the industrialization, 

mechanization and modernization of the past century. This phenomenon has in
creased recently: much of the seven percent increase in electrical consumption during 
the last decade has been attributed to the tremendous rise in in the use of such 
appliances as automatic home electric dishwashers (used in 34.3% of the nation's 
electrified homes in 1973 as opposed to 26.5% in 1970 and only 7. 1 % in 1960) 
and room air conditioners (used in 48.9% of the nation's wired homes in 1973, 
40.6% in 1970, and only 15.1% in 1960).5 (See Table II.) 

TABLE II 

HOMES WITH SELECTED ELECTRICAL APPLIANCES: 1952 to 1973 

ITEM 

Air-conditioners, 
room 

Bed coverings 
Dishwashers 
Disposers, food 

waste 
Dryers, clothes 

(incl. gas) 
Freezers, home 
Hotplates and 

buffet ranges 
Irons 
Mixers

1 
Radios 
Ranges: Free

Standing 
Built-in 

Refrigerators 
Television: 

Black & White 
Color 

Vacuum Cleaners 
VVashers, Clothes 

NA: Not Available 

1952 

1.3 

8.6 
3.0 
3.3 

3.6 

11. 5 
21. 2 

89.6 
29.7 
96.2 

24.1 

89.2 

46.7 
(x) 

59.4 
76.2 

1960 

(percent) 

15.1 

23.6 
7.1 

10.5 

19.6 

23.4 
24.2 

88.4 
56.0 
94.3 

30.9 
6.4 

98.2 

89.4 
(NA) 
74.3 
85.4 

1965 

24.2 

34.7 
13.5 
13.6 

26.4 

27.2 
22.7 

99.1 
72.8 
99.3 

32.1 
10.3 
99.5 

97.1 
9.5 

83.5 
87.4 

1970 

40.6 

49.5 
26.5 
25.5 

44.6 

31.2 
24.5 

99.7 
82.4 
99.8 

40.5 
15.0 
99.8 

98.7 
42.5 
92.0 
92.1 

x: Not Applicable 

As of December 31. Percentages based on homes wired for electricity. 
1 
Prior to 1970, radio data based on total homes 

Source: U. S. Department of Commerce /76/, Table 1205, p. 705. 

B. Growth of GNP 

1973 

48.9 

53.9 
34.3 
35.3 

53.9 

37.9 
25.1 

99.9 
87.3 
99.9 

46.4 
17.3 
99.9 

99.9 
67.1 
97.5 
97.8 

Another major factor in the growth of the consumption of . energy is growth 
of our economic activity, commonly measured in terms of Gross National Product 
(GNP). In dollar terms, energy constitutes a minor share of GNP: The value of 
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primary energy materials consumed (excluding processing and transportation COSts) 
has averaged less than three percent of the dollar value of GNP in this century. 6 

But in a very real sense the record of industrialization is the record of the 
successful harnessing of non-biological sources of energy to perform productive 
activity, which means that the growth in the consumption of energy has been of 
extreme importance in our economy. 

The long-run relationship between the growth of energy consumption and the 
growth in GNP displays a marked pattern. From 1880 to 1955 the ratio of the 
indices of energy consumption to GNP increased by 55%. But the record was not 
one of continuous growth; instead there were three distinct sub-phases. (See Table L) 
The first sub-phase witnessed rapid growth in the ratio: from 1880 to 1910 it 
grew 133%. The decade 1910 to 1920 saw little change in the ratio, although 
great structural change. The third sub-phase, after 1920, was a period during which 
the ratio fell by nearly 33%. The timing of these sub-phases is important: the 
period of most rapid growth in energy use relative to GNP corresponds to the 
period during which coal was the dominant source of energy in the economy. The 
decade of stagnation was the decade when coal's place was first taken by petroleum; 
the third sub-phase has been the time of rapid electrification and widespread growth 
in consumption of liquid and gaseous fuels, and has also been a time when 
national output has risen relatively faster than labor and capital inputs, as customarily 
measured. 7 Part of the decline in the ratio in recent years is due to the in
creased share of services (and thus the decreased share of energy-intensive mining and 
manufacturing) in our economy; part is due to improved efficiency in energy use, 
in particular the improved thermal efficiency of large heat-operated electrical 
generating facilities. 
C. Wood, Coal, Oil 

We have already alluded to the changing composltlon of energy consumption 
by sources. In broad strokes it is a story of successive dominance by wood, then 
coal, and now oil and natural gas. 8 In the middle of the nineteenth century, 
wood was the source of 90% of the non-biological energy consumed in the nation; 
as late as 1870 its share was still 75%. But by 1885 coal supplanted wood, with 
negligible production of energy from oil, natural gas or hydro-power. The share of 
coal reached a peak of 76.8% in 1910; it had risen until then entirely at the expense 
of the share of wood. The consumption of oil began to grow noticeably about 
1890; it was the rapid growth in use of oil and natural gas after 1910 that was 
responsible (along with a slight absolute decline) for the fall in coal's share. 
By 1950 .the share of oil and natural gas had exceeded 50%; coal's share had 
fallen below 40%.9 The process is continuing: by 1960 the share of oil and gas 
was three times that of coal, and in 1970 it was greater by a factor of 3.5. 10 

Hydro-power has accounted for between three and four percent of the total 
energy consumption during most of the twentieth century . The share of solar 
power and atomic fission are still negligible; that of fusion is zero. Many people 
claim that one or more of these sources represent our best hope for the future. 
This issue will be discussed later. 

Figure 1 shows the energy flow in the United States during 1970. The 
sources of energy which we have been discussing, and their relative weights, are 
shown on the left, feeding into the system. The energy flow diagram also 
enables us to examine the composition of total energy consumption by consuming 
sector. Customary practices are not entirely convenient for our purposes, since the 
sectors for which most information is published are industry, transportation, 
residential/commercial, and utilities. Agriculture is usually not afforded the dignity 
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of a separate category, and it is a tedious (and risky) procedure to patch rogether 
estimates by adding farm machinery, food transport , agricultural electrical use, 
and a myriad of other individual items. Some people have performed this chore, 
however. 
D. Sectoral Consumption Patterns 

According to the standard classification, transportation consumed more than one
fifth of the total energy used in the United State in 1970: 16.2 quads. l1 

Petroleum provided nearly all the energy consumed in this sector; automobiles 
consumed 55% (or one-eighth of total national energy consumption), trucks con
sumed 21 %, and aircraft 7. 5 %. The remainder was consumed by railways, bus, 
water craft, pipelines, etc. 12 Thus, much of the consumption of energy in trans
portation is a result of our people's desire for convenience (automobile) and speed 
(air and automobile); the share of the more efficient (but slower and usually less 
convenient) means of transportation, primarily rail, pipeline, and water, is low. One 
can see from the far right of the energy flow diagram that less than one quarter 
of the energy input into the transportation sector is converted into useful energy. 13 

The residential and commercial sectors consumed 22.2% of the total national 
1970 energy consumption: 15.8 quads. Space heating and cooling, water heating, 
refrigeration and cooking represent more than 75% of the commercial energy use and 
more than 85% of the residential use. 14 

Industry's share is presently the largest: 29.3%. More than half of industrial 
consumption of energy takes place in the primary metals industries, chemicals, 
petroleum and related industries. Natural gas was the most widely used source of 
energy (46 .8%) and was the fastest growing; coal was second with 25.3%, 
followed by oil (16.3%) and electricity 01.9%). The major industries have for 
some years enjoyed a decline in input per unit of output, but output has of course 
grown so much that total energy consumption in industry has risen. 

Electric utilities are the most rapidly growing consumer of primary energy 
sources. Their share in 1970 was 12.0%; their share in 1971 was 25%. It 
would have been much higher still were it not for the tremendous increases in 
efficiency in the industry. 15 

Table III presents a detailed breakdown of the use of the various energy sources 
in each of the four sectors. Table IV presents a detailed breakdown of final use in 
each sector. When agriculture's share is carved out from these four, it is obvious 
that agriculture is not a relatively large consumer of energy in our economy. From 
data provided by the Office of Science and Technology, Executive Office of the Presi
dent, one researcher16 computed 1968 energy consumption of "production agriculture 
and the input industries (fertilizer, pesticides, farm machinery, etc.)" to be two 
quads . This compares with the consumption in the chemical industry (less the 
chemicals used in agriculture) of more than five quads, in steel (less steel used in 
agriculture) of almost four quads, and in transportation of more than fifteen quads. 
Thus, agriculture's share is a little more than three percent. 

This figure is consistent with the estimates of others, and is also consistent 
with the share of agriculture in the consumption of individual energy sources. In 
1969 2.6 million farms consumed six billion gallons of petroleum, three percent of 
the nation's petroleum consumption. 17 (Corresponding shares were 4% in 1950, and 
3% in 1939 with 1.6 billion gallons .) Similarly, in 1971 agriculture consumed 
40 billion kilowatts of electricity, 2.7% of the nation's total use. IS 

We shall discuss energy and agriculture in more detail later. But first, we 
continue our broad survey of our energy situation , examining next our remaining 
sources of energy. 
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Fuel 

oil 

natural 
gas 

coal 

hydro.,.. 
power 

nuclear 

TABLE III 

U. S. ENERGY USE BREAKDOWN BY SECTOR, 1970 
(percent) 

Sector: 

Residential and Electric 
Transportation Commercial Utility 

96.3 43.5 12.0 

3.7 54.0 27.0 

2.5 54.0 

5.0 

2.0 

Source: Adapted from Maryland /48/, p. 20. 

TABLE IV 

DETAILED BREAKDOWN OF ENERGY END USE 
SECTORS IN THE U. S., 1970 

(percent) 

Transportation 
Automobiles 
Trucks & Buses 
Aircraft 
Agriculture 
Ships & Boats 
Railroads 

Residential and Commercial 
Space Heating 
Water Heating 
Air Conditioning 
Refrigeration 
Lighting 
Cooking 
Clothes Drying & Other 

Jndustrial 
Process Steam 
Direct Heat 
Electric Drive 
Electrolytic Process 

Totals may not add to 100 percent due to rounding. 

Source: Adapted from Maryland /48/, p. 22. 
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53.5 
21. 7 
12.7 
4.9 
4.1 
3.1 

56.0 
12.3 

7.8 
6.8 
4.7 
4.0 
9.0 

44.8 
30.8 
21.2 

3.2 

Industrial 

29.0 

49.0 

22.0 



SOURCES OF ENERGY 

A. Introduction 

In the context of our rapidly growing demand for energy it is of interest 
and important to monitor our remaining sources of energy. This knowledge can 
inform the short-run stewardship of our fossil fuel resources and our concurrent 
search for and development of al ternative sources of energy. 

In this part, then , we undertake to gather information about what remains of 
the physical substances and natural forces we use to qbtain our energy, how much 
we can hope to obtain for use under given conditions, constraints on the use of 
these substances and forces, and opportunity costs incurred by their use to provide 
energy. 

Section B, Intellectural Framework, contains technical discussions of such 
matters as types of energy sources; definitions of reserves, resources and resource 
base; technology and substitution. Section C presents a Summary of Supply of 
energy. Section D, The Impact of Energy Use, contains a discussion of the environ
mental, political and socio-economic impact of energy use. Then Section E, Demand, 
discusses of projected U.S. and world demand for these energy sources. 

B. Intellectual Framework 

It is helpful to classify all energy sources as members of four groups: 
(a) fixed, finite, depletable; 
(b) fixed, finite, conservable; 
(c) in continuous flow to earth; 
(d) fixed, finite, ?19 

By far the majority of energy sources with which we are familiar, and of the 
energy which we use, belongs to the first group. By 1970 fossil fuels were the 
source of more than 98% of the total non-biological energy consumed by the 
United States. 20 All of the fossil fuels, coal, oil, natural gas and natural gas 
liquids, were formed by the action of heat and pressure below the earth's surface, 
acting on organic matter, in a process which lasted as long as 500 million 
years. A finite amount of these substances was formed; the relevant time horizon for 
our purposes is sufficiently shorter than 500 million years that we may consider 
the total physical incidence fixed. When these substances are used (burned) to pro
duce energy, "the energy content, after various degradations during use, degenerates 
to unusable heat at the lowest ambient temperature, and then leaves the earth 
as long-wavelength radiation. The material content is reduced to common inorganic 
chemicals such as H20 and C02, and a residue of mineral ash. "21 Thus these 
substances, fossil fuels, having been in initial fixed, finite supply, are depletable. 

The other significant energy source in our economy, water power, can be 
classified in the second group. There are a limited number of streams which are 
suitable as energy sources, but as long as the water cycle continues (as long as 
the sun shines, abstracting from scattered, occasional droughts) the exploitation 
of this energy source today will not diminish its potential for exploitation tomorrow. 22 

A potentially important source of energy in the future23 is the sun. Solar 
energy is the primary constituent of the third group, as there is a continuous 
flow of solar energy to the earth. At present our use of the tremendous amounts 
of solar energy reaching our planet is extremely inefficient, but technological 
advances are possible. 
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The source of the sun's energy, nuclear fusion, constitutes along with its 
first cousin, atomic fission, the fourth group. The materials from which this energy 
can be obtained on earth, certain isotopes of hydrogen for fusion, isotopes of 
uranium, plutonium, thorium, and other elements for fission, occur in finite 
quantities, but in some cases a by-product of an energy-producing reaction in a so
called breeder reactor converts a quantity of a non-usable isotope of an element 
into a usuable isotope. 24 Commercial breeder reactors are being constructed in the 
United Kingdom. None will be operational in this country before 1980, and recent 
criticisms of their safety may delay their operation. Standard (or "burner") fission 
reactors are already producing power all over the world. Thermonuclear fusion 
has not yet been controlled but some believe it to be the only long-run hope. 25 

Of these energy sources, the ones about which most scarcity reports have been 
issued are natural gas, and gasoline and other fractional distillates of oil. Stocks 
of gasoline in mid-June decreased by two million barrels, down 25 million 
barrels below the stocks held during the previous June; there have been predictions 
of sharply rising prices and "shortages" of gasoline at retail in many parts of the 
nation later this summer and on into winter, even under the best of circum
stances. 26 Of course a "shortage" depends on given levels of costs and tech
nology on the supply side and of other prices on the demand side. Change any 
element of this matrix, and the computed "shortage" will be different. 27 

This much is familiar and comfortable to all economists. But few economists 
discuss (nor is neoclassical micro-economic theory well prepared to handle) the 
special case of depletable or exhaustible resources: when and if physical depletion 
occurs the supply curve will be a vertical line coincident with the ordinate. 28 

This is not yet the case: as we shall see, large quantities remain of all of 
our fuels, both in this country and abroad. But much confusion surrounds the 
specification and measurement of what is "available," even given a precise matrix of 
prices and a set of techniques. Some of the confusion may be international: it 
is possible that a firm would consider it to be in its own interest to foment 
some kinds of uncertainty among ' its competitors and even its customers. But much 
of the confusion, and contradictory estimates, seem based simply on imprecise 
and conflicting uses of crucial concepts. 

The terms "reserves" and "resources", as they are customarily used, refer to 
the natural occurrences of useful mineral substances in the earth's crust. But there 
are three shortcomings to the normal usage. First, seldom is there consideration 
of the economic aspect; or, in the terms used above, seldom is there specification 
of the price matrix underlying the estimate. Second, there is usually no way of 
distinguishing the known and unknown parts of the estimated reserves or resources; 
we feel sure that there is lots of it down there that we have not yet come across, 
and often some of the postulated-but-not-yet-discovered gets included with the known 
and confirmed in the published estimates, with no clear guidance how to sort them 
out. And finally, there is seldom any provision for future technical progress which 
might render certain deposits accessible (given the price matrix), or if technological 
progess is assumed in the estimates the exact assumptions are seldom explicitly 
specified. 

Sam Schurr and his associates at Resources for the Future, noting these 
shortcomings of the common usage, propose three concepts which offer hope of 
great clarification. 29 In order from most restrictive to most inclusive, the three 
concepts are reserves, resources and resource base. As they define the terms,30 
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"Reserves are the stocks of a mineral raw material in situ as viewed by the 
operator producing it. They are explicitly defined in terms of immediate or 
short-term economic feasibility of extraction. The cost limits are consistent 
with normal risk taking and commercial production, and exclude material known 
to exist but which cannot be profitably extracted with current techniques." 

"Resource Base is conceived to include the sum total of a mineral raw material 
present in the earth's crust within a given geographic area." 

"Resources consist of that part of the resource base (including reserves) which 
seems likely to become available given certain technologic and economic con
ditions." 

Much of the confusion among published estimates of energy resources stems 
from two obvious features of resources as here defined. First, the stock of resources 
includes some unknown, or as-yet-undiscovered quantity of the substance. It is 
tautological but important to remember that one cannot precisely know the unknown. 
Second, and more crucial, any estimate of the existing resources of some sub
stance, in the sense used here and in the only sense that is meaningful, must 
include (because it is based on) some specified price matrix. And since all future 
projections for the elements of the relevant price matrix are guesses, however 
well or poorly educated, and will likely differ from estimator to estimator, it is 
not at all surprising to notice the wide diversity among published resource 
estimates. 

A further source of confusion which is not immediately apparent from the 
discussion is the reticence of many producing firms about their reserves, which are 
their working inventories. 31 To confirm the existence of oil, for example, requires 
drilling a well. This is expensive, and a company may have tax, competitive or 
other reasons for not attempting to confirm all its supposed deposits or even 
announce all its confirmed discoveries. Perhaps the firm will drill only when it needs 
to find new sources for immediate production, in full confidence that the substance 
is there, keeping "reserves" at an artificially low level. 

The lessons of this exercise in lexicography are two. One is to suggest why 
the numbers we find diverge so widely; and, concurrently, to instill a sense of 
caution in their use. The other is to sharpen our sense of the wide divergence 
between the geologically existent and the recoverable, between the resource base 
and the ultimate resources, given the (now unknown but hypothetically specified) 
technology (including the use of energy to obtain energy) and the prices which will 
obtain in the future. 

Again we repeat: there is an upper limit to the resources somewhere. It may 
be the resource base, but it is likely much lower than that. 

A number of caveats are necessary in order to deal with published reserve 
and resource figures. The first has to do with recovery of useful substances from re
serves: both the amount and the rate of recovery from a given field are limited. 

Given our present technology, no more than 80% of the natural gas in a 
field, and no more than 35% of the oil in a field, can be brought to the surface 
economically. No more than a quarter of the known coal is in seams which are 
both thick enough and sufficiently close to the surface to be considered recoverable. 32 

Increased prices could make it economic to recover a large proportion of these fuels 
in the future, for example by pumping water into oil fields to increase the pres
sure or by extending coal mines even deeper into the crust of the earth. But there 
will come a time, even after price increases and technological advances, when it will 
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require more energy to obtain the fuels than they would provide. What is left will 
remain in the ground. 

Similarly, there is a limit to the rate at which the substances can be 
recovered. With regard to oil and natural gas, the limiting rate is the result of 
geophysical properties of the substances and the rock formations in which they are 
trapped. 

Some geologists point with concern to the declining ratio of reserves to annual 
production, or Rip. In recent years the petroleum and natural gas industry has 
been closing down wells about as fast as new discoveries. Thus, with increasing 
domestic demand the RIP ratio has declined from 30: 1 in 1950 to 9: 1 in 1973. The 
petroleum industry considers a RIP ratio of 12: 1 a rock bottom minimum. Risser 
estimated that to maintain levels of production new additions to recoverable oil 
and gas reserves must be 20 percent and 27 percent, respectively, above the 1956-70 
rate of discoveries. 33 In fact, "finding rates" have fallen sharply since the 1930's 
when discoveries produced about 276 barrels of new crude per foot of exploratory 
drilling to 35 barrels per foot in 1965 and 30 in 1972. 

The issue of the rate of recovery can also be posed in regard to atomic 
energy, where one constraint on the rapid immediate expansion of fission-powered 
electric generators is the need to save enough of the relatively scarce U-235 until 
the breeder reactor is more fully developed and widely distributed, to ensure 
enough enriched uranium to fire these fuel-producing devices. 

In addition to this caveat about the amount and the rate of recovery , there are 
two further issues to be mentioned. The first is another reminder that the physical 
incidence of fuel substances in the ground (or of various natural forces operating 
around us) is not everything. Also of crucial importance are the processing, 
distribution and use of these substances. And it is in these areas where much of 
our present difficulties originate. 

For example, daily U.S. consumption in 1973 of fractional distillates of oil was 
about 18 million barrels, but total U.S. refinery capacity was estimated at less than 
14 million barrels per day. 34 Similar difficulties affect the distribution of energy. 
Electricity requires massive networks of transmission lines and transformers, and finds 
the prime materials for this equipment (silver, copper, and energy-intensive 
aluminum) increasingly scarce. And coal is competing with grain for new railroad 
cars in which to move from the mines to factOries and generators. In all aspects 
of energy use, to maintain continued rates of consumption and to meet projected 
increases in demand will require massive capital investment, to finance research, 
exploration, extraction, processing, distribution and use. The cOStS of many of these 
activities are increasing. 35 

The last issue for now is that aggregate energy supply figures are not sufficient: 
the nature of projected substitutions of one energy source for another is important. 
While we can blithely proclaim the equivalence of a barrel of oil and a quarter ton 
of coal, any motorist who would try to operate his V-8 on coal dust would 
discover that the real story is somewhat more complicated. Heat equivalency hides 
significant differences in suitability for various tasks. This issue bears particularly 
on energy use in agriculture, as we shall see in the last part. 

Substitutions will of necessity require large capital expenditures, as production 
and distribution of one source must rapidly expand. Little of the capital that 
would be idled by a substitution would likely be suitable for any other purpose. 
Further, many substitutions would be constrained by such factors as the excessive 
sulphur content of much of the nation's remaining coal or the heat and waste · 
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problems of atomic reactors or the inferior flexibility of fixed-location electrical 
equipment. The supplies of each of the individual energy sources is thus important. 

C. Summary of Supply 

Estimates of our remaining fuel sources vary rather widely; estimates of 
probable future discoveries of useful, recoverable deposits vary even more. It is the 
purpose of this section to summarize the more likely estimates for each of our fuel 
sources, . leaving to other sources the task of examining the estimates in detail. 36 

In Tables V, VI and VII we can get an idea of the range of different 
estimates, these from David Rose, Mobil Oil Corporation and the Geological 
Survey. Note that Mobil Oil presents consistently lower estimates than the others; 
note the particularly large differences in the estimates for shale oil and uranium. These 
wide differences are not surprising, for these are two sources for which the 
technologies are least well developed and therefore for which greater uncertainty 
(and a wider range of estimates) exists about the technology elements of the 
relevant price-technology matrix. 

TABLE V 

ROSE'S ESTIMATES OF VARIOUS ENERGY SOURCES, U. S. 

Resource 1 Reserve 

Source Amount Energy Content Amount Energy Content 
(quad. Btu) (quad. Btu.) 

Coal 1600 bil. tons 40,000 150 bil. tons 3,750 

Oil 36 bil. BBL 201. 6 

Shale oil 1600 bil. BBL 9,280 55 bil. BBL 319 

Uranium 25,000 tons 1,500 8,166 tons 500 

Source: Rose /63/, pp. 24, 25 and Theobald et. al. /72/. 

1 Conversion factors used: 

coal: 25,000,000 BTU/ton 
oil: 5,600,000 Btu/barrel 
shale oil: 5,800,000 Btu/barrel 
uranium: 60 trillion Btu/ton. This assumes breeder technology 

is perfected. 

The Demand Reference figures from Table VI suggest that, relative to current 
consumption rates of our energy sources, remaining U.S. resources37 are large only 
for coal at present levels of knowledge. Resources are potentially large for uranium 
and shale oil, bue the remaining U.S. resources of oil and natural gas are small 
relative to current rates of consumption. 

It is well-known38 that imports of oil and natural gas into the United 
States have grown rapidly in recent years, and are expected to increase still further 
if political and financial problems do not persist. (See Figure 2.) For oil, more 
than for any other energy source, the situation of world reserves is of importance 
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TABLE VI 

GEOLOGICAL SURVEY ESTIMATES OF VARIOUS ENERGY SOURCES, U. S. 

Source 

Coa!l 
\ 

Oil 

Natural gas 

Shale oil 

Uranium 

Resources Remaining Energy Content 
(quad. Btu.) 

1. 5 tril. tons 37,500.0 

250 bi!. BBL 1,400.0 

1 quad. cubic feet 1,032.0 

160 bil. BBL to 928. O
2 

600 bil. BBL 3,480.0 
3 

450, 000 tons 225.0
4 

27,000.0 

Demand Reference1 

(years) 

500 

50 

43 

35 
131 

13 
1,560 

Source: Adapted from U. S. Geological Survey, using "low" estimates, /45/. 
See also Table VII. 

1Demand Reference is the quotient of an energy source and the current 
rate of consumption of that source. Recall our caveat above about assuming 
the technological feasibility of producing a constant amount until depletion. 
These figures are only for reference; they do not indicate consumption 
possibilities. 

2"Recoverable only if crude prices rise 150%." The price of crude oil 
has risen much more than 150% since January, 1973. But the equipment 
necessary to extract and process shale oil is highly energy-intensive and it is 
not clear that crude oil prices have risen a full 150% relative to the costs of 
this equipment, the skilled labor to operate it, and the water necessary to the 
operation. 

3Energy obtainable from Uranium "with present technology". 

4Total energy contained in Uranium. 

to the United States. In Table VIII are summarized David Rose's estimates of 
world proved reserves of oil. 

Much attention has been focused on the Middle East by recent political 
events and the temporary suspension of oil exports from that region. The gravity 
of a permanent embargo is suggested by the fact that nearly 47% of the world's 
proved reserves of oil, according to Rose's figures, lie in the Middle East; the 
United States contains only one-tenth that amount, just over 4.7%. Some estimators, 
notabl y the National Petroleum Council, an association of U. S. oil producers, 
expect to discover at least as much oil off the coast~of the United States as is 
known to exist in the Middle East,39 but such hopes are speculative, have yet to 
be confirmed, and seem unlikely. 40 

D. The Impact of Energy Use 

Three types of impact are of interest to us: environmental, political, and 
socio-economic. The production of energy from any source for any purpose has 
environmental impact under the best conditions; it is claimed by many that 
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I--' 
'-D 

Alaska 
Lower 48 states 

Subtotal onshore 

Atlantic 
Alaska 
Gulf of Mexico 
Pacific Coast 

Subtotal offshore 

Total United States 

TABLE vn 
MOBIL OIL CORPORATION AND U. S. GEOLOGICAL SURVEY 

ESTIMATES OF U. S. OIL AND NATURAL GAS 

Undiscovered recoverable Undiscovered recoverable 
oil & natural gas liquids natural gas 

(billions of barrels) {trillions of cubic feet} 
Mobil USGS Mobil USGS 

expected expected 
value Low High value Low 

Onshore 
21 25 50 104 105 
13 110 220 65 500 
34 135 270 169 605 

Offshore 
6 10 20 31 55 

20 30 60 105 170 
14 20 40 69 160 
14 5 10 69 10 
54 64 130 274 395 

88 200 400 443 1000 

High 

210 
1000 
1210 

110 
340 
320 
20 

790 

2000 

Mobil estimates include water depths to 6000 feet, whereas USGS now stops at 660 feet. Mobil's numbers represent the median 
value of a probability distribution. For instance, there is a 90 percent chance that total U. S. oil is greater than 50 billion barrels 
and less than 150 billion; the expected value is 88 billion. 

Source: Gillette /28/, p. 128. 
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TABLE VIII 

ROSE' S ESTIMATES OF WORLD PROVED RESERVES OF OIL 

Area and Cotll1try Amount 
1 

Energy Content 
2 

(bil. BBL) (quad. Btu.) 

Middle East 352 1971.2 
Saudi Arabia 139 778.4 
Kuwait 75 420.0 
Iran 60 336.0 
Iraq 33 184.8 
Abu Dhabi 18 100.8 
Other 25 140.0 

Communist 57 319.2 
USSR 42 235.2 
China 13 72.8 
Other 2 11.2 

Africa 53 296.8 
Libya 24 134.4 
Nigeria 13 72.8 
Algeria 10 56.0 
Other 6 33.6 

North America 47 263.2 
United States 36 201. 6 
Canada 8 44.8 
Mexico 3 16.8 

South America 27 151.2 
Venezuela 14 78.4 
Ecuador 6 33.6 
Other 7 39.2 

Southeast Asia 16 89.6 
Indonesia 10 56.0 
Other 6 33.6 

Western Europe 10 56.0 

Source: Rose /63/, p. 25. 
1 
Totals may not add because of rounding. 

2Conversion factor: 5,600,000 Btu/barrel. 

as energy is currently produced and consumed it is one of the major sources of 
environmental deterioration in this country. 41 Pollution from fossil fuels includes 
sulphur emissions from coal and natural gas, lead and carbon monoxide from 
gasoline, heat flow into the atmosphere and bodies of water, and high levels of 
carbon dioxide emission. 42 The last may become the most serious; analysis has 
shown that "the C02 content of the atmosphere since 1900 has increased 10%. 
Since C02 absorbs long-wavelength radiation , it is possible that this is already 
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producing a secular climatic change in the direction of higher average tempera
tures. "43 The release of energy by atomic reaction is free of the release of 
mineral pollutants or ash, but is typically subject to even greater release of heat and 
is subject to the further twin problems of radiation leakage during the reaction 
and the storage or disposal of the radioactive wastes. There have been recent 
allegations that the current safety practices are inadequate in the nation's reactors and 
storage facilities. 44 The potential for disaster is harrowing: heavy doses of radiation, 
if not fatal, can cause transmittable genetic damage, and plutonium is one of 
the most highly carcinogenic substances known. 

The real problem is one of trade-offs where trades may be dear: to reduce 
particulate pollution requires the use ofless prevalent "cleaner" fuel or the use of more 
energy te> remove the particulates from the exhaust system (of an automobile, 
an electric generating facility, or whatever).45 Burning some fuels at lower tempera
tures will reduce emissions of oxides of nitrogen, a particularly harmful pollutant, 
but also will reduce the efficiency of the energy conversion by a significant 
amount. 46 And to forbear the use of plutonium in atomic reactors because of the 
health danger would be to limit drastically the potential for power generation from 
fission. The Council on Environmental Quality has recently assured the nation that 
such trade-offs can be made and that the nation can meet its massive energy 
demands without despoiling the environment, but concedes that this will require an 
(unspecified) increase in prices and suggests that it might also depend on some 
technological advances. 47 

Our current energy regime has complex and far-ranging political impact. 
World politics is intimately involved with issues of oil importation, as the Organiza
tion of Petroleum Exporting Countries seeks monopoly power, as many domestic 
politicians and businessmen call for self-sufficiency in energy to ipsure national 
security, and as the share of oil obtained abroad increases beyond prediction. 48 

Some domestic energy companies enjoy certain tax advantages, such as the oil 
depletion allowance, which still enjoy political support (witness their continued 
existence) and for which the companies would no doubt try to exercise whatever 
political influence is at their disposal. And many energy firms enjoy monopoly 
status as regulated public utilities in an environment where technology, economics 
and politics are closely mixed together. 

The current energy regime also has complex socio-economic impact. Any changes 
in the regime are certain to have differential impact on the various groups of 
energy consumers. For example, drastic price increases (while possibly inducing an 
expansion of productive capacity) will yield a huge windfall bonus to producers 
currently exploiting an energy source. This bonus, a transfer from consumers, would 
represent a dead-weight welfare loss. A drastic price increase might also find energy 
waste more expensive. The current level of wasteage is appalling: automobiles 
expel as much as 87% of their energy intake out the exhaust pipe as waste heat, 
and a pilot light on a gas range typically consumes more than half of the 
appliance's total fuel consumption, all for the sake of convenience. It has been 
estimated that American consumers "waste" as much as half of all the energy they 
burn, in this and other ways, relative to the technologically most efficient known 
practices. 49 For a final example of socio-economic impact of energy regimes, if the 
share of energy from petroleum fell, due perhaps to a rapid development of energy 
generation from fission and/or solar power, then necessarily the share of energy 
generated at a fixed or central location (typically an electric generating station) would 
increase and energy use patterns would need to change. Such a change would have 
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a strong impact on agriculture, in which much of the energy used is consumed 
in small, movable, self-contained engines as on tractors and other motorized 
machinery, or in grain dryers. The problem of distribution would shift from the 
transport of petroleum to the transmission of electricity throughout the countryside. 

E. Demand 

We have surveyed the broad history of U.S. energy use and summarized 
estimates of remaining supplies of fuels and their likely future availability. We 
then briefly considered the various impacts of energy use. We must now complement 
those discussions by examining likely future demand for energy sources. The special 
case of agriculture and energy's place therein will be discussed. 

Two dimensions of demand are important. The first is the demand for these 
substances (primarily fossil fuels) either as a source of power or for alternative 
uses. The second is United States demand or world demand. Several detailed 
projections have been made for energy demand in the United States and in the entire 
world; these we shall report. Fewer specific projections have been made for the 
demand for these substances for alternative purposes, but we can suggest the 
nature of the problem. 

The problem of forecasting is always tricky, and especially so in this case. 
The more rapid and fundamental have been recent structural changes and the longer 
the necessary time horizon, the greater the difficulty. Forecasting energy demand 
suffers both of those difficulties: complex changes in the patterns of energy inputs 
coupled with very long lead times for processing, conversion and distribution 
facilities have prevented the emergence of a dependable "normal" pattern. The 
primary method used to project future demand has been to extrapolate past 
trends (for example, energy consumption per capita or per unit of GNP, or rate 
of change of energy consumption per unit of GNP or per unit of time), which 
are so undependable. Some scholars5o disaggregate energy consumption by sector hoping 
thereby to achieve more reliable estimates, but the effort seems l~rgely futile. 

One particular structural change which has been important in the last few 
months is huge price increases for fossil fuels. The importance of the increases is 
the secondary structural changes they have caused and can be expected to continue to 
cause. More expensive energy has caused many firms and households (including farms 
in both categories) to reduce wasteage, by installing better insulation in buildings, 
for instance, or by recycling a number of substances. And the rising price of 
energy has made it economical now to introduce energy efficient equipment 
and processes. As these changes continue, we can expect to see per capita and 
per-GNP demand for energy decrease. 

We noted the decline since 1920 of the ratio of energy use to GNP. But 
movements have been unstable: that decline hides a decline of 0.7 percent per 
year from 1947 to 1966 but an increase of 2.4 percent per year since 1966 with 
further increases in question. 51 It is difficult to estimate the quantitative 
impact of changes such as these. The elasticity of demand for electricity in 
residential use has been estimated to be 1. 252 but this is a partial elasticity 
allowing substitutions by other energy sources, and tells us little about what the 
elasticity of demand for aggregate energy might be. 

We cannot expect aggregate consumption of energy to decline, though. Both 
GNP and population are growing in this country at rates high enough to support 
growing energy consumption even if energy use per capita or per unit of GNP were 
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to decline. And United Nations figures suggest even more dramatic growth in 
energy demand per capita in the rest of the world , where population growth 
rates are also much higher. (See Table IX.) 

TABLE IX 

PERCENTAGE INCREASES IN POPULATION AND ENERGY 
CONSUMPTION PER CAPITA BETWEEN 1950 and 1970 

% Population % Per capita energy 
Increase consumption increase 

World 46 57 

Africa 59 73 
N. America 38 43 
S. America 75 122 
Asia 52 197 
Europe 18 96 
Oceana 54 54 

Source: United Nations, Statistical Yearbook, 1953 and 1971. 

The high rates of increase in energy consumption per capita in South America 
and in Asia are increases from a very low base of consumption by rapidly 
expanding populations. As the peoples of those nations strive to continue their 
economic development they will demand further massive increases in energy con
sumption. That is a growth of demand that cannot be suppressed , physically, 
politically, or morally. Rapid population growth, the desire to narrow the gap be
tween the U.S. level of living a9d that of the developing nations, and the con
tinuing progress of the non-developed economies will insure strong and growing 
demand for energy. 

A number of groups have published estimates of total United States energy 
demand during the next three decades or less. Department of the Interior 
projections of U.S. energy demand by consuming sectOr and by source for the years 
1975, 1980, 1985 and 2000, as well as actual energy consumption in 1971, are 
displayed in Table X . It is obvious that the demand for energy is not expected 
to decline; indeed, projected demand in the year 2000 is nearly triple the level 
of energy consumption in 1970. The sector for which projected growth in demand will 
be greatest is the electric utility sector; this involves substitution toward nuclear, 
solar, geothermal and coal-based generation. The sectOr for which projected growth 
in demand is smallest is the residential and commercial sector. Table X shows large 
increases in energy demanded from nuclear sources, largely at the expense of energy 
demanded from natural gas. It is difficult to evaluate estimates of future supply 
and demand because each estimate depends on a particular matrix of relative 
prices. But it is clear that even if allowances are made to adjust the implicit 
underlying price matrices, projected demand for certain fuels exceeds anticipated 
physical availability. 

For example, to meet the projected demand for natural gas5 3 throughout this 
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decade would require the confirmation of another 456 trillion cubic feet of reserves, 
or an average of 45.6 trillion cubic feet per year. Yet the rate of confirmaion 
has been declining from a maximum annual rate of only 24.7 trillion cubic feet. The 
situation is similar for oil: without imports or Alaskan oil the projected demand 
during this decade would require new discoveries at double the rate of the past 
fifteen years; with Alaskan oil domestic supplies would still be insufficient. 54 Of 
course prices could rise much more than the projections had anticipated, thus 
dampening future demand and possible eliciting greater exploration, discovery and 
supply. But beyond some point even further price rises will do little to increase 
supply. 

And the rate of growth of demand for the entire world, as suggested above, 
is likely to be even higher than the U.S. rate of growth, more than tripling 
by 2000. (See Table XI.) The National Petroleum Council55 predicts that more than 
60% of the oil and 30% of the natural gas consumed in the United States in 
1985 will (have to) be imported, but such relief from foreign sources for our 
energy shortages will be made much more difficult then by the increased foreign 
demand. 

Real demand is even higher than this would indicate, for these figures refer 
to the use of these substances only as sources of energy. But there are important 
alternative uses which are of potentially much greater importance. 

Only certain grades of coal are suitable to make coke, an essential ingredient 
in the smelting of steel. Unfortunately, those grades are also, in part because of low 
sulphur content, the most desirable for generating power. They have also been 
among the most easily recoverable deposits. Thus coal of these grades is quickly 
being burned in power plants, never to be replaced. 

Much of our phenomenally high level of living can be attributed to our 
extremely high rate of consumption of plastics, pharmaceuticals, chemical fertilizers 
and other petro-chemical products. Most of these items are obtained as regular by
products of the refining process which also yields gasoline, lubricants, and heating 
oil. But there do exist wide opportunities for transformation in production, so 
that the output of one distillate from a given amount of crude oil can be increased 
somewhat, at the expense of the output of one or more of the other distillates. 
So it does make sense to say that our automobiles or furnaces or ovens are 
burning up medicines or the nitrogen fertilizer that could increase food production. 

This issue of alternative uses for energy sources is a special substitution issue. 
But since there are often more possible substitutes for these substances as energy 
sources than as chemical feedstocks, an exercise ,evaluating their optimal rate of 
depletion (given estimates of the date of appearance of adequate energy substitutes 
and the relative importance of their use as chemical feedstocks) would be valuable . 
Such an exercise is beyond the scope of this paper, however. 56 
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TABLE X 

ENERGY CONSUMPTION BY SOURCES AND SECTORS, 1971-2000. 

Total Total Total 
Total Gross Synthetic Four Utility Three c 

b Natural Fossil Nuclear Hydro Energy Gas Sector Electric Sector 
Coal

a 
Petroleum Gas Fuels Power Power Inputs Distributed Inputs Distributed Inputs 

1971 Household & Commercial 390 6,545 7,346 14,281 14,281 14,281 3,160 17,441 
Industrial .••••.. 4,465 5,391 10,438 20,294 20,294 20,294 2,329 22,623 
Transportation .•••• 7 16,139 825 16,971 16,971 16,971 18 16,989 
Electrical Generation. 7,698 2,417 4,125 14,240 405 2,798 17,443 17,443 (5,507) 
Synthetic Gas .•••• 

Total · ..... • 12,560 30,492 22,734 65 , 786 405 2,798 68,989 

1975 Household & Commercial 325 6,950 8,660 15,935 15,935 15,935 4,240 20,175 
Industrial • • • • • • • 4,600 6,510 11,740 22,850 22,850 22,850 3,010 25,860 

N Transportation 18,050 1,020 19,070 19,070 19,070 20 19,090 0\ .... 
Electrical Generation . 8,900 3,580 3,800 16,280 2,560 3,570 22,410 22,410 (7,270) 
Synthetic Gas • • • . • 

Total · ..... · 13,825 35,090 25,220 74,135 2,560 3,570 80,265 

1980 Household & Commercial 300 7,720 9,480 17,500 17,500 320 17,820 6,040 23,860 
Industrial . . . • . . . 4,750 7,590 12,500 24,840 24,840 380 25,220 4,170 29,390 
Transportation. . . . . 21,440 1,400 22,840 22,840 22,840 30 22,870 
Electrical Generation . • 10,660 5,000 3,600 19,260 6,720 3,990 29,970 29,970 (10,240) 
Synthetic Gas . • . . . 430 440 870 870 (700) 

Total · ..... • 16,140 42,190 26,980 85,310 6,720 3,990 96,020 

1985 Household & Commercial 100 8,800 10,060 18,960 18,960 940 19,900 7,800 27,700 
Industrial . • . • • . • 5,150 9,130 13,240 27,520 27,520 1,060 28,580 6,290 34,870 
Transportation .... 25,450 1,640 27,090 27,090 27,090 40 27,130 
Electrical Generation . 14,220 6,650 3,450 24,320 11,750 4,320 40,390 40,390 (14,130) 
Synthetic Gas 2,000 670 2,670 2,670 (2,000) 

Total · ..... • 21,470 50,700 28,390 100,561) 11,750 4,320 116,630 
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TABLE X 

ENERGY CONSUMPTION BY SOURCES AND SECTORS, 1971-2000. 

Total Total Total 
Total Gross Synthetic Four utility Three 

b Natural Fossil Nuclear Hydro 
c 

Energy Gas Sector Electric Sector 
Coal

a 
Petroleum Gas Fuels Power Power Inputs Distributed Inputs Distributed Inputs 

2000 Household & Commercial 11,120 10,800 21,920 21,920 2,640 24,560 15,070 39,630 
Industrial • . . • . • . 6,700 14,660 17,940 39,300 39,300 2,850 42,160 15,620 57,780 
Transportation .... 40,010 2,600 42,610 42,610 42,610 50 42,660 
Electrical Generation . 17,520 5,040 2,640 25,200 49,230 5,950 80,380 80,380 (30,740) 
Synthetic Gas . . . . . 7,140 550 7,690 7,690 (5,500) 

Total ••••••... 31,360 71,380 33,980 136,720 49,230 5,950 191,900 

aIncludes anthracite, bituminous, and lignite. 

bpetroleum products refined and processed from crude oil, including still gas, and natural gas liquids. 

cThe hydropower input energy levels in this table are arbitrarily calculated from output energy data assuming the same conversion efficiency as associated 
with fossil fuels (approximately 32%). Actually hydropower conversion efficiencies are about 90%--thus, for comparison with hydropower input energy 
figures elsewhere in this report, (which have been calculated from output numbers using the correct efficiency) one must divide the numbers in this 
column by 2.8. 

Source: Maryland /48/, p. 42. 



TABLE XI 

WORLD ENERGY DEMAND THROUGH 2000 

Nation 1970 
(actual) 

1980 
(proj ec ted) 

1990 
(projected) 

(Quadrillion BTU per year) 
United states 68 103 145 
Western Europe 47 72 116 
Japan 12 24 52 
Communist Countries 55 105 168 
Rest of World 30 58 94 
Total 212 362 575 

Source: Maryland/48/, p. 52. 

ENERGY AND AGRICULTURE 

A. Energy Use in Agriculture 

2000 
(proj ec ted) 

192 
171 

86 
240 
171 
860 

We recall from Part II that three to four percent of U. S. energy consump
tion is consumed by production agriculture. About 45 percent of that is used 
directly on farms, to power tractors, trucks, and other machinery and to operate 
irrigation, drying and heating systems. The remaining 55 percent of the energy 
used in production agriculture is consumed in the form of chemical fertilizer and 
other farm supplies which were produced in other sectors. 

When one includes energy use for the transportation, processing, retailing 
and preparation of agricultural commodities the energy consumption of the U.S. 
food sys tern measures 12 to 13 percent of total U. S. energy consumption. The 
total food economy is thus an important consumer of energy. 57 

Energy is likewise a crucial input into agriculture. Total estimated farm 
expenditure in 1972 was $47 billion, of which energy-related expenses comprised 
$8.4 billion: $2.5 billion for fertilizer, $1. 9 billion for liquid fuels, $1.1 billion 
for tractors and $2.9 billion for other machinery and equipment. 58 

In 1939 American agriculture used, on the average, less than one-tenth of 
one gallon of liquid fuel per man-hour of labor. By 1950 it had grown to about 
four-tenths gallon per man-hour. And by 1972 more than one gallon of liquid 
fuel was consumed per man-hour of labor. 59 As we would expect from any normally
shaped60 transformation curve, farm output per gallon of fuel declined during 
this period by half. The prices of labor and land were both rising relative to · the 
price of fuel; labor input fell by 70 percent and land use declined by 40 million 
acres. 61 (See Table XII) The tremendous increases in output per unit of labor which 
have been enjoyed by agriculture have been due largely to the substirution 
of energy for human labor and plant nutrients. 62 . 

It is instructive to introduce the concept of energy efficiency, a comparison 
of the energy content of the inputs with the energy content of the output of a 
process. 63 The energy efficiency of production agriculture is better than that of most 
sectors of the economy. All of farming consumes about 1.2 kilocalories of energy 
to produce 1 kcal. Grain production enjoys an average energy efficiency of more 
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TABLE XII 

INDEX OF QUANTITES AND PRICES OF 
SELECTED FARM INPUTS 

Power & Fuel ' Fertilizer 
Year Labor Machinery & oil & lime 

Quantities 
1950 100 100 100 100 

" 

1955 85 115 116 141 
1960 67 115 119 169 
1965 55 122 125 250 
1970 45 129 129 353 
1972 44 130 131 383 
1973 45 130 388 

Prices 
1950 100 100 NA 100 
1955 121 113 NA i08 
1960 148 138 100

1 
106 

1965 171 154 105 106 
1970 255 194 112 103 
1972 278 218 116 109 
1974 328 257 2 124 

1 
1960 used as a base 

2 For movement of price s of energy inputs, See Figure 3 

Source: ERS, USDA. 

than two to one, but the energy efficiency of cattle feeding is about 0.2 to 1, no 
better than the efficiency of a 1974 automobile. 64 And the energy efficiency of 
the entire food economy (production agriculture plus its manufactured inputs, 
processing, distribution, retailiag and use) has been estimated to be less than 0.2 
to one,65 as we sacrifice energy efficiency for greater convenience, variety and 
value. We shall examine in greater detail, below, the case of corn, energy use therein 
and its relatively high energy efficiency. 

Brief mention was made of the large annual expenditure on chemical fertilizer. 
A large portion of that expenditure is for nitrogen; one characteristic of recent 
changes in U.S. agriculture which our energy resources have made possible is the 
shift from a land-extensive technology using nitrogen-fixing legumes in rotation 
to a land-intensive and energy-intensive technology using chemical fertilizers to 

replenish the soil's nitrogen. A measure of the energy-intensity of this newer 
technology is the fact that 90 percent of the anhydrous ammonia used on U.S. farms 
as a source of nitrogen has natural gas as a basic feedstock. 66 

Just as in the economy as a whole aggregate figures do not tell the whole 
story, so in agriculture total annual consumption is ' only part of the picture, for 
agriculture experiences wide fluctuations in seasonal demand for energy. Obvious 
peaks in demand occur during planting and harvesting periods, when huge 
quantities of fuel are burned in large tractors and other machinery. Huge quantities 
of energy are also required at harvest time to dry grain67 and during peak parts 
of the winter to provide warmth to feed and livestock. Even if there were no aggregate 
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potential energy supply problem in agriculture, the peak seasonal needs and con
sequent distributional requirements (and bottlenecks, as it works out) demand atten
tion. 

Related to the seasonality of demand for energy in agriculture is the issue of 
substitution among energy sources. Although farmers can and do substitute diesel 
fuel for gasoline in much of their new equipment, such substitutions involve 
major capi tal expense in the form of new engines designed to burn the other fuel. 
But just as many of the agricultural activities must be done between certain 
times, so many must be performed in certain places, often in the fields . Those 
activities are poorly suited to a fixed-site energy source such as electricity; 
agriculture will continue to need fossil fuels or some alternative portable energy 
source to power its many mobile engines. Agriculturalists will probably also 
continue to prefer clean-burning natural gas for grain dryers to dirtier alternatives 
such as coal. This is not the deny the possiblity of substitutions, for marginal 
substitutions among similar energy sources occur nearly all the time. But it is to 
suggest that the technology of u.s. farming is integrally linked to, in fact includes 
and demands, certain patterns of energy resource use which can be changed only if the 
entire system also changes. 

B. Energy and Corn Production: A Case Study 

We have thus far spoken in rather general terms about agriculture. With the 
aid of Tables XIII and XIV we can now examine the particular case of corn produc
tion as representative of foodgrain production in U.S. agriculture. This special case 
will highlight much of what has already been said. We take out data from a study by 
Pimentel and his colleagues at Cornell U niversi ty .68 The reader is referred to their 
study for further details. 

From 1945 to 1970 average corn yields per acre increased 140 percent, from 
34 bushels to 81 bushels. Forty percent or so of this increase has been attributed to 
the use of the new hybrid varieties, but the other 60 percent is due to new or 
increased energy resource inputs. 69 While labor input into corn production declined 
by 60 percent, direct fuel consumption rose 47 percent from 15 to 22 gallonsl 

per acre and nitrogen use grew 1600 percent from seven to 112 pounds per acre. By 
1970 nitrogen had become the largest single energy input into corn production at 
940,800 kilocalories per acre, an energy input depending almost entirely on natural 
gas. 

Another activity heavily dependent upon natural gas, and for which substitu
tion would be difficult, is grain drying, which increased twelve-fold from 1945 to 1970. 

Table XIV allows us to examine changes in the energy efficiency of corn 
production between 1945 and 1970. While corn yields increased 140 percent, mean 
energy inputs increased 210 percent, from 0.9 million kcal per acre to 2.9 million. 
Thus the yield in corn calories decreased from 3.7 calories per one fuel input 
calorie in 1945 to a yield of 2.8 calories per fuel input calorie in 1970.70 We should 
note for perspective that, compared with the nearly three million kilocalories of 
energy inputs supplied to each acre of corn by the farm, the sun provides a phenomenal 
2043 million kilocalories of energy. Only 1.26 percent of this, on the average, is 
converted into the corn plant; the yield of the grain itself, 8. 17 million 
kilocalories, is less than 0.4 percent of the total solar energy falling on the field 
during the growing season. 71 

The Pimentel study is but one of several which have estimated foodstuff 
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TABLE XIII 

. AVERAGE ENERGY INPUTS IN CORN PRODUCTION 
(FIGURES PER ACRE) 

Inputs 1945 1950 1954 1959 1964 1970 

Labor (hours) 3 23 18 17 14 11 9 
Machinery (kcal x 10 ) 180 250 300 350 420 420 
Gasoline (gallons) 15 17 19 20 21 22 
Nitrogen (pounds) 7 15 27 41 58 112 
Phosphorus (pounds) 7 10 12 16 18 31 
Potassium (pounds) 5 10 18 30 29 60 

VJ 
Seeds (bushels) 3 0.17 0.20 0.25 0.30 0.33 0.33 I--' 

Irrigation (kcal x 10 ) 19 23 27 31 34 34 
Insecticides (pounds) 0 0.1 0.3 0.7 1 1 
Herbicides (poun?f) 0 0.005 0.10 0.25 0.38 1 
Drying (kcal x 10) 3 10 30 60 100 120 120 
Electricity (kcal x 10) 3 32 54 100 140 203 310 
Transportation (kcal x 10 ) 20 30 45 60 70 70 

Corn Yields (bushel) 34 38 41 54 68 81 

Source: Pimentel et al. /55/, Table 1, p. 444. 



TABLE XIV 

ENERGY INPUTS 1N CORN PRODUCTION, 1945 & 1970 
(KILOCALORIES PER ACRE) 

Input 1945 

Labor 12,500 
Machinery 180,000 
Ga-soline 543,400 
Nitrogen 58,800 
Phosphorus 10,600 
Potassium 5,200 
Seeds for Planting 34,000 
Irrigation 19,000 
Insecticides 0 
Herbicides 0 
Drying 10,000 
Electricity 32,000 
Transportation 20,000 

Total inputs 925,500 
Corn yield (outputs) 3,427,200 

kcal return/input kcal 3.70 

Source: Pimentel et al. /55/, Table 2, p. 445. 

1970 

4,900 
420,000 
797,000 
940,800 
47,100 
68,000 
63,000 
34,000 
11,000 
11,000 

120,000 
310,000 

70,000 

2,896,800 
8,164,800 

2.82 

production energy efficiencies. The estimates have ranged from 6: 1 to 1:6 for 
energy intensive agriculture. 72 (See Table XV.) Obviously, it is difficult to compare 
the coefficients for barley (6.6: 1) and frozen broccoli (0.13: 1) because the former must 
normally be fed to livestock and then processed and made ready for the consumer 
while the latter is ready for final home preparation. So, energy efficiency is but an 
intermediate end in a complex ends-means scheme. We are concerned with the 
energy efficiency of agricultural commodities because they are a part of a larger 
whole. 

C. Effects and Adjustments 

Recent changes in the energy regime will of necessity elicit a number of 
adjustments and changes in the agricultural sector of our economy. The effects will 
be felt on both the supply and demand side of the market. We can not predict 
the details of the final equilibrium; our discussion of the nature and direction of 
the likely adjustments will rather be suggestive and illustrative. 

Carter and Youde argue that the result of the so-called energy crisis will be 
primarily a price adjustment, rather than a supply adjustment. To the extent that 
price increases for petroeum products worldwide create balance of payments 
difficulties and a deceleration of economic growth in food importing nations, 
Carter and Youde predict a decline" in foreign demand for U.S. agricultural products 
and a shift in demand away from commodities with high income elasticities of 
demand (such as meat, fruits and vegetables) toward commodities (such as cereals 
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TABLE XV 

ENERGY OUTPUT-INPUT RATIOS FOR SELECTED 
AGRICULTURAL PRODUCTS 

Commodity 

Barley 
Corn (including drying) 
Potatoes (raw) 
Apples (raw) 
Beans, Green (canned) 
Broccoli (frozen) 

Paddy rice, Philippines 
Corn grain, U. S. 
Soybeans, U. S. 
Peanuts, U. S. 
Rice, U. S. 
Potatoes, U. S. 

Wet rice culture, Far East 
Intensive rice 
Intensive potatoes 
Range fed beef 

Sources: /14, 32, 71/. 

Cervinka 

Heichel 

steinhart 

and coarse grains) with rather low income elasticities of demand. 73 

Ratio 

6.6 
2.3 
2.1 
1.2 

.29 

.13 

16.0 
4.2 
2.5 
1.5 
1.5 
1.5 

20.0 
7.0 
3.0 
2.0 

Possibilities for substitution among energy inputs in production have already 
been mentioned: diesel for gasoline machinery is a familiar example. Many more 
possibilities exist, on which work progresses: one example is the use of solar energy 
to dry grain. Not only substitution among energy inputs, but also substitution of 
other inputs for energy, is potentially important,74 especially in light of the tremendous 
increases in energy prices paid by farmers since 1973. (See figure 3.) One of the 
most intriguing possibilities is the substitution of nitrogen-fixing bacteria for 
nitrogen fertilizer derived from natural gas. 75 If the efforts to develop strains of grass 
and grain crops which accept nitrogen-fixing bacteria are successful, a large amount of 
natural gas could be conserved and yields would likely increase. 

One can consider improved technology an important substitute for energy, as it 
can make possible the production of a unit of agricultural output with less energy 
input. 76 Examples of significant technological developments are plant spacing to 
optimize the conversion of solar energy, the introduction of high lysine corn, 
numerous minimum tillage practices, feeding single-cell protein which can be manu
factured from petroleum waste, and increased grazing of livestock. 77 
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In addition to energy substitution responses on the supply side, it is possible 
greatly to increase the energy efficiency of familiar agricultural practices. The higher 
prices and tighter availability of energy sources are strong incentives for farmers to 
embrace such opportunities. Often the energy efficiency could be increased by simple 
capital improvements, such as insulating heated buildings, or modifying the farm 
layout. As mentioned above, the transportation system affords great opportunities 
for an improvement in energy efficiency whenever it is possible to use railroads 
or barges instead of trucks or aircraft. 

Finally, the development of energy alternatives to fossil fuels from agricultural 
products grown in an "energy plantation" is an interesting possibility. Among the 
suggestions are that cellulose crops be grown which can be burned to provide 
energy,18 and that alcohol be produced by fermentation from a number of crops79 
or from animal wastes. so Given the world food situation, the present levels of food 
and energy prices, and current technology it is not at all clear that the use of 
cereals for alcohol production, and of arable land for an energy plantation, is 
defensible. But it is clear that further research in this area is important. s1 

FOOTNOTES 

1Schurr (68), Table 1, p. 35, Risser (59), p . 2, and Committee on Banking and 
Currency (18), p. 129. At an equivalence factor of 26.2 million BTU's per ton 
of bituminous coal, this is equivalent to growth from less than 90 million 
tons in 1850 to more than 2,885 million tons in 1973. 

2Lincoln (43), p. 155, Newsweek (53), p. 52, and Darmstadter (21) , p. 33. We 
also produce and consume more than one-third of the world's output of goods and 
services. Our consumption of non-biologic energy is what makes this possible. 

3Quotation from Holden (34), who had paraphrased Udall. 
4Schurr (68), Table 50, p. 151, and Darmstadter (21), Table 2 , p. 10. U.S. Bureau. 

of the Census (74), p. 517. 
5U. S. Government (77). 
6Schurr (68), pp. 155-156. 
7Schurr (68), p. 163. 
BFor a more detailed treatment than will be given here, refer to Schurr (68), 

Chapter 3, and Darmstadter (21), Profile 6. 
9Schurr (68), Table 2, p. 34. 

10Hubbert (35), p. 41, and Maryland (48), Figure 1, p. 19. 
llSee Figure 1; similar figures, and more details can be found in Lincoln (43). 
12See also Hirst (33). 
13Maryland (48), p. 107, presents a comparison of fuel utilization by various means 

of transport. Buses and trains are the most energy-efficient passenger carriers, 
providing over 100 passenger miles per gallon equivalent of fuel; automobiles 
and airplanes provide less than 40. The discrepancy is greater for freight; the 
railroads provide 400 to 500 ton-miles per gallon equivalent, ocean freighters 
nearly 200, whereas trucks provide less than 80 ton-miles per gallon equivalent 
and air freighters less than 20. 

14Lincoln (43), p. 158. 
15 As much as 30% increase in conversion efficiency in the last 25 years. See 

National Economic Research Associates (51), and Lincoln (43), pp. 159-160. 
16Kottman (39), p. 2. 
17 Gavett (26). 
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18Gavett (26). This represents, surprisingly, a steady decline from 4.2% in 1960 
and 4.6% in 1950, in spite of the extension during those decades of the rural 
electrification campaigns. In fact, from 1960 to 1970 the electricity consump
tion per farm rose 50%. But the number of farms fell 11 %, and the consump
tion of electricity in the non-agricultural sectors grew so rapidly, that agriculture's 
share fell. 

19This classification was devised by Professor Harold F. Breimyer. 
20See Figure 1. The residual is primarily water power, with a tiny fraction supplied 

by fuel wood. Chief biological sources, of course, are humans, mules, et alia. 
Nuclear power is still a minute fraction of total energy consumption. 

21Hubbert (35), p. 33. 
220ne must be clear in differentiating between a source of energy and any 

particular energy-producing facility . Thus the useful life of any given hydro
electric station is limited, because, for example, the reservoir behind a dam will 
silt up over several scores of years. But the potential energy in ·the flowing and/or 
falling water will remain, although perhaps it will have to be tapped elsewhere. 

23 And, ultimately, the source of the energy in the first two groups, as the organic 
material which was transformed into our fossil fuels represented chemical 
energy obtained from solar energy through photosynthesis, and as the water 
cycle depends crucially on the' evaporation of water by solar energy and its 
subsequent fall, as rain, at higher altitudes. It should also be noted that 
solar energy has always been the most important energy input into agriculture. 

24See Rocks and Runyon (62), pp. 67-68. In the more common breeder reactor, a 
small quantity of fissionable uranium (U-235) achieves a sustained chain 
reaction in the presence of a non-fissionable isotope (U-238) which is much more 
abundant. The reaction releases heat, typically used to create steam by which 
electricity can be generated, but it also converts the U-238 into · an isotope of 
plutonium (Pu-239) which is easily fissionable and is as good an atomic fuel as 
is U-235. As long as the reactor is supplied with U-238, it will produce more 
usable fuel (Pu-239) than it consumes, while also releasing energy. Another 
possible fuel producing reaction in a breeder reactor is the conversion of thorium 
into another fissionable isotope of uranium: Th-232 into U-233. The technology 
for this is less well developed than for the plutonium breeder. But it must still 
be remembered that there is a fixed and finite amount of uranium, 
plutonium and thorium in our planet. 

25Rocks and Runyon (62), Kaplan (38), inter alia. 
26See, for example, Columbia Missourian (16), in which it was reported that stocks 

of gasoline for the week ending Friday 13 June 1975 were down two million 
barrels from the previous week (and 24.2 million barrels from the previous 
year) to 199.8 million barrels. Herbert Hugo, Senior Editor of Platt's 
o i/gram , an industry trade publication, was reported to have predicted three 
cent per gallon price increases for gasoline by the end of June, 1975, and 
twenty cent increases by January, 1976. 

27McKinsey and Schneeberger (46), p. 13; Roberts (60) . 
28McKinsey and Schneeberger (46), p. 14; Whittlesey and Butcher (79), p. 901. 

An exception is the Review of Economic Studies' Symposium on the Economics of 
Renewable Resources (57). 

29Schurr (68), pp. 296ff. 
30Schurr (68), p. 9. 
31Schurr (68), p. 10. 
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32Risser (59), p. 3, and Schurr (68), p. 10. 
33Risser (59), p. 37. 
340ffice of Oil and Gas, Department of the Interior; as in Maryland (48), p. 71. 
350ffshore oil drilling is a good example, where exploratory, capital and operating 

expenses of the wells are higher than on land and where transportatiol!' of the 
oil to the mainland is likely to be more expensive. See, for example, 
Maryland (48). Contributing to this is the simple fact that as the history of 
any energy source progresses, the most promising geological sites, where the 
probability of successful discovery is highest, are usually explored first. As time 
goes on and exploitation of the source continues, the remaining sites have a 
lower probability of yielding useful supply, so one would expect the cost per 
confirmation to rise. It does. 

36See, for example, McKinsey and Schneeberger (46), Appendix A and other sources 
cited there, Gillette (28), and Joint Economic Committee (37), pp. 162-169 and 
264-296. 

37Given, of course, the estimator's implicit price-technology matrix. 
38See, for example, Maryland (48), p. 48, and Committee on Banking and 

Currency (18), Table 1-8, p. 30, and Table 1-9, p. 31. 
39Rose (63), p. 24, note to Table. 
40The Geological Survey, in June, 1975, reduced its estimates of Atlantic offshore 

oil by 80% and suggested that "the entire nation may have only one-half the 
undis<::overed oil and gas resources thought to exist a year ago." Columbia 
Missourian (17). Thus the Geological Survey estimates in Table VII would, when 
corrected, be much closer to the Mobil Oil Corporation estimates. For further 
discussion of the difficulties of constructing and interpreting estimates, and their 
wide variance, see the sources cited in note 36 above. 

41See, for example, Roberts (60),p. 22, Fabricant and Hallman (25), Chapter II, 
and the Association of the Bar of the City of New York (1). 

42See Lincoln (43), pp. 155-156, and Hubbert (35), p. 96. 
43Hubbert (35), p. 96. 
44See, for example, Dye (23). 
45Lincoln (43), pp. 155-156. 
46Berg (3), p. 134. 
47U.S. Government, Council on Environmental Quality (77). 
48"As recently as three years ago, the President's Task Force on Oil Imports pre

dicted that the U.S. would have to import no more than 27% of its oil by 
1980; the total already has reached that level and is growing steadily." 
Newsweek (53), p. 54. This of course leads to large balance of payments 
problems in many nations which can have major political repercussions. 

49Nesweek (53), p. 53. Of course, much of this waste may have been "economic" 
under the earlier low energy prices; some of it may still be. 

50See, for example, Edison Electric Institute (24), quoted in Maryland (48), pp. 23, 26. 
51Maryland (48), p. 23. 
52Business Week (6). 
53While maintaining the Reserve/Production ratio at eleven or above, the minimum 

deemed essential to protect long-run extraction. See above, pp. 15 and 16, and 
Risser (59), p. 37. 

54Risser, (58), p. 5. 
55Noland (54), p. 9. 
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56Several groups have attempted similar exercises. See, for example, the Review of 
Economic Studies' Symposium on the Economics 0/ Renewable Resources (57). 

57USDA (75). 
58Schneeberger (65), p. 5. 
59Gavett (26). The greatest growth occurred in the use of diesel fuel, which more than 

doubled in the last ten years, as shown in the following ERS estimates of farm 
consumption of gasoline, diesel fuel and LP gas: 
Year Total Gasoline Diesel LP Gas 

million gallons 

1964 6,466 4,130 1,146 1,190 
1969 7,078 3,955 1,879 1,244 
1971 7,311 4,006 2,100 1,205 
1973 7,764 4,023 2,477 1,264 

This reflects the increased popularity of diesel-powered tractors and combines, 
favored for their economy. USDA figures indicate that the proportion of new 
tractors powered by diesel engines has grown from about 50% in 1964 to 
nearly 90% in 1973; the shift to diesel-powered combines has lagged behind 
the shift to tractors but has greatly accelerated in recent months as the 
cost of fuel has increased. 

60That is, exhibiting a diminshing marginal rate of transformation. 
61Gavett (26). 
62Griliches (29) and others estimate that between 60 and 80 percent of the increased 

corn yields since 1940 is due to energy resource inputs with hybrid seed 
accounting for nearly all the remainder. See our discussion of corn and energy 
below, pp. 30-32. 

63Both economists and farmers are skilled in the computation of economic efficiency, 
and given the formerly prevailing low energy input prices the familiar resource 
use patterns were economically efficient. As prices rise, patterns of resource 
use will be adjusted to maintain economic efficiency. No one-dimensional 
evaluation is adequate, though, neither economic efficiency nor energy 
efficiency. Energy efficiency is a 1:lseful additional criterion by which to evalute 
alternatives. Timmer (73) argues that too much attention has been focused on 
energy efficiency in recent months, while "the criterion is economic" still. 

64Schneeberger (65), p. 6. The total U.S. transportation system operates with an 
energy efficiency of 0.17 to 1, and the most efficient electrical generating 
facilities do not exceed an efficiency of 0.4 to l. 

65Schneeberger (65). 
66Gavett (26). He reports that 86 plants in the United States currently produce NH3 

by means of the Haber-Bosch process. In this process H2 is extracted from 
natural gas and then combined with N 2 under high temperature and pressure. 
Alternative technologies are estimated by the TVA to cost more than three 
times as much as the Haber-Bosch process, given current relative prices. See 
Schneeberger and Breimyer (66), p. 4. Natural gas is consumed directly on 
farms in large quantities. For example, "40% of all the natural gas sold by 
Kansas-Nebraska Natural Gas Co. in Nebraska goes directly to irrigation 
pumping," Center for Rural Affairs (13), p. l. 

67The new hybrids generally have longer growing seasons so are picked later in the 
year with higher moisture content. 
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68Pimentel et al. (55). 
690f course, this is not to say that one could remove all the energy resource 

inputs and continue to produce at 20% greater than 1945 levels, on the strength 
of the hybrids alone, for they require massive inputs of (energy-intensive) 
nitrogen fertilizer and other complementary inputs to grow. 

70 Again we repeat that energy efficiency is not everything, nor is the caloric content 
of our food grains the only important output parameter. But it is of major 
importance. 

71 Heichel (31), noting that corn captures only one percent of the energy falling on 
it from the sun, estimates that the theoretical maximum is twelve percent. This 
could be a fruitful and extraordinarily valuable area for research. 

72Derived from Cervinka (14), Heichel (32), and Steinhart and Steinhart (71). 
73Carter and Youde (11). 
74Recall that the reason for the phenomenal growth of energy use in agriculture 

was its massive substitution for other, more economically scarce, inputs, especially 
labor and land. With new relative prices among the inputs, other substitutions 
may become economic. 

75See Marx (47), who reviews research in which a number of nitrogen-fixing 
bacteria have been found to develop symbiotic relationships with various grasses 
and grains. The importance of this discovery is that grasses and grains are much 
more efficient photosynthesizers than are legumes, the hosts of the previously
known nitrogen-fixing bacteria. 

760r, of course, the production of more output from the same energy input. 
77See , for instance, Gavett (26). 
78It is estimated that twenty tons of dry matter is the probable maximum yield per 

acre, and that each ton would release 15 million BTU's. See Prairie Farmer, 
18 August 1973. 

79See Miller (49), and Gavett (26). Potatoes and many grains are suitable sources of 
alcohol; typical yields are 2.6 gallons of 2000 proof alcohol per bushel of grain. 

80See, for instance, Gavett (26). 
81See Business Week (8). 
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