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The Flow of Energy in an Industrial Society· 

The U. S., with 6 percent of the world's population, uses 35 percent 

of the world's energy. In the long run the limiting factor in high 
levels of energy consumption will be the disposal of the waste heat 

This article will describe the How 
of energy through an industrial 
society: the U.S. Industrial socie­

ties are based on the use of power: the 
rate at which useful work is done. Power 
depends on energy, which is the ability 
to do work. A power-rich society con­
sumes-more accurately, degrades-en­
ergy in large amounts. The success of an 
industrial society, the growth of its 
economy, the quality of the life of its 
people and its impact on other societies 
and on the total environment are deter­
mined in large part by the quantities 
and the kinds of energy resources it ex­
ploits and by the efficiency of its systems 
for converting potential energy into 
work and heat. 

Whether by hunting, by farming or 
by burning fuel, man introduces himself 
into the natural energy cycle, converting 
energy from less desired forms to more 
desired ones: from grass to beef, from 
wood to heat, from coal to electricity. 
What characterizes the industrial so­
cieties is their enormous consumption of 
energy and the fact that this consump­
tion is primarily at the expense of "capi­
tal" rather than of "income," that is, at 
the expense of solar energy stored in 
coal, oil and natural gas rather than of 
solar radiation, water, wind and muscle 
power. The advanced industrial socie­
ties, .the U.S. in particular, are further 
characterized by their increasing de­
pendence on electricity, a trend that has 
direct effects on gross energy con sump-

by Earl Cook 

tion and indirect effects on environmen­
tal quality. 

The familiar exponential curve of in­
creasing energy consumption can be 
considered in terms of various stages of 
human development [see illustration on 
next page]. As long as man's energy 
consumption depended on the food he 
could eat, the rate of consumption was 
some 2,000 kilocalories per day; the do­
mestication of fire may have raised it to 
4,000 kilocalories. In a primitive agri­
cultural society with some domestic ani­
mals the rate rose to perhaps 12,000 

kilocalories; more advanced farming so­
cieties may have doubled that consump­
tion. At the height of the low-technology 
industrial revolution, say between 1850 

and 1870, per capita daily consumption 
reached 70,000 kilocalories in England, 
Germany and the U.S. The succeeding 
high-technology revolution was brought 
about by the central electric-power sta­
tion and the automobile, which enable 
the average person to apply power in 
his home and on the road. Beginning 
shortly before 1900, per capita energy 
consumption in the U.S. rose at an in­
creasing rate to the 1970 figure: about 
230,000 kilocalories per day, or about 
65 X 1015 British thermal units (B.t.u.) 
per year for the country as a whole. To­
day the industrial regions, with 30 per­
cent of the world's people, consume 80 

percent of the world's energy. The U.S., 
with 6 percent of the people, consumes 
35 percent of the energy. 

HEAT DISCHARGE from a power plant on the Connecticut River at Middletown, Conn., 

is shown in this infrared scanning radiograph. The power plant is at upper left, its struc· 

tures outlined by their heat radiation. The luminous cloud running along the left bank of 

the river is warm water discharged from the cooling system of the plant. The vertical oblong 

object at top left center is an oil tanker. The luminous spot astern is the infrared glow of its 

engine room. The dark streak between the tanker and the warm·water region is a break· 

water. The irregular line running down the middle of the picture is an artifact of the infra· 

red scanning system. The picture was made by HRB·Singer, Inc., for U.S. Geological Survey. 

In the early stages of its development 
in western Europe industrial society 
based its power technology on income 
sources of energy, but the explosive 
growth of the past century and a half 
has been fed by the fossil fuels, which 
are not renewable on any time scale 
meaningful to man. Modem industrial 
society is totally dependent on high 
rates of consumption of natural gas, pe­
troleum and coal. These nonrenewable 
fossil-fuel resources currently provide 
96 percent of the gross energy input into 
the U.S. economy [see top illustration 
on page 137]. Nuclear power, which in 
1970 accounted for only .3 percent of 
the total energy input, is also (with pres­
ent reactor technology) based on a capi­
tal source of energy: uranium 235. The 
energy of falling water, converted to hy­
dropower, is the only income source of 
energy that now makes any significant 
contribution to the U.S. economy, and 
its proportional role seems to be declin­
ing from a peak reached in 1950. 

Since 1945 coal's share of the U.S. 
energy input has declined sharply, 

while both natural gas and petroleum 
have increased their share. The shift is 
reflected in import figures. Net imports 
of petroleum and petroleum products 
doubled between 1960 and 1970 and 
now constitute almost 30 percent of 
gross consumption. In 1960 there were 
no imports of natural gas; last year nat­
ural-gas imports (by pipeline from Can­
ada and as liquefied gas carried in cryo­
genic tankers) accounted for almost 4 
percent of gross consumption and were 
increasing. 

The reasons for the shift to oil and 
gas are not hard to find. The conversion 
of railroads to diesel engines repre­
sented a large substitution of petroleum 
for coal. The rapid growth, beginning 
during World War II, of the national 
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network of high-pressure gas-transmis­
sion lines greatly extended the avail­
ability of natural gas. The explosion of 
the U.S. automobile population, which 
grew twice as fast as the human popula­
tion in the decade 1960-1970, and the 
expansion of the nation's fleet of jet air­
craft account for much of the increase 
in petroleum consumption. In recent 
years the demand for cleaner air has 
led to the substitution of natural gas or 
low-sulfur residual fuel oil for high­
sulfur coal in many central power plants. 

An examination of energy inputs by 
sector of the U.S. economy rather than 
by source reveals that much of the 
recent increase has been going into 
household, commercial and transporta­
tion applications rather than industrial 
ones [see bottom illustration on opposite 
page J. What is most striking is the 
growth of the electricity sector. In 1970 

almost 10 percent of the country's use­
ful work was done by electricity. That is 
not the whole story. When the flow of 
energy from resources to end uses is 

charted for 1970 [see illustration on 
pages 138 and 139], it is seen that pro­
ducing that much electricity accounted 
for 26 percent of the gross consumption 
of energy, because of inefficiencies in 
generation and transmission. If electrici­
ty's portion of end-use consumption rises 
to about 25 percent by the year 2000, as 
is expected, then its generation will ac­
count for between 43 and 53 percent of 
the country's gross energy consumption. 
At that point an amount of energy equal 
to about half of the useful work done in 
the U.S. will be in the form of waste 
heat from power stations! 

All energy conversions are more or 
less inefficient, of course, as the flow dia­
gram makes clear. In the case of elec­
tricity there are losses at the power 
plant, in transmission and at the point of 
application of power; in the case of fuels 
consumed in end uses the loss comes at 
the point of use. The 1970 U.S. gross 
consumption of 64.6 X 1015 B.t.u. of en­
ergy (or 16.3 X 1015 kilocalories, or 
19 X 1012 kilowatt-hours) ends up as 

32.8 X 1015 B.t.u. of useful work and 
3l.8 X 1015 B.t.u. of waste heat, 
amounting to an overall efficiency of 
about 51 percent. 

The flow diagram shows the pathways 
of the energy that drives machines, pro­
vides heat for manufacturing processes 
and heats, cools and lights the country. 
It does not represent the total energy 
budget because it includes neither food 
nor vegetable fiber, both of which bring 
solar energy into the economy through 
photosynthesis. Nor does it include en­
vironmental space heating by solar radi­
ation, which makes life on the earth pos­
sible and would be by far the largest 
component of a total energy budget for 
any area and any society. 

The minute fraction of the solar flux 
that is trapped and stored in plants pro­
vides each American with some 10,000 

kilocalories per day of gross food pro­
duction and about the same amount in 
the form of nonfood vegetable fiber. The 
fiber currently contributes little to the 
energy supply. The food, however, fu-
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DAILY PER CAPITA CONSUMPTION (1.000 KILOCALORIES) 

DAIL Y CONSUMPTION of energy per capita was calculated by 

the author for six stages in human development (and with an ac­

curacy that decreases with antiquity) . Primitive man (East Africa 

about 1,000,000 years ago) without the use of fire bad only the en­

ergy of the food he ate. Hunting man (Europe about 100,000 years 

ago) had more food and also burned wood for heat and cooking. 

Primitive agricultural man (Fertile Crescent in 5000 B.C.) was grow· 
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ing crops and had gained animal energy. Advanced agricultural 

man (northwestern Europe in A.D. 1400) had some coal for heating, 

some water power and wind power and animal transport. Industrial 

man (in England in 1875) had the steam engine. In 1970 technologi, 

cal man (in the U.S.) consumed 230,000 kilocalories per day, rimeh 

of it in form of electricity (hatched area). Food is divided into 

plant foods (far left) and animal foods (or foods fed to animll'ls). 
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air conditioning grew at the remarkable 
rate of 20 percent per year; it accounted 
for almost 16 percent of the total in­
crease in electric-power generation from 
1969 to 1970, with little or no multiplier 
effect on the C.N.P. 

Let us take a look at this matter of 
efficiency in still another way: in terms 
of useful work done as a percentage of 
gross energy input. The "useful-work 
equivalent," or overall technical efficien­
cy, is seen to be the product of the con-

version efficiency (if there is an in­
termediate conversion step) and the ap­
plication efficiency of the machine or 
device that does the work [see bottom 
illustration on page 141]. Clearly there 
is a wide range of technical efficiencies 
in energy systems, depending on the 
conversion devices. It is often said that 
electrical resistance heating is 100 per­
cent efficient, and indeed it is in terms, 
say, of converting electrical energy to 
thermal energy at the domestic hot-

water heater. In terms of the energy 
content of the natural gas or coal that 
fired the boiler that made the steam that 
drove the turbine that turned the gen­
erator that produced the electricity that 
heated the wires that warmed the water, 
however, it is not so efficient. 

The technical efficiency of the total 
U.S. energy system, from potential en­
ergy at points of initial conversion to 
work at points of application, is about 
50 percent. The economic efficiency of 
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FLOW OF ENERGY through the U.S. system in 1970 is traced 

from production of energy commodities (left) to the ultimate con­

version of energy into work for various industrial end products 

and waste heat (right). Total consumption of energy in 1970 was 

64.6 X 1015 British thermal units. (Adding non energy uses of fos· 

sil fuels, primarily for petrochemicals, would raise the total to 

68.8 X 1015 B.t.u.) The overall efficiency of the system was about 

51 percent. Some of the fossil·fuel energy is consumed directly and 
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the system is considerably less. That is 
because work is expended in extracting, 
refi�i�g and transporting fuels, in the 
construction and operation of conversion 
facilities, power equipment and electric­
ity-distribution networks, and in han­
dling waste products and protecting the 
environment. 

k industrial society requires not only 
a large supply of energy but also a 

high use of energy per capita, and the 

ENERGY LOST I N GENERATION AND 
TRANSMI SSION OF ELECTRICITY 

11.8 . 

society's economy and standard of liv­
ing are shaped by interrelations among 
resources, population, the efficiency of 
conversion processes and the particular 
applications of power. The effect of 
these interrelations is illustrated by a 

comparison of per capita energy con­
sumption and per capita output for a 

number of countries [see illustration on 
page 142]. As one might expect, there 
is a strong general correlation between 
the two measures, but it is far from be-
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some is converted to generate electricity. The efficiency of electrical generation and trans­

mission is taken to be about 31 percent, based on the ratio of utility electricity purchased in 
1970 to the gross energy input for generation in that year_ Efficiency of direct fuel use 
in transportation is taken as 2S percent, of fuel use in otber applications as 7S percent. 

ing a one-to-one correlation. Some coun­
tries (the U.S.S.R. and the Republic of 
South Africa, for example) have a high 
energy consumption with respect to 
C.N.P.; other countries (such as Sweden 
and New Zealand) have a high output 
with relatively less energy consumption. 
Such differences reflect contrasting com­
binations of energy-intensive heavy in­
dustry and light consumer-oriented and 
service industries (characteristic of dif­
ferent stages of economic development) 
as well as differences in the efficiency of 
energy use. For example, countries that 
still rely on coal for a large part of their 
energy requirement have higher energy 
inputs per unit of production than those 
that use mainly petroleum and natural 
gas. 

A look at trends from the U.S. past is 
also instructive. Between 1800 and 1880 

total energy consumption in the U.S. 
lagged behind the population increase, 
which means that per capita energy con­
sumption actually declined somewhat. 
On the other hand, the American stan­
dard of living increased during this pe­
riod because the energy supply in 1880 

(largely in the form of coal) was being 
used much more efficiently than the en­
ergy supply in 1800 (largely in the form 
of wood). From 1900 to 1920 there was 
a tremendous surge in the use of energy 
by Americans but not a parallel increase 
in the standard of living. The ratio of 
energy consumption to C. N.P. increased 
50 percent during these two decades be­
cause electric power, inherently less ef­
fiCient, began being substituted for the 
direct use of fuels; because the automo­
bile, at best 25 percent efficient, prolif­
erated (from 8,000 in 1900 to 8,132,000 

in 1920), and because mining and manu­
facturing, which are energy-intensive, 
grew at very high rates during this pe­
riod. 

Then there began a long period dur­
ing which increases in the efficiency of 
energy conversion and utilization ful­
filled about two-thirds of the total in­
crease in demand, so that the ratio of 
energy consumption to C.N.P. fell to 
about 60 percent of its 1920 peak al­
though per capita energy consumption 
continued to increase. During this pe­
riod (1920-1965) the efficiency of elec­
tric-power generation and transmission 
almost trebled, mining and manufactur­
ing grew at much lower rates and the 
services sector of the economy, which is 
not energy-intensive, increased in im­
portance. 

"P ower corrupts" was written of 
man's control over other men but it 

applies also to his control of energy re-
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sources. The more power an industrial 
society disposes of, the more it wants. 
The more power we use, the more we 
shape our citics and mold our economic 
and social institutions to be dependent 
on the application of power and the con­
sumption of energy. vVe could not now 
make any major move toward a lower 
per capita cnergy consumption without 
severe economic dislocation, and cer­
tainly the struggle of people in less de­
veloped regions toward somewhat simi­
lar energy-consumption levels cannot be 
thwarted without prolonging mass 1m­
man suffering. Yet there is going to have 
to be some leveling off in the energy de­
mands of industrial societies. Countries 
such as the U.S. have already come up 
against constraints dictated by the avail­
ability of resources and by damage to 
the environment. Another article in this 
issue considers the question of resource 
availability [see "The Energy Resources 
of the Earth," by M. King Hubbert, page 
60]. Here I shall simply point out some 
of the decisions the U.S. faces in coping 
with diminishing supplies, and specifi­
cally with our increasing reliance on 
foreign sources of petroleum and petro­
leum products. In the short run the ad­
vantages of reasonable self-suffiCiency 
must be weighed against the economic 
and environmental costs of developing 
oil reserves in Alaska and off the coast 
of California and the Gulf states. Later 
on such self-suffiCiency may be attain­
able only through the production of oil 
from oil shale and from coal. In the long 
run the danger of dependence on dwin­
dling fossil fuels-whatever they may be 
-must be balanced against the research 
and development costs of a major effort 
to shape a new energy system that is nei­
ther dependen t on limited resources nor 
hard on the environment. 

The environmental constraint may be 
more insistent than the constraint of re­
source availability. The present flow of 
energy through U.S. society leaves waste 
rock and acid water at coal mines; 
spilled oil from offshore wells and tank­
ers; waste gases and particles from pow­
er plants, furnaces and automobiles; ra­
dioactive wastes of various kinds from 
nuclear-fuel processing plants and reac­
tors. All along the line waste heat is 
developed, particularly at the power 
plants. 

Yet for at least the next 50 years we 
shall be making use of dirty fuels: coal 
and petroleum. We can improve coal­
combustion technology, we can build 
power plants at the mine mouth (so that 
the air of Appalachia is polluted instead 
of the air of New York City), we can 
make clean oil and gas from coal and oil 
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Now you see it ... Now you don't. 
1- T-E Imperial is doing powerful things for you. 

For instance . . . our SF 6 gas-insulated systems have 
opened the way to a new era in out-of-sight high-voltage 
power lines and switching stations-improving environ -
mental aesthetics. And just in time ... 

Within the present decade, it is estimated electric util­
ities will more than double their present generating and 
transmission capacities. So they have problems. For­
tunately, our new gas-insulated systems offer many 
solutions. 

This new concept shrinks utility high-voltage switching 
stations up to 1/15th their present size-and they can 
be indoors, outdoors, or even underground. This is an 
important economic consideration as prime land grows 
ever more scarce and property values sky-rocket. Inner­
city land can cost up to millions of dollars an acre! 

Also, where space and siting considerations do not per­
mit the use of conventional overhead systems with their 
necessary towers, exposed conductors and wide right­
of-way, I-T -E totally enclosed SF6 electrical transmission 

systems can be put completely out of sight-under­
ground, in tunnels, or under elevated highways. For ex­
ample, a 3-phase, 345kV, 2000 megawatt system is now 
being installed in an 8 ft. trench. Overhead installations 
ordinarily require up to 150' right of way! 

In brief, by meeting the growing power need with new 
efficiency, we can help to achieve greater harmony with 
our total environment. 

The first 345kV SF6 insulated system, supplied by I-T-E 
was put "on line" July 4th-the first of its kind in the 
world-and other projects are now under construction. 
Also underway, a feasibility study of underwater trans­
mission lines for off-shore power stations. 

We've been working in electrical distribution and power 
protection, serving America's power needs for nearly 
a century. If you would like more details, we've got a free 
book. For your copy, contact your local I-T-E sales 
office or write 1-T-E Imperial Corporation, 1900 Hamilton 
Street, Philadelphia, Pa. 19130. 

QID lITE Imperial CorporiltioR 
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But it doesn't just happen 

Electricity is twinkling lights. 
Electricity is downtown 
streetcars. Chandeliers at 
the opera, the spots and 
floods. Electricity cooks late 
suppers. Lets you watch 
that late show . Keeps you 
warm, or cool . 

Electricity turns the wheels 
of industry. Helping to 
make things. From space­
craft to bread . 

Electricity means safety. In 
the hospital. At the airport. 
Electricity is  essential . 

But it doesn't just h appen. 
It has to be generated. More 
and more, for more and more 
purposes. Work on hand with 
the Brown Boveri Group just 
now includes 1 0  very large 
turbine-generator sets over 
1 000 MW for the United 
States. Six of them the biggest 
in the world.  Together they 

will produce 12 750 000 kW, 
day in, day out. They 
will be well designed, reliable 
machines. It's taken for 
granted. 

aac 
BROWN BOVERI  
Represented in the  USA by 
Brown Boveri Corporation, 
North Brunswick, N.J. 
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research center near Pitts­
burgh-a inillion-volt elec­

;. tron microscope, the largest 
in the Western Hemisphere. 
A microscope so powerful it "1" __ '-11." 

MOON ROCK APOllO l2. 
Studying the moon 

rocks is one of the things 
we're doing. 

U.S. Steel is involved 
in this exciting NASA pro­
gram because we have a re­
markable instrument at our 

can resolve feature� eight 
billionths of an inch apart. 

Our metallurgists, phys­
icists and chemists are 
probing the moon samples 
almost atom by atom. Just as 
we've used it to probe the 

nature of our steels. And to 
study tooth enamel, va c­
cines, muscle tissue and 
much more. We're helping 
to unlock the secrets of the 
moon as well as of earth. 

Because man can im­
prove his life by expanding 
his knowledge, at United 
States Steel, we're involved. 

uss is a registered trademark. 

We're 
involved . . 
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