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MISCELLANEOUS FACTORS

I centimeter = 0.3937 inch; | inch = 2.54 cm

I micron (um) = 10"m

I meter = 3.28 ft; 1 foot = 12 in. = 30.48 cm

I hectare (ha) = 10,000 m? = 2.471 acres

I acre = 43,560 ft> = 0.4047 ha

I liter = 1,000 cm® = 0.264 gal

| gallon = 0.1337 ft} = 3.885 liter

1 barrel (bbl) = 42 gal = 159.1 liter

| kilogram = 2.2046 Ib; | pound = 16 0z = 0.453 kg

| cord = 128 ft* = 3.624 m*

I therm = 100,000 Btu

I watt = 1 J/sec = 3.41 Btu/hr

I kilowatt = 1,000 J/sec = 239 cal/sec = 3,413 Btu/hr = 1.341 hp
I horsepower = 550 ft - Ib/sec = 746 W

I year = 3.15 x 107 sec

| acre foot = 325,804 gallons

density of water = 1 g/cm® = 62.4 Ib/ft’

density of gasoline = 0.70 to 0.78 gm/cm?; average = 0.72 gm/cm’
density of diesel fuel = 0.82 to 0.95 gm/cm?; average = 0.85 gm/cm’
density of propane = 0.50 gm/cm’

density of air at STP = 1.293 kg/m’

heat capacity of air = 1000 J/kg - K = 0.019 Btu/ft® .°F

ASTRONOMICAL DATA

Mean radius of earth 6.371 x 10°m
Mass of earth 5.975 x 10%* kg
Surface temperature of earth 290 K

Mean distance from earth to sun 1.49 x 10" m
Mass of sun 1.99 x 10% kg
Surface temperature of sun 6000 K

Radius of moon 1.741 x 10° m
Mass of moon 7.343 x 10%? kg

Mean distance of moon from earth 3.84 x 108 m



Energy Unit Conversion Factors

J kWh Btu
| Joule () equals 1 2.78 x 1077 9.49 x 10*
1 kilowatt hour (kWh) equals  3.60 x 10° 1 3413
1 calorie (cal) equals 4.184 1.19 x 107° 3.97 x 1073
1 British thermal equals 1055 293 x 107 1
unit (Btu)
I foot-pound (ft - Ib) equals 1.36 3.78 x 1077 1.29 x 1073
1 electron volt (eV) equals 1.60 x 10719 4.45 x 10726 1.52 x 10722
Energy Equivalents
J kWh Btu
Crude petroleum 6.12 x 107 1700 5.80 x 10~*
(42 gallon barrel)
Bituminous coal (1 ton®) 2.81 x 10" 7800 2.66 x 107
Natural gas 1.09 x 107 303 1.035 x 10°
(1000 cubic feet®)
Gasoline (1 gallon®) 1.32 x 108 36.6 1.25 x 10°
Uranium = 235 (1 gram) 8.28 x 101" 2.30 x 10* 7.84 x 107
Deuterium (1 gram) 2.38 x 10! 6.60 x 10* 2.25 x 108

41 ton = 2000 1b = 0.907 tonne.

bALSTP.

“The U.S. gallon is used in this text. The Imperial gallon used in Canada and Great Britain equals 1.200

U.S. gallons.
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PREFACE

It was not until the year 1973 that the term energy became common in house-
holds throughout the United States. At that time, an energy crisis suddenly fell
upon the country and for some time it was common for motorists to spend hours
waiting in line at a filling station to obtain a tank of gasoline. At times the cus-
tomer was limited to a five gallon purchase. The speed limit on all highways
throughout the nation was reduced to 55 miles per hour and it stayed that way
for 15 years until 1988. Decorative lighting was markedly reduced during the
holiday season as an energy-saving measure.

The experience of 1973 gave immediate significance to energy for a wide
audience. Much has happened since that energy crisis. Gasoline is now widely
available, as is electrical energy. However, the underlying problems remain.

The problems of energy are complex and go far beyond questions of the im-
mediate availability of motor fuel. These issues affect the United States and the
world in general and there is no sign of a pending solution. Evidence is growing
that many of the problems are becoming more severe with the passage of time as
our fossil fuels diminish and the citizens of developing countries aspire to share
more fully in the “‘good life.” Beyond the supply side of the energy problem, we
see the effects of emissions on the local and global atmosphere. We continue to
experience oil spills, and we have no generally accepted solution to the problem
of radioactive waste disposal.

The topics of energy and the environment are obviously crucial to all of us,
and effective policies at the national level depend on the actions of an informed
citizenry. To meet this need, courses dealing with energy and the environment
are being taught at universities and colleges in the United States and elsewhere.
Energy and the Environment was created from the experience the authors have
had in teaching such courses for more than twenty years at The University of
Colorado in Boulder. An earlier text first published fourteen years ago was in-
tended for a two-semester course; it was distinctly quantitative and focussed on
technical analysis of these issues. It has since become apparent that there is also
a need for a text appropriate for a one-semester course, with a more descriptive
treatment of the subject.

The present text deals with the core subjects of energy and the environ-
ment. With respect to energy, we have tried to cover basic concepts, resources,
applications, and problems of current interest. With respect to the environment,
we have included most of the major concerns; unfortunately, because of space
limitations, we have had to omit some areas such as water pollution. When the
topics covered in this book are examined together, it is seen that many, but not
all, of our environmental problems have their origin in our quest for abundant
and inexpensive energy.

XV
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Preface

This text is intended for students having little or no background in science or
mathematics. Some elementary calculations are included in the subject matter,
but these calculations do not involve mathematics beyond introductory algebra,
and this is introduced slowly along with the material under discussion.

To extend a comment put forth by Aldo Leopold many years ago, it is our
hope that this text will help to bring its readers beyond thinking that “heat comes
from the furnace, food comes from the store, water comes from the faucet, gaso-
line comes from the filling station, truth comes from the experts.”
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CHAPTER 1

Energy Fundamentals, Energy
Use in an Industrial Society

1.1 Introduction

Energy enters our everyday lives in many different ways. The energy in the
food we eat maintains our body temperature and lets us walk, talk, lift things,
and toss frisbees. The use of energy in food has been essential for the existence
of all humankind and animals throughout our evolution on this planet. In some
developing countries the supplying of food for energy and nutrition is a difficult
task that requires most of the waking hours of the population. Food acquisition
is just as essential in the more developed countries, but because of the greater
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mechanization of agricultural production, the effort of only a relatively small
number of persons is devoted to obtaining food. This leaves most of the rest of
us free to pursue other activities throughout our lives.

Energy in forms other than food is also essential for the functioning of a
technical society. For example, in the United States, many times more energy
in the form of engine fuel goes into the agricultural enterprise than is obtained
in the useful food Calorie content of the food produced. Prodigious amounts of
energy are also used to power automobiles, heat homes, manufacture products,
generate electricity, and perform various other tasks. In order for our society to
function in its present patterns, vast amounts of coal, natural gas, and oil are
extracted from the earth and burned to provide this energy. To a lesser extent
we also derive energy from hydroelectric plants, nuclear reactors, electric wind
generators, and geothermal plants, and of course, we all benefit enormously
from the energy obtained directly from the sun.

The fossil fuels: coal, natural gas, and oil, supply about 85% of the fuel
energy used in the United States. These resources evolved hundreds of millions
of years ago as plant and animal matter decomposed and was converted under
conditions of high temperature and pressure under the earth’s surface into the
hydrocarbon compounds that we now call fossil fuels. Since the beginning of
the machine age, industrial societies have become increasingly dependent on
fossil fuels. A hundred and fifty years ago, the muscular effort of humans and
animals played an important role in the American economy, and firewood sup-
plied most of the heat energy. Now less than one percent of our energy comes
from firewood and we rely much less on the physical effort of people and ani-
mals. The process by which we have moved to our present dependence on coal,
oil, and natural gas is illustrated in Figure 1.1, where the energy consumed in the
United States each year from various sources is shown in terms of quadrillion
British thermal units (QBtu) for the years 1850 to 1989. The definition of QBtu
will be given in Section 1.5.

Should we be concerned that so much of our energy is now coming from
fossil fuels? Here are two of many factors that should cause concern.

First, the fossil fuel resource is limited in amount. The fossil fuels were
produced by solar energy hundreds of millions of years ago, and when they are
gone, there will be no more. It is true that the fuels are still being formed, but
at an entirely negligible rate compared to the rate at which we are consuming
them. We first began consuming the fossil fuels at an appreciable rate only about
150 years ago. How long will they last? On a global scale we will still have some
coal for a few centuries, but natural gas and oil will be in short supply in only a
few decades. In the United States, the situation is worse than the global average
because we are depleting our resources at a faster rate than in other fossil fuel-
rich areas around the globe. Figure 1.2 shows the narrow blip of our fossil fuel
use set against a time scale of thousands of years. As you consider the brief
duration of this blip, remember that we have living trees thousands of years old,
a much longer time than what will be spanned by the entire era of fossil fuel
consumption. It is clear from this figure that we live in an extraordinary time



