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INTRODUCTION: ENERGY DRIVES EVERYTHING

Howarp C. HAYDEN

INTRODUCTION

Everything we make, bend, heat, cool, cut, fasten, grow,
harvest, move, or shape requires energy. That is, when we
do anything to anything, we use energy. If we do it by hand,
the energy source is the sun which produces the food we
eat. The human labor part of the energy picture, however,
is minuscule. Let me elaborate. The best coupling between
man and machine is to put a person on a bicycle seat to
use the strong leg muscles to push the pedals (which in turn
might turn an electric generator). Whereas a good athlete
might produce a few hundred watts—perhaps as much as
a thousand watts—over a short period, it is a real chore to
produce 100 W on a continuous basis for hours at a time.
If we produce 100 W for a 10-hour period, the amount of
electrical energy produced is 100 W X 10 hours, which is
1000 Wh, or 1 kilowatt-hour (kWh), for which the average
price in the United States is about a dime. Not many people
would be willing to work that hard, that long, for a mere
10 cents. For another comparison, a 2000-Calorie! daily diet
is equivalent to about 100 W.

To expand that perspective just a bit, let us look at the
amount of energy—over 100 exajoules’>—used in the United
States every year. Averaged over the 31.6 million seconds in
the year, and over the roughly 315 million US citizens, our
rate of energy consumption is about 11,000 W per capita,
about 110 times as much power as the average human pro-
duces in the form of heat, or our athlete produces while on the
bicycle seat. Alternatively, one may think of our energy con-
sumption as being equivalent to having 110 servants tending

10ne food Calorie (capitalized) is one kilocalorie.
2We will say more about this unit further on.

to our needs night and day. This is why we can accurately say
that human labor is a minuscule part of the energy picture.

Over 90% of our energy comes from petroleum, natu-
ral gas, coal, and uranium. Of the 9% contribution from
renewable energy sources, the venerable ones—hydro and
biomass—provide over 80%.

The electricity that powers our appliances is not pri-
mary energy, but rather a carrier of energy. In a coal-fired
power plant, for example, the fire boils water into high-
pressure, high-temperature steam that turns a turbine that
turns an electricity-producing generator. The generator ener-
gizes electrons, and our lights and machines in turn become
energized by those electrons. The important detail is simply
that the electrical power does not come from the socket, but
rather from some primary source like coal or natural gas.

Scientists began to understand things pertaining to elec-
tricity at about the time of the American Revolution. It was
not until 1882 that the first hydropower station produced
commercial electrical power. So useful is electricity that, by
now, a full 40% of our primary energy in the United States
goes into the production of electricity.

SOME FUNDAMENTALS

Energy is somewhat hard to define. There is no instrument
that directly measures energy. By and large, you cannot see
it or touch it. Work, on the other hand, is fairly easy to define.
Work is the equivalent of lifting a weight to some height
above the starting point; indeed, it is the product of the weight
and the vertical distance the weight moves.

Now we come to the definition: Energy is the capacity to
do work. (That does not mean the ability to do work.) In other
words, energy is numerically the same as the work it could
do at an impossible 100% efficiency. In broadest terms, there

xi



xii INTRODUCTION: ENERGY DRIVES EVERYTHING

is energy due to position—called potential energy—such as
the energy of an object that has been lifted. There is also
energy due to motion—called kinetic energy—such as that
of a falling ball. The two kinds of energy can appear together,
such that of a ball dropped from a 20-story high building as
it passes (say) the 12th floor, where it has potential energy
with respect to the ground and also has kinetic energy due to
its speed.

Chemical energy is potential energy. It is not due to
gravity, but to the positions of the atoms and molecules
with respect to one another. For example, when heptane
molecules (the most common ones in gasoline) encounter
oxygen molecules in air under conditions of high tempera-
ture (such as that created by a spark in a gasoline engine),
the energy released a chemical bonds are broken and formed
is thermal energy, often called heat.? Heat is a special kind
of energy to which special rules apply. Energy (PE and KE)
can be converted to heat with 100% efficiency. Heat can be
converted to energy, but with an efficiency that is less than
100%.

Electromagnetic energy travels at the speed of light, but
light is a minuscule part of the spectrum. The term light
usually refers to visible light, but usually not to ultraviolet
radiation, x-rays, gammaradiation, infrared, and radio waves,
although the only meaningful distinction is that we can see
light. The generic term is electromagnetic radiation.

ENERGY IS NOT POWER AND POWER
IS NOT ENERGY

The distinction between power and energy is the same as the
distinction between speed and location. Everybody under-
stands that going 45 miles/h is not the same as being at 41
and Main. Similarly, everybody understands that 250 horse-
power is not the same as the chemical energy in a liter of
gasoline. But too many people fail to distinguish between
kilowatts (a unit of power) and kilowatt-hours (a unit of
energy).

Power is a term that has a well-defined technical meaning
and several ill-defined meanings in common parlance (such
as “political power,” a “powerful idea,” or “the power of
the purse”). In common parlance, power means something
related to the electrical socket. Indeed, power is provided by
the grid, but electrical power is only one kind. For example,
it takes power to run your car—the term horsepower is com-
monly used. But using watts for electrical power, horsepower
for automobiles, and British Thermal Unit (BTU)/hour for a
furnace is somewhat akin to measuring sugar in pounds, coal

3Thermodynamicists usually use the term heat to refer to thermal energy in
transit, such as when a hot body is placed in contact with a cold one: heat
flows from the hot one to the cold one. There are good reasons for doing so,
but they need not concern us here.

in tons, and diamonds in carats. Why do that, when they are
all weights? Similarly, power needs only one unit of mea-
surement. By international agreement, that unit is the watt.

Let us begin with something simple. Suppose we have a
cupful of gasoline. We can burn up that gasoline very slowly
or we can burn it up in a hurry, possibly even in an explosion.
In both cases, the same amount of energy is released, because
that cup of gasoline has just so much energy, no more, no
less. When the fuel is burned slowly, that is low power. When
it is burned rapidly, that is high power.

For a very dramatic example, consider the electrical
energy from a single large coal-fired power plant operat-
ing for one half of a day. The energy is used for heating,
refrigeration, lighting, manufacturing, and many other use-
ful ventures. But if that amount of energy were expended in
a small area in about a microsecond, it would be an explo-
sion like that of the atomic bombs that fell on Hiroshima and
Nagasaki. That is extremely high power.

In all cases to which the term power applies, energy is
being converted from one form to another. The faster the
energy is converted, the higher the power.

Technically, then, power = energy converted + the time
interval.

Alternatively, energy converted = power X the time
interval.

The electrical meter on your house measures power con-
sumption, second by second, and keeps a running tally in
units of kilowatt-hours.

UNITS OF MEASUREMENT

Energy has historically been measured in many units, includ-
ing foot-pounds, ergs, joules, calories, kilocalories, and
BTUs. There are also units that pertain to fuels: the gal-
lon of gasoline, the barrel of oil, the therm, the cubic foot of
natural gas, the heat content of a cord of white oak, and the
ton of coal, to name a few.

Since power is energy per unit time, we need to consider
common units for time: the second, the minute, the hour, the
day, the summer, the winter, the year, and so forth. Using just
the 12 listed units for energy and the 8 listed units of time,
we can construct 96 units of power (such as kilocalories per
month). A table of factors to convert from any one of them
to any one of the others would have 96 by 96 entries, of 9216
entries. It is largely because of the vast profusion of units that
most casual readers find the topic of energy confusing: how
can you compare the things said in one book with those said
in another?

The only sane thing to do is to insist on one unit for energy,
one unit for time, and one unit for power. Then the attached
numbers can tell their story. The units used internationally



(as well as officially by the US, though almost never by US
agencies) are those in the Le Systeme International d’unités
(abbreviated SI):

e Energy: the joule. Abbreviation: J, uppercase
e Time: the second. Abbreviation: s, lowercase

e Power: the joule per second, otherwise known as the
watt. Abbreviation: W, uppercase

For many Americans, the term joule is unfamiliar. How
big is it? For one, it is the energy expended by 1 W dur-
ing 1 second: a joule is a watt-second. Think of the energy
expended by a flashlight during 1 second. Alternatively, it is
approximately the energy expended in lifting a 1-L bottle of
soda 10 cm (about 4 inches, the “hand” known to horseman).
Most importantly, even if the term joule is strange and unfa-
miliar, it is a trivial matter to compare the amounts of energy
if the same international unit is used for all applications.

We pay the utility for the electrical energy we use, and
the unit of measurement the utility uses is the kilowatt-hour
(kWh). How much is that in joules? 1 kWh is 1000 W multi-
plied by the number of seconds in an hour (60 X 60 = 3600),
or 3,600,000 J.

No matter what units might be used, there would be an
enormous range of numbers between (say) the energy con-
sumed by walking up a flight of stairs and the energy con-
sumed in the United States during an entire year. For example,
in 2011, the annual energy consumption in the United States
was 103,000,000,000,000,000,000 J. It is tedious work to
keep track of all those zeroes, so we have shorthand meth-
ods. We write it as 1.03 x 102° J (scientific notation), 103 X
108 J (engineering notation, with exponents in multiples of
3), or 103 exajoules (abbreviated EJ).

The metric prefixes are given in Table I.1.

Many units have been defined for energy. Table 1.2
presents conversion factors. Note that the BTU is actually
defined in terms of the joule by a 12-digit conversion factor.

Often used informally as energy units are the heat contents
of fuels. For example, we endlessly hear of nuclear weapon

TABLE I.1 Metric prefixes.

E (exa) 10'8
P (peta) 105
() 10'?
G (giga) 10°

M (mega) 109

K(KIO) .ttt 103

m (milli) 1073
4 (micro) 1076
(T 110) I 10°°
p (pico) 10712
f (femto) 10713
a (atto) 1078

UNITS OF MEASUREMENT xiii

TABLE 1.2 Energy conversion factors.

Multiply number of | By | to get joules

Watt-seconds 1
British Thermal Units (BTU) 1055.05585262

Quadrillion BTUs (quads) 1.055 x 10'8
Kilowatt-hours (kWh) 3.6 x 10°
Horsepower-hours 2.69 x 10°
Kilocalories (kcal) 4186.8
Calories (cal) 4.187
Therms (=10°> BTU) 1.055 x 108
Foot-pounds 1.36
Ergs 1x107
Watt-years 3.16 x 107

yields expressed in tons of TNT. Or, people will say that
such-and-such project will displace a million tons of coal.
Table 1.3 gives heat contents of fuels by mass, and Table 1.4
gives the heat content by volume. One kilogram of petroleum
has a heat content of about 45 MJ/kg, and the same number
holds approximately for all petroleum products. However,
they have different densities. A gallon of propane weighs
less than a gallon of gasoline, and therefore it has less heat
content.

Combustion of fuels produces carbon dioxide and water
vapor. Sometimes (for reasons of precision) it is important
to distinguish between the higher heat value (HHV) and the
lower heat value (LHV), the difference between them due
to the heat of vaporization of water. Under almost all cir-
cumstances, either in heat engines or fuel cells, water vapor
escapes, carrying with it the energy that converted the water
to steam in the first place. The higher heat value (HHV) is the
total energy per kilogram that is produced by the oxidation of
the fuel; the lower heat value (LHV), is the HHV minus the
energy of vaporization. The tables of the Energy Information
Administration (EIA) give HHVs and some LHVs.

The most extreme case is that of hydrogen, for which
the only by-product is water vapor. The HHV of hydrogen
is 142 MJ/kg, but the LHV is 120 MJ/kg, some 15% less.
From Table 1.3, the difference between HHV and LHYV is
about 10% for both methane and methanol, and about 6% for
petroleum fuels.

US Energy Usage

The best source of information about how we produce, con-
sume, import, and export energy in the United States is
the Annual Energy Review (AER), produced by the EIA
of the Department of Energy (DOE). Through 2011, the
EIA produced a PDF file of the AER that could be down-
loaded (http://www.eia.gov/totalenergy/data/annual). The
EIA’s website is now interactive and actually has more infor-
mation than before; however, they no longer produce a sin-
gle PDF of AER. A major failing of the AER is their use
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TABLE 1.3 Heat contents of fuels (by mass).

Multiply number of |

By | to get joules (HHV)

By | to get joules (LHV)

Kilogram of crude petroleum
Kilogram of gasoline

Kilogram of diesel fuel
Kilogram of coal

Kilogram of coal (US average)
Kilogram of drymatter (biomass)
Kilogram of hydrogen(Not a source of energy!)
Kilogram of methane (CH,)
Kilogram of methanol (CH;OH)
Kilogram of ethanol (EtOH)
Kilogram of propane

Pound of coal (average)

Ton of coal (average)

Kilogram of TNT

42.5-45.4 x 10° 41.2 % 10°
47.5 x 100 44.5 % 10°
44.8 x 100 42.5 x 10°
15 x 10° to 30 x 10°
24.1 x 10°
15 x 10°
141.9 x 10° 119.9 x 10°
55.5 x 10° 50.0 x 10°
20.0 x 10° 18.0 x 10°
30 x 10°
50.4 x 10° 45.6 x 10°
10.9 x 10°
21.9 x 10°
2.1 x10°

of arcane units: quadrillion BTU (a.k.a. quads) for primary
energy, kilowatt-hours for electrical energy, BTU per kWh
for reciprocal efficiency, barrels of oil, cubic feet of natural
gas, tons of coal, metric tons of carbon, and so forth.

Because energy is eventually degraded to heat, there is
some method to the EIA’s madness. They refer to primary
energy in heat units (quadrillion BTU), but to electrical
energy in kilowatt-hours. This topic will be discussed fur-
ther in our brief discussion of hydropower, but for now we
simply point out that the EIA would be able to make the
same distinction by using the subscripts “t” for thermal, and
“e” for electrical. For example, many engineers now use the
abbreviation W, for thermal watts and W, for electrical watts.
In other words, the EIA should start using sensible units and
get into the 20th century before the rest of us get out of
the 21st.

As noted above, the United States used 103 EJ in 2011.
But that factoid by itself does not tell us what our history of
energy consumption is, how much energy is used for what
purposes, or how much energy we get from what sources.
Figure I.1 shows the history of US energy consumption from
various sources. Notice that each horizontal line represents 10

TABLE 1.4 Heat contents of fuels (by volume).

Multiply number of | By | to get joules HHV
Barrels of crude oil 6.12 x 10°
Barrels of aviation gasoline 5.326 x 10°
Barrels of motor gasoline 5.542 x 10°
Barrels of propane 4.047 x 10°
Barrels of kerosene 5.982 x 10°
Gallon (US) of gasoline 0.131 x 10°
Gallon of ethanol (EtOH) 0.095 x 10°
Cubic feet of natural gas 0.001092 x 10°
Ton of TNT 42x10°
Cords of wood (white oak) 31.x 10°

times the value of the next-lower one. Roughly speaking, we
use 100,000 times as much energy annually as our ancestors
did in the middle 1600s. At that time, the energy source was
almost exclusively firewood. Two centuries later, coal was
making inroads, and petroleum was beginning to replace
whale oil for lamps. Natural gas and hydropower made their
debuts in the late 1800s, and nuclear power began producing
electricity around 1960.

Figure I.1 shows a very dramatic increase in the US annual
consumption of energy, but might leave the impression that
we Americans are individually using a vast amount of energy
compared to our forebears. Bear in mind, however, that the
population in 1700 was fewer than 250,000; today it is about
1300 times as large at 315 million. It is interesting to calculate
the energy consumption per capita in the US history. Fig-
ure 1.2 shows that the per-capita energy consumption from

Annual US energy consumption 1635-2013
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FIGURE 1.1 Energy consumption in the United States since
1635, showing energy sources. The predominant source until about
1850 was firewood; since then its consumption has remained
relatively constant. Notice that the vertical scale is logarithmic:
each horizontal line represents a factor of 10 more than the line
beneath it.
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FIGURE 1.2 Historical per-capita energy consumption in the United States. From the early 1700s,
when firewood was the main energy source to the present, when we have automobiles, jet planes,
satellites, GPS, elevators, electric lights, television, refrigeration, air conditioning, and fast internet,
we have only tripled out per-capita energy consumption.

the early 1700s until the late 1800s was about 3.1 kW per
capita, whereas it is now about 11 kW per capita. In other
words, the overwhelming cause of our increase in energy
consumption is due to increasing population; the per-capita
growth during the last three centuries is a factor of 3.5. The
reason for this low figure is that we have vastly improved our
energy efficiency.

Overwhelmingly, the sources of our energy are the so-
called “fossil fuels,” coal, petroleum, and natural gas, as
shown in Figure I.3. Almost all of our transportation is driven
by petroleum, the main exception being electrically driven

US energy sources 2012
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FIGURE 1.3 The sources of the energy consumed in the United
States in 2012. Renewable energy accounted for 9.3% of the energy,
but the lion’s share was the venerable ones: hydro and biomass (half
of which was firewood).

commuter trains. Coal is used almost exclusively for produc-
ing electricity, as is nuclear energy. Natural gas is easier to
use, so it is used not only for domestic heating, but also for
producing electricity, as well as a negligible fraction of trans-
portation. Contrary to the impression promoted by renew-
able energy enthusiasts, the great majority of our renewable
energy is not wind and solar. Biomass (half being firewood,
half being bio-liquids) and hydropower account for three-
quarters of the renewable energy, as shown in Figure 1.4.
The bio-liquid component is primarily ethanol distilled from
fermented corn and from (mostly Brazilian) sugar cane.

US energy from renewables, 2011
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FIGURE 1.4 The individual contributions of US renewable
energy. All considered, they comprise 9.3% of all US energy con-

sumption. The biological liquids are primarily corn ethanol added
to gasoline.
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US sources of electricity, 2011
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FIGURE L5 Sources of US electricity, 2011. The coal fraction
has diminished from 50% to 45% during the last few years, owing to
the increasing availability of inexpensive natural gas and the EPA’s
strictures against coal.

As noted above, about 40% of our primary energy goes
into the production of electricity. Figure 1.5 shows how much
each source contributes. Renewables account for 13% of our
electricity, but again, the major fraction of the renewable con-
tribution is from the venerable sources: firewood and hydro,
as shown in Figure 1.6. Owing to mandates (Renewable Port-
folio Standards) and subsidies, wind has grown to produce
23% of our renewable-source electricity, or 3% of our elec-
tricity. Also notice that oil produces only about 1% of our
electricity.

Physical Fundamentals

Fuels The earth has vast reserves of coal, oil, and natural
gas. They are usually called fossil fuels—implying that they
are the remains of long-dead trees and animals. While it is
true that methane (the main component of natural gas) is

US Renewable electricity generation, 2011
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FIGURE 1.6 Electrical production from renewables in 2011, as
a percentage of total renewable kilowatt-hours.

produced in swamps and landfills, that explanation does not
quite work for Titan, the largest moon of Saturn, where there
are literally oceans of liquid methane. It seems likely that
there may be some primordial methane trapped within the
earth. It is controversial whether at least some of the earth’s
coal and oil are derived from that methane, but the question
has relevance to the quantity of these fuels. That discussion,
however, would take us too far afield.

Methane (CH,) is chemically the simplest of the fuels
and is a gas unless refrigerated to a very low temperature
(approximately —162 C, or—260 F). As shown in Figure 1.7,
the methane molecule is a tetrahedral structure with a car-
bon atom in the center, and four hydrogen atoms at the ver-
tices. When a methane molecule burns in air, the combustion
produces one molecule of carbon dioxide (CO,) and two
molecules of water (H,0).

Carbon has the property of forming long chains, side
chains, hexagons, and many other complicated structures;
without that property, petroleum—and for that matter
DNA—would not exist. Figure 1.8 shows the example of one
petroleum molecule, pentane. It has 5 carbon atoms and 12
hydrogen atoms. As the number of carbon atoms increases,
so does the number of hydrogen atoms. The ratio of their
numbers—hydrogen to carbon—approaches 2. For example,
nonane, the principal component of diesel fuel, has 9 carbon
atoms and 20 hydrogens, so the ratio is 20:9, or 2.22. For this
reason, we usually regard petroleum (which has both of these
chemicals and many more) as being approximately CH,.*

There are two natural forms of carbon: graphite and dia-
mond. Coal is neither of these; it is not pure carbon. Nor
is all coal the same. The broad classifications—lignite, sub-
bituminous, bituminous, and anthracite—do not even tell the
story, because coal from different mines will have different
compositions, different quantities of water (yes, coal has lots
of water), as well as different quantities of silicates, sulfur,
mercury, and other contaminants. This topic is best left to
experts, but for our considerations, the combustible part of
coal is chemically approximately CH: one atom of hydrogen
for every one atom of carbon.

To summarize the above, the conventional fuels differ in
the ratio of hydrogen atoms to carbon atoms: exactly 4-to-1
for methane; approximately 2-to-1 for petroleum and one-to-
one for coal.

Methane, with a 4:1 ratio has an HHV of 52.2 MJ/kg.

The 2:1 hydrogen/carbon ratio of all petroleum chemicals
means that the HHV is closely the same for all of them,
namely about 45 MJ/kg + a few percent. The differences
in the volumetric HHV values of the petroleum fuels are
due to their differing densities. (The ethanol that is added
to gasoline has only 72% as much energy on a per-liter or

4The long-chain molecules, known as alkanes have a generic formula
CnH2n+2
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FIGURE L7 Left, aregular tetrahedron. Place a carbon atom at the center and four hydrogen atoms
at the vertices, and you get the structure of methane, the simplest of fuels.

per-gallon basis.) To get some perspective on the HHV, a car
that gets 30 miles per gallon and is travelling at 60 miles per
hour uses two gallons of gasoline per hour. Using the HHV
for two gallons (262 MJ) and the 3600 seconds in an hour,
we see that the fuel input power is 77 kW.

Anthracite coal has an HHV of 32 MJ/kg. Bituminous coal
varies from 17 to 23 MJ/kg. The coal used in the United States
in 2011 had an average HHV of 22.8 MJ/kg. Hydrogen, by
comparison, has a much higher HHV, namely 141.8 MJ/kg.
This high number does not mean that hydrogen has a special
affinity for oxygen. Rather, the value is due to the fact that
hydrogen atoms have a mass unit of 1, compared to 12 for
carbon; the mass is in the denominator.

By comparison, nuclear fuel yields about 80 TJ/kg, which
is 1.8 million times as high as the HHV for petroleum.

Uses of fuels 1: Heat-to work  All useful fuel-driven engines
work by the expansion of a gas that is heated directly or
indirectly by the fuel. In a steam engine, for example, water
is boiled under high-pressure conditions, and the resulting
steam expands in the engine (which may be a piston- or
turbine-type). A nuclear reactor works similarly, in that its
job is just to boil water. In a gasoline or diesel engine, the
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FIGURE 1.8 A simple example of a carbon chain molecule, in
this case, pentane.

expanding gas is none other than the combustion products,
mostly CO, and H,O.

In the abstract, the engine is a system into which you
inject energy, and there are two outputs: work and waste heat.
The efficiency is the work accomplished divided by the heat
energy input (alternatively, the power produced divided by
the input power). Averaged over the entire electrical supply,
the efficiency of electricity generation is about 35%. This fact
has implications for how the EIA regards hydro and wind.

The EIA has tables of annual energy consumption in the
United States. For hydro, the 2011 value is 3.171 quadrillion
BTU. The amount of electricity produced by hydro in 2011
was 325.1 billion kWh. If we make a simple conversion of
units, we find that 3.171 quadrillion BTU is equivalent to
929.3 billion kWh, which is 2.858 times the actual electrical
energy produced. For wind, the figures are 1.168 quadrillion
BTU and 119.7 billion kWh, resulting in a ratio of 2.859.
No dishonesty is intended. The purpose of the EIA tables is
to show how much energy would have been required if the
electricity had been produced by heat engines operating at
35% efficiency, instead of hydro.

Why is the efficiency so low for producing electricity from
fuels? It is not a matter of failing to understand the basic prin-
ciple, which is that the higher the temperature of the expand-
ing gas, the higher the efficiency of the engine. But efficiency
has much to do with the properties of materials. For exam-
ple, the higher the temperature, the more corrosive steam
becomes. Combined-cycle power plants, consisting of two
heat engines operating their own generators, have become
very efficient. The first engine is a gas turbine with specially
made blades (ceramic-coated, or single-crystal titanium) that
can withstand very high temperatures. The second engine is
a conventional steam-turbine system that boils water with
the hot gases exhausted from the gas turbine. Between the
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two, they manage to convert up to 60% of the fuel energy to
electricity.

Uses of fuels 2: Fuel cells Electrolysis is a method for
separating water into hydrogen and oxygen. Basically, DC
electricity is run through water containing an electrolyte, such
as NaCl. Hydrogen is liberated at the cathode, and oxygen is
liberated at the anode. A fuel cell is the opposite. Hydrogen
is injected at the anode and oxygen (often just air) is injected
at the cathode. The hydrogen ions (a.k.a. protons) permeate
through a barrier to combine with oxygen to form water. The
system acts like a battery with many cells, each of about 0.7
V, wired in series. In other words, it converts chemical energy
to electrical energy without the use of expanding gases. The
efficiency is up to 60%. Fuel cells are particularly sensitive
to contaminants in the fuel, but less so with high-temperature
ceramics as the barrier.

Hydro Hydropower turbines and wind turbines have one
important thing in common. They convert mechanical energy
into electricity by simply spinning a generator. For over a
century, it has been possible to convert the mechanical energy
of a rotating shaft into electricity with over 95% efficiency.

In the case of hydropower, the source of energy is potential
energy of water stored behind a dam. (There are some low-
power, inefficient devices—“undershot wheels”—that con-
vert kinetic energy of a moving stream.) In the case of wind
power, the source of energy is the kinetic energy of moving
air. An important difference is that hydro energy is stored (by
accumulating water in a lake behind a dam), whereas wind
power is available only when the wind blows.

The power output of a hydro plant is proportional to the
rate of flow of water and to the elevation of the water surface
above the point where water is discharged into the river.
Assuming a reasonable efficiency of 85%, the power is given
by

P (watts) = 8330 X h(meters)

1.1)
x%(cubic meters per second)

By and large, the flow rate AV /At is governed by the num-
ber of turbines being used. For example, Hoover Dam has
19 generators, each contributing about 5% of the 2.08 GW
possible with all running. On yearly average, Hoover puts
out about 480 MW. The annual capacity factor is therefore
about 25% (480 MW + 2080 MW). Hydro is rarely used
for base-load power, but rather to handle the times during
which the demand is high and/or fluctuating rapidly. Typi-
cally, hydropower plants have much more power available
than the stream flow can handle on a long-term basis. High
power is generated when needed, and that means high water
flow, which reduces the water level. When demand drops and
the water flow is shut off, the stream refills the lake.

— L=vt ——

FIGURELY9 A horizontal column of moving air reaches the wind
turbine and expands as it slows down.

As hydropower is the easiest to use, it follows that the
best dam sites are already in use. It produces about 8% of our
electricity and is not likely to grow appreciably. No doubt,
there are many rivers that can be dammed to produce (say)
50 MW, but just imagine having to write an Environmental
Impact Statement — and having to fend off affected neigh-
bors — for 20 of them, just to produce 1000 MW (enough
for a city of 700,000).

Wind Imagine a horizontal circular column of moving air.
Imagine a wind turbine of the same diameter facing into
that column and extracting some of the kinetic energy (see
Figure 1.9). If the machine removed all of the energy, the
column would stop, and no more energy would be available.
In fact, the air has to keep moving, but at lower speed, because
the wind turbine has slowed the air down. For the same
amount of air to come in at high speed and leave at low speed,
the slower air has to spread out to a larger diameter. This
fact has implications for separating wind turbines from one-
another. You do not want down-stream turbines to be in a low-
speed area, and you do not want interference between side-
by-side turbines. There is also the matter of turbulence, which
can damage the machinery. Generally speaking, turbines are
placed about 10 diameters apart in both directions.

The wind energy per unit time arriving at a wind tur-
bine is proportional to the intercepted area (hence to R?, the
square of the radius). It is also proportional to the cube of
the wind speed, because the kinetic energy is proportional to
the square of the wind speed, and the rate at which it arrives
is proportional to the speed v. It is also proportional to the
density of the air (about 1.3 kg/m?), which varies with the
elevation of the site. The wind turbine will convert a fraction
(the power coefficient, for which we use a Greek #, eta) of
that energy per unit time into useful power. If we represent
the density by the Greek letter rho (p ), the power output P,
is given by

P, = (1/2)npnR*? (1.2)



Before proceeding to a discussion of real turbines, we take
note of two very important facts. Consider using larger tur-
bines instead of smaller ones. If we double the diameter,
a turbine will produce four times as much power. On the
other hand, we must space the turbines twice as far apart—in
each direction—so that the gross amount of land devoted to
the array of turbines is four times as large. Therefore, the
amount of power per unit of land area is independent of the
size of the wind turbines. A good rule of thumb is that a large
array of wind turbines in an excellent site will produce about
12.5 kW per hectare (10,000 square meters) (5 kW/acre) on
a year-round average basis.

To explain this further, wind sites are rated in terms of
the power-per-unit-area’ carried in the wind, as shown in the
following table from the Texas State Energy Conservation
Office (NREL = National Renewable Energy Laboratory).

W/m? NREL class

<100 1-
100-200 1+
200-300 2
300—400 3
400-500 4
500-600 5
600-800 6
>800 7

A wind turbine presents an interception area A, which is
proportional to the square of the diameter of the turbine, and
the wind turbines are spaced typically 10-15 diameters apart
in both directions, so the gross land area must be proportional
to the interception area. For example, for a 10-diameter (20-
radius) separation, the ratio of turbine area to gross land
area is ©R2/m (20R)* = 1/400. A 500-W/m? site would be
exposed to about 1.2 W/m? (12 kW/hectare) average power,
but produce less, because the wind turbine has its own power
coefficient.

The other important fact is the dramatic variation with
wind speed. If the speed changes from 5 to 10 m/s, the power
available becomes eight times as great. Alternatively, if the
wind speed halves from 10 to 5 m/s, the power available
drops by 87.5%. These rapid changes are unimportant when
wind power is a small fraction of the power on the grid, but
begin to be troublesome at about 10% penetration.

Capacity Factor for Wind Turbines  For a given site with its
winds, capacity factor is a matter of engineering design. We
can nail down two ends of the curve with bits of nonsense.
What if we built a wind turbine using a child’s pinwheel to

STechnically speaking, it is not power, because no conversion of one type of
energy to another is involved. Pedantically, the term should be energy per
unit area per unit time crossing an area perpendicular to the wind.
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drive a I-MW generator? We would get no energy at any time,
and the power factor would be zero. What if we used a 50-
m diameter turbine and had it drive a 1-W generator. Most
likely, there would always be enough wind (or rotational
energy in the rotor) to turn the generator for the full 8760
hours in a year. The capacity factor would be 100%.

In other words, the annual capacity factor (average power
divided by nameplate power) depends on the size of the
generator compared to the size of the turbine. For a cou-
ple of decades, wind turbines have been designed for an
annual capacity factor of about 35%. In 2011, wind generated
120 billion kWh. At the end of 2010, the total wind nameplate
power was 39.1 GW, and at the end of 2011 it was 45.2 GW. If
we assume that the average nameplate power during 2011 was
the average of the beginning and end capacities (42.15 GW),
the wind turbines could have generated 369 billion con-
stant high winds, so the capacity factor was 120 + 369,
or 32%.

Actual Wind Machines At wind speeds below about 4 m/s,
wind turbines produce no output at all. If they did, the amount
of power would be trivially small in any case, owing to the v
dependence on wind speed (see Figure 1.10). Then the power
output rises dramatically until full power is achieved at about
16 m/s, after which the output is constant until 25 m/s when
the machine shuts off to avoid damage.

The power coefficient # versus wind speed is shown in
Figure I.11. It achieves a maximum value of about 40% at a
wind speed of 8 m/s (29 km/h, 18 mph). The power coefficient
is 25% or above for wind speeds from about 5 m/s (18 km/h,

Output from industrial wind turbines
120

100
80

60 /
40

20 /

T T T T T T 1

0 5 10 15 20 25 30 35
Wind speed (m/s)

Percent of nameplate power

FIGURE 1.10 The power output from a wind turbine, versus
wind speed. Data from specification sheets of wind turbine manu-
facturers. The power rises abruptly, beginning at about 4 m/s until
beginning to level off at around 13 m/s, reaching full power at
16 m/s. Above 25 m/s the machine must be shut down to avoid
damage. Curves for major manufacturers are essentially identical.
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FIGUREIL.11 Left: Wind turbine power and power in the wind, versus air speed. Right: The power
coefficient, which is the ratio of generated power to wind power, versus wind speed. Data from
specification sheets of wind turbine manufacturers.

11 mph) to about 13 m/s (47 km/h, 29 mph), which occurs
about half the time.

The biggest machinery problem with industrial wind tur-
bines has been the gear boxes. The larger the turbine diame-
ter, the slower the rotation (but the tip speed remains at about
seven times the wind speed, and can easily reach 80 m/s
[200 miles per hour]). Typically they turn at 10-15 rev-
olutions per minute, whereas the generator (depending on
design) usually requires rotation rates in the high-hundreds
to a few thousand RPM. The gear boxes are responsible for
increasing the rotation rate, and they have very high stresses.
It is possible, but expensive, to have direct-drive generators
that use a large array of rare-earth permanent magnets around
the periphery of the rotor, and coils appropriately placed on
the stator.

The bases for wind turbines must be very substantial. Not
only must the base have the strength to support the weight,
but it must also deal with a tremendous torque (“twisting
force”). For contemporary machines, it is equivalent to hav-
ing a school bus out on the end of a plank the length of a
football field. All in all, the generator, nacelle, support pipe,
and base usually weigh over 1000 metric tons.

Geothermal Energy The term geothermal has a historical
meaning and a new one. The historical one is the obvious
one, referring to heat from deep (or not so deep) in the earth.
The new meaning refers to the use of the earth a few meters
down as a heat reservoir.

Outcroppings of heat (such as at the Geysers in Califor-
nia) are sometimes hot enough to run a steam turbine. In
2011, geothermal heat generated 0.04% (4 pennies out of
100 dollars) of US electricity. The high-temperature envi-
ronment is frequently corrosive, but putting that issue aside,
there are three other problems. The higher the temperature,
the higher the efficiency can be for a heat engine (such as a

steam engine). The hot outcroppings, however, are not usu-
ally nearly as hot as the steam in a conventional steam plant,
so the efficiency is lower. In the second place, extraction of
heat from the ground necessarily cools the region where the
heat is extracted, and that lowers the efficiency of the engine.
One must limit the extraction of heat to the rate at which
heat is conducted to the site through the surrounding rock.
Finally, the number of such outcroppings is limited. On the
other hand, if technology develops for drilling very deep into
the mantle, the heat supply is enormous.

Refrigerators and Heat Pumps With regard to the new
meaning of geothermal, it is necessary to take a brief look at
refrigerators and heat pumps. A heat engine can be regarded
in block form this way: Itis a device into which you inject heat
Onigh»> as shown schematically in Figure 1.12. The device
does some work W and rejects waste heat Q; ow into the
environment. Obviously, Oyigy = Orow + W.
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FIGURE L.12 Left: A schematic ideal engine. A quantity of
heat Qygy is fed into the engine from a high-temperature source.
Work W is accomplished and waste heat Q, ., is rejected to the
low-temperature environment. The widths of the arrows represent
amounts. Right: When work is put into the system (say by the
serpentine belt of an automobile, or by an electric motor), the direc-
tions of the heat flow are reversed. Heat pumps and refrigerators
are essentially identical. The only difference is the purpose. Refrig-
eration is concerned with the heat removed Q, o Heat pumps are
concerned with the heat delivered Oy gy-
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In a more realistic scenario, the machine is cyclic with
some average input power and average useful power pro-
duced, and average heat power rejected into the envi-
ronment. For example, we might inject 10 kW of heat
power from steam into an engine. The machine produces
(say) 3 kW of useful electrical power and discards 7 kW
of heat into the environment. Simple enough. Generally
speaking, the higher the source temperature, the higher the
efficiency.

Now imagine turning that engine around, as shown on
the right side of Figure 1.12. Under ideal conditions, we
could put in 3 kW of electricity and extract 7 kW of heat
from the environment. These days, that does not take a lot of
imagination, because that is exactly what refrigerators and air
conditioners do. Yes, we do extract more heat energy from
the refrigerated environment than we put in as electricity.
Importantly, the 3 kW plus the 7 kW add up to 10 kW that
is delivered back to the “hot” area, namely the room or the
outdoors.

A heat pump is simply a refrigerator used for a different
purpose. In this case, we are concerned with delivering heat
from a cooler place to a hotter place. In our example, the
3-kW of electricity refrigerates one place to the tune of 7 kW
and heats another place to the tune of 10 kW.

In actual practice, we can use an air conditioner in the
summer to extract heat from the house and inject it into the
comparatively cool ground which serves as a heat reservoir.
That produces cooling more efficiently than rejecting heat
into the hot summer air. By the same token, we can reverse
the valves in the winter so as to refrigerate the relatively
warm ground (compared to the outside air) and deliver the
heat into the house. The use of the ground as a heat sink or
source is what has led to the term geothermal heat, which
many people would confuse with high-temperature heat in
places like Yellowstone National Park.

The Seasonal Energy Efficiency Ratio (SEER) is the ratio
of the seasonal heat extracted (for air conditioners) or deliv-
ered (for heat pumps) to the electrical energy input for com-
mercial devices; however, there is a different unit in the
numerator (BTUs) than in the denominator (Wh), and man-
ufacturers usually do not bother telling customers that the
units are BTU/Wh. To make a more understandable number,
note that 1 BTU = 3.412 Wh. Commercial heat pumps and
refrigerators have SEERs that run from about 10 BTU/Wh
to as high as 18 BTU/Wh, corresponding to simple ratios
of 2.93 (=10 BTU/Wh + 3.412 BTU/Wh) to 5.86. In other
words, one unit of energy from the electrical grid will deliver
2.93-5.86 units of heat. Engineers refer to these dimension-
less ratios as the coefficient of performance (COP). A glance
at Figure 1.12 will reveal that the COP for a heat pump must
be greater than that for the same device used as a refriger-
ator, because the heat delivered Qg must always exceed
the heat Q) gw removed from the cold reservoir. In fact,
COPheatpump = COPA.C. + L
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Solar Energy Solar energy has many forms, includ-
ing biomass, solar heat, photovoltaics, wind energy, and
hydropower. It is useful to distinguish between broad types.
Biomass and solar devices (like heat collectors and photo-
voltaic cells) produce usable energy because of very local
sunlight. In these cases, the solar energy is collected where,
and only where, our devices capture sunlight.

By contrast, the winds blow in one place because of sun-
light somewhere else, and hydropower produced at a dam is
due to water that evaporates far away and rains out some-
where upstream. In these cases, the solar energy is captured
naturally, carried elsewhere by air and water, and converted
into a useful form by machinery. Hydro and wind are there-
fore discussed separately from other forms of solar energy.

Our magnificent sun is located 150 million kilometers
away, is powered by hydrogen fusion, and has a surface tem-
perature of about 5800 K. A one square-meter panel facing
the sun at the location of the earth intercepts about 1400 W
[thermal, W,] of sunlight. Much sunlight is reflected by the
atmosphere (clouds, water vapor. .. ), and some is absorbed
by the atmosphere, so that the sunlight reaching a square-
meter panel at the surface and facing the sun intercepts about
950 W, under clear-sky conditions at noon. The year-round
average sunlight intensity ((Iy) known as insolation) on a
horizontal surface in the United States, averaged over all of
the lower-48 is 200 W/m?, with +20% place-to-place varia-
tions covering about 2/3 of the lower-48. For example, Hart-
ford, CT, gets about 160 W/m?2, and Albuquerque, NM, gets
about 240 W/m?.

There is, therefore, a certain simplicity to energy obtained
by direct sunlight. A given parcel of land of area A (unit:
square meters (m?), using some apparatus, produces a certain
quantity of useful energy E (S.I. unit: joules), during the year
(t = 31.6 million seconds). The useful average power inten-
sity (/) produced per unit area is therefore (Ij;) = ET/t. of
course, the energy produced on the parcel of land is less than
the solar energy that illuminated the parcel. We can define
the overall efficiency # as the ratio of the two. We have

(Iy) = n{ly). 1.3)

The simplicity of equation (3) is that all we need to know to
place solar energy in the broad context of energy production
is the overall efficiency of the processes that convert solar
energy into useful energy. This fact holds for photovoltaics,
solar heat, growth of plants, and all other cases where sunlight
is directly converted to energy.

Bio-fuels A relatively recent paper in Chemical and Engi-
neering News "Chasing cheap feedstocks" (C&EN, Aug. 12,
2013, page 11) rated numerous energy fuels in terms of pro-
duction, but in units that are not very illuminating. The best
crops (well watered, well fertilized) produce about 10 tons
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FIGURE 1.13  Solar/thermal/electric generating systems in the Mojave Desert, California. Left:
SEGS unit at Kramer Junction, California (2005); Right: Ivanpah installation (2013). Both systems
use concentrating mirrors to produce super-heated steam to turn turbines.

of drymatter per acre per year. A little arithmetic with con-
version factors (acre = 4047 m?; ton = 907 kg; year =3.16 X
107 s; heat content of drymatter &~ 15 MJ/kg) brings the result
that these fuels are produced at the rate of about 1.2 W/m? on
year-round average basis. (Untended hardwood forests pro-
duce firewood at about 0.12 W/m?.) Compared to sunlight
at 200 W/m?, this amounts to a solar efficiency of 0.06%.
What we are discussing here is the heat energy that could
be released if the drymatter were simply burned in place.
Anything whatsoever that is done (such as mere collection
and delivery) results in a lower efficiency yet.

There has been considerable debate about the amount
of energy used in converting corn into ethanol, EtOH. The
most optimistic estimates come from Shapouri, Duffield, and
Wang.® Using data from a 9-state survey, they produced the
following figures, which we will translate to SI: Annual corn
yield is 125 bushels/acre; each bushel produces 2.64 gallons
of ethanol; and the HHV of ethanol is 83,961 BTU/gallon.
We add that there are 4047 m? in an acre, 1055 J in a BTU,
and 31.6 million seconds in a year. The result is that the gross
production of ethanol amounts to 0.228 W/m?, averaged over
the year. The purpose of the Shapouri group’s paper was to
show that the production of ethanol is energy net-positive,
i.e., there is more energy in the ethanol than it takes to produce
it. Their figures are that the net amount of energy in a gallon
of ethanol is 6732 BTU/gallon, a mere 8% of the HHV.
Expressed in SI units, it amounts to a very pathetic 0.018 net
watts per square meter.

The area of all of the contiguous 48 states (including water
area and huge tracts of non-arable land) is 9.8 X 10'2 m?2, and
only 18% of the land (1.76 X 10'? m?) is arable. The amount

%Hosein Shapouri, James A. Duffield, and Michael Wang. “The Energy
Balance of Corn Ethanol: An Update,” U.S. Department of Agriculture,
Office of the Chief Economist, Office of Energy Policy and New Uses.
Agricultural Economic, Report No. 813, 2002.

of annual energy that could be produced by the best-tended
best crops at 1.2 W/m? is about 67 EJ, only two-thirds of
our consumption. The amount of net energy that could be
produced using all arable land for production of ethanol (at
0.018 W/m?) is 1.0 EJ, which is only 1% of our energy
requirement.

Solar Heat  Any box covered with glass or transparent plas-
tic facing the sun collects solar heat. Its efficiency at collec-
tion depends upon the interior color (preferably black), the
shape (large window area compared to area of the sides), insu-
lation, and the properties of the transparent cover (in some
cases, double glazing helps). Most importantly, the interior
and exterior temperatures play a huge role. The higher the
temperature difference between the interior and the exterior,
the more the heat lost through the walls and the glazing. All
commercial solar heat units have graphs showing the effi-
ciency dropping off as the outside temperature gets lower.

Solar/Thermal Electricity One way to produce electricity
from sunlight is to use mirrors to concentrate sunlight so
as to create a high temperature, make superheated steam,
and then run a conventional steam-turbine/generator set. Fig-
ure [.13 shows two ways of accomplishing that task. The
shiny parabolic trough system on the left reflects sunlight to
heat a pipe containing a high-temperature oil pumped to a
heat exchanger to boil water. The troughs slowly rotate dur-
ing the day as the sun moves across the sky. It is not necessary
to make seasonal adjustments.

On the right of Figure I.13 is a new installation near Ivan-
pah Dry Lake. One-hundred-seventy-thousand (170,000)
independent computer-controlled heliostats, each with two
7.5 m? mirrors, reflect sunlight to the dark regions at the tops
of the towers to boil water. They are spread out over 1416
hectares (3500 acres), and the peak power is 392 MW. The



Light-generated Recombination
current current
+

v Load
Light ‘

>

FIGUREL14 Schematic photovoltaic cell. It is a diode (one-way
valve for current), but the incident light makes the current go the
opposite way from normal. As the voltage Vrises, the recombination
current rises dramatically, so it is necessary to draw sufficient current
to keep the PV cell operating efficiently.

expected annual production is 1080 GWh, which amounts to
an annual capacity factor of 31%. The system will generate
year-round average power of 8.7 W/m? of land.

Photovoltaics (PV) Photocells convert light directly into
electricity, as shown in the schematic drawing in Figure [.14.
All PV cells are diodes (rectifiers) that normally conduct
electricity in only one direction. This one-way phenomenon
occurs because dissimilar materials are in contact. Incident
light, however, produces a reverse current.

The problem that bedevils PV cells is that to boost an elec-
tron to cross the barrier requires a given amount of energy.

SUMMARY xxiii

This job is supposed to be done by sunlight, with a wide
spectrum of wavelengths, hence a wide array of energies to
do the boosting. Some light does not have enough energy,
and some has excess energy that is simply wasted as heat.
There are some multiple band-gap (energy-step size) devices
with efficiencies well above 30%, but they are laboratory-size
devices made with expensive, exotic materials.

There is a trade-off between efficiency and size, and it
hinges on economics. Comparing two PV cells, let us assume
that one has twice the efficiency of the other. Then, for a given
amount of power, we can get by with half the physical area.
That might seem like the cost would be cut in half, but the
better cells might cost 100 (or 50) times as much. In that
case, economics dictates the use of the less efficient cells.
Alternatively, the land may be horrendously expensive, in
which case economics favors the more efficient cells.

In any case, experience with large PV arrays shows that
the annual capacity factor is usually less than 20%.

SUMMARY

Sunlight is free, and so are wind, geothermal heat, and water
at high elevation. For that matter, coal, oil, and natural gas
are also free. So is uranium. The problems lie in efficient,
inexpensive delivery to users who need energy on demand.
Winds are capricious, sunlight is not available at night, and
the biggest and best hydropower sites are already in use. We
have long since passed the point where biomass can make
any significant increase to our energy supply. The following
chapters, written by energy technologists, address the details.
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