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The Science of Energy:  
Resources and Power Explained

Scope:

This course will examine the science of energy and present a 
balanced view of humanity’s energy resource options moving 
into the future. Everything that humans do requires energy, from 

the food we eat to the homes we live in and the cars we drive. Humans 
use an enormous amount of energy for a wide variety of purposes. That 
need continues to increase as the human population grows and the 
levels of industrialization increase for much of the world. To provide these 
energy needs, humans draw on a wide portfolio of energy resources that 
include both renewable and nonrenewable sources. At some point in the 
future, humans will predominantly rely on renewable energy sources, 
such as solar and wind power. For most of the 21st century, however, 
the nonrenewable sources of coal, oil, gas, and nuclear fission will likely 
continue to dominate. 

The first part of the course will present the fundamentals of energy 
from scientific and engineering perspectives, examining the forms of 
energy, the ways that energy converts from one form to another, and the 
unforgiving laws of thermodynamics, which govern the evolution of the 
universe and everything in it. Humans use significant amounts of energy 
in the form of electricity, which can be created using a generator from 
any number of original sources. However, most generators operate from 
steam-turned turbines, and the steam comes from heat created by the 
burning of fossil fuels or the nuclear fission of uranium. Heat is a major 
end use of energy, not only for generating electricity but also for heating 
homes and carrying out all kinds of industrial processes. 

Nearly all of the energy we use originates from the Sun. Sunlight 
provides the energy for photosynthesis, and burning the chemical energy 
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of leaves and sticks for heat and cooking was the first human energy 
source. Biomass still remains the primary source of energy for almost 
half of the world’s population. The fossil fuels are, in a sense, fossilized 
sunbeams; they are the concentrated forms of organic materials left over 
from organisms that lived tens to hundreds of millions of years ago. Coal 
formed from fossilized bogs and swamps, compacted from the deposition 
of overlying sediments from eons of continental deposition. Oil and natural 
gas deposits originated in the ocean from the accumulated bottom layer 
of organic debris that continuously rains down across the ocean as 
photosynthetic plankton at the surface die and fall to the ocean floor. 

The fossil fuels are responsible for the remarkable industrial and 
technological transformation of human culture over the past few centuries, 
beginning with coal in the 18th century and transitioning to petroleum. 
The convenience and high energy density of the fossil fuels provided 
the vast amounts of energy needed to construct our cities and armies 
and transform Earth’s surface to be under human control. Such use has 
not been without consequences, however, as the high pollution content 
resulting from the combustion of fossil fuels creates significant human 
and environmental damages, and the 9 billion tons of carbon released 
into the atmosphere each year contributes to the current rapid heating 
of the planet’s surface. In addition, the uneven distribution of petroleum 
has fueled most of the political conflicts of the past half century. Humans 
are unique among the animal kingdom for their high level of cleverness, 
however, and many engineering innovations are being developed to 
minimize the negative impacts of burning fossil fuels.

The world already has begun to see the transition to renewable energy 
sources, driven by market forces, as the steadily dropping costs of 
solar and wind power, combined with their free sources of energy and 
lack of pollutants, make them the fastest-growing energy technologies. 
The intermittent supply of wind and sunlight, however, is also driving 
a rapid development in energy storage technologies that include 
chemical storage (batteries), gravitational storage (predominantly 
pumped hydroelectric), thermal storage, and even mechanical storage 
(as flywheels). The power from nuclear fission has garnered renewed 
attention because of its lack of greenhouse gas emissions, but insufficient 
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options for the disposal of nuclear wastes and fears of nuclear accidents 
have kept its growth in check.

The energy budgets of the future are likely to be both complex and 
complicated, with smart electrical power grids allowing both individuals 
and large energy producers to buy and sell electricity at continuously 
shifting rates. The land use efficiency of energy sources such as solar, 
wind, hydro, and biomass will likely be the constraining factor for future 
societies as human populations continue to rise, industrialism and 
urbanism continue, and energy demands continue to increase. Lessening 
this impact will be the steadily increasing efficiencies of both energy 
production and consumption as technologies mature and humans learn 
to be more mindful of conserving energy. The 21st century will be exciting, 
with rapid changes in society that are likely to make the 20th century look 
dull in comparison, but whatever happens will require lots of power, and 
issues around the production, distribution, and consumption of energy 
will shape our future. ■



Energy and Human Civilization

Humans consume an enormous amount of energy, and countless 
decisions are made every day—locally, nationally, and 
internationally—to make sure that our supply of energy remains 

available, affordable, and uninterrupted. The problem is that with more 
than 7 billion people on the planet, and another billion people added 
every dozen years, that’s becoming increasingly difficult to do. This 
course will examine in an objective, scientific way the wide array of 
energy resources available to us, now and in the future. The goal is to 
investigate the benefits and drawbacks of each of these energy sources 
and examine the options for us to meet our future energy needs in a 
sustainable manner. 

Our Energy Future
 � Our future, and any chance we have of attaining a sustainable 

coexistence with our planet, is intimately connected to our future 
decisions concerning energy resources. The path forward with 
energy is critical to our survival, but it is not a clear path. There are 
countless options and decisions that continually have to be made 
because each source of energy has its drawbacks. 

 � Some of these energy topics are very challenging, including offshore 
drilling, the Keystone pipeline, hydrologic fracturing, nuclear waste, 
the Fukushima nuclear power plant accident, rising carbon dioxide 
levels, oil spills in the ocean, mountaintop coal mining, and rising 
costs of mineral resources.

 � Many of these topics have been highly politicized and debated, 
sometimes quite heatedly. You might have very strong opinions about 
these energy topics, but try to park your political or preconceived 
ideas about these energy resources for the purposes of this course. 
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 � It’s important to keep factual assertions separate from ethical 
assertions. The course will provide as many fair and objective 
scientific factual assertions about energy resources as possible. What 
you do with those factual assertions is up to you. 

 � With regard to our energy future, once we get all our facts about the 
different energy sources (and it’s tricky, because those facts change 
over time), we will need to make conscious decisions at societal and 
governmental levels and work, determinedly, toward them.

 � As far as energy resources go, there is no golden solution; there is 
no single energy source that is going to save humanity. Every energy 
source has its costs and benefits. 

 � In the foreseeable future, we are going to need a pretty diverse 
portfolio of energy resources that are geographically variable in order 
to meet all our needs. With more than 7 billion people, there is no 
way around it. 

 � But we can be optimistic. We are a very clever and ingenious 
species. Some of the technological advances in the field of energy 
in even the past 10 years have been staggering, including the recent 
engineering advances in liquid metal flow batteries, thorium fission, 
and organic photovoltaics. 

 � It will take the innovation of our brightest minds to find our way 
through the challenges of meeting our energy needs, but we can be 
confident that we can do it. Innovation is what we do best. 

 � It’ll also require us to do some things that we’ll need to get better 
at, such as cooperation and coordination. Providing energy that is 
available, affordable, uninterrupted, and environmentally sustainable 
will require us to cooperate and coordinate across borders (state and 
national) at unprecedented levels.
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The Economics, Politics, and History of Energy
 � Energy is big business. On the 2015 list of Fortune 500 companies, 

5 of the top 10 largest companies in America are energy companies: 
Exxon-Mobil, Chevron, Phillips 66, General Electric, and Valero 
Energy. 

 � Economics plays a huge role in the development of energy 
resources. For example, decisions on which energy technologies to 
develop are closely tied to the cost of a barrel of oil. So much of the 
global economy is energy; it affects our jobs, incomes, and personal 
economics.

 � Politics is important for the topic of energy. Internationally, government 
subsidies have helped the development of new technologies for solar 
and wind power, and the oil and nuclear power industries continue to 
be subsidized.

 � Politics had a big role to play, too, in the coal industry, which has 
survived and thrived in the United States with loopholes and 
exemptions to U.S. federal pollution regulations. 

Wind turbines and solar panels
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 � The same is true of hydrologic fracturing, or fracking, which is thriving 
in the United States because of a 2004 loophole that makes it exempt 
from the United States’s Clean Water Act. The U.S. government also 
subsidizes pipelines and supports military actions in the Middle East 
as part of ensuring a continuous supply of gasoline. 

 � Energy also has been a leading focus of most political tensions 
between countries. These tensions—oil in the Middle East, the 
Organization of the Petroleum Exporting Countries (OPEC), gas 
pipelines out of Russia, and countries fighting over offshore oil and 
gas resources in the South China Sea—shape the decisions we 
make about our energy resources. 

 � The story of energy is, at its core, the story of human civilization. 
Anthropologists tell us that the ability to use fire to cook our food—
with the fire releasing some of the chemical energy within wood—
allowed for the evolution of more powerful brains. These brains 
allowed us to construct communities that then began to harness 
energy in many other creative ways. 

 � For agriculture, we hooked up animals to plows to have the power 
to grow crops. We used the Sun to grow our crops and heat our 
homes. We harnessed the energy of the wind for windmills and to 
power ships that carried trade, and armies, around the world. We 
harnessed the energy of water to run watermills to grind grain and 
power the earliest factories. 

 � We learned to release the concentrated energy of coal and 
petroleum—fossilized sunlight, in a sense—and this led us into the 
industrialized era, powered first by coal and then oil and gas. 

 � Starting with World War II, we even learned how to harness the 
nuclear energy inherent to the very fabric of atomic matter. And 
this almost brought us to the edge of extinction, during the nuclear 
proliferation of Cold War in the 1960s. 
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Energy Usage
 � Earth is our planet, and we need to make it work. Our planet has an 

enormous set of energy resources, but we use them in remarkably 
inefficient ways. Our cities, factories, homes, cars, and all the other 
parts of our lives are tremendously energy inefficient. 

 � If we could design and create these things now from the ground up, 
we would do it very differently. But our cities evolved slowly, over 
centuries, without the awareness of an eventual need to be so 
energy efficient and without the technological tools to do it. 

 � Our contemporary cities and lifestyles are very energy inefficient, 
and inefficient means expensive. The financial savings of becoming 
energy efficient are staggering, which is why there is such a growing 
market for retrofitting buildings and other infrastructure to make them 
energy efficient.

Electric train
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 � We now have the challenge of trying to retrofit our planet, while living 
on it and squeezing all the resources we need and want from it. But it 
is possible. As old, drafty, insulation-poor houses are knocked down, 
new energy-efficient ones can be built in their place. As old gas-
guzzling cars die, new lightweight carbon-fiber electric cars can take 
their place. Electric trains and other forms of energy-efficient public 
transportation can be added. Teleconferences will replace having 
people fly on airplanes for meetings.

 � Our world now runs 80% on fossil fuels: coal, oil, and natural gas. 
And this is a problem because they are going to run out. For a future 
energy budget, we have to exclude fossil fuels. 

 � It is a matter of big debate when we will run out of fossil fuels, but it’s 
not a matter of debate that it will happen, and it will happen soon, on 
the scale of human history. In all probability, it will happen in less time 
than the age of the United States as a country but more time than 
most of us will live. 

 � If we know that fossil fuels will run out, what should we do about it 
now? A big part of this answer depends on your personal viewpoints. 
Once we know what we can do, it will be difficult to decide what to do. 

 � A big part of it will be trying to figure out who has to pay to retrofit our 
planet and over what timescale. Politicians tend to act over very short 
timescales; in the United States, it’s their 2- to 6-year terms. Many 
choose to defer the difficult decisions until the next person’s term. 
And many don’t consider the Earth their problem after they leave it. 

 � Once we have enough factual assertions to figure out what can 
be done, we will have some difficult questions as to what should 
be done. A big part of it will depend on how much we want to take 
responsibility for during our lifetimes and how much we want to 
concern ourselves with the welfare of the next generation.

 � The future of human civilization will require lots of energy. We will 
make the transition to our energy future, and we can choose whether 
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that transition is smooth or bumpy. It really helps to start saving early. 
Changes we make on the sooner side will help make our transition to 
our energy future that much easier. 

Suggested Reading
International Energy Agency, Key World Energy Statistics. 

U.S. Energy Information Administration, Annual Energy Outlook 2015.

Questions to Consider
1. How much are you concerned about the world running out of energy 

during your lifetime? Will there be rough times ahead (in terms of 
energy supplies), or will humans always find plentiful energy sources?

2. How much are you concerned about the environmental impacts of 
global human energy consumption? Is this something that should 
be fixed during our generation, or are you comfortable letting future 
generations deal with it?



Energy: Forms and Conversion for Use

The foundation of any discussion of energy resources is that they 
occur in many different forms, most of which are not useful to us. 
It is through conversions of energy from one form to another, such 

as turning falling water into electricity, that we obtain the energy we need 
in forms that we can use. In this lecture, you will learn about the general 
categories of the forms of energy and what it takes to convert them from 
one form to another.

Forms of Energy
 � The matter that makes up everything in our universe, including our 

bodies, contains a vast amount of locked energy. With a nuclear 
bomb, a very tiny amount of that matter gets destroyed, getting 
converted into enormous amounts of heat and radiation. We can 
calculate exactly how much, according to a simple equation: E = mc2. 

 � An apple can be lifted up to give it gravitational potential energy. That 
also can be easily calculated: E = mgh. When the apple falls, that 
gravitational potential energy converts back into the kinetic energy 
of motion that can be converted into work. The work that is done in a 
falling waterfall also can be calculated from this equation. This is the 
basis for hydroelectric power plants. 

 � Newton’s second law of motion is F = ma (force equals mass times 
acceleration). If that acceleration is caused by gravity, then it is F = mg 
(force equals mass times gravity). In terms of energy, energy equals 
force times distance, so E = mgh. In physics, you can either work with 
forces or energies, but you always get the same answer.

 � In terms of useful energy, nuclear power takes two forms: nuclear 
fission (splitting atoms) and nuclear fusion (fusing atoms together). 
Nuclear fusion occurs within the Sun and is responsible for the heat 
and light it gives off. However, we haven’t yet been able to efficiently 
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harness nuclear fusion for the generation of power on Earth (except 
for nuclear bombs), so all of our nuclear power plants work by nuclear 
fission, splitting uranium atoms.

 � The gravitational potential energy of a waterfall is part of a larger 
class of energies called potential energy, which is energy of position.

 � Another form of potential energy is elastic potential energy. A 
common form of elastic energy is with the compression of a spring. 
In fact, there is a simple equation that quantifies how much energy is 
in a compressed spring: E = (1/2)kd2, where d is the distance and k is 
a constant particular to each spring that is a measure of how difficult 
it is to compress it. 

 � Another form of potential energy is chemical potential energy, 
such as the chemical energy contained within a piece of coal. This 

Newton’s second law of motion
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kind of energy is a result of the relative positions of the atoms that 
are bonded together in the molecules of the coal. When the coal 
is burned, a chemical reaction occurs that changes the relative 
positions of the atoms as some bonds are broken and others form. 
Certain chemical reactions, such as combustion, release energy in 
the form of heat and light. 

 � There is a whole other class of energy, and that is the energy of 
motion, or kinetic energy. For a single object, this also has an easy 
equation: The kinetic energy of a moving object is E = (1/2)mv2, 
where m is the mass and v is the velocity. 

 � Taken together, potential and kinetic energy combine to form 
mechanical energy. Most machines work by having energy convert 
back and forth between potential and kinetic energy. 

 � There is another form of kinetic energy, and this one isn’t so easily 
quantified. It is the thermal energy of an object. At an atomic scale, 
all of the atoms of any object are constantly in motion, oscillating and 
vibrating. This motion has kinetic energy. If you heat up an object, 
you increase its temperature, and this results from the atoms in the 
object vibrating and oscillating more vigorously.

 � Thermal energy and temperature are not the same thing. Thermal 
energy is a measure of the total kinetic energy of all of the particles 
of a substance. Temperature is a measure of the average kinetic 
energy of the particles of a substance.

 � And both of these are different from heat, which is the transfer of 
energy into thermal energy. It is the flow of energy into an object, 
making its atoms vibrate a bit more energetically.

 � One very important form of energy for human consumption is 
electrical energy, or electricity. Electricity is really a special case of 
kinetic energy, the energy of motion. The electricity that lights a room 
involves the flow of electrons through wires. Unlike the kinetic energy 
of a falling object, which is driven by the force of gravity, electrons, 
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which have a negative charge, are driven through circuits by the 
forces of electromagnetism. 

 � But you can calculate the energy in an electric circuit in a very similar 
way. If you are physically pushing an object, the energy it takes is 
the force times the distance. If a voltage from a battery is pushing 
electrons through a circuit, the energy involved is the voltage times 
the charge.

 � There is also an analogy with kinetic energy. The kinetic energy of a 
moving object is (1/2)mv2. The power of electrons moving through a 
wire is resistance times current squared.

 � Another important form of energy is that of waves, both physical and 
electromagnetic. There are new technologies that are harnessing 
ocean waves along shorelines, and these waves, like any other kind 
of physical wave, involve the oscillation back and forth of matter, 
which allows for the propagation of energy. 

 � In a sense, waves are just propagating energy. Other kinds of physical 
waves include sound and the seismic waves from earthquakes. 

 � The most important form of energy is light—or, more properly, 
electromagnetic radiation. Life on our planet runs almost entirely on 
sunlight. Photosynthesis, wind, and rain are all a result of sunlight. 
Even the fossil fuels of coal, oil, and natural gas represent millions of 
years of past stored sunlight, from ancient photosynthesis. 

 � Electromagnetic radiation is also a kind of wave, but unlike physical 
waves, it doesn’t need any matter or material to move through. 
Light passes easily through a vacuum. The description of how 
electromagnetic radiation propagates is fairly complicated. It involves 
the interference of simultaneous oscillations of electric and magnetic 
fields. But what we get is the foundation of most of our planet’s 
energy sources.
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Units of Energy
 � While it is exciting that we have so many different energy resources, 

there is a practical downside that is unique to the study of energy: 
There are so many different units. 

 � If energy were solely the subject of scientists, there would be no 
problem. All measurements of energy would be in joules, and all 
measurements of power (rate of energy, or energy per time) would 
be in watts. We would just use the international standards for units—
plus their metric prefixes. For example, a kilowatt is 1000 watts. 

 � But energy takes so many different forms and was discovered by 
so many different scientists in different fields that we ended up with 
different units. And energy isn’t just the domain of scientists, of 
course; it’s an integral part of human history. 

 � Because this is a science course, we’ll stick with joules (J) and 
watts (W). But we will still refer to some of these other units at times, 
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especially the ones that you will come across regularly, so you’ll need 
to get comfortable with some of them.

 � A useful unit of energy when talking about electricity is a kilowatt-
hour (kWh), which is the energy used to power a kilowatt (1000 
watts) for an hour. This is equal to 3.6 million joules.

 � Energy in food is measured in calories, which on your food labels 
are actually kilocalories, or thousands of calories. One calorie is 
4.19 joules, so one kilocalorie is about 4200 joules.

 � Heat is often measured in British thermal units (Btu), or in 
therms (on your gas heating bill, that’s 100,000 Btu), or in quads 
(a quadrillion Btu). The total U.S. annual energy consumption is 
about 100 quads.

 � For comparisons to oil, people use either a barrel of oil equivalent 
(BOE), which is 6.1 GJ (billion joules), or a ton of oil equivalent 
(TOE), which is 42 GJ.

 � You can always convert all of these units into either joules (for 
energy) or watts (for energy rates, or energy per time).

 � There are only two commonly used units for power besides the watt: 
horsepower (hp) and kilowatt-hour per day (kWh/d).

 � 1 hp = 746 W.

 � 1 kWh/d = ~42 W. 

 � This course will discuss the use of energy at scales of more than a 
trillion orders of magnitude, from watts to terawatts. Because both 
electricity generation and consumption are often given in watts, it is 
easier to get a sense of the magnitudes involved using watts than 
with joules. To get comfortable with the orders of magnitude of scale 
of the powers of 10, familiar objects can provide an anchor. 

 � Amounts of energy include the following.
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 � There are two primary scales for measuring temperature: Celsius 
(sometimes called centigrade) and Fahrenheit. 

 � For the Celsius scale, 1 calorie is the energy required to raise 
1 gram of water 1°C. Incidentally, this is also the same for the 
Kelvin temperature scale, which is the same as the Celsius 
scale—except, instead of 0° being the temperature at which 
water freezes, as it is for Celsius, with the Kelvin scale, 0° is 
absolute zero, the coldest temperature possible in the universe. 

1 W an apple lifted 1 meter each second
100 W a lightbulb

1 kW approximate averaged rate of electricity consumption 
per average U.S. household

11 kW averaged total rate of energy used, in all forms, per 
person, in the United States

30 kW a car cruising 65 miles per hour (not using all of its 
250 horsepower)

8 megawatts (MW) peak energy provided by 1 big wind turbine 
(electricity for about 6500 U.S. households)

1 gigawatt (GW) power from a typical coal-fired or nuclear power plant 
22 GW the Three Gorges Dam, a hydroelectric power plant 

in China (the largest power plant of any kind in world)
3.6 terawatt (TW) U.S. rate of energy consumption

18 TW global rate of energy consumption

1 gallon of gasoline 131 megajoules (MJ)
Energy required by 1 person 
(in the United States) in 1 day

~1 GJ (~7.5 gallons of gas)

Energy required by 1 person 
(in the United States) in 1 year

~360 GJ (~12 tons of coal per person)

Total global annual energy 
consumption = 570 exajoules

~0.5 zettajoules (half a sextillion joules).
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 � For the Fahrenheit scale, 1 Btu is the energy required to raise 1 
pound of water 1°F. These are in English units. 

 � The different units for energy might be frustrating to work with, but 
each has a scientific basis. Energy is the foundation of physics, 
chemistry, geology, and biology, but the forms of energy have varied 
from field to field, and it was only much later that the conservation 
of energy and mass was understood and, with it, the realization that 
these were all forms of some quality that we call energy.

Suggested Reading
National research Council, What You Need to Know about Energy. 

Wysession, Frank, and Yancopoulis, Physical Science.

Questions to Consider
1. A baseball pitcher throws to a batter who hits a home run that is 

caught by a fan in the bleachers. How many of the different energy 
conversions can you identify that are involved with this scenario?

2. How are biomass, coal, oil, natural gas, wind, and hydroelectric 
power all originally solar power?



Heat: The Transfer and Flow of Energy

Heat, in many different forms and for many different purposes, is 
one of the largest end uses of energy. It is also one of the oldest 
forms of human-used energy. Today, about 20% of all consumed 

energy is in the form of heat. It’s roughly 2/3 of the energy consumed for 
residential and commercial buildings and for industry. But heat comes 
into play in many other ways. Most electricity is made from heat, with 
steam-generated power plants. Many energy-related machines, such as 
steam engines and car engines, are heat engines that transform heat into 
work through a set of mechanical steps. 

Heat Flow
 � Heat is the transfer of energy—the flow of energy. There are only 

three ways that heat flows: by radiation, convection, and conduction. 
And there are two very important laws concerning heat: the first and 
second laws of thermodynamics.

 � The first law is the equivalence of heat and work. The amount 
of work you lose due to friction is exactly the amount of energy 
transferred as heat.

 � The second law says that heat flows from hot regions to cold regions, 
not the other way around. More specifically, the second law says 
that with any interaction involving energy within a closed system, the 
entropy will increase. Things become more disordered. Energy is 
dispersed. 

 � radiation is the transmission of energy through electromagnetic 
waves, in any form: gamma rays, X-rays, ultraviolet light, visible light, 
infrared, microwaves, and radio waves. They all can carry heat from 
one place to another. 
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 � You can only see the visible part of the electromagnetic spectrum, 
but instruments can detect and measure other parts of the spectrum, 
and this can be very useful. For example, an infrared photograph of a 
house can show where heat is leaking out of a house in the infrared 
spectrum. This kind of a tool is very helpful in identifying where 
insulation should be added to a house to make it more energy efficient.

 � Convection is the transfer of heat by moving material and carrying 
the heat with it. The typical example is a pot of soup on a stove. 
You are just heating the bottom of the pot, but the whole pot of soup 
gets warm because of convection. The fluid at the bottom of the pot 
absorbs the heat, which makes it expand, become buoyant, and float 
to the top of the pot, where it cools off to the air, gets heavier again, 
and then sinks back down. The result is a cycling convection cell that 
very efficiently distributes heat throughout the pot. 

 � Convection is critically important in many Earth systems. It’s important 
for heat transfer in the atmosphere and ocean. It’s responsible for 
driving the winds and, therefore, is the mechanism for wind energy.

 � Another form of convection within the Earth, mantle convection, 
is responsible for the patterns of plate tectonics and, therefore, 
determines the geographic distribution of heat available in the form 
of geothermal energy.

 � Conduction occurs where materials are in physical contact with each 
other and heat is transferred, atom by atom, from the oscillations and 
vibrations of these atoms. When you pick up an object that is hot, such 
as a mug of coffee, you know it’s hot because when you touch the 
mug, the atoms of your fingers come in contact with the atoms of the 
mug. But the mug is hot, so its atoms are vibrating at a very high level. 

 � When those atoms come in contact with your atoms, they are 
vibrating so energetically that the atoms of your fingers also start 
vibrating more energetically. Their temperature goes up. Your fingers 
get hot. Energy has passed from the mug to your fingers. That 
transfer of energy is the conduction of heat.
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 � These three methods of heat flow—radiation, convection, 
conduction—often occur simultaneously, just like with a home 
radiator. If you stand next to a radiator, you can feel the radiant heat. 
The hot radiator also heats the air of your room by conduction. Air 
molecules touch the radiator, and they get hot. And because gases 
expand when you heat them, the gases that touch the radiator rise 
upward, driving a circulating convection cell within your room that 
spreads heat throughout it. 

Heating Water
 � One common use of heat is to heat water—for example, for hot 

water in your home, in factories, and especially for steam-generated 
electricity plants. It takes a very large amount of energy to raise the 
temperature of water. The amount of energy needed to raise the 
temperature of a material is called the specific heat.



The Science of Energy: resources and Power Explained22

 � No two materials will necessarily require the same amount of energy 
to raise their temperatures the same amount. Water has a very high 
specific heat; in fact, it is about 5 times greater than rock. This means 
that it takes 5 times as much energy to raise the temperature of 
some amount of water than it does to raise the temperature of an 
equivalent mass of rock.

 � This is important when we’re considering energy use. We spend a lot 
of energy, and money, to heat water. But this means that one of the 
easiest ways to bring down your monthly energy bill is to use less hot 
water. Take shorter showers, and wash your clothes with cold water. 

 � If you want to turn water into steam, it takes an even greater amount 
of energy. For example, it takes a long time to bring a pot of water 
to a boil. You have to add a lot of heat to raise the temperature of 
all that water to 100°C. This is why we burn so much coal making 
electricity. It takes a whole lot of energy to turn water into steam to 
drive steam turbines. 

 � On the other hand, water is a wonderful way to store heat. For 
example, the ocean is the foundation of our planet’s climate system. 
There is a vast amount of energy stored there, and ocean currents 
move these vast volumes of heat all around the planet. 

 � This is why temperatures are much more moderate on islands or 
along coasts. The ocean water buffers the land temperatures. Hawaii 
uses the least amount of energy per person than any other state in 
the United States. Because it sits in the middle of the Pacific Ocean, 
the daily and seasonal temperatures don’t change very much.

 � If you don’t live in Hawaii and need to heat your house in the winter 
and cool your house in the summer, what’s the best way to do it? The 
key to home heating and cooling is that we’re trying to fight against 
the second law of thermodynamics, and it’s a tough battle. 

 � In the summer, when it’s warm inside your house but a lot hotter 
outside, according to the second law of thermodynamics, the heat 
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is going to flow from hotter to colder: Heat is going to flow into your 
house. 

 � If you choose the right kinds of gases—Freon is commonly used—
and you compress and expand the gases at the right time, then 
you can pump heat out of your house. You can expand the gas 
when it enters the house. It’s cold, so it absorbs the heat from your 
house. Then, you pump it outside and compress it, which makes 
it hot, because changing the pressure of something increases its 
temperature. Heat passes into the outdoors, and then you repeat 
the cycle. 

 � This is called a heat pump because it’s pumping heat out of a cold 
region and dumping it into a warm region. It seems to go against 
the second law of thermodynamics, but not when you include the 
changes in pressure, which take added energy from electricity to 
happen. This is how both air conditioners and refrigerators work.

 � This is also the most efficient way to heat a house. You just run the 
heat pump in reverse. Even if it is colder outside than in, you can still 
capture some of the heat from the outdoors and pump it into your 
house. 

 � Currently, there are many different ways to heat your house. People 
burn natural gas to use hot water or steam for radiators, or to heat 
air (forced-air units), or even use electricity to heat air through space 
heaters, which is actually very inefficient. Using natural gas to heat 
your house is much more energy efficient than using electricity, but 
heat pumps use even less energy—about 3 or 4 times less energy. 

 � Eventually, hot water or steam radiators will be things of the past. In 
the future, the heating as well as cooling of houses will be done with 
heat pumps. It’s just that much more efficient. Efficiency is such a 
key part of this whole topic of energy. And heat is a key part of any 
measure of efficiency.
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Heat Loss
 � In all energy conversions, there is always some energy that gets 

lost to heat—usually, a lot. For example, incandescent lightbulbs 
are only 5% efficient. Fluorescent lightbulbs are 4 times better, but 
that means that they are still only 20% efficient; 80% of the energy 
reaching them is lost to heat.

 � Both coal- and nuclear-powered electricity plants are about 35% 
efficient. You burn all this coal, and about 2/3 of it is lost to heating 
the surrounding water and air. 

 � In a similar manner, most of the energy for manufacturing (2/3) 
comes from burning fossil fuels, mostly natural gas now, to generate 
heat that is used in a variety of ways. This heat is usually used to run 
any number of heat engine machines. 

Fluorescent bulb Incandescent bulb
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 � It is possible to increase the efficiency of heat engines by increasing 
the temperature at which the work is done. But this isn’t always so 
easy to do.

 � There are four parts to the process of how a heat engine works. The 
engine does whatever work you need it to do. A heat source runs it; 
that’s the input. Useful work comes out of it, whatever the product is, 
as well as nonuseful heat that goes into a cold sink.

 � The basic model for a heat engine was first discussed by French 
physicist Nicolas Carnot, and the work cycle is known as the Carnot 
cycle. The thermodynamic issue here is explained by Carnot’s 
theorem, which determines the maximum theoretical efficiency 
of the heat engine and is entirely a function of just two things: the 
temperatures of the hot source and cold sink. You can control the 
efficiency by controlling the temperature difference of your heat 
source and your cold sink.

 � The efficiency cannot ever get to 100% (the temperature of the cold 
sink would have to be absolute zero, which isn’t possible). But there 
are two ways to make a machine more efficient. You can lower the 
temperature of the cold sink, but this can be difficult and costly to do. 
Or you can increase the temperature of the heat source. A problem 
with this is often the integrity of the machinery, which can fail and 
break at high temperatures. 

 � There is always energy lost to friction and heat, in any energy 
conversion. So, the ever-present engineering challenge is to carry 
out these energy conversions as efficiently as possible, with the least 
amount of energy lost to friction and heat. 

 � This is why we are switching to compact fluorescent bulbs. This is 
why cars have become sleeker over time. It’s not just because they 
look cooler; it is to reduce the energy lost to heat by air friction and 
require less gasoline. 
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Suggested Reading
Ben-Naim, Entropy Demysified.

Feynman, The Feynman Lectures on Physics.

Questions to Consider
1. If the principle of entropy from the laws of thermodynamics demands 

that, over time, disorder increases within any closed system, how is it 
that the increasing complexity of human cities doesn’t break the laws 
of physics?

2. If an astronaut suddenly were to be exposed to the absolute zero 
of the vacuum of space, the astronaut probably would die in about 
90 seconds from the sudden decompression, which would cause 
bubbles to form within bodily fluids such as blood. However, why 
would freezing from exposure to the coldness of space (−455°F) not 
significantly contribute to the astronaut’s death? (How is this related 
to the thermal insulation of certain modern double-paned windows?)



Electricity: Ultimate Energy Converter

W hen electricity first started making a global impact 150 years 
ago, it probably seemed like magic to people seeing it for the 
first time. But electricity has become such a fundamental part 

of our world that most people take it for granted. Even though you don’t 
see the electrons flowing through a wire, you can certainly experience 
the power that electrons carry in everything that goes on in the world. 

Electricity as Energy
 � There are several things that make electricity so attractive as a vehicle 

for energy. First, we can use just about any source of energy to make 
electricity, including oil, coal, gas, nuclear, solar, wind, hydro, tidal, 
ocean waves, biomass, and geothermal. If it is a source of energy, 
we can turn it into electricity using a generator, which operates on 
the fact that electricity and magnetism are two sides of a single force: 
electromagnetism. 

 � Another thing that makes electricity so attractive is that you can 
transport electrical energy great distances using wires, with relatively 
little energy lost. The power plant can be hundreds of miles from your 
house, and the energy is piped to you along wires. And the efficiency 
is pretty good. High-voltage electricity transmission might lose 1% of 
its energy over 100 miles of wires. 

 � The third fantastic thing about electricity is that you can use it for 
just about anything at the back end, including lightbulbs, heaters, air 
conditioners, and, most significantly, motors. We can do mechanical 
work with the electricity using a motor, which is just like a generator 
but in reverse. We can turn a ceiling fan or washing machine, the 
wheels of a subway train, or any industrial factory machine using 
electricity. 
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 � Electricity takes advantage of the force of electromagnetism. There 
are only 4 forces in the universe: gravity, the electromagnetic force, 
and the strong and weak nuclear forces. 

 � Gravity dominates interactions at the planetary and galactic scales 
but does almost nothing between the everyday objects in our lives. 
There is a gravitational pull between your two hands, but it is so 
small as to be immeasurable. The gravitational pull between you 
and the Earth can be measured, because the Earth is really big, so it 
exerts a large force on you.

 � The strong and weak nuclear forces also play no role in human-
scale interactions. The strong nuclear force holds the nuclei of 
atoms together. The weak nuclear force controls a set of nuclear 
interactions, such as radioactive decay. 

 � For everything else in between, the electromagnetic force controls all 
interactions. 

 � An atom has a nucleus containing the protons and neutrons, 
surrounded by clouds of electrons. The protons and electrons each 
carry an equal amount of charge; the protons have a positive (+1) 
charge, and the electrons have a negative (−1) charge. The neutrons 
have no charge; they’re electrically neutral.

 � Opposite charges attract, and similar charges repel. Electrons will 
repel each other but be attracted to protons. An atom usually has 
the same number of protons and electrons so that the charge is 
balanced. However, the distribution is such that the electrons are on 
the outside. If two atoms approach each other, the clouds of electrons 
repel each other, and the two atoms can’t get near each other. 

The Study of Electricity
 � The scientific study of electricity began around 1600, with the work 

of the English scientist William Gilbert. He noticed that he could 
produce static electricity by rubbing amber, which is fossilized tree 
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sap, and he was the one to coin the word electricus, which means “of 
amber,” from the Greek work for amber, elektron. 

 � Other scientists began to observe that electricity flowed most easily 
through metal wires, though it wasn’t until a while later that it was 
understood that this is because the outermost electrons of metals 
are not held on to by their nuclei but are free to roam from atom to 
atom through the metal. 

 � Many scientists played important roles in discovering the properties 
of electricity: Luigi Galvani, in 1791, discovered that nerve cells in 
animals passed signals to muscles using electricity, making the legs 
of a dead frog twitch. 

 � Two years later, in 1819, and into 1820, the Danish physicist 
Hans Christian Ørsted and French physicist André-Marie Ampère 
discovered that electricity and 
magnetism were two sides 
of the same force—that you 
could generate a magnetic 
field from an electric current 
and an electric current from a 
magnetic field. 

 � Just one year after that, 
in 1821, English scientist 
Michael Faraday invented 
the electric motor. Ten years 
later, he invented the electric 
generator. Electricity could 
now be made from work, 
with a generator, and then 
be converted back into work, 
with a motor. 

 � The second wave of the 
industrial revolution, which 

Michael Faraday
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had first begun with the coal-powered steam engine, was now 
underway. Soon, the world’s great electrical engineers—including 
Nikola Tesla, Thomas Edison, Alexander Graham Bell, Heinrich 
Hertz, and George Westinghouse—were using electricity for all kinds 
of purposes, including power and communication.

Generating Electricity
 � The way a generator works is remarkably simple, given that it delves 

into the fundamental nature of the electromagnetic force. If a loop 
of wire is moved through a magnetic field, electrons start to flow 
around the loop. They get pushed through the loop by the force of 
the magnetic field. This flow of electrons is an electric current. 

 � The more loops of wire you have, the more current you generate. 
You just need some way to keep moving the loops of wire through 
the magnet. You can do it by hand, but that’s not a very efficient way 
to generate power. 

 � Modern-day power generators use some other source of energy. In a 
wind turbine, there are coils of wire and an electromagnet inside. In a 
hydroelectric power plant, water flows down a pipe called a penstock, 
powered by gravity, and it flows through and spins the turbines that 
turn the coils of wire inside the magnetic field, generating electricity. 

 � For fuel sources such as coal, gas, and uranium, you use a steam 
engine. You burn the fossil fuel, or split the atoms, generating heat; 
the heat turns the water to steam; and the expanding steam spins 
the turbines, generating electricity. Modern electricity power plants 
can be massive, generating many gigawatts of electricity. 

 � You can use just about any energy source to spin the turbines. For 
nonrenewable energy, where we obtain and burn fuels, a constraining 
factor in choosing between energy sources is energy density. How 
much of the stuff do we need to run a power plant?

 � For renewable energy, a constraining factor is how much land it 
takes. After all, we already use 40% of the world’s land just to grow 
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or raise our food, so we don’t have a lot of free land available. On the 
other hand, solar panels work best in desert areas, where we don’t 
usually grow a lot of crops. You can also multitask the land; it’s fine 
to intersperse wind turbines with solar panels or wind turbines with 
crops or cattle grazing lands. 

Electricity Transportation
 � Once you generate the electricity, you need to send it out on a circuit. 

In other words, you send the electrons out, but you have to bring 
them back again. Otherwise, they would all pile up, and you would 
have a gigantic spark. Electricity flows through a circuit, and the 
electrons go back to where they started. 

 � As electrons flow through the wires of your house, they are pushed 
through the wires and given potential energy by a voltage. 

 � In a simple electric circuit 
driven by a battery, the 
battery has a positive 
end, the cathode, and a 
negative end, the anode. 
The electrons are repelled 
by the negative anode and 
attracted by the positive 
cathode of the battery. The 
difference in strength across the battery, the voltage of the battery, 
determines how hard the electrons are driven through the circuit and 
how much work they can do. 

 � As the electrons travel through the circuit, they lose their electrical 
potential energy step by step as they ring doorbells, spin ceiling fans, 
or whatever. By the time they go through the circuit and get back to the 
battery, they have used up their electric potential energy, but the battery 
gives it back to them, bringing them back up to a high potential level.

 � As an electric circuit goes through your house, there can be multiple 
outlets that allow for multiple lights or appliances along the same 
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circuit. Each of these devices provides a resistance to the flow of the 
current and draws a little bit more of the energy off the current. 

 � If all of the devices are along a single circuit, which is called being 
in series, the resistances add up, and the current gets a little bit less 

Transmission lines
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each time. The voltage is constant, at 120 volts, and the voltage is 
the product of the current and the sum of the resistances (V = IR). 

 � There is a danger here in devices that are in series, however: If one 
of the appliances stops working, the circuit is broken, and then all of 
the appliances stop working. 

 � The common way to deal with this is to put the appliances on 
separate current loops, which is called a parallel circuit. In this case, 
each of the additional loops opens up a new channel for the current 
to flow through. The result is to increase the current. 

 � The advantage here is that if one of the appliances stops working, 
the other appliances all still work. There is a danger here, too, 
however. As the power of the circuit gets higher, the amount of 
energy lost to heat increases, the wires gets hotter, and an electrical 
fire can start. 

 � Electrical circuits have fuses or circuit breakers that break the circuit 
if the wire gets too hot. In addition to fuses or circuit breakers, 
another way this problem is dealt with is in not having a single circuit 
through your house but instead having multiple parallel circuits. And 
each one gets its own circuit breaker. 

Electricity Customers
 � As an electricity customer, you now have many choices—more 

in some states than in others. You can choose whom to buy your 
electricity from and what source your electricity comes from. You can 
even choose between different rate plans that charge different rates 
for daytime, nighttime, weekends, and also seasonally. 

 � As of 2014, the 9 major sources for electricity in the United States 
were distributed as follows, from largest to smallest: coal (39%), 
natural gas (27%), nuclear (19%), hydro (6%), wind (4.4%), biomass 
(1.7%), petroleum (1%), solar (0.4%), and geothermal (0.4%).
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 � However, these numbers continuously change with time. recently, 
as percentages of the total, coal, nuclear, and hydro have been 
dropping, while natural gas, wind, and solar have been increasing. 

 � Globally, the percentages are similar, but there are some important 
differences. Natural gas and nuclear power are less important 
globally than they are in the United States, and the world relies more 
heavily on hydroelectric power than the United States.

 � There are some practical considerations at work, such as cost. Costs 
of building a power plant vary, according to the energy source. Natural 
gas plants are currently much cheaper to build, per watt of electricity, 
than any other energy source. Everything else is roughly comparable. 

 � In addition to the costs to build a power plant, operation costs need 
to be considered. Some—such as solar, wind, and hydro—don’t have 
fuel costs, though there are still costs to maintain them. In addition, 
some have significant back-end costs. 

 � Market forces play a large role in determining what energy choices 
are made, and it is important that any decisions that are made on 
large-scale energy policies also make sense from a cost perspective.

Suggested Reading
Hirsh, Technology and Transformation in the American Electric Utility 
Industry. 

Jonnes, Empires of Light.

Questions to Consider
1. Explain how the fuse switches on your home’s electrical panel can 

help keep your house from burning down.

2. An electric circuit often is taught in schools with a diagram showing 
a wire loop attached to two ends of a battery, with electrons flowing 
from one end of the battery around the loop to the other. Explain why 
this is not a good model for the electricity that you use in your house.



Chemical Energy, Biomass,  
and Photosynthesis

Chemical energy is a form of potential energy, because it is a result 
of the positions of atoms within molecules. Potential energy is 
energy of position. For chemical energy, it is the electromagnetic 

forces of attraction between atoms that allow the atoms to form bonds 
and hold together. Very simply, it takes energy to move those atoms into 
position to allow the bonds to form, and when the bonds break and the 
atoms move apart, you get that energy back. In this lecture, you will learn 
about the chemical energy of biomass.

Biomass
 � Biomass is a way of storing sunlight through photosynthesis. Coal, oil, 

and gas are the concentrated forms of ancient, fossilized biomass—
coal from ancient land swamps, and oil and gas from ancient ocean 
organisms that died and fell to the seafloor. The fossil fuels all began 
as surface biomass, powered by the Sun. 

 � Humans first used a burning branch from a lightning strike to start a 
fire and cook food (or first began to use flint stones to make fire on 
demand) a long time ago. And the use of biomass as food goes all 
the way back to the very earliest animals. Humans ate plants to get 
sugars and other carbohydrates, even more than a billion years ago, 
when our single-celled animal ancestors ingested and ate single-
celled photosynthetic cyanobacteria. 

 � Biomass is still the dominant energy resource for the largest number 
of people on Earth. About half of the more than 7 billion people on 
Earth use biomass for most of their energy needs. It isn’t the largest 
energy resource used in the world; only about 12% of all of the 
energy consumed by humans is in the form of biomass. The reason 
that it isn’t more is that the people who use electricity and gas as 
their major energy sources, people in the developed world, just use a 
whole lot more energy. 
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Photosynthesis
 � A discussion of chemical energy starts with photosynthesis, the 

ability of a living organism to make its own food using sunlight. It is 
the most successful form of biochemistry on the planet. 

 � There is far more biomass in plants and other photosynthetic single-
celled organisms than in anything else. And the proliferation of animals 
only occurred because they had an abundance of plants to eat. 

 � It’s not clear when life started—about a billion years, plus or minus 
a few hundred million years, after the formation our planet, which 
occurred 4.6 billion years ago. Then, it took about another billion 
years or so for life, all still single celled at this point, to evolve into 
something that could make its own food from sunlight. 

 � Sometime around 2.5 billion years ago, we see a shift in the 
composition of Earth’s atmosphere, with the presence of oxygen gas, 
which was created by photosynthesis from some early ancestor of 
cyanobacteria. During photosynthesis, an organism has a net intake 
of carbon dioxide and a net output of oxygen. 

 � Multicellular plants came much later, when chloroplasts, small 
organisms that were probably once independent bacteria, developed 
a symbiotic relationship with another larger animal cell that it invaded, 
and plants were born. 

 � For most of Earth’s history, life existed in the ocean, mostly near the 
surface, where sunlight provided the energy for massive amounts of 
single-celled plantlike phytoplankton, which were eaten by tons of 
animallike zooplankton, which were then eaten by bigger animals. 
This still goes on today. And when these things died, they sank to the 
seafloor and were buried by silt. 

 � This dead stuff, after being squeezed and heated for hundreds of 
millions of years, is what we pump out of the ground as petroleum: oil 
and natural gas. 
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 � By about 450 million years ago, plants had developed the vascular 
tubing that allowed them to exist on land, and the continents, which 
had been little more than barren rock for 4 billion years, suddenly 
exploded with plant life that evolved into great forests and swamps. 
It is these swamp and bog plants, buried after hundreds of millions of 
years, that we dig up as coal. 

 � We now live on a planet with lots of plants, with innumerable 
chloroplasts that are like tiny factories turning sunlight into chemical 
energy. There is just one problem with the process, from a human 
energy resource point of view: It is just not very efficient. 

 � The following chemical equation, at a very simple level, explains 
what is going on with photosynthesis. 

xCO2 + 2xH2O + light  [CH2O]x + xO2+ xH2O



The Science of Energy: resources and Power Explained38

 � Water is both a reactant and a product, from different stages of the 
reaction. But notice that you start with twice as much water as you 
end up with. Photosynthesis needs water. 

 � The C/H/O molecules are carbohydrates; if the molecule is C6H12O6, 
then it’s a particular carbohydrate called glucose. But it takes a great 
deal of energy to break apart the water and carbon dioxide and to 
convert them into sugars, and most of the energy gets lost in the 
process. For typical plants, the photosynthetic efficiency is about 
0.1% to 2%. 

Combustion
 � Across the world, there are many different plants, and we use them 

for different forms of energy. Many people of the world burn sticks 
and wood for heat and cooking. We also burn biomass for electricity, 
largely woodchips. And, increasingly, we use a variety of crops to 
make liquid biofuels. For example, ethanol comes from corn and is 
used as an additive to gasoline. 

 � Biofuels are used for energy by combustion. Most biomass is used in 
combustion—that is, burning, whether for heat or electricity. 

 � Combustion is essentially the opposite of photosynthesis. You 
take the chemical energy of the organic molecules, and through a 
chemical reaction called oxidation, you break apart the molecules 
and release the energy in the form of heat and light, but mostly heat. 

 � The simplest example of combustion is the combustion of hydrogen 
gas, which produces a whole lot of energy.

2H2 + O2  2H2O + energy

 � For each kilogram of hydrogen gas you combust, you release water 
+ 147 megajoules of energy. That’s enough to power a 60-watt 
lightbulb for a month. 



Lecture 5—Chemical Energy, Biomass, and Photosynthesis  39

 � A good portion of combustion of fresh biomass is now used to 
generate electricity. About 1.5% of the world’s electricity currently 
comes from burning recent biomass: wood and other plants. The 
heat boils water, and the expanding steam spins the turbines of the 
generator that creates the electricity. 

Corn is used for making ethanol.
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 � Many different kinds of biomass are used for this, including fast-
growing trees, such as the hybrid poplar tree; crop residues, such 
as leftover stalks from corn or sorghum; fast-growing grasses, such 
as switchgrass or bamboo; and even garbage (municipal solid waste 
from landfills). Some countries, such as Sweden, generate a large 
portion of their electricity from garbage. 

Energy Densities
 � All forms of plant biomass give off heat when they combust, but some 

are more efficient than others. They have a greater energy density—
the amount of energy a fuel can provide per weight or volume. 

 � The energy density of biomass fuels is different whether it is 
measured per unit weight or per unit volume. This often comes into 
play in transporting fuels. After all, coal, petroleum, and gas are only 
found in abundance in certain parts of the world and often have to be 
shipped large distances—by boat, train, truck, and pipeline. 

 � We spend a lot of money shipping fossil fuels from where they are 
dug up, to where they get processed and refined, and finally to where 
they are used, such as a gas station. 

 � Usually, the constraint is volume. A tanker ship can only fit so much 
oil into it. And when you look at the energy density of fuels by volume, 
you begin to realize why the fossil fuels, ancient biomass, have been 
so valuable when compared to fresh biomass.

 � By far, the most energy-efficient fuel, by volume, is coal. Petroleum 
is pretty close behind, and liquefied natural gas is next. Everything 
else—including dried wood and paper, compressed hydrogen, dung, 
straw, grass, and garbage—is much less.

 � Coal has another big advantage. You can dig it all up at once, if you 
like—tens of millions of years of photosynthetic biomass in an instant. 
For wood and other biomass, you have to grow it, which takes time 
and land. 
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 � The other materials with high energy densities are oil and natural 
gas. An ideal source of energy would be some kind of abundant, 
easily portable, high-density fuel for combustion to provide heat and 
electricity and power engines to do work. There are many possible 
chemicals that can do this, but there is one class of chemicals that 
meets all of these requirements: hydrocarbons. 

 � Hydrocarbons are molecular chains of carbon and hydrogen that 
come in all kinds of shapes and sizes. When they’re small, like 
methane, they’re usually in a gas form at Earth’s surface. Methane is 
the main component of natural gas. 

 � When these hydrocarbon molecules are a little bit larger, such as 
pentane and octane, the main components in gasoline, they tend to 
form liquids. When the molecules are longer, containing many more 
carbon and hydrogen atoms, they tend to forms solids, such as tar 
and asphalt. 

 � And they meet all of our energy requirements. They are flexible 
and variable. They can be solid, liquid, or gas, so they are easy to 
transport. They are extremely energy dense. And, most importantly, 
they have been found in the ground in high quantities, and you can drill 
down and pump them up (such as liquid petroleum and natural gas). 
You burn them just like you do other biomass—through combustion. 

Suggested Reading
McKendry, “Energy Production from Biomass.” 

National research Council, Energy and Transportation.

Questions to Consider
1. How is burning a marshmallow similar to eating it? How is it 

dissimilar?

2. Explain why the process of photosynthesis is not very efficient in 
capturing the sunlight that falls in a region over the course of a year. 



Coal: Convenient, Energy-Dense Fuel

We have a love/hate relationship with coal, which provides 28% 
of the world’s total energy and the largest portion, more than 
40%, of the world’s electricity. It has the highest energy density 

per volume of any common energy source. It is abundant, decently 
distributed geographically, and burns easily and controllably. However, 
it is dirty, start to finish. Mining coal, washing coal, transporting coal, 
burning coal, and disposing of coal ash have arguably caused more 
damage to the world’s environments than any other human activity. 

Coal
 � Coal is the concentrated carbon left over from swamp plants 

and mosses that lived millions of years ago and were buried and 
compacted. The reason that coal is from swamps and bogs, and not 
other kinds of dry forests, is what happens to the plant when it dies 
and falls to the ground. All kinds of organisms break down and eat 
dead trees, and the carbon gets returned back into the biosphere. 
This is a vital part of the carbon cycle. 

 � If a tree falls in a forest, the organisms that are going to eat it include 
bacteria, fungi, worms, and insects. What’s left over becomes part of 
the soil. The tree is usually entirely gone in a period of years.

 � For coal to form, the plant has to be put somewhere that it can’t rot, 
and oxygen-poor swamp water is just the place for it. Without oxygen, 
the organisms can’t do their work—or not much of it, at least. The 
plants get partially decomposed, but not entirely. 

 � Coal develops in stages: peat, lignite, bituminous, and anthracite. The 
stages have progressively more carbon, and it’s the carbon content 
that determines how “clean” or “dirty” each one of these will burn.
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 � First, swamp plants fall into the bog, get buried with silt, and are 
removed from the surface biological carbon cycle, and over time, as 
more silt falls, and more plants, it gets buried deeper and deeper. 
The plant cells collapse, and the water gets squeezed out. After a 
period of time, you have peat.

 � When peat initially forms, it can be less than 20% carbon. Peat is 
very dirty, and it burns dirty, creating a lot of soot. 

 � You usually can’t tell what plant the peat was formed from, though 
sometimes fossils of plants can be observed. Plants forming the 
peat consist largely of sphagnum moss, as well as various shrubs 
and sedges. 

 � You might think that this constitutes a renewable source of energy—
and technically it does—but peat forms so slowly, about a millimeter 
per year, that it is nonrenewable over human timescales. 

 � As peat gets buried deeper, its carbon content increases. Over time, 
with more burial, peat will become lignite, sometimes called brown 
coal, which is the lowest grade of coal. Lignite contains a lot of 

Coal mine
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water—usually, more than half. It’s only about 25% to 35% carbon, so 
it doesn’t burn very well. Lignite has the lowest energy density of any 
coal, so it is usually not economically worth shipping and is almost 
always used for generating electricity in the region that it’s mined. 

 � Over time, with more burial, lignite will become bituminous coal, 
which is globally the most abundant form of coal. Bituminous coal 
is about 60% to 80% carbon. The rest is largely water, hydrogen, 
and sulfur. Bituminous coal, as with all coal, is primarily burned to 
generate electricity, although it’s also used for many industrial 
applications, such as in the making of steel.

 � The highest carbon content is found in anthracite coal, which is 
usually 92% to 98% carbon. It is dark black and shiny. Anthracite 
only accounts for a few percent of total coal resources, because an 
additional source of heat and pressure is needed to metamorphose 
bituminous coal into anthracite. That energy usually comes from an 
ancient plate tectonic collision, such as when mountains form, so it 
is not unusual that anthracite is usually found in mountainous areas. 

 � It takes a long time to make coal; the process began tens to hundreds 
of millions of years ago. Coal is a fossil fuel, and it is old. Once we 
use it up, it is gone. 

 � The world uses about 9 billion tons of coal per year. At current rates, 
China will exhaust its known coal reserves in less than 30 years. 
However, at current rates of production, the United States will still 
not have used up its known coal reserves after more than 200 years. 

 � We won’t ever actually run out of coal, but that isn’t the point. The 
point is that we have found the easy, big coal deposits. The ones 
remaining will be smaller, deeper, lower quality, more difficult to get, 
and, therefore, more expensive. At some point, it just won’t be worth 
our time to mine it anymore. There will be cheaper forms of energy. 

 � There has been a recent surge in U.S. natural gas production 
through the development of fracking. The drop in natural gas prices, 
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combined with the fact that natural gas is a much cleaner fossil fuel 
than coal, has caused many electricity power plants to convert from 
coal to natural gas, and the demand for coal has dropped.

Coal for Electricity
 � Coal is primarily used for the generation of electricity—in the United 

States, for more than 600 power plants. Electricity is generated 
several different ways. The most common, and traditional, way is to 
pulverize it and burn it to make steam. 

 � Old plants, called subcritical plants, are about 25% to 35% efficient. 
Newer, high-temperature plants are about 40% efficient. These are 
called ultra-supercritical plants.

 � An even more efficient way is coal gasification to make syngas. 
Gasification is the process of heating a fuel, such as coal, in the 
presence of a limited amount of oxygen, which releases hydrogen 
gas and carbon dioxide, a mixture called syngas. The hydrogen can 

Coal-fired power station
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be burned as fuel, and the carbon dioxide can be either used for 
other purposes or captured and sequestered.

 � An integrated gasification combined cycle (IGCC) plant can get 
efficiencies of more than 45% and also allows for more easy capture 
of air pollutants, including carbon dioxide. If cogeneration is added 
to use the waste heat for other purposes, the net efficiency can be 
significantly increased. This is called combined heat and power (CHP).

 � Another benefit of using gasification is that it reduces the amount of 
water needed. Cooling electricity power plants is the largest use of 
water in the United States—much more than for agriculture, even. 

Industrial Uses of Coal
 � Coal isn’t just used for generating energy. Just as with petroleum, 

there are important industrial uses, too. The most important industrial 
use of coal is in the smelting of metals—taking raw metal-containing 
rocks, usually metal oxides, and converting them into pure metals. 

 � Traditionally, this has been done using a carbon-rich by-product of coal 
gasification called coke, which is formed when you bake coal to about 
1000°C with limited oxygen. This is part of the gasification process. 

 � The coke then acts as a reducing agent when it is later burned with 
iron. “reducing” is a chemical term meaning that the carbon removes 
the oxygen from the metal ores, which are oxides (rocks containing 
metal and oxygen). This is how you start with raw iron oxides and 
end up with pure iron.

 � For an electricity power plant to run on coal—or a smelting furnace, 
for that matter—you have to get the coal there first, and that is where 
part of the cost of coal comes from. Transportation accounts for 
about 1/3 of the cost of coal, mostly by train but also by river barge 
and truck. 

 � But most of the cost of coal comes from having to dig it up out of the 
ground. For centuries, coal was primarily dug out of mines by hand. It 
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was difficult, dirty, and dangerous work. Coal mining is still extremely 
dangerous in much of the world. 

 � More and more, coal is mined in mechanized ways that involve 
moving massive amounts of rock with giant machines. Traditionally, 
underground mining was done with a room-and-pillar technique, with 
large pillars of coal left in place to hold up the overlying rock. Now, 
longwall mining can be done to remove the coal in strips that then 
allow for controlled collapse once a strip is finished. Massive augurs 
remove coal rapidly and efficiently. 

 � Increasingly, coal mining is done at the surface, by removing the 
overlying layers of rock, or even entire mountaintops. The scale of 
earthmoving is extraordinary. Mining involves giant draglines, and 
power shovels pile rock and coal onto giant dump trucks. 

 � The surface mining occurs in strips across the land: strip mining. In 
some parts of the world, strip mining leaves vast areas of land bare 
and wasted. In the United States, strip mining generally includes a 
reclamation process that tries to restore the land as much as possible 
to what it originally looked like. 

 � reclamation is extremely disruptive to an environment. But if a 
mined area is replanted, in some ways it is ultimately less disruptive 
than typical agriculture. This is because the diverse communities of 
organisms have the opportunity to settle back into the reclaimed land. 

 � The form of mining that is usually the most ecologically disruptive is 
mountaintop removal. In this case, the land can’t really be reclaimed. 
The top of the mountain, everything above the desired coal layer, 
is removed, but it can’t be saved and put back on top, so it’s just 
dumped down into surrounding valleys. As the rock is blasted away, 
it falls down into the valleys. What you are left with is a plateau. This 
has large impacts on regional water supplies. 

 � Surface coal mines represent some of the largest engineering projects 
in the world. The two largest coal mines, in terms of production, are 
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both in the U.S. state of Wyoming, and both produce more than 100 
million tons of coal per year—4 tons every second. These are the 
Black Thunder mine and the North Antelope rochelle Mine. 

Suggested Reading
Freese, Coal.

National research Council, Coal.

Questions to Consider
1. How did the history of plate tectonics contribute to the United States 

having such a large reserve of coal? Why is there so little anthracite 
around the world?

2. Why is it that we will never completely run out of coal (i.e., we will 
never use up every bit of coal that is in the ground)?



Petroleum: Chemistry, Retrieval,  
and Use

The topic of the next two lectures is petroleum—in particular, oil and 
gas. In this lecture, you will learn about how it forms as well as 
how we find it, remove it, process it, transport it, and use it. As you 

will learn, petroleum has a complicated and difficult history. You also will 
learn about the retrieval of oil, including comparisons between retrieving 
oil and retrieving coal, and the complications surrounding the use of 
pipelines to transport oil.

Petroleum
 � Petroleum consists of a whole set of simple organic molecules made 

up of just hydrogen and carbon atoms. They are therefore referred 
to as hydrocarbons. Hydrocarbons have extremely high energy 
densities and are therefore excellent sources of energy. We primarily 
burn them for heat, to power motors and engines, and to make steam 
for electricity. 

 � But hydrocarbons have all kinds of other uses that include a wide 
spectrum of useful chemicals, fertilizers, pharmaceuticals, plastics, 
and fabrics, among many other things. 

 � Part of the usefulness of hydrocarbons is that they have different 
properties depending on how large the molecules are. The simplest 
hydrocarbon, methane, which is the primary constituent of natural 
gas, is an atom of carbon bonded to 4 atoms of hydrogen. 

 � At Earth’s surface conditions, methane is a gas—unless you 
compress it under high pressure, in which case you can force it into 
a liquid to make it easier to transport. Gases and liquids are easy 
to transport through pipelines and pipes, so natural gas is the fuel 
of choice for heating homes. It’s also increasingly being used for 
transportation and for generating electricity, currently replacing many 
coal-powered electricity plants.
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 � Larger hydrocarbons—such as heptane, octane, and nonane, 
with 7, 8, or 9 carbon atoms, respectively—are liquids at surface 
temperatures, so they are the primary constituents of gasoline. About 
90% of transportation is powered by petroleum in liquid forms that 
can be pumped into the tank of your car or truck. 

 � Larger hydrocarbons are thicker and more viscous and are good as 
lubricating oils. Even larger hydrocarbons are solids and are used as 
waxes and tars. 

 � The beauty comes in being able to choose just the right hydrocarbon 
for your particular need. We can start with liquid petroleum, the liquid 
crude oil we pump out of the ground, and process it in a refinery 
to get all the hydrocarbons. We can take petroleum and heat it to 
different temperatures and cause the larger hydrocarbons to break 
down to form lighter hydrocarbons.

 � Petroleum is a fossil fuel, like coal. It forms from living ocean 
organisms that lived tens of millions of years ago that died and fell 
to the ocean seafloor and were buried—mostly one-celled plankton 
buried under silt and sand that itself got buried. Under all this piled-
up sediment, the pressure and temperature increased, turning 
the sediments into sedimentary rocks, such as sandstone, shale,  
and limestone. 

 � In this process, the heat and pressure took all those plankton and 
broke down their complex organic molecules into simpler organic 
molecules—and eventually into hydrocarbons, first stiff and tarry, 
and with more heat and pressure, into liquid petroleum and then 
natural gas. The Earth provided the heat and the energy that took the 
complex molecules from photosynthesis and other organic processes 
and broke them down into simple hydrocarbons. 

 � It takes just the right geologic conditions to concentrate oil and gas, 
and it is just the luck of the geologic draw that Texas, Saudi Arabia, 
Iran, Iraq, and a handful of other countries got most of the world’s oil 
and gas. 
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 � Most oil and gas eventually leaks up to the surface, but in just the 
right places underground, it accumulates, concentrates, and gets 
trapped, and that’s where we want to drill. The petroleum industry is 
able to identify the likely places to find oil, which not only saves us a 
lot of money but also is much less disruptive at the surface.

 � The petroleum that comes out of the ground isn’t the same in any two 
places on Earth. The unique geologic history of that region—what 
sediments were there, how long they were heated and pressurized, and 
what rocks the petroleum passed through, picking up other elements 
in the process—determines the composition of the petroleum. If it 
was subjected to higher temperatures for longer periods of time, it will 
contain lighter hydrocarbons and larger amounts of gas. 

The History of Petroleum
 � Petroleum doesn’t just have an interesting geologic history; it has a 

fascinating human history. The modern history of petroleum began 
in 1847, when the Scottish chemist James Young figured out how to 

Liquid petroleum is used as fuel for vehicles.
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distill petroleum into multiple forms: lamp oil, kerosene, lubricating 
oil, and paraffin wax. The petroleum industry was born, which meant, 
among other things, that we no longer had to kill so many whales for 
lamp oil. 

 � In 1859, Edwin Drake drilled successfully for oil in Titusville, 
Pennsylvania, and oil booms set off all over the world, the first of 
which was in Ontario, Canada. 

 � In 1870, John D. Rockefeller established Standard Oil in Cleveland, 
Ohio, and it soon became the largest oil refinery in the world. 
rockefeller became the richest man in the world and the iconic 
image of wealth and power. Standard Oil became the first and 
largest multinational corporation. It monopolized the oil industry until 
1911, when the U.S. Supreme Court ruled that it was a monopoly 
and broke it up. 

 � The Texas oil boom began in 1901, with a huge gusher in Spindletop, 
Texas, and the Texas wildcatter becomes the iconic image of the 
American dream—of striking it rich, going from rags to riches. 

 � But there was a dark side to the oil industry, which included water 
pollution on a scale never before seen. What coal did to the 
atmosphere, petroleum did to the hydrosphere. Burning oil and gas 
caused air pollution as well, but hydrocarbons float on water, and oil 
spills and wastes began to cause serious water pollution.

 � In terms of usefulness, however, what coal did for electricity, 
petroleum did for everything else—especially anything that moved, 
including cars, trucks, planes, and tanks. And increasingly, petroleum 
became the critical factor in politics and wars. 

 � The United State was the major world producer of oil through the 
mid-20th century, which largely allowed it to become the world’s 
most powerful nation. But U.S. production peaked in 1971, and oil 
production shifted to the Middle East and russia. Much of the world’s 
attention has been focused on the Middle East ever since. 
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Retrieving and Refining Oil
 � Because petroleum is removed from the ground in the form of crude 

oil and natural gas, we remove it in very different ways than we do 
coal. In the past, we haven’t had to strip away the surface and dig 
it up. We’ve drilled down into the reservoir rock, usually sandstone, 
and pumped it up. 

 � But this isn’t so easy. First, drilling through sometimes miles of hard, 
solid rock remotely from the surface is very difficult and costly. You 
also are pulling the oil up from out of solid rock, usually sandstone.

 � When we say that a particular layer of rock is an oil or gas reservoir, 
we don’t mean it’s an empty space; we mean that it’s a hard rock, with 
lots of tiny pore spaces between the sand grains that the gummy oil 
has to flow through. So, it takes a long time to pump up the oil from 
a reservoir. It can take years or decades, and you never get all of it. 

Oil platform
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 � There are a few places where the liquid oil is under so much pressure 
from the overlying rock that if you drill a hole, the oil will come up on 
its own. That’s what a gusher is. But these are very rare. Usually, 
you have to pump it up. This might only get 10% to 15% of the oil 
present, and it can take years. 

 � Sometimes water is pumped down into the region, which creates 
a higher pressure that helps to push the oil up. Oil floats on water, 
so the water pressure pushes up the oil from below. Sometimes the 
pressure is increased by pumping steam down deep. But all of these 
methods take energy, so they take away from the total energy yield 
of the drilling, and you usually still never even get 50% of the oil 
that’s down there. 

 � One interesting and relatively new method of increasing oil 
production from a well is to pump carbon dioxide into the ground in a 
nearby well or set of wells. This creates increased pressure that can 
help drive the oil up the well. It’s also a potential way of sequestering 
carbon dioxide in the ground in order to help reduce greenhouse gas 
emissions.

 � Once the oil and gas are at the surface, we need to move them to 
refineries, where they are processed into forms that people can 
use. One way to do this is to use pipelines. There are extensive 
networks of pipelines all over the world that are separate for oil and 
natural gas. These pipelines are usually made of carbonized steel, or 
sometimes plastic. 

 � Within pipelines, the natural gas is usually pressurized enough that 
it’s compressed into a liquid. The two largest producers of natural 
gas are the United States and russia; each produce about 15% of 
the total world’s natural gas used each year, which is far more than 
any other countries.

 � Oil has its own set of pipelines on every continent. In North America, 
there are more than 150,000 miles of liquid petroleum pipelines. 
Although the United States is a large importer of petroleum, importing 
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almost half of its oil, it is also an exporter of petroleum, often in the 
form of processed petroleum products. 

 � The risks of pipeline failure are very real. Steel and plastic can fatigue 
as they get old. The ground can shift, either suddenly—for example, 
with an earthquake—or, more commonly, slowly over time. This slow 
ground shift is called creep, and it can crack pipelines. 

 � Concerns of the potential for leaking led to the large controversy 
over the Keystone pipeline, which brings crude oil from Alberta, 
Canada, down into the United States to Steele City, Nebraska, and 
then down in two routes: to Illinois for refining and storage and to 
the Gulf Coast in Houston and Port Arthur in Texas for refining and 
distribution. 

 � This is a case where science only goes so far, and ethical 
considerations come into play. If you didn’t have the Keystone 
pipeline, the crude oil would likely be shipped by train, which has a 
much worse record in terms of accidents and spills than pipelines do. 
If there are no large pipeline leaks, then there is a greater supply of 
oil, the cost of oil goes down, and the economy is strengthened. But 
if there is a large leak, the costs, both environmental and financial, 
could be huge. 

Suggested Reading
Hyne, Nontechnical Guide to Petroleum Geology, Exploration, Drilling & 
Production.

Sampson, The Seven Sisters.

Questions to Consider
1. Oil is pumped out of many regions that are in the middle of continents. 

What is so unusual about that, given how petroleum forms? How 
could this occur?

2. Explain how the field of seismology largely is responsible for the 
history of affordable industrialization for the past 50 years?



New Petroleum Directions

This lecture will finish up with petroleum by addressing some of the 
current and future trends in oil and gas production, such as oil 
shales and oil sands and hydrologic fracturing (or fracking). These 

unconventional sources of oil and natural gas comprise a large part of the 
recent growth in the areas of petroleum resources. In this lecture, you will 
learn about reserves, which are the economically retrievable amounts we 
feel pretty certain are underground. As you will learn, a reserve has to be 
economically retrievable; it has to be worth your while to go get it. 

Oil Reserves
 � In 2000, there were a little more than 1 trillion barrels of oil in 

estimated global reserves. The countries with the largest reserves, in 
decreasing size, were Saudi Arabia, Iraq, the United Arab Emirates, 
Kuwait, and Iran. These 5 Middle Eastern countries accounted for 
2/3 of the world’s oil reserves.

 � In 2014, the total reserves were 1.656 trillion barrels of oil, a 60% 
increase from 2000. The 5 big Middle East countries now only had 
46% of the world’s oil, and the first and third countries were now 
Venezuela and Canada.

 � New oil is discovered all of the time. Oil companies lay out seismic 
lines, on land and in the ocean, and drill exploratory wells in more 
and more parts of the world. For the ocean, they tow a long line of 
floating sensors called hydrophones behind the ship. They use air 
guns to create imploding air bubbles that make sound that, like 
sonar, goes into the ground and reflects off of rock layers, identifying 
where oil and gas might be. 

 � The global oil reserves that have been added in the past 15 years are 
largely unconventional oil reserves, which are low-grade oil sands 
and oil shales, or natural gas from shale deposits. 
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 � Conventional oil is the light sweet liquid stuff we pump out of Texas 
and Saudi Arabia. This is crude oil, sometimes called tight oil. 

 � Unconventional oil sources are rocks that contain petroleum (or 
other organic materials) in a very thick or even solid form. You often 
have to dig them up and mine them, like coal, or use expensive 
steam-injection techniques to extract them, which are much more 
expensive. And you have to process them more, by adding heat to 
them, which makes them even more expensive.

 � For some of these sources, such oil shales, the organic materials 
were never buried deep enough for the Earth to finish cooking 
them—that is, heating them under high pressure to break down the 
organic molecules into simple hydrocarbons. 

 � In other cases, such as with oil sands, they are shallow enough that 
they have been degraded by bacteria that have eaten the lighter 
stuff, leaving heavier hydrocarbons behind, in a process called 
biodegredation. 

 � In either case, we have to finish the process by working harder to 
refine them, and it takes energy to do this, and energy is money. So, 
you don’t get as much money back from them. Their overhead costs 
are greater.

 � In the last 15 years, the cost of a barrel of oil went up, causing all of 
these unconventional oil sources to suddenly get added to the lists of 
global oil reserves. If oil is expensive enough, then it’s worth your time 
to do the extra work to get out and process the low-grade sources. 

 � The low-grade heavy oils and oil sands began to be economically 
recoverable. However, the amounts that are recoverable are more 
uncertain, so the reserve numbers are only loose guidelines. 

 � The price of a barrel of oil controls the entire energy market. If the 
cost of petroleum is high, then it’s not only worthwhile to develop 
unconventional petroleum sources, but it’s also worthwhile to develop 
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solar, wind, biomass, and wave energy. The fluctuations of the oil 
market end up driving cycles of investment in technological innovations 
in renewable energy sources as well as nonrenewable sources.

Natural Gas Reserves
 � A similar situation exists with natural gas, but the technologies 

are slightly different. In 2014, the world reserves of natural gas 
totaled almost 200 trillion cubic meters, and most of it is in just a 
few countries: russia (24%), Iran (17%), Qatar (~13%), the United 
States (5%), and Turkmenistan (4%).

 � These numbers are only for conventional natural gas reserves—the 
amounts that have been identified in traditional porous sandstone 
reservoirs. They don’t include the unconventional resources of shale 
gas, obtained from impermeable shale layers through hydrologic 
fracturing, or fracking. For the United States, including these 
unconventional resources would increase its reserves by another 50%.

Crude oil can be transported by train.
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 � Because fracking has not been pursued very much outside of North 
America, with the exception of China, we really don’t know how much 
the known reserves of other countries would increase if potential 
shale gas resources were included.

 � As with the unconventional oil reserves, the gas now being obtained 
from fracking isn’t a new discovery. We have known it was there, 
but it wasn’t clear how you could get the gas out of the dense, 
impermeable shale located thousands of feet below the surface. 

 � It took two things for fracking to become a household word: the 
development of the engineering innovation of being able to drill down 
a great distance and then make a 90° bend and drill horizontally to 
carry out a complex procedure of hydrologic fracturing, as well as the 
cost of oil hitting more than $100 a barrel to make it worthwhile to do 
horizontal drilling into these impermeable shale layers. 

 � With advances in horizontal drilling technologies in the mid-2000s 
and the subsequent rise in cost of oil and gas, fracking became 
economically feasible. There are many regions in the United States 
and in Canada, China, and elsewhere where shale gas deposits 
have been identified. 

 � A third thing that had to happen for fracking to be done, at least in the 
United States, is that an exemption had to be obtained from the Safe 
Drinking Water and Clean Water Acts. This is because fracking fluids 
are very toxic, and there are laws in the United States against dumping 
toxic fluids into the ground. A 2005 amendment to the Clean Water Act 
allows the use of toxic chemicals to be used in fracking fluids. 

 � Fracking uses a lot of water, about 3 to 8 million gallons total per 
well. And the water gets very contaminated. So, much of it gets 
pumped back into the ground permanently, hopefully, usually at a 
much greater depth than where the fracking is done. 

 � There are environmental concerns that in some cases the well casing 
could crack and the fracking fluids could leak into drinking water 
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aquifers in layers above the shale. This does happen, but rarely. For 
this and other reasons related to potential risks to human health and 
the environment, some states, such as Vermont and New York, have 
passed statewide bans against fracking. 

 � But the most surprising risks associated with fracking are not a result 
of the fracking itself but, rather, the pumping of the toxic wastewater 
down deep into the ground. It causes earthquakes—lots of them. 
They are mostly very small but have a lot of people very concerned. 

 � Pumping water into the ground has long been associated with triggering 
earthquakes. The water lubricates faults that would otherwise stay 
locked due to the strong friction across them. But this has been taken 
to new heights in Oklahoma, which began having more earthquakes 
than California starting in 2014. And some are large.

The process of fracking frees up 
oil and natural gas.
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 � Halfway through the year of 2014, the price of oil began to plummet—
from more than $100 per barrel to less than $50 per barrel at the 
start of 2015. The price dropped below $40 per barrel by midyear. 
That’s a drop of more than half in less than a year. 

 � Fracking was no longer profitable. Unconventional oil was no longer 
profitable. People were fired, and operations were shut down. But 
when the price goes up again, they will start up again. This has 
been the history of the oil and gas industry: boom and bust. In many 
places, such as Texas, Louisiana, and Oklahoma, one moment you 
are riding high, and the next you are selling your house for 1/3 of 
what you bought it for, and you’re lucky if you do. 

 � However, if you take a longer perspective, at some point in the not-
too-distant future, this will all be history. Humans, for a few hundred 
thousand years, used biomass, or burning wood, for energy. And for 
the rest of our future, however long that will be, humans will use other 
energy sources, probably primarily renewable solar-based sources. 
And for a brief period in time, the few centuries in between that we 
happen to live in, fossil fuels are dominating. 

Suggested Reading
Deffeyes, Hubbert’s Peak.

Yergin, The Prize.

Questions to Consider
1. Suppose a petroleum company came to you asking for permission 

to carry out hydrologic fracturing (fracking) on your land. How would 
you answer? What factors would go into your decision?

2. Explain why there isn’t a single set market price for oil (i.e., not all oil 
is equal).



Fossil Fuel Energy: Issues and Concerns

In previous lectures, you have learned about the advantages of fossil 
fuels, including having high energy densities; having abundant, 
flexible, portable, well-established technologies; having existing 

infrastructures; and being starting stocks for many important chemicals, 
such as plastics and fertilizers. But unfortunately, fossil fuels also come 
with a significant list of drawbacks. In this lecture, you will learn about 
the concerns and problems with using fossil fuels. These concerns 
predominantly revolve around the pollutants that they release, causing 
significant health and environmental problems that amount to hundreds 
of billions of dollars worth of damages. 

The Hazards of Coal
 � The health hazards from coal mining extend beyond the hazards to 

miners—both from mine collapses and explosions as well as lung 
diseases, such as black lung—to the whole region where mining 
occurs. 

 � For strip mining—which can be shallow-surface mining, deep-pit (or 
open-cast) mining, or mountaintop removal—as the coal is ground 
up and removed, coal dust is released into the atmosphere and, with 
it, trace amounts of heavy metals, such as mercury, selenium, and 
arsenic. 

 � People living near coal-mining sites have been statistically shown 
to suffer from higher-than-normal rates of cardiopulmonary disease, 
hypertension, and lung and kidney diseases.

 � Even when coal mining is underground, there are still hazards. 
Exposed coal seams in underground mines sometimes catch on fire 
and burn uncontrollably, sometimes for centuries. There are currently 
more than 100 underground coal fires burning in the United States. 
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 � Coal fires have been estimated to release up to 40 tons of mercury 
into the atmosphere each year and account for 3% of the world’s 
total carbon dioxide emissions. Underground coal mining also 
releases substantial amounts of methane into the atmosphere, and 
methane is actually a much more powerful greenhouse gas than 
carbon dioxide.

 � However the mining is done, once the coal is at the surface, 
rainwater mixes with it, and if it isn’t carefully isolated, this can carry 
toxic metals into streams and the groundwater. 

 � In addition, in many cases, the crushed coal is washed onsite, and 
the tiny sediments of waste suspended in the water, called coal 
tailings, are sometimes released into streams, contaminating the 
water. The result is called acid mine drainage because the streams 
leaving the mining region have extremely high acidity and toxicity 
levels. This acidity is largely due to high levels of sulfur, which mixes 
with water to make sulfuric acid. Toxic water also has been found 
leaking out of abandoned coal mines in some places. 

 � Something similar to acid mine drainage occurs after coal is burned. 
The leftover coal ash is often mixed with water and flushed out of 
the power plant. This ash is a combination of bottom ash, which 
accumulates at the bottom of the boiler, and fly ash, which is light 
enough to rise up with the hot gases during combustion and is usually 
captured by the filtration system, which is often done electrostatically. 

 � The toxic metals—including cobalt, lead, arsenic, cadmium, and 
mercury—that don’t burn up during combustion get concentrated 
into the fly ash. They occur in very low levels, but there’s just a lot of 
it left over.

 � In the United States, almost half of the fly ash from burning coal 
gets recycled into construction materials, such as concrete or 
plaster, but the rest gets put into holding ponds and, when dried, into 
landfills. This puts streams and groundwater at increased risks of 
contamination. 
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 � Coal fly ash in slurry ponds and landfills also contains enough 
radioactive elements that it has actually exposed more people in 
the United States to higher levels of radioactivity than from all of the 
U.S. nuclear power plants. And sometimes these slurry ponds break, 
causing contaminated coal sludge to flood into waterways. 

 � Land-reclamation processes help reduce environmental impacts of 
coal mining considerably. However, they have had limited success in 
restoring a region to how it originally was. The soil is greatly damaged, 
and this reduces success rates for some reclamation efforts. In many 
parts of the world, such as China, very little land is reclaimed at all. 

 � The real hazards from coal, however, are from burning it. The 
combustion of coal releases a large number of pollutants, particularly 
carbon dioxide, carbon monoxide, particulate matter (soot), ozone, 
nitrogen oxide, sodium dioxide, and heavy metals (such as mercury 
and lead). In fact, about 50% of all U.S. toxic air pollution comes from 
electricity generation, and mostly from coal.

 � There is a long list of health hazards that come from the release of 
these pollutants, including lung cancer, asthma development and 
exacerbations, chronic obstructive pulmonary disease (COPD), and 
infant mortality. Rates of these diseases are significantly higher near 
coal power plants, but levels of these diseases have gone up in all 
developed and developing countries, wherever coal is burned. 

 � There are many technological methods to remove many of the 
pollutants during combustion. For example, mixing the coal exhaust 
with water containing calcium carbonate (ground-up limestone) 
removes most of the sulfur, which reacts with the limestone. And 
the soot particles tend to be negatively charged bits of carbon, so 
if the coal exhaust is passed through positively charged plates, 
the soot sticks to the plates and can be removed. This is called 
electrostatic precipitation.

 � These add costs to the electricity generation but are required by law 
in the United States from the Clean Air Acts. As a result, air quality in 
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the United States has significantly improved and is clearly better than 
in places such as China, which burns 4 times as much coal as the 
United States but has no environmental regulations. 

The Hazards of Other Fossil Fuels
 � In addition to the burning of coal, burning oil and gas also creates air 

pollution, but because the compositions are different, the pollutants 
are different. The burning of gasoline or diesel fuel inside the engines 
of cars and trucks creates about 70% of carbon monoxide pollution, 
about 40% of volatile organic compounds and nitrogen oxide, about 
33% of all carbon dioxide, and about 25% of all toxic metals released. 

 � These toxins and the nitrogen oxide are not part of the hydrocarbons; 
they’re contaminants that naturally exist in the ground and come with 
the petroleum. The refining process for petroleum doesn’t remove all 
of these contaminants, and some of them are still in the gasoline you 
pump into your car or truck. 

Coal power plant
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 � There also used to be high levels of lead in gasoline, added to 
increase engine performance, but this was outlawed by the Clean Air 
Acts and is now almost gone from air pollution, at least in the United 
States and most of the world.

 � Of all of the fossil fuels, the burning of natural gas, mostly methane, 
releases the fewest amount of pollutants of any of the fossil fuels. 
The primary pollutants from burning methane are carbon dioxide, 
carbon monoxide, and carbon.

Oil Spills
 � Pollution from fossil fuels doesn’t just affect the air; it also affects the 

water. Mining and burning coal affects the acid levels of streams, but 
as far as water pollution goes, petroleum has a much greater impact. 
There is a very fundamental reason for this: Oil floats. Oil sits on 
top of the water—whether it is the top of the ocean, a river, or the 
underground water table—and never goes away.

A beach can be contaminated by 
an oil spill in the ocean.
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 � Oil spills are damaging to ecosystems in many different ways. They 
coat the membranes of cells of plants and animals, preventing 
respiration. Oils are eaten by some kinds of bacteria, over time, but 
they break down slowly. If a region is contaminated by an oil spill, it 
can take decades to recover.

 � One way that oil spills happen is from tanker ships, which carry vast 
amounts of oil all around the world. Small spills are actually very 
frequent. Large spills are rare, but they do happen. 

 � One of the best-known oil spills was from the Exxon Valdez tanker 
ship, which ran aground in Prince William Sound, Alaska, in 1989. 
The spill involved 3/4 of a million barrels of crude oil that covered 
almost 30,000 square kilometers. The ecosystem there was severely 
impacted: hundreds of thousands of sea birds died, as well as seals, 
otters, and many other animals. There is still oil there, breaking down 
at a rate of about 4% per year. 

 � The BP oil spill in 2010, in the Gulf of Mexico, showed another way 
that an oil spill could happen. A floating oil rig, the Deepwater Horizon, 
caught on fire, exploded, killed 11 crew members, and began leaking 
oil from the seafloor. 

 � In the United States, there is a long history of protecting water 
and water-based industries, such as fishing, from pollution. These 
include the Federal Water Pollution Acts, Water Quality Acts, Safe 
Drinking Water Acts, and Clean Water Acts. The most important 
and most powerful was the 1972 Federal Water Pollution Control 
Amendments, which is what people usually mean when they refer to 
the Clean Water Acts. 

 � There are oil and gas leaks on land, too. And oil can sit on top of 
the water table, underground, contaminating the freshwater supply 
indefinitely. It is even more difficult to clean up groundwater spills 
than ocean spills, because you can’t see them and don’t know where 
they are. And if you drill down to try to find them, you just crack the 
rock open and give the pollutants more channels to flow elsewhere. 
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 � Humans have already had significant negative impacts on global 
plant and animal life populations. Between 1970 and 2010, 52% of 
all of the world’s vertebrate animal populations—mammals, birds, 
fish, reptiles, and amphibians—disappeared. Many factors have 
contributed to this, but pollution from fossil fuels, alteration of habitats 
from mining, and the effects of climate change have played a large 
part in this.

 � Enforcement is an important point. Simply having the Clean Air and 
Clean Water Acts on the books does not solve all of our pollution 
problems. Many infractions are difficult to process, expensive to 
litigate, and can get tied up in the courts for years. 

 � If you hold businesses accountable for oil spills and other 
environmental disasters with well-defined consequences, both legal 
and financial, and recognize that clean water is a valuable resource 
with a large financial value and that human health and environmental 
damages have costs associated with them, then businesses will 
have a stronger incentive to be more careful and find it a fiscally 
sound policy to put the best safeguards possible in place. And, 
consequently, these disasters might happen less often. That’s the 
point of the Clean Water Acts and other environmental legislation.

Suggested Reading
Brown, The Great Transition.

National research Council, Hidden Costs of Energy.

Questions to Consider
1. Even if all of the carbon dioxide were removed from the combustion 

of coal, explain why the production of coal still would have large 
environmental impacts.

2. Explain why the climate and amount of sunlight a region receives 
determines how long the oil from an oil spill might remain at the 
surface.



Understanding Carbon Dioxide

Carbon dioxide is an air pollutant that causes rapid global and 
regional changes in climate and temperature. Global carbon 
dioxide levels have risen so rapidly that they are now 50% higher 

than they have been for millions of years—and they are rising faster than 
ever. Most of that rise has happened in the past 200 years, corresponding 
to the combustion of hydrocarbons and coal—that is, the burning of fossil 
fuels: coal, oil, and natural gas, which release water and carbon dioxide 
as their main end products. 

Global Climate Change and Global Warming
 � Global climate change is a catchall phrase for a large number of 

changes to patterns in Earth’s regional temperatures and levels 
of water precipitation that result from a large number of natural 
and man-made factors. Global climate change has been occurring 
throughout Earth’s history, long before humans, from factors such 
as plate tectonics, ocean current patterns, fluctuations in the Sun’s 
activity, giant volcanic eruptions, and even changes in Earth’s orbit 
around the Sun. 

 � We have detailed climate records of many different kinds that go 
back hundreds of millions of years, so we have a very good sense 
of how the Earth has changed over time—sometimes warmer and 
sometimes colder. 

 � Global warming is the current observation that the Earth’s average 
temperature has gone up almost a degree over the past century—at 
a high rate never before seen in the climate record. This is sometimes 
also referred to as global heating, because it directly corresponds 
to the increase in atmospheric carbon dioxide levels, which are also 
going up at rates never before seen in the geologic record, which is a 
direct result of the burning of fossil fuels. 
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 � Because we understand how the greenhouse effect works, we can 
make the connection between the human release of carbon dioxide 
and the rise in the average global temperature—the global warming.

 � Many of Earth’s systems are changing at rates faster than we’ve ever 
seen them change in the past, and climate scientists are not sure 
how easy it is to reverse these changes once they’ve started. About 
400 billion tons of ice in Greenland and Antarctica are now melting 
each year, and that amount is increasing each year. The sea level is 
rising, and the rate that it’s rising is increasing. If you project these 
rates, and the rates of many other changes, into the future, there’s 
good reason to worry. 

 � Here’s how the greenhouse effect works. Different gases absorb 
electromagnetic radiation at different frequencies. Most of the gases 
in our atmosphere don’t absorb much visible light, so the light passes 
through the atmosphere and heats the ground. When the ground 
reradiates that energy, it does so in the lower-frequency infrared 
range. It’s a function of temperature: Hotter objects emit radiation at 
higher frequencies. 

 � Certain gases in the atmosphere, such as carbon dioxide and 
methane, absorb the infrared radiation coming up from Earth’s 
surface before it can fly off into space. These gases trap the energy 
and then rerelease it as infrared energy, some of which goes out into 
space and some of which goes back to the ground to be absorbed 
again. There ends up being a loop of energy bouncing back and 
forth between the ground and atmosphere, and this keeps the lower 
atmosphere warm.

 � The greenhouse effect is not a bad thing: in fact, it’s a good thing. 
Earth’s surface would be more than 30°C colder than it is now if it 
weren’t for the greenhouse gases. All of Earth’s oceans would be 
frozen at the surface. But you can have too much of a good thing.

 � The increase in atmospheric carbon dioxide correlates very well, 
historically, with the amounts of carbon dioxide released from the 
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The process of burning fossil fuels emits 
carbon dioxide, causing pollution.
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burning of fossil fuels. Currently, greenhouse gas contributions are 
mostly from coal and oil, which are pretty closely tied for the lead, with 
natural gas a close third and the production of cement a distant fourth. 

 � An analysis of the changes in atmospheric energy shows that these 
greenhouse gases are adding 3 watts per square meter to the 
temperature of Earth’s surface: 2/3 from carbon dioxide, 1/6 from 
methane, and 1/6 from all other gases that humans emit.

 � Methane levels are rising even faster than carbon dioxide and are 
now 3 times what they were in 1700. This is very significant, because 
methane is actually more than 20 times as powerful as carbon dioxide 
as a greenhouse gas. However, over a relatively short period of time, 
methane in the atmosphere will decay and become carbon dioxide.

 � Not surprisingly, with a stronger greenhouse effect, global 
temperatures have started to go up, at the rate of about 1° per 
century, but this rate of increase is increasing. 

Short-Term Global Temperature Change
 � There are many factors that affect global temperatures over the short 

term. Volcanic eruptions have a cooling effect because of the sodium 
dioxide aerosols emitted—tiny micrometer-sized liquid droplets of 
sulfuric acid reflect sunlight, shading the Earth. 

 � El Niños in the Pacific Ocean cause a brief period of global warming 
because of the removal of heat from the Pacific Ocean, which then 
gets circulated by global atmospheric currents.

 � There is an 11-year cycle in the strength of the Sun’s output that is 
associated with the regular reversal of its magnetic field, which flips 
every 11 years, and is seen in Earth’s temperature record as a small 
oscillating fluctuation. 

 � However, overprinted on all of these short-term changes is a steady 
increase in globally averaged temperatures for the past century. The 
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only way that we can account for the global increase in temperature 
is through the 9 billion tons of human-released carbon. 

 � Of these 9 billion tons, only half have actually stayed in the 
atmosphere: 1/4 has gone into the biosphere, and 1/4 has gone into 
the ocean. The acidity of the world’s ocean has increased by about 
30% in the last few centuries, and this is causing a significant change 
to the ocean biosphere.

Effects of Current Climate Changes
 � Accurate information from NASA satellites has shown that the large 

continental glaciers of Antarctica and Greenland are losing ice at a 
rapidly increasing rate. The Arctic Sea ice sheet at the North Pole 
is shrinking back severely each summer. Some ice sheets in West 
Antarctica have already collapsed, broken up into pieces, and floated 
out to sea, and many more are in danger of reaching this tipping point. 

 � This is important because of the difference between how much 
sunlight ice and ocean water reflect. Polar ice sheets, white snow and 
ice, reflect most of the sunlight that hit them. Ocean water absorbs 
94% of incoming sunlight, warming the ocean, making it expand. 

 � If you replace the Arctic ice sheet with ocean water, in the summer, 
when the Sun shines 24 hours a day because Earth’s north pole is 
tilted toward the Sun, the Earth starts absorbing a lot more sunlight, 
which is a positive feedback climate process—it accelerates the 
warming.

 � Mountain and tidewater glaciers are rapidly melting around the world. 
And tundra ice is melting in Arctic regions. This is starting to release 
stored methane that’s been trapped in the permafrost, or permanently 
frozen ground—another example of a positive feedback loop. As the 
permafrost melts, it releases methane into the atmosphere, and this 
makes things warmer, melts more permafrost, and so on.

 � There has been an increase in droughts worldwide. The total area 
of droughts has roughly doubled since the 1960s. Northern latitudes 
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have been getting slightly wetter, but equatorial regions have been 
getting a lot drier. As a result, the total amount of land that has 
burned from forest fires in North America has roughly doubled since 
1970. The number of fires has decreased, because we try so hard to 
prevent them, but many more have been burning out of control.

 � In terms of weather, the most noticeable change has been an increase 
in extreme weather events. The number and intensity of tropical 
storms and hurricanes has been increasing since 1980. There is even 
an indication of a recent increase in the intensity of tornadoes.

 � Weather is always variable and largely unpredictable. However, it is 
now the case that on any particular day, there are twice as many new 
record-high temperatures set in places all over the world as there are 
new record-low temperatures.

 � There are several other areas where we have seen significant 
global changes resulting from global warming, but probably the most 
significant is an increase in sea level. As glaciers melt and ocean 
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water warms and expands, the global sea level is rising—slowly. But 
the rate of increase is increasing. 

 � And for every severe coastal weather event, it adds that much more 
to the damage from flooding. We have no idea exactly how much the 
sea level is going to rise over the next century, but if we just make 
projections based on the data, there will be severe flooding in many 
parts of the world. 

 � Even with a sudden decrease in the human release of carbon 
dioxide, the ocean will still rise as the water continues to expand from 
being warmed by the atmosphere. Certainly not in our lifetimes, but 
in the not-too-distant future, humans will likely be faced with the task 
of moving all of the world’s coastal cities inland. And that would be 
unimaginably expensive.

 � By far, the cheaper option is to not release so much carbon dioxide 
into the atmosphere. This is why there is now so much research going 
into carbon capture and sequestration. In the future, there might be 
other technologies carried out on a massive scale to remove the 
carbon dioxide directly from the atmosphere. 

Suggested Reading
International Energy Agency, Energy and Climate Change. 

National research Council, Climate Intervention.

Questions to Consider
1. Explain the positive feedback effect (“positive” in a systems 

approach, not “positive” in terms of being a good thing) that occurs 
as the heating of the atmosphere melts land glaciers, exposing the 
rocks underneath.

2. Why might humanity want to capture carbon dioxide now for eventual 
release thousands of years from now?



The Science of Nuclear Power

The energy in atoms is stored in the strong nuclear force among 
the protons and neutrons within the nucleus. And just as the 
strong nuclear force is about a million times stronger than the 

electromagnetic force, so is the stored energy itself about a million times 
greater. Although we have the ability to predict interactions between 
particles, we can’t see them—they’re just too small. So, nuclear power 
comes from the binding of the neutrons and protons within a region so 
small that we can’t see it. 

Nuclear Fission
 � Currently, nuclear fission provides about 11% of the world’s electricity, 

which is just less than 6% of the world’s total energy consumption. 
This is about 300 billion watts, from about 450 nuclear reactors. 

 � The global distribution of nuclear power is more limited than other 
energy sources. Anyone can burn coal, but you have to have a high 
level of technological infrastructure to build and maintain a nuclear 
reactor, and currently 31 countries have that ability. 

 � The United States is the largest user of nuclear power, accounting 
for about 1/3 of it. This provides about 20% of U.S. electricity. Other 
countries that are large users of nuclear power are France, russia, 
Korea, and China. For 9 countries, mostly in Europe, led by France, 
nuclear power provides 40% or more of their country’s electricity. 
So, nuclear power provides an important but modest contribution to 
world energy supplies, at least compared to the fossil fuels. 

 � Consider what we think is going on at a subatomic level with the 
generation of nuclear energy. The key is the binding energy that 
holds the nuclei together. During fission and fusion, a small amount 
of mass is converted into binding energy, some of which is released 
as radiation that can be used as a source of heat.
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 � The binding energy is not the same for all atoms. There is a curve 
called the curve of binding energy that peaks at iron. The neutrons and 
protons of an iron nucleus have the highest binding energy. They’re 
the most tightly bound, which is why there’s so much iron in the solar 
system. Atoms larger or smaller than iron have less binding energy. 

 � Even though the strong nuclear force acts on all neutrons and 
protons, in holding the nuclei of atoms together, it only acts over 
short distances—distances less than the size of a large nucleus. 
As the nucleus becomes larger, more and more protons are pushed 
together, so the force of electromagnetic repulsion becomes stronger 
and stronger. The strong nuclear force has an increasingly difficult 
time holding the nucleus together. 

 � Once you get to atoms the size of uranium or larger, there are no 
stable atoms. They’re all unstable and will all eventually break apart 
through radioactive decay. 

Nuclear power plant
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 � The curve of binding energy explains why nuclear fusion is done 
with small atoms like hydrogen and nuclear fission is done with large 
atoms like uranium. For atoms smaller than iron, energy is released 
when nuclei are fused together. The end product has a stronger 
binding energy. For atoms larger than iron, energy is released when 
nuclei are split apart. The two resulting pieces have a stronger 
binding energy.

 � The reason that iron is in the middle is a result of the distance over 
which the strong nuclear force acts. If the strong nuclear force acted 
over a larger distance, the peak of the curve of binding energy would 
occur for a larger atom. 

 � Uranium is not stable and decays to lead through radioactive decay. 
This is different than the process of nuclear fission, but it’s related, 
because they both are a result of the instability of large atomic nuclei. 
The strong nuclear force acts over distances too short to hold very 
large nuclei together, and it is the weak nuclear force that governs 
the gradual radioactive decay, which varies for each different isotope. 

 � Isotopes are atoms that have the same number of protons, so they 
are all the same element, but have differing numbers of neutrons, so 
they have different masses and behave differently, including having 
different rates of radioactive decay.

 � radioactive decay is a 
negatively exponential 
process that is defined by a 
length of time called the half-
life of the material. After each 
half-life time period, half of 
the radioactive parent isotope 
remains; the rest decays and 
converts into its daughter 
isotope. After the next half-
life, half of that, or a quarter, 
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remains. After another half-life, half decays, and now you have an 
eighth left—and so on. 

 � For some isotopes, the half-life is less than a second, so it almost 
immediately decays. For uranium 235, the half-life is 700 million 
years; for uranium 238, it’s 4.5 billion years. 

 � Although these uranium isotopes are unstable, they are only slightly 
unstable, and there are still a lot of them around inside Earth from 
the time they were formed, which was during the last moments of the 
supernovae explosions that created all of the elements (other than 
hydrogen and helium) that came together under the pull of gravity to 
form our solar system 4.6 billion years ago.

Nuclear Reactors
 � Nuclear power plants are simple in that the nuclear reaction is just 

used to heat water to drive a turbine, just like coal or gas. But the 
plants are complicated in the technologies needed to keep the 
reaction going in a continuous, controlled, and safe manner.

 � There are several different kinds of nuclear reactors, using different 
isotopes, but most use uranium 235. Light-water reactors use 
ordinary water and are either unpressurized (called a boiling-water 
reactor) or pressurized (called a pressurized-water reactor).

 � The other kind, heavy-water reactors, use water whose hydrogen 
atoms are in the form of deuterium isotopes (a hydrogen nucleus with 
a neutron as well as a proton). This has several advantages. The 
heavy water helps to monitor the reaction and allows the reaction 
temperatures to be higher (more efficient), so a heavy-water reactor 
can operate without having to enrich the uranium. But heavy water is 
hard to come by (in other words, expensive to make). 

 � Unfortunately for the sake of energy generation, fission doesn’t work 
with all large atoms. Only certain isotopes are fissile, meaning that 
they will split when hit by a thermal neutron, which is a neutron that 
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is at ambient temperatures. The most common of these isotopes are 
uranium 235, uranium 233, plutonium 241, and plutonium 239. 

 � But certain other isotopes, called fertile isotopes, are still useful 
because they can be converted into fissile isotopes through the 
process of neutron capture, which is called breeding. Breeding 
occurs through the bombardment of a fertile isotope with a fast 
neutron (high-energy neutron) in a way that controllably converts it 
into a fissile isotope.

 � When a fertile isotope is hit by a fast neutron, it converts into a fissile 
isotope, and when a fissile isotope is hit by a thermal neutron, it splits 
into two parts, which is nuclear fission. 

 � Once you have your nuclear fuel, it is assembled into rods. These 
rods contain a variety of elements that are good at absorbing 
neutrons. And it’s this neutron absorption that is necessary in order 
to maintain a controlled reaction. These are elements such as boron, 
silver, indium, and cadmium. 

 � The fear that this reaction might become uncontrolled, in what is 
known as a core meltdown, is what creates the greatest amount of 
pushback to nuclear power. Another concern with nuclear power is 
that it’s expensive to build, and there’s also the issue of the nuclear 
waste. 

Nuclear accidents
 � In addition to the negative aspects, there are some very positive 

sides to nuclear power. It doesn’t generate greenhouse gases, and 
it doesn’t contribute to global warming or give off toxic air pollution. 
However, there have been a few accidents at nuclear reactors, and 
these have greatly scared people concerning the risks of a meltdown. 

 � If the control rod assembly gets too hot, the metals will melt and the 
radioactive materials can begin to heat up out of control. This can 
occur if the water levels get too low. Too much steam pressure can 
end up exploding the containment vessel, and radioactive gases can 
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Chernobyl nuclear power station
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be released. Or, the radioactive materials can fall to the bottom of the 
chamber and melt their way through the bottom. 

 � Globally, there have been more than 100 nuclear accidents, mostly 
in the United States, although most were very minor. No deaths 
have ever occurred in the United States from a nuclear accident. 
But severe nuclear reactor core meltdowns have occurred twice: in 
Chernobyl (Ukraine) and in Fukushima (Japan), and these cause 
many people to be concerned about the safety of nuclear power. 

 � The safety record of nuclear power plants is actually extraordinarily 
good. There have been many advances in reactor design safety 
features since these older plants were built. Nonetheless, the 
accidents at Chernobyl and Fukushima have created a significant 
fear of the possibility of future accidents and have severely limited 
the licensing and construction of new reactors.

Other Uses of Nuclear Energy
 � Nuclear energy is useful in ways other than generating commercial 

electricity. More than 140 large ships and submarines are powered 
by nuclear reactors. 

 � The most widely used application of nuclear power is actually at a 
much smaller scale, in the form of nuclear medicine—applications of 
radioactive substances in the diagnosis and treatment of a variety of 
diseases. 

 � A common use is for imaging. You can swallow radioactive tracers, 
allowing doctors to image your digestive system, or they can be 
inserted by catheters into your circulatory system to image heart 
disease, for example. In addition, radionuclides can be applied within 
the body to help in the treatment of diseases, such as cancer, blood 
disorders, and hyperthyroidism. 

 � Geophysicists rely heavily on the energy of radioactivity for the 
radiometric dating of the ages of rocks. By looking at the ratios of 
parent and daughter isotopes, you can calculate the age of a rock. 
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Archaeologists also use isotopes to find the ages of human fossils 
and artifacts. 

 � Another use of nuclear energy is the nuclear bomb. This is where 
uncontrolled nuclear chain reactions can release enormous amounts 
of energy in seconds. There are several different designs for nuclear 
bombs, but all use fission in one form or another. 

Suggested Reading
Ferguson, Nuclear Energy: What Everyone Needs to Know. 

National research Council, Review of DOE’s Nuclear Energy Research 
and Development Program. 

Questions to Consider
1. Explain what the strong nuclear force has to do with the binding 

curve of energy.

2. The fission of uranium creates a variety of radioactive elements as 
by-products. Where do these elements come from, and why are 
there many different ones?



The Nuclear Fission Fuel Cycle

Currently, all nuclear power starts with uranium, which has to be 
mined, like coal. But you can’t just take this rock and put it into 
a reactor. There is a lot that has to be done with, and to, the 

uranium and the rocks it’s found in before it can be used to generate 
nuclear power. To explain the process of generating nuclear power, this 
lecture will describe the nuclear fuel cycle, which is the step-by-step 
process of starting with uranium-bearing rocks and ending up with the 
leftover products of nuclear fission—nuclear wastes. 

The Nuclear Fuel Cycle
 � The first step in the nuclear fuel cycle is to find the uranium. Uranium, 

like most metals, is naturally found in an oxidized state. If you leave 
iron outside for even a short time, it rusts, or oxidizes. The highly 
reactive oxygen atoms bind to the iron atoms to make iron oxide. 
There are many different oxide minerals that contain iron, including 
hematite, limonite, and magnetite. 

 � In the combustion of fossil fuels, carbon becomes oxidized, creating 
carbon dioxide. Sulfur becomes sulfur dioxide. Nitrogen becomes 
nitrous oxides. And hydrogen oxidizes to form dihydrogen oxide (the 
formal name of water).

 � The same thing happens with uranium. We don’t find lumps of pure 
uranium. We find it in an oxidized state in the form of minerals such 
as uraninite (also called pitchblende), autunite, or torbernite. 

 � Different minerals result from different ratios of the uranium and 
oxygen atoms. Pitchblende is usually just uranium dioxide (UO2) 
but can also take the form of triuranium octoxide (U3O8). Different 
minerals also result from other elements included. 

Le
ct

ur
e 

12



Lecture 12—The Nuclear Fission Fuel Cycle 85

 � You would think that finding these rocks would be difficult, because 
they don’t have the shiny black color of coal. Usually, they just 
look like dull brown rocks—like any other rocks. However, they are 
constantly giving off gamma rays from the slow radioactive decay 
of the uranium, so they can be detected with a Geiger counter. A 
Geiger counter detects the gamma rays and particles emitted from 
radioactive decay; these would be either alpha particles (helium 
nuclei) or beta particles (electrons). 

 � Unlike mining for coal, where what you find in a coal seam is mostly 
coal, uranium oxide minerals are usually found in rocks at very low 
concentrations: 1 part in 2000 to 1 part in 300 or so. There are places 
where you can find very high-grade uranium ores—rocks that are up 
to 20% uranium oxide—but they’re very rare.

 � Mining for uranium oxides is most often done in large open-air mining 
pits and involves digging gradually downward and outward until the 
minerals are removed, much like mining for other metal ores. 

 � However, uranium ores also can be removed from underground 
through leaching. You pump a very potent fluid mixture of sulfuric 
acid, hydrogen peroxide, and other chemicals into the ground that 
dissolve the uranium oxide. This liquid is then pumped back to the 
surface and separated from the other chemicals. This is done in 
some countries, such as Australia.

 � As of 2013, the known economically recoverable uranium resources 
were about 6 million tons. At the current usage of about 66,000 tons 
per year, that’s about 90 years. But, as with other fossil fuel and 
mineral resources, we continue to find more. 

 � The amount of known uranium resources has been increasing 
rapidly as the amount of money for exploration has increased. In 
other words, each year, more uranium is being discovered than is 
being consumed.
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 � There are also other known uranium resources that are not economical 
at current prices but easily could be if the price went up. 

 � Uranium exists in ocean seawater at tiny but noticeable proportions. 
The uranium gets dissolved out of mountains by rivers and carried to 
the ocean, where there might be 4 to 5 billion tons. Extracting uranium 
from seawater is currently too expensive to be worth the effort.

 � Uranium ore has a very different geographic distribution than other 
energy fuels. The geologic processes that concentrate uranium ore 
are different from the ones that create coal or petroleum. 

 � The next step is to concentrate the uranium ore into yellowcake. 
This is also done with leaching (if it wasn’t already used in mining 
the ore), usually with sulfuric acid, which dissolves and removes the 

Uranium mine
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uranium oxide from the other rocks. After this, it’s filtered and dried. 
What’s left over is called yellowcake, which is actually more often 
a brown or black color, not yellow. Yellowcake contains about 70% 
to 90% of the oxide U3O8, with the rest largely uranium dioxide and 
even some uranium trioxide. 

 � Because most naturally occurring uranium is in the form of the 
isotope uranium 238, which has very low levels of radioactivity, as 
opposed to uranium 235, the yellowcake is quite safe to handle at 
this stage.

 � Next, the uranium oxide needs to be converted into forms that can 
be used within the reactors, depending on the type of reactor. If a 
pressurized heavy-water reactor is used, then the uranium oxide 
doesn’t need to be concentrated into uranium 235—it’s fine as it 
is—and the yellowcake is smelted at high temperatures into pure 
uranium dioxide pitchblende.

 � However, for light-water reactors, the uranium oxide is combined 
with fluorine to make the gas uranium hexafluoride. In this case, the 
uranium oxide also needs to have the uranium isotopes separated in 
order to enrich the fuel. This is called enrichment. 

 � Uranium is naturally found in the ground as 99.3% uranium 238 and 
0.7% uranium 235. Uranium 235 is fissile, which means that it will 
split apart if you bombard it with a neutron. This is what we need for 
nuclear fission to occur. Uranium 238 isn’t fissile; it won’t split. This is 
a problem, because when you find uranium in nature, it is nearly all 
uranium 238—the wrong kind.

 � So, the uranium needs to be separated into rock that has higher 
concentrations of uranium 235 (the enriched uranium) and the 
leftover rock that is mostly uranium 238 (the depleted uranium). 
There are several ways to separate the uranium isotopes to enrich 
the fuel in uranium 235. The most common method uses high-speed 
centrifuges. 
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 � When you are done with the enrichment, you mix the uranium 
hexafluoride gas with calcium, which makes a calcium fluoride salt, 
leaving the uranium behind. The outcome of enrichment is pellets 
enriched in uranium 235, which are very radioactive and have to be 
handled very carefully. 

 � The enriched uranium pellets are then assembled into fuel rods. 
The pellets are often sealed into zirconium alloy tubes and into 
assemblies, or bundles. In many reactors, the rods are lowered 
vertically into the reactor core. These fuel rods are what give off the 
heat in a controlled fission chain reaction. Each ton of these fuel rods 
will provide more than 30 megawatts of electricity for 5 years. 

 � During the fission 
reactions, about 0.1% 
of the mass of each 
uranium nucleus 
converts to energy, 
releasing about 3 x 
10−11 joules per atom. 
About 90% of this is 
released immediately 
in the form of gamma 
rays, and this is used 
for heating the water of 
the reactor. 

 � The other 10% of the 
energy gets released 
slowly over time. About 
6.5% occurs as a 
cascade of beta decays, from one radioactive isotope to the next. Beta 
decays release energy in the form of electrons and gamma rays. If a 
reactor runs for a while, this extra energy adds to the heating of the 
water. Fuel rod assemblies are typically in the reactor for 1 to 6 years, 
so this is an important contribution.

Nuclear fission
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 � But the cascade of beta decays is also what creates the risk of a 
nuclear meltdown. If you have to shut the reactor down immediately 
in case of an emergency, the remaining radioactive fuel immediately 
starts off by emitting 6.5% of its full energy, which is a lot of heat. 
Fortunately, the beta decay energy release begins dying away 
exponentially right away and poses a much smaller threat within 
even a few days.

 � The remaining 3.5% of the energy released from the fuel in the 
nuclear reactions is in the form of antineutrinos, which are subatomic, 
nearly massless particles that don’t interact much with other particles, 
so they don’t cause any heating. 

 � When the uranium nuclei split, they don’t tend to split into two equal-
sized atoms. One of the resulting daughter products tends to have 
masses of about 90 to 100 atomic mass units, and the other daughter 
isotope tends to have a mass of about 130 to 140 atomic mass units. 

 � Most of these daughter isotopes are themselves radioactive, but 
because there are a lot of them, they have a huge range of half-
lives—which means that some of them decay right away, releasing a 
lot of energy, but some continue to slowly decay for millions of years. 

 � The spent fuel rods also still have some unfissioned uranium 235, 
and lots of uranium 238 (which was most of the uranium to begin 
with), as well as some new uranium 233. This means that when the 
spent fuel pellets come out of the reactor, they are very hot, very 
radioactive, and very dangerous, and they continue to be dangerous 
even after hundreds of thousands of years. 

 � But they’re most dangerous at the start, so they need to cool down 
before any other actions can be taken. This is typically done by 
moving them to storing racks at the bottom of pools of water that are 
40 feet deep or more. The rods might stay down there for 10 to 20 
years before being safe enough to be sent either for reprocessing 
or dry storage. They’re still extremely radioactive, but they are safe 
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enough for properly suited people to remove them and transport 
them somewhere else.

 � Many U.S. nuclear power plants are actually running out of their 
original storage space for spent fuel, largely because there isn’t any 
place for the waste to go.

advantages and Disadvantages of Nuclear Power 
 � There are several advantages to nuclear fission. Relative to human 

timescales, there’s nearly unlimited power. Nuclear fission is a 
nonrenewable power source, but if ocean water is processed, there’s 
so much uranium available, given the small amounts needed to 
generate electricity, that it won’t seem like a nonrenewable power 
source—at least for many tens of thousands of years.

 � Another advantage is that nuclear power is an existing technology 
that already has significantly improved designs available.

 � Nuclear fission releases much less carbon dioxide than fossil fuels.

 � Given how much energy is regularly produced, nuclear power also 
has a very good safety record. 

 � In terms of the radioactive wastes, options such as using breeder 
reactors can reduce the volume of wastes.

 � The downsides are that both construction costs and operating costs 
of nuclear power plants are higher than most other kinds of power 
plants, and the construction times for new plants are long. In other 
words, nuclear power is more expensive than fossil fuels.

 � In the worst-case scenario of a reactor accident, the risks are high. 

 � Nuclear fission is limited to a centralized system of electricity. Other 
than a few nuclear submarines and big ships, there aren’t options for 
decentralization.
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 � The known resources of uranium are in a limited number of places, 
and many are beneath protected lands. 

 � Currently, uranium sources have to be mined, and mining has many 
negative environmental impacts. And the processing requires many 
toxic chemicals.

 � The wastes remain dangerous for hundreds of thousands of years. 

Suggested Reading
National research Council, Internationalization of the Nuclear Fuel Cycle.

———, Lessons Learned from the Fukushima Nuclear Accident for 
Improving Safety of U.S. Nuclear Power Plants. 

Questions to Consider
1. Why is it much more difficult to process uranium for a bomb than it is 

to process uranium for a nuclear power reactor?

2. Speculate what the current market for nuclear power might be like 
if the Fukushima power plant reactor meltdown had not occurred, 
following the 2011 Japan earthquake.



Sunlight: Inexhaustible Energy Source

With the exception of nuclear, geothermal, and tidal energy, 
all other forms of energy ultimately come from the Sun. 
Sunlight carries an enormous amount of energy, and we can 

use it in many different ways. Sunlight is sometimes referred to as an 
inexhaustible source of energy, as opposed to renewable. Hydroelectric 
power is renewable: You can drain the water behind a dam, and it’s going 
to fill up again. But the sunlight is always there. Whether we use it or not, 
the Sun is going to shine. 

The Sun as a Star
 � The Sun is an averaged-sized star, which means that it is a large 

sphere of mostly hydrogen and helium. Actually, stars that are at 
least second-generation stars (meaning that they formed following 
the supernova explosion of at least one previous star), such as 
our Sun, have compositions that generally resemble the average 
composition of the Milky Way Galaxy.

 � The composition of the ordinary matter of the Milky Way (not taking into 
account stuff like dark matter and dark energy) is 74% hydrogen, 24% 
helium, 1% oxygen, and everything else (such as rocks and metals) 
makes up the last 1%. The composition of our Sun is about the same.

 � In terms of mass, nearly our entire solar system is the Sun. The 
mass of the Sun makes up 99.85% of the total solar system. All of 
the planets, asteroids, comets, and other things are just 0.15% of the 
solar system.

 � The force of gravity acting on all this mass compresses the Sun 
together so intensely that the hydrogen gets compressed into metallic 
plasma. Plasma is a state of matter that is different from a solid, 
liquid, or gas. For matter to be in a plasma state, the temperature is 
so hot that electrons get stripped off of the nuclei of the atoms, and 
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a superheated soup of negatively charged electrons and positively 
charged nuclei flies all around each other.

 � At the center of the Sun, the pressures and temperatures are so high 
that nuclear fusion occurs spontaneously. On Earth, to get fusion to 
occur, we have to smash hydrogen atoms together with incredible 
energy. It’s very difficult and expensive. The Sun does it naturally, on 
its own, just from the force of gravity.

 � An enormous amount of sunlight reaches Earth. There is a net 
balance, an equilibrium, where the amount of electromagnetic 
radiation received by the Sun is very closely the same as the amount 
of electromagnetic radiation reemitted out into space by the Earth. 

 � What happens to the equilibrium when the amount of sunlight Earth 
receives changes? Suppose that the Sun gives off a bit more energy. 
How would Earth respond? It would start changing to reach a new 
equilibrium. Earth would start giving off more radiation until the 
incoming and outgoing energies were the same. 
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 � It does this by getting hotter. Earth’s temperature would increase. 
And the key is that the amount of radiation emitted, by any object, 
is proportional to the 4th power of its temperature. This means that 
if you double the temperature of an object (measured from absolute 
zero), you increase its radiation by a factor of 16.

 � So, more sunlight comes in, Earth’s surface temperature increases, 
which means that the amount of energy it radiates back out into 
space increases, and this continues until it gradually reaches a new 
equilibrium. In the end, Earth’s surface temperature is hotter. 

Using the Sun’s Energy
 � Sunlight contains all this energy, and we want to capture it and use 

it for our needs. How do we do this? We can use photosynthetic 
organisms to convert sunlight into chemical energy. Other systems 
are driven by sunlight, turning sunlight directly into electricity using 
solar panels, using the Sun-driven water cycle to supply hydroelectric 
power, and using the sunlight-driven winds to power wind turbines. 

 � If we wanted to try to supply all our energy needs with solar energy, 
it is doable. In fact, it turns out that it would take less than 2% of the 
total U.S. lands. And if you used wind turbines for part of it, then 
you don’t even have to consume the land the way you do with solar 
panels. You can multipurpose the land by spreading the turbines out 
over croplands or grazing lands, which already take up more than 
50% of all U.S. lands. 

 � The biggest problem with sunlight is that it doesn’t shine at night and 
that it’s intermittent in a variety of ways. In fact, this is the defining 
calling card of sunlight: It’s inexhaustible—at least in our time frames 
(the Sun will burn out in about 4 to 5 billion years)—and enormously 
abundant, but it’s very variable. The amount of sunlight we get varies 
over a wide range of timescales. 

 � It varies second to second, if a cloud passes in front of the Sun. 

 � It varies over 24 hours, from daytime to nighttime. The Sun 
doesn’t shine at night. 
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 � Sunlight also varies over millions of years, changing as our star, 
the Sun, gets older and hotter.

 � It varies over minutes to weeks with changes in weather, with 
storm fronts slowly rolling across the land.

 � It varies over the course of a year, with less sunlight in winter 
than in summer (except at the equator).

 � It varies slightly over an 11-year cycle that corresponds to the 
flipping of the Sun’s magnetic field.

 � The strength of sunlight also drifts over decades and centuries, 
affecting global climates.

 � It varies over tens of thousands of years through the fluctuations 
in the Milankovitch cycles, the changes in the shape of Earth’s 
orbit around the Sun, and the tilt and orientation of Earth’s axis 
of rotation, which causes our ice ages.

 � The amount of sunlight that the Earth gets varies over time due to 
both how much the Sun gives off and how much Earth retains, and 
these have had some important impacts on Earth’s climate. 

 � To begin with, the Sun has a strong magnetic field that flips every 
11 years (one full cycle is 22 years). This results in a roughly 1-watt-
per-square-meter fluctuation over the 11-year cycle. This fluctuation 
creates an observable stepwise effect on global temperatures, 
which have been trending upward, but roughly in 11-year steps that 
correlate with these solar oscillations.

 � The strength of this solar oscillation changes over the scale of 
centuries. Solar output increased during the first half of the 20th 
century but has been decreasing since about 1960. Solar output was 
even weaker during the Little Ice Age and before in several stages.



The Science of Energy: resources and Power Explained96

 � The other way that the change in sunlight over time affects us is in 
the amount of sunlight that Earth receives and retains over tens to 
hundreds of thousands of years due to the Milankovitch cycles of 
Earth’s orbital parameters. 

 � Currently, the most significant effect on global temperature change 
is coming from the change in the shape of Earth’s orbit, which 
fluctuates between being more circular to being more elliptical. This 
changes how much sunlight we get from the Sun. When the orbit is 
more circular, the Earth gets more sunlight over the course of a year 
than when the orbit is more eccentric, or more stretched out. 

 � The increase in human-released greenhouse gases is creating a 
3-watts-per-square-meter increase in the amount of solar energy that 
Earth retains. This is more than the total variation in the amount of 
sunlight that Earth retained over the peak-to-peak variation of the ice 
age cycles for the past million years. 
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 � But for our day-to-day needs, sunlight changes on much faster 
scales than this. Sunlight can turn on and off in a second, as clouds 
pass in front of the Sun. And if you have a bad spell of weather, the 
Sun might not shine directly for days or weeks.

 � Sunlight is also very geographically dependent. It’s more reliable in 
New Mexico than it is in Seattle, where it rains a lot. This is a problem 
we just don’t see with coal, oil, or nuclear.

 � And it’s not just latitude—you have to take cloud cover into 
consideration. You would think that equatorial regions would be ideal 
places for solar power, with the Sun directly overhead and no big 
seasonal change, but these are often not the best places because it 
rains so much there.

 � Because of the global patterns of air circulation, cold, dry air comes 
down from the circulating Hadley cells about 30° N and S, and this is 
where most of the world’s deserts are. You get dry, sunny conditions, 
which are great for solar power.

 � Away from the equator, sunlight also varies significantly over the 
course of a season because of the tilt of Earth’s axis. In winter, the 
Sun is lower in the sky, so you get less direct sunlight, but there are 
also fewer hours of daylight in a day. regional geographical climate 
patterns are also important. 

 � The effect of latitude is the most dramatic the closer you get to the 
poles. At the South Pole research station, the Sun doesn’t shine at all 
for 6 months during the winter.

 � The angle of the Sun in the sky has to be taken into account for 
residential solar applications. You can use sunlight to directly heat 
water or air, instead of using some other energy source, such as 
burning natural gas, to do so. But you want to make sure that your 
system is oriented perpendicular to the average height of the Sun in 
the sky in order to maximize the efficiency. 
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 � Houses can be designed to take advantage of the predictable path 
of the Sun over a day and a year. This can reduce both heating and 
cooling costs by up to 50%. Concrete floors or walls can be installed 
inside the house that absorb the sunlight during the day and then 
reradiate it inside the house during the night. Vents and windows can 
be designed to remove heat from the house during the summer and 
keep it inside during the winter. 

Suggested Reading
Lovins, Soft Energy Paths. 

National research Council, Electricity from Renewable Resources.

Questions to Consider
1. Explain why nuclear fusion happens naturally within the Sun but 

humans have such a difficult time duplicating it on Earth.

2. Explain how the efficiency of solar power is geographically related to 
the global hydrologic cycle.



Solar Power and Electricity

The biggest area of growth for solar energy is the ability to turn 
sunlight into electricity, where it can then be used for just about 
anything else. Although photovoltaic solar panels are the fastest-

growing form of solar energy, there are other ways to get electricity 
from sunlight. You can concentrate sunlight and use the heat to boil 
water and run a steam turbine, called concentrated solar power, or you 
can use it as a heat pump to generate electricity with something called 
a Stirling engine. 

Photovoltaic Solar Panels
 � Photovoltaic solar panels convert sunlight directly into electricity 

using semiconducting materials that exhibit the photoelectric effect, a 
principle of physics that was first observed in 1887 by Heinrich Hertz 
(for whom the unit of frequency, a hertz, was named). 

 � When light strikes certain metals, electrons are released and 
become mobile. When any atom absorbs electromagnetic radiation, 
its electrons jump up into higher energy states in discrete, quantized 
steps, which is part of the foundation of quantum mechanics. In some 
cases, that energy jump is enough to free the electron entirely from 
the rest of the atom and flow as part of a current. 

 � The process was first explained in 1905 by Albert Einstein, and it was 
for this work that he was awarded the Nobel Prize in Physics in 1921. 
Einstein showed that due to the photoelectric effect, light can behave 
as both particles (photons) and waves.

 � When sunlight hits a solar panel, most of the energy does not go into 
freeing electrons and generating electricity. Some gets reflected; 
most goes into heat. The amount of electricity that gets generated 
depends entirely on the materials used, and the efficiencies can 
vary greatly.
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 � The highest efficiencies are now about 45%, which is remarkable. 
Almost half of the sunlight goes into electricity. But the kinds of 
panels that are most efficient rely on cutting-edge nanotechnologies, 
and they’re very expensive. 

 � So, they’re great if you have a very limited area, such as on a NASA 
satellite. For everyone else, lower efficiencies are okay. Of course, 
you want solar panels to be as efficient as possible; better efficiency 
means less land is needed to supply your needs. But there’s a trade-
off with cost. The highest-efficiency panels cost a lot more—at this 
point, too much to justify putting on your roof.

 � As of 2015, you can go into just about any hardware store and buy 
relatively inexpensive solar panels off the shelf with efficiencies of 
about 20%. These panels are generally made of silicon, which isn’t 
necessarily the most efficient photovoltaic material, but we know how 
to work with it and it is extremely abundant. 

 � There has been steady and continuous improvement in solar panel 
efficiencies, as well as decreases in cost.

 � One big advantage of solar power is that it can be used for many 
different kinds of systems at different scales—systems that span the 
whole range from very centralized to very decentralized. At the big 
end, large solar farms can generate electricity on the scale of coal 
and nuclear power plants. 

 � As of 2015, California had more than 30 gigawatts of new solar 
power plants under construction. The amount is increasing so 
rapidly that this number will be different in a year. There are many 
desert regions in the southwestern United States—as well as the 
world—that get the same good sunlight as southern California. Any 
dry, sunny place is ideal.

 � One increasingly popular place to put solar panels is on rooftops, 
though solar panels are becoming integrated into buildings in 
a variety of different ways. rooftops are convenient for several 
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reasons: They are on the buildings that need the electricity; they can 
occupy otherwise unused space; they’re up high, away from trees 
that might block them if they were on the ground; and they are often 
tilted, facing the Sun—on one side of the building, at least.

 � rooftop solar panels could supply a large portion of home electricity 
demands, maybe even all of it. Because we don’t always get the 
energy at the times we want it—for example, at night, when the Sun 
isn’t shining—we will need a way to store some of the electricity. But 
the amount is there. 

 � Increasingly, there are many urban places where solar panels are 
being used—including windows, balconies, car ports, and parking 
lots—and integrating them into the design of new buildings makes 
them much more efficient. 

 � A real benefit of solar panels is that they can be as small as you want 
them to be. And they don’t have to be attached to the grid; that’s 
handy if you want them to be mobile or if you are in a remote place. 

rooftop solar panels
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 � People are experimenting with using solar power for transport. Solar-
powered cars, planes, and boats have been demonstrated. Currently, 
they have to be ultralightweight, and they go slowly, but they go. 

 � A new form of photovoltaic solar that has a large growth potential is 
that of concentrator photovoltaic. You use lenses or mirrors to focus 
sunlight from large areas onto tiny, highly efficient multi-junction solar 
cells. You capture the sunlight from a large area but only need a 
small area of photovoltaic cells (and that’s where the costs are, not 
in the mirrors). 

 � Because concentrator photovoltaic cells operate at higher 
temperatures, they operate at higher efficiencies. But they need a 
tracking system to follow the Sun and a cooling system to keep the 
cells from overheating. It turns out that solar cells lose their efficiency 
if they get too hot, and having some means of cooling them off greatly 
increases their photovoltaic efficiency.

 � The most efficient systems, in terms of total energy, are photovoltaic 
thermal hybrid solar collectors. These not only generate electricity, but 
also capture the waste heat that results from cooling off the solar cells.

Concentrated Solar Power
 � There is an entirely different way to generate electricity from sunlight, 

and it’s called concentrated solar power (CSP). It simply uses the 
heat from sunlight to boil water and run a steam-powered generator. 
In a sense, the only difference between concentrated solar power 
and coal or nuclear power is that the fuel is free. And like nuclear or 
coal, this only operates on a large centralized system. You can’t put 
this on a backpack.

 � There are other issues with CSP that don’t occur with photovoltaic 
solar. Most significantly, it takes a lot of water to run the steam 
turbines, and water isn’t plentiful in the California desert. As a result, 
investors have been pulling out of CSP and investing in photovoltaic 
instead, especially with continuously dropping photovoltaic cell costs.
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 � There’s still a lot of long-term hope for CSP, largely because of its 
capacity to store energy. Liquids such as liquid salt can remain hot 
all night, continuing to generate power long after the Sun has gone 
down. Photovoltaic solar panels can’t do this.

Stirling Engines
 � A third technology used for generating electricity from sunlight is 

called a Stirling engine. It typically gets efficiencies of 30% to 35%. A 
Stirling engine runs on a thermodynamic cycle—but of air, not water. 
It uses a parabolic dish of mirrors to focus sunlight onto the engine, 
which causes air inside to drive a piston cylinder as the air is first 
heated and expands and then is cooled and contracts. 

 � Like photovoltaic solar, it’s modular and you can continue to add more 
to it, dish by dish, as needed. However, the downsides are that, as 
an engine, there are moving parts that wear out over time (unlike 
photovoltaic), and although it’s similar in function to photovoltaic in that 

Solar Stirling engine
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it has no storage capacity (it converts sunlight directly to electricity), 
it’s more expensive to build than photovoltaic, so people currently are 
choosing just to go with photovoltaic solar panels instead.

advantages and Disadvantages of Solar Power
 � Solar power has several advantages.

 � Sunlight is inexhaustible—we won’t run out of it for at least 4 
billion years. This also means that it is sustainable. We can’t 
ever use too much. 

 � Solar power is extremely abundant. We get as much in an hour 
and 15 minutes as all humans use in a year.

 � It’s environmentally friendly. It generates no air or water pollution. 
There are also no greenhouse gases released in the operation of 
solar panels (although there are in the production of those panels). 

 � Solar power is equitable. Everybody has it. 

 � Solar energy is flexible. It can be used to generate electricity, but 
it also can be used for a variety of purposes, such as heating or 
desalinating water.

 � Solar power also can operate over a wide range of scales—from 
a large centralized solar farm to the strip on your calculator.

 � Solar power is silent. There are no noises associated with it.

 � Solar panels are very low maintenance. You should wipe them 
down a few times a year. They usually come with 25-year 
warranties. 

 � Solar panel technologies are still rapidly improving. In future 
years, solar panels will be even more efficient and durable. And 
this means that solar panels will continue to become even more 
inexpensive compared to conventional electricity. 
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 � There are also disadvantages of solar power.
 � Solar panels have a high up-front capital cost of investment. 

 � The manufacturing of solar panels, as with all technological 
things, uses resources and releases some pollution. 

 � Some solar panel materials are rare in nature and therefore 
expensive.

 � Solar power is intermittent, on many different timescales, 
including minute to minute, day to night, and summer to winter. 
This means that solar power needs to be either paired with 
some other source of energy or stored in large quantities, and 
currently, large-scale energy storage is expensive.

 � Solar power doesn’t work very well in high latitudes.

 � Most importantly, solar power requires land. For a lot of power, 
you need a lot of land. There is some multipurposing of space 
that you can do, but solar power alone is not going to solve the 
world’s energy needs. 

 
Suggested Reading
Butti and Perlin, A Golden Thread.

National research Council, America’s Energy Future.

Questions to Consider
1. Why is the discussion of the efficiency of solar panels not comparable 

to discussions of the efficiency of power plants that use fossil fuels 
or uranium?

2. What are the two main reasons that the cost of solar panels 
decreases the more panels that are sold?



Wind Power and Electricity

In terms of a human energy source, wind power has had a rapid growth 
rate much like that of solar power, but wind had a significant head 
start, so it already plays a larger role. But because the use of wind 

power is still rapidly expanding, the technologies are still advancing and 
the costs are still dropping. In this lecture, you will learn how we harness 
the power of wind as a viable source of energy. 

Wind Turbines
 � A wind turbine is like a plane propeller, but in reverse. Instead of an 

engine turning a rotor and generating a wind force that pulls the plane 
forward, the natural wind force blows through the rotors, generating a 
force that powers the engine. 

 � Both the wind turbine and the plane propeller work because of the 
Bernoulli principle. A blade is shaped in such a way that the path 
of the air around one side is longer then the other. This creates a 
difference in air pressure on the two sides, and it ends up pulling the 
blade toward the low-pressure side. The Bernoulli principle is that a 
difference in air pressure will cause an object to move in the direction 
of lower air pressure.

 � A tremendous amount of research goes into finding the right shape 
for the rotors of wind turbines to maximize the rotational force they 
generate. There are many different shapes that will provide wind 
power, but they come in two general categories: horizontal axis and 
vertical axis.

 � Vertical-axis turbines come in a wide variety of styles; there has been a 
great deal of creativity in their construction. They’re usually for smaller 
applications and have one very big advantage: They don’t have to be 
oriented with respect to the wind. For that reason, they tend to work 
best in places where winds change directions often and quickly.
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Wind turbine
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 � Most large industrial wind turbines are built with a horizontal axis, 
however. This looks like an airplane propeller, although usually with 
three blades. You also can have small horizontal-axis wind turbines. 

 � Whether you spin the rotor vertically or horizontally, the point is 
that you turn it, and then it’s just like any other generator. There 
are coils of wire inside the wind turbine housing, and as they spin 
within a magnetic field, an electric current is generated within the 
wires. In this sense, the wind turbine is just like any other generator 
that is powered by coal, gas, or nuclear fusion—but the fuel is free, 
because it’s just wind.

 � Wind turbines have benefitted greatly from advances in materials 
science. Older industrial turbines used to have much smaller rotors 
than they do now, because the metal of larger rotors would fatigue 
and crack. There is an enormous amount of stress that gets applied 
to the blades and shaft of wind turbines as the shaft turns, creating 
a rotational force called torque. However, the larger the rotors, the 
more efficient the turbine is. 

 � Now, with advances in metal alloys that are much stronger and 
lighter, the rotors are much larger. Of course, this means that they 
have to be high off the ground. In 2014, the average hub height 
was more than 80 meters off the ground, with some more than 200 
meters high. 

 � These rotors turn more slowly than older turbines, at least at the hub 
(the tips of the blades are so far apart that they move through the 
air really fast). But the new rotors turn with tremendous torque and 
are able to couple with gears to make the coils of the wire of the 
generator spin very fast, generating a lot of electricity. 

 � The wind is much stronger when you get up above the ground. Air 
flows easily, but it still has some viscous drag with the surface—more 
so if the surface is variable and rough, with trees, buildings, phone 
lines, etc. 
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 � Once you get above about 80 to 100 meters up, the winds are 
stronger and also steadier. And that helps with another problem that 
wind power has: variability. Wind is very variable from moment to 
moment—even more variable than solar, in some ways, such as day 
to day. But it is more steady averaged over longer periods—months 
or years. And, of course, wind blows at night as well as day. 

 � One way to help reduce that variability is to make turbines taller. 
Another way to use wind power in a way that reduces variability is 
to run an array of turbines over a broad area. The wind might rise 
and fall at any one location, but if you have turbines in many different 
places, you stand a better chance of it being windy in at least some 
of them. 

 � But, ultimately, like solar, wind power needs to be developed along 
with a means of energy storage or as an accompaniment to some 
other, more reliable source. You could use the electricity just when 
the wind blows, but this isn’t always a very attractive option.

Wind Patterns
 � In general, wind blows from areas of high pressure to areas of 

low pressure. These high pressures and low pressures are largely 
driven by differences in temperature caused by sunlight. The actual 
patterns of surface winds are very complicated, and variable, and 
are affected by a wide variety of factors that include the distribution 
of land masses, the topography of the land, and Earth’s rotation. But 
winds are also always shifting due to changing weather patterns that 
vary by minute, day, month, and year.

 � The way that weather and wind generally work is that in areas where 
the air is cold, the air is heavier and sinks, causing a region of high 
air pressure. Air then moves horizontally away from that region of 
high pressure along the ground toward areas of low air pressure.

 � However, patterns can quickly change, and even reverse. If skies are 
clear (typical of a cold, high-pressure region), sunlight can heat the 
ground, which heats the air above it. The air rises and cools, water 
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vapor condenses to form clouds, and it rains. As the air rises, the 
pressure drops, and air now flows along the ground toward the new 
low-pressure region.

 � Another important factor that drives wind patterns is Earth’s rotation, 
through the Coriolis force. This is the mechanism that causes 
flowing air to veer toward the right in the Northern Hemisphere and 
toward the left in the Southern Hemisphere. The Coriolis effect also 
is responsible for the large-scale global pattern of having airflow 
separated by latitude into 6 separate cells.

 � Global wind patterns also greatly change over the course of a year. 
Winter winds tend to be much stronger than summer winds, so winds 
in the Northern Hemisphere are generally much stronger in January 
than July.

 � An entirely different set of factors involving wind flow involves 
topography. Winds can be strong within mountainous areas, where 
the air gets channeled up and over topography, especially through 
gaps and passes.

 � However, in general, topographical roughness has a damping effect 
on the wind. Flat regions, such as plains, generally have higher wind 
speeds because nothing slows them down—there’s less air friction. 
Forested areas, with large trees, tend to significantly effectively 
dampen the winds.

 � And you really need high wind speeds. You want your wind, ideally, 
to be as consistent as possible, in a generally similar direction, but 
most importantly, to be fast. The efficiency of wind power increases 
rapidly with increased wind speed. In other words, the cost of wind 
power decreases rapidly with increased air speed. We need to get 
above about 6 to 7 meters per second (about 13 to 16 miles per 
hour) for it to be sufficiently efficient.

 � For the United States, this requirement is met by most of the central 
states. The are many other very good areas around the world for 
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wind power: eastern Canada, Greenland, Patagonia, West Africa, 
Somalia, northern Europe, eastern Europe, parts of China, Japan, 
Australia, and New Zealand.

Shoreline/Offshore Wind Turbines
 � Some of the best regions for strong and reliable winds are found at 

shorelines around the world. Shoreline wind turbines are the fastest-
growing sector of wind power. They’re not only a good source of 
energy, but they don’t take up any land. 

 � The big downside of offshore turbines is that their costs of 
construction, as well as operation and maintenance, are much higher 
than for land turbines. Countries that are heavily investing in offshore 
wind include the United Kingdom, Denmark, Germany, and Belgium.

 � There are large offshore wind resources along the U.S. coasts as 
well, but they’re still largely untapped. Even less tapped are winds 

Offshore wind turbines
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in deep ocean regions. Because the ocean doesn’t have any 
topography, other than waves, winds are consistently highest far out 
at sea. In theory, wind turbines could be installed out at sea, with 
cables connecting them to onshore power stations.

advantages and Disadvantages of Wind Power
 � There are several advantages of wind power.

 � Wind is a clean fuel source that doesn’t generate pollution or 
greenhouse gases. 

 � Wind is sustainable and domestic. No country has to buy wind 
from any one else. 

 � Wind power is now one of the lowest-priced forms of electricity 
of any kind, costing just a few cents per kilowatt-hour. 

 � Wind power is a relatively new technology, so efficiencies are still 
increasing and prices are still dropping. And new technologies, 
such as offshore wind or vertical-axis arrays, show a lot of 
promise for the future.

 � Perhaps most importantly, wind turbines can be put on existing 
land, particularly farms and ranches. 

 � There are also disadvantages of wind power.
 � Wind power requires a large up-front capital investment. Giant 

wind turbines are expensive to build. 

 � The best sites for wind are often in remote rural areas, far 
from urban areas. So, electricity would need to be sent great 
distances over high-voltage power lines for wind energy to play 
a larger role in global electricity. 

 � The turbines can be noisy; the largest can be heard sometimes 
up to a mile away. And they are very visible; some people object 
to them entirely on aesthetic grounds. 
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 � Wind turbines don’t run maintenance-free, and the costs of 
repairing large turbines can be high.

 � Much of the world doesn’t have adequately advanced power 
grids that would permit electricity from individual wind turbines to 
be sold back into them. 

 � The rotors can be dangerous to birds and migratory bats.

 � As with solar power, the market has decided that for wind 
power, the pros outweigh the cons, and there continues to be a 
rapid increase in the installation of wind turbines. And research 
continues to improve the technologies.

Suggested Reading
Gipe, Wind Energy Comes of Age. 

Global Wind Energy Council, Global Wind Report.

Questions to Consider
1. Explain how a wind turbine is similar to and dissimilar from an 

airplane propeller.

2. The efficiency of a wind power farm in terms of watts per square 
meter is generally much less than that of a solar panel farm, but why 
is simple assessment misleading?



Hydroelectric Power: Electricity  
from Water

Currently, the largest renewable source of electricity is waterpower. 
Hydroelectric power has been, for a long time, and still is, the 
largest renewable source of electricity. This is in the form of river 

water, flowing downhill to the sea. Hydroelectric power has many benefits 
that make it desirable. It doesn’t produce carbon dioxide (except in the 
curing of the concrete for dams), and its fuel (rainwater) is free. However, 
there are also several significant drawbacks with hydropower, and because 
of strict limitations on efficiency, hydropower is not expected to grow all 
that much for most of the world, at least compared to wind and solar.

Hydroelectric Power
 � Hydroelectricity is ultimately a form of solar power; the Sun drives 

the water cycle. But directly, the force of gravity is responsible for 
converting the gravitational potential energy of water into electricity. 
Water falls down through the hydroelectric plant, spinning the 
turbines of the generator as it falls.

 � Waterpower has a very long history. People have been using the 
energy of flowing water to do work for more than 2 millennia. The 
water wheel was invented independently, by both the ancient Greeks 
and Chinese, and perfected by the romans. Water mills continue to be 
an important way to harness waterpower in many parts of the world. 

 � But the largest form of tapped water energy is in the form of 
hydroelectricity: using the water to spin turbines and generate 
electricity. This was first done in 1882, with a dam across the Fox River 
in Appleton, Wisconsin. Currently, hydropower generates about 16% of 
the world’s electricity, though this percentage is dropping—not because 
hydropower is decreasing, but because the growth is in other areas.

 � As with solar and wind, the percentage of the capacity that is actually 
converted into usable energy is always far less than 100%. One 
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factor in this for hydropower is rainfall, which changes over the 
course of a year, so the river carries less water at some times of 
the year than others. At some times of the year, the capacity of the 
power plant might also be more than the demand, so they just let the 
water flow through the dam. 

 � There are some countries that get all, or nearly all, of their electricity 
from hydropower. Norway gets 98% of its electricity from hydropower. 
Paraguay gets 100%. The United States gets a lot of electricity 
from hydropower, but it’s not a growing industry. Across the world, 
hydropower has been growing slowly but steadily at about 3% per year. 

 � The basic idea of hydroelectricity generation is that as the water 
falls, through a channel called the penstock, its gravitational potential 
energy converts into the kinetic energy of the motion of the water, 
which turns the turbines of a generator. 

 � There is always some loss of energy to heat and friction. In this case, 
the jostling of the water causes it to heat up a bit from internal friction, 
and the friction of the water through the penstock and the turbines 
causes them to heat up, too, as does the friction of the rotation of the 
turbines. But in general, hydroelectric power is pretty efficient.

 � The renewable resource for hydropower is rain—rain that falls on 
land and gets channelled by networks of streams that keep merging 
together until the river has enough water flow to be useful for 
generating electricity. 

 � Everybody gets some rain, with some exceptions. rain falls much 
more in some places than others. In North America, lots of rain falls 
in the Eastern United States and Canada, and also in the Pacific 
Northwest, but not much falls in the deserts of the Southwest.

 � South America gets lots of rain for most of the eastern half, east of 
the Andes Mountains, and has huge hydroelectric resources. Other 
parts of the world with large amounts of rain are Indonesia, Southeast 
Asia, Equatorial Africa, and western Europe.
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 � rain is part of a cycle known as the hydrologic cycle, or water cycle. 
Rainwater keeps flowing downhill to the ocean, and more rain keeps 
falling. The driver for the water cycle is the evaporation from sunlight 
hitting water at the ocean’s surface. 

Hydroelectric power plant
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 � When sunlight hits the water, the water molecules absorb the energy 
of the electromagnetic radiation, which causes them to break the 
weak bonds holding them together as liquid water and become 
independent water vapor molecules. The sunlight also causes the 
surface of the water to become warm, which warms the surrounding 
air and causes the air (containing the water vapor) to rise. 

 � So, sunlight plays two roles: It changes the state of water from 
liquid to vapor, and then it lifts the water vapor high into the air. 
This is critical, because as the air rises and cools, the water vapor 
condenses into the tiny water droplets of clouds, and then into the 
larger drops of rain, which fall back to the ground. 

 � Most rain falls right back into ocean. But about 100,000 cubic 
kilometers of rain, snow, and sleet fall on land each year. Most of that 
gets re-evaporated into the air or absorbed and transpired by plants. 
But about 40,000 cubic kilometers of water end up flowing down to 
the ocean each year through rivers, able to do work. That’s about 
10% of the total rainfall each year. 

 � The rainwater does a tremendous amount of work on its way back to 
the ocean—work in the form of eroding away the land and carrying 
the ground-up or dissolved sediments to the sea. If it weren’t for 
tectonic processes, such as plate collisions and volcanoes, that keep 
building up the land, there wouldn’t be any land at all. The rain just 
keeps washing the land away. Hydroelectric power taps into a small 
portion of that work.

 � The reason that you get lots of rain in some parts of the world is 
connected to the same processes that govern why some latitudes 
tend to be dry and sunny and also why some latitudes tend to get 
strong winds. It’s the same pattern of 6 cells of air circulation that are 
largely driven by heating at the equator combined with the Coriolis 
effect from Earth’s rotation. 

 � regional rainfall patterns can vary greatly over the course of a year, 
especially with monsoon climates, which have alternating dry and 
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wet seasons. Areas that get large hurricanes and typhoons can drop 
enormous amounts of water in very brief periods. This all affects 
water supply.

 � Another very important factor in generating rainfall is topography. 
When air masses move over mountains, they get pushed upward, 
so they cool. When air masses cool, this causes condensation and 
rainfall. It’s a process called orographic lifting. This happens in the 
Pacific Northwest. 

 � One important aspect of rainfall, however, is that rainfall patterns 
can change over time. In particular, rainfall patterns are changing 
significantly as part of global and regional temperature increases. 

 � One of the very positive things about renewable energy sources is 
that the geographical distributions of hydropower, solar power, and 
wind power are not the same. It would be a mistake to look for a 
single renewable energy source to supply all of our future energy 
needs. Each geographic region might need to predominantly tap into 
the natural resources available in that particular region. 

advantages and Disadvantages of Hydroelectric Power
 � There are many advantages to hydropower. 

 � The fuel is free, which means that the costs of generating power 
are low. 

 � Hydropower is very flexible; you can ramp power up or down in 
a matter of minutes in response to energy demands.

 � Hydropower has very low carbon dioxide emissions. The curing 
of cement in making a dam releases a large amount of carbon 
dioxide, but it is still negligible compared to fossil fuel power plants.

 � Dams are also very useful for storing water year-round for a 
variety of purposes, including agriculture, the control of floods, 
and human leisure (boating and swimming).
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 � There are also drawbacks to hydropower, almost exclusively to 
impoundment facilities and dams. 

 � There are significant geographic limitations to hydropower. You 
need a river to have a lot of water and to have a large drop, and 
there aren’t that many places that have both. 

 � Not every river can support a dam; the surrounding topography 
is also important. If the region is flat, a huge amount of land 
needs to be flooded to provide enough height on the dam to 
make the plant economically worthwhile. This displaces people 
and destroys ecosystems.

 � By far, hydropower has the greatest variability in power per area 
of any of the renewable energy sources. 

 � There are large impacts to fish and birds. Many fish, such as 
salmon, migrate up rivers to spawn. The dams block their natural 

Dam reservoir
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migration routes. This can be mitigated with the installation of 
fish ladders, which provide fish with ways of bypassing the dam.

 � There are large upstream impacts. Wetlands become flooded, 
and humans are often displaced. Silt builds up behind dams and 
has to be dredged, or it can eventually fill up the entire dam.

 � Dams also have high evaporation rates with all the standing 
water.

 � There are also large downstream effects. Water coming through 
the dam, now devoid of silt, will pick up a new load of sediment, 
and it gets this from scouring out the riverbanks and sometimes 
even the foundations of the dam.

 � The capture of sediment by the dam can also starve nearby 
beaches of sand, which would normally be dumped at the river 
delta and then distributed to beaches by shoreline currents. 
These can be mitigated somewhat by periodic openings of the 
dam to let sediments down through. 

 � There are cases where hydroelectric dams can be hazardous 
to humans. Dam failures can flood downstream communities 
catastrophically. 

 � In many parts of the world, there is an increase in mosquito 
populations (and therefore of cases of malaria, dengue fever, 
and other mosquito-carried diseases) due to the large areas of 
standing water. 

 � Another issue with dams in the tropics, particularly if they are 
shallow, is that decaying organic material can release significant 
amounts of methane, making it a larger emitter of greenhouse 
gas than a natural gas–burning plant of the same size.
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Suggested Reading
National research Council, An Evaluation of the U.S. Department of 
Energy’s Marine and Hydrokinetic Resource Assessments.

U.S. Department of the Interior, Reclamation.

Questions to Consider
1. How is a hydroelectric power plant similar to an old-fashioned 

grandfather clock from a physical perspective?

2. Unlike solar panels, why do impoundment hydroelectric power plants 
not have negligible operations and maintenance costs?



Biofuels: Biodiesel and Ethanol

Biofuels—in particular, liquid biofuels, such as biodiesel and 
ethanol—are the most rapidly growing forms of biomass energy. 
Just as the chemistry of biomass is complex, there are also many 

chemical reaction routes to take solid plant biomass and turn it into a 
liquid, such as gasoline, that has a high energy density. In this lecture, 
you will learn about a few of these routes, as well as the pros and cons of 
using biomass to generate biofuels. 

Making Biofuels
 � There is nothing new about the process of making biofuels. Humans 

have been making and drinking alcohol—a biofuel—for a very long 
time out of solid biomass, such as grapes, wheat, rice, potatoes, and 
just about anything. 

 � Fermentation is one way to make biofuels. It uses a variety of 
microbes, such as yeast, to do the work. These microbes eat the 
sugars and other carbohydrates, and they excrete the alcohol. It’s 
toxic to them; it’s their waste. But one creature’s garbage is another’s 
treasure. Fermentation is not just used for alcohol. Most of the 
ethanol that is used as an additive to gasoline, about 90%, comes 
from fermentation. 

 � Another form of biochemical conversion—meaning that we let 
some microbe do the work for us in creating the biofuel—is called 
anaerobic digestion, which involves allowing microbes to eat the 
solid plant mass without the presence of oxygen. Ultimately, this 
process takes carbohydrates, such as glucose, and breaks them into 
two parts, carbon dioxide and methane. Anaerobic digestion takes 
several steps, involving a variety of different kinds of microbes. 

 � There is nothing new about biochemical conversion—fermentation, 
etc. This is what happens to plants when they die and rot. Microbes 
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eat the rotting tree and return the carbon back into the carbon cycle. 
That’s why various species of bacteria exist in the first place.

Thermochemical Conversion and Biodiesel
 � There is another category of processes to make liquid and gas 

fuels from plant biomass, by heating, and it’s called thermochemical 
conversion. These processes take two forms: pyrolysis and 
gasification.

 � Pyrolysis involves heating the biomass, which drives off gases 
and liquids, leaving a carbon-rich char behind, such as charcoal. 
It’s different from combustion in that it doesn’t involve reactions 
with oxygen. As a result, pyrolysis is usually carried out at a lower 
temperature than combustion, about 200 to 300°C. 

 � Pyrolysis plays a big role in cooking; it is the process that grills meat 
and caramelizes onions. For the energy industry, pyrolysis can be 
used to make energy-rich solids, liquids, and gases. The solids 
include charcoal and activated carbon; the liquids include making 
methanol from wood and converting heavy petroleum into lighter 
hydrocarbons, such as gasoline. This is a process called cracking. 
This is what goes on inside a petroleum refinery. And the gases 
released can include hydrogen and methane.

 � The process of gasification takes pyrolysis a step further. Here, the 
char left over from pyrolysis is heated to much higher temperatures, 
typically about 700°C. A little bit of combustion is allowed to occur, 
by carefully controlling the amount of oxygen that gets in, and the 
products of combustion then react with the steam to form carbon 
dioxide and hydrogen gas. This combination is called syngas. 

 � There are some real advantages to this process of gasification. 
Suppose that you want to burn coal but remove the carbon dioxide, 
as part of a carbon capture and sequestration process. You can start 
with coal (or wood or other biomass), and you can use gasification 
to end up with syngas—carbon dioxide and hydrogen gas. Pull out 
the hydrogen and you have a very high-density fuel. What you have 
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leftover is the carbon dioxide, which you could potentially capture 
and sequester. 

 � For certain kinds of plant mass, you can start with a liquid and then 
process it into biofuels. If you have soybeans—or seeds like canola, 
rapeseed, or sunflower seeds—you can squeeze them to get the 
liquid oils out. You can then use this oil as the basis for making 
biodiesel, a fuel that can be used to supplement diesel fuel. 

 � However, one the attractive aspects of biodiesel is that you can 
also use recycled cooking oil and leftover animal fats as the starting 
material to make biodiesel. In 2014, biodiesel only had replaced 
about 4% of total diesel fuels in the United States, but it’s rapidly 
increasing. You purchase it as blends. The most common blend is 
B5, which is 5% biodiesel.

The liquid oils from sunflower seeds 
can be used to make biodiesel.
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Ethanol
 � Currently, the most significant biofuel is ethanol. It is generally 

purchased—at the gas station, from the gas pump—in the form of 
the E10 blend, which is 90% gasoline and 10% ethanol. There are 
other blends, but they aren’t as popular. Ethanol can be made from 
any kind of plant, but currently it’s primarily made from corn. 

 � One of the big issues with making biofuels from plant biomass is that 
it just isn’t very efficient, purely from an energy perspective. If you 
are going to use leftover cooking oil from fast-food stores to make 
biodiesel, then you probably don’t care—you would have thrown the 
stuff out otherwise. But if you’re going to grow new crops to make 
biofuels, then the efficiency is important.

 � The overall process of photosynthesis is very inefficient, in terms 
of capturing sunlight and converting it into chemical energy. The 
conversion of that chemical energy into ethanol is also not very 
efficient. 

 � You have to plow, grow, and harvest the corn, and then convert it 
to ethanol. You need tractors, powered by gasoline. You need 
transportation, powered by gasoline or coal. Corn crops tend to 
require more fertilizers, herbicides, and pesticides than many other 
crops. You have to pay for efforts to reduce soil erosion, which can 
also be bad for corn, so you might plant winter grasses to cut down 
on soil losses. And there are labor costs, machine repairs, etc. 

 � And you have to irrigate it. This is not a minor concern; you have 
to have a lot of water. One acre of corn takes a third of a million 
gallons of water to grow. It’s not just corn; it’s any form of biomass 
used to make biofuels. For much of the world, there is just not that 
much rain. 

 � Before we make big commitments to rely on biomass for energy, we 
would need to make sure we have a continuous supply of water. In 
the long term, the only real way to make this happen is to desalinate 
ocean water on a large scale and pipe it inland. However, this will be 
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expensive, and it will take energy. We need water to make energy. 
And we need energy to make water. We had better have lots of one 
of them, or we’ll have neither. 

 � A big part of the issues surrounding corn-based ethanol is that about 
40% of corn is used to make ethanol, which means that about 40% 
of corn is not available for food (human or animal, which is ultimately 
for humans). 

advantages and Disadvantages of Biofuels
 � The advantages of using biomass to generate biofuels are as follows.

 � Biomass is globally available. Mostly everybody has the ability 
to harvest crops of some type or another.

 � Biofuels involve both low and high technologies: Everyone can 
burn wood, but you can also use pyrolysis and gasification to 
make biofuels.

Ethanol plant in a cornfield
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 � Different plants can be grown in different parts of the world, 
and genetic engineering can potentially expand the geographic 
ranges of plants into new regions. 

 � There are some places, such as in the tropics, where there isn’t 
a winter, where photosynthesis can be very land efficient. You 
grow your crops year-round. 

 � Cogeneration can make the use of biomass fuels much more 
efficient.

 � Biofuels can be a great option for recycling the carbon content 
of solid and liquid wastes—to turn trash into electricity or human 
wastes into fertilizer. 

 � Ideally, biomass energy wouldn’t add to the carbon dioxide 
content of the atmosphere, because you release carbon dioxide 
when you burn it, but you absorb it again when you regrow it. 
There is a cycle.

 � With the generation of syngas from gasification, you could also 
have a means of removing carbon dioxide from the atmosphere.

 � For many countries, including the United States, ethanol has 
reduced the dependence on foreign oil. For the United States, 
this has provided a new source of income, with export sales to 
other countries, as well. 

 � There is some guarded optimism that biofuels might one day be 
made from algae. Some algae can be grown in briny water or 
wastewater and can be used to make a rich, high-energy biofuel. 
The costs are still much higher than for other biomass stocks, but 
there are some claims that the required land needed to generate 
biofuels could be considerably less than for other crops. 

 � Even if biochemicals don’t make a lot of sense for mass energy 
production, they will still be important because they can fill many 
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of the industrial roles that hydrocarbons do today—for plastics, 
pharmaceuticals, and fertilizers.

 � For some applications, we will probably always need a liquid 
fuel, and once the fossil fuels run out, biofuels will be the likely 
source.

 � There are also disadvantages of using biomass to generate biofuels.
 � Photosynthesis is an inefficient way of capturing solar energy 

when compared to technologies such as solar power. 

 � Biofuels remove nutrients from the soil, so soil fertility (and 
therefore the efficiency of the biofuels) decreases over time. The 
solution to this involves the use of fertilizers, which are currently 
very expensive and have had significant environmental impacts. 

 � Crops require a lot of water, which is becoming in short supply in 
many parts of the world. 

 � Crops for biofuels would take a lot of land, land that we now use 
for food, in doing the large-scale agricultural production needed 
for electricity or liquid biofuel production.

Suggested Reading
National research Council, Liquid Transportation Fuels from Coal and 
Biomass.

U.S. Department of Agriculture, 2008 Energy Balance for the Corn-
Ethanol Industry. 

Questions to Consider
1. Explain how syngas is made and how this process might move to be 

more environmentally friendly than other biofuel processes. 

2. Explain why corn-based ethanol will never replace the need for 
petroleum in the United States as long as cars primarily run on 
gasoline.



Geothermal Energy

Geothermal energy from inside Earth does not play nearly as big 
of a role as other renewable energy sources, nor is it likely to in 
the future. But for some parts of the world, particularly those near 

underground volcanic activity, geothermal energy will provide a steady 
supply of some amount of electricity for some time to come. Geothermal 
energy taps into the heat that’s constantly flowing out of Earth’s interior 
toward the surface. The temperature gets hotter as you go down into the 
Earth, and this heat is constantly, slowly, working its way up toward the 
surface. Sometimes we see this dramatically with volcanic eruptions, but 
for most of Earth’s surface, it occurs imperceptibly.

Geothermal Energy
 � The temperature at Earth’s center is about 5500°C. According to the 

second law of thermodynamics, heat flows from hot regions to cold 
regions. Earth’s surface is about 0°C, so heat flows from within the 
Earth outward, toward the surface. 

 � There are two main sources of this heat. Some of it is still left over from 
Earth’s formation. Early in Earth’s history, the planet was so hot that 
it was molten—certainly partially, if not completely. There were many 
sources of this early heat. A lot came from impacts of thousands of 
early planets, including the impact that formed our Moon. A lot came 
from the radioactive decay of many short-lived radioactive isotopes. 
Soon after Earth’s formation, its temperature might have risen to 
more than 7000°C, and Earth has been cooling off ever since. 

 � The second, and more important, source of Earth’s heat is the slow, 
continued radioactive decay of 4 isotopes with very long half-lives: 
potassium 40, thorium 232, uranium 235, and uranium 238. Earth 
would be a frozen cinder drifting lifelessly around the Sun through 
the near-absolute-zero temperatures of space if it weren’t for these 4 
isotopes. They’re abundant enough and have half-lives that are long 
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enough (hundreds of millions to billions of years) that they keep our 
planet on a warm simmer.

 � These isotopes are responsible for mantle convection, plate 
tectonics, volcanoes, and all of the active geology of our planet. And 
it’s the heat from the radioactive decay of these 4 isotopes that we 
tap into with geothermal energy. 

 � These isotopes are mostly concentrated in Earth’s continental crust, 
which is a relatively thin layer of rock about 40 kilometers thick. 
However, some of these isotopes are also in the mantle, which is a 
thick layer of rock about 3000 kilometers thick beneath the crust, and 
probably in the core, which is Earth’s central sphere of iron, mostly 
liquid, about 7000 kilometers in diameter.

Hot lava from a volcano
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 � If you could somehow manage to capture every joule of heat leaking 
out of the Earth, at every volcano, all across the ocean seafloor, on 
every bit of the land, you soon would not be able meet human power 
demands with Earth’s geothermal energy. But there are places where 
geothermal energy makes sense in the short term (geologically 
speaking) and where it’s inexpensive enough to be competitive. 

Using Geothermal Energy
 � Following the laws of thermodynamics, heat will conduct, traveling 

by contact, from hotter regions to cooler regions. It’s hot inside Earth 
and cool at the surface, so heat flows outward. The speed at which 
the heat flows is a function of the thermal gradient—the difference in 
temperature between the hot and cold regions.

 � For geothermal energy, we want a steep temperature slope to get a 
rapid flow of heat: the change in temperature divided by the change 
in depth. While wind arrays give us about 2 watts per square meter 
and biofuels give us about 0.2 watts per square meter, geothermal 
gives us only about 0.05 watts per square meter. In other words, you 
would need to capture all of the heat coming out of a quarter of a 
football field to power one 60-watt lightbulb.

 � That’s for typical regions, such as the middle of a continent 
somewhere. But there are places on Earth where the ground is much 
warmer because of plate tectonics—where you have magma, or 
molten rock, underground. There are places that are hot enough for 
rock to melt, and molten rock is buoyant and mobile, so it moves up 
to the surface.

 � This happens when tectonic plates pull apart, where the plates 
push together, or where there are hot spots at the surface. You 
don’t actually want to drill into the magma, because it will melt your 
drill equipment, but you want to drill near it. Lava at the surface is 
typically about 1100°C to 1200°C, so it provides a steady source of 
heat for the ground.
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 � There are also places within continents, with no volcanic activity, 
where concentrations of radiogenic isotopes are high enough that 
the heat flow is 1.5 to 2 times greater than usual. These are places 
where you naturally find hot springs—hot water within the ground 
bubbling to the surface naturally. Most hot springs are found at hot 
spots such as Yellowstone, which by itself has most of the world’s 
hot springs and geysers because it’s sitting on top of a giant magma 
chamber.

 � There are two ways that you can use geothermal energy: You can 
use the heat for heating purposes (warming water, heating homes, 
drying food, etc.), or you can generate steam in order to run a steam-
powered turbine to make electricity. Which of these you can do often 
depends on where you are.

 � Perhaps in the future we’ll have technologies that will allow us to 
directly tap into the heat of underground magma chambers, but we 
don’t know how to do that yet. So, in most places, to get a steady 
supply of geothermal heat, you need to continuously pump water 
down into the hot rock, let it heat up, and pump it back up again. 

 � But when you pump water onto something that’s hot, that thing cools 
down; the hot rocks, underground, cool off over time. So, in most 
places, there is a maximum rate at which you can withdraw the heat. 
There has to be a big enough conductive flow of heat back into the 
source region. But heat flows slowly through rock; it can take a long 
time for these cooled-off underground rocks to heat up again.

 � There are a few important trade-offs with geothermal energy. A 
steam-powered plant is more efficient at greater temperatures, so 
you want to go deeper to get hotter water. But drilling deeper is more 
expensive.

 � Also, there is a trade-off between temperature and gradient. The 
temperature gradient is shallower the deeper you go. There is an 
optimal depth at which to drill that gives you very hot water but can 
sustain a high enough volume. That depth is about 15 kilometers. 
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However, we’ve never drilled down that deep. So, for now, most 
economic power plants drill more shallowly into places that are hot. 
We find those places where we let the heat come to us—for example, 
near a volcano.

 � As of 2013, almost 12 gigawatts of geothermal power were being 
produced globally. In addition, another 28 gigawatts of heat 
were used for a variety of other purposes—residential heating, 
space heating, spas, industry, desalination, drying food, etc. Most 
geothermal energy is not used for electricity, but for a variety of other 
ways that people need heat. 

advantages and Disadvantages of Geothermal Power
 � There is a long list of pros and cons with geothermal power. The 

advantages are as follows.
 � Geothermal energy is local and doesn’t require buying fuels 

from other countries.

Natural geyser in Yellowstone National Park
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 � In large plants, the cost can be lower than 8 cents per kilowatt-
hour, which is competitive with some conventional energy 
sources.

 � Useful minerals, such as zinc and sulfur, can be extracted from 
the waters pumped up from underground.

 � Geothermal plants can be online 90% to 100% of the time. Coal 
plant units can only be online about 75% of the time, and nuclear 
plant units are only online about 66.6% of the time.

 � Geothermal creates very little air pollution.

 � Geothermal power plants don’t require a lot of land—just the 
land for the generators. All the action is underground.

 � But there are also disadvantages of geothermal power. 
 � The geothermal fluids can be very corrosive and mineral rich, 

which can both corrode pipes and clog them up with mineral 
deposits. 

 � The costs of geothermal are highly variable by site, depending 
on many cost factors but mostly on the depth of the well or wells 
drilled. Exploration costs, in particular, can be very high. Drilling 
is expensive. 

 � The fuel is free, but the pumping takes energy, and there are 
high initial capital costs. 

 � If the water isn’t injected back into the ground, then salts can 
contaminate local soils or aquifers, and the water sometimes 
contains gases, such as hydrogen sulfide, which smells like 
rotten eggs.

 � Geothermal operates at very high pressures, and there can 
sometimes be blowouts. It’s not unusual for hydrothermal wells 
to blast out tons of rock, mud, and steam into the air. 
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 � There is also a correlation between the pumping of water 
into the ground for geothermal energy and the occurrence of 
earthquakes (very similar to the pumping of fracking fluids into 
the ground). 

 � The biggest drawback of geothermal power is that there are a 
limited number of places in the world where geothermal energy 
is economically efficient.

Ground Source Heat Pumps
 � Another way of using the ground for energy, which has received a lot 

of attention and a lot of growth, is to install a shallow ground source 
heat pump (GSHP). This is not the same as geothermal power, which 
involves removing heat from deep in the ground. 

 � GSHPs are part of a central heating and/or cooling system that 
involves pumping heat into or out of the ground and can be used 
for any building, residential or commercial. You pump heat into the 
ground in summertime and retrieve it in the wintertime, reducing 
heating costs in the winter and cooling costs in the summer.

 � This relies on the fact that the ground is at about the same temperature 
year-round. Wherever you are in the world, the ground’s temperature 
is essentially an average of the winter and summer temperatures 
there. And this means that the ground is a source of heat in the winter 
and a heat sink, a colder place to dump heat, in the summer. 

 � The basis of the heat pump is a loop of refrigerant pumped through 
a vapor-compression refrigeration cycle that can move the heat from 
the house to the ground, or vice versa. The heat pump can work in 
both directions. 

 � As of 2014, there were more than 400,000 GSHP units deployed in 
the United States. Their total yield was about 15 gigawatts of heating 
and cooling—already more than the total amount of geothermal 
power generated globally. 
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Suggested Reading
Massachusetts Institute of Technology, The Future of Geothermal Energy.

rafferty, Small Geothermal Energy Systems and Geothermal Heat 
Pumps.

Questions to Consider
1. How do we fundamentally know that geothermal power could never 

meet all of our human energy needs?

2. How is a ground source heat pump similar to an air conditioner?



Energy Storage Technologies

Besides their abundance and ease of use, the advantage of the 
fossil fuels—oil, gas, and coal—is that they are energy storage 
technologies. If the goal is to replace the availability and ease 

of use of fossil fuels, then we need to replace their remarkable energy 
storage capabilities as well. Many energy storage technologies—such as 
compressed air, flywheels, thermal storage, and batteries—are getting 
cheaper, and it will be interesting to see what ends up dominating the 
market. renewable sources will be the dominant form of energy in the 
not-too-distant future, but for this to happen, there has to be a coevolution 
of high-performance, high-volume storage technologies. 

Energy Consumption and Storage
 � There are several models for how to approach energy consumption 

and storage. One is that we use energy when we get it. This is called 
demand-side management. Many industries could operate on a 
stand-by mode, running when power is available and pausing when 
it isn’t. Home devices—such as dishwashers, clothes washers and 
dryers, and hot-water heaters—could also be run at off-peak times, 
as could the charging of electric cars.

 � The second, and more standard, approach would be that a large 
generating wind or solar farm would also have some kind of 
centralized storage facility—something done on a large scale. 
Currently, that’s largely pumped hydropower. It would be used in 
conjunction with the wind or solar (or wave, or tide) to provide a 
constant supply to the user. 

 � The third approach is to do the storage at the user’s end. The power 
company gives you energy in an unsteady way, depending on your 
local energy sources. Or, you get your own energy in an unsteady 
way, such as from your own solar panels, and it’s up to you to store it 
with some kind of battery storage system.
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 � Which of these three approaches we take will depend on where we 
live in the future. People with standalone homes might be migrating 
off the grid, with rooftop solar, ground source heat pumps, and so on, 
so the home battery option would be more feasible and practical. 

 � People in cities will probably not have as many options like that. 
If you live in a large condo or apartment complex in a big city, you 
don’t have your own roof to put solar panels on, and you don’t have 
a backyard to put a ground source heat pump system into. You’ll 
probably continue to rely on centralized power and therefore want 
the incoming power to be steady. 

Energy Storage Technologies
 � In looking at the different kinds of energy storage technologies, there 

are a few important factors that have to be taken into consideration. 
There’s a trade-off between the amount of energy you can store 
and the time it takes to retrieve it. There are large variations here. 
Sometimes a great deal of power is needed over a short time; 
sometimes a low amount of power is needed over a long period of 
time. And the needs might be different at the production end and at 
the user’s end.

Most home appliances can be run at  
off-peak times to help manage energy.
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 � There are trade-offs in the speed of retrieval. The drop in supply 
of an energy source might be gradual, over months, such as the 
reduction in solar power during winter. Or, a drop in supply could 
be instantaneous, such as a sudden transformer blowout from a 
lightning strike. Different retrieval technologies would handle supply 
drops differently.

 � A big issue is always efficiency: How much energy do you lose in the 
process? We work hard to generate power. It’s obviously undesirable 
to throw it away during a conversion to another source. 

 � Currently, most stored energy is, by far, in the form of pumped 
hydropower—the stored gravitational potential energy of water. It’s a 
known technology with a high efficiency. 

 � But there are many new technologies being developed. After all, 
there are many ways to transform energy from one form into another, 
so many different ways exist to store it. This is a very rapidly changing 
area of research.

 � Mechanical energy comes in two forms: energy of motion, or kinetic 
energy, and the potential energy of position.

 � Pumped hydropower, the stored gravitational potential energy of 
water, is really just like traditional hydroelectric power but with a set 
of electric pumps that can pump water up into the dam. These dams 
can be large, and you can also put the dam wherever you want; it 
doesn’t need to be along a river, where it will disturb an existing river 
ecosystem

 � A big advantage of pumped hydropower is that it can come online 
very quickly, usually within 15 seconds. A disadvantage with all 
energy storage technologies is that you lose some energy in the 
process. But the efficiency of pumped hydropower facilities is usually 
between 70% and 85%, which is pretty good.
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 � Pumped hydropower has many of the same disadvantages as 
river hydropower dams. It loses water to evaporation, and this can 
be significant for hot, arid regions. The standing water can breed 
mosquitoes and lead to an increase in cases of malaria and other 
diseases. It takes a lot of land and will destroy whatever environment 
was there before the dam.

 � There are other ways to use gravitational potential energy to store 
energy that don’t use water: Instead of pumping water uphill, you can 
push train cars up rails, filled with rocks or scrap metal. Rock and 
metal are heavier than water, so less space is needed, and they’re 
pretty cheap. This is great for a desert region, because there’s no 
loss of water to evaporation. You can store the energy with no loss 
indefinitely (it’s very good for long-term storage). 

 � In some cases, you could dig down—not taking up a lot of land. You 
could raise and lower rocks with a pulley system; this is very low tech. 

Compressed air
 � Another mechanical energy storage system uses compressed 

air. Excess electricity pumps air into an underground chamber, 
compressing the air; this compressed air then flows back out and 
runs a turbine when you need it. 

 � The advantage is that it’s an existing technology that is easy to build 
and relatively inexpensive (if you already have a cave). And if you 
have underground salt layers, you can flush hot water into them to 
dissolve out the salt and make a cave. 

 � The disadvantage is that it’s low efficiency, and the efficiency 
decreases the more you use it: When air is compressed, it gets 
increasingly hot, and the hotter the air is, the faster it loses its heat 
to the walls of the cavern. However, newer technologies are finding 
ways to store the heat with better insulation.
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Flywheel Energy Storage
 � You can also store kinetic energy using flywheel energy storage 

(FES). These are large spinning cylinders of substantial mass that 
are spun up to store excess energy. When the energy is needed 
back, you spin the flywheels back down again. These things spin 
unbelievably fast. You need very special materials with incredible 
strength, usually carbon fibers, so that they don’t crack and fall apart.

 � The advantage of these flywheels is that you get nearly immediate 
retrieval of energy if it’s needed quickly, and the efficiencies are 
very high.

 � Flywheels are very expensive, per megawatt, and there’s always 
a risk that they could explode and fly apart violently if something 
breaks.

Thermal Storage
 � Another very different approach to storing energy is through storing 

heat. Thermal energy. For example, concentrated solar power with 
mirrors can heat a material such as liquid salt or oil, and that heat 
can be retained during the night to continue to heat water and make 
steam to generate electricity. 

 � The big issue here is insulation. You have to make sure that you 
don’t lose that heat—that it doesn’t conduct away and heat the 
surrounding air or ground.

 � There are seasonal thermal energy storage technologies that can 
store heat underground in an aquifer, borehole, or cavern for longer 
durations, such as over a winter. This can be done on a residential 
scale with ground source heat pumps. Pumped-heat electricity 
storage also can be done on a commercial scale using large vessels 
filled with crushed rock to store the heat. 

 � Another approach to thermal energy storage is to change the state 
of a material. For example, with cryogenic energy storage, off-peak 
electricity can be used to make ice. This can then provide cooling 
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during the day when you let the ice absorb heat and melt again, 
replacing the need for air-conditioning. 

 � A creative way of doing cryogenic energy storage is to use excess 
electricity to cool and liquefy air (mostly nitrogen) and then let it warm 
and expand to drive a turbine to get it back. It’s pretty efficient, and it 
just uses the air. 

Batteries
 � Batteries are one of the oldest ways of storing energy. They now 

take many different forms with many different chemicals, and many 
different chemical compositions are being explored (lithium ion, 
lithium iron phosphate, sodium-sulfur, vanadium, etc.).

 � Most batteries work on the basic idea that as some chemical reaction 
occurs, electrons preferentially flow in one direction, from the 
negative terminal (anode) to the positive terminal (cathode), creating 
an electric current. At the same time, positive ions (usually hydrogen 
nuclei—protons) move from the cathode to the anode through 
some kind of material that we call an electrode (if it’s solid) and an 
electrolyte (if it’s liquid).

 � When a closed circuit is made and the electrons can flow, the 
chemical reaction occurs naturally, and you get work from the electric 
current to power your lightbulbs, run your motors, etc. 

 � In rechargeable batteries, you can also put energy into the system 
to force the chemical reaction to go back the other way, driving the 
electrons back to the anode, storing energy until you need it again.

 � The big advantage of batteries is that they can supply large amounts 
of power for short periods of time, their efficiencies are very high, and 
in many cases, now they can be discharged and recharged over and 
over, thousands of times.

 � The disadvantages are that they can be expensive and sometimes 
high maintenance, they require mining and refining many metals 
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rechargeable batteries
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(some of which are expensive and hard to come by), and they 
have limited lifetimes. In other words, their efficiencies will drop off 
somewhat over time as you keep discharging and recharging them.

Suggested Reading
U.S. Department of Energy, Energy Storage.

———, Grid Energy Storage. 

Questions to Consider
1. Pumped hydrologic energy is currently the predominant form of 

energy storage. Explain why this might not be the best option for 
some parts of the world.

2. Explain how electric cars might someday help ease the transition to 
renewable energy sources for electricity.



Energy Needs for Transportation

Transportation is a huge part of our global total energy consumption. 
Because this is likely to increase as more and more parts of the 
world become industrialized, this poses significant challenges for 

our future energy scenarios. A big reason for this is that vehicles are 
mobile, so not all energy sources will work for all modes of transportation. 
As a result, transportation energy has traditionally been supplied almost 
entirely by fossil fuels because of their high energy density, their mobility, 
and the efficiency of the internal combustion engine. As fossil fuels 
become more expensive, however, and energy storage technologies and 
electricity become less expensive, the market will continue a drive toward 
other technologies.

The Efficiency of Motor Vehicles 
 � With advances in technology and the continued incentives to save 

money by using less fuel, as well as government regulations, in 
some cases, nearly all modes of transportation have been becoming 
more energy efficient. 

 � Cars are a very good example. The efficiency of motor vehicles 
was fairly flat between the mid-1980s and mid-2000s but has been 
significantly increasing since then. 

 � Some of the improvement in U.S. gas mileage has been driven by 
government regulations. By the year 2025 in the United States, new 
cars and light trucks need to reduce their average fuel use by about 
40% and carbon dioxide emissions by 50%. And there will be penalties, 
a so-called gas-guzzler tax, for new cars sold that get poor mileage. 

 � One way that fuel economy is improved is by reducing the weight—
replacing steel with lighter and stronger composite materials that 
often include carbon fibers. Additional increases in fuel efficiency 
come from efficiencies in engine design, the aerodynamics of the 

Le
ct

ur
e 

20



The Science of Energy: resources and Power Explained146

body design, and on-board computers that make sure that the engine 
is firing properly with the right mixture of fuels. 

 � There are several important factors that contribute to the fuel 
efficiency of moving vehicles. For short distances, the energy mainly 
goes into acceleration—getting a car to speed up. And that energy 
primarily gets lost to heat during braking. So, for short-distance 
travel, you can reduce energy loss by using the following tactics.

 � Having your vehicle weigh less (less inertia to resist accelerating 
or decelerating).

 � Going farther between stops (smart, timed lighting systems in 
cities or having roundabouts in roads can save lots of energy).

 � Accelerating more slowly.

 � Driving cars with regenerative braking, which captures some 
of the energy when you slow down, such as the brakes of 
hybrid cars, which put some of the energy back into the battery. 
Otherwise, it just goes into heat loss in your brake pads.

 � For long distances at a steady speed, most of the energy goes into 
air friction, making the air swirl behind the vehicle. In this case, 
energy can be saved by using the following tactics.

 � Moving slowly.

 � reducing air friction by making vehicles long, thin, and smooth. 

 � The most important thing here is air friction. Fuel efficiency drops 
rapidly with increased speed. The United States could save 
substantial amounts of energy if it lowered speed limits. 

Comparing Different Modes of Travel
 � Public transit is very efficient, especially electric public transportation, 

if it’s used well. We could save a huge amount of energy (and money) 
with greater use of public transportation.
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 � Electric trains can require less energy than any mode of travel, 
private or public, even less than biking and walking. They range from 
50 to 300 joules per meter per person, depending on the kind of train 
and if all seats are taken.

 � Buses typically need 200 to 700 joules per meter per person, 
assuming that all seats are filled.

 � Electric trolleybuses need about 250 joules per meter per person, 
assuming that all seats are filled.

 � If you’re on your own, bicycling is about the most energy efficient 
way you can travel. It still uses energy—you have to eat food to 
get the chemical energy to push the pedals. It requires about 100 
joules per meter traveled (for a 140-pound person cycling 10 miles 
per hour). The numbers are variable; they also depend on what you 
eat for food.

Commuters on an electric train
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 � Walking needs about 200 joules per meter (for a 150-pound person 
walking at 2.5 miles per hour).

 � A typical car (getting 25 miles per gallon) needs 3000 joules per 
meter (or 750 joules per meter with 4 passengers).

 � A hybrid car (getting 50 miles per gallon) needs about 1500 joules 
per meter (or about 400 joules per meter with 4 passengers).

 � An electric car can require as low as 500 joules per meter (or 
125 joules per meter with 4 passengers, which is about the same 
efficiency as bicycling). This is 4 to 6 times more efficient than gas-
powered cars.

 � Other forms of travel use a lot more energy.
 � A full 747 jet consumes 1500 joules per meter per person.

 � A full hovercraft consumes 2500 joules per meter per person.

 � A full ocean liner consumes 3400 joules per meter per person.

 � A full helicopter or Lear jet consumes 5400 joules per meter per 
person.

 � A Jet Ski consumes 18000 joules per meter per person. 

Electric Cars
 � Currently, the fastest growing form of car is the electric car. There 

were more than 700,000 on highways in 2014, which is a 75% 
increase over the year before (including both electric vehicles and 
plug-in hybrids). 

 � The low energy needs of electric cars are largely because of the 
high efficiencies of rechargeable batteries. For example, lithium-
ion batteries have very high energy densities. They’re costlier than 
other batteries, but they can be discharged and recharged many 
thousands of times with just a small drop in efficiency.
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 � Hybrid cars (about 90% of them) tend to use a different kind of 
battery, nickel-metal hydride, which is less expensive but has a lower 
energy density, and therefore is larger and heavier. 

 � In examining the energy efficiency of an electric car, you have to 
take into account not just the efficiency of the batteries, but also 
the original source of the energy. If it’s coal or nuclear supplying 
the electricity, then you have to reduce the efficiency by 2/3, 
because coal or nuclear is only about 35% efficient. But once you 
have electricity, the grid-to-motor efficiency is about 75%, which is 
very good. For the separate components, the motor and drivetrain 
are 90% efficient; the inverter is 95% efficient; the battery is 93% 

Charging an electric car
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efficient; and the charger is 95% efficient. Multiply these together, 
and you get 75%.

 � If you take into consideration the source of the electricity, electric 
cars are still more efficient than gas-powered cars. Electricity 
transmission is 93% efficient (on average). The efficiency of power 
plants range from about 35% for coal/nuclear to 60% for natural gas 
combined cycle. Combined with the 75% for the car itself, that gives 
total energy efficiencies of 24% to 42%.

 � On the other hand, a conventional car gets an efficiency of about 
15% of the energy of the gasoline for the actual running of the car. 
So, even in the worst case, electric cars are still much more energy 
efficient than conventional cars.

Hydrogen Fuel Cells
 � An entirely different competing technology for cars is that of hydrogen 

fuel cells. Hydrogen is not a source of energy (there is no place on 
Earth you can go to mine hydrogen), but there is an endless supply 
of it within water, and it has a very high energy density. 

 � You get hydrogen by using some form of energy (such as electricity 
or heat) to isolate hydrogen out of water. This means that hydrogen 
is really a storage technology. Once the hydrogen has been isolated 
out of water, it can then be burned as is, converted into hydrocarbons, 
or converted back into electricity. It’s therefore a flexible mechanism 
for the conversion and transportation of energy.

 � Energy can be converted into hydrogen gas in two major ways: 
steam reformation and water electrolysis. Once you have isolated 
the hydrogen, it can then be compressed and transported, and then 
used in hydrogen fuel cells for cars. In a hydrogen fuel cell, the 
reverse of hydrolysis happens. The hydrogen and oxygen combine 
to make water, driving an electric current the opposite direction. 

 � There are problems with hydrogen fuel cells. The process is 
inefficient. The hydrolysis can be about 70% efficient. The 
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compression of hydrogen gas is about 90% efficient. The fuel cell 
can be about 60% efficient. When you multiply these together, that 
gives you a total efficiency of 38%, but if you combine it with the 
generation of the electricity used to carry out the hydrolysis, this now 
gives efficiency ranges of 12% to 21%. 

 � This is not much different than the 15% to 20% efficiency for gas/
diesel engines and much less than the efficiencies for electric cars.

 � There’s also no existing infrastructure for hydrogen (its generation, 
transportation, and distribution) the way there is for gas or electricity. 
An entire hydrogen infrastructure would have to be built up from 
scratch. This is not impossible to do, but the costs would be high.

 � There are also some safety concerns with hydrogen. Hydrogen is 
the most difficult material to contain (hydrogen gas molecules are 
smaller than anything else), so leaks will always occur, and that 
could be dangerous. These leaks also will cut into efficiency.

Suggested Reading
Davis, Diegel, and Boundry, Transportation Energy Data Book.

National research Council, Transitions to Alternative Vehicles and Fuels. 

Questions to Consider
1. In assessing the energy efficiency of mass transit systems (such as 

buses, trains, and passenger planes), what assumption is usually 
made? From your own experiences, how valid is that assumption?

2. What do you think will be the essential factor that determines whether 
electric cars or cars driven by hydrogen fuel cells will become the 
dominant mode of personal automobile transportation?



Energy Efficiency: Technologies  
and Trends

There are many things that we can do, now, to reduce our energy 
consumption: some of them high-tech, by improving technologies, 
and some of them very low-tech, by changing our habits. But this 

requires changing human systems—how we go about doing the basic 
actions of our lives—and this is sometimes more difficult than changing 
technologies. Because we use energy in many different ways, this lecture 
will break out the energy use by sector in order to examine where we 
could make things more efficient. 

Industry
 � According to the U.S. Energy Information Administration, in 2014, the 

United States used 32% of its energy for industries of all kinds, 28% 
for transportation, 22% for homes and other residences, and more 
than 18% for commercial buildings. These percentages are different 
for each country. For example, globally, the amount of energy used 
for industry is less than in the United States.

 � Techniques used to carry out manufacturing, agriculture, and all 
forms of industry continue to get more efficient over time (because 
it saves money). However, there are some areas where a lot of 
improvement is possible.

 � In the United States, most manufacturing is in the areas of fossil 
fuel products (33%) and chemicals (24%). This work is mostly done 
either with direct fuels (mostly coal and natural gas) or electricity. 

 � Manufacturing primarily uses direct fossil fuels for heating processes, 
making steam, cogeneration, combining heat and power, and heating 
and cooling the workplace facilities. 
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 � Manufacturing primarily uses electricity for operating machinery, 
cooling processes, electrochemical processes, and lighting in the 
workplace. 

 � Because newer metal alloys can now sustain higher temperatures, 
by replacing old machine parts with newer high-temperature alloys 
and building new plants out of them, we can significantly increase 
efficiency of industrial processes and reduce total energy costs. 

 � Another general approach to increasing the efficiency of industrial 
processes is cogeneration: multipurposing your energy. You don’t 
waste the output heat of the cold sink but, rather, use it for some 
other industrial purpose. This is an obvious way to reduce energy 
costs, but it still isn’t doing nearly enough, and there are a lot of 
savings that could be made here.

 � Another important factor is the time of day. The time of day that a 
fossil fuel source is used doesn’t matter, but it does for electricity, 
where peak electricity occurs during the daytime. Electricity supplies 
30% of the energy for industry, including driving machinery. If some 
aspects of the industry are not time sensitive and can run when 
electricity is abundantly available, then a lower regional base load 
is required, or a greater percentage of variable renewable sources, 
such as wind and solar, can be used.

Transportation
 � Reduce the amount of flying we do. Flying is easily the largest 

personal energy sink (and carbon sink) for people, especially people 
who travel a lot for work. It’s not likely for passenger flights to become 
much more energy efficient than they are. 

 � Teleconference whenever possible. Use web tools to meet in a virtual 
space instead of a physical space. New 3-D video helmets are now 
being mass-produced, and this is a great thing to use them for (not 
just video games). If we eliminate most in-person business meetings, 
we will save incredible amounts of energy.



The Science of Energy: resources and Power Explained154

 � Bicycle whenever possible. You’ll live longer (it’ll keep you in shape). 
Cycling is the most energy-efficient mode of travel. 

 � Use public transportation when possible. Electric trains, trolleys, and 
buses are all much more energy efficient than driving cars—but only 
if they’re more than half full.

 � The message in terms of energy efficiencies is to drive electric cars. 
Even if your electricity now comes from coal or gas, it’s still much 
more energy efficient than running on gasoline or ethanol. Very soon, 
electric cars will be as cheap or cheaper than internal combustion 
engine cars. 

 � If the process of carbon capture and sequestration can occur at coal 
or gas power plants, then the huge carbon footprint of driving can 
also be greatly decreased. 

Teleconferencing can reduce the need for 
transportation, thereby saving energy.
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 � Battery technologies are still very young and continuing to improve, 
and as they do, the energy consumption of driving will continue to go 
down. 

 � All cars in the future should have regenerative braking to capture the 
energy lost from decelerating.

 � For whatever kind of car people are driving, it’s estimated that a 15% 
efficiency increase can easily be obtained just from stopping and 
starting more efficiently. Acceleration takes up most of the energy 
during city driving, and accelerating quickly greatly increases your 
energy use.

 � All cars should have readouts that show fuel consumption, second 
by second, in terms of dollars spent. 

 � Keep your car tuned up. An improper air intake oxygen sensor can 
decrease mileage by up to 40%. Dirty air filters can also decrease 
mileage.

 � Use the correct motor oil, and keep your tires fully inflated. Every 3 
pounds per square inch below the proper pressure decreases your 
gas mileage by about 1%. 

 � As a mode of travel, from an energy perspective, Jet Skis should be 
outlawed.

Homes and Other Residences
 � residential energy is used for a lot of different things, including home 

heating, water heating, cooling, lighting, refrigeration, electronics, 
dishwashers, cooking, and computers.

 � The average U.S. home uses more than $1300 in electricity per 
year—and much more for large or old homes. The average annual 
U.S. home heating bills are about $700 if you use natural gas and 
almost $1000 if you use electricity. 
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 � The total heating and cooling needs are 43% of home energy costs. 
Much of this is because of the inefficient construction of walls, 
roofs, doors, and windows. It is difficult to significantly improve 
the thermal insulation of an old house, but any investment that is 
done improving insulation (fiberglass in the attic, thermally efficient 
windows, etc.) is usually obtained back in lower energy costs in a 
small number of years.

 � Homes could save significant amounts of energy if they used heat 
pumps for both heating and cooling. Heat pumps are up to 4 times 
as efficient or more as both thermal heating with gas (water or steam 
radiators) and heat from electricity. 

 � Plant trees around your house. This greatly cools your house during 
the summer and slows down winds—which are responsible for 
whisking away a lot of your home’s heat—in the winter.

Set your thermostat high in the summer and low in 
the winter to save energy and reduce costs.
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 � Caulk around windows and put weather stripping around doorways 
to reduce airflow in and out of your house for the summer as well as 
winter. 

 � Use solar films on windows that face the Sun in the summer. Blinds 
are okay, but you want to keep the sunlight from getting into the 
house in the first place. 

 � Change your air filters regularly on all heating and cooling air 
handlers.

 � Keep your thermostats set higher in summer and lower in winter. 
On average, each degree that you set your thermostat higher in 
the summer takes about 3% off your cooling costs. Use smart 
programmable thermostats that reduce heating or cooling when you 
aren’t at home. 

 � replace your old lightbulbs, and get in the habit of turning off lights 
whenever you leave a room. Install lighting dimmers; you don’t 
always need all of your lightbulbs at their full brightness.

 � Beware of phantom loads on electronics: 75% of electricity for home 
electronics is consumed when they are not on and being used. Most 
of this is in just a few devices that are very big phantom load users—
in particular, laptops and printers. 

 � New homes should be designed with energy savings as a prime 
criterion (windows, airflow, rooftop solar, etc.). It will increase the 
up-front construction costs, but documentation of the significant cost 
savings can help get people over the sticker shock. 

 � recycle. recycling reduces the need for increased mining for 
aluminum or the cutting down of trees, but it also greatly reduces 
energy consumption. It’s also a revenue stream for your town and 
might even decrease your local taxes. 
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 � Be aware of the lifetime of objects. In general, try to avoid disposable 
items. 

 � When you can, purchase locally and seasonally. It takes a lot of 
energy to fly in cherries from Chile. Eat less packaged food; that 
packaging takes a lot of energy to make (it’s mostly made from 
petroleum).

 � Don’t buy water from other countries. The energy costs are huge, 
and the odds are that your water is better anyway. 

 � Eat more vegetables. Every time you go up a trophic food level, you 
greatly increase the total energy needed for consumption. 

 � Eat what you buy. Americans throw out about 40% of their food, 
adding more than 30 million tons of garbage to landfills. 

Commercial Buildings
 � Energy used by commercial properties and towns is very similar to 

personal residences. The big difference is that the single largest use 
of energy for commercial properties is lighting—about 26%—largely 
because lights are often left on at full levels during the night, even if 
no one’s there. 

 � This could be greatly reduced by installing motion sensors that turn 
lights off or put them on a low dim (or switch to a low-energy lighting 
system) when no one is there.

 � Streetlights are a huge energy sink and a big source of light pollution. 
All streetlights should be switched to downward-pointing lights and 
could easily run off of solar panels and batteries. 

 � There are also important decisions that municipalities can make 
concerning recycling and trash. There are still many parts of the 
United States, largely in the Southeast, that don’t do recycling. As a 
result, they also have many more landfills. 
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 � It is important for all towns and cities to have well-thought-out 
municipal solid waste plans.

 � recycling is an energy-saving activity.

 � Some places (such as Sweden) also burn the trash for energy.

 � Some places capture biogas from the decay of organic materials 
in landfills. 

 � Some places even process brown water waste into fertilizer. 

 � There is a tremendous amount of energy in everything that we throw 
away, or flush away. Reusing and recycling this energy requires 
planning and decision making on a municipal level. Fortunately, it is 
becoming increasingly profitable to do these kinds of things, so the 
amount of energy recycled continues to increase in developed and 
developing countries.

recycling saves energy.
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 � Become energy mindful. It might seem that you have no effect on the 
big picture of things, because there are just so many other people, 
but this is exactly the point. When you multiply your actions by more 
than 7 billion people, the impact is enormous. 

Suggested Reading
International Energy Agency, Transition to Sustainable Buildings.

National research Council, Real Prospects for Energy Efficiency in the 
United States.

Questions to Consider
1. There is a vast array of ways to make energy systems more efficient. 

Why is it unlikely that all of them will ever be implemented? Over 
time, do you think that more or less of them will be implemented?

2. Why are regenerative braking systems more important for city driving 
than for highway driving?



Energy Sources: Economics and Politics

Energy is the foundation of human civilization; it’s the basis of our 
standards of living. We’re not prepared to risk going without it, so 
energy will always be a central focus of economics and politics, 

at both national and international levels, for the whole world. This 
lecture will outline some of the major economic and political forces that 
have shaped the development of energy resources in the past and will 
continue to do so in the future. 

The Economics of Supply and Demand
 � The economics of supply and demand can affect energy development 

in several different ways. When there’s a strong demand for a source 
of energy that begins to outstrip the supply, the price of that resource 
can go up. But this creates a negative feedback, lessening the 
demand for the resource, pushing the price back down.

 � This can occur either because of an increase in the demand, such 
as for natural gas during an extremely cold winter, or a decrease 
in supply, such as the Organization of the Petroleum Exporting 
Countries (OPEC) reducing their exports. 

 � However, the price of a technology can also fall if there is a 
greater demand and more units are sold. For example, the cost 
of photovoltaic panels steadily dropped as more units were mass-
produced and more commitments were made toward research and 
development.

 � A huge economic factor for energy resources is the marginal cost of 
oil production. For any petroleum resource or resource technology, 
the marginal cost of oil production is the point below which it 
becomes uneconomic to bring new oil projects to market. Above the 
marginal cost of production, oil can be extracted and sold at a price 
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that will return to investors an acceptable after-tax capital return 
(adjusted for risk).

 � The effect on the development of other energy technologies is 
huge. When oil rose to more than $100 per barrel, the low-grade 
oil sand reserves of Canada and Venezuela became economically 
retrievable. But in the same manner, when the price of oil fell below 
$40 per barrel in 2015, these reserves were no longer profitable, and 
associated industries were hit with large financial losses.

 � There is also a large effect on other commodities and industries, but 
in just the opposite way. If the cost of oil goes up, energy industries 
are booming and their stock values are high, but everything else 
gets hit hard. If fuel prices go up, then the cost of business goes up. 
Manufacturing becomes more expensive. Commodity prices go up. 
Travel, especially air travel, becomes much more costly. 

 � But when fuel prices go down, people have more money to spend, 
because they aren’t paying as much to feed their cars, and some of 
that money goes back into the economy. Industry pays less for fuel, 
so it enjoys higher profits, or it can lower its prices, increasing sales. 

 � However, the effect on consumer habits can be complicated. When oil 
prices go down and people pay less for gasoline, they end up driving 
more, using more gasoline, which drives up demand somewhat and, 
to some degree, the price of oil. This is an example of a negative 
feedback process.

The Politics of Energy
 � Another realm of significant influence on the development of energy 

technologies is that of politics. Governments can choose to let 
market forces govern everything, or they can step in and influence 
the directions of energy development. 

 � Governments usually have less influence than you might think they 
do. For example, governments can’t really affect the cost of gas at 
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the pump all that much, even though they often get the credit or the 
blame for whatever happens.

 � But there are many things that governments can do. Governments 
can levy taxes—on production, consumption, and the import of 
equipment from other countries. Governments can affect consumer 
confidence. They can affect trade agreements, or not. They can 
choose to start wars and interact with other nations in a variety of 
different ways.

 � Governments also can set policies through legislation that provide 
either incentives or disincentives for a variety of different actions. This 
can importantly shape the country’s energy policies and directions.

 � Incentives that governments put forward can take the form of tax 
credits (such as for homeowners to better insulate their homes or 

Governments can’t influence the cost of gas for 
your car as much as you might think they can.
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install rooftop solar panels) or subsidies (such as those given to corn 
farmers to encourage them to grow corn for ethanol).

 � In 2015, the International Monetary Fund (IMF) determined 
that global subsidies for energy sources, internationally, are 
$5 trillion every year. These were mostly in the form of post-tax 
subsidies from the failure to adequately account for the costs of 
environmental damage (1/4 of this is from climate change, and 
most is from pollution).

 � The largest subsidies (more than half of the total) are for coal, given 
its high environmental damage. Of the pre-tax subsidies (more than 
$500 billion), the largest are for the petroleum industry. 

 � The fiscal, environmental, and welfare impacts of reforming energy 
subsidy practices are potentially enormous. The IMF report estimated 
that eliminating post-tax subsidies in 2015 could raise government 
revenues by $2.9 trillion, cut global carbon dioxide emissions by 
more than 20%, and cut premature deaths from air pollution by 
more than half. Even allowing for the higher energy costs faced by 
consumers, this action would raise global economic welfare by $1.8 
trillion each year.

 � In addition, there’s a very strong benefit for countries to cut back 
on these subsidies to coal and oil. Most of the negative impacts 
(to health and the environment) are local (as opposed to global 
phenomena, such as global warming), so it’s in countries’ own best 
interests to do this.

 � Governments can also provide disincentives for certain energy 
industries. For example, financial penalties were established with 
breaking laws like the Clean Air and Clean Water Acts. Unfortunately, 
these financial penalties are often very small, and it’s often more 
financially profitable for companies to continue practices as usual 
and just pay the fines. 
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 � There are also often special exemptions from federal regulations 
provided to energy industries. The oil and gas industries have 
benefited from exemptions to 7 different federal environmental laws.

 � While these are different from direct subsidies, they do equate to real 
money. Other industries have to pay for factory upgrades to meet 
these federal laws, and by making the fossil fuel industries exempt 
from parts of them, these industries save large amount of money that 
other industries have to spend. The result is the large post-tax costs 
for health and environmental damage. 

 � A form of government disincentives for individual consumers is that 
of luxury taxes, which place a financial load on the individuals who 
use excessively large shares of energy, such as with yachts or big 
cars with low gas mileage.

 � The government can push forward lawsuits to penalize companies 
that significantly break environmental laws. But it’s often very 
difficult to put a dollar value on environmental damage. For low-level 
sustained pollution from fossil fuel industries, it’s almost impossible 
to compute the dollar costs of the actual impacts. 

International Politics and Interactions
 � Another important area of external influences on the economics of 

energy resources and technologies is that of international politics 
and interactions. This can range from international agreements to 
trade deals, and even to wars.

 � The international trade of fossil fuels is a multitrillion-dollar business. 
Sometimes this occurs on a one-on-one basis, such as the U.S. 
purchase of hydroelectricity from eastern Canada and crude oil from 
western Canada. 

 � In other cases, there are large international cartels that control trade, 
setting production quotas and therefore controlling prices. The most 
notable example is OPEC, of which 12 countries are members. In 
general, if OPEC reduces production targets, international oil prices 
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go up—which has multiple impacts on other energy industries and 
global economies.

 � Governments also can enforce trade tariffs or embargoes. A country 
might want to give its own industries a chance to compete with 
industries from other countries through the use of tariffs on foreign 
imports. In some cases, countries can try to “dump” inexpensive 
products below their true cost in order to dominate the market share 
of that product.

 � Governments also can try to influence or penalize other countries 
because of other actions they have taken through energy-related 
sanctions and embargoes. For example, the United Nations Security 
Council, as well as the United States and the European Union, had 

Flags of the 12 countries that are 
members of OPEC
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placed a long list of sanctions against Iran because of their nuclear 
industries, which were close to becoming capable of making a 
nuclear bomb. These sanctions were very harmful to Iran’s economy 
but also impacted global economies by limiting petroleum supplies. 
Iran has a lot of oil. 

 � A big motivation for the 2015 Iran nuclear deal (the “Joint 
Comprehensive Plan of Action”) was the lifting of embargoes on Iranian 
oil. Iran got to sell it again, and other countries got to buy it again. 

 � But the main motivation for the 2015 Iran nuclear deal was to try to 
avoid fighting yet another war in the Iran and Iraq region. The U.S. 
has been involved with conflicts in this region for more than 60 years. 
The U.S. involvement in this region began because of oil interests, 
and that has been an important factor ever since. 

 � There are large economic impacts of these conflicts. The largest 
two spikes in world crude oil prices occurred because of oil-based 
conflicts in the Middle East. These conflicts also come with a big 
national financial cost, and sometimes there are huge environmental 
costs of these oil wars. 

Suggested Reading
International Monetary Fund, How Large Are Global Energy Subsidies?

Nye, Consuming Power.

Questions to Consider
1. Explain why a transition to wind and solar power is likely to lessen 

the number of international wars and conflicts.

2. What do you think is the best way to account and pay for the large 
hidden costs for fossil fuel energy, which several studies find to be 
much more than the market costs of the fuels?



Probable and Possible Future  
Energy Sources

This lecture will examine some current trends and technologies and 
address some possible and probable advances that could happen 
in the areas of energy resources. This isn’t just idle speculation, 

because among the energy decisions we need to make is to decide what 
future energy technologies to invest in, on both political and economic 
levels. Each of the energy technologies that we’re currently enjoying took 
research and development, with some combination of government grants 
and loans and capitol investment from the private sector. 

Tidal Energy
 � Tidal energy is based on the rise and fall of the ocean sea level. 

In most places on Earth, the tides are too low to be useful for tidal 
energy; they’re just a few feet. However, in certain locations, the 
amplitudes of the tides can get very large if the times required for 
water to flow in and out of a bay are close to being in phase with the 
tidal period of 12 hours and 25 minutes. This is called tidal resonance.

 � Tidal power is usually generated in one of two ways: tidal stream 
generators or barrages. These are analogous to the run-of-the-river 
and dammed hydropower methods, respectively.

 � With tidal stream generators, you have water turbines below the 
surface of the water, and they spin as the water flows through them. 
An efficient version of this is a shrouded turbine, which puts the 
turbine inside of a constricting collar. This creates a low-pressure 
region behind the turbine that pulls water through the turbine at a 
much higher speed.

 � The other general class of tidal power generators involves barrages, 
where a dam impounds water first in one direction and then in the 
opposite. This is basically like a hydroelectric dam, only the water 
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can be dammed up in either direction, depending on whether the 
tides are going in or out. 

 � In theory, tidal energy could be captured on a much larger scale using 
tidal lagoons. This would involve constructing large jetties that are 
tens of kilometers in length. These jetties would partially block the 
flow of tidal currents along coastlines and could generate electricity 
as the water tried to flow through the barriers. 

 � One big problem with tidal energy, unlike with river hydropower, is 
that it’s only useful about 40% of the time. When the tides reverse, 
the water flow rate goes to zero, so 4 times a day you get no power 
for a while. 

 � The total global tidal energy potential is only about 100 gigawatts. 
For some places, it has a large potential. 

Wave Energy
 � Wave energy actually has a much larger global potential than tidal 

energy. Ocean waves generate more than 2.5 terawatts of power 
around the world’s coastlines. Much less than a terawatt could ever 
be practically obtained, and the cost is much higher compared to other 
renewable energy sources, but there is substantial energy there.

 � When you’re floating in the ocean, there’s a complicated rolling 
motion that you follow as a wave passes you, both up and down and 
back and forth. As a wave comes, you go down, back (away from 
the shore), up, and forward. Devices are being designed that can 
capture the energy from either of these motions—back and forth or 
up and down. These devices require a place with tall waves. And if 
it’s a quiet day and you have no waves, you get no energy.

 � Wave energy has many challenges, including corrosive sea salt, 
damage from storms and hurricanes, and hazards to fishing and 
boats, and right now the costs for wave power generators are far too 
expensive compared to other renewable energy sources. 
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 � But wave power has the very big advantage that we don’t live in the 
waves. At some point in the future, when human populations are 
much bigger and every bit of land is spoken for, wave energy might 
provide a nice addition to our energy budget.

Wind Energy
 � The ocean also provides the largest resource for wind power, by far. 

Winds are strongest and most consistent out at sea, where there 
are no hills or trees to slow them down. There conceivably could be 
large rafts of wind turbines anchored to the seafloor and connected 
to coastlines by underwater cables. They would be more expensive 
to build and repair, and susceptible to large ocean storms, but there 
is a vast resource of energy there.

 � For wind energy, another technological breakthrough will be getting 
off of Earth’s surface: putting floating helium-filled balloons or kites 
with wind turbines up high into the air, where wind speeds are much 
faster and more consistent. 
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Methane Gas Hydrates
 � A new set of technologies will be needed to extract the largest 

remaining hydrocarbon source: offshore methane gas hydrates, or 
methane clathrates. In fact, this might be the hydrocarbon mother 
lode. It’s possible that there is more methane available in offshore 
methane gas hydrates than in all of the world’s other forms of natural 
gas combined. 

 � When methane gas mixes with water at lower temperatures and high 
pressures, it will form ice. 

 � An enormous amount of methanogenic bacteria live in ocean 
sediments, munching on organic debris and releasing methane.

 � The advantage of the offshore frozen methane hydrates is that they 
are very dense. They also don’t go very deep below the sea surface. 
And there seems to be a lot of them. 

 � The disadvantage is that it’s difficult to get them up out of the ocean 
seafloor. It takes a lot of heat to melt ice. If you wanted to heat the ice 
to let out the trapped methane, you would have to add a lot of energy, 
reducing the efficiency and the economic value. Also, the sediments 
tend to be fine-grained, unconsolidated, and low permeability, so you 
couldn’t just drill down into one location and pump it out—you would 
need lots of wells. 

 � You might be able to dig them up, but the hydrates are mixed in with 
the silty sediments, so they’re spread out over a wide depth. You’d 
need to dig up a lot of mud. And once you started to bring them up, 
they’d no longer be stable and would start bubbling as they turned 
into methane gas, so you’d need some way to trap them. 

 � Methane is a powerful greenhouse gas, so any loss of methane 
while trying to mine it could accelerate global warming. If we could 
figure out how to remove the methane without seriously disrupting 
the seafloor and accelerating global warming, this could significantly 
extend the lifetime of the natural gas industry. 
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Nuclear Fusion
 � Nuclear fusion is the fusing of small atomic nuclei together to form 

larger nuclei and, in the process, release energy. The fusion reactions 
that occur within the core of the Sun fuse hydrogen together to make 
helium, releasing a vast amount of energy in the process. This is 
the process that we are trying to capture—to control for ourselves. 
It could generate absurdly large amounts of energy, right from the 
hydrogen atoms of seawater. 

 � We’ve been carrying out fusion reactions for more than 50 years, 
using a variety of technologies, but we just can’t manage to get more 
energy out than we put in. 

 � The problem is that the hydrogen atoms need to hit each other 
with enormous amounts of energy to overcome the natural 
electromagnetic repulsion of the positively charged protons. Once 
they are smashed hard enough, the strong nuclear force will take 
over and they’ll fuse, but the strong nuclear force only operates over 
very short distances, so high energy levels need to be reached. 

 � To do this, you either need very high pressures or very high 
temperatures, and preferably both. This strips the electrons off of 
the hydrogen nuclei creating plasma, which is a high-temperature 
electrically charged soup of subatomic particles. 

 � Plasmas are expensive to make and very difficult to handle. The 
more you try to squeeze them to get the high densities needed to 
make fusion occur, the more they scatter. 

 � Unlike nuclear fission, which creates nuclear waste that has half-
lives of up to thousands to millions of years, the radioactive materials 
of the fusion chamber lose their energy within decades, but for those 
decades, they are quite radioactively hot. 
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Natural Disasters
 � Natural disasters—such as hurricanes, giant earthquakes, and 

supervolcanoes—are a class of geologic events that release 
enormous amounts of energy in a very brief amount of time. 

 � While a hurricane is occurring, it is releasing energy at a rate that far 
exceeds the rate of total human energy consumption. The problem 
is that it’s not clear how to capture it. We do capture some of it: The 
rain that falls can get captured and used by streams as hydroelectric 
power. 

 � But the winds are a problem. Wind turbines have a maximum speed 
they can handle, and above that, they need to shut off or they break. 
But if you build wind turbines to work during a hurricane, they won’t 
be any use the rest of the time. 

 � The largest earthquakes release about 1000 times more energy than 
the largest nuclear bombs ever tested. One really big earthquake 
could equal the amount of energy the whole world consumes in a 
year. But we won’t be able to capture the energy anytime soon.
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 � Supervolcanoes release more gravitational potential energy than 
all humans use in a year. As it cools, an eruption could release as 
much energy as all humans use in about 10 years. But we haven’t 
figured out how to harness the heat from lava from small volcanic 
eruptions, so it’s not clear how we could harness the energy from 
a supervolcano eruption. We also can’t predict when, or where, the 
next supervolcano will erupt.

Solar Energy
 � Other than sunlight, the largest flow of energy at Earth’s surface 

involves the ocean currents. The ocean stores an enormous amount 
of energy in the thermal energy of warm water. This gets transferred 
around the planet in a very complex network of ocean currents. 

 � Thermal energy is being pumped into the North Atlantic at a rate 
of about 4000 terawatts—much more than the 18 terawatts that 
humans use. But it’s spread out over a huge area, and we have no 
ideas about how to tap into all this flowing heat. 

Suggested Reading
National research Council, A Review of the DOE Plan for U.S. Fusion 
Community Participation in the ITER Program.

———, Realizing the Energy Potential of Methane Hydrate for the United 
States. 

Questions to Consider
1. Explain why the production of the enormous resources of offshore 

methane gas hydrates remains too difficult to be economically viable.

2. NASA has examined the feasibility of putting solar arrays in space 
and sending down the energy. What would the advantages of this 
be? What would the dangers be?



Energy Trends: Planning for the  
Near Future

There won’t be a single easy solution to our energy future, but there 
are trends that can give us some guidance on what to do next. 
There are two parts to this discussion. There is the supply and the 

demand: how much energy are we going to need and where will it come 
from. We also will need to know what energy sources are available, what 
the impacts are of their use, and how much they cost—because, whatever 
we do next, it has to make sense economically or it’s not likely to happen. 

The Demand for Energy
 � In the United States, we have been using energy more efficiently, per 

person, but the U.S. population has been growing. The result is that 
the United States has been consuming about the same amount of 
energy in total each year. 

 � People use energy in 4 general categories: our homes (residential), 
our workplaces (commercial), our transportation, and all the stuff 
we buy (industry, including the infrastructures needed to obtain raw 
resources and manufacture the stuff). In 2014, the residential sector 
took 22% of our energy, with commercial at 19%, industry at 32%, 
and transportation at 28%. 

 � But what will our energy needs be in the future? There are many 
ways to bring the efficiencies up and our energy consumption down. 
For example, we can use heat pumps to heat and cool our homes 
and businesses. Some are easier to do, and some are more difficult. 

 � Our transition to cities will continue to help. In general, multiple-
family structures (apartments and condos) are by far the most 
energy efficient, because you aren’t losing heat out of 5 of your 6 
walls, like you are with a single-family home. And systems of public 
transportation are much more efficient when full than having each of 
us driving around in our own cars all the time. 
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 � The energy required per person in the United States probably will 
continue to drop. We start reaching the thermodynamic limits on 
many of our energy cost-saving measures, so it can’t go down 
indefinitely, unless we start giving up some of the standards of living 
we’ve become accustomed to. 

 � Our demand is also driven by the cost of the supply. If we really do 
move to having abundant and inexpensive renewable energy, there’s 
less incentive for people to use less. There is no way to predict the 
amount of this effect.

 � The biggest unknown here is population. How many people will there 
be? Energy demand will equal energy per person times the number 
of people. Pundits who spend their lives studying this topic differ 
widely in opinion as to what the final population of the United States 
will be, or of the Earth.

 � We know that population expansion has to stop at some point. The 
planet has a limited amount of resources. But we don’t know how it 
will stop. The population will expand rapidly when resources (water, 
food, and energy) are available and will collapse dramatically when 
resources are scarce. 

 � Potentially, as the whole world becomes more educated and levels 
of education increase, people will choose to have fewer children and 
have the resources to make that happen, and populations will level 
off on their own without reaching extreme measures.

Sources of Energy
 � Industry runs on oil and gas, and has for more than 50 years. Coal 

used to power the industrial sector, but now is a small fraction—even 
less than renewable energy sources.

 � Transportation runs on liquid petroleum. Natural gas has gradually 
increased its share. Biofuels, by law, are 10% of U.S. gasoline. 
Electric vehicles are the fastest-growing part of the transportation 
sector, but they are still not well represented. This is the future, but 
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not the near future. Petroleum will continue to power our cars and 
trucks for a long time to come. 

 � There’s a growing awareness that the hidden costs of using petroleum 
are much greater than what you pay at the pump for gasoline. Most 
developed countries have a gasoline tax of a few dollars per gallon 
to try to recoup these added hidden costs. The awareness that in the 
United States those costs (health, environment, military, etc.) all get 
passed on to the taxpayer are an additional impetus to shift away 
from petroleum toward electric cars. But this transition will be slow. 

 � And it also will be a long time before there is sufficient electricity 
capacity to power all our cars and trucks. 

 � The residential and commercial sectors run on electricity and natural 
gas. With the recent increases in availability of natural gas, the share 
of gas has been increasing, but in the United States, the combined 

Our cars and trucks run on liquid petroleum, and they 
will continue to be powered this way for a long time.
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residential and commercial sectors still use a bit more electricity than 
natural gas. The costs of both natural gas and electricity have gone 
down. For electricity, the inflation-adjusted cost has gone down, but for 
natural gas, the actual nominal costs have gone down. This continues 
to drive many markets toward an increased use of natural gas. 

 � For electricity, coal’s share has been decreasing as well. Nuclear 
power has been flat. Oil has decreased for electricity. Hydropower in 
the United States also has decreased. So, the increase in electricity 
generation has come from natural gas, and also renewable energy 
sources—mostly wind, but some solar. 

 � By using newer materials that are more capable of withstanding 
higher temperatures, the energy efficiency of coal-powered plants 
have gone up from about 25% to about 45%. The efficiency can’t 
increase forever, but we’re not near the limit yet. Coal power will 
continue to become more efficient, especially as old subcritical plants 
are replaced by ultrahigh-critical plants.

 � However, if we include the hidden costs of coal, the cost of coal goes 
up to a level that is higher than anything else. 

 � There is also air pollution from burning natural gas, and pollution and 
impacts from the mining and transportation of it, but it’s much less 
than for coal. Making natural gas cleaner still won’t change the fact 
that it’s very inexpensive. As a fossil fuel, the costs of gas-powered 
electricity are tied to the cost of the gas. 

 � But with continued expansion of fracking, it is likely that the cost of 
natural gas will stay low for a long time. It’ll certainly go up if and when 
we start getting most of our methane from methane gas hydrates. At 
some point, we will run low on methane, but not anytime soon.

 � Hydropower and geothermal power will stay about the same. There 
are not likely to be any big technological advances here, so therefore, 
no drops in cost.
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 � Biomass and municipal solid waste will probably become cheaper. 
These fuel streams are currently not very efficient and will likely 
improve.

 � With nuclear fission, there are several more-efficient technologies 
than what’s used in our existing ancient and aging reactors, but it is 
difficult to say whether there will be a market there that will allow for 
the growth that can spur on these technological developments. If so, 
nuclear fission could come down in price. But there also are costs 
associated with dealing with the nuclear wastes, current or delayed, 
so that pushes the cost up. 

 � Nuclear fusion would be a game changer, but it’s not something that 
we can count on at this point. 

 � Wind and solar will go way down. After 20 more years of advances 
(and purchases), the technologies will improve. New wind and solar 

Biogas plant
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power facilities bought in 20 years will likely be considerably more 
efficient and less expensive.

The Future of Energy
 � Coal is replaceable in the near future as an energy source. It’s largely 

used for electricity, but there are now many other sources for that. 

 � Petroleum will take much longer to replace, because it’s used 
primarily for transportation, and it will be a long time before most cars 
run on electricity, or hydrogen fuel cells. But it would be wise to start 
moving in this direction more aggressively. 

 � Natural gas is slightly different. It doesn’t have the same value as 
liquid petroleum and coal in terms of an organic resource stock. 
Natural gas also can play a very important role in leveling out the 
inconsistencies in wind- and solar-powered electricity generation 
(helping with the fact that the wind doesn’t always blow and the Sun 
doesn’t always shine, especially at night).

 � At some point in the future, all energy will come from some 
combination of renewable energy sources and nuclear power. To the 
degree that it is from inconsistent renewable energy sources, such 
as wind and photovoltaic solar, we will need some means of meeting 
these demands in a consistent way. 

 � There are a few options. Burning biomass can do this, but most likely 
any land we aren’t living on will be used to raise and grow food, so 
biomass probably won’t be a big supplier of energy that isn’t in the 
form of food. 

 � Concentrated solar power, as opposed to photovoltaic solar, can 
help with this. You can use it to heat liquids, such as liquid salt, that 
remain hot during the night to provide some electricity when the Sun 
isn’t shining. Unlike solar photovoltaic panels, the concentrated solar 
power has some measure of built-in energy storage—not for a long 
time, but certainly to last through the night. 
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 � And then there are the energy storage technologies, both in terms 
of how energy is stored and used—things like pumped hydropower, 
large battery systems, thermally stored power, electric car batteries 
and personal home battery systems, etc. These are costly and will 
take time to build. 

 � It’s where we need to go, but natural gas can help bridge that 
transition. Expect to see natural gas play that leveling role for a long 
time—as long as it is available. 

 � The energy for our human activity in the future will be based on a 
combination of wind and solar, and perhaps new nuclear plants, and 
some hydro and geothermal and energy storage facilities. And this 
doesn’t have to happen in a year, but progress needs to be made.

Suggested Reading
MacKay, Sustainable Energy.

Smil, Energy at the Crossroads. 

Questions to Consider
1. What are some ways that the increasing trend of urbanization lends 

itself to increased future energy efficiencies?

2. Explain why smart global power grids are essential to future 
international energy scenarios.
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