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Chapters

1 Introduction: an introduction to world crises related to energy and the
environment, and the potential for good solutions.

2 Energy and civilization: the relationship between energy, life, and human
civilization, easy energy science, life’s dependence on energy flows,

civilization’s progress with the energy of the Industrial Revolution, and the 215
century crises of global warming and energy consumption.

3 An unsustainable world: global warming and its terrifying implications for
water, agriculture, food, and civilization; depletion of economical petroleum
reserves, deadly air pollution from burning coal, increased competition for
natural resources from a growing population, and the solution of new energy
technology, cheaper than coal.

4 Energy sources: the character and cost of current and principal emerging
energy sources: coal, oil, natural gas, hydropower, solar, wind, biomass, and
nuclear.

5 Liquid fluoride thorium reactor (LFTR): the history and technology of
liquid fuel nuclear reactors, the Oak Ridge demonstration molten salt reactors,
thorium, LFTR, the denatured molten salt reactor (DMSR), builders, and
possible contenders for energy cheaper than coal.

6 Safety: the safety of molten salt reactors, comparisons to alternative energy
sources, radiation risks, waste, weapons, and fear.

7 A sustainable world: environmental benefits of thorium energy cheaper than
coal: reduced CO2 emissions, reduced petroleum consumption, synthetic fuels
for vehicles, hydrogen power, water conservation, desalination.

8 Energy policy: current confused policies, failure to reduce CO2 emissions,
subsidies, recommendations, leadership.
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GLOSSARY

actinide: an element of atomic number 89 (actinium) or higher

BTU: British Thermal Unit; 3412 BTU = 1 kWh of energy BWR: boiling water
reactor, LWR at ~60 atmospheres pressure C: Celsius, temperature relative to
water freezing CANDU: Canadian deuterium uranium reactor CCGT: combined
cycle gas turbine

DMSR: denatured molten salt reactor; contains U-238
DOE: US Department of Energy
EIA: DOE Energy Information Agency

Flibe: fluoride salts of lithium and beryllium FHR: fluoride high temperature
reactor G: giga, prefix meaning 1,000,000,000

GDP: gross domestic product, annual value of goods and services

Gt: gigatonne, 1,000,000,000 tonnes GW: gigawatt, 1,000,000,000 watts

ha: hectare, area of a 100 x 100 meter square HEU: highly enriched uranium,
over 20% U-235 or 12% U-233

INL: Idaho National Laboratory

J: joule, a unit of energy = 1 watt-second K: Kelvin, unit of temperature, relative
to absolute zero, °C + 273

k: kilo, prefix meaning 1,000

kW: kilowatt, 1,000 watts, = 3412 BTU

kWh: kilowatt-hour, the energy of 1 kW of power flowing one hour
LEU: low enrichment uranium, under 20% U-235 or 12% U-233

LFTR: liquid fluoride thorium reactor LNT: linear no threshold, a model of
radiation health risk LWR: light water reactor, nuclear reactor cooled by
ordinary water

M: mega, prefix meaning 1,000,000



Mt: megatonne

MSR: molten salt reactor

MW: megawatt, 1,000,000 watts
MW(e): MW of electric power

MW(t): MW of thermal power (heat flow rate) NGCT: natural gas combustion
turbine OECD: Organization for Economic Cooperation and Development
ORNL: Oak Ridge National Laboratory PB-AHTR: pebble bed advanced high-
temperature reactor PWR: pressurized water reactor, LWR, ~160 atmosphere
pressure

quad: 1 quadrillion BTUs

RBMK: Russian high power channel type nuclear reactor rem: Roentgen
equivalent man, 0.01 Sv Sv: Sievert, absorbed energy per kilogram of biomass
T: tera, prefix meaning 1,000,000,000,000

t: tonne 1000 kilograms, about 1.1 tons TCF: trillion cubic feet; 1 TCF natural
gas contains 1 quad ton: 2000 pounds

transuranic: an element of atomic number 92 (uranium) or higher

W: watt, a unit of power, or energy flow rate W: work, a product of kinetic
energy



Foreword

THORIUM is the name of a heavy metal element that can release abundant
energy, but thorium is only part of the story. The key technology is the molten
salt reactor, enabling a fluid fuel form, reducing costs and enabling energy
cheaper than from coal.

The subtitle, energy cheaper than coal presents the idea that economics and
innovation are the means to displace coal burning for electric power. To check
even more CO2 emissions, thorium energy must be cheaper than natural gas, as
well. And for economically sustainable clean energy, thorium energy must be
cheaper than wind, solar, or biofuel energy.

I studied mathematics and physics as a college undergraduate and graduate
student, then spent my working career in information technology. After retiring
back to Hanover NH I became interested in the continuing world energy and
climate crises. I determined that nuclear power was much underutilized as a
solution to these difficult problems and began making presentations about
advanced nuclear power, including the pebble bed reactor.

With the rise of environmentalism and national focus on renewable energy I
decided to learn more about these technologies. For four years I developed and
taught a course for members of Dartmouth ILEAD, a program of continuing
education at Dartmouth College. The course, Energy Policy and Environmental
Choices: Rethinking Nuclear Power, reviewed fossil fuels, renewable energy
sources, and nuclear power. It was followed by another course, Energy Safari,
where we studied then visited many power plants: solar, wind, biomass, coal,
hydro, nuclear, and natural gas.

In preparing the courses I came across several, advanced nuclear power
technologies not known to the general public. Of these I concluded that molten
salt reactors have the possibility of providing electricity cheaper than coal. This
liquid fuel reactor can readily handle a wide variety of fuels, including thorium,
uranium, plutonium, and waste from conventional nuclear reactors. I learned
more about the liquid fluoride thorium reactor (LFTR) at the Energy from
Thorium blog and forum, where I now occasionally write a short article.



It became clear to me that the world’s nations will never adopt carbon taxes that
economically disadvantage them individually, and that dissuading nations from
burning coal will require an economically superior technology. If we can provide
better energy technology, universally available, each nation’s economic self-
interest will lead it to retire coal-burning power plants.

I became an advocate for LFTR, presenting my Aim High! talk many times. Aim
High exhorts us not just to build a better nuclear reactor, but one that can
undersell coal power and be safely mass produced and used throughout the
world, checking CO2 emissions and ending energy poverty. Later Ralph Moir
and I wrote an article, Liquid Fluoride Thorium Reactors, in the July/August
2010 issue of American Scientist, and Liquid Fuel Nuclear Reactors in an
American Physical Society newsletter.

Since those articles a half dozen projects have been launched to develop the
liquid fluoride thorium reactor; some are private and some are national, with
hundreds of millions of dollars of funding. The United States government
remains hardly interested.

Numbers in this book are rounded so you can remember them, make quick
mental calculations, and gain insights into statements about energy. Cost
analyses and models are simple approximations that illustrate relative energy
costs in forms suitable for energy policymakers. For further study, references
referring to page numbers are given after the final chapter and posted at:

http://www.thoriumenergycheaperthancoal.com.
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1 Introduction

THE STORY OF FIRE

Imagine you’re the cave man, and you go back to the cave, and you’ve got a stick
and it’s burning.

One guy says, what’s this?
I call it fire.

What does it do?
It can do a lot of things. It can keep us warm. It can cook our food, and scare the
scary animals away.

Well, what about the waste?
Well, as long as we keep the cave well vented and so forth, it should be all right,
and don’t put your finger in it, keep a safe distance from it, and fire should work
out really good for us.

Ahh, I don’t like the fire thing. I’m going to sleep out on the savannah
tonight. I’m not going to be in the cave with the scary fire.
And that night the saber-toothed tiger eats the other guy. The fire guy mates and
has children; his progeny use fire, and so on. It wasn’t long before the human rac;
was really into fire, because everybody who wasn’t was dead. Societies that use
energy effectively succeed; societies that don’t will diminish. Which one do we
want to be?

Kirk Sorensen, The Good Reactor movie trailer



ASTONISHING BENEFITS OF NUCLEAR ENERGY

“... let’s never forget the astonishing benefits that nuclear technology has
brought to our lives. Nuclear technology helps make our food safe. It prevents
disease in the developing world. It’s the high-tech medicine that treats cancer
and finds new cures. And, of course, it’s the energy—the clean energy—that
helps cut the carbon pollution that contributes to climate change.”

US President Barack Obama, March 26, 2012



ENERGY AND ENVIRONMENT ISSUES ARE HARSH
YET THERE ARE GOOD SOLUTIONS.

Global warming is harming us all.

CO2 in the earth’s atmosphere is increasing from burning fossil fuels. The
consensus of scientists is that this is causing the earth’s temperature to rise,
changing weather, altering climate, raising sea levels, acidifying oceans, stifling
the algal birth of the ocean food chain, and melting glaciers that supply steady
water for agriculture to feed us.

Yet advanced nuclear power can provide plentiful power without CO2
emissions, checking global warming.

Increasing population stresses natural resources.

The world population is growing to an estimated 9 billion people, all competing
for diminishing natural resources — fresh water, oil, agricultural land, and food.
The largest population growth is in the most impoverished countries, where
people die young from starvation, disease, and war; and bear more children.

Yet affordable, reliable electricity is a key to economic prosperity in the
developing nations, which suffer from energy poverty. Basic electric power
allows modest economic prosperity, with time for women to learn, work,
become independent, and make reproductive choices, leading to a sustainable
population.

Cheap oil is ending.

World economies depend on oil for transportation fuels. As conventional
petroleum resources dwindle, supplies are being extended by drilling deeper, in
more hostile environments, refining heavy crude, and mining tar sands, at ever
higher costs and ever higher CO2 emissions.

Yet powering small vehicles with electricity from nuclear power plants will
reduce oil dependency. And high temperature heat from advanced nuclear
reactors can synthesize substitute liquid fuels.

Air pollution kills millions.

Soot from burning coal causes respiratory illness and annually kills tens of



thousands of peoﬁle in the US, hundreds of thousands in Chiﬁa, and a million
worldwide.

Yet nuclear electric power plants emit no soot.

Energy insecurity leads to conflict.

Nations lack energy security for stability and peace. Japan depends on imported
liquefied natural gas for energy; the US on petroleum; France on uranium.
Supply disruptions can wreck national economies.

Yet domestic thorium energy resources are sufficient for every nation to
attain energy security.

Carbon taxes increase contention between rich and poor.

Tens of thousands of people attended the United Nations Framework Convention
on Climate Change meetings in Kyoto, Copenhagen, Tianjin, Cancun, Bangkok,
Bonn, Panama, and Durban without agreements to impose carbon taxes to
reduce CO2 emissions.

Yet advanced nuclear power can provide the world with energy without
contentious carbon taxes or transfer payments that pit rich against poor and
impair economic growth.

Less, more expensive food will not feed more, poor people.

Malnutrition is the largest cause of death in a world population growing from 7
to 9 billion people. Food prices are increasingly unaffordable as more land is
dedicated to produce biofuels such as corn ethanol.

Yet advanced high-temperature nuclear power can vastly improve land-area-
to-biofuel productivity, by extracting the carbon from any biomass to
synthesize hydrocarbon fuels similar to gasoline.



A MARKET-BASED ENVIRONMENTAL SOLUTION

We can solve our global energy and environmental crises straightforwardly —
through technology innovation and free-market economics. We need a disruptive
technology — energy cheaper than coal. If we offer to sell to all the world the
capability to produce energy that cheaply, all the world will stop burning coal.

It’s as simple as that. Rely on the economic self-interest of 7 billion people in
250 nations to choose cheaper, nonpolluting energy.

Energy is about 7% of the economy. We, and especially developing nations, can
not afford to pay much more for energy. Many environmentalists advocate
replacing fossil fuel energy with wind and solar energy sources, blind to the fact
that these are 3-4 times more costly! Global economic prosperity requires lower
energy costs, not higher costs from taxes or mandated costly wind and solar
sources.

THORIUM energy cheaper than coal advocates lowering costs for clean energy
— a market-based environmental solution.



2 Energy and Civilization

This chapter is about the relationship between energy, life, and human
civilization. We will first introduce a bit of the science of energy, to better
understand it’s integral role. Then we will see how life depends on energy flows,
how humans learned to use energy as tools, how civilization’s progress
accelerated with the energy of the Industrial Revolution, and how the 215
century society is facing the crises of global warming and energy consumption.



ENERGY

Energy and mass are the substance of the universe — the sun, earth, animals,
cells, proteins, molecules, and atoms. Energy can have many forms such as heat,
light, kinetic energy, and potential energy.

Kinetic energy is mass in motion.

A moving car has energy proportionate to its mass, increasing with the square of
its velocity. Liquid squirting from a water pistol has kinetic energy. A breath of
air on a birthday candle has kinetic energy.

Flywheels are mass in rotational motion, storing kinetic energy. The flywheel in
a gasoline engine stores energy between forceful piston strokes. Jaguar and
Volvo have designed new hybrid cars that use flywheels to store energy less
expensively than lithium-ion batteries.

There is kinetic energy in waves that break and dissipate on the beach. Wind
energy, the kinetic energy of an air mass, can move sailboats or wind turbine
blades. A big hurricane has kinetic energy stored in its hundreds-miles-wide
rotating column of air; it dissipates energy faster than the entire world’s
electrical power plants can generate.

A ralloar ranctar mimning dnwm ite track arcelaratac achioving ite mavimiim cnead
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at X. Its kinetic energy lets it coast uphill to Y, slowing down as its kinetic
energy decreases.
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Kinetic energy from gravitational potential energy

Potential energy can be stored by the force of gravity.

In the example of the roller coaster, it has gravitational potential energy at W,
which is transformed to kinetic energy by gravity as it falls to X. It then gains
regains potential energy as it coasts uphill to Y, giving up kinetic energy. Except
for friction losses, the sum of gravitational potential energy and kinetic energy is
constant. The friction losses change some kinetic energy into heat.






Gravitational potential energy of weight

The weight in a grandfather clock is slowly pulled down by gravity potential
energy creating the bit of kinetic energy that moves the clock hands. The energy
is slowly lost by friction to become heat.

The clock pendulum swinging back and forth stores some gravitational potential
energy as it reaches the top of its swing. That energy becomes kinetic energy at
the bottom as the pendulum rushes past vertical. Kinetic and potential energy are
exchanged with every swing.

Gravitational potential energy powers a water wheel.

Water elevated behind a dam provides gravitational potential energy that is
converted to kinetic energy when it flows down through a waterwheel or turbine.
Near my home, the Moore hydro power dam generates 192 MW of power from
water dropping 159 feet. Gravity can also be used to store energy; at Northfield,
Massachusetts, water is pumped to a reservoir 800 feet above river level, then
allowed to flow back down to generate power when needed.



Chemical bonds between atoms store energy.

Chemical potential energy is stored by electron interactions in chemical bonds
between atoms of a molecule.

carbon dioxide
molecyle

2 0¥ygen carban
atoms Jtom

Chemical potential energy

The chemical bonds of CO2 are formed when the C and O atoms get close
enough that their electrons are shared between them, by burning the carbon in
coal. In that chemical reaction energy is lost to heat and electromagnetic
radiation. The atoms are chemically bound; they can not be separated except by
restoring the binding energy released as the bond was formed. Think

energy {atoms} = energy {molecule} + binding energy

Chemical potential energy (binding energy) is that heat and radiation that might
potentially be released when the chemical reaction binds the atoms into a
molecule.

Chemical potential energy can also be created and stored. For example, charcoal
(mostly carbon) can be made by heating wood, a carbohydrate made principally
of carbon and hydrogen. The chemical bonds between carbon and hydrogen are
broken by the added thermal energy, the hydrogen combines with oxygen, and
the water vapor escapes. The resulting charcoal then contains more chemical
potential energy than the original wood. It can be transported and burned later
and hotter to release its stored chemical energy.

An internal combustion engine converts some of the chemical potential energy
from burning gasoline into heat into kinetic energy that moves the car; most of
that heat is lost to through the radiator and exhaust pipe.

Chemical potential energy can be stored and released in more ways. A lithium-



hydride computer battery converts stored chemical energy into electrical energy,
and can convert electricity into stored chemical potential energy.

Elastic potential energy is stored in a spring.

Elastic potential energy is related to chemical potential energy; the spring’s
elastic force arises from the chemical electron bonds in molecules where the
atoms are displaced from their relaxed state. A bow and arrow changes elastic
potential energy of the taut bow and string into kinetic energy of the flying
arrow.
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Elastic potential energy

Energy can change solid, liquid, and gas states of matter.

Ice absorbs heat when it melts to water, storing the heat energy. It’s given up
when water freezes. Winter snowstorms keep the temperature from falling,
because freezing water into snowflakes gives up heat energy. The cooling rate of
a “one ton” air conditioner is the heat absorbed by melting one ton of ice per



day.

Similarly energy is stored and heat is absorbed when a liquid becomes a vapor,
and released when it condenses. At the Alhambra in Spain, 14th century Moorish
architects designed water flowing in fountains, beside walkways, and down
banister troughs to evaporate water and cool the caliph.






Alhambra, cooled by liquid-to-gas state change
Electrostatic fields can store energy.

Two metal plates separated by an insulator create a capacitor that stores energy
in the electric field between them. If electrons are moved from one plate to the
other, creating equal and opposite charges, Q, an electric field is built up
between the plates.
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Electrostatic potential energy

The electric field is static because the electrons can not pass through the
insulation between the plates. This static electric field contains energy that can
be discharged rapidly. Capacitors can supplement batteries to boost electric car
acceleration.

A magnetic field stores energy.

Electric currents in a coil of wire create a magnetic field that stores energy. That
energy can be transferred to another coil of wire, or a spark plug, or the kinetic
energy of a rotating electric motor. Magnetic fields store and transfer energy 120
times per second in the pair of coils of a typical power transformer.



Magnetic field potential energy

Electromagnetic radiation is energy at the speed of light.

Photons are coupled, crossed electric and magnetic fields that oscillate as the
photons travel through space at the speed of light.
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Photon energy

Visible light is composed of many photons that change electric and magnetic
fields back and forth every half micron of travel. [A micron is one millionth of a
meter.] The frequency is about 600 trillion times per second. Each photon is a
small, discrete amount of energy proportional to its frequency. Ultraviolet light,
X-rays, and gamma rays are photons with more energy than visible light
photons. Infrared, microwave, and radio wave photons have less energy.

Photons are very small amounts of energy. A single 2.5 watt Christmas tree light
bulb radiates about a million trillion visible light photons per second. Visible
photons cause chemical changes in our retinas, so we can see. Accommodated to
a dark room, a human eye can discern the flash of a single incident photon.

Tree leaves use photon energies to drive the chemical processes that use CO2
from the air and hydrogen from water to manufacture hydrocarbons for the cells
that form the growing tree.

Storing much energy in electromagnetic radiation is difficult, because it moves
so quickly. Lasers reflect light back and forth internally, and then release the
energy all in one pulse.

Mass is a dense form of energy.

Albert Einstein showed the equivalency of mass and energy in the famous



equation: E = mc?. Just as atoms are bound together to form molecules, neutrons
and protons are particles bound together to make the nuclei of atoms. The
binding energies for nuclear particles are about a million times stronger than the
chemical binding energies that link atoms together in molecules.

Energy was thus stored in the nuclei of heavy metals when the earth’s elements
were created in a supernova 5 billion years ago. Today a nuclear power plant
changes the bonds between neutrons and protons, transmuting the heavy metal
elements into others, releasing the stored energy.

Thermal energy is the kinetic energy of many molecules.

Thermal energy is the microscopic, random, energetic motion of atoms and
molecules in solids, liquids, or gases. Each molecule has velocity and kinetic
energy that increases with temperature. It’s easier to deal with the collective
kinetic energy of a trillion trillion molecules than with them individually. The
diagram below represents a close-up view of many molecules bouncing around
in a constraining box. The more motion, the more thermal energy, the higher the
temperature. The more collisions with the box, the greater the pressure.
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Thermal energy, sum of kinetic energy of molecules

Heat flows from higher temperature matter to lower temperature matter. ~ The
flow of heat from a hot to cold object can be partly harnessed to make more
useful energy flows such as work or electric power.



Thermal energy radiates away.

A hot objects radiates electromagnetic energy as light, infrared, or microwave
photons, depending on the object temperature. Hotter objects emit more, more
energetic photons.

The atmosphere of the sun has a temperature of about 5,000°C and emits a range
of electromagnetic radiation, with wavelength centered about the visible light
spectrum that we see — 0.4 to 0.7 microns [thousandths of a millimeter. Sight
evolved to use this most common radiation — white light. Burning candles emit
yellow light from the lower temperature flame, 1650°C. A blacksmith works
red-hot iron at 700°C.

Hot objects emit much more radiation than cool objects because the emitted
power is proportional to the fourth power of the object’s temperature above
absolute zero.

Even cooler bodies radiate measurable energy. An unclothed human’s 33°C skin
would radiate 1,000 watts of infrared light, but absorb 900 watts from the
surrounding 23°C walls and ceilings. \ Indoors you absorb some infrared light
from walls, but not much through windows transparent to the cold outdoors, so
you feel cooler in a room with many windows, even though the indoor air
temperature is normal.

Seen from space, the earth radiates energy as if it had an average temperature of
-19°C. The cooling is balanced by heating from the sun, gravitational tides and
from decay of thorium, uranium, and potassium in the earth’s core.



ELECTRICITY

Power is measured in watts, energy in watt-hours.

Power is energy flow — the energy flowing past a point per second. Power can
describe a rate of consumption or generation of energy. We are all familiar with
one unit of measure of power — the watt, written W. A 100-watt electric light
bulb consumes electric energy at the rate of 100 watts. A toaster may consume
1000 watts. A kilowatt is 1,000 watts, written 1 kW.
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KILOWATTHOURS

Energy meter

A measure of energy we are all familiar with is the kilowatt-hour, written kWh.
We buy energy from the electric utility company, at a price such as $0.15/kWh —
fifteen cents per kilowatt-hour. Although we often call the electric utility “the
power company”, consumers buy energy, not power. Power is the rate at which



electricity is or can be supplied. A suburban home may have wires to the utility
company that can supply power up to 48 kW.

Summarizing, power is measured in watts, not watts per second. Energy is
measured in watt-hours, not watts. Many journalists get this wrong, so read
carefully and critique accordingly.

Electricity is the flow of electrons.

Electricity is the flow of electrical current, typically electrons flowing in a metal
wire. The amount of current (I) is measured in amperes. Power (W) is current
times the voltage potential (V) through which the current flows. In analogy to
the water wheel example, power is like the water flow (current) times the water
height (voltage). For electricity:

Power, W =1x V (current x voltage)
Energy, E =W x t (power x time)

For electricity we usually use kilowatt-hour units, but for smaller quantities,
watts and seconds are more convenient.

E (kilowatt-hours) = W (kilowatts) x t (hours)
E (watt-seconds) = W (watts) x t(seconds)

One kilowatt-hour = 1000 x 60 x 60 watt-seconds. Electric power is power
transmitted by electricity, by an electric current across a voltage potential.
Electric power is a rate of energy transfer.

Electric energy is fleeting.

Electric energy is electric power multiplied by time. Electric power is a transfer
agent from one form of energy to another.



Lithium ion battery Electric car

200 kW
electric power

Chemical potential energy

Hydro power plant

1000 W
electric power

Gravitational potential energy Thermal energy

Electric power energy transfer

In these examples, chemical potential energy of a battery creates electric power
that becomes kinetic energy of the electric car. The gravitational potential energy
of the water elevated behind a dam makes electric power that becomes thermal
energy in the toaster.

Small amounts of energy can be stored as the electrostatic energy of an electric
field or the electromagnetic energy of a magnetic field. In practice electric
energy is rarely stored for long except by converting it to another such form of
energy.



WORK AND HEAT

Work is force applied over a distance.

For example, lifting a weight of 550 pounds one foot up requires 550 foot-
pounds of work. The standard rate of work for a horse hauling water up from a
mine was 550 foot-pounds per second — defined as one horsepower. James Watt
used this definition to account for royalties for his horse-substituting steam
engine. One horsepower is 746 watts. The 2 kW electric motor on my small boat
is equivalent to a 2.7 horsepower gasoline engine.

Work makes kinetic energy. The result of that kinetic energy is also energy, such
as gravitational potential energy if the horse is lifting water from a mine, or
thermal energy produced by friction if the horse is pulling a sledge.

A related unit of energy is the horsepower-hour — one horsepower of power
applied for one hour. That’s 0.746 kWh, about ten cents worth of electricity
today — much cheaper than power from horses.

A bicyclist in good condition can exert about % horsepower. If humans were
naid comnetitivelv to electricitv for their nhvsical work thev would receive 2.5
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cents/hour.

Energy flows from the Big Bang to Heat Death.

The energy and mass of the universe were created by the Big Bang over 10
billion years ago. The universe of mass and energy expands, cools, mixes, and
occasionally clusters to form stars and planets. Stars such as our sun burn
hydrogen and dissipate the energy into space, with some radiated photon energy
(eg light) absorbed by the earth. The effect on earth is weather, mixing, warming
and cooling the atmosphere, oceans and land. That absorbed energy is
subsequently radiated back into space, in all directions, but at the lower
temperature of infrared, invisible light. Aside from radioactive decay and
gravitational tides, as much energy arrives from the sun as is radiated away from
the earth, or else the earth temperature changes.

At each stage of energy flow a kind of destruction occurs. Ordered, localized,
hot energy is transformed to cooler, more random, dispersed energy. Energy is
conserved, but its overall utility is partially destroyed. Energy flows exhibit this
energy dispersion or diminishment of utility at every transition. As the universe
continues to expand and cool, its energy becomes less useful and the universe
approaches Heat Death — the other end of the timeline that started with the Big
Bang.

It’s easy to make thermal energy.

The most useful energy forms eventually become thermal energy — heat
transferred to a system. Kinetic energy is diminished by friction making heat;
rub your hands together for an example. Electric power flowing in wires heats
them because of the inherent internal resistance of the wires. Potential energy
(gravitational, chemical, elastic) can remain static and unused until their hosting
structures decay.



Kinetic Energy Friction Heat Thermal Energy

Electric Energy Resistive Heat Thermal Energy

Thermal energy destiny

A car coming to a stop heats its brakes. The kinetic energy of the car is
converted to thermal energy in the brake pads. Energy is always conserved; the
process is 100% efficient.

An electric heater in your home similarly converts all the consumed electric
energy to heat. A light bulb converts all its electric energy to heat, both as direct
heating of the bulb and the absorption of the light by the walls of the room
[except for the light that escapes through the window and continues on past
Pluto]. The conversion is 100% efficient; you can heat your home as efficiently
by opening the electric oven door or turning on an electric heater.

American-born, British Loyalist Count Rumford discovered the equivalence of
work and thermal energy while boring cannons, providing evidence that led to
the principle of conservation of energy. [He also invented the coffee percolator
and thermal underwear.]

It’s harder to use thermal energy.

The arrow of time points only one way. The processes that convert kinetic
energy (work) to thermal energy (heat) are not 100% reversible. Physics will not
let us convert all that thermal energy back to kinetic energy. However we can
convert some of thermal energy flow between objects of different temperatures.



Heat is thermal energy. Heat flows from hot to cold; the molecular motion of hot
thermal energy is normally dissipated into a larger, cooler system. If we do
nothing, this heat flow is totally wasted. Alternatively, we can insert a heat
engine into that heat flow and extract some (but not all) of that thermal energy
into work (W) to make kinetic energy.

Qs Heat Qc
Engine

I'y

W

Heat source, heat engine, heat sink

We use W to symbolize work. Ty is temperature of a source of hot thermal
energy, Qy is the heat going into the heat engine, W is the useful work extracted
by the heat engine, and Q is the rejected heat, the heat the engine was unable to
convert, flowing into sink of temperature T cooler than Ty.

In an automobile engine, Qy is the heat generated by burning gasoline, W is the
work delivered by the rotating crankshaft, and Q is the heat lost to the
atmosphere via the cooling radiator and the exhaust pipe. Other examples of heat

engines are Watt’s 18™ century steam engine and an aircraft turbine jet engine.
They convert some heat to work.

Thermal to kinetic energy conversion efficiency is always < 1.

Energy in equals energy out, so Qg = Q-+ W. By Carnot’s theorem, no matter

what engine is devised, physics limits its thermal to kinetic energy conversion
efficiency to be less than 1.

Efficiency = W_ = Ty=T; <1



Qu Ty

Temperatures (T) are in degrees Kelvin, K°, relative to absolute zero, -273°C.
The higher the temperature difference between source and sink, the better the
efficiency. Increasing the heat source temperature is one way to increase
efficiency. Engineers raised new coal plant efficiencies from 32% to 44% by
using pulverized coal burned at Ty of 1300°C. Decreasing the heat sink

temperature also increases efficiency; cooling power plants with river or ocean
water instead of air generally lowers T, increasing efficiency.

Rudolph Diesel’s 1896 invention of a high-compression, high-temperature
internal combustion engine had a theoretical maximum kinetic/thermal energy
conversion efficiency of 75%, compared to 10% for the competitive steam
engine, making him a millionaire.

In practice the typical efficiency of an automobile diesel engine is 40-50%. It
burns fuel at a higher temperature than the gasoline engine with its 25-30%

efficiency. The reciprocating steam engines of the 18™ century had efficiencies
near 1%; today’s steam turbines heated by pulverized coal can reach over 40%.
Large shipboard diesel engines can achieve over 50% efficiency.

Electric power is more valuable than thermal power.

An electric power plant uses a heat engine to convert thermal energy to kinetic
energy of a rotating shaft, which is then converted to electric energy by the
generator. Such generators can achieve electric/kinetic conversion efficiencies of
99%, so we will ignore losses of that step of the thermal-to-kinetic-to-electric
energy conversion process.

Because power plants deal with both thermal power and electric power, a special
notation can help prevent confusion. One GW of electric power can be written 1
GW(e). 1 GW of thermal power is written 1 GW(t). Typical average
electric/thermal conversion efficiencies of US electric power plants are about
33%. Such a power plant would require 3 GW(t) of thermal power to produce 1
GW(e) of electric power.



Heat engine

3 kW(t) @33%

1 kW(e)
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Asymmetric energy conversion

We can use the same suffix for energy units. Operating a typical 2,600 W
electric stove burner for one hour consumes 2.6 kWh(e) of electricity, which is
converted to 2.6 kWh(t) thermal energy (heat). That electricity cost at
$0.15/kWh(e) is 39 cents.

We could get that same heat from burning natural gas; 2.6 kWh(t) of gas costs
about 12 cents at retail — about a third as much as the electricity cost of 39 cents.
Why such a difference? A 33%-efficient power plant needs 2.6 kWh(e)/0.33 =
7.8 kWh(t) of gas to generate the 2.6 kWh(e) of electricity. That much gas costs
about 3 x 12 cents = 36 cents, roughly equal to the electricity cost of 39 cents.
Cooking, drying clothes, and heating homes using electric energy is about three
times as expensive as using thermal energy.

Heat pumps are heat engines run in reverse.
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The heat pump is similar to the heat engine, except that the arrows of energy
flow are reversed. Kinetic energy becomes work (W) used to pump heat Q. from

a cold source to a hot sink of temperature Ty. This is the reverse of the natural

flow of heat from hot to cold, and it takes kinetic energy W to accomplish
moving heat from cold to hot. Energy in equals energy out, so Q- + W = Q.

An air conditioner removes heat from warm room air and transfers it to even
warmer outside air. An air conditioner is judged by how much heat can be
removed for the electric power it consumes. Its cooling coefficient of
performance (COP) is the ratio Q-/W. A typical window air conditioner has

COP of 3; the thermal energy removed is three times the electric energy used.

Turning on a 100 W(e) light bulb in an air conditioned room will generate 100
W(t) of heat to be removed, requiring an additional 33 W(e) to power the air
conditioner. Each person in a room also generates about 100 W(t).

The air source heat pump, like an air conditioner but used in reverse, extracts
heat from cold outside air (chilling it more) and transfers its heat to the home
interior. Its heating coefficient of performance, COP, is Qy / W, the delivered

heat transfer rate divided by the electric power used. For example, 9 kW(t) / 3
kW(e) = 3 for a typical home air source heat pump.

Geothermal heat pumps use chlorofluorocarbon liquids pumped through tubing
buried in the earth as the heat source. A COP = 3 is typical for both geothermal



and air source kinds. Such heat pumps can deliver 9 kW(t) of heat for only 3
kW(e) of electricity — three times better than electric space heaters. But
generating that source of 3 kW(e) of electricity in a 33%-efficient power plant
requires 9 kW(t) of heat to begin with. The home owner could have burned coal,
oil, or gas in a home furnace consuming the same fossil fuel the power plant
burned to power the heat pump. Consequently there is no CO2 emissions benefit
from heat pumps unless the electric power source is carbon-free, such as a
nuclear power plant, hydro plant, wind turbine, or solar farm.



LirE

Energy is the key to life.

As the energy of the universe flows and disperses, life temporarily borrows a
stream of it for growth, reproduction, and motive force.

Life began on earth over four billion years ago, with energy bonding the
essential elements -- hydrogen, oxygen, carbon, nitrogen, sulfur, and
phosphorous -- creating amino acids, then proteins, and eventually prokaryotes
(bacteria). Over 3 billion years ago new organisms developed, cyanobacteria.
These use light energy to capture CO2, use the carbon for building hydrocarbon
structures, and expel the oxygen into the atmosphere.

Cytoplasm

Cell Wall

Thylakoids

Cyanobacteria

Even today, about 20% of the world oxygen supply comes from these ancient
aquatic cells. Within the cyanobacteria are thylakoids that accomplish the
photosynthesis. Plants incorporate similar thylakoids in their structures to obtain
the energy from sunlight.

In the evolution that led to modern animal cells, variants of these cyanobacteria

nxralsrad oxrmmmhiatimanllxr +a hamrAarma mitacrhAanAdrin Anaraxr danarntare writhin



Ccvulivcu DylllUlUl.lLCllly LU UCLULLIT 1l11wvLiiviiulia, Clltlsy SCIICIGLUID VV1iLlili11
eukaryotic cells. Glucose food from the cell’s environment crosses into the
cytoplasm.

Cell Membrane

Mitochondria

DNA

Nucleus

Ribosomes

Cytoplasm

Eukaryotic cell with nucleus

The mitochondria use oxygen ions to break chemical bonds in the food and
release energy to manufacture ATP molecules. This ATP (adenosine
triphosphate) is the energy currency within the cell. Three phosphate molecules
are popped off or onto the ADP molecule to release or store energy. The
energized ATP is transported to provide the energy for other intracellular
functions, such as causing muscle contraction.

In analogy, the ATP flow is like electricity flowing from generators
(mitochondria) that create it from fuel (glucose) transported through cellular
membranes into the cell cytoplasm and then and through the mitochondrial
membranes.

Big fish eat little fish.

Animals eat and digest plants for energy. Some animals eat other animals for
energy.



The digestive system obtains this food energy from the plant and animal tissue
the animal eats. The ingested food carbohydrates are broken down in multiple
steps to form sugars that carry the chemical potential energy distributed to the
cells. The fluids circulating in the body transmit glucose food through cell
membranes. Each cell distributes ATP throughout its cytoplasm for intracell
energy.



HuMmANS

Cooking with fire energy shaped human evolution.

Humans are composed of about a hundred trillion individual cells co-operating
to make the single being. Humans, too, eat plants and animals for energy.
Another energy source is the warmth of sunlight, reducing demand for energy
from food metabolism; reptiles use this extensively. But the big, breakthrough
energy technology for humans was fire. Fire provided alternative energy to
metabolism of food.

Harnessing fire 1.8 million years ago made a singular difference for humans.
Cooking food saved time and energy. Primates still spend half their day chewing
raw food. By switching to cooked, softer, more energetically rich food homo
erectus was able to devote time to more productive activities, making tools,
farming, and interacting socially, as evidenced by records of their larger brains
and smaller guts, jaws, and teeth. Reduced kinetic energy demands for
metabolism permitted evolution of the human’s large brain, which consumes a
quarter of the body’s energy.

Humans and animals consume energy to do work.

The human is also a source of work — energy directed to a motive task. On
average a human uses 100 watts of chemical (food) energy flow. Underground
coal miners expend energy at 300 W with peak power of 600 W. Human labor
continued to be essential to US farming as late as 1918, when Quaker Oats
promoted their food’s high calorie content, needed for work, literally advertising
1810 calories per pound (2.1 kWh per pound).

Cattle and horses can supplement human labor to make work. Cattle feeding on
grassland can provide 300 to 400 W of steady power. More powerful horses fed
with higher protein grains can generate 500 to 1500 W for sustained periods.
One horsepower is now defined as 745.7 watts. A well fed horse consumes grain
that would feed six people, but provides ten times the energy. In 1910-1920 one
fifth of US farmland was devoted to horse feed.



CIVILIZATION

With the invention of fire came the need for fuel.

In pre-industrial civilization tree branches, bark, and dead roots could be
collected for fire fuel. With the invention of axes and saws heavy branches and
tree trunks could be cut and dried for fuel. As cities grew in the temperate
climates the demand for energy for cooking, heating, and industry was 20-30

W/m?, which required a forest area 100 times larger than the city area.
Approximately 1-2 tonnes of wood per person per year were needed.

Iron smelting required the high temperatures achieved from burning charcoal.
Charcoal was made by using wood fires to heat piles of wood covered with turf
or clay to keep oxygen away. This pyrolysis broke down the hydrocarbons and
drove off water and other volatiles, leaving nearly pure carbon, used for smelting
metals. Hundreds of thousands of people were employed making charcoal. As
demand for wood for charcoal increased, Europe and England consumed much

of their forests, causing an energy crisis in 17™ century England. When wood
became unavailable, coal mining became the energy supply. Indeed one of the
first applications of the steam engine was pumping water from coal mines.
Repeating history, making eucalyptus wood into charcoal for “green steel” is
now practiced in Brazil.

With forests consumed, cattle dung is another fuel used even today in
developing countries such as India, where it is collected, shaped, dried, and
burned rurally or sold in cities for $0.14/kg, or about $0.03/kWh.



Dried cattle dung patties
Energy from farming surpassed hunting and gathering.

Agriculture was invented approximately 10,000 years ago as food from hunting
and gathering became more difficult, possibly due to the end of an ice age,
creating a dryer climate. Dry conditions favor annual plants, which store energy
in seeds rather than woody, perennial growth. Their energy density made seeds
an attractive food, but their shells limited digestibility by humans.
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So another great invention of the time was grinding seeds into flour, which was
made into bread. The grinding, the fermentation, and the cooking made an easily
digestible, transportable, storable food energy supply that sustained people living
in villages and cities rather than dispersed people for hunting and gathering.

Agriculture allowed accumulation of food, creating wealth. Increasing that
wealth required human labor to tend more crops, and slave labor became an
important source of energy for wealthy nations such as the Roman Empire. As
Christianity spread and slaves were freed, this power source was lost, and with it
the glory of Rome.

Water power provided energy to mill the grain.

Milling grain required human energy expenditure and time. One new invention
was the use of water power to mill grain.



Early millstones were rotated horizontally, about a vertical shaft, which can be
powered efficiently by a horizontal water wheel. Friction losses are minimized
because there are no gears. The farmer at the top feeds grain into a hopper. The
top millstone rotates to grind seeds into flour.

More familiar vertical water wheels came into use after efficient gears were
invented. In the first century the Romans built an aqueduct that supplied
drinking water to Arles, France, and also powered 16 vertical water wheels that
could produce 4.5 tons of flour per day, enough to feed 6,000 people.

Water npower was kev to nopulating New England. where I live. Settlers travelled



up rivers and harnessed the streams with water wheels to power grain mills and
lumber mills. The lumber came from trees quickly felled to make room for
agriculture for food energy.
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Wind kinetic energy was captured by horizontal windmills.
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10" century Persian horizontal windmills

Early windmills were constructed to rotate about a vertical axis. This windmill
design is from 10™ century Persia. They were used for milling grain and
pumping water. More familiar windmills with blades rotating in a vertical plane
on a horizontal axis facing the wind were developed after low friction gear
technology was able to transfer the kinetic energy.

Coal energy enabled the Industrial Revolution.

Up until the late 1700s, economies depended upon work from humans and draft
animals. The industrial revolution, beginning in England in the latter part of the



18" century, was launched by energy from coal-fired steam engines, by
expanded waterpower, and the expansion of trade over canals, highways, and
railways. Innovations made use of more energy in productive ways. As textile
manufacturing techniques were improved and patented, more automated cotton
mills evolved, powered by horse power, then by water power, and then by steam
power.

The steam engine propelled the industrial revolution, changing chemical energy
of fossil fuels into kinetic energy. Newcomen’s early, large steam engine had a
thermal/kinetic energy conversion efficiency of < 1%, but coal was cheap and
3.7 kW of power was delivered. By 1800 nearly 500 of Watt’s five times more
efficient steam engines each provided up to 7.5 kW of power.
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Newcomen’s 1712 steam engine

Extensive coal mining was possible because of steam engines that pumped water
from the mines and lifted coal to the surface. Steam engines enabled factories to
be built where no water power was available. They also pumped water into
canal locks to facilitate transportation for growing trade. Mined coal powered
them, provided heating, and burned hot enough to smelt iron. Iron and steel,



stronger than copper or bronze, enabled better machines to be built. Lathes and
other metal working machine tools were fabricated.

Chemical energy from solid coal was transferred to a gas by heating coal and
spraying it with steam. Gas street lighting was established in London by 1820
and it spread to factories and businesses, allowing them to stay open longer.

Heat from coal helped advance the chemical industry, enabling production of
sulfuric acid and sodium carbonate used in the glass, textile, soap, and paper
industries. Sintering ground limestone and clay at a high temperature of 1600°C
created Portland cement for construction.

Powered paper mills provided plentiful, inexpensive paper for publication of
books, helping spread knowledge. Canals, roads, and railways were built and
used for commerce, including hauling coal.

Energy and the industrial revolution transformed the world.

The industrial revolution spread from the United Kingdom to Western Europe,
North America, Japan, and the world. In two centuries the world average per
capita income increased over tenfold. Since 1820 world population has increased
five times and per capita income has increased eight times. Lifespans have more
than doubled. The following graph of world GDP per capita comes from
estimates by Angus Maddison, with the greatest growth rate coming at the time
of the industrial revolution and coal energy.
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Half of all historical world energy consumption occurred in the last two decades.
Today the world consumes energy at an average rate of 16,000 GW, or 2,500 W
per person, compared to a primitive sustenance rate of about 200 W per person.
The US uses 3,000 GW of average power, or about 10,000 W per person.

Individual energy production rate Watts
Modern man 100
Primitive sustenance man 200
Man at hard labor 300
Water buffalo 350
Horse 750
Human average energy use rate

World citizen 2,500




US citizen ‘ 10,000 ‘

Developing countries will consume more energy.

The table above shows how the industrial revolution vastly increased human
energy use. It also illustrates demand for energy outside the US may quadruple.
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Projected world energy consumption in quads

The US Energy Information Agency (EIA) projects increasing energy
consumption, particularly for the non-OECD, developing nations. The 34
member nations of the Organization for Economic Cooperation and
Development are principally the world’s leading economic democracies. The
2035 proiection of 770 quads is an average rate of 25.000 GW. or about 3.000 W
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per person of a projecte& 8.3 billion peopie on earth. ’
Fossil energy use increased world atmospheric CO2.

In 1769 Watt patented his efficient coal-fired steam engine, which powered the
industrial revolution and changed the world.
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Burning the coal emitted CO2 into the air. The resulting increased atmospheric
CO2 traps infrared radiation much like a greenhouse, increasing earth’s
temperature. In 2012 CO2 concentrations reached 400 ppm.



Energy related CO2 emissions will rise to over 30 Gt per year.
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World CO2 emission in gigatonnes per year

The US Energy Information Agency projects continuing increases in the rate of
CO2 emissions, worldwide. The EIA is an independent, professional
organization that makes its best estimates based on data it collects and compiles,
and based on current law and regulations. Unless some dramatic technical
change occurs, CO2 emissions will continue to rise and accumulate ever faster in
the atmosphere, adding over 30 gigatonnes (Gt) of CO2 each year. The mass of
the atmosphere is 5,000,000 Gt, so this source annually contributes roughly 0.6
ppm (parts per million) to the current 400 ppm concentration.



ENERGY AND CIVILIZATION SUMMARY

Energy is the stuff of the universe, created at the Big Bang, continually
expanding and cooling. Energy exists in several forms: mass, kinetic, electric,
potential, and thermal. Although energy is conserved, it always degrades to
thermal energy, the slow, unorganized vibrations of atoms. Here on earth, life
borrows a stream of that energy for growth, self-replications, and motive action.
The human life form first needed about 200 W of energy for primitive
sustenance. Harnessing fire energy and farming food energy released time and
effort for finding and eating food, allowing evolution of thought, social
communication, and tools. Civilization evolved slowly until the Industrial
Revolution, which harnessed the energy of burning coal. In today’s advanced
civilizations humans use energy at the rate of 10,000 watts.



3 An Unsustainable World

The earth’s resources are finite.

Today the public is concerned with global warming and its terrifying
implications for climate, water, agriculture, food, life, and civilization. But our
global problems are much worse than simply climate change. We are running
low on petroleum, which fuels our transportation. Fresh water sources are drying
up as we pump out aquifers, irrigate deserts, and divert it to industrial processes
such as natural gas drilling or extraction of oil from tar sands. Our coal plants
spew particulates into the air, causing 34,000 respiratory deaths a year in the US
alone. Worldwide, hunger for food results in 17,000 daily child deaths.

Limits to growth arise from finite resources.
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1972 model of the world economy

Forty years ago in 1972, Dennis Meadows’ Limits to Growth modeled the effects
of finite resources on the fate of the world. He projected that consumption of



natural resources and rise of pollution from industry would diminish food and
eventually population. [The spotty graph is from a 1972 teletype pin printer we
both used at Dartmouth College’s early computer systems.]

Meadows was rebuked by economists who pointed out that innovation and rising
prices for resources have historically resulted in finding new resources and
inventing new ways to increase economic productivity. New resources could be
found at higher prices, but increased economic productivity would make them
affordable. The world is finite, though. Since then the world has experienced the
oil price shocks of the 1970s and now commodities price shocks as more energy
is required for making iron, aluminum, corn, and other commodities more in
demand from an increasingly demanding, expanding world population.
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Comparison of limits-to-growth model to observations

Meadows’ projections to date are consistent with observations, according to
articles in American Scientist and Smithsonian magazine, whose graphic shows
historical data in solid lines and projections in dotted lines, with a 30 year
overlap.

But higher prices will not always secure new energy. Now economists are aware
of EROI, energy return on energy invested. For example, obtaining energy from
oil consumes energy for exploration, drilling, pumping, refining, transportation,

distribution, and marketing. The ratio of the energy provided by the finished oil

product to the energy used to obtain it is EROI.
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The EROI for oil is dropping from 100:1 (1930) to 40:1 (1970) to 14:1 (2000) to
an estimated 5:1 (2009) for new exploration. Price is not the important limit,
rather EROI is the hard stop limit, for when it drops to 1:1, we can get no more
energy. The lighter parts of the bars represent the range of EROIs; for example
coal EROI ranges from 40 to 80. The EROI for corn ethanol is already < 1 in
many situations.



Resource depletion may be more severe than climate change.

Global warming is indeed a severe threat to our environment and human
civilization. But resource depletion may be an even more immediate threat.
Physicist Tom Murphy writes the blog, Do the Math, encouraging people to
quantify the problems and envisioned solutions. In a 2012 interview with
OilPrice.com he says:

“I see climate change as a serious threat to natural services and species
survival, perhaps ultimately having a very negative impact on humanity. But
resource depletion trumps climate change for me, because I think this has the
potential to effect far more people on a far shorter timescale with far greater
certainty. Our economic model is based on growth, setting us on a collision
course with nature. When it becomes clear that growth cannot continue, the
ramifications can be sudden and severe. So my focus is more on averting the
chaos of economic/resource/agriculture/distribution collapse, which stands to
wipe out much of what we have accomplished in the fossil fuel age. To the
extent that climate change and resource limits are both served by a deliberate
and aggressive transition away from fossil fuels, I see a natural alliance.”

Population is stable in developed nations.

World population is projected to grow from 7 billion to over 9 billion people.
Most of this growth is in the developing nations. The US and other economically
strong OECD nations have little population growth, attributable to immigration
from the developing nations.
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Increasing population will increase the demand for resources of food and energy.
Increased demand leads to increased completion and possible conflict.

Impoverished countries birth the most children.
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This scatter plot uses data from the 2008 CIA world fact book. Each point
corresponds to one nation, relating average number of children born to each
woman and GDP per capita — closely related to income. It demonstrates that
countries with high GDP per capita have birthrates that lead to a sustainable
population. All the countries to the left of the vertical bar would have
diminishing populations, except for immigration.

With increased income, there is less need to have children to work in agriculture,
or to care for aging parents. There is less need to give birth to extra children to
compensate for childhood deaths. With work saving technologies such as water
pumps, efficient cook stoves, and washing machines, women are freed from
constant labor. They are able to have time for education and to earn money. With
more independence and access to contraceptives, women can choose to have
fewer children, as evidenced above.



Prosperity stabilizes population.

In this same plot is added a horizontal bar at $7,500 GDP per capita, arbitrarily
chosen and labeled “Prosperity”. The poor nations, below $7,500, are those that
have the highest birthrates. This strongly implies that improving the economic
status of poor nations will lower birthrates, leading to a stable or shrinking world
population. This plot cries out for a need to increase world prosperity to $7,500
GDP per capita, only 16% of the US number. With a stable or shrinking global
population, world civilization can be sustainable.
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At the Wall Street Journal ECO:nomics forum in March 2012 Microsoft founder
and philanthropist Bill Gates remarked:

"If you want to improve the situation of the poorest two billion on the planet,



having the price of energy go down substantially is about the best thing you
could do for them. ... Energy is the thing that allowed civilization over the
last 220 years to dramatically change everything."

Prosperity depends on energy.

This plot, also with CIA data, shows the relationship between GDP and energy —
specifically electric energy, measured in kilowatt-hours per capita per year. For
our civilization, electric energy is the most valuable and useful form of energy.
Unlike heat from fire, or power from falling water, electric power can be used
for many purposes essential to economic development. Applications include
water sanitizing and distribution, sewage processing, lighting, heating,
refrigeration, air conditioning, cooking, communications, computing,
transportation, food processing, medical care, manufacturing, industry, and
commerce. These are all hallmarks of emerging prosperity.
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Adequate electric power alone can not guarantee a prosperous economy and
civilization without education, basic health care, rule of law, property rights,
financial system, and good government. But electricity is essential for economic
progress.

Over 1.3 billion people, 20% of the world population, have no access to
electricity. Even rapidly developing nations such as India and South Africa can
not provide full time electricity.

Electricity can power sewage processing systems, necessary to assure clean
water. The World Bank says 2.6 billion people have no access to sanitation,
leading to illness that reduces GDP by 6%. Diarrhea is responsible for more
child deaths than AIDS, TB, and malaria combined. UNESCO reports that 8% of
worldwide electric power is used for water pumping, purification, and
wastewater treatment.

Clean water distribution is one example of how affordable, reliable power can
free women from hauling water, helping to lead to a standard of living with time
for education, gainful work, women’s independence, and choices about
reproduction.

The previous plot suggests an annual 2,000 kWh per capita supply leads to the
$7,500 GDP per capita level that leads to sustainable birthrates and population.
This minimum electric energy supply rate is 230 watts per person, about 16% of
the US rate.

In summary, an economy with minimum electric power availability of 230 W
per person is needed to achieve the modest prosperity level of $7,500 per person
leading to a sustainable population.

In India today, average electric power consumption per capita is 85 W; 40% of
the people have no access to electricity, and another 40% have access only a few
hours per day. The long term goal of India’s government ministers is 570 W per
capita, compared to 1400 W in the US.

Energy use is growing rapidly in developing nations.

The developing nations understand the need for more electric power to increase

the economic prosperity of their citizens. They have limited money to spend and
must build affordable power plants with low fuel costs — coal-fired power plants.
Energy annual demands on this chart are denominated in quads — quadrillions of



BTUs per year. For comparison, the US uses about 100 quads of energy
annually.
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The 34 OECD nations have a population of 1.2 billion people with an average
GDP per capita of $34,000, adjusted for purchasing power parity. OECD is the
organization of the world’s wealthy nations; the non-OECD nations are
developing nations. The OECD outlook is that “World energy demand in 2050
will be 80% higher ... and still 85% reliant on fossil fuel-based energy.”

Coal burning is increasing sharply in developing nations.

China and India, with large populations, are driving the projected increases in
coal use.



History 2008 Projections

150
100
Non-OECD Asia
50
N
OECD
S _ : e
Rest of world
0 T T T |
1990 2000 2008 2015 2025 2035

DOE projections of annual energy consumption, quads

Global carbon dioxide emissions are rising.

The following chart shows 2004 total emissions as 8,000 million tonnes (8 Gt) of
carbon, equivalent to 29 Gt of CO2. The bottom, cement production line
includes the coal, heavy crude, and natural gas used to fire the kilns that make
the world annual production of 3.3 Gt of cement used for making concrete for
construction, mostly in China. After a recessionary dip, annual CO2 emissions
continue to rise, up 5% in 2010 to 30.6 Gt.
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GLOBAL WARMING

Global temperatures are rising.

The US National Oceanic and Atmospheric Administration has tracked mean
monthly temperatures for over a century. Their graph illustrates the change in
temperature relative to the last century average. The vertical scale is temperature
in °C. Temperatures have risen about one degree in the last century.
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Carbon dioxide emissions increase global warming.

The following chart from climate scientist James Hansen shows the history of
CO2 emissions, methane emissions, and temperature. The horizontal scale is
thousands of years before 1850, at “0”. The scale of time from 1850 to 2000 is
expanded, by 400:1, to show in detail civilization’s rapid effects since the
industrial revolution. The units for CO2 are parts per million, for CH4 are parts
per billion, and for T are degrees °C relative to last century’s average.
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CO2 and T are strongly correlated, implying that the recent rapid increase in



atmospheric CO2 will force a rise in térﬁpefature T. Correlation is not causation,
so climate models were used to compute how the CO2 greenhouse effect
changes the world climate.

Much of the sun’s energy reaches earth as visible light, which passes through the
transparent atmosphere and heats the earth. Though much cooler than the sun,
the earth does re-radiate its heat as less energetic, infrared radiation (IR). The
atmosphere is not so transparent to IR, so the atmosphere absorbs IR and heats
up the earth. The amount of absorption depends on the amounts of H20, CH4,
and CO2, each of which absorbs energy differently.

Computer models were developed to simulate the earth’s climate. These are
complex, taking into account many factors that affect the earth temperature. This
chart, from climate scientist James Hansen, illustrates some factors that change
the normal balance of energy radiated, absorbed or reflected by the earth.
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Greenhouse gases such as CO2, chlorofluorocarbons, methane, and ozone



increase infrared absorption, warming the earth.

Black carbon soot from inefficient stoves in developing nations also
increases absorption and warming.

Aerosols from SO2 and NO2 reflect incident light, cooling the planet.

Contrasting to criticisms, this chart shows that the climate models do in fact take
into account many factors that affect global temperatures. There is consensus by
scientists that the computer models are sufficiently accurate to illustrate (1) the
planet is warming, and (2) human civilization’s atmospheric emissions are a big
cause.

IPCC climate modeling projects a warming earth.
IPCC is the Intergovernmental Panel on Climate Change.

“For the next two decades a warming of about 0.2°C per decade is projected
for a range of SRES emissions scenarios. Even if the concentrations of all
GHGs and aerosols had been kept constant at year 2000 levels, a further
warming of about 0.1°C per decade would be expected.”



AZ
6.0 AR
e 1
5.0 Year 2000 constant
corcentrations
20" century

4.0

IXI]IJlllllillllllll

P

(0
1800 2000 2100

IPCC projections of world average temperature change, °C

llilllllllllllll

The IPCC made several projections of world average temperature, relative to
year 2000, based on differing civilization scenarios. For example, the B1
scenario is a world of very rapid economic growth, a global population that
peaks in mid-century, with rapid introduction of new and more efficient
technologies and changes in economic structures toward a service and
information economy. The B1 line, ending at the error bar, forecasts a 1.8°C
increase in temperature in 2100. The bottom line forecasts temperatures if CO2

im thAa ntrnAanmhara AAaAn Ak mina Amxr mamra kAl Tha TN vnnlrAan A mumadi bt A



111 LHE dULIUSPILIELE UUEDd LIUL 115E dily HIULE dl dll. 111 1FUG HIdAREDS 11U predltuull
of which scenario is most likely, but they all project global warming, varying
with CO2 emissions.

Unchecked global warming will end life as we know it.

One of the biggest effects of rising temperatures will be the melting of sea ice
and glaciers. Sea levels may increase by as much as 1 meter by 2100. The loss of
habitat symbolized by the iconic polar bear will affect many other arctic animals,
such as seals and walruses. Agriculture in India and other places depend on
water from rivers sourced by summer glacier melting.

Rongbuk glacier change

The Rongbuk glacier in the Himalayas all but disappeared between 1968 and
2007. As such glaciers vanish they will not provide seasonal melt-water to rivers
used for irrigation for growing food in the dry season, possibly causing famine
for hundreds of millions of people.

Animals change locales and habits to adapt to the climate; for example, spruce
bark beetles have thrived in now-warmer Alaska, destroying 4 million acres of
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more common; floods and droughts will become more common.

Changes to life in the ocean will also be dire. Ocean life thrives in cold water;
Caribbean water is blue and clear because it has less life than temperate and
polar oceans. Algae, the start of the ocean food chain, require cold, polar water
to grow, and this cold area that is the source of ocean life is shrinking. Depletion
of dissolved oxygen is causing more dead zones. Warming water causes corals
to expel symbiotic algae, then bleach and die.
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Bleached Indian Ocean coral

Temperature is not the only problem. Carbon dioxide from the atmosphere
slowly dissolves in the ocean, making it more acidic. Scientists report that



today’s 29% increase in dissolved hydrogen ions since the Industrial Revolution
will rise even more. Dissolved CO2 depletes the carbonate ions that corals,
mollusks, and some plankton need for reef and shell building. By mid-century
this will threaten survival of shellfish and the marine food chain.

Fossil fuel burning kills 34,000 US citizens per year.

Air pollution is a more immediate problem than global warming. Many US coal
plants have installed scrubbers and other equipment to reduce the toxic waste
spewed into the atmosphere. The Clean Air Task Force has lobbied for
legislation and regulation to reduce the death rate from breathing atmospheric
pollutants to 13,000 per year in the US.
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The US Environmental Protection Agency has tracked the slow, steady reduction
in one pollutant, sulfur dioxide. In an abrupt policy change on July 7, 2011 the
US EPA issued a very restrictive, contested rule to reduce emissions to a much
safer level.



“The Cross-State Air Pollution Rule will protect communities that are home
to 240 million Americans from smog and soot pollution, preventing up to
34,000 premature deaths, 15,000 nonfatal heart attacks, 19,000 cases of acute
bronchitis, 400,000 cases of aggravated asthma, and 1.8 million sick days a
year beginning in 2014 — achieving up to $280 billion in annual health
benefits.”

The EPA estimate is 13,000 to 34,000 deaths per year. Most of these deaths arise
from sulfur dioxide from coal plant flue gases that nucleate fine particles (< 4%
the diameter of a hair) that are inhaled. Nitrogen oxides and mercury are two
other fatal pollution contributors. EPA estimates the annual economic benefit
from reducing emissions to be 120 to 280 billion dollars.

Air pollution is even worse in China, where hundreds of thousands of people
annually die prematurely from respiratory disease from coal burning.
Worldwide, the UN estimates a death rate over 1 million per year from carbon
particulates from all sources.

The March 2012 OECD outlook projects that with business-as-usual policies

“Urban air pollution is set to become the top environmental cause of mortality
worldwide by 2050, ahead of dirty water and lack of sanitation. The number
of premature deaths from exposure to particulate air pollutants leading to
respiratory failure could double from current levels to 3.6 million every year
globally, with most occurring in China and India.”
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Shipping emits more air pollution than all the world’s cars.

Just the 15 largest container ships emit as much air pollution as the world’s 760
million cars. Large ship diesel engines are powered by refineries’ residual oil,
essentially asphalt that contains 2000 times the sulfur of automobile diesel fuel.
The 2300 ton engines generate up to 90 MW of power while burning 16 tons of
fuel per hour. Shipping has increased as China has become the largest
manufacturing country. The industry consumes 7 million barrels of fuel per day.
The entire ocean fleet annually emits 20 million tons of SO2. Shipping is
responsible for 18-30% of the world’s NOx (nitrogen oxides) pollution, 9% of
SOx pollution, and 4% of all climate change emissions.

The US EPA is working to reduce costal ship emissions, causing 12,000 to
31,000 premature deaths, 1.4 million work days lost, and from $110 to $270
billion dollars of health care costs.

The US is addicted to imported oil.
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US oil imports in millions of barrels per day

This graph illustrates US oil imports of approximately 10 million barrels of oil
per day. With oil at $100 per barrel, this cost of $1 billion per day affects our
balance of trade payments, increasing our trade deficit by roughly $365 billion
per year, a dominating fraction of the total US trade deficit of $500 billion.
Cumulatively, that trade deficit amount to $10 trillion -- money borrowed to
import foreign oil and other goods. In the future the US must export a net of $10
trillion of goods and services to pay the money back.

The US imports half of the petroleum it consumes. The rankings of major
suppliers of imported oil change with market conditions:

Canada 25%
Saudi Arabia 12%



Nigeria 11%
Venezuela 10%
Mexico 9%

Other oil suppliers are Colombia, Iraq, Ecuador, Angola, Russia, Brazil, Kuwait,
Algeria, Chad, and Oman.

There is a robust, efficient, international market for petroleum, so the US is not
specifically dependent upon any one foreign source. However short-term
demand is inelastic, and worldwide production capacity only slightly exceeds
demand, so disruptions in oil supply can cause shortages and price spikes.

Reduced resources and increased population spark conflict.

The invasion of Kuwait by Iraq in 1990 was an attempt to seize possession of
one of the world’s largest energy sources. The Kuwait oil fields constitute 8% of
the entire world’s oil reserves. As the defeated Iraqis withdrew, they set fire to
700 oil wells, burning 6 million barrels of oil per day over ten months, causing
widespread pollution.



Pentagon studies conclude the greatest danger posed by climate change is not the
degradation of ecosystems per se, but rather the disintegration of entire human
societies, producing wholesale starvation, mass migrations, and recurring
conflict over resources.

Current world energy flows will not sustain civilization.

The current pattern of sources and uses of energy can not be sustained in a
civilized world. In summary:

Population World population is rising, especially in poor nations.

Energy poverty Over 20% of the world population has no access to electricity -
- critical to achieving even modest prosperity. Liquid fuels are
needed for transportation for commerce and industry.




Energy growth Developing nations are increasing energy demands to enable
economic growth and individual prosperity.

Coal burning Burning coal for electric power is the least expensive way for
developing nations to generate electric power. Coal plant
construction continues even in OECD nations.

CO2 emissions World coal burning dumps 31 Gt per year of CO2 into the
atmosphere, more than from petroleum burning.

Temperature World temperatures are rising from excess man-made
atmospheric CO2 causing planetary changes in terrestrial and
ocean life, fresh water supplies, and the ability to produce

food.

Pollution Coal plant emissions spew particulates into the air, responsible
for 34,000 deaths per year in the US and over 1 million deaths
globally.

Oil Petroleum is critical to transportation, and worldwide demand

is increasing. The US is the biggest importer of this
diminishing resource, increasing its trade deficit by a third of a
trillion dollars annually.

Conflict A growing world population, increasing demand for shrinking
resources, stresses from pollution, and resulting social unrest
lead to war.

Carbon taxes are not a global solution.

An oft-proposed political solution to stop global warming is to impose a tax on
CO2 emissions by all emitters. In concept, the price of electricity from a coal-
fired power plant does not include externalities — the costs of the damage to the
environment by dumping combustion emissions into the atmosphere.
Economists try to compute the damage and propose CO2 taxes in the range of
$40-100 per tonne, increasing the cost of such energy. The cap-and-trade variant
of the carbon tax similarly increases energy costs affecting economic
productivity. Similar attempts to displace CO2 generating fuels are feed-in-
tariffs and renewable portfolio standards mandates, which require utilities to buy
some renewable fuels at high prices.

The US and other nations have unsuccessfully attempted to tax emissions.
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emissions are rising there. Prior to the Kyoto Treaty, the US Senate voted
unanimously not to approve any emissions-limiting treaty that exempted
developing nations.

The United Nations Framework Convention on Climate change sponsored
international climate change meetings in Kyoto, Copenhagen, Tianjin, Cancun,
Bangkok, Bonn, Panama, and Durban without consensus on how to impose
carbon taxes or reduce CO2 emissions, which continue to rise. Tens of thousands
of people attended each of these meetings. It’s hard to conceive how all the
world’s nations would agree to a treaty against their individual self-interests.

Developing nations argue that the prosperity of the wealthy OECD nations has
come about through inexpensive energy from burning fossil fuels, raising current
CO2 concentrations to 400 ppm. They argue that they should have the same
opportunity to increase CO2 for energy that would propel their prosperity to an
OECD-like GDP, per capita.

This bar chart illustrates China’s argument.
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China Daily News, October 7, 2010

CO2 emissions growth accelerated in 2012.

NASA photos show the Greenland ice sheet melted on July 12, 2012, going from
60% to 3% ice cover in 4 days.

In 2012 the Organization for Economic Cooperation and Development published
dire warnings about the continuing rise is world CO2 emissions. The largest
growth is expected in the power generation sector, where emissions are expected
to rise from 10 Gt in 2012 to 18 Gt in 2050 — an 80% increase. Graphs from this
OECD report follow.
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At this rate, atmospheric concentrations will reach 685 ppm by 2100, compared
to 450 ppm which most climate scientists say is the maximum climate-stable

concentration. OECD predicts average temperatures will rise from 3 to 6°C at
685 ppm — a catastrophe.
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NEW ENERGY TECHNOLOGY

New energy technology can solve our environmental issues.

Prof. Jeffrey Sachs, Director of the Columbia Earth Institute and advisor to the
UN Secretary-General, is an economist who advocates new energy technologies
over carbon taxes. He writes in Scientific American,

“Technology policy lies at the core of the climate change challenge... If we
try to restrain emissions without a fundamentally new set of technologies, we
will end up stifling economic growth, including the development prospects
for billions of people... We will need much more than a price on carbon ...
technologies developed in the rich world will need to be adopted rapidly in
poorer countries.”

Nations resist carbon taxes that would increase the cost of energy from burning
coal, because the taxes will impede economic development. Much of the
contention in attempted climate treaty negotiations is from proposals for OECD
nations to pay billions of dollars to developing nations to help them reduce their
current and future net CO2 emissions.

There is a better solution — energy cheaper than coal. If new technologies such as
the liquid fluoride thorium reactor undercut coal economics, nations will forego
coal power plants in their own economic self-interest. There is a clear economic
tipping point here, set by the cost of coal electricity. Success is a new energy
technology that provides power below this coal price point. Contentious
international treaty negotiations and economically burdensome taxes will not be
needed

The liquid fluo