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Preface: The Future of Energy

This is a book about the future of energy. Even without a deep analysis
of the energy industry, most people fundamentally understand that our
current energy system is ultimately unsustainable and that renewable
energy (including solar energy) will be an inevitable part of our common
future. Global economic, environmental, and social pressures are driving
our species and our economies to change how we harness vital energy,
and these pressures will intensify as we approach the middle of the
twenty-first century and expand to an estimated population of ten billion
inhabitants on the planet.

Many of the greatest hurdles we will face in the next fifty years will
be a direct result of how we currently and eventually decide to procure
the energy necessary to sustain our lives and our standard of living.
Human-induced climate change, resource wars over energy supplies,
and cycles of deforestation, famine, and poverty that result from our
insatiable appetite for energy are not new problems. Humans have
grappled with these problems for centuries. The difference today is that
these problems have accelerated in scale and potential repercussions to
global proportions.

Inevitably, the threats that our relationship to energy creates will be
mitigated when motivation and opportunity collide. This could happen
when businesses and government compensate for the risks and costs of
our current energy system with effective foresight and coordinated plan-
ning or, alternatively, when we are forced to change in response to a
1970s-style energy crisis. Whatever the catalyst, the industrialized and
developing nations of the world will eventually address these issues by
using energy more efficiently and by developing and deploying local, sus-
tainable, renewable energy sources.



Many such energy-generation solutions are being pursued, including
nuclear power and renewable wind, biomass, and geothermal energies.
Businesses and policy makers are currently pursuing choices based on
their respective natural-resource endowments, technical expertise, and
political will. For example, Iceland is tapping into its vast stores of geo-
thermal and hydroelectric energy in an attempt to become the world’s
first fossil fuel–free economy. The countries of northern and western
Europe (including the United Kingdom, Denmark, and Germany) are
taking advantage of their ample wind resources to lead the world in
wind-power deployment. Land-rich but oil-poor Brazil is deploying bio-
fuels to power its transportation infrastructure at a lower cost than tra-
ditional gasoline or diesel fuel. Each of these developing energy sources
has a role to play worldwide, and many will be components of the solu-
tions that are ultimately employed.

Various solar-energy-generation technologies—including direct electric-
ity generation from photovoltaic (PV) cells—also continue to be researched
and deployed. Although PV technology is conceptually simple—harnessing
the sun’s energy on a solid-state device—generating electricity with PV cells
is generally assumed to be both too expensive and too far behind in terms
of market penetration to have a meaningful impact on the juggernaut of the
world energy infrastructure. Partially because of solar energy’s false prom-
ises in the 1970s, the technology is widely seen as a desirable but uncom-
petitive energy source in all but niche markets and remote small-scale
power applications. However, developments in the PV industry over the
last ten years have quietly transformed solar energy into a cost-effective and
viable energy solution today.

In many markets such as Japan, Germany, and the American
Southwest, PV electricity has already become the energy choice of hun-
dreds of thousands of users. From this established base, the technology
of PV is poised to transform the energy landscape within the next decade
as relative prices of this technology versus existing sources make it
increasingly competitive. PV technology’s relative cost-effectiveness when
compared to traditional energy choices and even many of the “new
renewables” such as geothermal, wind, biomass, or ocean power will
ensure its continued market penetration. Although it will be many years
before solar energy provides a substantial amount of the world’s energy
generation, awareness of the inevitability of the solar solution will have
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a surprisingly dramatic impact on electric utilities, government policy
makers, and end users much sooner than most predict.

At its root, the shift to solar energy will be due to two complementary
economic drivers in the energy industry that affect the configuration of
energy supply and demand. The first driver relates to what types of
energy source are used to power modern industrialized and developing
economies. Pressure to develop sources of clean, renewable energy is
growing because of the increasing costs and risks of securing traditional
energy supplies, the increasing need for more energy as countries like
China and India industrialize, and a growing understanding of the envi-
ronmental effects of traditional sources of energy.

The second driver relates to how and where energy is being generated.
Over the next few decades, industrial economies will shift away from
large, centralized energy production toward smaller, distributed energy
generators, primarily because end users will increasingly have cost-
effective options to avoid the embedded costs of the existing energy infra-
structure. This trend toward distributed energy is also true for the
billions of people who live in developing economies (where most of the
global growth in energy use is projected to occur) and who do not cur-
rently have access to large, centralized electricity grids and distribution
systems. As these two drivers combine to change the economics of
energy, much of the world will find it economic to use locally generated,
clean, renewable energy. This book discusses the inevitable conclusion of
these two trends—when, where, and why they will occur.

The research that led to this book did not begin with the supposition
that such a clear energy path existed. It began with the broader ques-
tion of where the natural momentum of the global energy industry has
been leading and what trends would determine its future. The
inevitabilities regarding solar energy became apparent only through an
understanding of the natural economic forces that were transforming
the industry, the changing relative costs and risks inherent in the vari-
ous energy technologies, and the surprisingly close proximity of transi-
tion points for various energy users that would alter their decision
making. But while inevitability alone is an interesting concept, it is not
particularly useful without the answers to three pivotal questions:
when will this inevitability arise, what challenges stand in the way
between today’s status quo and the inevitable configuration, and is
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such inevitability desirable enough that efforts should be made to
accelerate it?

To answer these questions, this book examines the entire energy cycle
that dictates our relationship through energy to other people and to the
planet rather than just the energy infrastructure that utility providers and
fossil-fuel suppliers typically describe. Only by placing global energy use
in this greater context can we properly evaluate the decisions that we as
individuals and as a society will ultimately make. In determining which
energy options will prevail, a reasonable analysis must look beyond pre-
conceptions about which one “should” succeed or which one would be
“the best” solution for society. Such analysis relies too much on wishful
thinking amid disparate and conflicting political and economic agendas.
Instead, responsible analysis should determine how, in the course of day-
to-day life and trillions of individual uncoordinated decisions, energy
solutions will unfold naturally.

Forecasts of this nature are always risky. However, constructing mod-
els of the future is critical for sound decision making on important top-
ics, and various forecasting approaches can be applied. Some people
build mathematical models, some use broad philosophy, and still others
take a business approach. The forecasts herein use a combination of eco-
nomic and business modeling because, in the end, the relevant question
is how the global energy industry and its economic agents will behave.
In business, when managers are attempting to forecast market conditions
over long periods of time, specific forecasts are not always possible or
even useful. Understanding and predicting key market drivers and the
ways that they will change over time are how the underlying tectonic,
and eventually determinative, forces are detected. Correctly assessing
these key drivers and using them to economic advantage is what sepa-
rates highly successful businesspeople from the pack. When the key driv-
ers in the global energy industry are identified, they expose the fallacy of
the conventional logic that states that solar power is destined to be a
marginal player in our energy future.

The inevitability of solar power itself is a powerful concept, and a
clear vision of the inevitable will help guide decision making today and
in the years ahead. Although the size of the existing energy infrastructure
and the long life of the assets employed may mean that it will be many
years before the world is dominated by clean, virtually unlimited solar
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energy, the increasing momentum in that direction will transform the
world and our expectations long before. In the end, perhaps that is the
only change that is needed. It may be sufficient for now to realize that
alternative paths do exist, that the goals of promoting business and the
environment need not be mutually exclusive, and that progress toward a
practical, sustainable relationship with our planet is not only achievable
but inevitable.
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The Inevitability of Solar Energy





1
A New Path on the Horizon

Energy is hot again. Not since the oil-price shocks of the 1970s has there
been such a buzz about energy or its impact on the world economy.
Newspapers and news programs increasingly focus on the issues sur-
rounding the world’s energy needs and the consequences of current global
production and consumption patterns. Yet this crescendo of media stories
and reports issued by the United Nations, nongovernmental organizations
(NGOs), and policy think tanks has not been able to convince people and
businesses that viable alternative solutions or pathways yet exist.

A growing number of environmentalists, scientists, economists, policy
experts, and citizens understand that current energy dynamics dictate that
the world will soon run short of relatively cheap, easily accessible oil—to
be followed quickly by natural gas and coal—and that energy alternatives
must be developed quickly. Because it is impossible to predict all of the
variables that will drive these future changes, the consequences of delay-
ing development of energy alternatives can be discussed only in terms of
a range of possible scenarios. According to the best scenario, industrial
economies will see sagging economic output and productivity and mas-
sive wealth transfers to the oil-rich countries of the Middle East by the
mid-twenty-first century. The worst scenario includes global ecological
melt-down and human suffering on an unimaginable scale.

However, deploying sufficient energy alternatives to help us to avoid
economic and environmental crisis is a massive and daunting task that is
made more difficult by inertia. Today more than 6 billion people make
daily decisions about what to eat, what to wear, or what to drive. When
they decide between the immediacy of a household budget and an uncer-
tain energy and ecological future, most people frankly do not understand
and cannot afford to care about the long-term impacts of their decisions.



Globally, most people lack the necessary information or day-to-day
economic security that would allow them to understand and act on the long-
term effects of small, daily choices. Their priorities are feeding themselves
and their families, staying warm and safe, and carving out whatever secu-
rity they can. To meet their vital needs, people and the societies they com-
prise will continue to absorb trees, fossil fuels, and food stocks unless and
until accessible and cost-effective energy choices exist. The history of our
species, not unlike the history of algae blooms, is a repetition of this story.
It is the story of a species trying to improve its lot and, through ingenuity
or chance, tapping into a new source of food or energy. This species eats
and multiplies until the available food and energy are dwarfed by the pop-
ulation, followed by a painful adjustment in lives and economic liveli-
hood until a new equilibrium is found. This pattern, described most
eloquently by the English economist Thomas Malthus in 1798,1 has been
repeated many times in human affairs from ancient Babylon to
the Roman empire to imperial China to modern Africa.

Throughout history, human beings have cleverly harnessed available
energy sources in the environment by adapting sources of stored energy—
first wood, then animal power, then agriculture, and finally the miracle
of fossil fuels. As Malthus predicted, this improvement in our standard
of living has led to a corresponding increase in human population
to unprecedented levels. Historically, when resources became scarce or
depleted in one geographic area, humans adapted and migrated to other
areas where resources remained, often involving a costly or painful tran-
sition. In the last round of population expansion, the industrial age of fos-
sil fuels of the nineteenth and twentieth centuries, the human race finally
managed to come full circle around the globe. We have extended our
reach to nearly every useful location, populated nearly every worthwhile
parcel of land, and are steadily depleting the remaining energy resources.
There is nowhere left to run.

Today, leaders of the industrialized world are again facing rising
threats from volatile energy prices, adequate access to fuel supplies, and
insecurity arising from potential nuclear states. There are new larger
threats this time around, however. Since the early 1980s, a growing
awareness of the causes and effects of global climate change, of the risks
of resource peaking in oil and natural gas reserves, and of an aging
energy infrastructure has added to the urgency of the problem. Growth

4 Chapter 1



in energy demand is projected to continue unabated, with much of the
growth expected to occur in the burgeoning industrial societies of China,
India, and other countries of the developing world.2 Growing global
demand, perpetually risky supply, and volatile prices are leading to a
potential “perfect storm” of threats that weigh heavily on governments,
businesses, and consumers throughout the world.

A Bankrupt Energy System

Fossil fuels in the earth’s crust are a result of millions of years of layer
upon layer of the detritus from oceans, swamps, forests, and ecosystems
that accumulated and then was covered over to slowly transform into
what we now mine or drill in the form of coal, oil, and natural gas. The
vast energy latent in these substances is both portable and easily har-
nessed, which has allowed for the development of an industrial society
based on energy-intensive devices ranging from microchips to street
lights, laptops to supertankers, and V-8 rockets to 747 airplanes. Fossil
fuels have enabled societies to extend life and reduce suffering but also
to wage war on ever more devastating scales. Modern economies have
avoided many of the pitfalls of unconstrained growth because they have
been able to switch among fuel sources as necessary or useful or because
they have tapped into new sources of energy to facilitate technological
and economic expansion. By implicitly relying on continuing technology
and productivity growth to outpace population growth and energy
demand, trained economists have declared for two centuries that the
theories of Malthus are “dead.” Changing energy dynamics may yet
prove that view overly optimistic.

To understand modern society’s relationship to energy, it is helpful
to think of energy as money, with corresponding categories of in-
come, savings, and expenditures. The world’s annual energy income is
all the energy captured each year from new sources. Trees and other
plants collect energy income from the sun, as do renewable-energy tech-
nologies like hydro, solar, and wind, either directly or indirectly.
Renewables are renewable because they draw primarily on the earth’s
solar paycheck, as long as the sun shines. Yet energy income effectively
shrinks if the ability to capture energy is diminished. This happens
when forests are cut down faster than they can grow back and arable
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soils are allowed to wash away, limiting the amount of energy capture
available to farmers.

The world’s energy savings consist of all the energy that is stored, in
whatever form, in various reservoirs. These reservoirs include standing
forests, the thermal energy in large bodies of water, and the earth’s vast
(but mostly inaccessible) inner heat, uranium, and other fissionable metals.
Our most accessible energy savings include the millions of years of solar
energy stored in the form of fossil fuels. The energy savings of the earth,
especially in its fossil fuels, are vast but finite. Despite claims to the oppo-
site, fossil-fuel energy is not likely to be totally exhausted under any
future scenario. Some amount of fossil fuel will always be available at
some level of processing and at some cost. However, the looming threat
of energy depletion is not about total fossil-fuel exhaustion but rather is
about its impending scarcity and the resulting effects on price and avail-
ability. As the point of global peak production of fossil fuels—primarily
oil and natural gas—is passed within the next decade, the vital fuels on
which our global economy is founded will rapidly get more expensive.
The repercussions will reverberate throughout the entire industrial infra-
structure. The fact that some coal or oil is left in the ground will not be
economically meaningful if the global cost for extracting useful industrial
energy becomes increasingly expensive.

Energy expenditure in this context is simply the sum of all energy used
within the global economy. The world’s rate of energy expenditure is a
function of global population and the average energy used by each person,
and under nearly all scenarios it is expected to increase. With global pop-
ulation expected to reach almost 10 billion by midcentury and China and
India (together comprising over a third of the world’s population) ex-
pected to increase their per capita energy usage by three to five times over
the next thirty years, it appears certain that global energy expenditure will
continue to grow for the rest of the twenty-first century. Technology
advancements will improve our ability to extract the remaining energy
stored in the earth’s reservoirs economically and use it productively, just as
technology has done since the beginning of the industrial revolution.
Unfortunately, the increasing demand for global energy expenditures
continues to surpass even technology’s ability to compensate.3

With global energy savings falling and energy expenditures rising,
our global energy system is facing a real risk of bankruptcy. The global
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economy is drawing more rapidly on its diminishing stores of trees, soil,
fossil fuels, and everything else, and its unrestrained growth in energy
demand is becoming unsustainable using current energy solutions. With
its global energy expenses unlikely to decrease and cheap and accessible
energy stores equally unlikely to be discovered, the world must increase
its energy income by finding renewable alternatives that can meet its
vast needs. To be effective, such a solution—or blend of solutions—must
offer a source of energy that is widely accessible and that will be chosen
naturally as people obey the logic of short-term self-interest, cost, and
efficiency.

Back to the Basics

For reasons that this book explores in full, solar energy will inevitably
become the most economic solution for most energy applications and the
only viable energy option for many throughout the world. Currently,
sunlight is the only renewable-energy source that is ubiquitous enough to
serve as the foundation of a global energy economy in all of the locations
where energy will be required, from the industrialized world to the devel-
oping one. The evolving economics of energy reveals that electricity from
solar sources has certain projected cost advantages compared to other
forms of generating electricity that ensure its major role in meeting the
world’s energy challenge. Looking at the gap between the amount of
direct solar energy being harnessed today and the amount of energy that
will be required to meet increasing energy demand and replace dwindling
fossil-fuel sources over the next fifty years hints at the likelihood for
unprecedented growth in the solar-energy industry.

Obviously, the world will never be powered entirely by direct solar
sources. Energy will always be supplied by a portfolio of technologies,
including those traditionally harnessed from fossil fuels. Increasingly and
dramatically over the next few decades, however, consumers will turn
directly to the sun for their energy. This will happen not because solar
power is clean and green but because basic economic and political rea-
sons compel us to make this choice. At the point that the out-of-pocket
real cash cost of solar electricity drops below the costs of current
conventional energy alternatives (a situation already occurring in the
Japanese residential electricity market), the adoption speed of solar
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energy will rival nearly every technological leap in history, even the rapid
and transformative adoption of computers, information technology, and
telecommunications in the late twentieth century. Eventually, solar en-
ergy will become a major portion of the electricity infrastructure (both
the utility grid and local distributed generation) and contribute substan-
tially to energy used in the transportation infrastructure.

Many people in government, economics, and ecology might initially find
this claim difficult to accept. Conventional thought is dominated by the
view that solar energy is still a long way from being cost-effective or effi-
cient and will be doomed for decades to play catch-up with cheaper alter-
natives such as wind, nuclear, and biomass energies. But these assumptions
rely on the traditional framework of energy cost analysis and embedded
assumptions about the future that are derived by extrapolating historical
trends incorrectly. Such analyses are examined in detail later in this book
and shown to be incorrect and incomplete.

Understanding the nature of this transformation toward dramatically
increased use of solar energy requires clear definitions of the terms of the
discussion. As a first step, let us consider electricity rather than energy,
which is a much broader category. Though electricity consumes roughly
one third of the primary energy used in the world, it plays a fundamen-
tal role in the productivity of industrial economies and provides a vehi-
cle for addressing similar energy issues in other energy sectors, such as
transportation and heating applications.4

Electricity is a particularly pure and versatile form of energy. It runs
computers, lights, transportation systems, and factories. Economies de-
pend on the quality, reliability, and quantity of electricity available to
them and the efficiency with which it is used. Electricity’s contributions to
the modern world currently rely on the large-scale electricity-distribution
systems that were begun around the turn of the twentieth century
by inventors and entrepreneurs like Thomas Edison and George
Westinghouse. The electricity grid, through which all modern economies
are powered, was dubbed the greatest invention of the twentieth century
by the National Academy of Engineering in 2000, surpassing even the
automobile, the airplane, and the computer in importance.5 Over the last
one hundred years, the cost-effectiveness, versatility, and reliability inher-
ent in this grid technology led to an increase in wealth and productivity
that rapidly brought lights and other appliances to many homes and
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businesses around the world. The grid could deliver energy to the user
more cheaply—and in a far more versatile form—than coal or other
forms of fuel hauled to each user’s location and consumed on site.
Electricity generation became less expensive over time because of the
economies of scale made possible by centralized generating plants. For
over a hundred years, industrialized nations have relied increasingly on
the grid to supply all but the largest industrial energy users (who some-
times generate their own electricity) and in doing so have reaped sub-
stantial benefits in reduced energy costs and increased reliability of the
energy sources necessary to promote industrial development.

Today—thanks to the sheer size of and number of people connected to
the electricity infrastructure, a century of accumulated technical experi-
ence, and substantial government subsidies—retail prices for electricity
are at their lowest levels ever. The United States, for example, has some
of the lowest electricity prices in the industrial world. The cost of its res-
idential electricity averages around nine or ten cents per kilowatt hour
(kWh), the standard measurement for electricity usage and flow.6 In other
industrial countries, electricity costs vary due to differences in the mix of
fuels used, fewer economies of scale, and lower government subsidies. In
Japan, for instance, the retail price of electricity is about twentyone cents
per kWh, while in Germany it is twenty cents per kWh.7 These average
prices can be misleading, however, and can distort analysis because local
electricity prices can vary widely within a country depending on local eco-
nomic factors and the type of power being generated.

A useful way to begin exploring electricity economics is to break its
cost into two pieces—the cost to make the electricity (generation) and the
cost to get it from the point of generation to where it is needed (deliv-
ery).8 Different places and producers have different cost structures, but a
basic rule of thumb is that residential electricity costs divide more or less
evenly between generation and delivery. Using the U.S. example of nine
cents per kWh, this results in 4.5 cents per kWh for the fuel and plants
to make the electricity and another 4.5 cents per kWh for the grid to
transmit it.9

These numbers represent the actual cost paid by consumers of electric
power but are not fully loaded, using the term of accountants and econo-
mists. Fully loaded costs include the costs that are sometimes transferred
to and paid by outside parties, such as costs of subsidies or pollution
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control. Fully loaded costs also consider the total cost of replacing the in-
dustry’s capital base (including its power plants, infrastructure, and equip-
ment), which depreciates or deteriorates every year. Worldwide, current
electricity prices do not fully account for these costs, and if they did, retail
electricity prices would be substantially higher. One reason they do not is
that governments often take on some of the costs of building, financing,
and protecting the energy business and pass on those costs to consumers
in the form of taxation rather than in the cost of delivered power.

Another reason that prices do not reflect costs is that since the wave of
deregulation in many industrial electricity markets in the 1980s and
1990s, newly privatized and deregulated utilities around the world have
relied on the existing installed infrastructure and have underinvested in
maintaining the electricity grid. The consequences, as the last few years
have shown, are increasingly frequent and dramatic blackouts and
brownouts and eventually will be higher costs to consumers and utilities
as additional capacity is added to adequately replace this aging infra-
structure. In the end, though, consumers and businesses make decisions
based on out-of-pocket costs, not those that society must bear.
Independent of the policies that allow these costs to be less than fully
loaded, any analysis of the future of the energy industry must recognize
the economic reality that out-of-pocket costs are the relevant factors.
A responsible analysis of electricity-industry economics must assume
that the cash price that energy users pay is the primary variable that users
consider as they make decisions.

Historically, most analyses of electricity economics have looked at costs
from the utility’s vantage point, primarily because utilities in industrial
economies currently generate well over 90 percent of all electricity.10 Since
delivery cost is essentially fixed for grid-based electricity regardless of the
utility’s method of generation, the standard approach to comparing the
economics of various electricity sources has traditionally focused on dif-
ferences in generation costs. Under this methodology, each new technol-
ogy or new installation of an existing technology must show that it can
generate electricity more cheaply than the installed base of electricity gen-
erators. From this perspective, only the established technologies of coal,
oil, natural gas, hydropower, and nuclear energies had any hope of being
economically competitive because alternative-energy technologies, with
their limited scale, were perceived as too expensive or too risky to be con-
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sidered by the large utility companies. As a result, economies of scale in
the traditional technologies continued to be reinforced. The landscape has
begun to change in the last decade, however, as a new breed of alterna-
tives has reached the level of technical sophistication and cost to require
a fundamental reexamination of electricity economics.

A Portfolio of Alternatives to Choose From

Some of the greatest optimism in the field of renewable energy has come
in the last twenty years as the cost of generating utility-scale electricity
through cleaner and more efficient wind power has dropped by a factor
of five.11 Today wind power, using the largest windmills at the best loca-
tions, is cost-competitive with electricity generated by many fossil-fuel
plants. Globally, 6 percent of the electricity-generation capacity installed
during 2004 was wind-based, and the wind-power industry is growing at
more than 20 percent annually worldwide.12 While the developments in
wind power are both encouraging and exciting, wind power has limita-
tions in its ability to supplant the bulk power needs of today’s industrial
economies mostly because wind is inherently unpredictable and a limited
number locations have sufficient wind resources. In addition, resistance
by many local communities to having wind farms in residents’ line of
sight has slowed the rate of adoption of wind power even when the
economics are compelling.

With uneven global distribution of fossil-fuel resources and few eco-
nomical, renewable resources for utility-scale electricity, nuclear power
is also being revived as a potential source of electricity generation. Pro-
pelled by intense technological optimism and large government subsidies,
nuclear power climbed from 2 percent of world electricity supply in 1971
before leveling off to nearly 17 percent in 1988.13 Even before the headline-
grabbing accidents at Three Mile Island (1979) and Chernobyl (1986),
nuclear plant orders had dried up in the United States—the world’s largest
generator of nuclear power—based on the high cost of electricity generated
by nuclear power.14 While advocates of nuclear power argue that it could
be made cheaper, safer, and cleaner, no credible plans are in place to ac-
complish any of these objectives. Nuclear-waste repositories are hotly
contested as are reprocessing facilities. Some industrial nations, such
as Germany, have committed to the reduction and elimination of their
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nuclear-power capacity. However, other governments, such as South
Korea and France, are extending the life of their existing nuclear facilities
and considering a revival of nuclear-power-plant construction despite the
risks it may pose to the environment and global security.

Hydropower is another potential solution for global energy needs, but
there are not enough commercially viable hydropower opportunities to
meet rising global demand. While most industrialized nations have
already developed their economic hydroelectric opportunities, many
developing nations are increasingly relying on hydropower projects to
meet domestic energy demand. One example is China’s Three Gorges
Dam, which will create a reservoir nearly 400 miles long and will dis-
place 1.2 million people when it is finished filling in 2009.15 Even where
remaining hydropower resources can be harnessed, scientists are increas-
ingly recognizing that the costs to the environment and the communities
that are displaced by these projects are more severe than previously
understood.16

Regardless of which traditional or alternative electricity energy tech-
nology is being evaluated, the standard operating procedure of com-
paring only generation costs represents an incomplete and therefore
inaccurate analysis. Traditional analyses, performed from a utility’s
vantage point, assume that all electricity technologies rely on the elec-
tricity grid to deliver their power to homes and businesses. To assume
otherwise would assume away the utility’s own future in electricity
delivery. Industry analysts, governments, and NGOs, either because of
inertia or tacit agreement, continue to use the same assumptions and
analytic tools. However, this analysis neglects the understanding that
electricity users desire only to receive reliable power at the lowest cost
and effort; whether they do so through the grid or not is irrelevant to
them, other things being equal. If an energy source can bypass the tra-
ditional infrastructure and delivery system, delivering its power directly
to the end user, then methods of comparing costs among them must
reflect this change. Although solar electricity can be generated centrally
and distributed over the grid, more cost-effectively than commonly
appreciated, it need not be. Solar electricity can be generated almost as
cheaply and easily on an individual rooftop (known as on-site distrib-
uted generation) as it can be at a huge, utility-operated solar-panel
farm.17 Ultimately, this new competitive landscape will change the
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underlying economics of energy for both centralized and distributed
users.

The relative costs of solar energy and the grid electricity it replaces
continue to change as well. Solar module costs per installed watt have
been declining for the last decade at 5 to 6 percent per year because of
technological advances, scale of production, and experiential learning.18

Today, solar-electricity generation has reached a point of cost equiva-
lence for millions of households worldwide and will decline even more
as global solar production continues its historical growth rate of 29 per-
cent annually.19 The transition in solar economics is happening first in
applications and in places where three factors combine—ample sun,
expensive grid-based electricity, and available government incentives.
For all types of users, the cost-effectiveness of solar electricity is likely to
increase faster than even the most aggressive ability to increase solar-
panel supply, setting up a decades-long growth scenario for this industry.

New Choices Create New Economics

Though it will be some time before solar electricity is competitive with the
centralized utility-scale generators of hydro, coal, and nuclear power that
run constantly, solar is already competitive with a large part of the energy-
generation infrastructure that is used only during high-priced, high-
demand hours. One of solar power’s great attractions for utilities—apart
from zero fuel costs and low maintenance requirements—is that consumer
electricity demand and the power that utilities must provide throughout a
typical day neatly track the daily and seasonal energy cycle from the sun.
The times when energy demand is the highest coincides with those when
the sun shines more brightly, including part of the electricity demand that
is directly tied to the sun’s availability, such as summer air conditioning.

Utilities call the electricity needed to meet this part-time demand
intermediate-load electricity, as opposed to the base-load electricity that
is needed twenty-four hours a day. Intermediate-load electricity is rela-
tively expensive to generate because it comes from generators that, by
definition, are used only for a portion of the day, making the electricity
they generate more expensive as the cost of the generator is spread over
less output. By its nature, solar power provides intermediate-load elec-
tricity. To be economic for utilities, therefore, solar-power technology
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needs to become a competitive producer of intermediate-load electricity,
which represents 30 to 50 percent of total electric demand and is dis-
proportionately supplied today by natural-gas generators.20 Utilities are
also beginning to realize that installing intermediate-load solar genera-
tors on the consumer side of the grid can offset the cost of upgrading
transmission lines and equipment in many instances.

But utilities are not the only potential adopters of solar electricity gener-
ation. Today, distributed end users (including home and business owners)
can elect to generate their own electricity with PV, but they will do so when
installing solar generators on their side of the electricity grid, on a home
or commercial building, becomes less expensive than buying electricity
through the grid. This decision point is not hypothetical. Millions of
households worldwide that are not currently connected to any grid (or are
connected to an unreliable grid) find PV electricity the most cost-effective
electricity solution because it represents the only viable form of modern
energy available to them. More importantly, many grid-connected homes
worldwide (particularly in Japan and Germany) have already elected
this option through grid-connected PV systems. Grid-connecting a PV
system eliminates the need to store daytime power for nighttime use,
overcoming the inherent limitation that solar electricity generates electric-
ity only during daylight hours. Grid-tied solar electricity is generated when
the sun is shining, and the excess is stored by sending it back into the util-
ity grid supply. At night, users purchase conventionally generated power
from the grid as needed. The grid itself functions as a huge storage battery
that is available for backup power and eliminates the need for system own-
ers to install expensive equipment to provide storage and backup electric-
ity services.

For both utilities and end users, the economic rationale for making the
switch to grid-connected solar electricity will be reached in different mar-
kets with different applications at different times. Generally, though, this
book shows that the transition to solar energy and electricity technology
will happen much faster than most people imagine, faster even than most
experts commonly predict. This transition will occur not because well-
meaning governments force solar panels on reluctant markets to capture
environmental benefits (although such efforts would help to accelerate the
rate of global PV adoption) but rather because solar power will increas-
ingly be the cheapest way to do what people want to do anyway—light
spaces, manufacture goods, cook, travel, compute, and watch TV.
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Even with solar power’s current low market penetration and con-
sequent lack of economies of scale, it is rapidly crossing over into cost-
effectiveness in certain major markets. As its world market share in the
energy mix climbs from less than 1 percent of new annual electricity-
generating capacity and less than .05 percent of total electricity generated
to hundreds of times its current level over the next half century, it will
progress along its experience curve to become significantly less expen-
sive.21 Solar installation will occur increasingly at the time of construction
for sites and buildings, which reduces the cost of installing these systems
from today’s primarily retro-fit installations through the efficient use of
installation labor and the offset roofing and glass that PV systems replace.
In addition, with so much of the cost of PV electricity in the up-front cost
of the systems, improvements in financing (including wrapping PV systems
into the standard mortgages of home and office buildings) will dramati-
cally improve PV economics from today’s levels. In the end, the real cost
of capital to finance distributed PV systems in this way will be far cheaper
than that available to utilities or any other centralized generator.

Solar electricity provides other economic advantages beyond cost-
effectiveness that are important but often difficult to quantify. Two of the
most important are modularity and simplicity. Thanks to modularity,
solar-cell installations can be precisely sized to any given application
simply by installing only as many panels as are needed. Large solar instal-
lations can be brought on-line in stages, panel by panel, unlike large con-
ventional power plants that generate no electricity during the many years
they take to build.22 Solar panels can be serviced piecemeal, too, while the
remaining panels in the array continue to make electricity uninterrupted.
Solar power’s physical simplicity means low training costs for users, while
solar’s lack of moving parts translates into high reliability and low main-
tenance. Long module life, on average thirty years or more, also adds to
the inherent cost advantage of solar cells. As the economic playing field
levels, market choices in electricity will increasingly be driven by these
types of inherent advantages.

Beyond Wishful Thinking

The conclusion of the economic inevitability of solar energy has thus far
been based on the assumption of improving relative economics for solar
electricity. What has not been assumed is also important to consider.
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The analysis supporting these conclusions does not assume that gov-
ernments will do more to encourage investment in renewable energy or
that governments will impose disincentives on the use of fossil fuels or
nuclear power. Some governments—including those of Japan, Germany,
Australia, and many U.S. states—are already promoting solar electricity
by offering incentives and streamlining connections to the electricity
grid. However, forecasts based on government programs that do not yet
exist are irresponsible, and waiting for such programs to materialize is
even more so. Many people both inside and outside government are
promoting renewable energy, but the belief that a renewable-energy
economy will not happen without greater government support—as
environmentalists too often argue—is wrong. The shift will happen
in years rather than decades and will occur because of fundamental
economics.

The conclusions of this analysis do not rest on an assumed significant
increase in the price of fossil fuels, though that is the most likely sce-
nario. Few people believe that fossil-fuel costs will drop in the years to
come. Indeed, many experts are predicting increased market volatility
and prices, and some even predict a spike in oil and natural-gas prices
to levels beyond those of the oil shocks of the 1970s, based on dwin-
dling reserves, rising demand, low investment in supply infrastructure,
and potential political instability in the largest oil-producing regions of
the world (that is, the Middle East and nations such as Venezuela). The
effect of such price spikes could be even more devastating to the world
economy now than in the 1970s since this time the supply constraints
would likely be physical and permanent unlike the artificial ones set
by the Organization of Petroleum-Exporting Countries (OPEC) thirty
years ago.

Technology breakthroughs are also not assumed (or required) in this
analysis. What is required is continued growth in cost-effectiveness and
the technical expertise of existing PV technology at recent historical
rates. These improvements can easily be realized by increasing econom-
ies of scale as production continues to grow annually by double-digit
percentages and as progress continues along the usual experience curve
for new technologies. Both of these natural results of processes are al-
ready under way.23 This is not to say, however, that breakthroughs will
not occur. Should one of the many public or private research laboratories
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around the world researching photovoltaic technology make a break-
through (for example, halving the material cost or doubling the efficiency
of today’s most cost-effective solar-cell design), the transition to a solar
economy would further accelerate.

Numerous indirect social benefits to a transition to a solar economy
are worth mentioning, even though they are not used in this book’s
analysis of renewable-energy economics. These indirect benefits will be
substantial for every fossil-fuel-poor country in the world, from sub-
Saharan Africa to most industrialized regions. Through worldwide eco-
nomic growth, the switch to solar power will improve energy security
and balance of trade, deliver massive direct-wealth creation to less devel-
oped countries that are solar-rich but infrastructure-poor, and create
indirect wealth effects for their trading partners. The transition to solar
would also limit pollution and lessen the risks posed by global climate
change by reducing greenhouse-gas emissions over today’s fossil-fuel-
based energy sources. In addition, cheaper local energy sources would
help accelerate the transition to electric- or hydrogen-powered vehicles.
Wide deployment of inexpensive distributed energy would help reduce
the cost of drinking water through desalination and provide cheaper
water and fertilizer for agriculture. All these changes are crucial to sus-
taining 9 to 10 billion people on the planet by the middle of the twenty-
first century.

While these social benefits are worth noting, none have been assumed
because they are not necessary to the conclusion that a transition to direct
solar energy is inevitable. As mentioned earlier, energy consumers—who
ultimately drive economics—usually make decisions based on immediate
concerns such as cash in versus cash out. To assume that such decisions
will be made on altruistic grounds would skew estimates of the times,
places, and extent of the impending changes. Many of these noneconomic
benefits are discussed in later chapters because they are integral to un-
derstanding the evolving energy situation, but they will not alter the
inevitable outcome. Awareness of benefits can accelerate or decelerate the
transition but only at the margin. The only necessary condition for a tran-
sition to solar energy to occur is that those who use or produce energy
will act in their own self-interest, a reasonably safe assumption.

The rapidly maturing solar-power industry needs to transform the dis-
cussion from one based on environmental doomsday scenarios (which
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most pro-renewable-energy arguments center on) to one focused on the
wealth that can be generated by accelerating the shift to solar energy.
Greed trumps fear, which early movers in Germany and Japan are
already learning as billions of dollars of global wealth are created
through stock market initial public offerings (IPOs) in 2005 alone.24 The
United States, in particular, has a small window of opportunity to
become a world leader in these technologies and to reap the resulting
rewards, but inaction in this decade may relegate the United States to
follower status in the new paradigm.

The Next Silicon Revolution

In the process of replacing an economy founded on fossil fuels with one
founded on a renewable, sustainable energy, the world does not have
the time or money to try every possible alternative. The disciplines of
research necessitate a broad and open mind, but deployment requires a
focus on determining and pursuing the best course of action. Facing
limited time and money, we must assess where evolving economics will
ultimately arrive and focus available efforts on accelerating and there-
fore benefiting from that inevitable change. Good public policies,
research money, and professional talent should be directed to the dis-
persal of practical, profitable solutions whenever and wherever they are
available.

This book analyzes the solar-energy industry and identifies where the
opportunities lay as tectonic shifts in energy economics began to affect
the landscape now and for decades to come. This analysis clarifies the
most likely avenues for early solar adoption along with the accompany-
ing obstacles. By examining the components of the nascent solar econ-
omy—including what drives the solar market—individuals, businesses,
and governments can commit resources where they will be most effective
and profitable.

The driving lesson of this book is to think of solar energy as an indus-
try and economic reality rather than as a philosophical goal, encourag-
ing a new generation of professionals to be involved. Under current
reasonable scenarios, the solar industry is expected to grow by 20 to 30
percent each year for the next forty years, which alone should be incen-
tive to attract the world’s best and brightest to the challenge.25 To
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become fully functional, though, the solar industry needs to develop all
the usual institutional underpinnings, including installer networks, train-
ing, standardizations, certifications, and relationships with bankers, fi-
nanciers, and trade groups. Experience in other industries shows that the
faster these institutional underpinnings are put in place, the more quickly
an industry can develop.

The coming shift toward solar energy mirrors other recent technologi-
cal shifts that nearly everyone has experienced. Beginning in the 1970s
and 1980s, the shift from centralized mainframe computing to distributed
microcomputing created dramatic economic benefits to the end user and
ushered in the personal computer, the Internet, and broadband informa-
tion. More recently, similar transformations have occurred in telecom-
munications as land-line-based networks are supplemented by (or in the
case of developing countries, are passed over in favor of) mobile teleph-
ony that does not require expensive land-based grid networks to deliver
services.

In comparison, at present the dominant technology for making solar
cells involves the manufacture of silicon chips that are nearly identical to
the computer chips used in the semiconductor and telecommunications
industry. The properties of silicon semiconductors, which so greatly
altered the world in a few decades by powering the information technol-
ogy and communication revolution, is set to do the same in the energy
sector. The silicon revolution changed industries radically and quickly in
the 1980s and 1990s because the new way of doing things was a better
way of doing things. Increasingly inexpensive, fast, capacious, and secure
information-handling tools were put directly into users’ hands. These
tools were hard to invent but easy to use: they packed the results of
decades of arcane research in basic science into tools that anybody could
plug in, turn on, and operate.

The world today stands on the edge of a new silicon revolution that
will provide cleaner, safer, more affordable energy directly to users
through the mass production of sophisticated devices that require little
sophistication to use. The independence conferred by solar energy is one
of the intangible, unquantifiable reasons that this revolution is inevitable.
Given a choice between otherwise equal options, most people would pre-
fer to be in control of the resources on which their lives and livelihoods
depend.
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Like the first silicon revolution, the next one will see industries trans-
formed and massive wealth created. Solar millionaires and billionaires
will emerge, and markets may even experience a bubble or two of spec-
ulative excitement. However, in the end—undoubtedly within our life-
time—we will arrive at a world that is safer, cleaner, and wealthier for
industrialized economies and developing ones and in which solar energy
will play a dominant role in meeting our collective energy needs.
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II
Past to the Present





2
A Brief History of Energy

The future of the global-energy industry can be understood only through
examining the industry’s history and current configuration is examined
as well as the critical moments in history during which energy sources
failed. Though seemingly unrelated, events as varied as the establishment
of the earliest societies, the fall of Rome, England’s early lead in the
industrial revolution, and the outcome of World War II were all directly
and powerfully influenced by those societies’ intimate relationship to
energy. Understanding the fundamental role energy plays in our collec-
tive well-being provides a basis for exploring the modern industrial
world’s total dependence on continued access to energy and highlights
the precarious nature of the status quo.

Energy: The Root of Life

Long before humans walked the planet, the life that makes up the earth’s
biological systems relentlessly pursued two interrelated goals—develop-
ing effective methods to attract and absorb adequate supplies of energy
(in the form of food) and avoiding being eaten as a source of energy by
anything else. From simple cellular creatures to large complex mammals,
the very nature of life is to repeat the process of energy absorption and
conversion for growth, procreation, and self-preservation, and these
behaviors have been deeply embedded into the DNA of organisms
through millions of years of Darwinian evolution. From the beginning of
life in heated ocean vents, ever greater numbers of more complex life
forms appeared and pursued these goals with increasing skill and preci-
sion—first single-celled organisms, then small multicellular organisms,
and eventually plants and animals. As life forms increased in size and



mass, they acquired more advanced neural structures and complex
behaviors. This added size and awareness enabled and motivated these
organisms to seek out and absorb greater and more efficient quantities of
energy. At every level of development, however, one basic need remained
constant—the requirement to absorb sufficient amounts of basic energy
to stay alive, develop, and flourish.

The first law of thermodynamics, also known as the law of energy con-
servation, is an ever-present constraint in the struggle to access energy
sources. This law states that energy—or rather, matter/energy, for the two
turn out to be interchangeable—cannot be created or destroyed; it can
only be converted from one form to another. For example, burning wood
does not create energy but converts energy stored in chemical bonds
within the wood into heat and light. Similarly, when animals digest food,
their digestive systems break down and convert the chemical energy latent
within the food into alternate forms that are in turn used throughout the
body to drive various chemical, electrical, and mechanical processes. At
every stage, existing energy is transformed into more useable forms, usu-
ally with some degree of loss or waste but never changing the total
amount of energy. So if energy cannot be created or destroyed, what is the
original source of energy with which life can flourish?

All energy that can be effectively harvested and used by living orga-
nisms comes in the form of light, heat, or chemical energy. Of these, the
primary sources are light, originating exclusively from the sun, and heat,
primarily resulting from accumulated absorption of sunlight by the
atmosphere of the earth. These primary energies nourish and sustain the
planet’s creatures, and all fundamental organic processes were derived
from them. The remaining forms of chemical energy that are useful to
sustain organic life often appear as simple or complex derivatives of light
and heat and are formed from other dead organic matter. Consequently,
nearly all energy available today—whether in the form of food, fuel, or
direct solar energy—originated from the light of the sun. And the tech-
niques that organisms and societies have developed to power themselves
rely almost exclusively on a base of stored solar energy in the organic
materials of the planet.

As higher-order organisms on earth developed, they generally fell into
one of two broad categories—plants (which absorbed their energy
directly from the sun through the process of photosynthesis) and ani-
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mals (which absorbed their energy from eating some combination of
plants and other animals).1 For hundreds of millions of years, this cycle
of life continued as plants and animals absorbed sunlight or each other
and converted this food to energy. Larger numbers and types of plants
and animals adapted to specific local conditions, which allowed for the
creation of a wide variety of complex and robust ecosystems both on
land and in the sea, with each generation serving as the food and energy
source that fed and nourished the next generation. Over hundreds of
millions of years, these ecosystems developed complex interrelation-
ships and webs of life built on the soil and organic material of millions
of years of ancestry. As ages passed and geologic conditions changed,
some of these ecosystems were lost, covered over by sediment from
rivers and oceans or from the debris of volcanic eruptions. Some of
these remnants of long dead ecosystems and their captured solar energy
(the ones with the right combination of geologic features and tempera-
ture) were transformed through a process of oxidation and decay over
millions of years to become the fossil-fuel deposits that our modern
world relies on today.

Aside from those gradual geological shifts, the growth of life was also
occasionally interrupted on a global scale by some cataclysmic event
that disrupted the balance of energy and limited organisms’ ability to
continue to collect or concentrate vital energy. One of the best known
of these mass extinctions, though not the most devastating, is thought
to have occurred during the Cretaceous period around 65 million years
ago by what scientists now generally believe was an immense meteor
strike in the area of the Yucatan peninsula. This meteor strike threw
globe-encircling clouds of dust and sulfur into the atmosphere, effec-
tively blocking out the sun for decades. The resulting reduction in avail-
able plant life led to an extinction of many of the animal species on the
planet, including the largest, most complex, and highest on the food
chain—the dinosaurs. Though this was one particularly devastating
event, it is by no means unique in history. By studying the geologic
record of fossils, scientists have identified five of these mass extinctions
in the last 500 million years, each of which eliminated from a sixth to a
half of the existing families of plants and animals in the world at the
time.2 The fossil record shows that a number of lesser reductions in both
the quantity and diversity of life on earth have occurred over the last
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half billion years, and nearly all of them can be attributed to volcanic
activity, meteor strikes, or other global geologic events, such as rapid
climate change.

Learning to Harness Energy

The dawn of humans around 3 million years ago occurred in a world
rich with plants and animals of various shapes and sizes in local ecosys-
tems for which they were particularly adapted. Forests covered perhaps
two-thirds of the available land mass, and various ecosystems through-
out the world contained soil full of mulched organic matter and miner-
als.3 The oceans teemed with plants and animals of various forms.
Humans began to visit much of the eastern hemisphere, originating in
Africa and migrating to Mesopotamia, Asia, and Europe. Using crude
stone tools (and a highly developed cerebral cortex), these early inhabi-
tants were able to gain some basic productivity to manipulate their envi-
ronments and improve their chances for survival and growth. But not
until humans discovered three new technologies to harness and direct
energy—fire, domesticated animals, and agriculture—did their impact on
the planet begin to accelerate.

With the harnessing of fire around 500,000 years ago, humans became
capable of controlling the release of the chemical energy absorbed by and
locked into plants, most effectively that from wood.4 Creating and
manipulating this source of energy provided early humans with the huge
benefit of concentrated and rapid generation of heat and light for
warmth, cooking, and later craft applications, like melting metals and
hardening clay. Using available supplies of fuel from dead wood, early
humans now had reliable and deployable sources of light and heat. Even
though the process of combustion consumed the fuel, the ratio of wood
to humans was high, so early humans had a negligible impact on
the total amount of available fuel resources. To these early innovators,
the chemical energy available in trees represented a seemingly inex-
haustible source of energy, and nature brought about its annual renewal
at a rate that was well above the rate that the fuel was consumed.

The second new substantial source of energy that humans were able to
capture was obtained through the domestication of animals. Omnivorous
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humans had always hunted and killed animals as a source of energy as
food. However, the early human innovators’ ability, beginning as early as
eighteen thousand years ago, to domesticate and eventually harness into
motion animals dramatically increased their capability for energy storage,
productivity, and concentration.5 Domesticated animals provided a reli-
able and predictable source of food and hides, far more so than hunting
and gathering alone. Particularly in times of scarcity or extreme weather
conditions, these domesticated stocks mitigated life-threatening risks to
these early nomads by functioning as mobile stores of energy, and societies
that domesticated these animals achieved substantial insurance and eco-
nomic benefit from doing so. As Jared Diamond points out in his book
Guns, Germs, and Steel, the region of Mesopotamia and southwestern
Asia was blessed by an abundance of domesticable animals, including
dogs, sheep, pigs, goats, and cows, which provided the resources neces-
sary for these early communities to develop the basic structures of
civilization.6

For reasons highly debated in the anthropological literature, around
ten thousand years ago humans began to establish larger and more per-
manent settlements and farming communities in the valley of the Lower
Nile in Egypt and subsequently in the Fertile Crescent of Mesopotamia
and other fertile river valleys in China and India. These early civilizations
were defined by their decision to forego the nomadic lifestyle of follow-
ing food and moving with changes in climate, and they began to settle
where they could develop more reliable sources of food and energy on
fertile riverbanks and in deltas. Through gradual improvements in agri-
culture and irrigation technology, these early civilizations developed sub-
stantial farming capabilities. As permanent settlements grew, an
inevitable reduction in nearby wild plants and animals occurred, mainly
as a result of overharvesting, which steadily increased these societies’
reliance on their agricultural sources of energy. The capture of fertile soil
and sunlight would dramatically improve human living conditions and
lifespan and set the stage for an explosive growth in human capabilities.
Armed with these three tools of energy management, early human civi-
lizations began to absorb ever greater quantities of sunlight, trees, soil,
fresh water, and animals to propel their rising demand for energy and
feed their growing populations.
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Energy Shortfalls Interrupt Growth

These new societies provided many economic benefits to their inhabi-
tants, including specialization of labor, efficiencies in production and dis-
tribution, permanent dwellings, and mutual protection against outside
threats. However, these groups were not always effective at long-term
planning to balance supply and consumption of vital energy and food
resources. Though all societies experience boom and bust cycles and
attempt to plan for such contingencies, early societies occasionally faced
such overwhelming setbacks that complete economic collapse occurred.7

Not unlike the mass extinctions of prehistoric animals, almost all socie-
tal collapses of this type occurred as a result of a depletion in available
energy resources, which created a disruption in people’s ability to capture
vital energy needed to survive.

The first major record of an energy shortfall that induced societal
collapse came from the Sumerian civilization of Mesopotamia in the
third and fourth millennia bce.8 The world’s first literate society, and
an acknowledged leader in farming, craft, and social organization, this
society developed innovative and vast irrigation systems that for gen-
erations effectively increased crop yields and fed its growing nonagrar-
ian population. However, Sumerian farmers experienced inexplicable
declines in their agricultural yields owing to some unforeseen conse-
quences of their agricultural technology.9 Increases in the land used for
agriculture and in the amount of water diverted and used in agricul-
tural irrigation caused water tables to rise underneath their farms and
fields. High water tables interfered with the ability of surface water to
permeate downward and increased the amount of surface evaporation
on the fields, resulting in a gradual accumulation of trace minerals and
salts in the soil. As these salt levels began to rise, crop yields began to
drop and did so steadily for over a thousand years from around 3500
bce. Despite a shift away from less salt-tolerant wheat to more salt-
tolerant barley, the salination of the soil grew, and eventually Sumerian
society could no longer adequately feed its population.

These energy shortfalls were exacerbated by extensive modifications to
the local environment. Trees had been cleared for miles in every direction,
which led to increased soil erosion and a decline in agricultural productiv-
ity.10 In the face of reduced availability of food, lack of nearby trees and
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other vegetation, and limits to the additional availability of arable farm-
land, Sumerian society began to suffer the predictable consequences of
inadequate energy supplies—war over limited resources, widespread ill-
ness, starvation, and early death. Ultimately, the economically and politi-
cally weakened Sumerian civilization was overrun by the Akkadians in
2370 BCE.11

This pattern continues through the rise and fall of Rome. Jeremy
Rifkin, in his book The Hydrogen Economy, describes this process and
notes that “Italy was densely forested at the beginning of Roman rule. By
the end of the Roman Imperium, Italy and much of the Mediterranean
territories had been stripped of forest cover.” He goes on to describe how
this also led to severe soil degradation and its detrimental effects on crop
yields just as Rome was increasingly reliant on agriculture as a source of
energy supplemental to its depleted forests. Eventually, the lack of avail-
able energy resources played a significant role in Rome’s demise as the
institutions of the empire collapsed, paving the way for barbarian
invaders from the north to conquer the previously unassailable Roman
empire.12

China also shares a similar historical pattern. In the early fifteenth cen-
tury, the vast civil engineering projects of Emperor Zhu Di, including
consolidation of the Great Wall, reopening of the Grand Canal, and the
launching of the mythic treasure fleets of Admiral Zhung He. These proj-
ects, along with a war in Mongolia, led to significant natural-resource
depletion, such as the clearing of northern Vietnam’s hardwood forests
for use in those efforts.13 The resulting devastation to the local farming
communities and inability of Chinese and Vietnamese subjects to ade-
quately feed themselves led to crippling revolts and widespread poverty
and starvation. Less than a decade later, the empire’s economy had col-
lapsed, the ruling elites had dissolved into a civil war, Zhung He’s fleet
had been burned or left to rot, and China withdrew into its borders for
the next five hundred years.

In the Middle Ages, the pattern repeated itself in Europe.14 De-
forestation increased throughout the continent because nearly every-
thing—cooking, industry, building materials, wagons—required the use
of wood for energy. The total reliance of human communities and soci-
eties on this single source of industrial energy led to its use and harvest
well above the natural rate of replenishment. Eventual depletion in local
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areas and deforestation around major urban centers led to the decreased
ability of agrarian Europeans to reliably feed themselves. Ultimately, this
loss of basic energy resources provided severe and unyielding limits to
Europe’s continued economic growth.

This pattern continues throughout human history in different loca-
tions, at different times, and with slightly different circumstances, but the
result remains the same. A society taps into sources of concentrated
energy—trees, soil, and natural food supplies. Then, in a cycle described
in 1798 by English economist Thomas Malthus, that society grows until
it exceeds its resource base and collapses. The important corollary to
Malthus’s argument is that war, waged on any account but in particular
because of competing demand for scarce energy sources, accelerates the
drain on natural energy resources that are already scarce, dwindling, or
depleted. This cycle of resource absorption to the point of collapse is
what modern society is at risk of repeating in the decades ahead.

Fossil Fuels Enable Industrialization

Without access to the latent energy of fossil fuels, the current age of
industrialization would never have been possible and, in fact, can be
defined as industrialization principally by the role fossil fuels played.
In seventeenth-century Europe, local depletion of wood fuel and the
overreliance on natural and renewing energy resources began to shift the
economics of energy away from wood and toward coal. Since medieval
times, coal had been used as “the primary fuel for industries such as iron
smelting, brewing, glass making, and brick production” and as a fuel for
heating and cooking in some major urban centers (such as London) that
had easy access to local deposits.15 Coal’s inherent advantage over wood,
from the perspective of its application to industrial uses, was that it con-
tained a higher concentration of energy—that is, its more dense structure
released more energy pound for pound when compared to wood, thus
allowing more energy-intensive work applications to be developed. Coal,
however, possessed serious limitations as an energy source. Coal is heavy
and had to be labor-intensively mined and transported. This was a diffi-
cult, dangerous, and comparatively expensive operation for most of the
Middle Ages and rendered coal useful only in those high-value applica-
tions, such as metalwork, that could justify the additional cost as com-
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pared to wood. Around 1700, innovators began to tap into this new
source of concentrated energy to help power a growing number of high-
value mechanical inventions and industrial applications. Over time, gov-
ernments and entrepreneurs discovered that underground coal reserves
were both unexpectedly vast and increasingly accessible, and coal slowly
began to replace wood as a reliable energy source in industrializing coun-
tries. England, in particular, was endowed with a relatively accessible
type of sea coal that gave an early boost to that country’s industrial
transformation.

It was the invention of the steam engine that really enabled industrial
applications to multiply. In energy terms, the steam engine is a device
that captures the energy from the combustion of a fuel (originally wood
and subsequently coal and other forms) and uses that energy to convert
water into steam, forcing the pressure of that steam to drive an engine
(originally a piston-style reciprocating engine similar to James Watt’s
design, though turbines are usually used today). This engine is then
able to perform work by concentrating the converted energy into a con-
stant, reliable stream to a specific point of focus.16 Steam-engine energy
represented a vast improvement over prior unreliable forms of energy
(such as human and animal power), and in many cases, it could be
obtained at a much cheaper cost than building an equivalent wind or
water mill. The steam engine also provided concentrated and constant
energy at a wide variety of locations with less dependence on local con-
ditions since the machine and the fuel could now be brought to where
the work needed to be done. One of the first tasks to which the steam
engine was applied was the removal of water from coal mines, render-
ing them more accessible to miners.17 Armed with a new concentrated
energy source and a newly developing set of tools and machines to cap-
ture this energy, human civilization took its first tentative steps into
industrialization.

Most energy applications from the industrial age generally can be
grouped into one of two basic categories—stationary and motive appli-
cations. Stationary applications are those performed exclusively at one
location repeatedly, such as cooking, lighting, and most industrial pro-
duction applications, including the production of electricity. Motive
applications are primarily transportation based, moving people or things
from one place to another.
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Prior to 1800, nearly all transportation was driven by human and ani-
mal power on land and by wind at sea. The nineteenth century saw the
rise of the steam ship and the steam locomotive as the first large-scale
uses of fuel energy for motive applications. By using steam engines to
turn paddles or screws, innovators in Europe and America learned to
deliver steady, concentrated motive power at sea with revolutionary
effect. On land, once track was laid, steam engines mounted on wheels
delivered enough energy to move loads of unprecedented size at unprece-
dented speeds. The combination of these two transportation technolo-
gies could consistently deliver more goods more rapidly over longer
distances and at lower cost than traditional boats or wagons. Like sta-
tionary steam engines, these applications began by using wood as fuel
and then shifted to coal to exploit its higher energy density and declining
cost relative to wood fuel.

Ultimately cost-effective once deployed, these coal-based transporta-
tion technologies were not cheap to build initially. The large initial costs
of laying a robust network of railroad tracks or of building ports for
ships and the lack of available capital limited the rate at which this infra-
structure could be installed. Without boats and railroads, coal’s useful
application was limited to those places where it could be economically
transported. In fact, by 1870, coal still made up only 25 percent of
the industrial energy used, despite its many advantages, with wood pro-
viding the bulk of the remaining energy needs.18 If the benefits of fossil
fuels were to be made directly available where people lived and busi-
nesses conducted commerce, a new delivery method would need to be
developed.

The Economic Advantage of Electricity

In the seventeenth and eighteenth centuries, theories of “the electric
fluid” (the original scientific concept of electricity) and devices to gener-
ate and store small quantities of static electricity were developed and
tested. In the early nineteenth century, a burst of industrial inventiveness
created the first commercial uses of electricity as Volta invented a proto-
type chemical storage battery in 1800 and Faraday developed the electric
motor and generator (which could convert electric to mechanical energy
and back, respectively) in 1821 and 1831.19 By attaching an electric gen-
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erator to the powerful mechanical steam engines, inventors were able to
produce large quantities of electricity in a steady flow, while motors
made it possible to apply that electricity to both motive and stationary
tasks. The social impact of this complementary pair of energy-conversion
tools—and the resulting electrical communications technologies such as
the telegraph—would eventually prove revolutionary.20

History, however, is full of fascinating technologies that remained
marginal until they could be widely commercialized. Electricity was rel-
egated to this category until Thomas Edison propelled it to success.
Edison is remembered primarily as an inventor, but he was also an
effective entrepreneur who made inventions useful for end users. His
impact, fame, and fortune resulted directly from his focus on develop-
ing technologies that were marketable, easily deployed, and standard-
ized. In 1882, he commercialized the transmission of electricity by
building the Pearl Street Station in lower Manhattan to deliver electric
power for lighting offices, and by the end of the year he was supplying
power to over five hundred customers using some ten thousand lights.21

Prior to Edison’s commercialization of electricity, lighting had been
primarily provided by candles and lamps that burned animal oil or
kerosene—all clumsy, dirty, and dangerous. Edison’s low-cost and
cleaner electric lighting rolled back the night, increasing productivity
and safety for the homes, businesses, and entire communities that were
served by them.

Edison laid the foundation that others built on to perfect the industry
of electricity transmission. Edison chose to commercialize a technology
called direct-current (DC) generation, against the advice of a young
Czech inventor in his employ named Nikola Tesla. Tesla saw that DC
transmission was too restricted in distance and voltage for use in large-
scale electric delivery and developed alternating-current (AC) transmis-
sion to overcome these limitations. George Westinghouse, the head of the
Westinghouse Electric Company, recognized the potential of Tesla’s
invention that Edison ignored. Westinghouse began in 1886 to imple-
ment the new polyphase AC-generation method in his central stations,
using transformers to step voltages up for long-distance transmission and
down for local use.22 This allowed efficient power delivery over long dis-
tances and at various voltages and ultimately proved more commercially
successful than Edison’s DC system. In fact, AC is still the method
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universally used for large-scale electricity transmission over power grids
today. The economic impact of long-distance transmission of electricity
is difficult to overestimate. By substituting “coal by wire” (as the grid-
distributed electricity came to be known) in place of the labor- and
capital-intensive process of hauling coal from mines in mountainous
areas to dense urban centers represented a tremendous cost savings and
efficiency, as stringing and maintaining electric wires and cables was sub-
stantially cheaper than laying railroad tracks. This new economic model
of energy—electricity over wire instead of fuel over railroad tracks—
meant that the benefits of coal could rapidly be extended to more places
and more people than ever before.

As the electricity industry began to grow, the rush to capture these eco-
nomic benefits by the new electrical entrepreneurs in the cities of America
and the rest of the industrializing world caused much duplication of
effort as competing companies strung power lines. In the American
Midwest, Samuel Insull, the president of the Chicago Edison Company,
was one of the pioneering capitalists who realized that the high-fixed-cost
nature of the electricity business meant that substantial profits could be
generated if the markets were controlled and consolidated.23 His and oth-
ers’ aggressive efforts to consolidate local and competing private opera-
tors into regional monopolies led to the powerful and concentrated
ownership of electricity generation and transmission in America, and by
1932 more than 67 percent of the electric generation in the United States
was controlled by eight surviving holding companies.24 Despite the obvi-
ous efficiencies of a single-transmission grid infrastructure, the operators
would use their monopoly power to charge exorbitant or unfair prices to
customers and led the government to regulate the industry as a public
utility with the passage of the Public Utility Holding Company Act
(PUHCA) of 1935.25 With this act, the age of utility regulation had
begun, the effects and institutions of which can still be seen in the network
of publicly owned utilities and regulatory bodies that exist today.

Over the last seventy years, disparate electric grids have become stan-
dardized and consolidated, and the physical integration of electricity-
transmission systems has increased. Through operating experience as
well as occasional spectacular failures in local generation and transmission,
power utilities discovered that reliability, maintenance scheduling, and
economies of scale could be improved by tying power systems to each
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other, integrating and sharing resources across local providers.26 And as
it was true from town to town, it was also true at the county, state, and
regional levels. This has led to a steady shift from isolated generating
plants to regional systems and culminated in the five major intertied
power grids that cover nearly all of North America today.27 Similar
growth and integration occurred in the other industrialized countries
during the twentieth century, though many of the industrial economies
of Europe and Asia experienced significant disruptions and destruction
of their power infrastructure as a result of World War II and later
had to rebuild them. Today, though, large interconnected electricity grid
infrastructures are the norm for all industrial societies.

The Rise of Oil

Along with the rapid growth in the electricity grid system, another
important energy infrastructure also developed during the twentieth cen-
tury. Motive energy—also known as transportation—applications
started with the advent of the steamboats and railroads discussed previ-
ously, but it took the creation of the internal combustion engine to make
these applications widely and regularly used. Early automobile designs
used a wide variety of engines including those powered by steam, but in
1885 two German engineers, Karl Benz and Gottlieb Daimler, put the
first internal combustion engine on a wheeled carriage and started an
industry that pervades every aspect of the modern economy. Though
Benz and Daimler succeeded in creating the initial technology, another
entrepreneur in America, Henry Ford, developed the assembly-line man-
ufacturing practice necessary to bring the prices down to a level that
would make these new machines accessible to the general public. One
particularly troubling problem in all of the initial designs, however, was
how to fuel these new machines. After evaluating a number of options,
including kerosene and steam, the fuel of choice became a by-product of
the oil refining process called gasoline. Gasoline had previously been gen-
erated during the manufacturing of kerosene for lighting purposes, an
industry that by around 1900 was on the decline due to the rapid growth
of Edison and Westinghouse’s local power grids and electric lighting.28

With the growing popularity of electricity, gasoline was usually available
cheaply and sometimes was flushed into the rivers when demand was
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inadequate. Gasoline’s use in automobiles created new growth markets
for the oil companies beginning in the early 1900s. And as the market
for cars grew, the need for new sources of oil skyrocketed, creating a
“black gold” rush to search for additional sources of petroleum.29 A
timely discovery of oil reserves in Texas led to a glut of availability in the
United States, making operation of the new fleet of cars cheaper and
more widely accessible. With affordable mass-produced cars and ample
fuel, demand accelerated, and U.S. annual production quadrupled to 3.7
million vehicles per year over the decade from 1915 to 1925.30

Oil as a source of energy has certain economic advantages over coal,
particularly for transportation applications, because it can be easily
transported in liquid form through pipelines and tanks and can be
pumped instead of shoveled. A number of interesting anecdotes con-
cerning the economic advantages of oil can be found in Daniel Yergin’s
book on the history of the oil industry, The Prize: The Epic Quest for
Oil, Money, and Power. He discusses the strategic impact oil played in
the history of the twentieth century both in the modern industrial econ-
omy and in the military. For instance, in the early 1900s, a young
Winston Churchill, while acting as the First Lord of the Admiralty,
pushed to have the entire British navy converted from coal to oil, even
though the United Kingdom possessed an abundance of coal and would
need to import almost all of its oil from overseas sources.31 Despite the
potential supply risks this caused, Churchill and his supporters recog-
nized that the added efficiency of handling oil-based fuels reduced the
manpower required for fueling and operation, and oil’s higher energy
density in creating thrust led to a British navy that was superior to, and
ultimately able to contain, the coal-fired navy of Adolf Hitler.

Oil’s advantages as a fuel for military and transportation uses were
increasingly obvious to all of the industrial powers, and access to oil
drove many of the tactical and strategic decisions on both sides of World
War II. The German push into the oil fields of the Soviet Union’s
Caucasus region near Stalingrad represented an ultimately unsuccessful
attempt to capture Russia’s rich reserves for the oil-poor German war
machine. Yergin also suggests that one of the Japanese military’s primary
goals in attacking Pearl Harbor was to ensure adequate oil access by
crippling America’s ability to block oil shipments from the Dutch East
Indies to Japan.32 Ultimately, the failure of the military campaigns of
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Japan and Germany, as their militaries ground to a halt with empty fuel
tanks, can be attributed partially to a critical lack of fuel.33

Oil, however, has had a few glaring drawbacks as the predominant
source of energy for the world’s critical transportation applications. The
largest of these is that oil is unevenly distributed among the countries of
the world, with most reserves lying beneath the countries of the Middle
East and specifically not in the industrial countries that rely on them
most heavily. The power vacuums caused by the two world wars of the
twentieth century created the independent states of the Middle East,
including Iraq, Iran, Saudi Arabia, and Kuwait, and it is under these
states that the vast majority of the world’s remaining oil reserves lie.
Following World War II, several of these countries began to flex their
political and economic muscle and at a meeting in Baghdad in 1960
established the Organization of Petroleum Exporting Countries (OPEC).
This group, including four Middle Eastern countries and Venezuela (later
expanded to eleven countries), was formed with the stated objective to
help stabilize world oil prices and create orderly markets.34 However,
supply constraints imposed by the Arab members of OPEC in the early
1970s caused massive price shocks in the West, creating significant eco-
nomic disruption and providing a graphic example of the risks to indus-
trialized economies posed by actions of such a supply cartel. Today,
OPEC still controls about 40 percent of the world’s oil production and
about 66 percent of its reserves, which leads to the real and potential
problems discussed in subsequent chapters.35

Natural Gas Fills the Gap

From the industrial countries’ perspective, oil-price shocks brought the
issue of secure access to vital energy supplies into sharp relief and led to
policies that would effectively disassociate fossil fuels into different end
uses. In 1978, the United States Congress passed the Public Utility
Regulatory Policy Act as a response to oil-price spikes in an effort to
reduce American dependence on imported oil.36 The objective was to
reduce the use of oil in electricity generation by limiting the type of fuel
new power-plants could use, and the resulting changes fundamentally
restructured the modern energy industry. Today, the transportation
industry remains almost exclusively dependent on oil for fuel while the
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electricity grid has moved away from oil in favor of both traditional coal
and the growing use of another fossil fuel, natural gas. While some
areas of the country such as the Atlantic seaboard still use older oil-fired
electricity plants, many areas of the Midwest and West have changed to
natural-gas-fired power plants because of their closer proximity to local,
domestic sources of that fuel.37

Natural gas is a fossil fuel that is composed primarily of methane gas,
is formed similarly to oil and coal, and often occurs in the same geologic
pockets and reservoirs as oil deposits. Though famously used by Robert
Bunsen in the invention of his Bunsen burner in 1885, natural gas was dif-
ficult to capture, store, and transport in large-scale applications until the
second half of the twentieth century. For many years, natural gas was
vented or burned off by miners and oil extractors as a nuisance, but the
technology for compressing it and moving it through pipelines began to
become economically viable after World War II with improvements in
welding, pipe rolling, and metallurgical processes.38 In the 1950s and
1960s, the United States developed vast networks of gas pipelines reach-
ing millions of homes and businesses. Since then, improvements in extrac-
tion, transportation, and cleanliness compared to other fossil fuels have
driven natural gas to be a growing important part of the global energy
mix.39 Natural gas is perhaps the most versatile form of fossil fuels, and
is used in heating applications, as a feedstock for everything from nitro-
gen fertilizer to methanol to plastic, and as a direct fuel in many new
“clean-vehicle” programs.

Shifting Dominance in Energy

The various trends discussed above have driven changing economics of
fossil fuel over time and led to a changing mix of sources providing
energy to our modern world. Figure 2.1 shows the relative contribution
to primary energy of each of the major sources, including traditional
renewables (primarily wood), coal, oil, and natural gas, and how they
have changed over the last 150 years.

As the figure shows, wood’s historic dominance eventually gave way
to coal as a primary source of energy, particularly as coal began to be
harnessed in both motive and stationary applications. The dominance of
coal in the first half of the twentieth century was subsequently eclipsed
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by oil, which was eventually supplemented by natural gas and nuclear
power. What the changing contributions of primary energy sources over
the last 150 years show is that rising total energy demand and changing
relative economics of these fuels lead to substitutions among them and a
pattern of constantly changing dominance in global energy supply. As
demand for energy continues to grow in the decades ahead and the rela-
tive economic characteristics of various sources of energy change for
many reasons (discussed in more detail in subsequent chapters), it is rea-
sonable to expect that the pattern of changing dominance among various
energy sources will continue.

An Overview of Modern Energy

Today, there are at least three separate major energy infrastructures on
which modern industrial economies rely—the electricity grid, oil refining
and distribution, and natural-gas pipelines. Each of these serves a slightly
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different type of end use for energy, roughly corresponding to electricity,
transportation, and heating applications, respectively. Economically,
however, maintaining these three separate energy infrastructures requires
large annual investments of capital and corresponding large organiza-
tions to afford and manage them. Today, six of the twelve largest com-
panies in the world are fossil-fuel providers, with four of the remainder
producing automobiles and trucks and one, General Electric, heavily
involved in making power systems and wind turbines.40 Collectively,
these eleven companies alone have over $2 trillion in annual revenues,
equal to about 4 percent of global gross domestic product (GDP).41 Total
energy expenditure comprises somewhere between 7 and 10 percent of
global GDP, and between $4 and 5 trillion is spent worldwide each year
on modern forms of energy and electricity.42

Global energy production has grown by around 2 percent annually
over the last thirty years due to an increase in global population and
offset by a decline in per capita energy use or the amount of energy
used by each person.43 Growth has been generally consistent over this
period, with only a small hesitation around the time of the oil-price
shocks in the 1970s when energy-efficiency initiatives had some limited
success and the price of fuel caused people and businesses to temporarily
alter their consumption and retool their energy generators for new
types of fuel.

Figure 2.2 shows the relative breakdown of the fuel sources consumed
in the United States and the sectors in which they are used. The three fos-
sil fuels together (coal, oil, and natural gas) provide about 86 percent of
U.S. industrial energy produced, with coal and natural gas dominating
the stationary applications and oil dominating transportation.44 While
other nations and regions use different proportions of these fuels for
energy, global economic growth and societal well-being currently remain
completely reliant on the reserves of latent solar energy in these fossil
fuels, with 80 percent of global energy supplied by fossil fuels.45

Geographically, total energy consumption is spread unevenly from
country to country. The United States is the largest energy user at 26 per-
cent of total consumption, despite having only 4.6 percent of the world’s
population, and on a per capita basis is one of the highest of any coun-
try in the world.46 For comparison, U.S. per capita energy consumption
is more than twice that of western Europe. Collectively, the thirty indus-
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trialized members of the Organization for Economic Cooperation and
Development (OECD), consume over half of global energy, though they
contain less than 20 percent of the global population.47 To visualize the
energy gap between rich and poor nations, the average U.S. citizen con-
sumes over eight times the energy of a person in sub-Saharan Africa,
even when traditional fuels such as wood and manure, much used
in Africa, are included.48 And some 1.6 billion people, over a quarter of
the world’s population, have no access to modern forms of energy or
electricity at all.49

Electricity is a small but quickly growing component of final con-
sumption. From 1973 to 2003, the amount of fuel delivered through
electricity generation grew by over 170 percent, significantly faster than
the growth in basic energy demand.50 The growth in electricity use over
this period was driven by the rapid industrialization of the modern econ-
omy bolstered by the disproportionate growth in wealth and manufac-
turing in many Asian countries. Looking at these numbers, electricity’s
importance to the energy infrastructure is understated. In the United
States, for example, even though electricity comprises only 18 percent of
the final consumption, it requires some 39 percent of the primary fuel
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U.S. primary energy consumption by source and sector, 2004 (quadrillion Btus).
Source: EIA (2004).
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supplied—losing some 65 percent of the energy content of its fuel during
generation and transmission.51 As of 2004, the world possessed approx-
imately 3,900 gigawatts (GW) of peak electricity generation capacity,
which is used to provide some 16,600 terawatt hours, or 16 trillion kilo-
watt hours, of electricity every year.52 (For a description of the metrics of
peak capacity and electricity generated, see the appendix.)

Despite the rapid growth in electricity use, the mix of fuels used to gen-
erate it has shifted significantly in the last thirty years. Figure 2.3 shows
the relative contribution that the various sources of primary energy con-
tributed to electricity generation in 1973 and 2003. Primarily as a result
of industrial economies’ changing energy priorities after the oil shocks in
the 1970s, oil’s share in electricity dropped from 25 percent in 1973 to
around 7 percent in 2002. To compensate, natural gas grew from 12 to
20 percent, and nuclear power grew from 3.4 to 16.6 percent of electric-
ity generation over that same period. Coal has remained a dominant
source of electricity, supplying nearly 40 percent today, and the three fos-
sil fuels combined provide nearly two-thirds of electricity generation.
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Figure 2.3
Global fuel shares used in electricity generation, 1973 and 2003.
Source: IEA (2005).
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This, then, is the current state of energy. Harnessing ever greater quan-
tities of fossil fuels over the last three centuries for industry, transporta-
tion, and electricity has allowed for unprecedented growth in the world
economy, extended life, and improved livelihoods for billions of people,
though not equally around the globe. Owing to the inescapable nature of
energy in the modern industry and transportation and the dominance that
fossil fuels play in the current energy configuration, industrial economies
have to be vigilant about access to and cost of vital supplies of fossil fuels.
Chapter 3 examines just how large a risk these factors pose.
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3
An Unsustainable Status Quo

From the beginning of the industrial revolution three hundred years ago,
electricity, powered transportation, and the use of industrial energy have
created an unprecedented improvement in average living standards and
human well-being around the world. Increasing efficiencies in the extrac-
tion, storage, concentration, and transformation of the planet’s natural-
energy stores have allowed rapid improvements in both the length and
the quality of human life, along with a resulting global population explo-
sion. The combined effect of these two forces—increasing use of energy
and growth in population—has also negatively affected the planet and its
ecosystems. Natural-resource depletion, social disruption, and environ-
mental degradation are perhaps not surprising effects given the historical
precedents of earlier civilizations discussed in the previous chapter.

Awareness of the environmental consequences of the current mix of
global energy sources is growing, and unlike similar human-induced envi-
ronmental changes throughout history, air pollution, climate change, and
loss of farms and forests are now global rather than local in scope. In fact,
the world is dangerously close to exhausting its capacity for renewal.
Until alternative energy sources are developed and deployed on a global
scale, society’s current pattern of energy use will accelerate the strain on
the natural-resource base and on the entire environment, with foreseeable
repercussions on economic growth and social stability. Few resources or
ecosystems have not been dramatically modified or have not come under
threat. The highlights of a recent World Development Report from the
World Bank are not encouraging: “Air: polluted, Fresh water: increas-
ingly scarce, Soil: being degraded, Forests: being destroyed, Biodiversity:
disappearing, Fisheries: declining.”1 Projecting these trends over the next
fifty years and an additional 3 to 4 billion global inhabitants shows that



problems we face require serious and immediate solutions if the complete
destruction of our global resource base is to be avoided.2

In part because of these environmental factors, modern industrial
economies’ reliance on fossil fuels to provide vital energy has created a
situation of substantial economic risk. Growing energy demand and
peaking fossil-fuel supply in some regions have the potential to cause a
rapid increase in energy prices, not only for oil and natural gas, but for
coal as well. Access to the remaining sources of fossil fuels will be threat-
ened as the concentration of remaining reserves in unstable regions
grows, creating the potential for both higher energy prices and higher
volatility in those prices. Strained and aging energy and electricity infra-
structures in industrialized countries add to the likelihood of severe eco-
nomic impacts. These economic drivers will increasingly compel the
development and deployment of alternative sources of energy.

More People Demand More Energy

Today the world is inhabited by some 6.2 billion people, up from less
than 1 billion people at the beginning of the industrial revolution and a
billion more than fourteen years ago.3 This rapid growth in global pop-
ulation over the last three hundred years has resulted from two primary
factors—decreasing infant mortality and an increasing average lifespan
owing to improved medicine and nutrition. As a result of these trends,
the industrial period has experienced rapid population growth, peaking
in the late 1960s at a global growth rate of 2 percent per annum before
dropping to a 1.2 percent increase per annum today.

Population growth is not distributed evenly around the world. Since
the 1960s, population growth in many of the wealthiest nations of the
world, specifically the thirty member states of the Organization for
Economical Cooperation and Development (OECD), has dropped to or
below the replacement rate. Not counting the net effects of immigration
on these countries, some (such as the United Kingdom, Japan, and Italy)
have seen population growth halted or even reversed.4 Consequently, the
growth in global population today occurs almost exclusively in the poor-
est nations of the world. Despite the $10 billion spent annually on fam-
ily planning and contraception programs, fertility rates in the developing
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world remain stubbornly above the replacement rate.5 Even so, stabiliz-
ing the fertility rate is not enough to halt population growth immediately
because of an effect known as population momentum. Population mo-
mentum occurs as the total population lags a couple of generations
behind the replacement rate until the proportion of young and old
people comes into equilibrium, and this effect limits the effort to slow
global population growth. As international family-planning programs
continue to slow down the global fertility rate, the momentum effect
will drive most of the projected population growth over the next fifty
years.6

Barring devastating disease or disasters, the global population will
grow by nearly 4 billion through 2050, with a substantial majority of
these people being added to the 5 billion already living in the less devel-
oped regions of the world. From an energy-resource perspective, with 1.6
billion people located in these regions already lacking adequate access to
energy, providing enough additional resources to maintain or expand
their quality of life will be daunting.7 Even after spending almost $40 bil-
lion annually through the 1980s and 1990s, global rural-electrification
programs have barely kept pace with population growth.8 Expected
growth in energy demand from population growth alone will strain the
capacity of local resources to keep up and limit the ability of these
regions to grow economically. Already, developing nations’ ecosystems—
including forests, soil, and water—are being rapidly depleted. Continued
degradation of these resources, along with the projected population
growth, will dramatically increase human suffering unless alternate
sources of energy for the people in these areas are developed and
deployed.

Although people in the industrial world may try to convince them-
selves that these issues represent developing-world problems with few
local repercussions, the linkages between poverty, war, and the environ-
ment prove otherwise. In the post-cold-war era, resource scarcity and
security as well as wealth gaps between rich and poor have been leading
causes of terrorism and war, both within and among nations. Michael
Klare, in Resource Wars: The New Landscape of Global Conflict, iden-
tifies nineteen ongoing territorial conflicts as of 2002 regarding oil
reserves alone, not including the war in Iraq, and many more if conflicts
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over water rights are included.9 Every war in a developing country
creates direct and indirect costs that also affect the wider international
community. For example, the performance and productivity of global
industry depends on raw materials and labor from the developing world.
During times of war, protecting access to these materials and labor pools
or switching to alternatives creates an expense that must ultimately be
paid in either inflation or lost productivity. Quantifying these costs in the
aggregate is nearly impossible, but trillions of dollars annually would not
be an overestimate of the direct military and foreign aid, indirect
resource depletion, and loss of economic productivity involved. In a
globally integrated economy, there are no purely local effects.

The Environmental Consequences

Increasing global population, energy usage, and energy demand over the
last hundred years have already led to environmental degradation of the
planet on an unprecedented scale. The global environment today is under
siege by human society’s patterns of energy absorption, which cause
effects such as greenhouse-gas emissions, oil spills, toxic and nontoxic
waste, air pollution, inadequate food and water for particular human
populations, and loss of animal habitats and biodiversity. Much of the
real cost of the damage done today will be borne in ways that cannot be
measured, such as lost economic opportunities, increased human suffer-
ing, or a world irrevocably stripped of its diversity. The burdens endured
by families devastated by increased storm activity, drought, or heat
waves or by military activity in unstable regions to protect dwindling
energy supplies are never directly linked with the energy policies and
practices of prior generations. However, that is often where the root
causes lay.

Air Pollution
Various by-products are created in the process of burning fossil fuels to
release energy, some resulting from impurities in the raw fuels and others
from the combustion process itself. Carbon monoxide, carbon dioxide,
and surface (or tropospheric) ozone (not to be confused with the strato-
spheric ozone that shields us from the sun’s ultraviolet radiation and is
not a pollutant) are three of the largest emissions by volume from the
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fossil-fuel combustion process. Locally, the effects that these pollutants
are having on our environment include American cities that are subject
to summer smog alerts that require people to stay indoors or refrain
from outdoor physical activity to safeguard their respiratory health.

Local air pollution has existed for centuries in urban centers, originally
as a consequence of burning fuels for cooking and heating. As far back as
1272, Edward I of England tried to ban the burning of coal in London to
reduce the cloud of irritating black smoke that permeated the city.10 Not
surprisingly, this attempt to limit the use of a primary energy resource
failed in the absence of a cost-effective alternative. Unfortunately, wood
fuel was too expensive for most people to afford even in the face of cold
and starvation, so the king’s threat of torture and execution had little
effect on curbing coal use. Continued coal use has caused London’s air
quality to deteriorate for centuries. The term smog was coined in London
around the turn of the twentieth century to describe the mixture of coal
smoke and fog, and high-smog days became known as “pea-soupers.”
A period of four particularly smoggy days in 1952 that killed around
twelve thousand residents became the catalyst for serious air-pollution
reform in London.11

Unlike London’s domestic cooking and heating fires, Los Angeles’ geog-
raphy and reliance on automobiles were the causes of its smog. Prior to
1943, smog did not exist in Los Angeles, but a postwar housing and con-
struction boom and migration to the southern Californian desert created
rapid urban growth in both population and car ownership. Ever increas-
ing emissions from these automobiles collected in the basin of the San
Fernando Valley, were unable to quickly dissipate, and eventually created
the worst air pollution in America. Beginning in 1966, California limited
tail-pipe emissions in an attempt to address air quality issues, followed
by lead limits in 1976. As California added strict auto-manufacturing
guidelines to these other antipollution initiatives, Los Angeles reduced the
number of days with air-pollution alerts from 120 in 1970 to zero
in 1999.12 Unfortunately, some of these gains in Los Angeles have been
reversed in the last few years, as a shift in ownership toward larger and less
fuel-efficient vehicles has led to declines in average vehicle fuel efficiency
and resulting air quality.

Despite some local successes, the number of people worldwide living
with air pollution is increasing, and the human toll of this local air pol-
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lution is high.13 In Great Britain, the National Society for Clean Air esti-
mates that twenty thousand lives a year are shortened by air pollution.
In many cities in China, where smog is exacerbated by coal-generated
electricity, lax vehicle emissions standards, and increased desertification
of farmland, the sun is effectively blotted out for weeks at a time during
summer. In 1997, the World Bank estimated that, if air quality did not
improve, Beijing would suffer eighty thousand air pollution deaths by
2020,  and the city of Chongqing another seventy thousand.14 The World
Health Organization and the World Resources Institute have estimated
that over 700,000 deaths worldwide are caused by air pollution each
year and that this number could rise to 8 million per year by 2020,
primarily in the poorest countries of the world.

Substandard urban air quality no longer affects only urban centers or
even the nations that create it. In 2002, the United Nations Environment
Program (UNEP) reported the discovery of what it termed “the Asian
brown cloud,”15—a two-mile-thick cloud of air pollution that covers
much of south Asia and the Indian Ocean and is created when fuels are
burned for cooking fires and industry. The cloud is changing the local cli-
mate in dramatic ways and has the disturbing consequence of both
increasing surface air temperatures and decreasing the amount of sun-
light that can reach the ground. Other potentially disastrous conse-
quences of the cloud include altered rainfall patterns and reduced
freshwater availability, reducing traditional crop yields in a region where
food production is already strained.

Food Availability, Desertification, and Deforestation
Since World War II, striking increases in agricultural productivity have
been made through the use of various technologies, including tools,
seeds, and fertilizers. The so-called Green Revolution has enabled world-
wide population growth, even as the amount of land and water available
for agriculture has become severely strained. Concurrent with shifting
climates and changing rainfall patterns, global agricultural productivity
has to deal with resource-depletion problems, including loss of soil and
crop failures.

Topsoil, like plant and animal species or fossil fuels, is a nonrenewable
resource that is essential for the ongoing survival and prosperity of
human beings. The world is losing at least 50,000 square kilometers of
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arable farmland and rangeland, or about 0.3 percent of the global total,
per annum to wind erosion, water erosion, salination, and desertifica-
tion.16 This rate is doubling every twenty years or so, particularly as mar-
ginal and unsustainable cropland is cultivated in an attempt to maintain
agricultural yields. In addition to locations where arable farmland is
completely lost, an additional 36 percent of the world’s cropland is also
experiencing decreased output and productivity from topsoil loss, limit-
ing total agricultural output.17 Annual grain production per capita world-
wide peaked in the mid-1980s and has dropped about 11 percent overall
since then.18 World grain stocks have dropped consistently since the
1960s from over four hundred days of consumption to around fifty-nine
days currently.19

Focusing on averages misconstrues the extent of the problem, as many
locations are at far greater risk than others. In the next thirty years, for
example, Africa and Southeast Asia will witness some of the world’s
worst soil erosion combined with the largest projected population
growth. Famine and human suffering will likely increase in these regions
as basic access to food continues to dwindle. And with world grain
stocks at low levels everywhere, all countries are at risk of harvest failure
owing to inclement weather or blight.

Closely related to loss of farmland is deforestation, which contributes
to soil erosion, loss of species habitat and biodiversity, and global warm-
ing. The pace of deforestation today is astounding. The Rainforest
Action Network estimates that in tropical forests alone the rate of
destruction is about 2.4 acres per second or 78 million acres (an area
roughly the size of Poland) per year.20 These tropical forests, while com-
prising only 6 percent of the world’s land area, contain 50 percent of the
world’s species.21 As forest trees are cut down, habitat is destroyed and
the remaining forest’s ability to support a diversity of plant and animal
species is decreased, and many species die out.

This loss of forest habitats has been a primary driver of what some sci-
entists term the sixth great extinction. According to two recent studies
funded by Britain’s Natural Environment Research Council, the world is
now undergoing a mass extinction similar to the five major extinctions
of the prehistoric era discussed previously. Plant and animal species are
dying out at hundreds of times the normal rate, with every sign of con-
tinuing and potentially accelerating. Historically, extinctions of this
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magnitude were caused by externally imposed events such as massive
earthquakes or meteor strikes. Today, extinction is occurring as a result
of habitat destruction, pollution, and climate change created by humans
and their patterns of energy absorption.22

Global Climate Change
Air pollution from fossil-fuel combustion combined with changes in land
use are not just changing local and regional conditions but are beginning
to damage global atmospheric conditions in ways that will affect nearly
all ecosystems and human beings over the next century. Carbon dioxide
is foremost among the several greenhouse gases released primarily by
fossil-fuel consumption that are radically altering the environment
worldwide, including increasing average surface temperatures, changing
climate patterns, and sea-level rise. Human activity, including the burn-
ing of fossil fuels, has increased the concentration of these greenhouse
gases in the earth’s atmosphere by 50 percent from preindustrial levels
and the amount of carbon dioxide in the atmosphere is higher today than
at any time in almost half a million years.23

Over the last twenty-five years, the scientific community and the gov-
ernments of the world have mobilized an unprecedented effort to collect,
refine, and interpret data to help determine the role that greenhouse
gases are playing in changing global climate. These efforts have been
coordinated through the Intergovernmental Panel on Climate Change
(IPCC), which was set up by the World Meteorological Association and
UNEP in 1988 to evaluate scientific, technical, and socioeconomic infor-
mation about this threat to the planet and its inhabitants. What these
groups have discovered is that global climate change is primarily a result
of the global pattern of energy consumption, with up to 85 percent of the
emissions that lead to climate change arising from the burning of fossil
fuels and most of the rest coming from human changes in land-use pat-
terns.24 As much as half of these greenhouse gases come from the gener-
ation of electricity alone, in large part due to the dominant use of coal,
which emits significantly more greenhouse gas than oil or natural gas for
an equivalent amount of energy.

Using the best data and statistical techniques available, the IPCC has
determined that the burning of fossil fuels, clearing of land and forests,
and industrialization have caused a massive shift in the ecology of the
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planet in the last three hundred years. The IPCC has measured the his-
tory of human-induced climate change and documented more hot days,
fewer cold days, longer growing seasons, retreating glaciers, melting per-
mafrost, shifting animal habitats toward the polar regions, and so on.
Given the momentum of energy use and the continued accumulation of
carbon, the IPCC expects that these trends will continue and increase in
severity for the next century. It forecasts other destabilizing effects, as
well, including more heavy-precipitation events (that is, floods), more
violent weather and hurricanes, and increased frequency and severity
of drought.

The cost of rapid climate change is most easily measured in the
increased frequency of natural disasters. Munich Re, a global reinsur-
ance company, puts out annual reports of natural disasters’ cost and
severity. The year 2004 was devastating worldwide, with economic
losses from natural disasters over $145 billion, up from $60 billion in
2003.25 Even when the economic impacts of nonweather-related events
such as earthquakes and the tsunami in December 2004 are excluded,
the weather damage in 2004 caused over $100 billion in economic
losses, more than double the year before, owing to increased floods and
storm activity. Severe weather events, such as the dramatic hurricane
activity of Florida and the U.S. Gulf Coast in 2004 and 2005, respec-
tively, continue to increase, and the number of strong storms (category
3, 4, or 5 hurricanes) in the Atlantic each year has tripled since 1960.26

According to Munich Re’s estimates, the rate of natural disasters has
more than doubled since the 1960s, and economic losses have grown
more than sevenfold.27 They further project that by midcentury these
types of storm- and weather-related losses will be significantly higher.

Rising temperatures may ultimately be the most costly effect of climate
change. A history of global temperature change can best be shown
graphically. Figure 3.1 shows the history of carbon emissions, carbon
dioxide levels in the atmosphere, and average temperature since the year
1000. The spike in the last one hundred years shows an increase of 0.7
degrees Celsius to a level half a degree higher than any time in the last
thousand years. Because of the time lag of climactic effects and the like-
lihood of increased greenhouse-gas generation for some time to come,
the most conservative estimates by the IPCC show climactic effects in
excess of and more rapid than those experienced thus far—somewhere
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between one and five degrees Celsius of additional global warming over
the next hundred years.28

The global-warming component of climate change is troubling both
because of its role in the increasing rate of natural disasters (mentioned
above) and also because of its direct effects on ocean levels. The IPCC
has estimated that the thermal expansion of ocean water and melting gla-
cial ice in Greenland and Antarctica have been the primary reasons the
sea level has risen by one to two millimeters per year during the twenti-
eth century and could rise as much as 1 meter over the next century. A
one-meter rise would threaten the Maldives, whole sections of the
Everglades in Florida, and many coastal cities. According to a study by
Geoff Jenkins of the Hadley Center for Climate Prediction and Research,
millions of people in island nations will be flooded out.29
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Figure 3.1
One thousand years of correlated changes in global carbon emissions, carbon
dioxide concentrations, and temperature.
Source: ACIA (2004).
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Potential system-collapse failures are the most troubling of all. There
is evidence that environmental regulatory systems such as currents and
rainfall patterns are subject to occasional collapse and that the rapidly
increased pressure on weather systems from global warming could trig-
ger such a failure. For example, the collapse of the Atlantic Gulf Stream,
the oceanic current that brings warmth from the tropics to the temperate
regions of the Atlantic Ocean, would cause many climatic changes and
have devastating effects on the rich agricultural areas of the northern
temperate zone, including much of those in Europe, with severe implica-
tions for world health and prosperity.

Today, the scientific debate is no longer about whether climate is
changing or in which direction or whether human activity is contribut-
ing significantly to these changes; it is only about how fast they are hap-
pening and what specific changes each place will experience. It is also
now clearly understood that the solutions to these potentially devastat-
ing impacts must address the source of the problem—continued reliance
on burning fossil fuels for energy.

Energy Scarcity and Price Volatility

Setting aside the environmental issues, the modern economy and the
world’s ability to adequately support 6.2 billion people at their current
levels of prosperity depends on industry’s continued access to energy, pri-
marily in the form of fossil fuels, at a reasonable cost. Until renewable
alternatives are deployed widely enough to make an impact, three ques-
tions regarding the continued use of fossil fuels address the risks that our
current energy system poses: (1) how long will the global supply of these
finite fuels last, (2) what economic effects will occur as available reserves
decline, and (3) what obstacles affect access to the remaining reserves of
these fuels, and what would be the consequences of potential disruptions?

The Myth of Oil Reserves
One of the most hotly debated topics in the field of energy is the expected
life of the world’s reserves of fossil fuels. No one disputes that these non-
renewable sources of energy are finite, but there is little consensus about
when their extraction will peak and how long these reserves will last at
projected usage rates. Whether future supply will be adequate, of course,
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depends on the level of future demand. Forecasts from the U.S. Energy
Information Administration (EIA) predict that global energy consump-
tion in 2025 will be 60 percent higher than in 2001 (about a 2 percent
annual growth rate), with the rate of increase in developing countries
about three times that of the industrialized world.30 The EIA estimates
that during that time period, fossil fuels will still comprise the 87 percent
of the total energy supply.31 These forecasts are examined in more
detail in chapter 6 but may turn out to be optimistic when the expected
availability of various fossil-fuel reserves is factored in.

Oil is the fossil fuel with the shortest expected life of reserves and
therefore the one most likely to experience shortages first. The World
Energy Assessment, a publication sponsored by the United Nations and
the World Energy Council, predicts that at projected usage rates, con-
ventional oil reserves will last for another forty to sixty years, depending
on the pace at which new reserves are discovered or developed. In fact,
since the dawn of the oil age at the beginning of the twentieth century,
there have been repeated predictions that the world was running short of
oil, which have not yet come true.32 In reality, the world simply will
never completely run out of oil because there will always be some oil
available using some recovery and processing technology at some cost.
The problem with assessing oil adequacy by looking at reserve life is that
this type of analysis ignores a more imperative issue. The question is not
when oil supplies will be exhausted but what happens when the supply
of cheap and easily accessible oil peaks and begins to decline over the
first two decades of the twenty-first century. What happens to the global
economy when increasing demand for vital fossil fuels meets peaking and
then declining supply?

Peaking is one of the most misunderstood aspects of the oil-sufficiency
debate. The basic concept of peaking is that any given oil deposit, by its
geologic nature, can be extracted at an increasing rate until about half of
the deposit is gone. At that point—called the Hubbert’s peak after
American geologist M. King Hubbert, who famously predicted the
effect—two things inevitably occur.33 First, it becomes practically impos-
sible to increase the speed at which oil is extracted from that field,
regardless of the amount of capital equipment applied, without damag-
ing the field’s lifetime productivity. Water or natural gas can be injected
into the ground to force out more oil, but this will raise extraction costs
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and at best only slows the field’s decline in productivity. For example,
Saudi Arabia’s biggest oil field, Ghawar, which has been producing since
1951, yields 70 percent of Saudi oil output, but despite the injection of
7 million barrels of sea water every day Ghawar’s production has is cur-
rently declining at about 8 percent per year.34 Second, the average cost of
producing a barrel of oil from the field begins to rise, partly as a func-
tion of the more intense processing required for each additional barrel
extracted. At least a third of what comes out of Ghawar’s wells today,
for example, is sea water, and this percentage will rise.35 At some point,
the oil in the field will no longer be economic to recover.

Even more worrisome than local peaking is when whole regions of oil
fields begin to peak. In the United States, for instance, national oil pro-
duction peaked in 1970. Production dropped from 11.3 million barrels
per day (Mb/d) in 1970 to 7.7 Mb/d by 2002, despite massive invest-
ments to maintain production.36 The United Kingdom’s oil production
peaked in 2002. Norway, the world’s third-largest producer after Saudi
Arabia and Russia, may have peaked in 2004. Mexico may have peaked
in 2005. Nigeria, a member of OPEC, is expected to peak in 2007.37 And
Russia, the world’s fastest-growing oil producer over the last decade and
closing in on Saudi Arabia as the world’s largest, will peak around
2010.38 Worldwide, some 27 percent of pumped oil is from countries
that are at or past their peak production, with an additional 15 percent
of the world’s production from these countries widely expected to move
past peak by 2010. Lack of reliable data from the remaining oil produc-
ers (including Venezuela, China, and the Middle East) means that accu-
rately forecasting their peak is difficult, although anecdotal evidence
suggests that their peaking point is possible within a decade’s time.

As production from oil reserves in the North Sea, Norway, and Russia
begin to shrink once their production has peaked, global oil supply will
become increasingly concentrated in the area with the largest remaining
reserves, the Middle East. The result will be an increase in the oil depen-
dency of Western economies on the Middle East, with the OECD increas-
ing its Middle Eastern oil import percentage from 54 percent in 1997 to
70 percent in 2020 if current trends persist.39 Having the largest reserves
only delays the inevitable, however. If current reserve estimates are to be
believed, oil production in the Middle East is poised to peak no later
than 2025 and perhaps much sooner.
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Since peaking will eventually limit the production of all existing oil
wells, the only way to delay a supply-demand mismatch is to increase the
number of new oil-reserve discoveries. Oil geologists have looked at
nearly every likely location for oil deposits with increasingly sophisticated
technology, but rates of discovery still decline. Figure 3.2 from Colin
Campbell, a leading oil-depletion analyst, shows that the rate of deposit
discoveries has been dropping since the late 1960s and stands today at
about a third of annual extraction. In other words, for every three barrels
of oil being pumped today, only one new barrel is discovered.

This chart is also interesting because the area under the two curves—
the cumulative total of all discovery and production—must, at the end
of the world’s relationship with oil, be equal. With usage continuing to
grow and discoveries continuing to fall, therefore, the upward-sloping
production trend is not sustainable. The inevitable outcome of the in-
creasing mismatch between oil supply and production will be a dramatic
rise in oil prices, which will accelerate the energy industry’s shift to al-
ternative energy sources in the next decade—whether we are prepared or
not.

Some people still insist that other, more unconventional oil sources can
be economically harvested. The oft-touted tar sands of Canada are one
of the largest potential sources but are limited by the amount of energy
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Figure 3.2
The growing gap between annual global oil discoveries and production (billion
barrels per year).
Source: ASPO (2005).
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required to extract each barrel and the resulting poor economics. These
tar sands are petroleum-permeated sands in large surface basins through-
out Canada. Petroleum embedded in the tar sands can be extracted
through washing and refining, but the process is environmentally dirty
and extremely energy-intensive. It requires large amounts of fresh water
and natural gas and retrieves only one barrel of oil from two tons of
sand.40 Even ignoring the environmental consequences of this process, as
many economic analyses do, the reliance on huge quantities of natural
gas will ultimately limit the economic value of this process. At best, these
unconventional petroleum reserves may serve as a stop-gap measure to
future supply shocks or early peaking of global oil supplies.

Beyond Peak Oil
Since inadequate oil supply is likely to increase its price, could other fos-
sil fuels be substituted to meet global energy needs, particularly in the
vital transportation infrastructure? Natural gas, for instance, has been
promoted as a clean and widely accessible alternative to oil that would
be suitable for in the next phase of our energy economy. The EIA base-
line forecast anticipates this increasing reliance when it suggests that
usage of natural gas will nearly double from 2001 to 2025 (rising from
23 percent to 25 percent of the total fuel mix over that period), making
natural gas the fossil fuel with the highest expected growth rate.41

Unfortunately, the value of natural gas as a primary global fuel source
is mitigated somewhat by its high cost of transport. Over land, gas can
be transported economically via pipeline, but transoceanic delivery has
been historically expensive because it is too bulky to be economically
transported as a gas. The problem has been partially solved by the devel-
opment of systems for handling liquefied natural gas (LNG), the product
produced when natural gas is cooled to very low temperatures and
becomes a liquid, which reduces its volume dramatically and makes it
economically feasible to ship by tanker. However, the benefits of LNG
are limited by two elements of the transportation process. First, signifi-
cant energy is required for both cooling and reheating the natural gas
into and out of its LNG state, increasing its cost structure and using up
to 25 percent of the energy during the conversion process.42 Second, the
capital outlay for liquefying facilities, tankers, ports, and pipelines is
prohibitively costly for the amount of energy such an infrastructure
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can transport, which limits the rate at which this infrastructure can be
economically developed. To meet the EIA forecasts, many more such facili-
ties would have to be built to accommodate increased LNG use, but few
locations are willing to allow them because of potential safety risks. For
example, a 17-million-gallon LNG storage tank—two of which are located
within two miles of the center of Boston—packs as much explosive
power as three Hiroshima-size nuclear bombs.43

The biggest obstacle that natural gas faces, however, is the same peak-
supply problem as oil. According to Julian Darley of the Post Carbon
Institute, 65 percent of the world’s natural-gas producers are already in
decline, and worldwide reserve estimates are dangerously overstated,
posing a particularly acute problem for the United States.44 A study by
the investment dealer firm FirstEnergy Capital shows that natural-gas
production in the Gulf of Mexico, which supplies 23 percent of U.S. nat-
ural gas need, declined nearly 20 percent in only two years, from about
14 billion cubic feet per day (Bcf/d) in 2001 to 11.3 Bcf/d in 2003.45 Even
Lee Raymond, chairman of ExxonMobil, has publicly acknowledged
that aggregate North American natural gas peaked in 2004.46 With some
88 percent of new U.S. power plants constructed over the last ten years
using natural gas as their primary fuel, peaking in natural-gas production
will strain the current economics of electricity generation.47

The simple fact is that natural gas is oversubscribed in both number of
applications and volumes needed in the coming decades, particularly
considering declining reserves and production.48 Collectively, the supply
and demand squeeze on natural gas makes this fuel likely to increase in
price over the next two decades. Though it is not a direct substitute for
oil in many applications, natural-gas prices have climbed in step with oil
prices since the mid-1990s and continue to be correlated.

Coal appears to have a longer future based on known reserves, over
two hundred years at current usage rates.49 However, the amount of coal
used for electricity generation and industrial usage is expected to con-
tinue to rise from today’s levels. At projected rates of growth, reserves of
even this vast supply of fossil fuel would be nearly depleted around the
middle of this century.50 Owing to the solid nature of coal fuel, peaking
is less of an issue with coal mines than with underground oil reservoirs,
but mining coal is expected to become increasingly costly as marginally
economic fields are brought on-line to make up for the depletion of
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larger, more productive fields and as tighter environmental controls on
both the mining and burning of coal adds to its net cost.

At the point that the prices of other fossil fuels rise dramatically, sub-
stitution with coal will cause devastating consequences on global warm-
ing patterns because of its high carbon content and will accelerate the
depletion of the world’s coal reserves, providing additional upward pres-
sure on energy prices, particularly in countries with large coal deposits
(namely, the United States, the European Union, China, and Australia).
History has shown that rising overall fuel prices motivate countries to
switch energy production to coal, despite environmental costs. Such
moves have been seen before: South Africa, in response to antiapartheid
embargo pressures, eventually supplied 75 percent of its primary energy
production (including 90 percent of its electricity generation) from
coal.51 Faced with similar pressures, more and more nations may opt for
using a portion of their coal in liquefaction, or conversion to trans-
portation fuels. (South Africa meets 40 percent of its “oil” needs using
liquefaction of coal,52 and China claims that it will produce 5 million
tons of liquid fuels per year from coal by 2008.53)

In the end, countries faced with fossil fuel shortages, supply disruptions,
or high costs for imported energy will look to alternate sources to make
up the difference. Economics would suggest that energy users will tend to
switch away from expensive productive inputs (fossil fuels) to cheaper
ones until the value they deliver become roughly equivalent, meaning that
over time the price changes of these substitute inputs will be correlated.
Even though each of the three fossil fuels cannot always be easily substi-
tuted for each other without substantial conversion and investment, there
are enough opportunities to switch among them in applications (such as
electricity generation, industrial heating, and transportation) that the
prices of all fossil fuels tend to be correlated over time. With all of the
major sources of fossil-fuel energy in tight supply, the economic risk of
peaking in any one fuel is heightened for all of them.

Supply Disruptions and Price Volatility
Loss of supply through production peaking and decline is not the only
way energy prices can be adversely affected. Supply disruptions have the
potential to create sharp changes in the price of fossil fuels as well. The
risks stem from the disparity between the location of fossil-fuel reserves
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and where the energy is ultimately needed. Though the industrialized
countries of the OECD consume the vast majority of the world’s oil, gas,
and coal, the sources for this energy are located primarily in the less
developed world. While coal is distributed more evenly among industrial
economies that rely on its energy (with the United States, the European
Union, and Australia together having nearly half of the world’s coal),
over 93 percent of worldwide oil reserves and over 90 percent of world-
wide natural-gas reserves lie under nonindustrialized or non-OECD
countries.54 The economic risk is further concentrated as 78.2 percent of
the world’s oil reserves are in the eleven OPEC countries and 35.5 and
36.0 percent of the world’s natural-gas reserves are in the former Soviet
Union and the Middle East, respectively.55

Political instability in locations where large oil and natural-gas
reserves exist has the potential to dramatically and quickly have an
impact on the industrialized world’s access to vital energy supplies.
Owing to macroeconomic and political events—including war, natural
disasters, and intended supply restrictions, such as those OPEC has occa-
sionally imposed—disruptions and price hikes can occur rapidly and
unexpectedly. The United States alone has experienced fourteen major
disruptions in the foreign oil supply since 1950, including the 1973–74
oil embargo.56 The cost of these fuels to industrial importers increases as
a result of increased fuel-price volatility and the additional cost of pro-
tecting access to fuel supplies, either militarily or in the form of foreign
aid. Industrialized governments pay tens of billions of dollars per year in
the form of military expenditures to protect the security of oil supplies
from the Middle East. This estimate does not count the hundreds of bil-
lions of dollars spent on the two wars in Iraq since 1990.57 Though mil-
itary expenditures rarely show up directly in the pump price of oil or gas,
fuel users pay these costs indirectly through taxation and government
spending.

As dwindling energy supplies become more concentrated in unstable
regions in the coming decades and world demand increases, supply dis-
ruptions, for any reason in any geographic location, will have greater
impact on global energy availability and prices. Armed insurgencies or re-
gime changes inevitably disrupt supplies until normal levels of production
and investment can be reestablished. In Iraq, home of the world’s second-
largest oil reserves after Saudi Arabia, the armed insurgency against
U.S. troops has prevented oil production from recovering from the levels
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prior to the invasion of 2003. Iraqi oil pipelines and terminals have been
bombed scores of times, cutting crude-oil exports from 2.5 million bar-
rels per day under the U.N.-sponsored Oil for Food program to no more
than 1.3 million as of late 2004.58 Although, this loss represented less
than 2 percent of global consumption in 2004, the resulting oil-price
spikes in the summer of 2004 illustrated the inelasticity of world demand.

Even outside of the Middle East and Russia, the fossil-fuel transporta-
tion infrastructure is at risk for disruption. The bottlenecks created by
concentrated production and distribution make easy targets, leaving the
fossil-fuel industry vulnerable to disruption and terrorist attacks. Attacks
on pipelines are common, but refineries and tankers can also be targeted,
and the shipping lanes themselves are at risk. The Energy Information
Administration identifies seven oil-transit choke points, such as the
Panama Canal and the Strait of Hormuz, where a blockage or large-scale
attack could cripple whole segments of the oil-distribution system.59

Other structural industry factors add to fossil-fuel price instability. First,
the world is operating on razor-thin fuel inventories because producers
have not reinvested in pumping capacity, tankers, pipelines, and refiner-
ies.60 As of June 2004, OPEC’s spare pumping capacity had dropped to 3
to 4 percent of total output; by August 2004, it had fallen to less than 1
percent due to unexpectedly strong growth in demand.61 The ability to add
to oil-production capacity is limited by both local peaking and the long
lead times for additional investment. OPEC can no longer be the global
swing producer for an unexpected drop in supply or excess demand owing
to war or weather, as its members are already producing at nearly full
capacity. As a result, even small disruptions or even threat of disruption,
at any stage of the supply chain, can cause rapid price spikes.

Risks to the Grid
In addition to the risks of systemic fuel peaking and potential supply dis-
ruptions, the infrastructure for turning fossil fuels into electricity and
delivering it to end users is also threatened. Electricity grids have always
been prone to dramatic failures and potential problems. North America,
for example, has experienced the major blackouts of 1965, 1977, 1996,
and 2003; various environmental issues in the 1960s and 1970s; the fuel
crisis in 1973–74; and the Three Mile Island accident in 1979. There
have been few years when the North American energy grid has not had
to deal with some crisis.62
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Beginning in the 1990s, many countries, including the United
Kingdom, Chile, Australia, New Zealand, Japan, and Finland, and about
half of all U.S. states began to deregulate their electricity-generation and
-transmission businesses.63 The primary problem under the earlier, regu-
lated system was that the utilities that delivered electricity had no incen-
tives to reduce consumer energy usage or their cost structures because
revenue was determined on a cost-plus basis. Governments favored
deregulation as a way to lower costs through increased competition and
a separation (or unbundling) of the services provided by electricity
providers. In theory, deregulation would drive increased competition and
innovation at all levels of the electricity supply chain, but in practice
deregulation has developed its own set of poorly structured incentives
that still threaten the electricity infrastructure.

Since deregulation, the incentives for power generators and transmis-
sion utilities have changed toward short-term profits and maximizing
cash flows rather than investing for adequate future capacity. As utilities
continue to underinvest in capital and capacity, industrialized economies
are subjected to increasing risk of system failure. Currently, the average
age of the U.S. electricity grid’s components is increasing, with some sec-
tions over seventy-five years old.64 While system failures are part of any
electricity system, the size and frequency of these failures are escalating.
In August 2003, the eastern United States and Canada experienced the
largest blackout in history, affecting some 50 million people. One month
later, 57 million people in Italy lost power for a day. Both blackouts were
the result of downed power lines and inadequate system safeguards, cost-
ing each country billions of dollars in damages and lost business. These
recent, dramatic events have heightened awareness that the electricity
grids are vulnerable and deteriorating.

Aside from underinvestment in the energy infrastructure, critics argue
that poorly designed deregulation has increased the volatility of electric-
ity prices, as exemplified during the California energy crisis of 2000 and
2001. After deregulating only wholesale electricity prices in 1996, the
California electricity market began to experience capacity shortfalls
owing to unexpectedly strong demand and by 2000 had become tight
enough that even small supply disruptions caused a more than tenfold
increase in the spot-market price of electricity. As a result, many retail
utility electricity providers went bankrupt, and eventually California had
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to partially reregulate the electricity supply.65 In Europe, too, waves of
electricity outages in the last couple of years have led to widespread dis-
cussion about the wisdom and value of deregulation.66 European public
support for deregulation continues to dwindle, and many proposals have
been presented in Brussels for new interventions to ensure adequate and
reasonably priced electricity supplies for European citizens.67

All of these factors—fossil-fuel peaking, potential supply disruption, and
an aging electricity grid—put the future of conventional energy at risk in
every part of the energy supply chain, from the source to the end user.
The world’s energy future is increasingly dependent on sources concen-
trated in the volatile countries of the Middle East and in Russia, and fos-
sil fuels are set to increase dramatically in price as global output of oil
and natural gas peak in the next decade. Until the industrial economies
are able to make a switch to alternative sources of energy, the transfer of
wealth to fossil-fuel providers and damage to world economic produc-
tivity will continue. As our current energy consumption further damages
the air and atmosphere and leads to unsustainable absorption of land,
trees, and fossil fuels, the risks of increased human suffering multiply.

Each of these effects and risks is alarming when considered indepen-
dently; the prospective combination of them all is nearly overwhelming.
There are no obvious areas of opportunity to rely on to address any one
or combination of these concerns. No single area gives us some sense of
comfort about our ecological or economic future as we deplete our exist-
ing resource base. Throughout history we have seen human ingenuity
conquer previously insurmountable challenges, which provides some
hope that our current concerns will yet be addressed. This hope, how-
ever, overlooks the pain and suffering and long time spans many of those
transitions have entailed.

If human ingenuity is to provide answers to natural-resource scarcity
and the economic consequences of fossil fuels, it will need to find new
methods to provide the basic resources on which our lives and prosper-
ity depend—food, water, and energy. While a comprehensive analysis of
food and water problems and their solutions is beyond the scope of this
book, their causes, effects, and potential responses are intimately linked
to adequate future access to energy. Various new sources of energy are
being considered. They are explored in detail in the next chapter.
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4
The Field of Alternatives

As the previous chapter explored, the growing mismatch of supply and
demand of energy and the increasing external costs of current energy
practices are providing economic, environmental, and social pressures to
develop alternate supplies of vital energy. Many argue that economic
pressures can be mitigated by increasing the efficiency of energy use in
everything from vehicles to light bulbs to appliances and by reducing
energy losses in homes and offices through the more effective and wide-
spread use of insulation in building materials. Increased energy efficiency
will, indeed, play a major role in reducing the costs and risks of the
global energy infrastructure, and it is often the cheapest and most effec-
tive method of addressing such issues in the short run until widespread
deployment of alternatives can occur. For instance, the global trans-
portation infrastructure and the existing stock of cars, trucks, ships, and
planes (and the petroleum infrastructure necessary to manufacture and
fuel them) is so vast that more efficient use of remaining petroleum
reserves represents the only viable method of addressing increased energy
costs and dwindling supplies in this sector for the next few decades.

In the end, however, efficiency can be only a portion of a new energy
solution because efficiency alone cannot solve the problems of both
keeping the price of declining energy stocks in check while also provid-
ing opportunities for growth in wealth and prosperity for the billions
of people beyond the industrialized countries. Simply put, increasing
global population, growing industrialization, and declining resource
availability are (as they have been since the beginning of the industrial
revolution) more powerful pressures than efficiency alone can withstand.
Efficiency can and will help to address issues in global energy supply, but
vast new sources of energy will eventually have to be deployed to avoid



both punitive economic changes and a declining standard of living for
fossil-fuel-importing nations. This chapter begins with a review of poten-
tial new energy sources that are geared primarily toward generating elec-
tricity. (Direct solar technologies are left aside, to be explored in more
detail in chapter 5.)

As many of these alternative sources of energy are best suited to gen-
eration of electricity, many of the solutions that will eventually arise to
meet the energy needs in transportation and heating applications are
likely to be direct or indirect applications of electricity. As a result, har-
nessing sufficient local renewable sources of electricity becomes the nec-
essary first step to address the balance of all global energy issues. The
second half of this chapter examines hydrogen fuel-cell technology in
terms of both its promise and challenges—how it can be used for both
stationary and motive purposes and how it may bridge the gap between
electricity and today’s fuel-based applications.

Renewable-Energy-Generation Technologies

In reviewing the field of alternative renewable technologies (including
nuclear, hydroelectricity, wind, geothermal, and biomass), each has
advantages, limitations, and unique economic considerations that deter-
mine its value in providing energy for specific applications and locations.
Businesses and economies will pursue the alternative renewable tech-
nologies that they are best suited for by natural-resource endowment and
that they can develop the necessary expertise for fairly quickly and at the
lowest cost. This section asks relevant questions about each energy tech-
nology: how is it currently being employed, what role does it serve, what
type of power does it cost-effectively supply, and what natural limits
exist to its growth and deployment?

Each of these technologies needs to be examined not as one class but
on its own merits. All of these technologies will have a role in the aggre-
gate energy system of the future because each is better suited than others
to meet specific energy needs. Disaggregating these technologies and
looking at the costs and benefits of each individually are critical to in-
formed forecasts and decisions about the future of the energy system. Be-
cause technological progress and research and development continue to
push back technical boundaries and may change the relative economics
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and viability of each technology, no technology should be dismissed,
even when the initial answers are unclear or a given solution appears to
be limited.

The most important element for analysis is the expected cost of each
technology among its likely applications, and it is no simple matter to
make these comparisons. Various methods of production, use, and fi-
nancing can affect the analysis and are often hard to estimate reliably. It
is even more difficult to project many of these variables over the long life
of an energy investment, injecting added risks into any such calculation.
The true cost of many of these technologies is further obscured by the
absence of many social costs in their final energy price. Just as a portion
of the cost of securing oil supplies in foreign countries is paid not at the
pump but in taxes, many of the hidden costs of nuclear and hydropower
are not paid for in the market price of the electricity they deliver. These
direct and indirect economic dimensions are examined for each alternative
energy technology below.

Hydroelectric Dams
A hydroelectric dam is a striking achievement of human engineering, the
sight of which rarely fails to inspire awe. More important, dams are
powerful industrial tools. From the United States’ Hoover Dam in the
1930s to Egypt’s Aswan Dam in the 1960s to the recently completed
Three Gorges Dam in China, these massive industrial projects have
demonstrated humankind’s ability to manipulate the environment to
provide useful energy. Traditional hydroelectric dams turn streams and
rivers into freshwater reservoirs while generating electricity for local
communities and regions. They regulate the seasonal flow of rivers to
prevent downstream floods and provide water to local farmers for crop
irrigation.

At first glimpse, hydroelectric dams appear to possess compelling eco-
nomics because they provide large quantities of electricity reasonably
cheaply compared to many other forms of energy—between two cents
and ten cents per kWh, depending on dam location, size, and type.1 At
the same time, these dams provide locally generated power with no fuel
cost and little availability risk. With over 45,000 large dams in operation
today, their engineering and economics are reasonably well understood,
allowing dam builders and owners in industrialized countries to use
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capital markets effectively to finance their construction, minimizing life-
time project costs and therefore the electricity they provide. Developing
countries, too, have historically been able to finance hydroelectric dam
construction through infrastructure loans from international lending
institutions such as the World Bank. For these reasons, dams already play
a significant role in the modern electricity infrastructure, providing some
13 percent of the electricity generated in OECD countries (19 percent
globally), with almost half of the world’s rivers containing at least one
large hydroelectric dam.2

Dams often directly serve the needs of large-scale industrial electricity
users such as aluminum smelters and paper mills, which often purposely
locate their plants near hydropower projects.3 Hydropower is also often
used to fill the need for peak power—the fluctuating 5 to 10 percent of
power demand that must come on line quickly to meet rapid and unex-
pected changes in supply or demand. The inherent advantage of using
hydroelectric power for a peak-power application is that the constantly
turning turbines provide what are called spinning reserves that are ready
to generate electricity at any time. These reserves can be quickly acti-
vated, taking only moments to come on-line and fill unexpected power
gaps, a critical need in the delicately balanced modern electricity grid.

Recent concerns have cooled interest in starting dam construction in
most industrialized nations because these hydroelectric projects suffer
from hidden costs that make them both economically and environmentally
questionable. The first and most obvious of these hidden costs is that dam
construction displaces thousands of people and millions of animals as the
requisite large reservoirs are filled and former riverside communities and
farms are flooded. According to the World Commission on Dams, dams
built between 1950 and 1990 displaced some 40 to 80 million people
around the world, often without compensation or assistance.4

At the same time, the process of filling a dam’s reservoir floods sub-
stantial areas of farmland, forests, and bogs. Recent research on climate
change and global warming has shown that decaying plant matter from
these flooded areas contributes to a significant amount of greenhouse-gas
emissions. These flooded ecosystems rapidly release the stored carbon in
plant material as carbon dioxide and methane gas, potentially as much
as generation of an equal amount of electricity through fossil fuels.5 This
research brings into question the historical assumption that hydroelectric
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power is a relatively clean energy technology. Furthermore, once a dam
is built and the flow of water has slowed, silt and soil no longer flow
downstream because they are trapped behind the dam. The river then
cannot replenish soil that is naturally lost to erosion downstream into
the fertile river valleys and deltas used for local agriculture. Dams also
damage fish populations, such as the salmon of the American Pacific
Northwest, because dams block them from making the necessary jour-
ney upstream to spawn in their native grounds. Finally, dams can supply
irrigation water to local populations but at the expense of denying
water to communities downstream. Many dammed rivers—such as the
Colorado River in the United States and Mexico or, for several months a
year, the Yellow River in China—no longer flow to the sea.

In many countries of the industrialized world, there are limited addi-
tional feasible sites for hydropower, and long lead times for construction
mean that they cannot be quickly harnessed to meet changing energy
economics. In the United States, for instance, the Department of Energy
estimates that if every viable location were developed, the country could
increase its hydroelectric power supply by no more than 40 percent—
which would equate to less than 5 percent of present U.S. electricity
usage.6 This increase would hardly meet projected growth over even a
couple of years, much less indefinitely replace dwindling and insecure
fossil-fuel resources.

Growing awareness of the economic and environmental issues that
hydroelectric dams face has not only slowed construction of new dams
in industrial nations but has also led to a drop in financial lending for
hydropower projects in the developing world. World Bank lending for
large-scale hydro, for example, has dropped nearly 90 percent in the last
decade, from around $1 billion per year in the early 1990s to around
$100 million in 2002.7 While many more viable undeveloped hydropower
opportunities exist in the developing world, environmental and political
pressures as well as lack of funding render it unlikely that enough of
these projects can be completed to significantly increase hydropower’s
role in worldwide power generation.

Nuclear Power
Nuclear power, which provides nearly one-quarter of OECD electricity
needs, plays a larger role in the current worldwide energy mix than
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hydropower. Thanks to massive investments in nuclear-energy technol-
ogy beginning in the 1950s, the nuclear industry emerged during that
period as the golden child of electricity for industrialized economies. In
the 1950s, nuclear energy promised nearly limitless power generated so
inexpensively that U.S. Atomic Energy Commission chair Lewis Strauss
declared that “it is not too much to expect that our children will enjoy
electrical energy too cheap to meter.”8 As a result of this promise and to
wean the global electricity supply from oil after the supply shocks of the
1970s, nuclear power grew from 2 percent of world electricity genera-
tion in 1971 to 17 percent in 1988.9 But just as the nuclear industry
began to achieve dominance as a major source of electricity generation,
three major issues surfaced that limited the world’s enthusiasm.

First, increasing awareness of nuclear-energy economics and energy-
system dynamics caused a stall in orders in the United States, the world’s
largest nuclear energy user. In the U.S. market, new plant orders peaked
in 1973 and then plummeted to zero from 1979 on, mostly because an
excess in electricity-generating capacity made their economics question-
able. This oversupply resulted primarily from overestimations by electric
utilities of expected electricity demand growth and underestimations of
the effects of energy-efficiency programs of the 1970s.10 Once this over-
supply became apparent, utilities stopped ordering new reactors largely
because they did not have markets large enough to absorb their existing
electricity-generation base.11

Second, two headline events heightened public awareness of nuclear
power’s safety and environmental risks and led to increased safety
requirements for new and existing plants. The 1979 near meltdown at
the Three Mile Island plant in Middletown, Pennsylvania, and the result-
ing mass evacuation of the local population showed the potential serious
risk from nuclear-reactor failure to local communities. As a result of
panic from the Three Mile Island incident, nuclear-power-plant orders
ceased in all but three OECD countries, pending further safety evalua-
tions.12 Then, in 1986, the meltdown at the Soviet Union’s Chernobyl
reactor spread a cloud of radioactive dust over large parts of the Ukraine
and western Europe, particularly devastating the local region nearest the
reactor. Indeed, the melt-down at Chernobyl could have been much
worse: the prevailing wind blew Chernobyl’s plume of radiation away
from Kiev, a major Russian city only eighty miles away. The Chernobyl
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melt-down confirmed that large reactor-containment failure was possible
and showed the catastrophic environmental effects that resulted when
such a failure occurred.

Third, many nations began to use their domestic nuclear-energy pro-
grams as a cover to start or expand military weapons programs. Interest
on the part of the international community in seeing nuclear power dis-
seminated globally cooled rapidly when India, which had gotten its start
in nuclear-energy technology from the U.S. Atoms for Peace program
in the 1960s,13 set off what it called a “peaceful nuclear explosion” in
1974. Since the 1990s, the threat of proliferation of fissile material from
poorly guarded former Soviet warheads and nuclear reactors and the
open desire of many Asian and Middle Eastern countries to acquire
nuclear weapons have elevated the risk of a second, and much wider,
nuclear arms race and made further deployment of nuclear energy in the
developing world less desirable.

Only a few countries, such as France (where 75 percent of the domes-
tic electricity comes from nuclear power) and some Asian users such as
China, Japan, and Korea are seriously pursuing additional nuclear
capacity.14 In particular, several of the fossil-fuel-poor economies of Asia,
such as Japan and Korea, have tapped into nuclear energy as a way to
jumpstart their economic development and gain a measure of energy
independence. Conversely, no new nuclear plants have been commis-
sioned in the United States since 1978, and six European countries—
Belgium, Germany, Italy, the Netherlands, Spain, and Sweden—have
committed themselves to phasing out nuclear-power programs already in
place.15

Currently, the fact that nuclear energy generates electricity without
releasing meaningful quantities of greenhouse gases is being cited to jus-
tify further plant construction. Nuclear power also has certain long-term
economic advantages over fossil fuels—its stable fuel costs and immunity
from the supply disruptions that plague imported fossil fuels. The type
of electricity that nuclear plants provide is known as base-load power—
that is, the minimum amount of electricity that must be constantly fed
into the grid to ensure uninterrupted electricity operation. The nature of
the reactor process, which is expensive to start and stop, both allows and
mandates that nuclear-power plants be kept in operation 90 percent or
more of the time, thus reducing the cost of nuclear-generated electricity
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as fixed costs (primarily the cost of building the reactor and facilities)
are spread over a larger volume of electricity produced. Nuclear-power
plants provide some 24.2 percent of the electricity in OECD nations,
despite comprising only 15.1 percent of the installed generation capacity,
because they run such a large percentage of the time.16 Even with this
capacity-utilization advantage, however, high construction costs and
safety-procedure costs translate into an electricity cost of between six
and seven cents per kWh under optimal conditions, which is consistently
more expensive than the other fossil-fuel options for base-load power.17

Other estimates range as high as ten to fourteen cents based on the
technology most widely deployed since 1980.18

These estimates radically understate the true cost of nuclear-generated
electricity by ignoring the substantial hidden costs that are paid for their
use. The hidden costs of nuclear power include the cost to dispose of
radioactive waste, even assuming that a technologically viable means to
do so becomes available. No nation that currently uses nuclear power
has developed an adequate solution for the eventual storage of nuclear-
waste products. The United States, for instance, is currently grappling
with cost overruns and political fallout from its attempt to sequester
spent nuclear fuel and waste at the proposed Yucca Mountain repository
in Nevada. At the same time, serious reservations about site suitability
and the methods of transferring spent fuel to the Nevada site are slow-
ing the approval process. In the meantime, nuclear waste is being held in
cooling pools and on concrete pads at the many nuclear facilities around
the country, creating significant environmental and security hazards.
Further, the eventual decommissioning, disposal, and site rehabilitation
of nuclear-power plants impose a hidden cost burden on industry eco-
nomics that is both difficult to predict and rarely adequately accounted
for in estimates of the cost of electricity generated by these plants.

Finally, the cost of electricity generated by nuclear technology ignores
the staggering costs of the damage caused and the cleanup and rehabili-
tation required when the technology fails. It is estimated that cleanup for
the Chernobyl melt-down will cost somewhere between $26 billion and
$34 billion by the time it is eventually completed, which exceeds the
value of all electricity ever generated through nuclear power at all plants
in the former Soviet Union.19 Historically, these costs have never been
included in calculations of the cost of nuclear electricity because they are
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accounted for instead in taxes and government spending. In the United
States, the nuclear industry is further shielded from liability for nuclear
accidents by the 1957 Price-Anderson Act, which mandates that industry
liability for damage from such a failure be presently capped at about $9.5
billion—a small fraction of what a major nuclear accident would cost.20

Nuclear power, like large-scale hydropower, cannot really mitigate
rapid energy-supply shortfalls because the design, approval, and con-
struction cycle can take as long as a decade. In addition, the global elec-
tricity industry is going to face a capacity strain as most of the nuclear
plants built in the 1960s and 1970s are decommissioned when they reach
the ends of their forty- and fifty-year effective lifespan over the next cou-
ple of decades. Attempts are being made to replace aging nuclear plants
with new ones or to rehabilitate existing plants for longer lives, but so
far these efforts are being fiercely resisted by both the fossil-fuel indus-
try and the mainstream renewable-energy movement. However, in the
event that the fossil-fuel infrastructure is jeopardized through dramatic
cost increases or supply shocks, nuclear power may be promoted to
play a larger role in the energy infrastructure. If decision makers con-
tinue to perceive that no other viable option for meeting electricity
demand exists, desperation may drive them to accept the risks associ-
ated with nuclear energy. For purely economic reasons having little to
do with ideology, nuclear energy will ultimately fail to provide a viable
solution.

Wind Power
The increasing interest in wind power over the last decade is an example
of how quickly an energy technology can grow when it becomes cost
competitive. Over the last decade, the amount of wind power installed
each year has increased by a factor of eight, a growth rate of roughly 25
percent per annum.21 Today, the industry represents around $10 billion
in annual wind turbine sales.22 Though still small in the grand scheme
of total electricity generation (supplying roughly 1 percent of global
electricity), wind’s relative market share is destined to increase rapidly.
The primary reason for this dramatic growth will be that at favorable
sites, industrial-scale windmills have become cost effective compared
to all other forms of electricity generation. The American Wind En-
ergy Association estimates that for a large wind farm, electricity can be
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generated for between three and six cents per kWh.23 However, large
scale is determinative. Large wind turbines produce electricity more
cheaply than smaller turbines, and large wind farms are also generally
more cost-effective, so the application that is most economic today is an
industrial grid-feed wind farm, comprising dozens of very large tur-
bines.24 Costs for these optimally sized wind farms have halved since
1990 and continue to fall more quickly for wind turbines than for most
other renewable-energy technologies, but the rate of improvement is
slowing as the technology matures with costs presently decreasing by
around 2 to 3 percent per annum.25

Europe has taken the lead in the development of wind electricity and
accounted for 75 percent of the world’s installed wind-turbine capacity
as of 2003.26 The reason, not surprisingly, is economics: Europe’s average
electricity prices are among the highest in the world because it has high
taxes and few native sources of fossil fuels. This high cost structure has
motivated European nations to become leaders in developing wind
power and has pushed wind to the forefront of the “new renewable”
energy technologies. Though wind-turbine technology can be both cost-
effective and clean, there are limits on further growth of the industry.
The size and location of a windmill or wind farm can cause fierce local
community resistance. As discussed, to be cost-effective wind turbines
must be large and (often) located in prominent areas, as on the tops of
ridges or hills, creating significant visual impairment. This has been a
particular problem in U.S. states such as Massachusetts, where zoning
and visual-field issues limit wind power’s potential market develop-
ment.27 The British public has also resisted many new wind-power sites
out of fear of visual disfigurement and risks to property values in nearby
areas.28

To sidestep aesthetic issues and to allow for larger turbines to be
deployed, the wind-power companies of Denmark and Sweden have
begun in the last few years to construct offshore wind farms, with
many more planned in the United Kingdom and elsewhere. According
to the European Wind Energy Association, by 2010 Europe will expe-
rience a tenfold increase in the amount offshore windpower over
2005.29 But installing windmills at sea is more capital intensive than on
land, and offshore sites have their own set of unique maintenance
issues, such as the need for specialized ships to handle large repairs.
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Various groups are resisting offshore windpower installations for other
reasons as well. For example, Spanish fishermen are fighting a pro-
posed 400-tower wind farm off Cape Trafalgar on the grounds that it
would interfere with tuna migration and force small boats to make
dangerous detours.30 A proposed 130-tower wind farm off Cape Cod
in Massachusetts has met fierce local resistance on the grounds that
its 400-foot windmills (taller than the Statue of Liberty) would kill
seabirds and endanger tourism.31 Despite these challenges, offshore
wind farms will likely be a growing part of the renewable-energy land-
scape in coming years as their economics improve to the level of their
land-based counterparts.

Large-scale use of wind to generate electricity is, at the moment, lim-
ited by the nature of the wind resource itself. Wind is intermittent, which
causes the electricity that wind turbines provide to fluctuate, sometimes
dramatically and unpredictably. If the wind speed is too low or too high
to be useful or optimal, then a turbine is unusable for electric generation.
As a result, wind turbines alone cannot be large-scale providers of elec-
tricity to the energy grid regardless of their cost-effectiveness and cannot
reliably provide either peak power such as hydroelectric dams or base-
load power such as nuclear plants. If they are to be deployed as more
than a small fraction of the electricity grid infrastructure, they must be
coupled with backup generators or large-scale storage.

Another limitation on wind-power industry growth has been a result
of the methods that many governments have used to stimulate wind-
technology deployment. Recent years have seen wind-turbine production
seesaw in both Europe and America as production tax credits designed
to stimulate wind markets have lapsed or been modified. Uncertainty
about subsidy renewal has caused sales and shipments in some countries
to drop in certain years until production returns full swing as legislative
issues are resolved. Even when such a lapse corrects, it has taken time to
reprime the production pump for location evaluation, project finance,
and permitting. Owing to production tax-credit lapses at the end of 2003
in the United States, companies that sell into the U.S. wind market had
a bad year until the tax credits could be renewed for another two years
in September 2004. This continuing market volatility heightens the risks
to wind-turbine manufacturers and their customers, owners, and lenders,
slowing industry development.
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Other New Renewables
Other technologies in the new-renewable category are also being devel-
oped, including biomass, geothermal, and ocean-based energy. These
technologies are deployed based on local resource availability and rela-
tive economics. In addition, numerous research initiatives attempting to
develop exotic sources of power such as nuclear fusion are also being
pursued.

Biomass As discussed in chapter 2, biomass in the form of wood for
cooking and heating was the original fuel used by human beings and
remained dominant until coal’s ascension in the late nineteenth century.
In many developing nations, most energy still comes from wood and
other biomass sources, such as crop waste and animal dung. Worldwide,
biomass supplies 9 to 13 percent of all energy, depending on the method
of estimation.32 This makes biomass a larger current contributor of total
energy supply than either hydropower or nuclear energy.

Biomass energy is obtained from various forms of plant and animal-
waste matter. Wood and dung are the established biomass leaders, but
some industrial-scale projects seek to cultivate novel biomass crops such
as hybrid poplars, hybrid willows, and switchgrass (all under develop-
ment by the U.S. Department of Energy’s Bioenergy Feedstock De-
velopment Program) for their energy content.33 Most biomass energy is
released by burning, but more efficient methods of capturing the stored
photosynthetic energy in biomass are also being explored. These include
biogasification—the process of using heat and catalytic chemistry to pro-
duce synthetic gas (syngas) from biomass, which often is used in efficient
cogeneration plants that produce both heat and electricity. Bioenergy can
also be harnessed from accelerated digestion of biomass by certain bac-
teria, which releases energy in the form of methane gas.

The real hope for biomass-based energy is that it can be harnessed to
fill the future gap between the supply of and demand for transportation
fuels. In generating transportation fuel from biomass, two approaches
are generally used—creating liquid ethanol from the fermentation of
plant matter and burning modified plant oil as a direct fuel (biodiesel).
Brazil, for example, has focused on ethanol derived from sugar cane,
developing and employing one of the world’s most successful alternate-
fuel programs over the last decade that now requires that all cars be able
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to burn both ethanol and gasoline. As a result, biomass currently repre-
sents 27 percent of Brazil’s gross domestic primary energy production,
with 40 percent of the cars in Brazil running on pure ethanol and the
remainder using a blend that is 22 percent ethanol and 78 percent gaso-
line.34 Europe, on the other hand, has led the way in biodiesel, cultivat-
ing large fields of rapeseed (canola) for this purpose, coloring areas of the
European countryside a striking yellow every spring while at the same
time marginally reducing Europe’s reliance on imported petroleum.

Environmentally speaking, whenever biomass fuel can be derived from
existing animal and plant wastes, it provides energy with little environ-
mental impact. However, biomass in the form of wood burned for fuel is
also generated from existing stocks of organic material embedded in the
world’s forests, resulting in deforestation and soil degradation in many
tropical nations in Asia, Africa, and South America. It is also possible to
cultivate dedicated biomass, such as being done in Brazil and Europe, on
an industrial scale, but this requires a significant amount of land, water,
and in some cases fertilizer and pesticides. Lack of necessary water and
arable land will prohibit many countries that could benefit most from
these technologies, such as China and India, from relying on biomass as
a major contributor of future energy supply. In fact, outside of the United
States, Canada, Brazil, and parts of Europe, few areas have sufficient
agricultural capability to produce excess biomass for fuel, and none
really has any capacity to produce quantities sufficient to export to less
agrarian nations. As populations grow and natural resources are strained
in the coming decades, the required inputs of soil and water required
for this form of energy will be available in fewer and fewer countries,
limiting biofuel’s potential to replace dwindling stocks of oil in the
long-term.

Geothermal Geothermal energy is, like biomass, an odd candidate for
a “new” renewable energy source, as it has been used for heating living
spaces and water for thousands of years. However, modern technology
is enabling power generators to tap directly into the temperature differ-
entials of water in geothermal reservoirs to create electricity at competi-
tive rates, estimated by the World Bank to be between 2.5 and ten cents
per kWh.35 Geothermal plants run over 80 percent of the hours in a
year, making them efficient users of their capital equipment and a good
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provider of base-load power, similar to nuclear power and likely cheaper
where the geothermal resources are available. Many countries with nat-
ural sources of geothermal energy—such as the United States, Iceland,
Mexico, Italy, Indonesia, and the Philippines—are beginning to harness
this power, and the industry is estimated to have grown at about 7.5 per-
cent per year between 2000 and 2005.36

The downside of geothermal electricity is that it still creates substan-
tial risk for investors because the technology is relatively untested in
the complete variety of locations and conditions in which it could be
employed. Issues such as reservoir adequacy and depletion are not com-
monly or completely understood and can vary wildly from site to site.
Also, industrial geothermal energy is not as environmentally friendly as
it might first appear because it emits considerable amounts of gas, pri-
marily in the form of sour and poisonous hydrogen sulfide gas and car-
bon dioxide, though considerably less than an equivalent amount of
fossil-fuel use it may replace.37

Ultimately, deploying industrial-scale geothermal electricity as a pri-
mary source of base-load electricity is restricted by the location of viable
sites. Geothermal power is economically viable only in countries or
regions where geology happens to allow capture of the underground
energy sources. The Geothermal Industry Association predicts that
worldwide geothermal market potential is no more than 6.5 percent of
all electricity generation.38 The technology has good potential in certain
locations such as Iceland, the Philippines, and possibly Bolivia and there-
fore is predicted to play a part in the energy mix for those countries. In
most large industrialized nations, however, the future is limited.

Ocean Power Wave power, tidal power, and ocean thermal power are
examples of marine energy technologies that are being developed to
exploit the vast energy in oceans. Scientists are pursuing many creative
approaches, such as using thermal energy differentials or the movement
of water as tides and waves to create electricity. While some of these
approaches show promise and research continues, thus far only France
and Canada have any significant amount of ocean-based electricity gen-
eration in production, all in tidal power. Globally, all types of ocean
power combined, including those in testing and pilot deployment,
amount to less than 0.03 percent of total electricity-generation capacity.39
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Owing to their reliability, ocean-based technologies may eventually
become cost-effective for providing base-load electricity to populations
near the sea, and certain types of ocean thermal electricity also have a by-
product of desalinized water that could help to provide combined water
and power to coastal cities. However, ocean-power technologies will
always be affected by two problems. First, the issue of finding viable
locations limits the size and scale of the potential generation market.
Second, high maintenance costs result from placing sophisticated equip-
ment in inaccessible locations such as the bottom of the ocean. While
further research is merited, ocean power is not likely to become a widely
used source of electricity without substantial improvements in reducing
the cost and improving the science.

Fusion The technology for producing fusion energy is touted by scien-
tists and industry supporters as a clean alternative to fission nuclear
energy that results in dramatically reduced radioactive by-products and
a virtually limitless supply of energy. However, despite supporters’ claims
in the 1950s that this type of power would be ubiquitous in fifty years,
the International Thermonuclear Experimental Reactor (ITER) the lead-
ing international research consortium on fusion energy, claims that the
realization of this promise is still fifty years away.40 Fusion reactors have
never provided the smallest level of steady power generation even under
the most ideal conditions, despite U.S. government expenditures of over
$10 billion on fusion research since the 1950s.41

Even so, ITER represents a multinational effort by the governments of
the United States, Europe, Russia, China, Japan, and Korea to build a
reactor to explore the scientific and economic merits of fusion at an
expected cost of at least $10 billion.42 The construction time of the test
reactor (which will not actually generate electricity) is estimated at ten
years, and the results from testing this device will theoretically allow for
the design and construction of commercial-grade demonstration genera-
tors, with production-scale power plants available no sooner than 2050
under the current schedule.

The merit of using scarce resources for such a project is highly ques-
tionable economically. More effective ways of spending this research and
development money include energy efficiency, emissions reduction, and
other economically viable renewable-energy technologies that have more
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certain and immediate returns to their development. The reality is that
there is very little chance that fusion technology can be developed, tested,
made cost-effective, and deployed quickly enough to affect climate change
or the world’s current critical energy situation.

Diseconomies of Scale
One common hidden characteristic of nearly all of the technologies dis-
cussed in this chapter will limit their long-term economic viability—that
is, their need to be deployed on a large scale to be cost-effective. To have
any chance of being cost competitive in global energy markets, all of
these technologies—hydro, nuclear, wind, and the other new renew-
ables—must be developed on a utility scale in central facilities similar to
existing fossil-fuel and nuclear plants. Yet the power usage of most
homes and businesses is measurable on a much smaller scale—that is, in
watts or kilowatts rather than megawatts or gigawatts. Centralized
energy sources must rely on the existence of (and integration into) a util-
ity grid for transmission and distribution to all nonindustrial users. Such
systems are costly in all countries and unavailable in some, particularly
in those developing countries that will experience the largest growth in
energy demand in the coming decades.

The second half of this book explores the economic implications of
this fundamental characteristic and its effect on a changing global energy
mix that includes cost-effective distributed sources of energy and elec-
tricity. In the meantime, it is necessary to consider the role of hydrogen
fuel cells, an emerging energy technology that is helping to bridge the
gap between these new sources of electricity and the need for energy in
transportation and thermal heating applications.

Decarbonization and the Hydrogen Promise

Several of the most promising new renewables suffer from the funda-
mental problem of intermittency: they produce electricity only when the
wind blows, the waves roll, or the sun shines. As they are increasingly
deployed, the costs and environmental advantages of these intermittent
sources of electricity are somewhat mitigated by the need to maintain
backup generator capacity that can meet fluctuations in supply—that is,
that are dispatchable. In designing an electricity system that ultimately
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incorporates a significant proportion of intermittent sources, two potential
strategies can be employed.

First, intermittent sources can be used only as a supplemental energy
technology to defray the use of more traditional fuels when the intermit-
tent energy source is available. Despite their intermittent availability,
some of these intermittent sources are more predictable than others: tidal
power is quite reliable, wind is not always so, and wave and solar some-
where in between. Depending on the way in which the predictability of
the intermittent energy source corresponds to when energy is demanded,
a significant minority of energy demand can be met by these intermittent
sources.

Second, intermittent energy sources can be made more valuable in
many more applications if a method of energy capture and storage is
developed for use during those times when the original source is unavail-
able, creating the equivalent of stored battery power. While most at-
tempts at energy storage have traditionally employed actual batteries,
a number of large, industrial-scale technologies are being proposed to
correct for intermittent technology or smooth out generation costs, in-
cluding flywheels as well as pumped air and water. Another emerging
solution to the energy-storage problem is the use of hydrogen and fuel
cells as a method to store excess energy until it is needed. Unfortunately,
many myths pervade the discussion about hydrogen-based energy tech-
nologies, masking the paths by which this technology will likely be
adopted.

The hydrogen-power paradigm is the end result of a long process of
fuel decarbonization that has been going on in varying degrees since the
beginning of the human relationship with energy.43 Decarbonization
refers to the changing relative amounts of carbon and hydrogen in the
fuels burned to generate energy, including wood, coal, oil, and natural
gas. When each of these fuels combusts, both the carbon and hydrogen
within them combine with oxygen and release energy in the form of heat.
Only the carbon, however, causes undesired emission problems (such as
air pollution and global warming) in the process of burning—specifically,
the derived carbon dioxide and carbon monoxide. When hydrogen
burns, it does not have the same pollution effect as carbon. Therefore,
the less carbon available in the fuel being consumed, the more it is
considered clean.
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Wood is carbon intensive, containing about ten atoms of carbon for
every atom of hydrogen. Coal, which began to replace wood at the onset
of the industrial revolution, has one to two atoms of carbon for each part
hydrogen. Oil has only about one carbon atom for every two hydrogen
atoms and is regarded as a cleaner fuel than coal. The reputation of nat-
ural gas as a clean fuel stems from the fact that it has only one atom of
carbon for every four atoms of hydrogen. Less carbon is released per unit
of energy produced from natural gas than from any other fossil fuel.
Although the world’s total energy use and total carbon emissions have
increased as energy use has shifted in emphasis from wood to coal to oil
to natural gas, the ratio of carbon to hydrogen has steadily dropped.
Creating energy via pure hydrogen is the final step; eliminating carbon
completes the transition to clean fuel.

But where does hydrogen fuel come from? Hydrogen is by far the most
common element in the universe, but it is not often found in H2, its free
form. Free-form hydrogen is currently harnessed by liberating it from
larger hydrogen-containing molecules by one of several high-temperature
chemical processes. About half (48 percent) of the free-form hydrogen
produced today comes from reforming natural gas (reacting it with
steam to produce carbon dioxide and hydrogen), while nearly all of the
remainder comes from reformation of oil (30 percent) and coal (18 per-
cent).44 Currently, hydrogen is produced for two main industrial uses—
to create ammonia that is primarily used to produce nitrogen-based
fertilizers and to refine petroleum by hydrotreating it into its many use-
ful forms, a process known as cracking the petroleum. The amount of
hydrogen manufactured for these purposes has been growing annually at
double-digit percentages for the last fifteen years or so, mainly from an
increased demand for refining applications.45

The real promise of hydrogen, however, comes from its potential use
in fuel cells. Fuel cells are devices that combine hydrogen with oxygen to
generate electricity, producing heat and water as by-products (chemically
expressed as 2H2 + O2 → 2H2O + energy). Fuel cells generate energy
from hydrogen far more efficiently than simple burning does, and both
of its by-products may be used in secondary applications, depending on
how and where the fuel cell is otherwise configured. For example, excess
heat from the reactive process can be used to heat buildings, and pure
water has many practical cleansing, drinking, and irrigation applica-
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tions. Because fuel cells lack moving parts, they are remarkably easy to
maintain, which has the added benefit of increasing their lifespan and
reliability while reducing operating costs. Finally, they are quiet, which
makes siting near the locations they serve a viable option.

Both stationary applications for fuel cells in power generation and
potential transportation applications are possible, with different fuel-cell
configurations appropriate for different uses. For stationary fuel-cell gen-
erators, there are three potential markets. The first market for fuel cells
is as backup generators. While this solution has proven cost-effective,
growth in this market has been slowed by customers’ lack of experience
with the technology and their need for perceived reliability in stand-by
power applications. The second market for stationary fuel cells is large-
scale building power generation up to one megawatt. In this application,
electricity and heat production from the fuel cell can be used, improving
the overall fuel-to-useful-energy conversion efficiency to around 70 percent,
about the same as the most efficient natural-gas generators. Historically,
growth limits in this market have been a result of the large number of
distributed generation alternatives for inexpensive power at this scale,
including a variety of fossil-fuel generators such as natural-gas cogener-
ators. Recent increases in the cost of natural gas are meriting a reexam-
ination of the comparative economics for fuel cells in these applications.
The third potential market for stationary fuel-cell generators is residen-
tial applications, where they would need to provide approximately one
kilowatt of electricity plus heat and hot water to power an average home
in the industrial world. The market limitations of this application include
its cost and the inefficiency of the low-temperature fuel cells that would
be appropriate for in-home applications compared to larger, commercial-
scale fuel cells. Potential markets for all of these applications exist and
will continue to develop over the coming years, but the key applications
do not yet have the critical mass to decrease costs and to drive continued
market growth.

Fuel cells for vehicles are particularly exciting because of their per-
ceived potential to end the dominance of the internal combustion engine
in transportation but remain a long way from widespread use. Three
basic problems continue to limit deployment of fuel cells for motive
power—efficient hydrogen storage, fueling-station infrastructure, and
cost. Hydrogen is the lightest element but takes up a lot of space in its
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gaseous form. Filled with hydrogen compressed to five-thousand pounds
per square inch, a standard-size gas tank container could fuel a car for
only two-hundred miles, a distance insufficient for modern driving pat-
terns and approaching pressures deemed dangerous in a potential traffic
accident. A number of solutions to this dilemma are currently under
development, including the use of solid metal hydrides to hold the hydro-
gen as a sponge holds water, creating a high-energy density while reduc-
ing the pressure needed to store a given amount of hydrogen. Solid metal
hydride hydrogen-storage systems are already on the market for station-
ary use in the United States and are in the road-test stage for vehicular
applications.46

In addition, the vexing issue of where to supply vehicles with hydro-
gen remains a problem. A study presented in 2002 by the Transportation
Technology Research and Development Center at Argonne National
Laboratory estimated that building the hydrogen fueling-station infra-
structure needed to service 40 percent of the U.S. light-duty fleet would
likely cost over $500 billion.47 This equation creates a quandary: who
should invest in a hydrogen supply infrastructure before a sufficient
number of hydrogen vehicles are on the road, and who will buy the
hydrogen cars before the fueling infrastructure is in place? While this
dilemma will begin to be mitigated by early corporate fleet applications
and city transit services, this economic impediment remains a significant
obstacle to the wider use of fuel cells in passenger automobiles.

The largest obstacle to using hydrogen fuel cells for broad-based trans-
portation applications remains their prohibitive cost. A relatively large
fuel cell is required to deliver the power needed to accelerate a vehicle,
such as the seventy-five kW unit being tested for DaimlerChrysler’s
Mercedes A-class sedans. Such devices must become more cost-effective,
probably on the order of a hundred times, before they can begin to com-
pete with conventional engines. At the same time, the conventional
engine market is evolving as well. Automakers today are rapidly deploy-
ing a new class of hybrid vehicles, including the Toyota Prius and Ford’s
Explorer hybrid, which won the award for truck of the year at the 2005
Detroit International Auto Show. These hybrids are dual gas-electric (or
diesel-electric) to maximize fuel efficiency during operation. By using fuel
on acceleration and at high speeds and electricity for cruising and low
speeds, these cars cut fuel use to half or less that of comparable gasoline-
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or diesel-only models.48 Future fuel-cell cars are going to have to com-
pete with these dramatically more fuel-efficient automobiles to break
into the mass market. Automakers and governments believe that the
technology will ultimately cross these hurdles and therefore are investing
billions of dollars annually in development. Eventually, fuel-cell vehicles
will likely find market acceptance, but the economic and capital invest-
ment challenges are daunting and may delay wide deployment for two to
three decades.

Even as people are touting the clean hydrogen revolution, the prom-
ised environmental benefits of hydrogen fuel cells largely evaporate when
the source of the hydrogen is considered. With 96 percent of the world’s
hydrogen coming from reforming fossil fuels, there is no clear-cut en-
vironmental benefit to making this transition to fuel-cell technology.
Though the hydrogen itself is clean burning, its primary sources emit as
much carbon as the direct use of the fuels that the hydrogen is supposed
to replace. For example, in the manufacture of hydrogen by steam
reforming of natural gas, presently the cheapest method, seven kilograms
(kg) of carbon dioxide are produced for each kilogram of hydrogen.49

Critics charge that the Bush administration’s 2002 National Hydrogen
Roadmap ignores this defect and touts hydrogen cars as pollution-free
while planning to produce up to 90 percent of hydrogen from fossil
fuels.50 Ultimately, the long-term benefits of “clean” hydrogen can be
realized only if it is originally obtained at the outset from nonpolluting
sources.

A simple nonpolluting source of hydrogen does exist—electrolysis, the
use of electricity to break water into hydrogen and oxygen. Electric cur-
rent can be applied to water to separate elemental hydrogen and oxygen
in a process that mirrors the one that fuel cells use to generate electric-
ity. Instead of 2H2 + O2 → 2H2O + energy, the reaction becomes 2H2O
+ energy → 2H2 + O2. It is this simplicity and complementary
relationship that will ultimately drive the hydrogen energy market.
Electricity will be used, in effect, to charge the hydrogen with latent
energy potential that can be run through a fuel cell as needed to recap-
ture the electricity. Both processes involve energy losses, but they are at
least as efficient as existing energy technologies and often are more so.
Despite the fact that today the bulk of electricity comes from fossil-fuel
sources, the eventual design of capturing electricity from renewable
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sources and storing it as hydrogen will complete the transition to a truly
clean energy economy.

As the cost of natural gas inevitably rises and cheaper electricity from
renewables becomes available, the relative cost of electrolytic hydrogen
will drop, and the cost of electricity derived from reforming fossil fuels
will rise. Once electrolytic hydrogen becomes the cheapest source of
hydrogen, the central question will focus on the best location configura-
tion for hydrogen creation. Specifically, two alternatives will arise. The
hydrogen could be produced in bulk (using lower-cost industrial-scale
electricity generation) and then transported to the locations where it is
needed, such as homes, offices, and fueling stations. Alternatively, the
hydrogen could be electrolysized on site where it is needed using either
grid-based or locally generated electricity. The optimal choice will de-
pend on the relative costs of electricity transmission and bulk hydrogen
delivery and may differ by location and application. However, given the
bulkiness of elemental hydrogen and the huge amount of specialized cap-
ital required to develop a delivery system for it, it is likely that local on-
site generation will have an economic advantage, at least in retail-scale
applications. With small buffer stocks of hydrogen supply, relative gen-
eration cost of hydrogen becomes the only relevant factor in deciding
how to power fuel cells cost effectively.

The final stage of decarbonization is now within sight as the transition
to new zero-carbon technologies is driven by the rising cost and decreasing
availability of fossil fuels. Energy users are being forced to use existing
supplies of energy more efficiently and change their methods of electric-
ity generation and energy storage. Eventually, both stationary power and
transportation power will be powered through a combination of renew-
able electricity and the hydrogen it creates, and using the same sources
of energy and the same generation and storage methods will create
substantial efficiencies, dramatically reducing the cost of the separate
infrastructures for each type of application. However, a huge amount of
renewable energy will need to be generated all over the world to meet
increasing energy demand while simultaneously replacing dwindling use
of traditional fossil fuels. The next chapter discusses the set of energy
technologies that can be made ubiquitous and cheap enough to provide
the needed amount of such energy.
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5
Solar Energy

Many energy-industry observers consider solar energy a theoretically ele-
gant but unrealistic solution to the imminent gap between global energy
supply and demand. Everyone agrees that clean, limitless, free energy
from the sky sounds ideal, but more practical considerations such as rel-
ative cost and the sheer scale of the current energy infrastructure seem to
doom solar energy to follower status for years to come. Other sources of
energy, both conventional and renewable (including wind, geothermal,
and biomass), appear to be cheaper, easier to deploy, and better funded
and currently enjoy popular support in the media and renewable-energy
advocacy circles. In addition, memories of false starts and unfulfilled
promises during the twentieth century have tempered general optimism
about solar energy’s potential. This credibility gap exists not only among
members of the conventional energy industry—fuel providers, electric
utilities, and all other interested parties—but also among a larger group
of environmentalists and solar-energy system installers. Many of these
people invested time and money to promote solar energy in response to
the first OPEC oil shocks of the 1970s, only to be abandoned after 1982
by the national governments that had supported them. The memory of this
disappointment lingers, promoting skepticism that solar could be a viable
economic energy solution without substantial government subsidies.

Rapid changes in the photovoltaic industry, technology, and insti-
tutional players over the last decade have dramatically altered PV’s
economic viability, and fundamentally transformed the competitive land-
scape of the energy industry. Today, solar energy and photovoltaics
comprise a global, multibillion-dollar industry providing cost-effective
energy to millions of people worldwide in many large and growing mar-
kets. As with most technologies, the cost-benefit calculation varies by



each potential user and application, making simple generalizations diffi-
cult. As a result, the largest remaining obstacle to continued adoption of
solar energy is the lack of reliable and current information about its true
economic characteristics. This chapter puts this growing global industry
in perspective by highlighting its history—its roots, its driving forces and
characteristics, the current state of its development, and methodologies
for estimating how the cost of producing PV will change as the industry
matures and grows.

Types of Solar Energy

Typically, an informed discussion about solar energy is limited by vari-
ous and confusing notions of what the term solar energy actually
describes. Broadly speaking, solar energy could be used to describe any
phenomenon that is created by solar sources and harnessed in the form
of energy, directly or indirectly—from photosynthesis to photovoltaics.
Many of today’s environmentalists use the term solar energy in its most
comprehensive sense to include certain new renewable-energy technolo-
gies such as wind power and biomass, arguing that these sources derive
energy from the sun, however indirectly. More conservative uses of the
term, such as the one that this book employs, discuss direct-only solar
sources, whether active, passive, thermal, or electric—that is, sources of
energy that can be directly attributed to the light of the sun or the heat
that sunlight generates.

This more restrictive classification is useful because a more general
characterization of solar energy that includes wind and other technolo-
gies tends to obscure various isolated trends within the broader renew-
able-energy industry. Many renewable-energy technologies sometimes
lumped under solar energy have very different economic characteristics,
making it difficult to draw meaningful conclusions about them. Since
the economic drivers discussed in the second half of this book do not apply
to all technologies equally, it is helpful to be precise when analyzing
specific industrial transformations and the markets in which they will
occur.

Understanding direct solar energy requires examining three key con-
tinuums in the methods of harnessing it: (1) passive and active, (2) ther-
mal and photovoltaic and (3) concentrating and nonconcentrating. Every
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solar-energy technology features some combination of these characteris-
tics to harness sunlight. Passive solar energy requires a building design
that is intended to capture the sun’s heat and light. In passive solar
design, heat and light are not converted to other forms of energy; they
are simply collected. This is done through various design and building
methods such as orienting a building toward the sun or including archi-
tectural features that absorb solar energy where it is needed and exclude
it where it is not useful. The simplest conceptualization of passive solar-
energy design for building is in a greenhouse, a design that allows solar
light to pass into the interior and then captures the heat it generates
inside to maintain year-round growing conditions. Passive solar fea-
tures—some of which have been used in building design for thousands of
years—include site selection and building placement that maximizes syn-
chronized heating and lighting, windows placed in south-facing walls,
vents and ducts moved to capture heat through the building, and trombe
walls (dark, south-facing walls that absorb light and heat), wide eaves,
heat-storing slabs, and superinsulation. Passive solar is an elegant way to
harness the sun’s energy, but it usually has to be designed into the origi-
nal building plans to be made cost-effective. Once a building design
has been finalized with siting, orientation, and structural elements, it is
often prohibitively expensive to change or retrofit the facility to capture
additional passive solar-energy benefits.

Active solar energy refers to the harnessing the sun’s energy to store it
or convert it for other applications. These applications include capturing
heat for hot water that can be used for cooking, cleaning, heating, or
purification; producing industrial heat for melting; or generating elec-
tricity directly or through steam turbines. The common characteristic is
the active and intentional collection and redirection of the solar energy.
These active solar solutions can be broadly grouped as either thermal or
photovoltaic according to the method by which they generate energy for
transfer or conversion into other useful forms. Thermal applications
include all uses of the sun’s energy in heat-driven mechanisms, such
as heating water or some other conductive fluid, solar cooking and
agricultural drying, or other industrial heat-collection applications—for
processes as varied as water treatment or hydrogen generation through
water decomposition. The most powerful solar thermal applications are
used to superheat water and convert it to steam, which is then used to
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power a conventional steam engine for thermal electricity generation.
Prior to the middle of the twentieth century, all industrial applications of
solar energy were thermal in nature, and many of the simplest and most
widely used remain so today, including the millions of rooftop solar
water-heating systems installed around the world.

Solar photovoltaic is the state of the art in active solar electricity gen-
eration. By capturing the photonic energy of light on materials of a
specific molecular structure, direct electric current is produced. The
photoelectric effect (the description of which won Albert Einstein his
Nobel Prize in physics in 1921 and which he believed to be more valu-
able than his work on the theory of relativity) allows an electric charge
to be created on a semiconductive substrate that has been doped with
chemical additives to create opposing positive and negative layers.1

Photons of sunlight striking this surface facilitate an electron moving
from the positively charged layer to the negative, creating an electrical
current. This shifting of electrons in photovoltaic energy generation
occurs without the need for moving parts and in proportion to the
amount of light striking the surface. The useful lifetime of a photo-
voltaic cell is a function of manufacturing methods and the atomic
stability of the substrate material, but some PV cells have been in oper-
ation for decades in space-based satellite applications, one of harsh-
est possible environments. Land-based applications based on silicon
material for PV cells are often warrantied by manufacturers for 
twenty-five years or more, although the expected useful life is much
longer.

The final distinction in solar applications is concentrating and non-
concentrating. Concentrating solar applications use mirrors or lenses to
focus sunlight. Concentration can significantly increase light intensity in
the focus area, similar to the way in which a magnifying glass burns a
hole in a leaf. Industrial-scale concentration can be achieved by the
trough method, in which a long, troughlike parabolic mirror focuses sun-
light along the length of a fluid-filled pipe suspended above the mirror.
Large-scale concentration can also be created via an array of sun-tracking
mirrors arranged to focus sunlight on a central point for thermal or
photovoltaic use. Arrays of lenses can concentrate energy on photo-
voltaic cells, which tend to operate more efficiently (that is, convert
more of the sunlight that strikes them into electricity) when the light is
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brighter. Concentrating systems are, by their nature, more complicated
to build and manage than nonconcentrating systems and contain equip-
ment with moving parts that suffer wear and tear as well as problems
relating to the significant heat generated by them. Nonconcentrating
systems, which allow the sunlight to fall on their energy-gathering parts
without concentration by lenses or mirrors, are usually simpler and there-
fore less expensive maintain; however, they achieve correspondingly
lower intensities and temperatures. Nonconcentrating systems include
those that use direct sunlight to heat close-set pipes (as in a domestic hot-
water system) or open water (such as a swimming pool), as well as most
PV panels commonly seen on the roofs of houses and in stand-alone
signs and lighting.

Figure 5.1 shows the breakdown of modern active forms of harness-
ing solar energy, both thermal and photovoltaic, among the various sizes
of the generators used. The size classifications (centralized, large distrib-
uted, and small distributed) correspond to the different types of users
that can use the amounts of power generated (utilities, commercial users,
and residential users respectively). These distinctions will be examined in
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Figure 5.1
Today’s mix of active solar-energy technologies by size and type.
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later chapters to discuss the evolving economic decisions that each of
these potential users of solar energy face.

A Short History of Solar Energy

Various forms of solar energy have been used since prehistoric times.2

In fact, passive solar applications have been used in building design
and construction for thousands of years.3 Other early efforts included
attempts to harness the power of the sun to wage war. Mythic stories
abound regarding the third century BCE scientist and mathematician
Archimedes, who, from the safety of the ramparts, defended ancient
Syracuse from a Roman military invasion by using an array of solar mir-
rors to set fire to enemy ships in the harbor.4 Though the accuracy of
these stories is disputed by historians, there have been many recorded
attempts to use lenses or mirrors to harness the power of the sun as part
of strategic defense and warfare over the last fifteen hundred years.
These experiments, none of which seem to have found much practical or
long-lived use, included concentrating solar energy to burn, blind, or
intimidate the enemy. Other proposed solar-energy applications were
more commercial and industrial in nature. Leonardo Da Vinci, inspired
by accounts of Archimedes’ use of mirrors at Syracuse, designed a gigan-
tic bowl mirror four miles across, to be built and used for large-scale
industrial applications, including melting metals. Though the massive
mirror was never built, Da Vinci foresaw, by many hundreds of years,
the methods by which the sun’s power would finally be harnessed for
peaceful, commercial applications.5

Solar-energy technology saw a burst of new practical applications dur-
ing the late-nineteenth-century industrial revolution, driven by three solar-
energy inventors on different continents. This period in industrial history
ushered in a grand expansion in knowledge and invention as entrepreneurs
pursued many new energy technologies alternatives to wood and coal. As
in all periods of rapid technological growth, an efficient form of commer-
cial Darwinism determined winners and losers. Inventors and entrepre-
neurial businessmen developed new technologies. Society adopted those
that operated and performed faster, better, and cheaper, while all others
were put on the shelf until changing relative costs or technological break-
throughs created economic justifications to revisit them.

94 Chapter 5



The first of the solar inventors was William Adams. In Bombay, India,
in the 1860s and 1870s, Adams, a former British patent officer and engi-
neer, conducted various solar-energy experiments and created practical
devices such as a solar cooker to help ease energy shortfalls and deple-
tion of local wood fuel in colonial India.6 A solar cooker is effectively a
large, bowl-shaped, concave mirror that, when pointed at the sun, cre-
ates a cooking hot spot by concentrating the sun’s rays at a central focal
point. Through trial and error, Adams determined that this technology
was an effective means of heating and boiling water, though meat
cooked in this way had a disagreeable flavor and smell, a problem
Adams solved by using ultraviolet filters to block out the offending part
of the solar spectrum. In addition, Adams created a solar-powered
boiler for running a steam engine using a bank of flat mirrors to con-
centrate solar energy on a central vessel. Another of Adams’s inventions
concentrated solar energy to distill sea water into freshwater for the
British enclave at Aden on the Red Sea. His groundbreaking efforts pro-
vided tangible evidence of potential solar-energy applications to many
across the British empire.

At around the same time period, Augustin Mouchot, a French school-
teacher and inventor, attempted to develop solar-energy generators. He
worked on the development of a solar cooker similar to that of Adams
but also made and demonstrated a host of practical solar-energy devices,
culminating in a large exhibition in 1880 in Paris, where he presented
a variety of devices, including his large “Sun Engine,” which operated
a printing press on which he printed an edition of his newsletter Journal
Soleil.7 He also displayed a variety of solar cookers and, much to the
amazement and delight of the crowd, a solar machine used to create ice.8

Mouchot’s state-of-the-art devices captured popular imagination, but it
was his efforts to develop energy storage that defined his place in history.
Mouchot was the first inventor who attempted to use the power of solar
radiation to decompose water into its base elements of hydrogen and
oxygen and then recombine them to generate electricity, much like the
fuel-cell technology of today. While he felt that this was a potentially
revolutionary solution to the problem of energy storage and the inter-
mittency of the sun’s availability, the increasing scale and cost advantage
of coal-based energy prevented Mouchot from developing an economically
viable solar-hydrogen energy solution.9
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John Ericsson, the third solar inventor, was a Swede who moved to
the United States in 1839, earning fame and fortune as the designer of
the iron-clad Union ship the Monitor, which is credited with altering the
course of the U.S. Civil War.10 After the war, Ericsson turned his atten-
tion to solar energy and began extensive experiments in the 1870s that
continued until his death in 1889. He developed a solar-power engine
using hot air to run pistons, an efficient design that limited energy waste.
Unfortunately, since the solar-powered machine could perform adequately
only in direct summer sun, it remained only marginally valuable unless the
problem of energy storage could be overcome.11 Ericsson experimented
with both compressed air and electric batteries in his pursuit of an effective
and efficient energy-storage technology, but he was never able to find an
economical solution to the problem of storing energy to work these engines
in times of low or no sunlight. He did, however, make many significant
contributions to the design of solar-energy collectors, including parabolic
troughs, many of which are the basis of modern solar thermal designs.

Solar Goes Commercial
Solar energy’s first chance for wider commercialization occurred
between 1900 and 1915. Using the accumulated knowledge of earlier
solar inventors, Aubrey Eneas, a solar entrepreneur in the American
Southwest, developed larger solar collectors to power steam engines and
pumps for agricultural irrigation water. The dry deserts of this region
made an ideal test market with plenty of sun and few alternative fuel
sources. Residents of the region were also already comfortable with the
practical use of solar energy, with some 30 percent of the homes in
Pasadena, California, using solar water heaters to generate hot water by
around 1900.12 Eneas, in an attempt to create commercial-scale solar-
energy applications, designed and built a large truncated cone collector
to superheat water that powered a steam engine for running irrigation
pumps. He managed to convince several customers of the merits of his
design and installed a handful of these systems across California and
Arizona. Ultimately, however, the construction methods of these large
cone collectors proved susceptible to strong and unpredictable weather
of the desert region including dust devils, wind storms, and hail. Eneas
eventually abandoned his attempts to commercialize concentrating solar
energy, believing that they would never be economically viable.13
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The last major pioneer to attempt to commercialize the power of the
sun early in the twentieth century was another American named Frank
Shuman. At the time that he began his foray into solar energy, Shuman
was already famous for many useful inventions, including shatter-proof
wire glass and the safety glass found in today’s automobiles. His result-
ing financial success afforded him the time and money to pursue com-
mercializing solar energy. Befitting someone who had made his fortune
in the glass business, Shuman’s first attempt to capture solar energy was
through the use of a hotbox, a device similar to a greenhouse in which
sunlight enters the box through a glass pane, trapping the heat and caus-
ing a dramatic temperature increase inside. By stringing a series of these
hotboxes together, Shuman created enough useful heat to run a small
boiler for a steam engine. While this design was simpler and less expen-
sive than using mirrors or lenses to concentrate the sun’s rays, Shuman
ultimately decided to add a row of mirrors to each side to increase the
heat generation. After perfecting his techniques in Philadelphia, he found
investors and signed a customer in the British protectorate of Egypt for
whom he delivered solar pumps for irrigation. Against his better judg-
ment, Shuman was coerced by his partners to abandon the hotbox tech-
nology in favor of parabolic troughs similar to John Ericsson’s original
design. In the end, Shuman’s solar-energy irrigation solution was sub-
stantially cheaper to operate than any alternative solution but was twice
as expensive to set up as the next best solution, the coal-fired engine.
Even though the up-front cost differential could be repaid from reduced
operating costs in the first two years, Shuman’s parabolic troughs
remained a marginal choice for investors because there was little long-
term financing available at the time.14 The Great War of 1914 to 1918
forced Shuman to shut down his Egyptian venture, and he returned to
America. For over half a century afterward, easy access to coal in the
industrial economies of Europe and America along with the increasing
availability of petroleum as a cheap power source for motive applications
eclipsed nearly every attempt to commercialize the power of the sun.

Solar’s Second Chance
Solar energy’s next chance for widespread market acceptance came with
the development of the first official photovoltaic cell in 1954 by three
researchers at Bell Labs. Though the basic photovoltaic effect had been
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understood in the nineteenth century by Edmund Becquerel, the Bell Lab
researchers’ work in semiconductors and some fortunate laboratory
accidents led to their development of the first working PV module. These
modules quickly progressed by the end of the 1950s, stimulating a
tremendous amount of excitement among research labs and the govern-
ments that funded them about the future of this technology.15 Continued
work and development in the 1960s, much of which was performed to
support critical power systems for applications in satellites and space-
based vehicles, led to increasing optimism by the international scientific
community about the future of PV technologies.

The oil shocks of the 1970s provided a further boost for solar tech-
nologies, both PV and thermal. Supply fears and the rapid rise in fuel
prices they caused led to strong government promotion of a variety of
alternative-energy technologies, including solar energy. In the 1970s, the
U.S. government established the Solar Energies Research Institute to help
develop solar-energy technologies. President Carter’s administration
helped bolster the industry by approving a $3 billion program for the
development of solar-energy technology and installing a showcase solar
water heater at the White House. Excited about the potential for clean,
independent energy sources, many American citizens and entrepreneurs
began to invest substantial time and money to promote these changes by
developing businesses and installing solar water heaters and PV panels.
This momentum was cut short with the changeover to Ronald Reagan’s
administration beginning in 1981. By 1986, the Reagan government had
dramatically reduced funding for solar-energy research programs, reduced
the federal tax credits for solar water heating, and removed Carter’s show-
case system from the White House roof. The message to the renewable-
and solar-energy communities was clear, and the industry came to a virtual
halt not only in America but throughout the world. America represented
almost 80 percent of the world market for solar energy at that time, and
when research funds in America dried up, the remaining governments of
the industrialized world followed in step. A period of decreasing oil prices
in the 1980s and early 1990s further diminished the perceived urgency to
cultivate renewable-fuel options, leading to another two decades of inertia
for the global solar-energy industry. Disparate inventors, research univer-
sities, and state energy agencies continued funding research and develop-
ment in photovoltaic technologies, even as giant energy companies such
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as Mobil, Shell, and BP purchased the assets and patents of many of the
original solar-energy technology companies.

Solar Comes of Age
Over the last ten years and underneath the radar within the broader con-
ventional and renewable-energy industry, solar energy has emerged to
make a third attempt at mass commercialization. This time, the oppor-
tunity is due almost exclusively to the efforts and programs of the
national governments of Japan and Germany, which have led the way in
promoting these industries. Although these two countries do not have a
naturally high amount of sunlight, their lack of alternative fuel sources
has created a dependence on expensive external sources of energy and
therefore motivated them to develop less expensive, local, and renew-
able-energy alternatives. Japan’s sunshine program and Germany’s
100,000 solar roofs program, which have used various types of subsidies
to stimulate robust domestic solar-energy industries, now account for 69
percent of the world market for PV.16 In these markets and geographies,
the current renaissance of interest in solar energy is finding its opportu-
nity, and the cost reductions these markets have experienced have stim-
ulated surprisingly powerful momentum and growth in the last decade.
With the global PV market growing from 85 MW in 1995 to over 1.1
GW in 2005 (a 29 percent annual growth rate), the cost of producing PV
systems has dropped from $11 per watt to as low as $5 per watt over the
same period and continues to fall by 5 to 6 percent per annum.17

The Dawn of a Solar Industry

Photovoltaics can be applied cost-effectively at any scale, from hand-
held gadgets to utility-scale generation.18 Each application has a unique
character, but there are natural groupings. The first and most familiar
type is using solar cells without any kind of battery solution and usu-
ally at small scale. Applications of this type include solar calculators,
irrigation pumps, and freshwater distillers that operate only while the
sun is shining. More complex systems include those that store excess
photovoltaic electricity in batteries for use at night. For example,
homeowners can buy photovoltaic yard lights that charge a battery
during the day and glow after sundown until the battery runs out. Area
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lighting, highway construction signage, and roadside emergency
phones are other examples. Together, these two types of PV applica-
tion—small-scale, single-function systems with or without battery
storage—comprise about 15 percent of the PV capacity installed annu-
ally worldwide.19

Another primary market for solar cells is providing power to homes
that do not have access to electricity in other forms. The economics of
these off-grid applications are compelling and are discussed more fully in
the following chapters but solar photovoltaics are often a cost-effective
solution in the absence of alternative off-grid energy solutions. Unlike
gasoline-powered generators, which are the traditional alternative for
off-grid power, solar cells require no fuel deliveries, operate silently, and
never refuse to start. The system equipment includes the solar modules
themselves as well as some form of mounting that can be either station-
ary or can track the sun on one or two axes to maximize the sun col-
lected. Solar cells also typically require a lead-acid battery storage
solution to provide power in hours when the sun is unavailable. A spe-
cific form of lead-acid battery called a deep-cycle battery usually works
best for these applications because they last longer than traditional
twelve-volt car batteries. These off-grid solar applications can be found
in industrialized countries where there homes and businesses are located
outside the range of the existing grid but more commonly are found in
the developing world where access to reliable and consistent grid power
is not available. Combined, these off-grid applications represent some 18
percent of the total PV installed worldwide on an annual basis.20

The bulk of the remaining solar market represents the growth of grid-tied
systems for residential and commercial customers.21 These systems use sets
of PV panels ranging from a few hundred watts to a few megawatts of peak
capacity and are located on rooftops of homes and buildings. During the
day, as the energy collected by these PV systems exceeds the energy needed
for the local homes or business, the system feeds the excess back into the
utility grid at effectively the same rate that the customer would pay for that
electricity, a concept commonly referred to in the United States as net
metering. This system obviates the need for a localized battery solution for
these installations because the utility grid is used instead as the equivalent
of a huge storage battery. Once a building owner meets the connection
requirements of the local utility, whereby the utility confirms the safety of
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the equipment and the correct connection parameters, a customer’s
meter can flow in both directions—positive at night when the home or
business is using more power than it is generating and negative in the sunny
part of the day when the opposite is true. This system does not require
a battery but needs a device called a grid-tied inverter. These inverters col-
lect the direct current (DC) of solar PV and convert it into the alternating-
current (AC) power of grid electricity. The remaining solar modules
and associated mounting and wiring are essentially the same as any other
off-grid application.

This grid-connected market is the engine driving the solar industry’s
commercial-scale growth and transformation. While total solar applica-
tions have collectively grown 29 percent per annum over the decade
through 2005, the grid-connected segment has experienced a growth rate
of over 50 percent per annum over that same period.22 Figure 5.2 shows
how much the growth of this segment has contributed to the total
growth of solar photovoltaics. This sustained growth in the use of
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Figure 5.2
Growth in annual installations of grid-connected and off-grid photovoltaic cells,
1990 to 2004 (MW of peak capacity).
Source: Solarbuzz (2005).
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grid-tied systems will continue to propel the PV industry in the coming
decades as grid-tied PV economics and the technology’s innate reliability
increasingly provide incentives for customers to adopt such systems.

Finally, an application known as centralized systems, while small
today at only 2 percent of the total PV market, should become increasingly
relevant in the future as more large energy users and utilities adopt PV.23

Using this application, industrial customers or utilities can take advan-
tage of good solar characteristics in a given location to generate utility-
scale power in large fields of ground-mounted solar arrays. To date, this
application for PV is not widely cost-effective in the face of industrial-
scale alternatives, though the next chapter shows where it is becoming
so. Centralized systems have the potential to contribute significant
amounts of electricity, as one-third of the earth’s surface is covered by
sun-rich deserts, creating a potentially vast amount of energy resource.
Some 4 percent of which (just over 1 percent or the total land area of the
world) would meet the entire world’s energy needs from these sources
even at today’s efficiency levels.24

Geographic Markets
The driver of the solar electricity industry has been grid-tied applications
but primarily from only a few geographic markets. As recently as 1998,
the United States was the world leader in PV installations, but concerted
government programs in both Germany and Japan have enabled these
countries to surpass the United States in terms of PV capacity installed.
Figure 5.3 shows just how quickly the markets have taken off since 2000
and projected growth in 2005 and 2006.25 However, U.S. markets are
beginning to develop further as many state-level governments institute
programs to develop renewable-energy industries or markets.

The Japanese photovoltaic market is currently the largest globally, with
over 1 GW of peak capacity installed, of which 277 MW were installed in
2004 alone, 36 percent higher than the prior year.26 Over the last decade,
this rapid growth resulted primarily from the Japanese government’s resi-
dential PV-dissemination program, which created targeted incentives for
installation of solar photovoltaic modules on residential rooftops. Chapter 9
details this successful government program to foster technology growth.
The most important fact about this program is that it has helped lower the
cost of installation of grid-tied residential PV in Japan by half since its
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implementation in 1996.27 As of 2004, although the subsidy was reduced
to around 7 percent of the system price from an initial level of 50 percent,
demand continued to soar, signaling a belief by homeowners that the solu-
tion is now nearly at parity with retail electricity rates of twenty-one cents
per kWh.28 The government is forecasting continued robust growth even
without the aid of ongoing subsidy programs and hopes to be adding well
over a GW per year by the end of the decade.

The European market for photovoltaics, while significantly smaller
than its wind-power market, has also seen dramatic growth over the last
decade with 50 percent annual increases in domestic production in both
2003 and 2004.29 Performance-based incentives to pay system owners a
premium for generating clean PV electricity instituted in Germany in
1999 and renewed in 2004 have fostered PV growth to 366 MW in
2004, an amazing growth of 150 percent over the prior year, primarily
in the grid-tied market.30 Today, Germany represents 80 percent of
the solar photovoltaics installed in Europe, though this percentage will
decrease in the next few years as other countries such as Spain and
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Figure 5.3
Growth in annual installations of photovoltaic cells in the major geographic mar-
kets, 2000 to 2004 with estimates for 2005 and 2006.
Source: Solarbuzz (2005).
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Portugal begin to increase their use of PV.31 However, supply is not pro-
jected to keep up with demand because many manufacturers have
already committed over a year’s worth of production to customers, with
Germany currently importing some half of its PV modules installed.
Market expectations across Europe are for continued robust growth for
the rest of the decade with some forecasts as high as 40 percent annual
growth over this period, which would result in over 1.3 GW installed per
year in Germany by 2010, out of a total of 1.7 GW for all of Europe.32

The United States’ historical leadership in PV technologies has been
usurped by Japan and Germany, but the United States still represents the
third-largest world market.33 In 2004, U.S. users installed 84 MW of
peak generating capacity.34 Its growth rate has not been as spectacular as
those of Japan and Germany, but it has still averaged 25 percent annu-
ally over the last decade.35 With the recent growth in many states’ sub-
sidy payments for installing PV systems, reimbursing up to half or more
of the system cost, grid-tied residential and commercial systems have
grown much faster. California has experienced the greatest growth in
photovoltaic installations, today making up over 80 percent of the U.S.
total.36 In addition, the United States exports a net amount of 58 MW of
solar cells to make up for supply shortfalls in Germany and the rest of
the world, totaling 139 MW of PV cell production.37

Outside of these three main markets, which together comprise 89 per-
cent of the world’s total production of photovoltaic cells, the rest of the
world produces 124 MW of product, 38 percent higher than in 2003.38

These markets have experienced volume growth over the last decade sim-
ilar to that in the Japanese and German grid-tied markets, averaging over
50 percent annual growth between 2000 and 2004, albeit from a low
base.39 Despite the relative benefits that this technology can bring to the
developing world, there are limits to its adoption, such as lack of system
financing as well as sales and service channels, which are explored in
detail in the second half of this book.

Producers
In general, producers of these photovoltaic modules are located in the
major markets in which they sell their products. Table 5.1 shows the top
ten producers worldwide and their annual production for the last four
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years. Given the relative size of the Japanese market, it is no surprise
that four of the ten largest PV producers are Japanese firms and repre-
sent some of Japan’s largest and most powerful industrial firms such as
Sharp, Kyocera, Mitsubishi, and Sanyo. These companies are dominant
electronics firms with market penetration and expertise in cost reduc-
tion via large-scale production development, and they have been prima-
rily responsible for the reductions in system prices for these markets
since 1994. In Europe, PV production is led by domestic producers such
as Germany’s Q-cells and Schott Solar and Isofoton of Spain and is also
bolstered by BP Solar (British) and Shell Solar (Dutch). America’s PV
production is dominated by these two oil-company owned solar divi-
sions, and General Electric entered the fray in 2004 by purchasing
America’s largest independent PV producer, Astropower, out of bank-
ruptcy. Each of these major producers is looking at substantial additions
to capacity in the next twelve months, with some planning to double
their line capacity. Many PV producers outside of these major markets
are also planning production increases, including Motech of Taiwan in
the top ten global producers. Countries like China and India are lead-
ing the way in setting ambitious growth targets for solar photovoltaic
installations.
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Table 5.1
The top ten global solar-cell producers in 2004 and their past production from
2001. (Production in peak MW.)

2001 2002 2003 2004

Sharp (Japan) 75 123 198 324
Kyocera (Japan) 54 60 72 105
BP Solar (United States) 54.2 73.8 70.2 85
Mitsubishi (Japan) 14 24 40 75
Q-cells (Germany) N.A. N.A. 28 75
Shell Solar (Germany) 39 57.5 73 72
Sanyo (Japan) 19 35 35 65
Schott Solar (Germany) 23 29.5 42 63
Isofoton (Spain) 18 27.4 35.2 53.3
Motech (Taiwan) N.A. N.A. N.A. 35
Total 296.2 430.2 593.4 952.3

Note: N.A. = Data are not available.
Source: Maycock (2005).



Technologies
There is a constant and growing effort to find the most inexpensive and
reliable technologies for producing these solar cells to continue to
develop the photovoltaic market worldwide. While the dominant tech-
nology today is silicon based, many advanced silicon and nonsilicon
variants are being explored to meet these needs.

Monocrystalline silicon cells are roughly similar to those PV cells orig-
inally created in 1954 at Bell Labs. Today, they are generally formed
from ingots of pure silicon that are sliced into thin waters and then
chemically treated and etched to operate as solar cells in a process simi-
lar to that used to produce chips in the microprocessor industry. Their
advantage is that they possess the highest levels of conversion efficiency
for turning sunlight into energy. Their disadvantage is that they are
the most costly to produce of all possible choices because they are fabri-
cated using energy- and capital-intensive methods derived from similar
processes in their microprocessor counterparts and often at a quality
standard much higher than necessary for use in current photovoltaic
applications. The alternative silicon-based cells are polycrystalline and
are produced using slightly different manufacturing methods, creating a
less efficient but also less costly end product. The major PV producers
use variants of these technologies, with the American producers favor-
ing the monocrystalline and the Japanese favoring polycrystalline.
Combined, these basic silicon solutions make up 85 percent of the solar
cells produced today.40

The remaining market for PV is comprised of a second-generation
technology called thin-film PV that eliminates the need to have freely
supported solar cells in favor of depositing the photovoltaic layers
directly on a supporting substrate. This allows for a further reduction
in cost and a more creative configuration of cells such as embedding
the cells within building materials, rolled sheets, and roof tiles. The mod-
ules developed using this process are usually of lower efficiency and
lower cost but have continued to improve in both respects as they are
commercialized. With so many interesting applications being pursued,
including those that eliminate the use of silicon entirely, most of the major
industry research associations expect thin-film PV to be a major contrib-
utor to long-term growth of the industry as cost effectiveness improves.
Ultimately, the progress of thin-film PV will be a function of how quickly
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technologies in silicon-based crystalline solutions reduce manufactur-
ing costs and the third-generation technologies discussed below are
deployed.

Third-generation (or 3G) technologies—so termed by Martin Green of
University of New South Wales, who is one of the world’s leading
researchers on solar cells—are poised to make a much larger long-term
impact in solar cells but probably not until the second decade of this cen-
tury when these technologies will finally hit the mass market.41 The tech-
nologies being explored include photosynthetic chemical processes
similar to those that occur in plants and trees. There are also a number
of exciting technologies for producing spherical solar cells—that is, small
bubbles that reduce the amount of silicon needed, resulting in thin, flex-
ible panels that can be used in, for example, microelectronics applica-
tions. In addition, about half a dozen companies are attempting to figure
out ways to use printing technology to print solar cells directly onto a
substrate, a development that could dramatically reduce the cost of
manufacturing. None of these technologies is yet widely available, but
they have the potential of bringing the cost of solar energy well below
today’s price once the technical hurdles of mass producing them are
overcome.

PV Supply Chain
The modern PV industry is a $10 billion dollar industry worldwide and
comprises many types of manufacturers, installers, and service providers.
Figure 5.4 shows the PV production chain for the support services
required to develop and deploy PV systems.

The solar-component manufacturers comprise the cell producers dis-
cussed above as well as the raw silicon and ingot producers, production-line
equipment manufacturers, and providers of the other metals and raw
materials needed to make PV cells. Product manufacturers (often but not
always the same companies that make the PV cells) combine the cells
with glass, frames, and electronic busing to create finished modules.
These are then aggregated by distributors or installers with the balance
of system components, including inverters, batteries when necessary, and
wiring to be installed in end-user applications.

Supporting this process are the research and development by compa-
nies and research institutes; the banks and capital markets that provide
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the capital to create the manufacturing and finance the end-user installa-
tion of the systems; and the designers, architects, and engineers who
enable integration of these systems in homes, buildings, and new cen-
tralized plants. The many phases of production require various technical
skills and combine to make PV production a labor-intensive process
among electricity technologies, even at an equivalent level of electricity
production. As the industry grows, new jobs at all stages of the PV supply
chain will need to be filled in proportion to the overall industry growth
rate, with many of these at the local design and installation levels.

Trends and Projections in the Cost of PV

Typically, emerging technologies in any industry start off as expensive,
complex, and inefficient to produce. The most promising ones—those with
the potential to fill a previously unmet need or to provide an existing prod-
uct or service more cheaply or effectively—begin to generate growing inter-
est, and more versions and refinements are introduced. In this research and
development phase, industry works out methods by which the technology
can be produced and begins to envision its final form and application. As
users are convinced of the technology’s viability and long-term economic
value, industry producers begin to produce limited quantities of standard-
ized products to meet specific market applications. Mass production usu-
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Figure 5.4
Photovoltaic industry production chain and various support services.
Source: Solarplaza.com.
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ally begins in limited lot sizes, but as market demand increases, producers
usually find faster, better, and cheaper ways to produce their products.
Sometimes just making more units can reduce the average cost of each unit
because of bulk pricing on raw materials and a fuller utilization of people
and manufacturing facilities, known as economies of scale. Institutional
experience becomes embedded, too, as more efficient production methods
are systematically discovered and reduce manufacturing costs.

The current cost of any technology, then, is partly a function of the his-
tory and scale of the production of that technology. A useful depiction of
this process is the experience curve. This curve, often represented graph-
ically, describes the relationship of the technology’s current cost to the
cumulative quantity produced over its history. In the case of an electricity-
generating technology such as PV, cumulative quantity produced is meas-
ured in peak capacity, usually watts, produced. Therefore, experience shows
up as decreasing cost as cumulative production increases.

In the case of photovoltaic modules, the cost to produce them in the
late 1970s was around $25 per watt but has since dropped to less than
$3.50 per kW, an 86 percent reduction, while the cumulated production
has grown a thousandfold, or roughly ten doublings over that time.
Calculating experience curve for grid-tied solar photovoltaic modules
over the period from 1980 to 2003 implies a learning rate of around 18
percent, meaning that for every doubling in the installed volume of the
technology over time the per-unit cost drops another 18 percent.

Forecasting future learning rates is as treacherous as forecasting any-
thing else, but a few general parameters are helpful. Starting with a his-
torical rate is fine, but that rate may change in the future, either increasing
or decreasing. Typically, a technology experiences a slowing of its learn-
ing rate as it grows and becomes established. Because the most obvious
and easy gains in cost efficiency are usually the first to be captured, driv-
ing costs out of the production process gets progressively harder as it
matures. Scale of production helps further, but these gains also level off
as an industry reaches critical mass. As a result, most technologies have a
natural limit beyond which cost improvements slow to nearly nothing.
Each industry is different, but at some point, usually well before market
saturation, a technology stops gaining cost advantages from increases in
scale. That being said, occasional breakthroughs in technology can occur
that can greatly accelerate the learning rate for a period of time.
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Once an experience curve is projected, the expected market growth of the
technology in question can be layered in, and an expected annual cost
reduction for the technology can be calculated. In the photovoltaic case, an
18 percent learning rate and a 30 percent annual market growth rate would
translate into a cost decline of 5 percent to 6 percent a year—numbers that
correspond with recent historical experience for both growth and cost re-
duction in the global PV module market.

Using assumptions for experience rates and total market growth, it is
possible to build a forecast model of the expected future cost of PV elec-
tricity. Figure 5.5 shows a forecast model through 2040 for three loca-
tions with different levels of available sun and the expected worldwide
growth of the underlying market.42 As the next chapters explain, poten-
tial residential, commercial, and utility adopters of PV face different
economic choices and different methods of financing the cost of their sys-
tem. The underlying market growth rates span all of these sectors as it is
cumulative global growth that determines expected system prices. The
projected PV electricity costs in this forecast were developed assuming
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Figure 5.5
Forecast of the global annual market for PV, expected cost per watt of installed
PV systems, and resulting cost per kilowatt hour of PV electricity (unsubsidized)
for three sun scenarios through 2040.
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the economics faced by residential customers in the United States and the
type of supplemental mortgage financing that they would most likely use
when installing PV on their home.

The projection model in figure 5.6 illustrates that, even under conser-
vative assumptions, the evolving economics of PV will make these sys-
tems progressively cheaper over time, which will make PV electricity
increasingly cost-effective in locations with a wide disparity of solar
resources and allow PV to grow in dominance within the global energy
and electricity mix. The cost levels of PV systems (in dollars per watt) are
used for more specific forecasting later in the book and examined for
reasonableness and limitations.

When asked about their views on various energy technologies, over 90
percent of people believe that solar energy is a desirable solution, mak-
ing it the most popular of all energy technologies.43 Although most
people have never seen it deployed successfully, solar energy is popular
because it is conceptually simple—almost deceptively so. Solar energy is
safe and clean and has no moving parts, making it reliable and long-
lived, and the sun as a source of energy cannot be bought, sold, or
metered. As a result, solar energy offers nations and individuals unprece-
dented and unlimited control over their own vital source of energy. For
these potential benefits alone, many people genuinely want to see solar
energy become a widely deployed energy alternative.

Despite wide pessimism about the cost and capacity of PV technol-
ogy, a dramatic growth in the rise of solar photovoltaic electricity over
the last ten years has occurred primarily as a result of Japanese and
German government policies that promote the development of grid-tied
PV systems. As the next two chapters show, the increasing scale of
global PV deployment has decreased the cost of grid-tied systems to the
point where PV is cost effective in many large and growing industrial
nations. As PV continues to be adopted in these markets and global
production volume increases, predictable cost reductions will make
photovoltaics more affordable for both industrial and developing-
country consumers worldwide—leading to greater sales, larger vol-
umes, and further cost reductions. The next section of this book
explores specifically how and when these trends will shape the future
of the energy industry.
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III
Future Transformations





6
Modern Electric Utility Economics

As it has throughout most of our history, the demand for the services that
energy and electricity provide is likely to continue to grow in a global
economy that encompasses hundreds of millions of industrialized con-
sumers who have expectations of future prosperity and billions who
aspire to industrialized levels of prosperity in developing countries. People
will continue to demand more lights, more cars and trucks, and more
computers along with other modern amenities. To meet these needs, exist-
ing sources of energy will have to be spread further and used more
efficiently, and additional sources of energy will have to be deployed.
Effective and coordinated government policy might be able to meet this
rising demand by aggressively pursuing efficiency improvements and dis-
seminating “best practices” of energy generation and use to growing
nations and economies. However, we do not live in a world of effective,
coordinated government policy, particularly when resource hunger drives
short-term decision making. Historically, improvements in the efficiency
of energy use have not been able to stop the need to acquire new energy
sources to satisfy increasing demand, and it will not likely do so in the
future either.

Currently, the modern world almost totally depends on the stored
solar energy embedded within fossil fuels for transportation, heat, and
electricity. In the broadest sense, modern industrial capacity has been
created specifically by and for the exploitation of this form of fuel-based
energy, and all business-as-usual forecasts implicitly assume that the
global economy will continue to be fueled in a reliable and cost-effective
way. Nevertheless, the world’s oil and natural-gas deposits cannot provide
a constant energy output over the next few decades, much less an increas-
ing one. Coal is the only remaining fossil fuel available to supplement the



difference, but the environmental impacts of current coal energy-generation
technologies are generally considered unacceptable. As the need for indus-
trial energy continues to outpace supply, the inelastic nature of demand
for these energy resources will drive increases in the prices of gas, oil, and
coal. For both environmental and economic reasons, large quantities of
the alternative sources of energy described in the last two chapters will
need to be harnessed to make up the difference.

When selecting additional sources of energy to use in electricity genera-
tion, utilities have a portfolio of choices including nuclear energy, wind
power, and solar energy. An examination of the costs of generating elec-
tricity by each of these methods as well as the type of power they provide
shows that solar energy can already cost-effectively supply a portion of
utilities’ needs for daytime electricity, currently the most expensive form of
electricity for utilities to produce. Using the tool of experience curves dis-
cussed in the last chapter shows that the relative competitiveness of solar
electricity for utility-scale generation will continue to grow.

Forecasting Future Energy Prices

Many ways of forecasting energy supply and demand are used today by
governments, research labs, and consultants. These range from highly
technical economic models to scenario analysis of possible future worlds.
Some of the most widely used figures come from the U.S. Department of
Energy’s Energy Information Agency (EIA), which publishes an annual
forecast of world energy use—the International Energy Outlook (IEO)—
and a similar projection that includes expected future world prices of
fossil fuel and electricity—the Annual Energy Outlook (AEO).

The EIA projects a number of future scenarios in these reports, but the
one cited most often is the Reference Case, the one asserted by the EIA
to be the most likely to occur.1 The 2005 IEO Reference Case’s forecast
to 2025 for global energy forecasts that world energy demand will grow
at 2 percent per year from 411 quadrillion British thermal units (Btu) in
2002 to 644 quadrillion Btu in 2025.2 This projected increase in energy
supply is forecast to be met by all energy sources—coal, natural gas, oil,
and nuclear energy. Under this forecast, natural gas will grow faster than
all other fuels, supplying a higher share of energy demand in 2025 than
today, and nuclear will grow the slowest, as many plants constructed in
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the 1970s and 1980s are decommissioned over this period when they
reach the end of their forty- to fifty-year useful life.

Figure 6.1 shows the breakdown of projected energy demand by region,
divided into industrialized nations, developing nations, and the former
Soviet Union. As the graph shows, the bulk of the growth in energy
demand will come from the developing world (particularly in China and
India, which together contain more than one-third of the world’s popula-
tion) as rapid industrialization absorbs tremendous amounts of addi-
tional energy.3 However, the industrialized world and countries of the
former Soviet Union are also expected to experience increased energy
demand.

The EIA updates its forecasts annually and compares current-year
forecasts to those of prior years to show the trends in its own projec-
tions. However, with something that has the complexity and long time
horizon of global energy supply and demand, it is necessary to look at
the results of any forecast to see if the combined outputs of the projection
models can be realistically achieved. Doing this for the IEO projections,
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Figure 6.1
World energy consumption by region from 1970 to 2001 with forecasts through
2025 (quadrillion Btus).
Source: EIA (2004).
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the outputs of the EIA’s model appear to be overly optimistic and mutu-
ally inconsistent in terms of prices and volumes of energy used. EIA’s IEO
model shows a world that by 2025 has seen a 54 percent increase in total
energy supply from 2002. In the AEO, the EIA projects that oil, natural
gas, coal, and electricity will be roughly the same price in real terms in
the year 2025 as they were in 2003.4 The model thus assumes that
through some combination of productivity improvements, additional
production, new pipelines, new technology, and market forces, the world
can increase energy output by over half through 2025 while keeping
prices fairly stable—a scenario likely to prove drastically incorrect for
several reasons.

For reasons outlined in chapter 3, by 2025 the world will almost cer-
tainly be well past peak production of oil in nearly every non-OPEC
country and quite possibly in most OPEC countries as well. Even allow-
ing for more optimistic views of the amount of oil available, a significant
minority of the world’s oil fields are at or beyond their peak production
today and will experience decreasing oil output over the next twenty
years. At a minimum, therefore, satisfying increased oil consumption will
require larger output from the remaining producers. The EIA forecast
assumes that output will increase from around 78.2 million barrels of oil
per day in 2002 to nearly 119 million barrels per day in 2025 in the face
of an undisputed decline in production by many producers, including the
United States.5

Next, even if the necessary oil reserves are available, the production
and delivery infrastructure may be inadequate. To bring these additional
40 million barrels a day to market in 2025, all links in the supply chain
(from primary production to refining to transportation) must have suffi-
cient capacity. This is not the case at any level, and the length of time
required to build additional distribution infrastructure means it cannot
be quickly remedied. In August 2004, world oil production equaled 83
million barrels per day, a level already well above that predicted by the
model for that year. Achieving this supply level in 2004 required nearly
99 percent of the world’s production capacity, making supply disruption
in even one oil-producing area—or even the fear of supply disruption,
such as that triggered by Osama Bin Laden’s proclamation in December
2004 that he intended to attack the oil infrastructure of Saudi Arabia—a
catalyst for rapid price increases.6 In the 1970s, OPEC countries like
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Saudi Arabia with ample spare capacity were able to operate as swing
producers to help smooth out price spikes resulting from market turbu-
lence. Today, Saudi Arabia and the other OPEC countries are producing
full-out, and they can no longer act as shock absorbers for global oil sup-
ply. The oil shipping and refining infrastructure has been stretched pro-
gressively tighter over the years as well.7 Gasoline prices in America rose
sharply in 2004 and 2005 to their highest inflation-adjusted level since
1991, owing primarily to a shortage of domestic refining capacity.8 The
loss of refinery capacity in the Gulf of Mexico after hurricane Katrina in
the fall of 2005 caused prices to spike to their highest levels ever in some
areas and a return of gas lines throughout the American Southeast.

Similar if less acute conditions exist in the supply infrastructure of
natural-gas and coal distribution. The real problem, however, is not just
that fuel prices in 2004 and 2005 were 60 to 70 percent higher than their
2002 levels, a condition that might be explained by the expanding world
economy over the interim period, but that they were substantially higher
than those at any time in the EIA forecast period through 2025. Clearly,
if prices for fossil fuels were to stay at or above the average levels of
2005, both world demand for and spending on energy would be heavily
affected—and the EIA forecasts would be increasingly suspect.

The common response to this critique is that prices are cyclical: as
prices go up and capacity is squeezed, energy companies are motivated
to invest in refining and transport infrastructure. This argument has
some validity, but in this case it overlooks two important points. First,
the infrastructure is stretched thin because producers have been under-
investing in capital expenditures for nearly two decades. Fifteen years of
low oil prices and some excess capacity in the early 1980s moved most
oil producers to limit capital expenditures, a trend that prevailed in
nearly every corner of the energy and electricity market. In fact, a recent
IEA report calculated that to meet projected worldwide demand for
energy, companies will have to increase their capital investment to over
$500 billion annually between 2001 and 2030, a rate over twice that of
the 1990s.9 Today, reliance on the existing infrastructure gives produc-
ers very low levels of cost and depreciation on their capital base, reduc-
ing current costs of energy. The projected increases in capital spending
to meet growing demand will add significant upward pressure to the
cost of fossil fuels and the electricity they generate. Further, large new
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capital projects cannot be brought on quickly. It takes years to build
new production infrastructure, sometimes decades, as in the case of
hydropower projects, refineries, and nuclear plants. Supply disrup-
tions and demand growth can have dramatic effects on prices in the
meantime.

Second, there is the continuing problem of perverse incentives. Fossil
fuels are a finite resource, and no amount of capital investment can
change that fact. Additional investment will make little difference in the
amount of oil or natural gas located under Saudi Arabia, Russia, or
China. To maximize the value of these dwindling reserves, owners would
like to get the highest price for every drop they sell, thereby reducing their
incentive to use capital to lower prices through capacity expansion.
Simply, lack of capacity increases prices. Furthermore, lack of capacity
coupled with supply disruptions has an even more dramatic effect on
prices—conditions well understood by the oil- and gas-producing nations
of OPEC and Russia.

Looking at the assumptions underlying the EIA’s predicted fossil-fuel
prices through 2025 shows that key drivers of that energy-forecast model
are already wrong. Even if prices fall back into the range predicted by the
model, it is doubtful that the expected level of production will also be
achieved. However, it is not very useful to say that the forecasts are
wrong. What needs to be understood is why they are wrong and what
other scenario is more likely to occur. Given the dynamics discussed pre-
viously, it is clear that fuel prices most probably will remain substantially
higher than the EIA’s forecasts. Given natural and infrastructure limita-
tions on the production, transportation, and processing of fossil fuels,
and given how vital energy is to all people everywhere, rising demand
will drive higher prices. Three big questions arise: how far will prices
rise, how quickly will they rise, and how volatile will prices be in the
interim? None of these can be accurately forecast or adequately
answered in this book, but the answers to these questions will dictate
how severely energy consumers are affected by changing fossil fuel
dynamics in the future.

Visions of a High-Price World
Higher energy prices, especially when coupled with volatile price
changes, drive consumers to use less fossil fuel than they otherwise
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would have. This result is what the laws of supply and demand predict
and what occurred in practice during the oil shocks of the 1970s. Higher
fuel prices for one type of fuel (for example, oil) will motivate users to
switch to fuels that are relatively less expensive. If prices for all three fos-
sil fuels climb together and climb high enough, however, then the world
will have to switch to renewable (or, as some industry observers argue,
nuclear) sources, because these energy sources will have become rela-
tively less expensive. In effect, higher and increasingly insecure fossil-fuel
prices drive people to adopt cheaper and more reliable forms of local,
renewable energy.

On the face of it, lower fossil-fuel usage and a faster push toward
renewable energy may seem like a good thing, but such an adjustment is
painful when it must be implemented rapidly—as demonstrated by the
experience of energy shortages, gasoline lines, and high utility bills of the
1970s. In the short term, such supply and price shocks can wreak havoc
on a society’s income, growth, and prosperity. Unfortunately, given that
all of the fossil fuels will be more expensive this time around, the next
adjustment will be even more severe than the one experienced in the
1970s. The forthcoming changes will involve switching the 80 percent of
the energy production infrastructure that relies on fossil-fuel sources, a
change of quite another order.10

Large price spikes in basic energy prices will affect many individual
and government priorities indirectly. In the face of high prices, corporate
research and development budgets would be cannibalized to meet cur-
rent consumption. It is also likely that people’s concerns about the pol-
luting effects of energy production will take a back seat to supplying
cheaper power. Even today, when demand peaks or supply outages cause
price spikes, such as during the California electricity crisis of 2000 and
2001, U.S. electricity makers receive special permission to restart highly
polluting coal plants that normally remain turned off.11 In the case of a
sustained spike in the prices of fossil fuels, governments might well sus-
pend or repeal environmental protections that restrict polluting genera-
tors. Already, the EIA forecasts an increase in annual global carbon
emissions of 60 percent by 2025.12 This forecast may prove too low,
but at its projected level it is nearly double what is targeted in the
1997 Kyoto Protocol to the United Nations Framework Convention on
Climate Change to reduce the worst impacts of global warming.
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At the same time, many marginal consumers of energy, including vast
numbers of people in the developing world, would be priced out of the
market. Insidiously, the cost of nearly everything, including food and
clean water, would increase for these nations because energy is the uni-
versal invisible ingredient. The cost of fertilizer, for example, is a key
component in keeping most cultures from starvation and is tied to the
cost of the natural gas used in its production and the diesel fuel used in
its transportation. The economies of developing nations would therefore
be severely strained by higher fuel prices. Either additional foreign aid
would be required to maintain these economies, or they would find
themselves in even deeper poverty. And competition over remaining
global sources of fuels between the large developing economies of China
and India, among others, and the industrial economies has the potential
to create economic, if not military, conflicts.

In industrialized nations, the cost of electricity would increase. Fuel is
some 15 percent of the cost of electricity, so for every 10 percent increase
in the average cost of fuels, electricity prices are likely to increase by about
1.5 percent from fuel-price effects alone. Thus, a doubling of coal or nat-
ural gas costs from the baseline EIA forecasts would cause the projected
price of electricity generated from that fuel to increase by 15 percent. In
reality, the price of electricity would increase even more, since many of the
nonfuel inputs to electricity production, from capital costs to transporta-
tion to materials, are also subject to changes in fossil-fuel prices.

Nor would industrialized nations suffer only from high prices for elec-
tricity and other commodities if fuel prices go up. Inflation in energy
prices would result in broader inflation across the board and in a redi-
rection of productive resources toward supplying basic energy, creating
the dual effect of dampening economic growth and driving up the cost
of borrowing for businesses and consumers. Not only would wealth be
transferred from fossil-fuel-poor countries to fossil-fuel-rich countries,
but the required focus on and rapid adoption of energy-saving mecha-
nisms for homes and businesses and the forced retooling of energy gen-
erators to alternate fuel sources would dampen world economy and
productivity.

Examining these forces suggests that the world’s economy would sus-
tain serious pressure from a sustained major rise in the price of any or all
fossil fuels. No other conditions are necessary in this scenario, and even

122 Chapter 6



moderate price increases would have dramatic effects given the vital
nature of energy. Even so, the economic comparisons that follow will use
the EIA forecasts and assume that the price of energy and electricity in
2003 and 2004 are reasonable proxies for their future prices. Any variance
will likely show this assumption to be overly conservative.

Electricity-Generation Economics

Some of the most common metrics for comparing across various elec-
tricity-generating technologies include installed cost per peak watt, cost
of electricity generated, and cost of generation plus external costs, each
of which is discussed below. Each of these methods of comparison is
relevant or useful for a specific type of evaluation, and different users
would rely on different measures to answer the questions of interest
to each of them. Even when the appropriate methodology is chosen to
understand a particular issue, the assumptions that feed into each of the
different calculations must also be clearly examined to determine their
relevance and impact on the results.

For example, one analytical method commonly used to evaluate the
relative cost-effectiveness of various electricity generation solutions is to
compare the cost of the generator required to produce a certain amount
of peak capacity of electricity. Peak capacity is the maximum output
that a given electricity source can produce at one time. Globally, some
4,000 GW of peak electricity-generation capacity exists today, and an
average of 150 GW of new peak capacity has been added every year
since 2000.13 Comparing the costs of installing additional units of peak
capacity for different technologies is one method of ranking their relative
cost-effectiveness.

In addition to the cost of installing the electricity generator, the cost of
operating the system over its life cycle can be significant and varies dra-
matically by technology. The two main components of operating cost are
fuel and maintenance—a catchall term for all the nonfuel costs of running
a plant. Broadly speaking, maintenance expenses include labor, overhead,
repairs, and the periodic replacement of parts needed to maintain opera-
tions. Operating costs should also include the net cost of shutting down
and dismantling a generator (and waste disposal when required) at the
end of its useful life, but in practice this cost is sometimes overlooked or
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significantly underestimated. In addition, the lifetime cost of an electricity
generator is also a function of purely fiscal variables, including the
method and cost of financing the project and the assumptions made in
discounting future costs and revenues for comparison to today’s dollars.
The analysis of the fiscal component of operating cost can be tricky be-
cause even small changes in financing and discount-rate assumptions can
significantly change the projected economics of an electricity-generator
installation.

By including appropriate installed peak-capacity costs, projected fuel
costs, projected maintenance costs, and financing assumptions, it is pos-
sible to construct a measure of cost per kilowatt hour (usually measured
in cents per kWh) of the electricity each produces—and this measure is
often used today in the electricity industry for comparing across tech-
nologies. The range of generation costs per kWh for different technolo-
gies (including that of PV electricity developed in the previous chapter)
are shown in figure 6.2.14 It is this analysis that energy analysts typically
refer to when suggesting that PV electricity is simply too expensive to
compete economically in the global energy industry.

The cost estimates in figure 6.2 are subject to dispute because they
include various assumptions about the operating environment over the long
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Figure 6.2
Utility electricity generation costs for various technologies (cents per kWh).
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useful life of most electricity generators—predictions of future fuel and
operating costs, guesses about methods of financing the construction of
the generator, and so on. Without a comprehensive accounting of these
embedded assumptions, it is difficult to judge the validity of any one cost-
per-kWh estimate. Different estimates may even use different assumptions
for the same variables, making cross comparison among the analyses pre-
pared by different sources dubious unless all variables are well under-
stood. Even when consistent assumptions are used, many of these types
of electricity generation, particularly those reliant on fossil fuels, retain a
substantial risk of future changes in the cost of the fuels that they need to
operate throughout their useful lives.

The real limitation to the cost-of-generation method comparison is
that it assumes as a constant the cost of getting the electricity from where
it is generated to where it is used—which can be up to half of the cost of
electricity to the end user. It assumes that this end-user cost is irrelevant
to the decision of which type of electricity to produce and that genera-
tion cost is the only relevant variable. In the past, analysis done only
from the point of view of the utility was reasonable. Choosing what kind
of generator to install could pretty safely assume that, regardless of
which was selected, the power would have to be delivered by the same
method—a modern electricity grid.

Cost per kWh generated has therefore been a standard measure of
comparative cost for many years by electric utility companies, but indus-
try fundamentals are changing as the potential to shift location of elec-
tricity generation increases. Today, it is increasingly obvious that
distributed generation technologies (such as small reciprocating engines,
mini wind generators, and photovoltaics) are rational options for elec-
tricity consumers that may not require delivery through the grid. As a
result, the old cost-of-generation metric does not work reliably anymore
for an end user or even for a utility-adding generation capacity on the
customer’s side of the grid when comparing potential forms of electricity
generation.

A new and more useful metric that measures cost per kWh as delivered
to the end user can be constructed instead by adding transport cost to the
standard calculation of cost per kWh of centralized generation. The cost
of grid-based, centralized generation can then be directly compared to
the cost of independent, on-site distributed generation on the same basis.
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As would be expected, on-site distributed electricity is significantly more
cost competitive with conventional electricity under this type of compar-
ison than it would be under a utility’s standard cost-per-kWh-generated
method. In practice, the cost-per-kWh-delivered method of comparison
allows for an energy consumer that is evaluating the purchase of distrib-
uted energy technologies such as PV to compare the cost of the PV-
generated electricity to the cost of the grid electricity it replaces.
Evaluating electricity economics from the point of view of an end user
when a distributed source of electricity generation such as PV is available
is discussed in the next chapter.

Yet another method of comparing the costs of electricity sources
includes the external costs of the generation technologies. External costs
are the quantifiable societal or environmental costs of each electricity
source, including the direct costs of pollution (property damage, health-
care costs, deaths, and the like), other environmental damage (for exam-
ple, destruction of land for strip mining, transmission lines, and reservoirs),
security costs for protecting fuel supplies and nuclear facilities, and the
costs of disruptions in electric supply for centralized generation. These
external costs are often cash costs, though many are paid for by taxes
and government borrowing and not directly by the energy consumer. If
these external costs were included in the costs of various forms of elec-
tricity generation, the picture of the relative costs of different technolo-
gies and their relative attractiveness would change, increasing the cost of
fossil fuels by between 30 and 90 percent for natural gas and 55 to 400
percent for coal.15

Table 6.1 shows the various methods of comparing sources of elec-
tricity generation and when each economic comparison would be appro-
priate. Each of these comparison methods—cost per peak kW installed,
cost per kWh generated, cost per kWh delivered, and cost of generation
plus external costs—is useful for a specific type of analysis. Typically,
comparisons within a technology—standard coal-burning versus fluidized
bed coal-burning, for example, or comparisons among various PV mod-
ules—would use cost per peak kW installed to see which choice is better.
Cost per kWh generated is more useful when comparing various genera-
tion sources for a utility or industrial off-grid customer where dis-
tribution is a fixed cost. Cost per kWh delivered is the best metric for an
end user who is considering installing generation capacity to supplement
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or replace grid electricity—for example, a homeowner weighing a roof-
top solar system against equivalent purchases of grid electricity. And
external costs are the type of analysis that governments and policy ana-
lysts should use to account for the social and environmental effects of
various energy choices.

The Cost of Time

Returning for now to the type of cost-of-generation method predomi-
nantly used by utilities for centralized electricity generation, comparison
among various energy technologies must also distinguish how and when
the electricity provided by each of these generation sources is used.
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Table 6.1
Survey of economic assessment methods to compare electricity costs.

Comparison Type of 
Method Analysis Point of View Example

Cost per Comparisons Any purchaser of Standard coal 
peak kW within a a predetermined burning versus 
installed generation type of generator fluidized bed coal 

technology class burning; thin-film 
versus silicon 
PV

Cost per Comparing various Utility or industrial Choosing between 
kWh energy sources  off-grid customer a new nuclear 
generated for electricity in power plant or 

which distribution  geothermal plant  
is a fixed cost to provide base 

load electricity

Cost per Considering End user (home, Comparing 
kWh installing business, or factory electricity from a 
delivered generation capacity owner) rooftop PV system 

to supplement or versus equivalent 
replace grid purchases of grid 
electricity electricity

Cost of Comparing the Governments, Evaluation of the 
generation environmental policy analysts total environmental 
plus and social impacts impacts of fossil 
external of various energy fuels versus 
costs choices renewables



Some centralized generators such as base-load coal and nuclear-power
plants run nearly all the time, in many cases over seven thousand hours
per year, shutting down only for required testing and maintenance.
Others—such as some natural-gas plants and some hydropower projects
that can be run for less than fifteen hundred hours per year, in some
cases—are affordably run only at times of high demand. Still others,
such as wind turbines, are inherently intermittent, and site conditions
will determine how many hours per year they can be used to generate
electricity.

The relative cost-effectiveness of each electricity-generation technol-
ogy thus depends on the type of power flow each individual generator
provides and how many hours per year it is operating at its peak capac-
ity. The ranges for the cost of electricity shown in figure 6.2 assume that
the generator is being used at its optimal output. In the world today, the
average electricity generator is used only about half of its potential
capacity, with nuclear and coal plants used substantially more than half
the hours in a year, and natural-gas generators used substantially less
than half of them. Economically speaking, these part-time generators are
not run optimally, and therefore their electricity is correspondingly more
expensive because the fixed cost of purchasing and maintaining the
equipment is spread over fewer useful hours. Comparing a technology,
such as PV, that is used only a portion of the day with a generator that
is assumed to be working all of the time is incorrect.

Another common misperception using the analytic methods above is
that a generation method is economic only when it is as cheap as the
cheapest types of electricity generated by any other form of energy. This
is not the case. An appropriate comparison of the cost-effectiveness of
any form of energy would compare the cost of that energy with the spe-
cific type of load it replaces—base-, intermediate-, or peak-load.

PV electricity is generated during the times of day when the sun is
available and in general proportion to the level of sunlight. As previously
discussed, this solar availability is highly correlated with the electricity-
demand patterns in a typical modern electricity system. More electric-
ity is used when people are awake and productive, and this occurs most
typically during the middle of the day. Figure 6.3 shows this typical
demand pattern throughout the day and shows how different types of
electricity-generation methods are used to meet different portions of the
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demand. The cost of generating electricity rises in proportion to the level
of demand, and the wholesale market for generating this power sees sig-
nificant increases during the middle of the day, precisely when the sun
availability is at its highest.

Thinking through the economics of electricity generation helps clarify
why certain generators are used as different times and for different types
of load. Among the various electricity-generation technologies, natural-
gas generators have high operating costs compared to their initial capi-
tal cost, with much of their expense in the fuel used for generation. For
this reason, natural-gas generators are used more frequently to supply
variable power needs as intermediate- or peak-load generators. Coal and
nuclear plants, on the other hand, have large capital costs, fairly high
operating costs, and comparatively low fuel costs. Owing to their cost
characteristics, coal and nuclear plants are more economically used as
base-load generators.

Therefore, comparing the cost of PV to constantly running coal and
hydropower base-load generators is not a meaningful comparison for the
way PV generates electricity and is used today. From a utility’s perspec-
tive, the type of electricity that PV replaces is the intermediate- and 
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Figure 6.3
Typical load curve for an electric utility.
Source: Wisconsin Public Service Commission.
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peak-load power that is generated using power plants that are being run
only a portion of the time and that therefore produce more expensive elec-
tricity. These intermediate- and peak-load generators produce electricity
at a wide range of prices depending on the number of hours per year they
are used, the type and cost of fuel, and the age of the equipment. But
some intermediate- and peak-load generators used by utilities today are
producing electricity more expensively than a comparable PV system
would in the same location and size.

Continuing to look at the economics of generating energy from a util-
ity’s point of view, base-load power can be generated under optimal uti-
lization of the generators at the costs in figure 6.2, which represent on
average about 65 percent of the total electricity demand in modern
industrial economies.16 However, utilities must provide the more expen-
sive intermediate-load power using part-time natural-gas generators,
usually during daylight hours, which represents some 30 percent of
all of the electricity supply.17 It is precisely this type of expensive, day-
time intermediate-load power that solar energy and photovoltaics by
their nature replace and should therefore be economically compared to.
Figure 6.4 shows how the cost of PV compares with both base-load and
intermediate-load electricity.18

It is not necessarily the case that utilities will choose to use non-
concentrating PV technology as their first choice of centralized solar-
electricity generation for daytime electricity. Alternative solar generation
technologies are available and cost-effective at the industrial scale. Large
concentrating PV applications and solar thermal generators, such as the
Luz SEGS plants in southern California, are viable options as well. In
2005, a number of new utility-scale solar thermal plants were announced
in California, and over 130 MW of additional solar thermal electricity is
expected to come on-line by 2007.19 Plans for up to twenty MW of new
concentrating PV plants have been announced in Spain and Australia, as
well as the American Southwest. Each of these technologies should enjoy
additional interest in the coming years as utilities increasingly look for
solar alternatives to provide their intermediate-load.

With various solar-energy technologies currently providing less than
0.05 percent of total electricity generated globally, the economic potential
for utilities to deploy them to supply industrial intermediate-load and
peak-load shaving will take decades to meet. As PV slides down its expe-
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rience curve to become relatively cheaper than the fuels that utilities
currently rely on to generate intermediate-load electricity—primarily nat-
ural gas—utilities will increasingly look to solar energy and PV as an
energy solution.

Projecting Utility Economics

Projecting how the economic relationship between centralized base-load
generation, intermediate-load generation, and the cost of PV systems will
evolve over time shows an interesting transition over the next couple of
decades. Figure 6.5 shows a forecast by Winfried Hoffmann, former
head of the European Photovoltaic Industry Association, which esti-
mates these changing economics. Under these projections, PV in the sun-
nier locations of Europe (the 1,800-hours-of-sun-per-year curve on the
graph) is already beginning to provide cost-effective alternatives to inter-
mediate- and peak-load power (which the figure refers to as utility peak).
Within fifteen years, PV will be cost-effective nearly everywhere for this
type of electricity even though PV will still be providing only a fraction
of that potential. Within twenty-five years, PV will become cost-effective
in base-load generation (which the figure terms bulk cost), opening up
additional market potential for this technology.
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Figure 6.4
Utility electricity generation costs (revisited), including relevant wholesale power
prices and solar thermal electricity.
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Some utilities will realize competitive economics in solar energy before
others, based in part on the amount of available sun and land to site the
systems. Economically, the first systems of this type will be large-scale
installations in desert regions with intense, reliable sun. Tucson Electric
Power is an example of such an early adopter, feeding 4.6 MW (peak)
into the grid from a photovoltaic installation in Springerville, Arizona,
that is one of the world’s largest PV generators.20

Storage Eventualities
The combination of all the solar technologies—centralized PV, solar
thermal electricity, and concentrating solar power (as well as distributed
PV for end users, which is discussed more fully in the next chapter)—will
inevitably grow to supply larger proportions of the grid’s electricity.
However, there are potential technical limits to widespread adoption of
intermittent sources of electricity beyond 15 percent of total grid capac-
ity without the added inclusion of energy storage solutions to smooth
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Figure 6.5
Projection of PV competitiveness in Europe through 2040.
Source: Winfried Hoffmann.
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out these intermittency issues.21 In the meantime, utilities that build cen-
tralized solar-electricity-generating plants can manage their electricity
load in the same way individual grid-connected consumers can—that is,
sell their daytime output to the bulk power market and repurchase
cheaper power at night. If utilities eventually install a larger proportion
of intermittent electricity generators, they will have to adopt large-scale
energy-storage applications—pumped hydro, compressed air, hydrogen
fuel cells, or advanced flywheels—to supply power during periods of low
or no sun.

Yukinori Kuwano, president of Sanyo Electric, has suggested an in-
triguing nonstorage alternative called Project Genesis. This global energy-
infrastructure project would interconnect the whole world’s electric grids
through superefficient, high-capacity, intercontinental transmission
lines.22 Genesis would be the logical extension of the system integration
that has been going on since the early days of the electricity industry and
would allow PV systems to supply a large amount of the world’s power
through the existing grid infrastructure. The day side of the world could
sell power to the night side of the world, reducing the amount of addi-
tional electricity storage needed to smooth solar-availability intermit-
tency. The proposal has potential problems—for example, Genesis’s
superlines would have to be added to the Energy Information
Administration’s list of vulnerable energy “chokepoints”—but highlights
that there are both opportunities and need for innovative thinking in the
evolution of the electricity-generation infrastructure.

From a utility’s point of view, the economics of centralized electricity
generation are beginning to change. Never in history have utilities had
the option of economically generating the most expensive, daytime inter-
mediate and peak-load portion of their electricity demand with a renew-
able technology that is specifically available during the times when that
load is demanded. The expectation of improving economics of solar elec-
tricity, for both PV and thermal applications, means that utilities will
increasingly enjoy advantages in deploying solar electricity over the next
few decades, even if the cost of conventional electricity-generation meth-
ods do not substantially increase.

However, the improving cost of industrial-scale, centralized solar
energy and the potential for increased costs in conventional electricity

Modern Electric Utility Economics 133



are not the only forces that utilities will face in the coming decades.
The economic characteristics of small-scale photovoltaics could begin
to unravel the economies of scale that Edison’s electricity transmission
created over the last century, with dramatic effects on utilities. The
next chapter describes the emergence of a new distributed-electricity
economics that will revolutionize the energy and electricity industries
worldwide.
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7
The Emergence of Distributed Economics

Since the beginning of the twentieth century, electric utilities and the
economies of scale they possess to cost-effectively provide energy in the
form of electricity to customers has been a strong growth catalyst for
industrial economies. Today, a new generation of technologies, predom-
inantly grid-connected PV systems on the homes or buildings of end
users of electricity, provide an alternative source of vital electricity and a
new economic comparison to evaluate their competitiveness. An individ-
ual or business that is evaluating whether to switch to a distributed-
energy technology (such as on-site PV) need only compare the relative
costs of two basic options—to stay with centrally generated utility power
or to adopt a PV alternative.

As experience is gained and the scale of production for the emerg-
ing technology of distributed PV increases, the cost per kWh delivered
of solar energy has dropped and will continue to drop as a function of
cumulative global production. As the forecasts of chapter 5 show, layer-
ing in the expected market growth rate provides an approximation of
when certain cost levels will be reached. These times could move forward
or back by a couple of years, but the fundamental trends will continue:
within a decade to a decade and a half, distributed PV will be the cheap-
est electricity option for a majority of residential electricity consumers in
the world.

Because each potential grid-tied market has slightly different charac-
teristics, including system and installation costs, discount rates for
financing the systems, and the amount of sun available in each location,
it is possible to determine where and when customers in particular mar-
kets will begin to find it cost-effective to adopt PV. The grid-tied market
is a mosaic rather than a monolith—that is, many markets rather than



one. Despite this heterogeneity, only a few key factors—PV system cost,
insolation (average sunlight), and the local price of grid-based electric-
ity—determine which markets will become cost-effective for solar energy
early on. These three factors define a market hierarchy in which cus-
tomers of markets near the top will find it cost-effective to switch to solar
technologies sooner. This hierarchy shows where early adoption can be
expected and how solar energy will unroll from those initial markets.

Calculating the Cost of Distributed PV

Based on the cost-of-delivered-electricity comparison discussed in chap-
ter 6, grid-tied PV electricity becomes a cost-effective technology when
its cost on a customer’s site, either home or building, drops below that
of local grid electricity. This scenario has become the case in much of
Japan today owing to impressive growth in the market, the resulting
drop in PV system prices, and some of the most expensive grid electric-
ity in the world. Many new residential PV systems in Japan are provid-
ing electricity to their owners at or below the cost of grid electricity
without any subsidy or support from the government. As a result, a large
and important market for distributed PV has been established with 46
million households at or near cost-competitiveness, and for that reason
the rapid growth of the Japanese PV markets is expected to continue.1

It is not obvious that PV electricity’s cost competitiveness in Japan
means that PV technology can meaningfully compete in the larger world-
energy industry. For starters, the Japanese residential market has some of
the highest prices of grid electricity in the world—an average of twenty-
one cents per kWh.2 With most countries in the OECD selling electricity
at less than half that price, PV would appear to have a long way to go to
become cost-competitive in global markets. In addition, Japan is not
a sun-rich country compared to many other industrial or developing
nations, and PV may find better economics in other sunnier locations. To
understand the relative competitiveness of PV across various locations
requires understanding exactly what determines the cost of PV electricity
and correcting a few of the common myths regarding its cost structure.

More so than any other form of electricity generation, PV’s natural  eco-
nomic disadvantage is that nearly all of its costs are incurred in the instal-
lation of the modules and components. Without any fuel costs and almost
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negligible maintenance costs owing to the solid-state nature of PV panels
and inverters, over 90 percent of the lifetime cost of a system is paid
up-front. To impute the price of PV-generated electricity requires know-
ing three variables about a given installation—installed system cost, how
the system is financed, and the amount of sun available at the location to
be served. Because each of these three factors is known with relative cer-
tainty prior to an installation, one of the underappreciated advantages of
PV electricity technology is that it provides a reliable estimate of lifetime
electricity costs.

Today, the cheapest price for an installed grid-tied system ranges from
under $6 per watt for Japan and Germany to as high as $7 per watt in
the United States.3 The cost of the PV panels and the necessary supple-
mental hardware (such as wiring and inverters) are relatively, though not
exactly, consistent across locations. However, the cost of installing the
system can vary widely based on the competition and cumulative expe-
rience in the local market.

Financing the purchase of PV systems can vary both in the term and
the interest rate available, and many estimates use incorrect assumptions
for these variables. One common error made in many calculations of the
true cost of PV electricity is using nominal interest rates instead of real
interest-rate figures. Real interest rates are the inflation-adjusted cost of
capital, not the nominal rate written into loan contracts or mortgages.
Real interest rates are calculated as the nominal rate of the financing less
expected annual inflation in prices of goods and services over the life of
the loan and almost always result in a lower cost of capital than using
the stated nominal rate. An economic calculation that incorrectly uses
nominal rates to determine economic viability actually builds in a declin-
ing real cost of electricity over the life of a PV system and therefore over-
states the current cost of PV electricity. Depending on other variables,
this correction alone can bring down the imputed cost for solar energy
by 20 to 25 percent over many of the commonly quoted prices.

Calculating the real annual cost of a particular PV system and divid-
ing by the average annual sun in a given location gives a cost of electric-
ity on a cost-per-kWh basis, which can range from twenty-one cents in
Japan to around sixteen to nineteen cents in the sunnier American
Southwest for an unsubsidized PV system. Using these numbers over-
states the price of PV because installations in many markets today enjoy
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system subsidies or incentives and in the United States the deductibility
of home mortgage payments, which reduces the actual after-tax cost of
the system for customers.

Using these calculations, the experience-curve tool discussed in chap-
ter 5 can then be applied to determine the future expected cost of dis-
tributed PV in various locations based on their level of solar resources
and the type of financing used to pay for PV systems. Specific calcula-
tions for the economic comparisons in various markets are developed
later in this chapter after an examination of the current and future prices
for the grid electricity that PV competes with as a source of distributed
electricity generation.

Distributed PV versus Grid Electricity

Electricity rates in industrialized OECD nations decreased on average
between 1994 and 2000 from an average of 11.6 cents per kWh to an
average of 10.5 cents per kWh, a trend related to a decline in fossil-fuel
prices over that period and the concurrent move toward utility deregu-
lation.4 Given this decline in utility electricity rates, it is reasonable to ask
whether experience curves might apply to the grid as well and how this
might alter the earlier analyses and forecasts. The answer is that experience-
curve analysis is not an appropriate forecasting tool for the bulk of the
conventional electricity generators that make up the modern electricity
infrastructure, including fossil-fuel, nuclear, and hydropower generators.
The cost of conventional electricity is primarily a function of the cost of
fuel and capital inputs rather than the historic volume of production;
most of these have already captured their optimal economies of scale.
Experience curves should be used to forecast future costs of young tech-
nologies as they achieve initial market acceptance, but today the grid is
well established and market dominant. Therefore, it is more appropriate
and useful to forecast future electricity rates of conventional generators
using the projected costs of the inputs in their production—fuels, main-
tenance, and capital investments.

As mentioned earlier, both fuel prices and the capital requirements to
maintain and upgrade the current electricity-generation infrastructure
are likely to increase. Indeed, they are already increasing and affecting
the rates that utility customers pay. In America, for example, electricity
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rates as of mid-2005 were 7 percent higher than 2003, and similar changes
are occurring throughout much of the industrialized world.5 Many U.S.
state-level rate caps dating to the late 1990s are beginning to expire, and
many regulated utilities are planning substantial rate hikes, particularly
for residential customers. This price trend suggests that it is extremely
unlikely that grid-electricity rates will drop below current prices in the
foreseeable future. In fact, they are more likely to rise. For the purpose
of the economic comparisons throughout the rest of this chapter and in
line with a conservative forecasting approach, today’s electricity rates are
assumed to be a reasonable proxy for future rates. This may be an overly
conservative assumption, and in the event that utility rates rise substan-
tially or quickly, distributed solar energy will become cost-competitive
with grid electricity sooner.

If the cost of established technologies such as nuclear and fossil-fuel
electricity is assumed to be flat, then what about the cost of the nonso-
lar forms of renewable energy that are increasingly deployed in the cur-
rent infrastructure at decreasing cost? Several technologies, such as wind
and geothermal, are tracing dramatic experience curves as they grow in
volume and market adoption. Just as for PV, learning in these technolo-
gies through increased scale and sophistication will continue to move
these technologies toward (or beyond) cost-competitiveness with existing
generation methods even on an unsubsidized cash basis. Though wind
and geothermal continue to get cheaper, their ability to compete with dis-
tributed solar energy is limited by the method of their use. To be cost-
effective, these new renewable solutions of wind and geothermal energy
must be deployed on a large scale and as part of the larger existing util-
ity infrastructure (so that they provide their electricity to end users
through the electricity grid). Obliged to grow inside the installed base of
capacity and transmitted over the same electricity grid, these solutions
can be expected to have only a small impact on the total cost structure
and therefore on the rate that a utility charges for electricity. This con-
clusion can best be clarified via the economic concepts of marginal cost
and average cost.

Marginal cost is the cost of the next unit of something to be purchased.
As applied in the power industry, it refers to the cost of each additional
electricity generator at a given point in time that a utility or energy user
installs. Cost per kWh generated, described in the previous chapter, is the
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standard utility yardstick for measuring the marginal cost of generation
capacity. As new renewable solutions slide down their experience curves
and become more cost-effective, utilities should be able to add genera-
tion capacity in the form of wind and other renewables at marginal
costs on a cost-of-generation basis that are competitive with those of the
existing nuclear or fossil-fuel generators.

In contrast, average cost is the average cost of all units produced—in
this case, the entire portfolio of electricity generators that a utility or user
owns. Declining costs of centrally generated renewables (like wind,
hydro, biomass, and even the centrally generated solar electricity meth-
ods discussed in the previous chapter) do not materially affect projected
utility rates for electricity because utilities generally cannot charge their
customers for electricity at a rate proportional to the marginal cost of
energy production. Instead, utilities typically charge their customers a
fixed rate for electricity and must charge at the average cost of their
entire portfolio of generators plus profit. 

From another perspective, since the average age of the grid’s components
is fifty to sixty years, the replacement rate of these assets not including
growth should be the inverse, about 2 percent per year.6 Even if a utility
bought 100 percent of its replacement generating capacity in the form of
declining cost renewables for ten years—a feat not even close to being
achieved in any country—after ten years the percentage of the utility’s pro-
portion of renewable electricity could grow by only 20 percent in that time.
Eighty percent of the grid would remain under the old cost structure, which
is primarily dependent on fossil fuels and installed capital costs. Despite a
utility’s declining costs for centrally generated new renewable sources of
electricity and the understandable optimism of many in those industries,
these new renewable technologies will not reduce the average cost of elec-
tricity much (if at all) in the next couple of decades. However, it is still use-
ful to develop and deploy these generation technologies wherever they are
economic to do so versus competitive fossil-fuel generators because their
deployment will mitigate potential increases in the cost of fossil fuels as well
as generate electricity with dramatically reduced pollution.

Photovoltaics are different. Distributed applications, for which PV is
nearly as easily deployed as for centralized applications and in many
ways cheaper, are among the few applications that can be installed and
run at marginal cost for the end user without being subsequently dragged

140 Chapter 7



down into an average cost for the utilities’ portfolio of generators.
Homeowners and businesses can install PV on-site, circumventing the
entire existing supply chain of electricity generation and distribution.
Each kWh that the PV system generates replaces each kWh of grid elec-
tricity on a one-for-one basis, allowing the full marginal-cost savings of
the system to be captured. As the cost of PV systems continues to decline,
they will be able to compete with grid electricity on the basis of marginal
cost, immune to utility-scale average-cost considerations—a powerful
economic driver for the future of distributed electricity generation and
the entire energy industry. By comparing the forecasted marginal cost of
distributed PV electricity and the current and expected average cost
of centralized generation by utilities, energy policy makers can begin to
get a sense of future energy-industry dynamics. With a grasp of these
dynamics, they can predict how the photovoltaic market will likely
unfold in the coming decades.

Mapping PV’s Future

Each specific geographic area where solar power might be adopted
reveals different obstacles and opportunities. A few key considerations
determine a natural hierarchy of places where PV adoption should ini-
tially occur in the absence of government support or subsidy programs.
Beyond the installed cost of the PV system, two other issues determine
the cost-effectiveness of PV installations in a given location—the amount
of sun at that location (insolation) and the cost of conventional grid elec-
tricity at the specific site to be served. These three factors—system cost,
insolation, and the local price of electricity—are independent of each
other and must be considered to understand how solar energy will
progress in a given market.

The first main consideration of economics for any PV system is cost.
Nobody says that solar energy will ever be “too cheap to meter,” as was
famously said of nuclear power in the 1950s, but as the experience
curves of chapter 5 describe, hardware costs are coming down steadily
thanks to technological learning and growing economies of scale. The
real cost of a solar PV system is what a buyer pays after adding up all
monetary costs (hardware, installation, and so on) and subtracting gov-
ernment rebates and tax breaks, if any. While important in determining
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system economics, hardware cost is a minor factor in trying to predict in
which geographic markets PV will become cost-effective first because it
is not strongly related to the place in which the system is installed—at
least within the industrial world. If PV cells sell for a certain price in
Japan or Germany, they will sell for a similar (though not exactly the
same) price in Arizona or Madrid. Similar to digital cameras or other
commoditized consumer goods, solar panels and remaining system com-
ponents such as inverters and wiring can be made economically in many
locations. As a result, their production ultimately will move to where
slight cost advantages can be gained via cheap labor, cheap capital, and
cheap energy.

As for incentives, different governments offer various options to pro-
mote renewable energy, which are discussed in detail in chapter 9.
Financial incentives have already made it cost-effective to install PV in
Germany and Japan, enabling these countries to become leaders in the
current industrial shifts. In the United States, incentives vary widely by
state, with some offering hefty cash rebates on solar PV systems—for
example, $4,500 per kW of peak solar capacity installed in Los Angeles
and $5,500 in New Jersey, which represent a range of 50 to 70 percent
of system cost.7 On the other hand, twelve states as of 2004 did not even
have useful net-metering laws allowing small, grid-connected systems to
link with local utilities.8 Areas with better incentives will see more and
faster growth than those with poor incentives or with regulatory road-
blocks, but subsidies are tricky to forecast. New incentives can suddenly
improve a location’s attractiveness for PV system installations, but exist-
ing programs can expire, quickly dampening motivation. Subsidies in
Germany and many U.S. states seem stable, but Danish government sup-
port for all types of renewable energy was essentially abolished after a
change in government in 2001.9

The amount of sun that a location receives is a major factor in deter-
mining the cost-effectiveness of a PV system. Since cost of installation is
similar across all locations in the industrialized world, if one particular
site gets twice as much sun as another, then the first site should generate
approximately twice as much electricity. Insolation is measured in kWh
per square meter for a fixed time period (usually a day or year) and is a
function of latitude, climatic conditions, and (over short intervals) time
of year. Knowing these three variables allows for a rough estimate of
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how much electricity a PV system at any given site can generate. Using
computer models, maps can be generated that show bands of insolation
over large areas. Figure 7.1 shows a U.S. insolation map. Such maps can
be used to make rough estimates, but actual insolation measurements
taken in a specific location are invaluable for predicting the output of
any particular PV system.

For end users of distributed PV electricity, economic comparisons also
require knowing the local grid electricity rates, which vary widely among
even the industrialized nations according to energy-source availability,
location, and installed infrastructure. These rates range from six cents
per kWh in South Africa to thirty cents in Denmark, creating a wide
range of market opportunities for solar energy.10 Within the United
States, residential utility rates range from 6.2 cents per kWh in West
Virginia to 19.5 cents in Hawaii.11 The range of these residential utility
rates and the cost for PV systems at today’s price are shown in figure
7.2.12 This figure also shows the range of costs for distributed PV elec-
tricity generated at today’s best price of $6 per peak watt and potential
future cost of PV of $3 and $1.50 per peak watt installed, respectively,
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Figure 7.1
U.S. insolation map (annual)
Source: NREL (2003).
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levels that the projections in chapter 5 would predict to occur by the
years 2016 and 2045, respectively.

This comparison shows that a number of OECD countries and states
in the United States can already cost-effectively adopt distributed PV.
Within a decade, at $3 per watt installed for PV systems, the majority of
the locations would find distributed PV cost-effective even at today’s
price of grid electricity. Understanding the specific market dynamics,
though, requires looking at the various markets individually.

The Major Markets
Three factors—real unsubsidized PV system cost, insolation, and cost of
grid electricity—determine the likelihood of market growth and matura-
tion in different locations in the industrial world, although there is no
precise equation relating them to solar market growth. These factors
provide only rough guidance for specific market transitions. All three
factors need not line up for a market to grow: any combination of them
may be enough given their relative strength. In fact, the two largest mar-
kets for PV today, Japan and Germany, are among the countries least
likely to find solar power economic if simply the amount of average
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Figure 7.2
Range of grid electricity prices in OECD nations and U.S. states compared to
end-user PV electricity costs at today’s best price of $6 per watt and forecast
future prices of $3 per watt and $1.50 per watt.
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sunlight is considered. Yet their alternatives are severely limited (Japan
imported 81 percent of its primary energy in 2004, Germany 61 percent),
and their governments have made bold strides to compensate.13 Directed
incentives and the high cost of grid electricity have created strong solar
demand in both countries. On the other hand, with a combination of
high sun, high electricity costs, and state incentives to pay for half or
more of system cost, California leads the development of the American
PV industry. Some Japanese manufacturers are recognizing this market
potential, and Kyocera recently completed a maquiladora plant in
Tijuana, Mexico, to supply solar PV cells to the growing California mar-
ket. Hawaii is a natural market for solar energy because its tropical loca-
tion provides good insolation and, as an island, it has the most expensive
grid electricity in America.

In Europe, the Mediterranean countries are likely candidates for PV
adoption because of their large insolation and scant domestic fuel
resources. Some Spanish municipalities, such as Barcelona, are installing
large grid-tied PV systems on the roofs of public buildings. With elec-
tricity rates nearly as expensive as Germany but with much more sun,
Spain will quickly begin to realize the economic advantages of PV. Italy
has high electricity prices too but has done little in terms of providing
robust financial incentives to stimulate PV demand. Greece already
enjoys electricity that is cheap by OECD standards, but its isolating
geography and hundreds of habitable islands provide interesting oppor-
tunities for local PV applications—particularly given the amount of con-
sistent sunlight available. Conversely, the Scandinavian countries have
ready access to both fossil fuels and hydroelectricity that keep their
power costs low. While they get a fair amount of sun, it comes dispro-
portionately in the summer months, limiting PV’s effectiveness unless
large storage solutions are employed.

In America, the next candidates for locations where solar energy will
grow after California include the remaining high-sun states of the
Southwest (such as Arizona, New Mexico, and Texas) and the expensive-
electricity states of the Northeast (such as New York, New Jersey, and
most of New England). Several of these states also have strong state-level
incentives for PV adoption. Many Southeastern states that have high lev-
els of sun, particularly in the power-heavy summer months, but more
moderate electricity prices should begin to see sustained growth in PV in
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coming years depending on individual state policies. The places least
likely to go solar in the United States in the near term include the
Midwest and Pacific Northwest because these states have average inso-
lation and below-average electricity prices. Strong government support
such as Washington State’s recent adoption of a feed-in tariff for renewable
energy, however, could shift the balance sooner than expected.14

Predicting Market Crossover
To get a sense of when applications in different locations and industries
will become economically competitive, it is helpful to forecast longer-
term experience curves and market growth for photovoltaics. Using the
forecasts of the cost of distributed PV electricity through 2040 in chap-
ter 5, figure 7.3 shows dropping prices for PV across various U.S. cities
with different combinations of insolation and grid-electricity rates.15 This
figure shows the combination of various sun and electricity rates that
would be economic at a different PV system cost levels, also called isocost
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Figure 7.3
PV isocost curves for the United States at various cost levels of PV systems and
how PV economics for various cities will change over time.
Source: EIA (2005); NASA.
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curves by economists. Residents of any city that is to the upper and right
of a curve would find PV an economic choice at that curve’s price level.
For example, residents of Los Angeles would find PV cost-effective at $6
per watt, but residents of Las Vegas would find PV cost-effective at only
$5 per watt.

It is instructive to see how quickly many cities and millions of cus-
tomers begin to find PV a cost-effective solution, even without the bene-
fit of government subsidy programs. Assuming these cost reductions are
right, within a decade, residents of Atlanta, Denver, Miami, and
Philadelphia will be able to replace grid use with on-site PV. By 2016,
Los Angeles will enjoy cost-effective PV at half the cost of grid electric-
ity. Over the next fifteen years, the number of locations and customers
that can economically shift to PV will accelerate much faster than the
U.S. PV industry can scale up production, which will provide a strong
growth incentive to the domestic PV industry.

Industrial Users
The final energy and electricity users—beyond utilities and distributed
end users—are the industrial customers that provide their own local
sources of electricity generation and that comprise as much as 10 percent
of the electricity supply in industrialized countries. These customers will
be the last to find the adoption of local PV economically compelling
owing to the low cost of today’s industrial-grade power, which can be as
low as a few cents per kWh in some locations. Eventually, depending on
the rate of decline in PV prices and the increases in the cost of traditional
fossil fuels, PV can supply these users when coupled with adequate
energy-storage technologies such as hydrogen fuel cells. Even before
reaching economic equivalence, industrial PV has some added advan-
tages that may accelerate adoption by these customers. Once PV has
been installed, the cost of the electricity PV produces is fixed. This char-
acteristic should have value to energy-intensive industries that view
volatile or rising fuel prices as a major business hazard.

Energy-intensive industries also have the option to relocate to geographic
areas where the richest solar resources decrease the cost of generating PV
electricity. This strategy is similar to current practice where companies
colocate near a primary cheap energy source based on today’s energy
choices. For example, Finnish paper mills site near cheap hydroelectric

The Emergence of Distributed Economics 147



power, and Pennsylvania steel mills often locate near coal mines. As the cost
curves of industrial-scale PV and conventional sources of energy converge,
such factors will increasingly weigh in on siting decisions.

An additional economic advantage of solar PV is its modularity at any
scale. As Amory Lovins points out in Small Is Profitable: The Hidden
Economic Benefits of Making Electrical Resources the Right Size, PV can
be brought on-line in phases, panel by panel or field by field.16 This char-
acteristic allows for electricity generation to begin a few months after
construction, unlike large-scale power plants (nuclear, hydro, coal, or
other), which take years to build and generate no electricity at all until
completion. This modularity can dramatically improve the economics of
a project, as the electric output can begin sooner and ramp up in pro-
portion to the money spent for that project, generating revenues much
more quickly than larger generator installations. Tucson Electric’s
Springerville facility, for example, has grown by stages—1.35 MW, 2.4
MW, 3.8 MW, 4.6 MW—generating electricity throughout its growth.

Modularity also makes PV systems scalable so that they can be sized
to match the smallest to the largest application needs. This scalability is
particularly useful for industrial users that need to increase electricity use
at a facility in smaller increments than the addition of larger conven-
tional generators would allow. Many firms face difficult decisions when
they reach the maximum output of their current generators because
deciding to build additional conventional capacity is a large and risky
commitment. PV systems will allow for more gradual additions to
electric generation, particularly when integrated with electrolyzers and
fuel cells. Industrial firms will gain economic advantages because of PV
modularity, which in turn will increase momentum for PV adoption in
industrial markets.

The Utility Response to Distributed Economics

Utilities are unlikely to sit by and allow their core electricity business to be
replaced by distributed PV. In fact, in the United States some utilities have
historically resisted net-metering laws and mandatory PV requirements for
new construction such as those proposed in California in 2004, arguing
that it is unfair to require them to provide grid infrastructure for a cus-
tomer if much of the customer’s electricity is being generated independent
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of the utility. However, this objection is disingenuous because in many
areas customers pay a monthly flat fee on their bill for connecting to the
grid regardless of how much electricity they use. If the pricing is set cor-
rectly, the utility should be compensated at a fair market price based on
cost per kWh delivered for providing this electricity stand-by and storage
capacity.

Some utilities are considering a shift away from the flat pricing by cus-
tomer class that is common today to develop ways to price electricity
throughout the day in line with changing costs. Variable pricing would
charge consumers for electricity based on a variety of factors, including
the amount of power the customer uses, the time of day they use it, and
customer density. This type of variable pricing would charge customers
a fair market price for their electricity because the cost for a utility to
provide electricity is based on each of these variables. The problem is
that consumers in low-density locations and businesses (which use the
bulk of their power during peak period) would probably see cost
increases under such a pricing scheme. Any change toward higher pric-
ing would accelerate the motivation for this considerable minority of
utility customers to switch to solar, an outcome utilities are eagerly trying
to avoid.

As alluded to in the previous chapter, peak shaving by utilities can also
reduce the entire utility cost structure by eliminating the most expensive
loads that set high daytime prices. Each utility would have to look at the
benefits that supplementing their portfolio of generation assets with PV
would provide based on their actual cost for intermediate-load and peak-
load electricity and the insolation available in their market area. A study
performing this type of analysis for the New England region was per-
formed by Kate Martin of the Massachusetts Institute of Technology. It
found that adding a GW of PV would bring down overall utility rates by
2 to 5 percent for all of the customers in the region through peak shav-
ings.17 Given the number of people that make up that market, this would
represent hundreds of millions of dollars in annual savings.

Regardless of how strongly utilities get involved in deploying PV to
meet the challenges posed by distributed adoption, eventually some end
users will find it uneconomic to use the grid as an energy-storage solu-
tion for their grid-tied systems. Either the cost of PV will drop so far
below that of grid power that battery banks become cost-effective or
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nonbattery storage solutions will become available. The final step in the
transition away from centralized electricity generation will be to incor-
porate domestic fuel-cell generators, such as those that are being mar-
keted in Japan to power homes and that so far have been fueled mostly
by natural gas. A complete energy solution for a home or small office
building will eventually include a PV array, an electrolyzer to create
hydrogen from water, and a fuel cell that recombines that hydrogen with
oxygen to produce electricity when required. If properly sized in genera-
tion and storage capacity and combined with reasonably efficient end use
of electricity, this type of solution could provide 100 percent of many
users’ electricity needs in a clean, renewable, and (thanks to the lack of
moving parts) low-maintenance manner.

Changing energy economics should ultimately prompt utilities to alter
their traditional business model. The potential changeover of grid cus-
tomers to locally generated PV users may very well compel utilities to
capitalize on this trend by beginning to think of themselves as a broader
class of energy-service providers rather than just owners of electricity
generators and distribution companies. Not unlike the telephone utilities
that initially resisted the trend toward cellular telephones in the 1980s
and 1990s, electric-utility companies will ultimately realize that they
have to adapt to changing economic conditions or risk being marginal-
ized. On a practical basis, this change could be beneficial for all parties
as local electric utilities enjoy many economies of scale, large customer
pools, and ample reserves of technicians, installers, and capital. As a
result, they would be ideal distributors and installers of PV solutions by
using their expertise to make the new technology cheaper and transpar-
ent for users to adopt, much as they do today with centrally generated
electricity. These utilities could integrate distributed power into their
existing delivery system to maximize the value of their infrastructure as
the momentum toward distributed PV evolves. Just like the Baby Bells
that initially controlled the regional land-line phone utilities and that
now have absorbed the cellular phone industry, electric utilities may find
it both unavoidable and profitable to do the same in electricity.

Today, distributed grid-tied photovoltaics are rapidly becoming cost-
competitive with various types of grid electricity in some of the largest
markets in the world. Continued growth in these early adopter PV markets,
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driven primarily by the economic decisions of electricity end users, will
drive the learning and cost reductions that will open additional markets.
In other words, the more PV is produced and deployed, the cheaper it
gets, and the cheaper it gets, the more attractive it becomes to end users.
The existing grid-based electricity infrastructure is limited in its ability
to respond to these changes because using PV to meet their expensive
intermediate- and peak-load demands provides economic benefits to them,
and they have little control over a customer’s decision to deploy PV on
their home or business.

While economics is a powerful driver of industrial change, it is not the
only factor that people or businesses consider when making decisions on
spending money or switching to a new technology. Broader perceptions
of future risks and rewards are also factors that can strongly influence
today’s decision. In the next chapter, other noneconomic forces affecting
the rate of actual market adoption of PV are considered.
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8
Solar Electricity in the Real World

The prior chapter discussed how the evolving cost-effectiveness of pho-
tovoltaic electricity technology is poised to transform the economics of
the energy industry in the next decade. However, many additional de-
terminative variables such as public awareness, the effects of volatile
fuel and energy prices, and the political will to support deployment of
any energy or electricity technology are not predictable or even always
quantifiable.

Choosing to install PV happens at the individual level of households,
businesses, or utilities. When these decision makers are going through
the process of evaluating and deciding to install PV electricity, adoption
is driven partly by economics and partly by other factors, including an
awareness of PV as a potential solution, the time required to become
comfortable with the new technology, an assessment of the risks created
by switching from a current type of electricity to PV, and an assessment
of the risks of not doing so. Access to the credit needed to finance these
systems is also important, particularly in the credit-starved areas of the
developing world. As in every industrial transformation, businesses will
emerge to provide information about PV and to simplify ancillary financing,
maintenance, and risk-mitigation services for PV adopters.

As the electricity and broader energy industries transform, both win-
ners and losers will emerge, creating many social and exogenous benefits
but also threatening many aspects of the existing global economic sys-
tem. Some of the most commonly perceived likely losers in the shift to
solar energy, existing fossil-fuel providers and utilities, still have a robust
opportunity to respond to future changes in the energy economy and to
participate in and benefit from the transition—a move that some are
already beginning to make.



What Really Drives Adoption

In terms of the market development of PV technology, as the cash cost of
PV decreases relative to the cash costs of generating electricity using con-
ventional fuel sources, the competitive balance will conceptually shift
toward PV. However, this shift will not necessarily cause everyone to adopt
or even want to adopt photovoltaics. Economic growth often lags behind
economic opportunity, and the investment of necessary infrastructure will
take time, even as PV technology becomes comparatively cheaper. What
can be said with certainty is that PV will become more and more firmly
entrenched in the market as it becomes more comparatively economic over
time. As long as the costs of distributed PV continue to drop as quickly as
or more quickly than the costs of grid electricity, the transition toward PV
will proceed steadily, and higher sales and lower prices will form a posi-
tive feedback loop. Additional, noneconomic forces will also play a role in
determining the rate and locations where PV is actually adopted, and these
are discussed below.

Indirect Benefits
Many noncash advantages to a clean renewable such as PV factor into
a customer’s decision making, even though the economic analysis of
the previous chapter ignores many of them. These include reduced
pollution, enhanced energy security, and the robust infrastructure that
distributed generation creates. These types of positive benefits ensure
that portions of society are willing to pay a premium for PV electric-
ity—one factor that is driving the current American market growth
for Green Tags.

Green Tags programs, which have been set up by many utilities at the
urging of federal and state governments, allow electricity users to pay a
voluntary premium to guarantee that the electricity they are purchasing
is generated by a nonpolluting technology. Consumers opt to pay a
slightly higher rate on their utility bill—0.7 cents to as much as 17.6
cents per kWh, depending on the location and type of generator—for
electricity that is certified as being generated from a clean electricity pro-
ducer.1 Green Tags abstract the environmental and social attributes of
each kilowatt hour of electricity from the electricity itself: the consumers
who buy Green Tags may be subsidizing renewable generation in their
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own area or far away. By the end of 2003, some 235,000 electricity users
in America had opted to pay such a premium for their electricity, a fourfold
increase from 1999.2

Businesses, too, can receive image and marketing benefits that do not
show up in direct cost comparisons of energy. Many businesses in
Europe and America use their clean-energy programs for corporate
promotion or as advertising to attract customers and employees—for
example, the green DeutschePost building in Bonn and the BP Beyond
Petroleum advertising campaign. Many of these early adopters have been
willing to pay a premium for renewable energy because managers at
these organizations perceive ancillary benefits from pro-active adoption
of clean energy programs, and they factor these noncash benefits into
their decision making. Not unlike the shift by cosmetic companies to sell-
ing products that were not animal tested, large corporations are begin-
ning to find that environmental awareness is beneficial to their image and
may similarly end up as a normative and required cost of doing business.
People and organizations that share these values comprise a group of
early PV technology adopters that are currently installing PV systems on
their locations, including many retail and consumer-product organiza-
tions in the United States, such as Whole Foods, Wal-Mart, Coca-Cola,
and Frito Lay.3

Pressures to increase attention on the environmental effects of corpo-
rate practices are also coming from the major banks that provide loans
to these corporations. In 2005, three of the world’s largest lenders—
Citigroup, Bank of America, and JP Morgan/Chase—instituted environ-
mental reviews of loans on industrial projects that were designed to
determine the effects these projects have in terms of greenhouse-gas
emissions and other environmental pollutants.4 These new loan-review
policies reflect a growing awareness by lenders that corporate clients that
do not adequately consider the potential effects of future environmental
legislation and market trends risk a loss of competitiveness and credit
worthiness compared to companies that do.

Hidden Costs
Beyond the cash costs of installation, maintenance, and financing that
are included in the economic calculation of cost per kWh delivered,
switching to a new and unfamiliar technology creates additional noncash
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costs for potential PV system purchasers in time and effort to evaluate
such a system—that is, information costs. Relevant information costs are
not easy to measure because many factors may influence a decision
maker’s willingness or ability to evaluate a technology switch some peo-
ple are habitual early adopters of any new technology, others are swayed
by the political or environmental aspects of a technology, and some sim-
ply have easier access to relevant information. As more PV systems are
installed, each new user increases aggregate market awareness, thereby
reducing information costs for future systems, and this adoption trend
gains steam until a technology becomes mainstream and information
costs become a small portion of an adopter’s total cost—via implemen-
tation of standardized solutions and through a general sharing of awareness
and technical knowledge.

Hidden information costs are particularly acute in any switch from a
centralized-generation, grid-distributed electricity system to one that
includes an increasing amount of distributed power from photovoltaics.
A prospective purchaser of a PV system has to evaluate the cost of the
system, determine the suitability of a home or building for including PV,
locate available system components, find suitable financing, research
available subsidy programs, and negotiate with the local utility to con-
nect the system to the electricity grid. Alternatively, purchasing grid elec-
tricity from the utilities is the simplest solution for most electricity
customers in industrialized countries because homes and businesses are
usually already wired to the grid and a phone call to the local utility is
all that is required to turn the electricity on or off. The utility deals with
the issues of financing the cost of electricity generators and delivering its
product to the customer. The utility sends a monthly bill to the customer
that covers all the equipment and services that it provides plus a profit
margin for its value-added services. In effect, the electric utility is paid to
handle all of the complex information and decision making related to
operating in the energy business, thus reducing this burden for the end
user. While this arrangement is embedded in the existing electric utility
industry, to date no reliable source for this type of information and deci-
sion-making service is provided to residential solar-power customers,
and only on a limited basis for commercial customers.

Even when they have made an investment in time and information costs
to evaluate adoption, prospective PV customers face various perceived
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and real risks that stem from their inexperience with the reliability and
intermittency of the system, though many of these risks are eliminated by
the methods of tying PV systems to the existing grid. Grid-tied PV systems
allow their owners to use the grid, in effect, as a battery in which to store
excess energy while the sun is shining and from which to retrieve that
energy when it is needed at night. This storage solution offers a simple,
cost-effective answer to the need for an on-site battery bank, saving an
estimated $1 per watt in installed cost, which can represent a 15 to 20
percent savings over stand-alone PV systems that are not grid-tied. For
customers who are looking at such an installation, the grid-tied portion
of the system reduces concerns about a failure of the system because cus-
tomers can access backup electricity from the utility without interruption.
Users consider PV a low risk extension of the grid electricity system that
they have been accustomed to using all of their lives.

Despite the historic resistance by utilities to grid-tied PV systems,
these systems simultaneously create value for both utilities and consumers.
During the sunny hours when the demand for and the cost of electric-
ity are highest, electric-utility companies are able to absorb excess PV
power from customers—especially from residential customers, most of
whom are not at home during the day. The utility can then sell elec-
tricity to these customers at night when overall grid demand and the
cost of generating electricity are lower. Locating the PV systems on the
homes and businesses where the power is ultimately needed (on-site
distributed generation) also helps reduce line-traffic loads during peak
periods. Every kWh of solar power used on-site is a kWh that the grid
does not have to transmit, potentially reducing capital costs to main-
tain and upgrade the grid.

Solar energy will truly be a viable option, however, only when cus-
tomers can install PV systems as easily as they can purchase utility elec-
tricity—when the special risks, costs, and complexities of adopting PV
begin to be handled by new firms that act as energy-service providers.
Such companies will represent a new generation of the energy-service
companies (ESCOs) that have historically provided energy-efficiency
upgrades and alternate generating solutions to customers. Companies
such as SunEdison and PowerLight in the United States are beginning
to offer commercial customers the conveniences offered by traditional
electric utilities, including installing turnkey systems as well as providing
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off-site system monitoring and long-term maintenance contracts.5 It
is only a matter of time before service levels of this type become more
common in residential markets, as well.

Built-in PV
Economic analyses of grid-tied photovoltaics usually assume that systems
will be retrofit on existing structures—not the most efficient way to
install PV systems. Zero-energy buildings and “zero-energy homes”—
structures that combine maximum energy efficiency with total on-site
generation of all energy and electricity needed—are a more effective solu-
tion.6 When constructing a zero-energy building, the builder integrates
energy solutions directly into new construction, reducing energy usage
through efficient design and appliances, lowering the cost of installation
and wiring (compared to retrofitting), and reducing the need for build-
ing materials such as roof tiles or shingles replaced by a PV system at the
time of construction.7 These savings reduce the cost of a PV system by as
much as one-third over a similar retro-fit PV installation.8

Absorbing the cost of PV into the price of a new home or office build-
ing, sometimes at little net additional cost for the builder, can dramatically
improve the economics of PV installations by reducing or eliminating
electric utility bills for the life of the structure. When wrapped into the
mortgage of the new home or building, the need for supplemental system
financing is eliminated, and the PV installation can be financed using the
cheapest form of long-term financing available—residential mortgages
that today offer nominal rates of interest at under 6 percent and real inter-
est rates under 3 percent per annum. In addition, if integrating PV into
homes and buildings at the time of construction is made a standard
feature, the information cost of evaluating the system for each potential
purchaser will be reduced, which will allow builders to profitably provide
this feature to their customers.

Off-Grid and Developing-World Applications
Some of the most cost-effective PV applications today that are both prof-
itable and immediately deployable are off-grid. The most basic off-grid
uses of PV include remote lighting, roadside emergency phones, meteoro-
logical stations, and communications repeaters, all of which store daytime
solar energy in a battery for nighttime use. Interest in these devices arises
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from their pure economic superiority for small, remote applications in
which alternative types of power are either expensive or practically difficult
to install, fuel, and maintain. It is simply not feasible to power many of
these applications using the electric grid or dedicated fossil-fuel generators.

In industrialized countries, homes that are far from the grid make an
ideal market for off-grid photovoltaics and have comprised the bulk of
the global market for solar modules until the late 1990s. The economic
rationale is simple: these homes must either run power lines to the grid
or generate their power on-site. Beyond a certain break-even distance, it
is more expensive to run power lines than to go solar. Other alternatives
such as on-site gasoline or diesel generators can be noisy, require skilled
repair, and (for back-country homes) may entail expensive long-distance
fuel deliveries—giving the economic advantage to solar power in these
cases. Most of the existing solar energy and photovoltaic retailers and
distributors in America, including companies such as Real Goods in
California, developed to cater to this profitable niche market for remote
homes.9 In addition to PV, these retailers often sell a whole range of
related technologies for remote living, including composting toilets and
ultraefficient refrigerators.

While remote applications are a small percentage of the total energy
demand in industrialized countries, in the developing world they are the
rule. In Latin America, the Caribbean, East Asia, and the Islamic world,
more than 10 percent of the population is without any electricity access,
while in South Asia and Sub-Saharan Africa 61 percent and 78 percent,
respectively, live without electricity.10 Overall, more than one-third of
people in the developing world, some 1.6 billion people, do not have
access to this basic energy resource.11 These statistics do not tell the
whole story because billions more do not have reliable access to electricity
and must endure intermittent service, power sags, and power spikes.

All economic growth depends on safe, secure, reliable access to elec-
tricity. Unreliable electricity power, particularly in the developing world,
disrupts business and is responsible for untold productivity losses.
Rolling summertime blackouts in China during 2003, 2004, and 2005
shuttered factories two to four days a week and showed how disruptive
this can be to the efficient functioning of industry. For less developed
countries, systemic lack of access to electricity can effectively limit a
developing society’s ability to build its way out of poverty.

Solar Electricity in the Real World 159



Electricity grids represent a highly capital-intensive way to provide
electricity to poor and dispersed communities in these developing coun-
tries, and diesel generators are often vulnerable to shortages of fuel and
skilled maintenance. It is not surprising, therefore, that photovoltaics are
becoming one of the most popular methods of providing energy in these
locations. The two primary models employed in providing PV in the
developing world include village solarization, where a large photovoltaic
array with battery bank can be used to light common areas and to pro-
vide electricity for all types of communications, and home solarization,
where solar cells on houses provide electricity to individual families.

These PV solutions have tremendous value for those in the developing
world who can access them. The benefits are instantly realizable as the
use of solar electricity in households for powering lights, radios, televi-
sion, and recharging batteries frees up time and money that had been
spent obtaining candles, kerosene, and disposable batteries. A 2001
World Bank study has found that such expenditures range from $3 to
$15 per month for households earning, on average, less than $250 per
month—and this does not count time spent collecting firewood or dung
for cooking.12 Another study has shown that among low-income rural
households in India, energy can account for up to 50 percent of nonfood
spending.13 Solar PV cells can be a powerful tool to help these families
establish economic security.

Many international aid organizations, from the World Bank to special-
ized organizations such as the Solar Electric Light Fund, have recognized
the potential of off-grid PV systems and have been working diligently over
the last decade to provide access to solar solutions for the poorest mem-
bers of the world. However, logistical obstacles exist, of which the biggest
is that off-grid PV systems are initially expensive to set up, and loans to
help spread out payments over time are generally limited or unavailable.
In the industrialized world, mortgages, home equity financing, and third-
party loans can spread PV system costs out over twenty to thirty years or
more, at reasonable interest-rate levels, allowing industrialized world buy-
ers to avoid large up-front payments and to keep monthly cash payments
low. Finding similar credit in the developing world is difficult if not impos-
sible. According to the IEA Task Force on PV for Rural Electrification,
this lack of financial services is the largest obstacle to the commercial
dissemination of PV technologies in poorer nations.14
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Lack of basic credit in the developing world is a systemic problem that
extends beyond energy issues. Much effort and money have been devoted
by nongovernmental organizations to make micro-credit available to
low-income borrowers. The difficulty of developing these programs is
that each area has its own distinct legal structure, language, culture, and
political issues. Participants in the process—such as loan officers, collec-
tors, and auditors—must be selected and trained. In many cases and
despite overcoming many of these obstacles, underlying legal structure
and property-rights issues prohibit any effective progress as war, famine,
and political instability destroy decades of work in months or even days.
For these reasons, developing adequate micro-credit in the developing
world remains a daunting task.

Electricity service deployment in developing countries often suffers from
a lack of sales and service infrastructure as well. Even if off-grid PV solu-
tions could be made affordable through financing, these countries need to
distribute systems to end users, fix any components that are damaged, and
replace batteries as necessary. The lack of basic technical infrastructure has
delayed or derailed technology-transfer initiatives of many kinds in the
developing world. Solar power is no different, and these obstacles need to
be addressed before any program can bring photovoltaics to rural homes
and villages—and keep them running.

Despite these obstacles, solar enjoys some clear advantages when com-
pared with other distributed-energy technologies such as small-scale diesel
generators. First, sunlight is a universally available resource that coinci-
dentally happens to be most concentrated in many of the least-developed
areas of the world. South Asian, African, and South American countries
have the least access to the alternative forms of distributed energy or grid-
scale electricity, but they tend to get lots of sun. Second, the same solar
technology can be used by everyone in these developing countries and
across whole regions, which allows for concentrated and standardized
training and support—a characteristic that many other forms of distrib-
uted energy, such as micro-wind and micro-hydro, do not share. Third,
compared to any other modern energy solution, less technical knowledge
is required to set up and maintain photovoltaic solutions, particularly
compared to the diesel generators that are commonly used. Installation of
a small home PV system can be as simple as pointing a module toward the
sun and then plugging in the battery or charge controller.
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Some of the greatest long-term benefits of solar PV applications are this
low maintenance and solid-state nature. As with information technologies
that have transformed global society in recent decades, nearly all of the
deep technical knowledge required for performance in photovoltaics is
embedded in the hardware. Making PV requires people with advanced
degrees, but installing, maintaining, and using it do not. Ultimately, the
simplicity of operation and reliability of solar PV technology will provide
powerful drivers for solar commercialization in the developing world.
And its ability to rapidly replicate and disseminate the embedded knowl-
edge of electricity generation will create substantial wealth for people in
developing nations.

To accelerate adoption of PV in the developing world, governments
and industry can either (1) increase the amount of credit available to
help defray the up-front cost of these PV systems, or (2) stimulate in-
creased economies of scale in manufacturing to reduce the cost of PV sys-
tems, thereby increasing the ability of users to purchase these systems
with current levels of income. As previously mentioned, government and
NGO programs have attempted to assist with various forms of micro-credit
for systems. Grameen Shakti Bank in Bangladesh, for instance, has at-
tempted to provide micro-finance loans for solar home systems, creating
up to three-year loans for systems of an average size of fifty watts.15 Also
some international aid programs in countries such as Argentina, Sri
Lanka, Nepal, and China have attempted to deploy small PV systems
through increased use of micro-credit, but these programs have had
mixed long-term success in stimulating local PV market development
because of the unreliability of local regulatory structures and difficulty in
expanding these programs profitably without substantial direct aid.16

An alternative method to create long-term access to PV in the devel-
oping world may be to stimulate its adoption in the industrialized world.
Investing in industrial-scale manufacturing and research is widely ex-
pected to increase PV’s cost-effectiveness and thereby make all PV sys-
tems cheaper, including those sold in the developing world. Japan and
Germany’s efforts in the last decade to stimulate the growth of PV pro-
duction in their own countries have reduced costs to purchasers in the
developing world by half over that period.

Accelerating growth in volumes of PV produced in the industrial
economies and the resulting scale economies over time will help to enable
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lenders, system distributors, and their NGO backers in the developing
world to provide more cost-competitive electricity solutions. Stimulating
scale production of solar technology through guaranteed volume pur-
chases and production subsidies in industrialized countries’ markets may
then prove to be the most effective way to electrify the developing world.
The faster that growth in production of PV systems brings down system
costs in industrialized countries, the more quickly access to modern
electricity can be brought to the developing world in a long-term,
sustainable, and secure way and provide a locally available alternative to
depleting forests and fossil fuels.

Winners and Losers

Thus far, this chapter has looked at many of the exogenous forces
that will affect actual PV adoption even as the underlying economics
shift toward an increased competitiveness for distributed PV systems.
Regardless of the specific timing of when each user or market adopts PV,
the global trend toward adopting solar energy will continue until PV sys-
tem installations become a substantial segment of annual new construc-
tion of electricity-generating capacity worldwide. By the second or third
decade of this century, most new electricity-generation capacity will
likely be in the form of renewable (nonhydro) energy from a variety of
sources, and new nuclear and fossil-fuel generators will probably no
longer be economic to build owing to the large number of cheaper and
cleaner options that will be available to both utilities and end users of
electricity.

This outcome could be perceived as undesirable for providers of the
existing fossil-fuel and nuclear infrastructure, and they will almost cer-
tainly respond aggressively as long as they perceive the development of
renewable energy to be a threat to their core business. Conversely, this
outcome is apparently beneficial for providers of renewable energy and
stakeholders in these companies who can expect to experience double-
digit annual growth rates long into the foreseeable future. In some cases,
these will turn out to be the same. The fossil-fuel providers and electric
utilities have ample time to foresee and to participate in this industrial
transformation, as some are already doing. For example, BP is already
one of the top photovoltaics producers worldwide.
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Yet in industrial transformation, particularly one involving industries
of the global scale and importance of energy and electricity, there will
always be winners and losers. In the anticipated shift to distributed PV
electricity, end users will be the primary beneficiaries as they gain direct
access to less expensive electricity from PV than they could purchase
from their local utility. The enhanced security—personal, community,
and national—that comes from generating and controlling this electric-
ity resource locally at stable prices will have many intangible benefits,
similar to those that arose from the decentralization of the information
and computing industries—namely, resources that are deployed where
they are used, in which excess is minimized, and where the susceptibility
to systemic failure is reduced.

Society as a whole will benefit in other powerful ways from solar-
energy market growth and adoption. It has been estimated that for each
MW of electricity-generation capacity installed using natural gas or coal,
one job is created; for wind and biomass, between one and three jobs;
and for PV, between seven and eleven jobs.17 To deconstruct this estimate
further, consider that today about 25 to 35 percent of the cost of an
installed PV system is presently in the cost of installation labor. This
labor component is expected to become a larger and larger piece of the
price tag as higher learning rates for hardware bring component prices
down more quickly than the cost of installation. While production of PV
modules and balance-of-system components will probably be outsourced
to low-cost manufacturing locations, installation jobs cannot be ex-
ported: they must remain in the locations where the systems will be
used. Especially in the industrialized world, where installation involves
grid connection, compliance with building codes, and other specialized
knowledge, PV installations will become a significant part of building
trades, such as electrical, plumbing, and carpentry. These relatively highly
paid, skilled jobs will help sustain an educated and prosperous middle
class in any industrialized economy.

These benefits will be welcome for consumers in the industrial world,
but they will be vital for growth in the developing world, where eco-
nomic efforts are often paralyzed by inadequate or volatile energy access.
Globally, any market development that reduces the price of such a mate-
rial input as energy will confer economic benefits that ripple through
every product or service in proportion to its energy content. As a result,
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labor and capital productivity will increase, generating wealth for
economies while mitigating inflation pressures from rising energy prices.

The economies of the developing world will also benefit from solar-
energy adoption because the vast majority of these countries depend on
oil imports to fuel local industry. Locally generated electricity will help
even out the balance of trade for these countries and provide the oppor-
tunity for international aid to remain in-country and provide multiplica-
tive local economic benefits rather than being exported as payments for
fossil fuels. Industrialized, but fossil-fuel poor, societies will be able to
improve their own balance of trade and energy security, thereby reducing
the motivation to intervene militarily to protect access to energy supplies.

Fossil-fuel-rich countries, including OPEC members and Russia, could
potentially view a shift away from fossil fuels as threatening. At the same
time, many oil-rich countries lie in the highest-sun areas of the world—
the Middle East, Africa, Asia, and the Caribbean. Once these countries
reach their peak production in oil and natural gas, whenever that turns
out to be, they will have to develop cost-effective energy replacements for
declining fossil-fuel reserves. It is an interesting coincidence that many of
the most oil-rich countries of the world are also the sunniest. The Middle
East, in particular, with vast empty desert areas and large amounts of
consistent sun, would gain many of the same advantages in bulk PV
power that they currently enjoy in fossil-fuel markets.

In addition, new and equally vital industries could benefit from access
to globally distributed and inexpensive solar electricity. As discussed in
chapter 3, declining water availability is one of the largest problems fac-
ing the developing world, proportionately larger in the drier and sunnier
parts of the world. Few adequate solutions currently exist to provide
additional water supplies as underground aquifers continue to be de-
pleted and freshwater in lakes and rivers is increasingly diverted. The
problem of water availability is made more difficult by the economics of
water distribution. Water is heavy and, despite its vital nature, of rela-
tively low economic value for its weight, making it economically prohib-
itive to transport over long distances, which is why most water solutions
have involved local ground pumps as opposed to pipelines or trucking.
The most promising (and in some cases only) solution that nations have
employed to provide freshwater to islands and other remote locations has
been desalination. Unfortunately, most of the cost of desalination, either
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via thermal distillation or reverse osmosis, is in the energy used during the
desalination process, limiting its economic deployment around the world.
PV can be used to power either thermal or reverse-osmosis desalination
plants.18

Declining PV prices make these projects increasingly feasible, and the
necessary sea water and solar power to run them are ubiquitous and
often available in the same location. With more than half of the people
in the world living within sixty miles of an ocean, PV can become a pow-
erful tool to facilitate access to adequate water supply.19 Increasingly
cheap generation of solar electricity has the potential to provide afford-
able freshwater without any need for batteries, power lines, or fuel sup-
plies—and can do so with modular systems ranging from small domestic
to large industrial.

Finally, cheaper electricity will drive cost reductions in fueling global
transportation, including automobiles, trucks, trains, planes, and ships.
In fact, many early automobiles were powered by electricity, and by
1904 nearly one-third of all cars in Boston, New York, and Chicago used
this technology.20 At the time, the relative high cost of electricity versus
gasoline combined with the longer range of internal combustion motors
initially gave the economic advantage to gasoline-powered vehicles. In
the interim, the entire petroleum infrastructure that developed to power
these engines—refineries, tankers, and gas stations—has continued to
reinforce this economic advantage, and attempts to reintegrate motive
and stationary power applications (that is, to power vehicles using sta-
tionary power plants) have since been frustrated. The last mass-produc-
tion attempt to produce the battery-powered electric car, the EV program
in California launched by General Motors in 1996, fizzled as a result
of the short driving range and long charge times for these vehicles.
Environmentally, an electric car is only as clean as the plant that gener-
ates the electricity it uses, which is still primarily fossil fuel-based for
most industrialized electricity grids. Today, the next generation of elec-
tric vehicles running on internal hydrogen fuel cells offers a new poten-
tial development path, combining the benefits of using clean renewable
electricity with the range and power of fuel-based engines.

Despite the optimism of advocates, industry groups, and governments,
the transition to hydrogen for use in motive applications will take decades
due to serious issues involving hydrogen supply. Contrary to popular
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belief, automotive companies already know how to make electric drive
trains cheaply and effectively. Although the California EV program was
ultimately unsuccessful in mass deployment of electric-powered cars, one
of the enduring benefits of the attempt was the development of electric
drive-train technology to a level of cost and performance completely
adequate for today’s uses. Today, the real obstacle to wider deployment
of hydrogen fuel-cell cars remains how to provide the hydrogen to run the
fuel cell consistently, economically, and cleanly.

Leaving aside several economically and environmentally question-
able schemes that would add on-board reformers to allow fuel cells to
run on fossil fuels, three possible solutions to the hydrogen problem
exist: (1) finding a way to deliver centrally generated hydrogen from
nuclear plants directly to end users (similar to today’s delivery of
propane to homes and businesses), (2) creating hydrogen fueling sta-
tions similar to (or integrated with) today’s gas stations, and (3) encour-
aging local generation that uses electrolysis or direct solar energy. With
the first two solutions, centrally generating hydrogen and delivering it
to homes and fueling stations would require a large generation and
transportation infrastructure that would be costly to create and that
must be in place before fuel-cell cars can be widely deployed. However,
automotive companies are reluctant to invest capital in designing and
manufacturing fuel-cell vehicles until they are more certain that the
necessary hydrogen fueling infrastructure is in place. This dilemma
cannot be escaped without massive capital expenditures and possible
government involvement.

Under the third possible path, fuel-cell cars will be fueled through the
production and storage of hydrogen where cars are used and parked—a
capability that will be widely available as a side-effect of the growth of
photovoltaics, electrolyzers, and fuel cells for stationary electricity gen-
eration. As prices for PV and small fuel-cell generators drop, homes and
offices using these systems can also have electrolyzers on-site to create
hydrogen. Distributed PV systems are the only renewable technology
that can create electricity and therefore hydrogen on such a micro-dis-
tributed basis. When stationary fuel cells become commonplace, hydro-
gen will be available at the locations that cars are most often used to
access—homes and businesses. Long-distance car travel will still require
building some hydrogen fueling stations, but the existence of a large
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distributed network of hydrogen generators already in place in homes
and businesses would make the transformation simpler.

Regardless of the path that is taken to breaking the dependence of the
modern transportation infrastructure on oil, mobilizing fuel cells in cars
and trucks ultimately will rely on the deployment of renewable energy
and the clean, local, and cheap generation of hydrogen.

For many of the reasons described in this chapter, the adoption of PV
can be either enhanced or inhibited by the information available to
customers when evaluating a potential switch to this new technology.
Beyond the opportunities for businesses to step in and fill the informa-
tion gap by developing new distribution business models, it is the role
and responsibility of government to get involved where social welfare
can be efficiently improved. Many governments around the world, from
Europe to Asia to North America, have already determined that acceler-
ating the adoption of PV electricity will provide their citizens with sig-
nificant environmental and social benefits. These governments have
created and deployed various incentives to help overcome users’ remain-
ing perceived barriers to wider PV deployment and to improve system
economics further. Many of these tools are explored in the next chapter
and collectively provide a portfolio of options for governments at all lev-
els to more quickly capture the inherent economic and environmental
benefits that PV electricity provides.

168 Chapter 8



IV
A Promising Destination





9
Tools for Acceleration

Economics is driving the energy and electricity industries to develop
more renewable-energy technologies, which will also create ancillary
wealth, security, and environmental benefits around the world. These
social benefits are potentially vast and should be encouraged through
progressive government policies as well as coordinated industry efforts.
Thoughtful investments in attention and money made today by industry
and government are highly likely to accelerate this change and bring
dramatic financial and social returns.

Various policy tools have been created and used at all levels of gov-
ernment from local to international to help accelerate the adoption of
renewable-energy technologies, including PV. Without the implementa-
tion of such policy tools in Japan and Germany over the last decade, the
PV industry would not be enjoying its current rapid growth and market
opportunities. Today, social and political pressures coupled with rapidly
rising fossil-fuel prices are increasing the motivation for most jurisdic-
tions around the world to evaluate additional solar-energy industry sup-
port programs, including rebates, feed-in tariffs, and R&D support
programs. In addition, the private sector is developing coordinated and
collaborative efforts by industry players to standardize equipment and
connection methods, educate PV system installers, and access capital
markets, steps that all young industries take in their progression toward
broad adoption and market growth.

A Level Playing Field?

The conventional energy industries, including fossil-fuel and nuclear-
energy providers, are among the most heavily subsidized in the world,



second only to transportation, an industry intimately linked to energy as
well.1 As a result of this governmental subsidy and legislative support,
the market prices of conventional energy and the electricity generated
from them do not currently reflect the real cash costs of their production,
much less the external costs inflicted on wilderness, farming, forestry,
and health.

Global government support is currently skewed toward the nuclear and
fossil-fuel infrastructure, with about ten times as much money going to
these conventional power sources as to all renewables combined. Subsidies
also exist for electricity grids, particularly in the developing world, where
retail electricity prices are kept artificially low through cheap government-
guaranteed financing and direct payments. In addition, the transportation
infrastructure, including roads and highways, can also be thought of as an
associated subsidy to the fossil-fuel industry and in particular the oil indus-
try, which was a member of the highway lobby that helped pass the Federal
Aid to Highways Act of 1956 in the United States, the largest public-works
program in U.S. history.2 The economic effect of the existing regime of
energy subsidies, not unlike all subsidy programs, encourages consumers to
use fuel, electricity, and transportation more inefficiently than if they were
paying for its development and upkeep directly.

Worldwide, the fossil-fuel and nuclear-energy industries receive direct
subsidies totaling $131 billion every year.3 These estimates count only cash
subsidies, ignore any indirect benefits (including reduced-cost financing for
energy producers, tax subsidies, and extra military and police spending to
secure supplies of fuel), and ignore reduced environmental-protection con-
straints that would increase the estimate of subsidies to these industries by
another $200 billion per year.4 Indirect subsidies can total many hundreds
of billions of dollars more. In contrast, governments worldwide spend less
than $5 billion combined on renewable-energy subsidies every year, which
equals only 3 to 4 percent of the direct subsidies and 1 to 2 percent of the
total subsidies given to conventional energy providers, despite the envi-
ronmental advantages that renewable technologies provide.5

Promoting PV

Because of the conventional energy industry’s entrenched political influ-
ence, public subsidies have historically been difficult to eliminate. One
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analysis estimates that between 1993 and 1996, American oil and gas
companies made political contributions of $10.3 million and received
tax breaks worth $4 billion.6 Reversing many longstanding fossil fuel
subsidies could greatly accelerate the transition to renewable-energy
technologies. Until that occurs, unsubsidized renewable-energy technolo-
gies must be even more economic than subsidized fossil fuels to achieve
competitiveness and market adoption.

If reducing or repealing existing fossil-fuel subsidies is politically diffi-
cult, other methods of leveling the playing field for renewables can be
employed. Two basic strategies have emerged: (1) create incentives for
the production and installation of renewable-energy alternatives, and
(2) penalize extractive and polluting fossil-fuel energy sources. Other
methods of stimulation, including government-sponsored research and
development programs and streamlined regulations for connecting
grid-tied PV, can also help to increase their adoption.

Incentives for Adoption
Programs and incentives that have directly stimulated the recent growth
of renewable-energy markets and photovoltaics, in particular, include
feed-in tariffs, net metering, rebate programs, consumer tax deductions,
and production tax credits. All of these provide the technology buyer
either a direct reduction in the up-front system cost or a payment for the
value of the energy that the system produces over time. Different coun-
tries have used different combinations of these incentives to promote the
growth of their domestic renewable-energy markets.

Feed-in tariffs requires a utility to accept power from a renewable-
energy source at a set rate over a certain time period, sometimes as long as
twenty years. Rates may differ based on the type of renewable energy, size
of the installation, and time of day and year—and are usually measured in
cents per kWh. The laws establishing feed-in tariffs typically set forth the
right of the owner of the renewable generator to connect to the grid and
also establish a standard method for doing so. Most feed-in tariffs are
structured to provide payments to installers, ensuring long-term revenue
streams that compensate them for the amount of energy they produce.

Some countries and U.S. states alternatively use cash rebates to lower
users’ out-of-pocket costs for adopting renewable, primarily PV systems.
Rebate programs usually pay consumers some cost per peak kW on

Tools for Acceleration 173



certification of the finished system. Since buyers receive cash payment at
the time of installation—up to half or more of system cost—their eco-
nomic risk is reduced since it no longer at risk of potential shifts in gov-
ernment priorities. Despite a lack of federal programs in the United
States to support the PV installation, many states have elected to insti-
tute rebate programs to support PV adoption. These programs dramati-
cally reduce the initial cost of PV system installation and collectively are
the primary force propelling the growth of the U.S. photovoltaic grid-tied
market.

Another instrument that governments can use to change the market
dynamics of renewable energy is tax policy. Investment tax credits, pro-
ducer tax credits, and consumer tax incentives comprise a class of incen-
tives that can be used to stimulate volume manufacturing and are
variously used by many states and, since mid-2005, by the U.S. federal
government, which instituted a two-year 30 percent tax credit for PV
systems. The goal is to reduce the out-of-pocket costs borne by the
owner of a PV system by reducing the taxes that owners pay for clean-
energy systems or efficiency improvements. Tax credits can be issued that
can be either captured directly by the installer or sold for cash to outside
investors looking to shelter income.

Penalizing Pollution
Another way to increase the competitiveness of renewable energy is to
cap carbon emissions produced by fossil-fuel energy sources through
carbon trading rights. Modeled on the U.S. Environmental Protection
Agency’s successful Allowance Trading programs for reducing sulfur
dioxide and nitrogen oxide emissions of coal-fired power plants in the
1990s, which helped to decrease acid rain and particulate pollution in
Canada and the United States, carbon-trading programs (such as those
embedded in the Kyoto Protocol) hope to replicate this success with fossil-
fuel carbon emissions.7

The objective of carbon-trading rights is to determine target emissions
of carbon dioxide (and other greenhouse gases) by country and then to
allocate or sell fixed emission rights to existing producers within each of
them. These producers could then either implement technical fixes to
stay within these emission restrictions or could purchase the rights to
produce emissions from other holders in an open market, with sellers
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reducing their annual emissions accordingly. Such a cap-and-trade (cap
total emissions and trade rights to emit) system allows the energy indus-
try as a whole to allocate pollution-reduction initiatives to the locations
and applications where those reductions can be most cost-effectively
achieved. To meet the targets laid out in the Kyoto Protocol, which came
into force in 2005, the twenty-five states of the European Union are
attempting to reduce carbon emissions to 8 percent below 1990 levels by
2012 by launching carbon cap-and-trade schemes in 2005, with prices
for these emission rights quadrupling in the first six months of trading.8

Alternatively, governments can use tax policy to penalize pollution or
the use of technologies that contribute to global climate change. Carbon
taxes or emissions taxes, not unlike the existing gasoline and diesel fuel
taxes of many industrialized countries, can be used to penalize emitters
of pollution and greenhouse gases and affect how much and what types
of energy they consume. Carbon taxes, by charging a tax for each unit of
carbon emission, create incentives for polluters to clean up their produc-
tion methods. Tax methods do not cap total emissions as cap-and-trade
schemes do, limiting the ability of governments to manage aggregate
environmental impacts, but they can be easier to administer and repre-
sent an additional method that governments can use to change the
relative economics between polluting fossil fuels and renewable-energy
technologies.

Research and Development
Aside from directly affecting system costs and revenues through subsidies
and tax breaks or adding additional cost to competitive polluting fossil
fuels, the method most commonly used by governments to support new
energy technologies is research and development funding (R&D). In the
United States, the Department of Energy spent $212 million in 2004 for
renewable-energy R&D primarily through the National Renewable
Energy Laboratory in Golden, Colorado.9 R&D funding by industrial-
ized countries’ governments for renewable energy is crucial for market
growth because it helps resolve a commonly observed market failure in
economics—that is, businesses collectively underinvest in R&D and
basic science compared to what a socially optimal level would be.
To compensate, governments of industrialized nations often support
basic research on promising technologies. Energy R&D investments, in
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particular, yield benefits far in excess of their cost. A study by the U.S.
Congressional Budget Office shows that over a twenty-two-year period
$7 billion in U.S. Department of Energy investments in more efficient
use of energy generated some $30 billion in benefits.10 However, despite
the clear payoff from R&D investments in efficiency improvements
and renewable energy, annual global energy R&D spending dropped
by almost two-thirds between 1979 and 1996, disproportionately in
renewable-energy R&D, due to low fossil-fuel prices and changing geo-
political priorities.11

Enabling Market Access
To capture the economic advantages of grid-connected distributed PV
electricity, system purchasers must be able to establish interconnection of
their systems to the local utility grid. Often, utilities have specific and
complicated connection requirements, equipment checking, and fees for
processing the interconnection application. This situation is particularly
acute for installers in the United States, who may have to install systems
across various states or utility coverage areas, each of which may have
different requirements.

Once customers can connect their systems to the grid, they need to be
properly compensated for the energy that they produce and send into the
grid. Net metering laws can be set at any rate for the energy that passes
between the customer and the utility, but most often they pay a fixed rate
for energy flowing both ways, thereby functioning as a true net energy
exchange. As mentioned, utilities that charge customers on a fixed-rate
structure for electricity gain an economic benefit under net metering, tak-
ing in expensive daytime energy from the customer and reducing it at
cheap nighttime costs.

Perhaps the most effective policy that governments can put in place for
developing the solar industry is to mandate that increasing numbers of
new homes and commercial buildings include solar components in their
initial construction.12 By requiring architects and builders to consider the
energy characteristics of building structures and to install PV during con-
struction, the cost of PV systems can be dramatically reduced compared
to primarily retrofit market. In addition, subsuming the financing of a PV
system into the mortgage of the home or building would make paying
for a PV system simple and provide the most favorable interest rates.
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New-construction mandates can also provide PV manufacturers with
predictable sales, a market development that would motivate them to
build larger-capacity plants that in turn would decrease PV costs even
further. In 2004, the California legislature debated such a proposal to
mandate 50 percent of new-home construction in California be solar-
integrated by 2010. The initiative was ultimately defeated in the
California legislature but signaled the increasing awareness by govern-
ments that PV electricity installed at the time of construction can provide
cost-effective renewable energy.

PV Policies around the World

Many jurisdictions around the world, from cities to states to nations, are
evaluating or implementing the policies discussed so far in this chapter
to stimulate adoption of renewable energy and electricity and the growth
of local producers and installers. Japan and Germany are among the
most proactive, though a number of other locations, including many U.S.
states, Spain, and China, are also aggressively pursuing such strategies.

Japan: A Policy Success Story
Governments often stimulate the growth of alternative energy by using a
portfolio of approaches to stimulate the different components of a tech-
nology supply chain. In the 1990s, the government of Japan developed
such a portfolio of tools and programs to stimulate different components
of the PV technology supply chain—from production to installation—
that have allowed photovoltaics in Japan to attain cost-competitiveness
with grid electricity over the last decade. This model of success has cre-
ated the foundation on which the worldwide industrial transformation
toward distributed PV electricity is based.

With scarce domestic energy resources, Japan has experienced high
electricity prices for much of the last century. Today, half of Japan’s pri-
mary energy comes from oil, 85.5 percent of which is imported from the
Middle East.13 The oil shocks of the 1970s and a cultural and geography-
ingrained preference for independence prompted the Japanese to develop
domestic energy sources, including nuclear energy, which now generates
over a third of Japanese electricity. The Japanese government has also
spent relatively more than other industrialized nations on R&D for
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renewable energy, particularly photovoltaics. With broad support from
universities, local governments, and businesses (including its highly inte-
grated kieretsu holding companies), the Japanese government has sought
to create a domestic manufacturing base to provide low-cost PV solutions
for both domestic electricity generation and export markets. Programs
have included PV-targeted subsidies for schools and public buildings, sup-
port for regional government programs (which orginally paid up to half the
cost of domestic PV systems), and incentives for businesses to adopt PV.

The start of the Seventy Thousand Roofs program in 1995, however,
accomplished the most for Japan in terms of dramatic PV industry
growth and a halving in the cost of PV systems since that time. The
Seventy Thousand Roofs program initially provided for a 50 percent
subsidy on the cost of installed grid-tied PV systems. By setting subsidy
levels so that the net electricity cost to the customer was competitive with
conventional electricity options, the program prompted rapid growth of
the PV market and spurred supply-chain development by manufacturers,
integrators, and installers. As a result, the unsubsidized price of PV sys-
tems in Japan has fallen from $11,500 per peak kW in 1996 to a little
more than $6,000 per peak kW today. With appropriate financing, these
systems are now providing electricity at or below the average residential
rate of $0.21 per kWh.14 As increasing industry maturation has brought
down prices, subsidies have been tapered off to keep the buyer’s out-of-
pocket cost essentially equivalent with conventional electricity options.
Figure 9.1 shows the change in both the unsubsidized and the subsidized
prices of PV in Japan since 1994 and the rapidly increasing number of
applications for funding under the government subsidy program.

Japanese success in driving costs out of PV systems is not surprising, given
that since World War II, the Japanese have developed extensive expertise in
cost engineering and in precision mass manufacturing in the consumer elec-
tronics, computer, and automobile industries. Microelectronics producers
such as Sanyo, Sharp, and Kyocera are leading the charge to drive cost out
of PV manufacturing as a natural extension of this skill base. Japan has also
enjoyed some of the cheapest capital in the developed world over the last
decade, with nominal mortgage rates just above 2 percent and real rates
approaching or below zero.

The Japanese residential PV program expired in 2005, having achieved
its goals of making PV cost-competitive with conventional electricity
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options and building a solid base of manufacturers and installers.15 It
remains to be seen whether the program created a market that can sus-
tain itself and that can maintain its recent historic growth rate of 30 per-
cent per year.16 Japanese PV manufacturers seem to believe it will, and
Japanese producers increased domestic production of PV cells by over 65
percent from 2003 to 2004.17 Japanese PV manufacturers continue to
expand production, increase exports, and set up operations in places
from China to Brazil to Mexico. Clearly, the Japanese government’s pro-
gressive PV policies of the last ten years have firmly established Japan as
the world leader in PV technology.

Germany and Europe
In Europe, feed-in tariffs have been used successfully to stimulate renew-
able-energy-market growth for both wind and PV. Originally instituted
in Denmark, currently the largest and most successful feed-in tariffs pro-
gram for solar energy and wind power is found in Germany. Beginning
in 1990 with its Thousand Rooftops program and supported by a
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Figure 9.1
Subsidized and unsubsidized PV system costs in Japan and annual applications
for rebates, 1994 to 2004.
Source: Photon International (2004).
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number of local-level initiatives in the mid-1990s, Germany began to
develop its PV industry infrastructure. From 1999 to 2003, the Hundred
Thousand Rooftops program, championed by the German Green Party,
generated huge interest in PV systems by offering a 50 eurocent per kWh
feed-in tariff on installed systems for twenty years plus low-interest
financing. As a result, installed PV capacity in Germany tripled from
41.9 MW in 1997 to 113.8 MW in 200018 and again to 385 MW in
2003.19 In early 2004, the German government renewed the feed-in tar-
iff program, and the market for PV installations in 2004 grew by over
150 percent from 2003.20

Not only has Germany been interested in promoting PV, but it has
begun phasing out subsidies for coal and nuclear power. Germany is
phasing out subsidies for construction of new nuclear power plants and
is also planning to decommission its existing nuclear power plants.
According to a negotiated settlement between the government and the
utilities in 2000, the last German nuclear power plant will close in
around 2020.21 The German government is counting on robust renew-
able-energy supplies, including PV, to help fill the electricity gap that
decommissioning its nuclear plants will create. Despite tight supplies in
the silicon supply, manufacturers are also optimistic and are expanding
their module production in 2005 by nearly 50 percent over 2004.22

Many other governments around the world are also establishing pro-
grams based on the success of the German law. For example, China’s
renewable-energy framework was established in February 2005 and mod-
eled after Germany’s, and the Chinese law is already spurring an increase
in domestic PV manufacturing.23 In a country where manufacturing capac-
ity is idled for days each week due to lack of supply during peak summer
electricity demand, PV could and will fill an important role in supplying
such electricity. The success of the German feed-in tariffs program has also
spurred other European countries to implement or to consider implement-
ing these programs. For example, Spain has had feed-in tariffs for PV since
1998 and is now the second-largest adopter of photovoltaics in Europe.24

The United States
Beyond the research and development of the National Renewable Energy
Laboratory, direct subsidies for PV in the United States have historically
been left to the responsibility of state governments to prioritize and fund.
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While the federal government has had a production tax credit for wind-
power for many years, it was only in 2005 Congress passed a two-year
30 percent tax credit for residential PV systems as well.25 Though this
was a small piece of a very large energy bill, the inclusion of a PV tax credit
shows that the U.S. government is again taking solar energy seriously as
an option for providing local renewable electricity.

Still, the states are doing most of the work in promoting PV. The state and
municipal governments of the United States do so most often using rebates
for system purchases to spur adoption by customers, with the exception of
a new European-style feed-in tariff established in Washington state in 2005.
Figure 9.2 shows the kinds of rebate programs that are offered in the United
States at the state level. This figure ignores limited regional or local programs
such as the Tucson Electric program mentioned in the previous chapter,
which offers up to $3,000 per kW; Sacramento’s municipal Green Power
program, which offers roughly $3,500 per kW; and Los Angeles’s program,
which targets 100,000 solar rooftops by 2010 and offers $3,500 per kW
(with $4,500 for systems that are manufactured locally).26
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Figure 9.2
U.S. states with rebate programs for renewable energy technologies, October 2005.
Source: DSIRE.
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Renewable portfolio standards (RPS) programs have recently become
more prevalent in many states’ efforts to deploy clean energy and elec-
tricity-generation technologies. RPS programs are attempts by states to
set target percentages of renewables in their power-generation mix to be
deployed by certain dates. For example, Colorado passed a RPS in late
2004 that mandated that its electricity producers generate 10 percent of
their electricity from renewable sources by 2015. Collectively, twenty-eight
states have instituted RPS laws already, and this number will likely
grow.27 A potential pitfall for PV in these programs is that the renewable
contribution requirements are often met by centrally generated electricity,
predominantly windpower. A few RPS programs, such as those in
Colorado and Pennsylvania, make explicit carveouts for solar-energy con-
tributions to the targets, ensuring that the programs will promote a wider
portfolio of renewable energy options from which states may draw.

Private-Sector Initiatives

Aside from government programs to stimulate the increased use of PV,
the solar-energy industry itself is taking steps to accelerate adoption. In
establishing any new technology, it takes time to coordinate industry
growth because various mechanisms, institutions (including product
standards, training, and certification), and specialized capital markets
must evolve to reduce information costs to potential customers. To keep
the PV industry growing at 25 to 30 percent per year for decades to
come, these must continue to be developed.

Industrywide product-performance standards and rating scales must
be agreed on and held to a high standard so that consumers who are con-
templating a purchase of PV products and services know what perfor-
mance they can expect. Standardizing connection of PV systems to the
grid at the state or national level will allow potential users to know that
they can easily grid-tie their systems at a minimal cost or risk.

National certification for PV installers is also critical because the work-
ers who perform installations must be technically competent and must
be regarded as providing reliable service. In other words, a buyer needs
to be able to trust both what comes in the box and who wires the con-
nection. Many PV distributors in the United States provide training pro-
grams to customers who wish to install PV systems for themselves or
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others. The North American Board of Certified Energy Practitioners has
instituted a standards and training program for PV installers and hopes
to set the standard for qualified installers in the years ahead, but more
must be done to create national or international standards for profes-
sional installers and the people who train them.28 The same need for train-
ing applies to architects and builders so that they can properly specify and
construct energy-efficient buildings with integrated PV. As mentioned, the
integration of energy-smart features into the design and building process
reduces both PV product and installation costs, and this training will help
architects and builders explain the economics and value of PV systems to
their clients.

Finally, having adequate access to financing at reasonable rates over
appropriate time periods is indispensable in adopting a capital-intensive
energy solution such as PV. From the customer’s point of view, the cost of
a PV system includes all the energy that it will supply over its lifetime of
thirty years or more. Being able to use the best financing available spreads
the high initial cost of the system over the many years that the system gen-
erates electricity and helps to match the payments to the benefits received,
not unlike a traditional mortgage or a car loan. Lenders who understand
the unique risks and characteristics of lending against PV systems and
related contracts can help stimulate PV adoption by providing specialized
financing to building owners who wish to retrofit existing facilities.
Longer loan terms, inflation-adjusted payments, and appropriate values
for systems at the end of the loan period will dramatically lower the
monthly cash payments for PV electricity as easily as would improve-
ments in the underlying technology.

Aside from debt, access to equity financing for growing PV technology
companies is critical. The years 2004 and 2005 saw a surge of venture-
capital investments and public-equity initial public offerings for renew-
able energy, in line with rising fossil-fuel prices. In 2004, $520 million
was invested by U.S. venture-capital firms into clean technologies, more
than double the share of all venture investments from the year 2000.29

Eight companies alone are going public in various global equity markets
in the second half of 2005, a huge number considering the small size
of the global PV industry, indicating serious long-term interest by
investors.30 Research analysts, equity funds, and investment bankers will
capitalize on evolving business opportunities based on their perception of
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the current and potential future growth in value of the PV sector, but the
momentum is clearly toward more mature involvement by global capital
markets in PV companies and technology.

This chapter has reviewed many of the methods by which governments
and advocates of the PV industry use public and private institutions to
stimulate the industry’s growth. Going forward, small amounts of gov-
ernment support and subsidies have the potential to create large long-
term social benefits by accelerating PV adoption in the next decade—in
the process providing a quicker realization of the scale economies in PV
production that will pay economic and social dividends for decades.
Industry, too, should further accelerate the establishment of standards
for components and training for designers and installers to ensure that
consumers have ready access to the knowledge needed to make informed
decisions and implement PV solutions. These will expedite the transition
to and growth of the PV market, and history shows that the faster that
such institutions can be developed, the quicker the deployment of the
technology will occur.

The various drivers of the coming transition to a dominant role for PV
in our global energy industry have been developed and discussed in the
last few chapters, including the economic, noneconomic, and institu-
tional forces driving its evolution. The next chapter takes a broad view
of how all of these forces will interrelate over the next few decades.
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10
Facing the Inevitable

This book has looked at the history of energy, present circumstances,
and the drivers of the revolutionary changes that are going to transform
the global energy and electricity industries in the years and decades
ahead. This final chapter synthesizes these various forecasts and trends
into a comprehensive view of the transformation that they imply, the
phases that will be experienced in succession as the transformation
unfolds, and the potential limits to growth that all transformations must
ultimately face.

The transition described in this book is the culmination of two key
economic drivers—(1) a necessary and desirable shift away from fossil
fuels as they become increasingly scarce and damaging to the environ-
ment and (2) a shift in the type and location of sources of energy and
the generators they use to transform energy into more useful forms
such as electricity away from centralized sources to more distributed
ones. Figure 10.1 shows how the combination of these two drivers is
leading to a distributed renewable architecture in which solar energy
and PV are the predominant and most widely available alternative. As
economic factors propel both of these key drivers to converge on a dis-
tributed solar architecture, the external benefits of stable energy costs,
secure access to vital supplies, and reduced environmental impact of
our energy consumption will multiply.

Direction, Momentum, and Headroom

The previous chapters have identified a few key economic and noneco-
nomic drivers for both the traditional energy infrastructure and the dis-
tributed energy infrastructure that is poised to supplement (and eventually



supplant) it over the next three to four decades. The most important of
these many drivers include a flat to increasing price of grid-based elec-
tricity, decreasing cost of PV electricity, and growing awareness of the
economic viability and social advantages of deploying distributed photo-
voltaics. As with any type of forecasting, however, the projected results
need to be examined to determine whether it is reasonable to conclude
that these trends are both real and long-lasting.

One conceptual framework for understanding long-term trends focuses
on direction, momentum, and headroom. Direction is the way in which
the world moving. In 1900, the direction was toward increased use of fos-
sil fuels, especially oil. Today, it is away from fossil fuels as available
reserves are steadily depleted and as the costs of recovering and convering
them increases. Wind and solar energies have been increasingly supple-
menting or substituting for older forms of energy at the margin, and this
trend will accelerate for many of the economic reasons described in prior
chapters. Socially, many governments and businesses are realizing the need
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Figure 10.1
The convergence of economic forces promotes a new set of electricity solutions.
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for reliable access to local, nonpolluting sources of energy and electricity
and are instituting policies to encourage more rapid adoption of them. All
of these forces point to a world of increased demand for and therefore sup-
ply of local renewable energy. In 2003, some 10 percent of new electric-
generation capacity installed worldwide was nonhydro renewable. Using
the economic forecasts of this book, by midcentury, nearly all new energy
capacity will overwhelmingly consist of new renewables of solar, wind,
geothermal, and biomass energies.

Momentum refers to how solidly a trend is moving in a given direc-
tion. Momentum is not the same as how quickly a trend is moving. It
more accurately describes whether the trend is driven on a fundamental
level by basic forces that are going to be maintained over a long period
of time. For example, the trend in the United States toward building
nuclear power plants once showed fast movement in a definite direction,
with rapid growth in cumulative plant orders from to 1965 to 1973.
However, this trend had no momentum as plant orders fell off, and by
1978 the trend had dissipated in the United States. Other trends, such as
the trend toward stabilizing world population, can be slow yet steady,
exhibiting transformative momentum despite their slow pace. Still oth-
ers, such as the trend toward wind power, may be subject to bouts of
boom and bust until they have stabilized but are assured of momentum,
at least for a time, by basic technological and economic forces. The trend
toward PV adoption may also experience some ups and downs until it
achieves a widely recognized comparative advantage in unsubsidized
cost in sufficiently large markets. However, the momentum toward
declining PV costs as a result of increasing scale and learning is strong
and will be the dominant factor in the future of this industry. Its deter-
mining factors are not ideology, fear, or even wise foresight; they are
profits. Solar power will be increasingly big business because it will be
increasingly good business.

Although continuing government involvement should not be relied on,
their potential impact should not be dismissed because the world is expe-
riencing another trend with strong momentum toward public promotion
of renewable-energy solutions and protecting the environment from car-
bon emissions and resource insecurity. Using government power to create
markets for renewable energy is a particularly strong trend in Europe,
where nearly every country is considering or already implementing such
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policies. Japanese government subsidies, designed to act not as a crutch
but a cradle, have permanently changed the global PV picture in just
a few years. As previously discussed, many U.S. states and municipalities
are also participating in this trend. As the next few decades unfold,
therefore, public support for renewables is likely to continue to increase.

In addition, the various sources of solar momentum are correlated—
that is, the growth of one amplifies the others. For example, the increas-
ing cost-effectiveness of PV encourages governments that are looking for
clean and secure energy solutions to stimulate the solar market further
through subsidies, a feedback mechanism that stimulates additional
growth. As European countries and U.S. states and municipalities see PV
become cheaper every year, subsidy programs become more feasible and
effective. New subsidies in any location feed the global marketplace for
PV market, stimulating growth in factory size and sophistication and
bringing down costs further. As the market grows, PV is increasingly per-
ceived by buyers and investors as a viable real-world option rather than
as a mystifying and exotic spinoff from the space program.

Finally, it is helpful to think about any technology trend in terms of the
amount of headroom it has for growth—that is, the natural limits or
obstacles that will eventually slow or halt growth. All trends, even long-
lived powerful trends, have limits, and the transition to a solar economy
is no exception. Some eventual threshold limit, for example, must exist
in driving costs out of the technology. Even the long-term forecasts devel-
oped in chapter 5 show a lower limit in the two- to four-cents-per-kWh
range on solar retrofits or those installed as part of new home or build-
ing construction. Experts such as Martin Green of the University of New
South Wales suggest that it is unlikely that total installed costs can ever
be trimmed to this level using the current silicon-based technology, but
many other experts disagree. Green’s estimates project that silicon PV
modules, in large-scale production, might be reduced as low as $2 per
watt, which would reduce the price of its electricity to eight to twelve
cents per kWh on retrofits.1 To obtain lower costs, alternative PV tech-
nologies such as tandem (stacked) cells, printable cells, plastic cells, or
chemical cells would have to be deployed.

However, forecasts of the growth in PV developed this book assume
that silicon will continue to be a dominant player for the next couple of
decades. Technological breakthroughs are possible and even likely within
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the twenty-year timeframe until these projections suggest that such cost
levels will be reached. In January 2005, for example, Canadian re-
searchers announced the development of sprayable, thin-film solar cells
that exploit the infrared part of the spectrum that is invisible to the eye
but that can be felt by the skin as radiant heat. Since all previous solar-
cell designs have been restricted to the visible part of the spectrum, this
discovery could perhaps make it possible to produce cheap plastic PV
cells with conversion efficiencies significantly higher than today’s 6 per-
cent ceiling (eventually as high as 30 percent) in only three to five years.2

Only time will tell whether this or any other breakthrough announce-
ment is going to bear fruit on the production line, but work is progressing
on so many fronts that technological leaps are likely to occur.

Eventually, the volume of PV that is forecast to be deployed will make
it an increasingly, visible energy source. Human beings have historically
been averse to seeing their energy being made and have often sequestered
their home heating systems in closets and basements and their electricity-
generation plants away from population centers. As mentioned in chap-
ter 4, modern industrial wind turbines are experiencing some of this
local resistance to their location and operation. Similarly, a large scale of
PV deployment would make solar panels and arrays a ubiquitous, and
perhaps undesirable, visual presence in modern societies. However, PV
technology has the additional potential to be integrated directly into
building materials, such as roofing materials, architectural glass, and
potentially paint and plastic casing. Already, many manufacturers
are cost-effectively doing so, and the forecast widespread deployment
of PV should eventually lead to aesthetic designs for PV at a reason-
able price.

Phases of Market Growth

Putting together all of the economic drivers, noneconomic forces, and
potential for governments and industry to stimulate increased deploy-
ment of distributed solar energy presents a vision of a radical change
in the global energy industry. Such a change from today’s fossil-fuel-
dependent world to one of distributed-energy generation will proceed in
stages, each of which will present its own obstacles but also provides the
resources and tools for addressing those of subsequent phases. Many of

Facing the Inevitable 189



the perceived constraints to the widespread deployment of distributed
PV—including systemwide intermittency, costs, and technical limits—do
not account for precisely when these constraints might be binding and
what resources would be available to address those constraints at that
time. Table 10.1 shows how three main phases in this transformation
will occur and the implications of each on various relevant sectors.

In the rapid-growth phase, which will likely occur through the year
2020, the market for PV will increase dramatically, on average 30 percent
per year to some forty times its current size. Manufacturers will continue
to increase the scale of production, and various methods of production
for cheaper and more efficient cells that have been in development for
many years will ramp up. Initially, homeowners, businesses, and utilities
will attempt to find the most effective and economic method of installing
PV but will primarily install extensions of the existing methods of roof-
top retrofit systems for end users and additional centralized PV and
thermal systems for utilities. While the PV industry will still be small
relative to the entire energy infrastructure, the early movers will establish
themselves in the PV production and supply chain throughout this period
and become the major companies of the future PV industry.

In the displacement phase, roughly expected between 2020 and 2040,
the rate of growth in the industry will slow as the installed base of PV
systems becomes a larger and larger proportion of the total new electric-
ity demand. Limits to growth will appear in some markets, but other mar-
kets (including many in the developing world) will still be opening up as
they reach a point of cost-effectiveness. Over this period, additional
methods of storing daytime energy will need to be deployed at either the
utility level or by end users to smooth out intermittency issues. Built-in PV
at the time of construction will become standard, helping to continue the
drop in PV system costs, and utilities will begin to realize that managing
a distributed PV electricity system is preferable to losing customers to
independent PV/fuel-cell configurations on homes or businesses.

The dominant phase after 2040 will see PV as the preferred energy
choice for a large majority of locations and applications. New materials
or technologies for harnessing PV might need to be employed to continue
the trend of falling costs, but by this point the cost of distributed PV will
already be clearly economic against centralized sources of electricity.
Industrial users will look to adopt PV, quite probably in combination
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Table 10.1
PV traces a typical technology S curve as it moves through phases of development with
each phase having specific impacts on various sectors.

Rapid-Growth Displacement Dominant 
Phase Phase Phase

2005 to 2020 2020 to 2040 2040 and beyond

Time frame cost $6.00 → $2.50 $2.50 → $1.60 $1.60 → $1.00
of installed PV
($ per watt)

Annual PV market 1.3 GW → 60 GW 60 GW → 500 GW 500 GW +
(peak GW) 

percentage of
annual growth < 1% → 27% 27% → > 100% > 100%
in electricity 
demand, derated

Global market $10 B → $233 B $233 B → $1.3 T $1.3 T +++
revenue

Cumulative 5 GW → 237 GW 237 GW → 6,900 GW 6,900 GW +
installed PV 
(peak GW) 

percentage of < .05% → 1.8% 1.8% → 37% > 37%
total electricity
supply, derated

Utility PV efforts ● Trial centralized ● Increased incen- ● Transition into 
systems for peak tives to users energy service 
shaving for adoption providers

Distributed PV ● Commercial ● Residential ● Industrial users
users users users

● Some ● Solar Home Sys-
residential tems in the devel-

oping world

Key geographic ● High-sun and ● Medium-sun and ● Most industrial 
markets expensive grid grid electricity and developing 

electricity ● Developing world 
world applications

Industry ● Primarily ● Built-in PV on ● On-site PV 
development retrofits homes and integrated with 

● Grid-tied businesses batteries or fuel 
standard cells

New technology ● None required ● Additional ● Moving beyond 
● New types of storage required silicon cells 

PV system financ- to address possibly 
ing developed intermittency required



with large fuel-cell installations to grade and smooth power needs. From
here, the advantages of modular PV will allow people in developing
nations to grow their power supply in line with their income and ability
to pay for it. For nearly every nation of the world, the trend toward
energy insecurity will have been reversed, and fossil fuels in transporta-
tion and heating applications will be rapidly replaced by renewable elec-
tricity applications, allowing for continued growth for the PV industry
beyond just the conventional electricity market.

In reality, the projected market-growth rates implied in this analysis are
by no means guaranteed, and the timeframes for each phase of the indus-
trial transformation are rough approximations. Variances in the actual
growth rates will alter the specific timing but will not likely alter the
course of the transitions contemplated. However, studies by Stan Bull of
the U.S. National Renewable Energy Laboratory and industry veteran
Don Aitkin show that any hope of mitigating the worst of the potential
climate-change damage from carbon emissions will rely on a combination
of PV deployment at these projected growth rates along with significantly
improved global energy efficiency and a dramatic rollout of all the other
forms of renewable energy—including wind, biomass, and geothermal
energy.3

Risks to Growth

Many people harbor skepticism that such a widespread industrial trans-
formation can occur, arising from decades of disappointing experiences
or from the kind of rational skepticism that should be applied to all
claims about the future, particularly those with so much potential to dis-
rupt the existing order. These conceptual obstacles often come in the
form of a hesitation or subconscious question that arises as an appeal
for new information or perspectives. Information gained in this book
can be used to provide answers to some of these compelling questions
surrounding solar energy and PV.

Why Now? What’s Different This Time?
Many people, particularly those who remember the first wave of interest
in commercializing solar-energy technologies in the 1970s, are reluctant
to believe arguments that we are at the threshold of a new solar age.
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Much of this book has been devoted to explaining the unprecedented
shifts toward cost parity made by solar technology in recent years that
are creating entirely new opportunities for solar energy today and in the
near future.

The reason that this transition to PV is happening now is that for the
first time in history photovoltaic electricity has become cost-effective in
a number of large grid-tied markets—specifically, for hundreds of thou-
sands of Japanese households, among others. While PV has long enjoyed
steady growth in off-grid applications in both the industrialized and
developing worlds, these markets have remained limited due to their
small size or a lack of the financing to bring down consumers’ monthly
cost to competitive levels. Never before has solar energy been cost-effec-
tive in an industrialized market like Japan with sufficient financing, size,
and industrial capability to drive steady cost improvements and market
growth. This unique situation in the history of PV technology creates the
opportunity to roll out from an established base to progressively more
and larger markets in a hierarchical fashion, as discussed in chapter 7.
This market development primes the PV industry in such a way that
global rollout becomes a question of when—a matter of time, volume,
and learning.

While Japan’s high electricity prices provide a natural motivation to
develop solar-energy solutions, this motivation is almost completely off-
set by Japan’s mediocre insolation. Only a strong legislative commitment
to develop the PV industry gave the Japanese solar industry the impe-
tus it needed to achieve true cost-competitiveness. Soon markets with
slightly lower electricity prices but significantly better solar resources,
such as southern Europe and the southwestern United States, will also be
able to achieve solar cost equivalence with grid power—even without
subsidy support. This important difference will open up the PV market
to several hundred million potential adopters within a decade, adding
momentum to the transition.

If PV Is Cost Effective, Why Isn’t It More Widely Used?
As discussed in previous chapters, achieving growth in any industry
depends on more than availability and cost-effectiveness. Growth also
requires the development of markets and businesses to deliver the solu-
tions. In the case of solar energy, the supply chain requires manufacturing
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capability, distributors, integrators, and installers. Market development
also requires financing, rationalized building codes, interconnection
agreements, and certification and training programs. The growth of the
PV market requires that people—consumers, architects, builders, in-
stallers, services, and utility executives—all become comfortable with
PV technology. All of these factors are in their early stages for PV.
Companies are just beginning to discover, for example, that PV is not
just clean but also good for the bottom line.

Like any other technology, PV will ultimately run up against physical
limits. In the case of PV, these limits are set by cell efficiency, insolation,
and the area of rooftops, building exteriors, parking lots, powerline
rights-of-way, landfills, brownfields, and other surfaces that can be real-
istically covered with PV panels. At the present time, however, PV is far
from hitting such limits, and photovoltaics will be generating truly vast
amounts of electricity long before these limits become constraining in a
way that retards overall market growth. The factor that will hold PV
growth back in the next few years is a temporary bottleneck in manu-
facturing capacity for silicon ingots and PV cells and modules. While PV
manufacture is less capital intensive than building nuclear or hydroelec-
tric plants, it still requires large amounts of time, money, and machinery.
Since it takes time to deploy these capital assets, factory capacity will
therefore remain the primary limiting factor on PV market growth in the
years ahead.

Are Today’s Large Energy Providers Really Going to Let This Happen?
There is a pervasive belief that machinations by large businesses, wealthy
individuals, and the government officials that they finance dictate the
world we live in, leaving outsiders and upstarts little latitude for affect-
ing the momentum of nations and economies. Unlikely conspiracy theo-
ries aside, many people and corporations in the traditional energy field,
rightly or wrongly, do perceive renewable or distributed energy as a
threat. However, the underlying learning rate for PV technology cannot
be easily slowed by any current set of actors. During the 1980s and
1990s, when the largest PV manufacturers in the world were oil compa-
nies, including Mobil, BP, and Shell, these corporate giants were limited
by both a conflict of interest between protecting their traditional energy
operations and promoting PV as well as a technology that was simply
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not yet cheap enough to be commercialized without substantial govern-
ment support.

Today, both conditions are different. The growth in the PV industry
over the last decade occurred in Japanese and German microelectronics
manufacturers. In the United States, General Electric has entered the
market by acquiring AstroPower, until recently the largest U.S. solar-cell
manufacturer, and is creating multimillion-dollar research centers in
New York and Munich for further development of renewable-energy
technologies. These companies do not share the internal conflicts of the
existing energy industry players and wield substantial wealth and political
clout.

Further, the global companies that comprise the existing energy infra-
structure are finding that it is increasingly difficult to influence all of the
markets where solar power is gaining momentum. In the 1980s, when
the federal government of the United States was the dominant and driv-
ing force in PV development, it was relatively easy for the existing fossil-
fuel and utility industries to bring pressure to bear on key politicians to
stop or slow potential developments.

Today, the governments that are driving these changes include those of
states in the American Southwest and Northeast, Japan, and parts of
Europe. None of these places harbors significant oil industries, and most
have constituencies that are loudly voicing their preference for renew-
able energy. It is becoming increasingly difficult for traditional energy
providers to combat both democratic and corporate efforts in so many
jurisdictions.

Is There Enough Solar Energy to Meet Our Needs?
According to the U.S. Department of Energy’s Energy Efficiency and
Renewable Energy (EERE) office, the amount of sunlight that falls on the
earth every day is equivalent to the total energy that is used by the earth’s
current population in twentyseven years.4 Not even a large percentage of
all of that energy is available to use, but EERE has calculated the total
area required to meet U.S. electricity needs using today’s PV technology.
Even at today’s efficiency of PV cells, the land required would be 10 mil-
lion acres, or 0.4 percent of the total land area of the United States.5 This
would be only 7 percent of the area currently covered by cities and resi-
dences, many of which would provide viable locations for integrating PV
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systems and are unavailable to centralized electricity generators. Com-
paring PV to other renewable technologies including wind, biomass, and
concentrating thermal power suggests that PV requires less land area
than any of these technologies for an equivalent amount of energy.

Shouldn’t We Focus on More Immediate Alternatives?
In 2004, new solar-energy installations totaled 1.0 GW out of 140 GW
of generation installed globally that year—about 0.7 percent, but less
than 0.5 percent when derated to compare it to actual electricity gener-
ated by other methods. It could seem more productive to focus efforts
on other energy solutions (such as wind power, nuclear power, and per-
haps clean coal), given that PV’s market share is still so small. Despite
appearances, this will not happen for two fundamental economic
reasons.

First, the ongoing shift toward solar energy will have much greater
impact than its present market penetration indicates. Even if the solar
industry experiences somewhat lower growth rates over the next decade
than it has over the last decade, solar energy could still be accounting for
half or more of all electric-generation capacity installed annually fifteen
to twenty years from now—at dramatically lower cost to customers than
they will be able to get from their local utility providers. Long before the
world gets to that point, however, solar energy will recharge people’s
expectations for the future as they increasingly appreciate its potential to
transform energy industry economics. And as more and more people
begin to understand the inevitability of the shift to solar, they will be less
inclined to bet on marginal or deteriorating solutions. Long before solar
power becomes dominant, it will routinely factor into decisions to buy,
build, and finance other potential energy solutions, both traditional and
renewable. Many large energy projects (such as dams, nuclear power
plants, and liquefied natural-gas ports) have construction cycles of years
or even decades, which will limit the demand for such investments as the
awareness of cost-effective solar electricity continues to rise.

Second, it would be unwise to forgo the enormous wealth effects of
accelerating the change to the solar economy. It is simply a smart use of
resources to promote these technologies. Unlike discovery of new fossil
fuels, discovery of new solar knowhow can be replicated around the world
rapidly with little additional cost. While some of the wealth effects to be
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expected from an increasingly solar economy are nonmeasurable, they will
clearly include economic and social growth similar to what resulted from
harnessing fossil fuels in the eighteenth and nineteenth centuries and again
from the development of the electricity grid in the twentieth century.
Because the next paradigm shift—the move to solar energy—will extend
to many more people than the current energy infrastructure, it will con-
tribute even more broadly to human prosperity. Benefits to the industrial-
ized world will include increased energy security and stability, cleaner air
and water, cheaper electricity, more jobs, and a truly sustainable infra-
structure. In the developing world, photovoltaics will do much to help
billions of people help themselves out of poverty.

So that is the story of PV, its potential, and the exciting and radical
transformation in global energy over the next few decades. Throughout,
an effort has been made to be conservative in assumptions and projec-
tions, though the conclusions point to changes in the global economy
that are no less than revolutionary. In reality, the coming changes will
likely exceed not only most current expert projections but our ability to
foresee, as many similar technological revolutions throughout history
have shown. A mere 150 years ago, not even the optimists anticipated
the changes that would soon sweep in rapid succession over the world.
Automobiles, telephones, electric power, airplanes, nuclear weapons,
plastics, computers, and genetic engineering that have remade our world
again and again. An honest assessment of history suggests that rapid
technological and industrial revolution is not an aberration; it is the
most common outcome.

One of these rapid technological turnovers, the first silicon revolu-
tion, is particularly relevant to solar energy. Over the last thirty years,
the first silicon revolution astonished the world as computers, e-mail,
digital music and video, and the cellular telephone went from nonexist-
ent to ubiquitous. In a blindingly short span of time, they emerged to
change the world. Each of these technologies, similar in form to photo-
voltaics, married the power of miniaturization with economies of scale
in production. Each offered devices that people wanted at prices that
dropped rapidly. In each case, it took intense technical sophistication to
begin the cycle, but once the cycle started, it transformed the world in
just a few years. In the first silicon revolution, those who were able to
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anticipate the trend and capitalize on it have become some of today’s
wealthiest people.

The world currently stands at the beginning of the second silicon rev-
olution. It will prove equally profitable—for those who earliest recognize
it and take advantage of it. There will be difficulties, obstacles, and chal-
lenges in deploying the vast amount of capital and resources required to
maintain and grow the standard of living for the world’s population, and
the coordinated efforts of businesses and governments could help miti-
gate its risks and accelerate its success. However, moving from a world
critically dependent on fossil fuels and a centralized energy-distribution
infrastructure toward a renewable world dominated by locally generated
solar energy is ultimately unstoppable; the outcome inevitable. Eco-
nomics and self-interest will catalyze the growth of a solar-energy-based
society and provide energy that is not only clean but more affordable and
widely available throughout the world. As a result, we will no longer
have to make tradeoffs between prosperity and the environment as a
result of energy scarcity constraints. Access to cheap, clean, modern
energy will spread around the world to become as universal a possession
as sunshine itself.
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Appendix: Energy and Electricity
Measurements

Measurements

The list below shows the prefix for magnitudes of units, whether dis-
cussing metrics of energy (Btu or joules) or electricity (Watts or watt-
hours):

Kilo thousands (1,000)
Mega millions (1,000,000)
Giga billions (1,000,000,000)
Tera trillions (1,000,000,000,000)
Peta quadrillions (1,000,000,000,000,000)
Exa quintillion (1,000,000,000,000,000,000)

Energy

Measurements of energy used or generated are usually stated in ei-
ther British Thermal Units (in the United States and occasionally the
United Kingdom) or joules (the rest of the world). Standardized energy
measurements describe the capacity for each energy source to gener-
ate heat (Btu) or perform work (joule). They can be converted back and
forth by

1 Btu equals approximately 1060 joules.

As figure 2.2 shows, the United States in 2004 consumed 99.8 quadrillion
Btus, which would be the equivalent of 105.6 exajoules. Globally, roughly
400 exajoules, or 378 quadrillion Btus, of modern energy are used each
year.



Electricity

In electricity, the concepts of an electricity generator’s peak capacity and
electricity generated are important to distinguish for many discussions in
this book.

● Peak capacity measures the maximum amount of electricity at any
moment that can be provided by a given generator, and it is usually
measured in kilowatts (kW), megawatts (MW, thousands of kilowatts),
or gigawatts (GW, millions of kilowatts).

● Electricity generated is the amount of electricity actually produced by
a generator and is usually measured in terms of hours at the peak
capacity, or kilowatt-hours (kWh), megawatt-hours (MWh), gigawatt-
hours (GWh), or terawatt-hours (TWh). For comparison, kWh can be
easily converted to other measurements of energy:

1 kWh equals 3.4 Btu
1 kWh equals 3600 joules.

Switching between measurements of peak capacity and electricity gen-
erated is easily done by multiplying the peak capacity by the number of
hours it is used. Therefore, a 250 MW peak generator that is used at its
peak capacity for 2000 hours would generate 500 GWh of electricity (or
1.7 billion Btus).
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