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Introduction

Energy is central to our existence and our way of life. We use it in virtually 
all aspects of life: manufacturing the myriads of goods that we have come 
to depend on, growing our food, transporting goods and people, controlling 
our environment, communicating with one another, entertaining ourselves, 
and the list goes on. By and large, the standard of living of a society is directly 
linked to its energy consumption. Indeed, today’s technological society can 
be described, quite literally, as “turning oil into everything else that we eat 
or use.” Energy use is so pervasive that we often fail to recognize its role and 
are only reminded of our dependence on it when for some reason or another 
there is a shortage. To be sure, such reminders have occurred and will occur 
every so often. However, the shortages we have overcome thus far are very 
minor compared with what may lie ahead. With ever increasing numbers of 
people and nations striving to improve their standard of living, the demand 
for energy is soaring. At the same time, traditional sources of energy are being 
depleted, and even their current level of use poses a serious threat of global 
climate change. How are we going to provide the vast amounts of energy that 
we will need or desire in the future? That is the central question that this book 
addresses.

Effective resolution of any major societal issue requires easy access to reli-
able and relevant information. When an issue is not only complex and multi-
faceted but also essential to maintaining the very fabric of the society, a lack of 
comprehensible information makes the public’s role and government leader-
ship less effective, and appropriate solutions become more diffi cult to imple-
ment. This is the situation today with global energy—arguably the world’s 
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largest industry and one central to all our lives. On the one hand, the public 
is generally unaware that a pervasive, long-term problem exists and that the 
world is facing a complex and potentially perilous, perhaps even revolution-
ary, future. On the other hand, experts and representatives of different seg-
ments of the vast energy enterprise have different and frequently confl icting 
solutions for solving the energy dilemma, and vastly differing motivations for 
deemphasizing one aspect or another of the problem. Moreover, commentar-
ies in the mainstream media are often highly polarized and politicized, leaving 
readers or listeners bewildered about whom or what to believe.

The complexity of the energy world, the urgent need to take action, and the 
diffi culties involved in understanding both the current and potential needs for 
energy and the technologies (and their potential for development) led to the 
writing of this book. We have sought to provide basic information about the 
technologies and the technical advances needed to produce future energy sup-
plies. We believe it is important that this information be available not just to 
the scientists and engineers who specialize in energy issues but to people from 
all walks of life: a student of literature concerned about the human condition; 
the city planner deciding how best to provide a greener environment with 
limited resources; the senator (and her staffers) debating the policy options 
for securing our energy supplies; the venture capitalist looking to invest in 
clean technologies. As already mentioned, making substantial changes to the 
global energy supply presents a challenge of gigantic proportions, and it will 
affect the lives of all people—some more so than others. It will require many 
creative and innovative ways of overcoming those challenges. It will require 
fresh thinking and input from people from different backgrounds.

Scientists and engineers may come up with some solutions, but it will 
require business leaders and entrepreneurs to bring those ideas and solutions 
into the market and into the hands of the customers. There is also a critical 
role for government. Many of the products and solutions probably do not 
have ready access to the energy market, and in some instances those markets 
may not even exist today. By exercising certain policies, governments can cre-
ate those markets. Another important role for the government is setting a level 
of tax on the different sources of energy that is most appropriate for its cir-
cumstance. Keeping fuel prices low may help the local economy, but it could 
also lead to wasteful practices. Government representatives, in turn, respond 
best to public demand, and because any policy actions (or inactions) are likely 
to affect the lives and livelihoods of millions of people, the public at large 
must enter into an informed debate. Accordingly, in writing this book we have 
attempted to present the information needed for engaging in an informed 
debate accessible to a broad readership by explaining basic elements of dif-
ferent technologies. Although specialists may fi nd our explanations overly 
simple, we have sought to provide enough depth and detail so all readers can 
appreciate the pros and cons associated with the different choices about future 
sources of energy. After all, the decisions about energy choices affect the pub-
lic at large, and therefore the public has to engage in the deliberations.
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A Veritable Tower of Babel

As we began preparing this book, we found it frustrating that each source of 
energy is described with a different set of units. Production and use of coal are 
expressed in tons (or tonnes [metric tons]); oil in tonnes, barrels, or gallons; nat-
ural gas in standard cubic feet (scf), and so on. Although many books and arti-
cles discuss energy sources in terms of their energy content in a common unit, 
whether in British thermal units (Btu), joules, calories, or watt-hours (Wh), each 
of these units represents a relatively small amount of energy, and mind-numb-
ing multipliers such as billions, trillions, or even quadrillions must be applied 
when discussing their use in the global context. A veritable tower of Babel results. 
Besides being unable to relate to those units (how much is a Btu, a joule, or a 
quad?), we found it very hard to keep those large numbers straight in our heads.

The use of power units such as gigawatts (GW) or terawatts (TW) in the con-
text of energy is another source of confusion. Power is the rate at which energy is 
produced or consumed, although in common parlance power is also used to refer 
to electricity. It is true that we can describe annual global energy consumption in 
power units and therefore state the challenge for the future in terms of requiring, 
say, an additional 20 TW of power. However, production capacity alone does not 
tell the whole story. The energy produced in one year by a 1-GW coal plant is 
much different from a seemingly equivalent 1-GW wind installation, because a 
coal plant typically operates at its rated capacity about 85% of the time, while a 
wind farm installation does so for only around 25–30% of the time. The net result 
is that it takes about three times as much installed power capacity for a wind 
power system as for a coal power system to produce the same amount of electrical 
energy. Likewise, the capacity factor for solar power systems is generally less than 
20%, so if we decide to go exclusively solar, our need for the additional 20 TW-
year of energy will translate into a need to install about 100 TW of capacity.

In discussions of global energy and resources with our friends and col-
leagues, we found that many of them shared our frustration with all of the dif-
ferent units being used to describe energy. What we needed was a large unit of 
energy that could be visualized and would also evoke a visceral reaction. It is 
perhaps ironic that while we bemoaned the fact that we already had too many 
units for energy, we have ended up introducing yet another.

Cubic Mile Oil Equivalent

We turned to a unit that one of the authors, Hew Crane,1 had devised as he sat 
in the long gasoline lines that typifi ed the energy crisis of 1974. He had heard 

1. We sadly mourn the passing of our friend and coauthor, Hew Crane. It is unfortunate 
that he did not get to hold the fi nished book in his hand.
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that the world was using oil at the rate of about 23,000 gallons a second and 
began wondering how much would it be in a year. A few multiplications later, 
he calculated it to be approaching a trillion gallons; 724 billion gallons, to be 
more precise. Hew was always fascinated by large numbers, whether they be 
the number of cells in our central nervous system or the number of ants on 
Earth. He also had a passion for devising ways to communicate their magni-
tude. Unable to picture the trillion gallons, he began calculating how large a 
pool could contain that amount. A few more arithmetic steps later, he realized 
that if those 724 billion gallons of oil were to be poured into a pool a mile wide, 
a mile across, and a mile deep, the pool would be about three-quarters full.

That was the genesis of a cubic mile of oil, or CMO, as our new unit and 
the staple measure used in this book. Incidentally, a CMO is the amount of 
oil the world used in 2000; in 2006, use had increased to 1.06 CMO. A cubic 
mile is the same as 1.10 trillion gallons or 26.2 billion barrels. However, 
the unit allows us to dispense with modifi ers such as billions and trillions 
when talking about global oil and other major resources. Whereas in the 
United States we take billion to mean a thousand million (109), and trillion 
to mean a million million (1012), such is not the case throughout the world. 
In some parts of Europe, a billion is a million million. And thus, avoiding 
the use of these terms removes one source of confusion. We have often 
encountered articles in print that mistakenly refer to a billion when they 
meant a million, and so on. A case in point is an editorial describing that 
the potential savings in oil from increasing the effi ciency of cars and trucks 
in the United States from a fl eetwide average of 25 mpg (miles per gallon) 
to 35 mpg would amount to a billion barrels per day.2 Now, the total U.S. 
oil consumption is only 20 million barrels a day, so immediately we realize 
that something is amiss: how could you save a billion barrels when the total 
consumption is only 20 million? An increase in fl eetwide effi ciency from 25 
to 35 mpg could easily lead to savings of a million barrels a day, and perhaps 
even 3 million barrels a day, for a total of a billion barrels a year. So perhaps 
the editorial was referring to annual savings. The point is not to pick on 
this piece or its writer, but to illustrate how easy it is to get lost when the 
numbers are large and hard to comprehend.

A volumetric unit also makes it possible for us to form a mental picture: 
a cubic mile is a pool a mile wide, a mile long, and mile deep! If that is hard to 
comprehend, try picturing a large sports arena, say, 700 feet in diameter and 
250 feet high (about 25 stories). The volume of this cylindrical arena would 
correspond to 96.2 million cubic feet, and it would take about 1,500 of these 
arenas to equal the volume expressed in a cubic mile. The Bird’s Nest Stadium, 
where the opening ceremony of the 2008 Olympics in Beijing was held, was 
the world’s largest sports facility at the time, with an offi cial volume of about 
4.9 million cubic meters. A cubic mile of oil (or any liquid, for that matter) 

2. “Time, fi nally, for real fuel economy,” New York Times, August 2, 2008.

01-Crane_Chap01.indd   601-Crane_Chap01.indd   6 3/6/2010   10:33:48 AM3/6/2010   10:33:48 AM



Introduction 7

could fi ll the Bird’s Nest Stadium 850 times. A CMO is a unit of energy, and 
when we refer to CMO, we are referring to the energy content of a cubic mile 
of oil: the thermal energy released during its combustion.

Most data in this book are given in regular English units because the book 
is primarily addressed to a nontechnical U.S. audience, although in many 
instances we have also provided their metric equivalents. A cubic kilometer of 
oil (CKO) measure might be more familiar for the international community. 
There are 4.17 CKO in 1 CMO, but for our purpose, even a simple multiplica-
tion by four would suffi ce to arrive at the CKO equivalent of the values quoted 
here in CMO units.

The thermal energy released during the combustion of a cubic mile of 
oil is 153 quads (153 × 1015 Btu), and we can use the thermal energy content 
of other fuels such as coal and natural gas as the basis for expressing their 
amounts in equivalent volumes of oil. In 2006, in round numbers, the world 
consumed about 0.8 CMO of coal and 0.6 CMO of natural gas, in addition to 
the 1.1 CMO of oil. Combined, the world used 2.5 CMO of energy from these 
three fossil resources—coal, oil, and natural gas.

Describing the energy derived from nuclear and hydropower plants is less 
straightforward. These plants produce electricity directly, which we use in a 
large variety of ways at home, in the offi ce, and in industry. We could com-
pare these two power sources on the basis of the energy of the electricity they 
produce by using known conversion factors (1 kWh = 3,414 Btu), but doing 
so would ignore a salient fact: electricity is generally used with very high effi -
ciency but is commonly produced with only modest thermal effi ciency. When 
electricity is produced from coal, oil, or natural gas sources, about two-thirds 
of the energy in the fuel is lost in the process. Strictly speaking energy is con-
served, with the extra energy being dissipated into the environment as heat 
from which we cannot derive any useful work. Currently, an average thermal 
power plant produces 1 kWh of electrical energy from 10,000 Btu of fuel.

Accordingly, in expressing the output of hydroelectric, nuclear, photo-
voltaic, geothermal, and wind power systems in CMO units, we have used 
1 kWh as if it equaled 10,000 Btu to arrive at their thermal energy equivalent. 
With this approach, 1 CMO is equivalent to 15.3 × 1012 kWh, as opposed to the 
44.8 × 1012 kWh that would be obtained by simply considering energy equiva-
lence. We note that now both the U.S. Energy Information Agency in its vari-
ous documents and the petroleum company BP in the BP Statistical Review of 
Energy make an adjustment, albeit a somewhat different one, for expressing 
electrical output from fossil energy. Incidentally, the global generation of elec-
tric power in 2006 was 19 trillion kWh, or 1.2 CMO.

With this consideration for the generation effi ciency of electricity in 
mind, we calculate that the world uses somewhat less than 0.2 CMO each of 
hydropower and nuclear power. Biomass provides around 0.15 CMO, pri-
marily from burning wood. Contributions from biofuels (i.e., fuels such as 
biodiesel and ethanol made from plants), wind, photovoltaic, and solar ther-
mal currently barely register on the CMO scale. The nearly 2 billion  gallons 
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of biodiesel and 15 billion gallons of ethanol globally produced in 2008 
together amount to 0.01 CMO. Likewise the total energy generated from the 
installed 16 GW of PV systems and 120 GW of wind turbines amount to 
0.02 CMO. Adding the contributions of nuclear, hydro, and biomass sources 
to the 2.5 CMO from the fossil resources results in grand total global energy 
consumption equivalent to more than 2.9 CMO, or say 3 CMO.

To be sure, a CMO represents a very large amount of energy and is most 
appropriate when discussing global and national energy use, but it is not a 
convenient unit for describing energy use by individuals (i.e., per capita use). 
Where per capita energy consumption is discussed, we have used gallons of 
oil equivalent (GO) units. Again, although there are 3.78 liters in a gallon, we 
can approximate the metric equivalent of GO, liters of oil equivalent (LO), by 
simply multiplying the GO values by four, which happens to be the same fac-
tor that gives us a useful conversion from CMO to CKO!

Even though a CMO is not a quantity that we can put our arms around, 
we hope that the simplicity of the CMO and GO concepts will enable com-
munication among the public, as well as among experts in the separate energy 
communities. We also hope that this more approachable unit will facilitate 
the development of easy-to-read and understandable books and other media 
(including Web resources) dealing with energy facts and issues for all levels—
from grade school through university.

Another factor that complicates the situation is that over the years we 
have heard many predictions of the world running out of oil in 30 to 40 years. 
Many of these “predictions” are based simply on the estimated volume of oil 
reserves available and the current rate of oil consumption, without consider-
ation of future changes in either. The reserves/production ratio has stood at 
between 30 and 40 for more than 40 years. This ratio has been erroneously 
taken as a measure of how long our oil supplies will last. The assumption is 
in error because, on the one hand, new fi ndings, new technologies, and an 
increase in the price, add to the reserve base, thereby making the oil last longer, 
and on the other hand, increased consumption rates shorten the period in 
which the reserves will be exhausted. In a way, the constancy of the reserves/
consumption rate ratio suggesting a 30- to 40-year supply means that oil pro-
ducers have little incentive to look for more oil, and that they reason they are 
better off making further investments elsewhere, say, in improved refi ning. 
Because of the erroneous predictions, the public has grown highly suspicious 
of experts making more predictions along those lines.

In fact, this book is not so much about when we will run out of oil, as it is 
about whether or not we will able to supply the world with energy at the rate 
that it is likely to demand. As we discuss in chapter 4, our future energy needs 
are based on several projections. Most of these projections forecast a substan-
tial increase in global energy consumption resulting from economic devel-
opment in the emerging economies with large populations. These projected 
increases are also on the order of one, or more, cubic miles of oil. Thus, by 
2050, not only would we have to fi nd alternative sources of energy to replace 
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our current oil reserves, but we would also have to fi nd additional sources of 
energy to meet the expected increased demand.

Global Warming: The Elephant in the Room

In psychotherapy, the elephant in the room refers to the hugely important 
topic that no one wants to talk about. In both the scientifi c community and in 
the general public, there is a great deal of discussion about global warming—
much of it inaccurate or hyperbolic—and we are not going to take a position 
on it in this book. We will tiptoe around this elephant.

Coal and unconventional petroleum sources, which are plentiful, could be 
exploited to meet the increasing energy demand. But can we continue to use the 
fossil energy resources that produce billions of tons of CO

2
 a year with impu-

nity? Are the emissions from our use of fossil fuels causing the global warming? 
And, if the answer to these two questions is yes, what are the consequences of the 
temperature increase? In 2007, the Intergovernmental Panel on Climate Change 
(IPCC) published its Fourth Assessment Report on the issue3 and concluded 
that the warming of the globe due to greenhouse gases (GHG) was unequivo-
cal, and that most of the observed increase in globally averaged temperatures 
since the mid-20th century is very likely due to the observed increase in anthro-
pogenic (human) greenhouse gas concentrations. Furthermore, the report 
concluded that since the release of the IPCC’s Third Assessment Report,4 the 
simulation models have markedly improved such that “an anthropogenic signal 
has now more clearly emerged in formal attribution studies of aspects of the cli-
mate system beyond global-scale atmospheric temperature, including changes 
in global ocean heat content, continental-scale temperature trends, temperature 
extremes, circulation and arctic sea ice extent.” The awarding of the 2007 Nobel 
Peace Prize to Al Gore and the team of more than 2,000 scientists who partici-
pated in the IPCC would seem to lend credibility to these conclusions.

Yet, anyone paying even casual attention to media reports cannot help 
but notice that the issues are highly contested. Numerous articles, books, and 
reports claim that global warming is a hoax or a ploy. Not only are the poten-
tial impacts of climate change and the role of humans in the observed rise 
in temperature being questioned, but also whether Earth is indeed warmer 
relative to historic records. Just about the only thing that everyone seems to 
agree on is that the concentration of greenhouse gases in the atmosphere has 
sharply increased in the last century.

3. Climate Change 2007: Fourth Assessment Report of the Intergovernmental Panel on 
Climate Change. 4 vols. Intergovernmental Panel on Climate Change, Geneva, Switzerland, 
2007.

4. Climate Change 2001: Third Assessment Report of the Intergovernmental Panel on Cli-
mate Change. 4 vols. Intergovernmental Panel on Climate Change, Geneva, Switzerland, 2001.
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Again, the question of whom to believe comes up. We are not climate sci-
entists, but we are fairly well informed and have enough grasp of the complex 
science behind it that we can see through the distortions, exaggerations, and 
obfuscations in many reports.

Since the question of global warming is so intimately connected with the 
use of energy, we will take some time to go through the three questions we 
posed at the start of this section. The reason to go through these arguments is 
that, in the end, we all have to collectively make certain value judgments, and 
science does not provide that. How we choose to deal with climate change has 
an enormous and direct impact on the lives and lifestyles of billions of people. 
For many it could mean the difference between one and two square meals 
a day,5 while for others it could mean massive relocation to “foreign” lands 
where they will have to adapt to a new lifestyle and a new way of earning their 
livelihood. These are existential issues. No wonder then, that we have well-
intentioned and knowledgeable people on both sides of the issue.

The greenhouse gas effect is real—there is no denying this fact. Had it not 
been for the greenhouse gas effect, Earth’s average temperature would have been 
well below freezing at about 0°F (−18°C), instead of the very hospitable—for us 
humans, at least—59°F (15°C). There is also no doubt that CO

2
 is a greenhouse 

gas and that its concentration has increased substantially over the last 150 years. 
Its concentration in the atmosphere prior to the industrial revolution was 260 
parts per million (ppm), and today it is around 380 ppm and climbing. We are 
currently pumping about 24 billion tons of CO

2
 into the atmosphere each year 

through the use of fossil fuels. If condensed into a liquid, these 24 billion tons 
of CO

2
 would occupy about 5 cubic miles. The amount of emissions have been 

and continue to be on the rise. No one disputes these facts.
Arguments arise when scientists start attributing the rise in CO

2
 levels to 

anthropogenic emissions. The consensus view expressed in the IPCC’s Fourth 
Assessment report is that the observed rise is very likely due to human activ-
ity. Atmospheric scientists who question this conclusion emphasize that in 
order to match the quantitative rise in CO

2
 concentrations with the amounts 

of emissions, the models have to use a lifetime of more than a century for the 
turnover of CO

2
. In other words the CO

2
 injected in the air takes about a cen-

tury before it mixes with the rest of the biological and geological sinks. Many 
scientists contend that the lifetime for CO

2
 is on the order of a decade or two.6 

In his review of two recent books on the subject, Freeman Dyson summarizes 
the argument for the life-cycle of CO

2
 by examining the annual variation seen 

in the published CO
2
 data. While there has been a steady increase in the atmo-

spheric CO
2
 concentration, there is an approximately 14% variation between 

5. Robert B. Zoellick, Chairman. Rising Food Prices: Policy Options and the World Bank 
Response, World Bank, Washington, D.C., 2008.

6. Freeman Dyson in New York Review of Books, June 12, 2008, http://www.nybooks.
com/articles/21494. Accessed June 2009.
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spring and fall values. This seasonal difference arises from CO
2
 being fi xed by 

plants as they begin their growth in spring and then its release by the decay 
of plants beginning in fall. These data suggest that CO

2
 would completely mix 

with the biosphere in about a decade. If this reasoning is correct, the emis-
sions could not account for the observed rise, which leads one to conclude 
that there are other natural sources of CO

2
 that the climatologists have not 

accounted for in their models.
Scientists also argue about whether Earth is warming up and, if so, com-

pared to when. The IPCC’s Third Assessment Report featured a graph that 
vividly showed a marked rise in global temperatures in the last 50 years coin-
ciding with the equally sizable growth in atmospheric CO

2
 concentrations. 

However, it was found that the analysis that produced the graph was fl awed, 
and the IPCC did not use it in its Fourth Assessment Report. Others have 
argued that Earth has been warming at a rate of about 1°F a century since it 
emerged from the last ice age, and that there has been no noticeable increase 
in the rate of warming since the onset of industrialization. Many glaciers 
around the world are indeed melting, but they have been doing so for a long 
time, which means that there are competing explanations for almost all of the 
observations relevant to this discussion.

Arguments get even more complicated when we start examining the 
impact of the temperature rise on sea levels and the climate in general. 
Because reliable data for temperature, sea level, rainfall, and gas concentra-
tions of Earth are available only for the recent period, of necessity scientists 
have to rely on proxy data and statistics. We will not resolve this debate here. 
Our point is simply to alert you to the fact that there is a scientifi c debate on 
the subject of climate change. The science is not settled. As scientists, we found 
IPCC’s emphasis on consensus, which was then interpreted in the media as 
unanimity barring a few fringe dissenters, somewhat strange. Science has long 
given up on majority as the arbiter of truth.

Uncertainty surrounding the question of climate change caused by human 
activity aside, we still face rising CO

2
 levels. Should we not engage in activities 

to mitigate the risk posed by rising greenhouse gases? What about taking steps 
to be able to adapt to the possible climate changes? Anthropogenic or not, we 
have to assume that there is a possibility that the outcomes could range from 
minimal change to as grave as described by the IPCC, or perhaps even worse. 
It thus becomes a question of risk mitigation, and akin to taking out an insur-
ance policy against a potential catastrophe.

The Stern Review, a 2006 report by the British government on the econom-
ics of climate change, frames the question of climate change precisely in terms 
of an insurance policy.7 It concludes that the economic risk of doing nothing 

7. The Stern Review on the Economics of Climate Change, October 2006. http://www.
hm-treasury.gov.uk/independent_reviews/stern_review_economics_climate_change/ 
sternreview_index.cfm. Accessed November 2006.
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to avert greenhouse gas emissions is far greater than the cost of implement-
ing strategies to curb them. The risk was assessed at between 5% and 20% of 
gross world product (GWP) per year, while the cost was only about 1% of 
GWP. Even with a later revision of this number to 2% of GWP, it would seem 
like a no-brainer to embark on a serious effort to quickly curb CO

2
 emissions. 

However, there are also eminent economists who point out that the analysis 
by Stern is based on a questionable methodology of not discounting, or very 
weakly discounting, the future costs. Stern used this approach because of ethi-
cal considerations and the responsibility of the present generation towards 
future generations. However, by calculating the net present value of the future 
costs using market discount rates, William Nordhaus, Sterling Professor of 
Economics and a Fellow of the American Academy of Arts and Sciences, comes 
to a very different conclusion. He advocates a cautionary approach to curb-
ing CO

2
 emissions because the immediate impact on the economic welfare 

of society from measures to curb CO
2
 emissions in any signifi cant amopunt 

could be a lot more dire than the discounted future costs.
In taking out most insurance policies, we protect ourselves against certain 

risks while accepting others. That should be our approach here too. We must 
compare the investments needed to reduce CO

2
 levels against those needed 

to adapt against the possible consequences of rising CO
2
 levels. As with the 

scientifi c basis for anthropogenic greenhouse emissions causing global warm-
ing, we see that the economic analyses are also areas of active debate. However, 
instead of debate, all too often we have encountered name-calling that ends the 
debate: names such as deniers or industry-stooges for those opposing the idea 
of human-activity-induced climate change, and believers or yellow scientists—
that’s supposed to be a play on yellow journalism—for the proponents of that 
idea. We cannot resolve those controversies here, but we want to acknowledge 
their existence. Nor do we suggest that we debate these issues until they are 
completely resolved, because that would be advocating inaction.

Our stance is that even without the concerns of global climate change, 
meeting the future energy demand is going to pose an enormous challenge. 
The additional requirement for curbing greenhouse gases makes the task much 
more challenging. Greater use of renewable resources—or income resources 
as we prefer to call them—such as wind, solar, and biomass could mitigate 
greenhouse gas emissions, but these technologies are in their infancy and could 
well require decades of development. As we describe in chapter 7, while these 
resources have the potential to meet a signifi cant a part of our energy demand, 
our current technologies for utilizing them are inadequate. Most of the alterna-
tive energy technologies are very expensive, and thus we could end up squan-
dering resources that could otherwise be used to improve the quality of life 
for billions of people, including helping them reduce the impact of potential 
climate change by building dykes or water desalination plants. If we rush to 
implement current technologies at the required scale, we run the risk of creat-
ing even greater harm for some unintended consequence. “Look before you 
leap” is an adage that we need to follow.
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The only technology that we have today to produce energy at the 
desired scale without greenhouse gas emissions is nuclear power. This is an 
option that many do not want even to consider, because there has been no 
clear solution to the issue of nuclear waste disposal, nor has the question of 
increased risk of nuclear proliferation been adequately addressed. However, 
we believe that leaving nuclear energy out of the equation is neither realistic 
nor responsible.

Inherited and Income Resources

We divide our energy resources in two categories, “inherited” and “income” 
resources, and use these terms throughout the book. Inherited resources, 
which include oil, coal, natural gas, and uranium, are fi nite because they were 
formed many millennia ago and may be exhausted within this century. In 
contrast, income resources, which include hydropower, biomass, photovolta-
ics, wind, solar thermal, tidal, and wave power, will be available to us forever 
barring a disaster beyond our ability to predict (or for as long as the sun 
shines).

Many observers, we among them, believe that (1) the world will shortly 
face major crises over supplies of its dominant fuel, oil, producing which at 
rates demanded by the economic growth is getting harder and more expensive; 
(2) the relatively new and emerging alternative energy technologies, includ-
ing solar-generated electricity, produce only tiny amounts of energy today, 
are likely to take decades before they can begin to produce truly signifi cant 
amounts, and are almost certain to face substantial environmental problems 
of their own; and (3) the world does not seem to understand, or ignores, the 
magnitude of the problems involved if oil production drastically slows by 
mid-century. We will need not only to replace much of the 1 CMO currently 
supplied by oil but also to fi nd the additional energy required to satisfy the ris-
ing demand of the billions of people whose current use is far below the global 
average as they strive to improve their standard of living.

If we continue to increase energy consumption the way we have been over 
the last century, the total demand for energy by mid century (2050) would be 
around 9 CMO! The requirements could be lessened, if greater attention were 
paid both to reducing energy demand and to increasing energy effi ciency. Per-
haps through markedly improved effi ciency and a serious conservation effort 
we will be able to reduced our energy demand by as much as 100% of our cur-
rent rate of energy consumption. Even then, the total energy requirement in 
2050 would be 6 CMO, or twice that of today. Many are placing their hopes on 
an unprecedented growth in the use of one or more of the income resources. 
The nascent energy industries such as wind and solar would have to expand 
several hundred to thousand times in order to deliver just 1 CMO. If we elect 
to eliminate the use of fossil fuels, the alternate sources will have to expand 
even more.
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Consider the following:

• Hydropower now produces 0.15 CMO/yr, or about 1/20th of the world’s 
energy. Its use might be increased by a factor of 2 to perhaps a factor 
of 4. In doing so, we would need to fl ood somewhere between 40,000 
and 60,000 square miles of land, much of it in current or potential use, 
for the reservoirs to feed the hydropower plants. In addition, the use of 
hydropower raises both environmental and social issues.

• Replacing today’s oil industry with biomass-derived energy could 
require 5–10% of Earth’s land area, or perhaps as much as one-quarter 
of the world’s currently available cultivatable land, to be devoted to 
this purpose. Agricultural and forestry activities could be expanded, 
but could they be grown enough to replace a signifi cant fraction of the 
current oil industry without depriving the world of needed food? After 
all, even if the entire 80 million acres of cropland the United States 
currently used to produce corn were to be used for ethanol production, 
it would satisfy only half its annual gasoline requirement.

• Global-level wind and photovoltaic power production would require 
considerably less land and would not impinge so strongly on other 
needed activities. Energy from these sources is likely to be more 
expensive than today’s fossil fuels. Moreover, because these income 
resources are not always available when energy is needed, their 
usefulness would be seriously limited unless large-scale, economic 
energy-storage technologies were also developed. Specifi cally:
•  If wind machines were used to generate an amount of energy 

equivalent to today’s oil consumption, it would be necessary to 
manufacture and install at least a thousand 2-MW machines every 
week for 50 years, for a total of more than 2.5 million machines 
and at a capital cost in today’s dollars of almost $5 trillion. These 
numbers for wind power are not as daunting as the challenge of 
fi nding acceptable places to locate them.

•  Alternatively, if we follow the route of installing 2-kW photovoltaic 
systems, like those commercially available today for individual homes, 
we would need nearly 5 billion such systems, each comprising ten 
4 ft × 3 ft panels. At current prices, the total installed cost is likely to 
exceed $80 trillion. Finding the 5 billion suitably sized and located 
homes is another question altogether.

•  Finally, the further development of nuclear power, which is already 
equal to hydropower as a contributor to global energy supply, is 
lagging. Opponents urge its abandonment, citing past diffi culties 
encountered by the early developers and regulators of the industry, 
and uncertainties about the safety of storing nuclear waste for tens and 
even hundreds of thousands of years into the future. The equivalent 
nuclear power generation requirement to match today’s energy 
contribution from oil alone would require the installation of about 

01-Crane_Chap01.indd   1401-Crane_Chap01.indd   14 3/6/2010   10:33:48 AM3/6/2010   10:33:48 AM



Introduction 15

2,500 of today’s average-sized reactors (900-MW
e
 rating), or in other 

words about 1 plant per week for 50 years, at a cumulative cost on the 
order of $5–10 trillion.

The task facing society as it seeks to provide for future energy needs is daunt-
ing, but continued delay in facing the facts will only make matters worse. Our 
choice of the words “inherited” and “income” betrays our bias in the belief 
that we will be better off living off our income rather than our inheritance. 
But weaning us from our current dependence on fossil energy is not a simple 
matter. Some have argued that in order to facilitate the transition, we must 
increase the price of fossil energy, either by taxing the carbon emissions or 
through a cap-and-trade mechanism. What we have to guard against is mak-
ing energy affordable only for the affl uent and inadvertently denying access to 
billions who are now aspiring to better their standard of living—those who 
are least able to afford an increased price for energy.

Developing nations obviously cannot be denied access to additional 
energy, which is key to improving their citizens’ quality of life. However, we 
can collectively adopt lifestyles that avoid unnecessary use of energy. Such life-
style changes to reduce energy use will be diffi cult to achieve, especially if they 
involve personal inconvenience. Decisions about installing energy-effi cient 
equipment in industry or commercial activities will be largely dictated by eco-
nomics. For example, many retail managers recognize that overall lighting in 
their shops could possibly be reduced, but they are also cognizant that sales 
are driven by well-lit displays and are therefore reluctant to reduce the light-
ing. Personal decisions (including purchase of an energy-effi cient home, car, 
or light bulbs, as well as changing to a purely vegetarian diet) will depend on 
additional factors. It is our view that public awareness spurs motivation and is 
a necessary fi rst step toward large-scale conservation or effi ciency effort.

Overview of the Book

The book consists of three major parts. Part I summarizes past energy use 
and describes the basic elements of our current energy system, the various 
resources we use to meet our energy needs, and the overall pattern of their 
use. Currently, about 85% of our energy comes from our inherited resources. 
We have used historical and current data on energy as guides to project 
future energy use and to estimate the total energy requirements through 
2050. We have chosen 2050 as the time horizon for this study because it is 
far enough in the future to enable major changes to occur in our energy 
use, while not so distant that all estimates for future consumption get too 
uncertain to be useful.

Two points will become evident from the discussion: (1) the energy 
industry is so large and is so slow to change that it takes decades to make 
any signifi cant change in global patterns of production and consumption, and 
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(2) we have been essentially living off our inheritance, and we should quickly 
switch to our income resources as much as possible or face potentially drastic 
consequences. How we might do that and what it would take to achieve that 
goal are the questions that we consider in this book.

Part II examines our inherited and income energy resources. We fi rst dis-
cuss the fossil resources of coal, oil, and natural gas, which were produced over 
eons and are unlikely to signifi cantly increase with time, although new tech-
nologies may result in our ability to extract resources that are currently not 
economical. The discussion of our inheritance also includes the amount of 
uranium available for use in nuclear reactors. Because we believe that nuclear 
energy will play an important role in our future and because it is the most 
misunderstood of the energy technologies, we discuss this resource in some-
what greater detail than others. We include discussions of fuel preparation, 
reactor technology, and waste handling, along with a discussion of the percep-
tions about, and the realities of, nuclear energy. We next consider the income 
resources, which can last for as long as humankind is around. Under this cat-
egory, we examine the potential of hydropower, geothermal, solar thermal and 
photovoltaics, wind, and biomass to provide for our energy needs.

As will become evident by the discussions in parts I and II, the task ahead of 
us is enormous and will only be exacerbated if we continue in our entrenched 
ways or make only small adjustments. Accomplishing anything signifi cant 
generally requires a combination of aptitude and attitude. In the present case, 
aptitude refers to technological advances. While technological advancements 
and innovations are seriously needed, we note that unless we are also willing 
to make some attitudinal changes, the goal of living on sustainable energy is 
likely to elude us. In part III, we discuss the role that increased effi ciency and 
conservation can play in mitigating the crisis. These offer the quickest means 
to avert the impending crisis for a period of a few decades, during which time 
we must gear up our income resources. In part III we also offer suggestions for 
planning and implementation of “new” approaches to resolving our energy 
dilemma. Even so, it is not until the latter half of the 21st century that we 
expect our income resources could become substantial contributors.
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