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Foreword

A confluence of events is producing a growing sense of urgency about 
the role of energy in long-term U.S. economic vitality, national security, 
and climate change. Energy prices have been rising and are extremely 

volatile. The demand for energy has been increasing, especially in develop-
ing countries. Energy supplies, and especially supplies of oil, lack long-term 
security in the face of political instability and resource limits. Concerns about 
carbon dioxide emissions from the burning of fossil fuels, which currently sup-
ply most of the world’s energy, are growing. Investments in the infrastructure 
and technologies needed to develop alternate energy sources are inadequate. 
And societal concerns surround the large-scale deployment of some alternate 
energy sources such as nuclear power. All of these factors are affected to a great 
degree by government policies both here and abroad.

To stimulate and inform a constructive national debate on these and other 
energy-related issues, the National Academy of Sciences and the National Acad-
emy of Engineering initiated in 2007 a major study, “America’s Energy Future: 
Technology Opportunities, Risks, and Tradeoffs.” The America’s Energy Future 
(AEF) project was organized to respond to requests from the U.S. Congress, 
in particular from Senate Energy and Natural Resources Committee Chair Jeff 
Bingaman and Ranking Member Pete Domenici as well as House Science and 
Technology Committee Chair Bart Gordon and Ranking Member Ralph Hall. 
Phase I of the project is structured to provide authoritative estimates of the 
current contributions and future potential of existing and new energy supply 
and demand technologies, their associated impacts, and projected costs. It will 
also serve as the foundation for a Phase II portfolio of subsequent studies at the 
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viii	 FOREWORD

Academies and elsewhere focused on more strategic, tactical, and policy issues, 
such as energy research and development priorities, strategic energy technology 
development, and policy analysis.

Phase I of the AEF project will produce a series of five reports designed 
to inform key energy policy decisions as a new U.S. President assumes office 
and a new Congress convenes in 2009. The AEF effort to date has benefited 
from a large number of recent projects conducted by various organizations that 
have explored technology options for shaping future energy use. Some of these 
study results conflict and reflect disagreements about technology potential, 
particularly for technologies such as biomass energy, energy efficiency, renew-
able electric power generating technologies, nuclear power, and advanced coal 
technologies. A key objective of the AEF series of reports is to resolve conflict-
ing analyses of technology options to help facilitate a productive national policy 
debate about the nation’s energy future.

The AEF project is being generously supported by the W.M. Keck Founda-
tion, Fred Kavli and the Kavli Foundation, Intel Corporation, Dow Chemical 
Company Foundation, General Motors Corporation, GE Energy, BP America, 
the U.S. Department of Energy, and by our own academies.

A key milestone in the AEF project was the National Academies Summit 
on America’s Energy Future, which was convened on March 13-14, 2008, in the 
National Academy of Sciences Auditorium in Washington, D.C. The summit 
provided an opportunity for discussion of recent major studies by key principals 
of those studies as input to the AEF study committee and panel deliberations. 
This summary report, the preparation of which was overseen by a subgroup of 
the Committee on America’s Energy Future (see Appendix A), chronicles the 
rich and varied presentation that occurred at the summit. Information on the 
speakers at the summit is given in Appendix B, and the agenda for the summit 
is included as Appendix C.

Ralph J. Cicerone, President		  Charles M. Vest, President
National Academy of Sciences		  National Academy of Engineering
Chair, National Research Council		  Vice Chair, National Research Council
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Preface

On March 12, 2008, the price of a barrel of light crude oil exceeded 
$110 for the first time in history. The next day, more than 800 peo-
ple gathered in the auditorium of the National Academy of Sciences 

Building and over the Internet for the 2-day National Academies Summit on 
America’s Energy Future. While the summit was designed to examine a broad 
range of energy sources and timeframes ranging years and decades into the 
future, record-high prices of oil were a constant reminder that the future is 
fast approaching. As Department of Energy (DOE) Secretary Samuel Bodman 
said in addressing the summit, “The price of oil is so high that it has gotten 
everybody’s attention.”

The summit was conducted as the inaugural event in a major initiative at 
the National Academies, the America’s Energy Future (AEF) project. A joint 
effort of several divisions within the National Academies, the AEF project has 
two phases. Phase I, an examination of the performance, costs, and potential 
impacts of existing and near-term energy technologies, will provide a base 
of information for a Phase II consideration of related policy issues such as 
managing climate change, ensuring energy (and, particularly, oil) security, and 
developing and deploying advanced technologies that will help meet those chal-
lenges. The Phase I effort will culminate in a full study report by the Committee 
on America’s Energy Future, supported by three separately appointed panels 
whose work will be detailed in three separate reports (see Appendix A).

Conceived and carried out as a collaborative effort between the AEF proj-
ect and the National Academies Office of Communications, the summit was 
held to stimulate discussion and debate in advance of the 2008 U.S. elections. 
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�	 PREFACE

It brought together many of the most knowledgeable and influential people 
working on energy issues today (see Appendix B). In addition to Secretary 
Bodman, government speakers included Senator Jeff Bingaman, DOE Under-
secretary Ray Orbach, and Department of State Undersecretary Reuben Jeffery. 
James Schlesinger, the first secretary of energy, brought a valuable historical 
perspective to the meeting, while Ged Davis from the World Economic Forum 
in Geneva and José Goldemberg of Brazil offered international perspectives. 
Several speakers who have recently led important national and international 
studies on energy issues—including Robert Marlay (Climate Change Technol-
ogy Program), Rodney Nelson (National Petroleum Council), Ernest Moniz 
(Massachusetts Institute of Technology), Paul Portney (University of Arizona), 
Michael Ramage (ExxonMobil [retired]), John Holdren (Harvard University), 
Steven Chu (Lawrence Berkeley National Laboratory), and Amory Lovins 
(Rocky Mountain Institute)—summarized and elaborated on their previous 
work. Other representatives of higher education, industry, and the nonprofit 
sector provided informative and provocative analyses of a very broad range of 
issues.

The result was an incredibly rich gathering of intellectual capital. Full 
biographies of the speakers, videos of their presentations, and copies of their 
slides are available at the AEF project website, http://www.nationalacademies.
org/energy. The website also contains links to other energy-related activities and 
to many reports and other documents available from the National Academies. 

The present report, the first in the AEF Phase I series of five reports, was 
prepared by Steve Olson in close collaboration with a subset of the Committee 
on America’s Energy Future. It summarizes what was discussed at the summit 
but cannot cover all topics that the committee thinks are important. Nor does 
the report necessarily reflect the views of the committee. The report is orga-
nized thematically rather than chronologically, and so points made by some 
speakers appear in more than one chapter. It also reproduces some of the slides 
shown at the summit, some of which have been slightly altered for clarity.

Even over the course of 2 days, not all of the topics associated with energy 
could be discussed at the summit. For example, renewable sources of energy 
were covered briefly but not thoroughly, and international considerations 
received less attention than did U.S. policies and scenarios—gaps in coverage 
that are necessarily reflected in this summary. Nevertheless, the speakers at the 
summit covered a very broad range of topics, from economic development in 
China to ethanol production in Brazil to the anticipated effects of recent U.S. 
legislation on greenhouse gas emissions, in talks loosely organized around three 
major themes: energy security, energy and the economy, and energy and the 
environment (see Appendix C). In particular, several speakers examined recent 
actions and the need for future actions in the context of calls for policy reforms 
from major national organizations. They pointed out that some progress has 
been made on some issues. Yet the challenges facing the United States, other 
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PREFACE	 xi

developed nations, and the developing world remain immense. Meeting the 
need for energy without irreparably damaging Earth’s environment will require 
technological and social changes that have few parallels in human history.

As this summary makes clear, the energy problem is hard—much harder 
than projects with straightforward technological objectives like the Manhattan 
Project or the Apollo Project. As Senator Jeff Bingaman said at the summit, 
“Energy policy does not have a single goal. It is extremely complex and mul-
tifaceted. . . . We run a real risk of heading in the wrong direction in energy 
policy if we try to oversimplify the issues, if we try to overstate the potential of 
any single energy initiative, or if we try to understate the difficult nature of the 
energy problems that we face.”

Despite such difficulties, the discussions at the summit were largely opti-
mistic. Many advanced technologies outlined at the summit hold great promise. 
There are immense markets for green technologies around the world. Interna-
tional cooperation can help to unify the efforts of national governments. The 
challenge is to convert concern into action. The energy problem is solvable, 
but not without tremendous effort and good will on the part of individuals, 
organizations, and nations. 

Robert W. Fri, Chair 
Committee for the National Academies Summit
  on America’s Energy Future

Peter D. Blair, Executive Director
Division on Engineering and Physical Sciences, 
  National Research Council
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Part I

The Current Context

We must find a way to meet the increasing demand for energy without adding 
catastrophically to greenhouse gases.

Ray Orbach, Undersecretary for Science,
U.S. Department of Energy
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1

A Growing Sense of Urgency

In 2003 the National Academy of Engineering named the 20 most impor-
tant engineering accomplishments of the 20th century. At the top of the 
list was electrification. As Ernest Moniz said at the Summit on America’s 

Energy Future, which was held March 13-14, 2008, at the National Academy 
of Sciences Building in Washington, D.C., “In the century of computers, lasers, 
rockets, and cell phones, for electrification to be the number one engineering 
achievement of the century reflects the enormous technology embedded in 
that system, and its implications for our quality of life and the building of our 
society.”

The use of energy permeates our lives. We use energy to cook, to light and 
heat our homes and commercial buildings, to power industry and agriculture, 
to transport people and goods, and to drive and fly. The products we buy and 
the services we employ are made possible by the use of energy. Our well-being, 
prosperity, and security are all built on the ingenious provision and application 
of various forms of energy.

These observations apply to those who have relatively limited access to 
energy as much as they do to those who have ready access. As Reuben Jeffery 
noted during the summit, the growing use of energy in the developing world 
is closely linked to economic development and the reduction of poverty. Eco-
nomic growth in China, for example, has lifted hundreds of millions of people 
out of poverty and has brought hope and opportunity to a new generation. 
The United States has an interest in supporting this economic development, 
Jeffery said, while also leading the effort to find ways of mitigating the negative 
environmental impacts that accompany development.
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�	 THE NATIONAL ACADEMIES SUMMIT ON AMERICA’S ENERGY FUTURE

Steven Chu made a similar observation. The major energy problem in 
about one-third of the world is very different from the energy problems com-
mon in the United States, he said: “The basic energy needs of the poorest 
people are not being met.” The poor in the developing world rely primarily 
on wood, charcoal, dung, or other organic materials for cooking, and most live 
without electricity (IAC, 2007). The rest of the world has a “moral and social 
obligation” to help those who live in poverty gain access to the energy they 
need, Chu said.

Yet continued reliance on the dominant sources of energy being used 
today also poses grave risks to human well-being. The production and use of 
fossil energy cause air and water pollution and also can require huge economic 
investments. Efforts to secure long-term access to fossil and nuclear fuels have 
at times greatly exacerbated international tensions. And global climate change 
caused by the release of greenhouse gases into the atmosphere could have cata-
strophic consequences. “There is a broad consensus that if a responsible society 
doesn’t act, we’re heading for a problem in the environment, on energy security, 
and on economic development,” said Jeffery. “We need to act now.”

INCREASING DEMAND AND CONSTRAINED SUPPLIES

In his 12-volume Study of History (1934-1961), historian Arnold Toynbee 
examined the trajectories of various human civilizations and asked why civili-
zations succeeded or failed. Most often, said James Schlesinger at the summit, 
they failed because of a challenge they could not meet. Today, the provision 
and use of energy pose “an immense challenge, both foreign and domestic,” 
Schlesinger said. “The question is our ability to respond effectively to that 
challenge.”

Schlesinger quoted from a 1953 book entitled The Next Million Years by 
Charles Galton Darwin, the grandson of the author of the Origin of Species. In 
1953 Darwin wrote:

A thing that will assume enormous importance quite soon is the exhaustion of 
our fuel resources. Coal and oil have been accumulating in the earth for over 
five hundred million years, and, at the present rates of demand for mechanical 
power, the estimates are that oil will be all gone in about a century, and coal 
probably in a good deal less than five hundred years. For the present purpose, 
it does not matter if these are under-estimates; they could be doubled or 
trebled and still not affect the argument. Mechanical power comes from our 
reserves of energy, and we are squandering our energy capital quite recklessly. 
It will very soon be all gone, and in the long run we shall have to live from year 
to year on our earnings. (p. 63)

Darwin’s observations are as relevant today as they were a half century 
ago, Schlesinger observed. “We are going through our capital of inheritance at 
a remarkable pace.”
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Several years ago Schlesinger co-chaired a Council on Foreign Relations 
study with John Deutch of the Massachusetts Institute of Technology on the 
geopolitical implications of America’s dependency on imported oil (Victor et 
al., 2006). That study articulated three key observations, which several other 
speakers at the summit reiterated. The first is that the rising consumption of 
oil (driven by rising incomes and population growth) in the face of limited 
supplies will continue to put upward pressure on prices. This development is a 
departure from the past, said Schlesinger, when bodies such as the Organization 
of Petroleum Exporting Countries were established to limit the abundance of 
supplies.

Current demand for energy services reflects both the large amount of energy 
being used in the industrialized countries and the increasing use of energy in 
the developing world (Chapter 3). Consumption of petroleum, natural gas, and 
coal in the United States, Europe, and industrialized Asian countries is large but 
relatively stable, Jeffery pointed out. But in rapidly developing countries such 
as China and India, energy consumption is growing dramatically. As recently 
as the early 1990s, China supplied its own energy resources. In less than two 
decades, China’s oil consumption and its gross domestic product have tripled. 
As a result, China now imports more than 3 million barrels of oil per day, and 
that number is growing rapidly.

Demand for energy is likely to increase even more in the years ahead (Fig-
ure 1.1). The world’s energy consumption could grow by more than 50 percent 
by 2030, with three-quarters of that increase coming from the developing 
world. By the end of the 21st century, energy use could more than double, 
although actual use will depend on prices, availability, new technologies, and 
many other factors.

Meeting a rising demand for energy will require significant investment, 
Jeffery pointed out. The International Energy Agency (IEA) estimates that 
$22 trillion in new investment will be needed to meet expected global demand 
in the next two decades (IEA, 2007).

Production and the discovery of new energy sources are not yielding suf-
ficient fuels and electricity to keep pace with increasing demand. With regard to 
petroleum (Chapter 4), reserves of oil are available, but many of the countries 
with petroleum reserves do not have a strong incentive to increase production. 
“We’re not dealing with an absence of oil,” said Samuel Bodman. “We’re deal-
ing with the fact that a large fraction of the oil that is in the world—and we 
know where it is—is in the hands of national oil companies that are seeing $110 
a barrel today for the price of oil, and they are looking at that price going up. 
They are starting to ask the question, in my judgment, why should they produce 
it now when they can produce it next year and make more money?”

Supplies of natural gas also are constrained. Russia, which has the world’s 
largest known natural gas reserves, has indicated that it will not develop the 
Yamal gas field fast enough to meet the growing demand in Western Europe, 
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Figure 1-1.eps
redrawn to vector

0

200

400

600

800

1,286

826

702
654

607

Projections

559
551

447
400

366347

History

309283

2100205020302025202020152010200420001995199019851980

FIGURE 1.1  World energy consumption (expressed in terms of quadrillion British 
thermal units; quads) is projected to increase by more than 50 percent between now 
and the year 2030, and by more than 100 percent by the end of the 21st century. NOTE: 
Projections are based on models that incorporate assumptions about such factors as 
economic growth, world energy markets, resource availability and costs, technologies, 
and demographics. A review of the Energy Information Administration’s process for 
energy forecasting is available at http://www.eia.doe.gov/oiaf/aeo/overview/index.html. 
SOURCE: Ray L. Orbach, U.S. Department of Energy, “Basic Research and America’s 
Energy Future,” presentation at the Summit on America’s Energy Future on March 14, 
2008; data on consumption through 2030 from EIA (2007) and after 2030 through 2100 
from IPCC (2000; Figure 8).

Schlesinger said. Iran, which has the second largest known reserves, also cannot 
be expected to expand production greatly.

Supplies of liquefied natural gas are not a problem in the short term, 
according to Schlesinger. But in the long run, depending on these supplies 
implies reliance on the same countries that supply much of the world’s oil. 
Liquefied natural gas also will not be cheap. European contracts for liquefied 
natural gas track the price of diesel, Schlesinger said, and with diesel prices high 
the price of liquefied natural gas also is high.

Coal (Chapter 5)—once considered America’s “ace in the hole” because of 
abundant domestic supplies—now poses much greater uncertainty, Schlesinger 
observed, largely because of concern about increasing levels of greenhouse 
gases in the atmosphere (Chapter 2). Although the Energy Information Admin-

The National Academies Summit on  America's Energy Future: Summary of a Meeting

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/12450


A GROWING SENSE OF URGENCY	 �

istration (EIA) had projected that coal would provide 57 percent of U.S. electri-
cal power production by 2030 (EIA, 2008)—up from 51 percent today—recent 
cancellations of new coal-fired power plants make such projections unlikely. 
Technologies are being investigated that would capture the carbon dioxide 
emitted from coal-fired plants and sequester it in deep underground reservoirs 
(Chapter 5). But any such technology is years away from being deployed on a 
large scale.

Nuclear power (Chapter 6) is receiving renewed attention as a potential 
source of energy that does not release greenhouse gases during power genera-
tion. But while a nuclear revival is likely, Schlesinger said, a nuclear renaissance 
is not. Major problems regarding fuel cycles and waste storage remain to be 
solved. And the nuclear labor force has aged dramatically in recent decades, 
with much of the labor force now on the verge of retirement and far fewer 
trained workers ready to fill their shoes. The EIA (2008) has projected that by 
2030 nuclear energy will provide an additional 14.7 gigawatts of power in the 
United States (current nuclear plants have a capacity of about 100 gigawatts). 
That will be helpful, Schlesinger said, but it will not solve America’s energy 
problem.

Energy supplies will continue to be available, said Schlesinger, but only at 
whatever price clears the market. As a result, “the price of energy will continue 
to rise,” he said, “[despite] what the public expects and what political leaders 
may promise with regard to affordability.”

CONTINUED U.S. RELIANCE ON FOREIGN SOURCES OF OIL

The second broad observation to emerge from the study Schlesinger co-
chaired is that U.S. dependence on foreign oil is not going to end in the foresee-
able future (Victor et al., 2006). One reason for this continuing reliance is the 
sheer size of the U.S. market. As Paul Portney pointed out, about one person in 
every 20 on Earth lives in the United States. Yet the U.S. population currently 
uses about one in every four barrels of oil that are produced. This high usage 
is why the United States currently imports about two-thirds of its oil. “We use 
oil in gross disproportion to our numbers,” Portney said.

Past calls to achieve energy independence have failed, Schlesinger observed. 
In 1973, President Richard Nixon launched Project Independence, which laid 
out a path to becoming energy self-sufficient by the year 1980. Between 1973 and 
1980, imports of crude oil into the United States rose 60 percent, Schlesinger 
said. Since that time, they have tripled. “If we are seeking energy independence, 
we do not seem to be on the right track,” Schlesinger observed.

The main reason for increased imports is the nation’s continued reliance on 
petroleum for vehicle fuels. “We are not going to reach energy independence 
as long as the United States remains dependent on the internal combustion 
engine,” said Schlesinger. Advances in transportation technologies have sub-
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stantial potential to reduce oil consumption in this sector (Chapter 9). But 
even as the fuel efficiency of vehicles improves, the larger number of vehicles 
caused by a larger population and more vehicles per person will at least partly 
offset efficiency gains. Furthermore, it takes 20 years to turn over the stock of 
cars, and older cars, which tend to stay on the road in the absence of policies 
to replace them, are the least efficient.

Because the United States will not achieve energy security in the foresee-
able future, Schlesinger said, it must instead strive to fashion a set of policies 
that will limit energy insecurity. Establishing the strategic petroleum reserve 
was an important step in that direction, he commented, but much more needs 
to be done.

GROWING INTERNATIONAL CONSEQUENCES

The third observation to emerge from the Council on Foreign Relations 
study is that the continued U.S. reliance on imported oil has immense interna-
tional consequences (Victor et al., 2006). Portney underscored this point when 
he remarked that, with oil at more than $100 per barrel, the United States is 
sending about $500 billion per year to oil-producing countries in return for 
needed supplies of oil. This outflow of funds contributes to an enormous trade 
deficit, which in turn is putting downward pressure on the value of the dollar. 
As a result, imports have become more expensive. And because the United 
States has not succeeded in greatly increasing its own exports to other countries 
and has chosen to run a large budget deficit, the nation has to rely on other 
countries buying U.S. bonds and other assets to finance its trade deficit.

The bottom line is that debt payments to other countries are growing and 
will continue to do so. “For my children and your children and their children, if 
we continue down this road, we’re going to see a future in which large amounts 
of the government budget each year go to servicing the debt by making pay-
ments to people in China or the Middle East or Venezuela or Nigeria,” said 
Portney. “That’s not becoming of a country of the stature of the United States 
of America in my view.”

The U.S. dependence on other countries for oil has weakened the nation’s 
ability to influence the policies of those countries, said Schlesinger. The growth 
of oil revenues in countries like Iran and Venezuela has enabled them to be 
openly defiant with the United States in ways that would not have occurred a 
decade ago. Russia is reasserting itself after a decade of what it views as inter-
national humiliation. Even Saudi Arabia and other U.S. allies in the Gulf of 
Arabia are not as responsive to U.S. requests as they once were because of the 
immense increase in their financial assets.

Also, many of the countries on which the United States relies for petroleum 
are located in unstable parts of the world, Portney observed. In addition, the 
rise of resource nationalism and the use of energy resources as a political tool 
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have put constraints on oil production. More than 75 percent of the world’s oil 
reserves are now controlled by national oil companies, which tend to be less 
efficient at developing their resources (NPC, 2007).

Transporting supplies to market also can be a problem, Jeffery pointed out. 
Much of the world’s oil passes through a series of vulnerable points, leaving 
energy consumers susceptible to supply disruptions. Thirty-five percent of all 
the oil shipped in the world passes through the Strait of Hormuz. Another 34 
percent passes through the Strait of Malacca on the way to China, Japan, and 
other Asian countries. About 8 percent passes through the Bab el Mandeb, 
which connects the Red Sea to the Gulf of Aden. “Reliance on a small number 
of oil transit routes leaves world oil supplies open to the possibility of a sudden 
disruption, whether manmade or by a natural disaster,” Jeffery said.

Oil facilities also are attractive targets for terrorists, Schlesinger said. Al 
Qaeda members who were planning attacks on oil facilities in the Middle 
East were recently arrested in Saudi Arabiain February 2007 Saudi forces 
thwarted an attack on the Abqaia oil processing center, which handles two-
thirds of the oil supply from Saudi Arabia. “And,” said Schlesinger, “Al Qaeda 
has not given up.”

High oil prices have a significant impact on all energy-consuming coun-
tries. According to Jeffery, they cause hardship for individuals who have to 
pay higher prices for energy, and they also have a macroeconomic effect. Many 
other countries besides the United States are net oil importers, including some 
of the world’s poorest and most vulnerable countries. In many of those coun-
tries, the outflow of money to pay for oil risks diverting resources from public 
services and crucial tasks such as economic development. And major economic 
disruptions of recent decades, such as the developing countries’ debt crisis of 
the 1980s, were exacerbated by financial imbalances related to energy imports 
and exports.

Rising energy prices have a particularly damaging impact on small, devel-
oping countries, Bodman pointed out. There, high energy prices can be espe-
cially pernicious in stifling business growth and slowing improvements in the 
quality of life. “We must keep the energy needs of the world’s poorest nations 
in mind as we talk about solutions,” he said.

On the other side of the ledger, oil-exporting countries are accumulating 
huge financial surpluses. One consequence of this wealth transfer is a prolifera-
tion of sovereign wealth funds, which are large pools of money that countries 
rather than private entities invest. The United States and other countries are 
working with the International Monetary Fund and the Organisation for Eco-
nomic Co-operation and Development to identify best practices to encourage 
greater transparency in the investment of these funds, which will help ensure 
that such investments are based on market principles. The current administra-
tion supports policies that keep the United States open to investments from 
abroad, Jeffery said, while ensuring that national security is not threatened.
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A NECESSARY URGENCY?

Despite the severe problems associated with energy production and use, 
many people at the summit expressed optimism that the problems can be over-
come. Many new technologies are already available that can reduce energy con-
sumption in transportation (Chapter 9) and in buildings and industry (Chap-
ter 10), and other promising technologies are being developed. Moreover, many 
more people are recognizing the urgency of the energy issue, Bodman observed, 
which has built support for one of the most important elements of a national 
strategy: a national imperative to act. “Perhaps as never before, the American 
people are calling for action,” he said.

Yet many speakers at the summit also asked whether the level of urgency 
being expressed by the public and by policymakers is sufficient. New technolo-
gies can take a long time to develop and implement, especially given the large 
investments that must be made for new technologies to have a substantial effect 
in the energy sector. In light of projections that call for the use of energy to 
double during the 21st century, said Ray Orbach, “I think one can legitimately 
ask, ‘Where will the energy come from?’” Simple extrapolations of current 
trends into the future appear to yield untenable increases in greenhouse gas 
concentrations in the atmosphere. “Can we survive as a globe under those 
conditions?” Orbach asked.

“We don’t seem to be able to generate the sense of urgency that’s required 
to address this problem,” said Ernest Moniz. “We talk about doing this and 
doing that, and before you know it a decade has passed. We can’t afford to 
waste another 10 or 15 years. We can’t get there from here if we do that. The 
sense of urgency is one that we need somehow to capture.”
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The Challenge of Global Warming

According to the available evidence, the second half of the 20th century 
was warmer than any other 50-year period in the last 500 years, and 
probably in the last 1,300 years, Ged Davis said at the summit. The 20th 

century saw about a 0.6-degree centigrade increase (about 1.1 degrees Fahren-
heit) in global and ocean temperatures (Figure 2.1). Over that same period, sea 
level rose about 150 millimeters (6 inches), and it is continuing to rise at about 
3 millimeters (an eighth of an inch) per year. Mountain glaciers and snow cover 
have on average declined in both hemispheres.

These global changes appear to be a consequence of changes in land use 
and energy use during the 20th century, Davis said. Deforestation and the 
burning of fossil fuels have increased the amount of carbon dioxide in the 
atmosphere from about 300 parts per million in 1900 to about 380 parts per 
million today. This increase has been driven by a fourfold increase in global 
population—to more than 6 billion—combined with an increase in the per 
capita use of energy. Given that per capita global incomes have risen some 
10-fold since the beginning of the 20th century, the world has seen a 40-fold 
increase in economic activity. Energy use has not risen as fast as economic 
activity, owing to increases in efficiency and changes in the nature of economic 
activity. But Davis estimated that annual global energy use has probably risen 
at least 20-fold over the past century.

The Intergovernmental Panel on Climate Change (IPCC) models that 
predict temperatures based only on natural forcings—such as changes in solar 
output and volcanic activity—show relatively moderate temperature changes 
over the 20th century (Figure 2.2). IPCC models that include the effects of 

11
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FIGURE 2.1  Global air and ocean temperatures and sea level have risen over the course 
of the 20th century, while average annual snow cover in the Northern Hemisphere has 
declined. SOURCE: IPCC (2007; Figure 1-1). 
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anthropogenic greenhouse gas emissions show an increase in temperatures that 
closely tracks observations.

SCENARIOS OF FUTURE CLIMATE CHANGE

On the basis of models that assume different technology, economic, and 
policy trajectories, the IPCC has developed several scenarios of future emis-

The National Academies Summit on  America's Energy Future: Summary of a Meeting

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/12450


	 13

F
ig

ur
e 

2-
2.

ep
s

re
dr

aw
n 

to
 v

ec
to

r

19
00

0.
0

0.
5

1.
0

19
50

Ye
ar

Temperature anomaly (°C)

G
lo

b
al

20
00

19
00

0.
0

0.
5

1.
0

19
50

Ye
ar

Temperature anomaly (°C)

G
lo

b
al

 L
an

d

20
00

19
00

0.
0

0.
5

1.
0

19
50

Ye
ar

Temperature anomaly (°C)

G
lo

b
al

 O
ce

an

20
00

m
od

el
s 

us
in

g 
on

ly
 n

at
ur

al
 fo

rc
in

gs
ob

se
rv

at
io

ns

m
od

el
s 

us
in

g 
bo

th
 n

at
ur

al
 a

nd
 a

nt
hr

op
og

en
ic

 fo
rc

in
gs

F
IG

U
R

E
 2

.2
 M

od
el

s 
th

at
 i

nc
or

po
ra

te
 b

ot
h 

na
tu

ra
l 

an
d 

hu
m

an
 c

au
se

s 
of

 c
lim

at
e 

ch
an

ge
 m

or
e 

ac
cu

ra
te

ly
 p

re
di

ct
 t

em
pe

ra
tu

re
s 

ov
er

 t
he

 
pa

st
 c

en
tu

ry
 a

s 
sh

ow
n 

by
 th

e 
fit

 b
et

w
ee

n 
th

e 
pr

ed
ic

tio
ns

 o
f s

uc
h 

m
od

el
s 

(u
pp

er
 b

an
ds

) 
an

d 
ob

se
rv

ed
 te

m
pe

ra
tu

re
s 

(b
la

ck
 li

ne
s)

. S
O

U
R

C
E

: 
IP

C
C

 (
20

07
; F

ig
ur

e 
2-

5)
. 

The National Academies Summit on  America's Energy Future: Summary of a Meeting

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/12450


14	 THE NATIONAL ACADEMIES SUMMIT ON AMERICA’S ENERGY FUTURE

sions (Figure 2.3). A low-emission scenario, B1, assumes a mid-century peak 
in global population, the rapid development of a services-oriented economy, 
and a change toward clean and efficient energy technologies. A high-emission 
scenario, A1FI, assumes a mid-century peak in population, rapid economic 
growth, and intensive use of fossil fuels for energy. Other scenarios fall between 
those two extremes.

Even if all use of fossil fuels were to cease today, these models predict 
another 0.6-degree centigrade increase in temperature during the 21st cen-
tury, Davis observed. Since all of the IPCC scenarios assume continued use of 
fossil fuels, all of the scenarios assume temperature increases larger than that 
amount.

The most positive scenario (B1) results in model predictions of a 1.5- to 
2-degree centigrade (2.7- to 3.6-degree Fahrenheit) temperature increase over 
the 21st century. This scenario is almost certainly overoptimistic, according to 
Davis. With a more balanced mix of assumptions (scenario A1B), an additional 
1-degree centigrade (1.8-degree Fahrenheit) increase occurs. As a result, the 
models predict a 2- to 3-degree centigrade (3.6- to 5.4-degree Fahrenheit) 
increase in global temperatures.

Figure 2-3.eps
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FIGURE 2.3  Temperature increases in the 21st century are very likely to be larger than 
those observed in the 20th century according to scenarios developed by the Intergov-
ernmental Panel on Climate Change. For definitions of scenarios B1 and A1F1 at each 
end of the range, see the main text. SOURCE: IPCC (2007; Figure 3-2).
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In the most extreme scenarios, the models predict that temperature 
increases would be much larger. If China and India rely heavily on coal until the 
middle of the century for electricity, temperatures could, the models predict, go 
up 5 degrees centigrade (9 degrees Fahrenheit) or more.

Temperature increases are, in turn, predicted to have major impacts on 
water, ecosystems, food, coastal areas, and health, Davis observed (Figure 2.4). 
Water supplies are predicted to dwindle in some areas, which could lead to 
human suffering and interregional tensions. Many ecosystems could be devas-
tated, greatly reducing the benefits those ecosystems provide to human societ-
ies. Agriculture could suffer in areas where the climate becomes more severe, 
coastal areas could be more vulnerable to flooding and loss of wetlands, and the 
burden of disease could grow. Already, problems are intensifying in mountain-
ous regions, the Arctic, regions subject to drought, and low-lying areas.

Davis emphasized that some uncertainties continue to surround the projec-
tions of temperature increases. “Models are evolving and developing, and we’re 
dealing with complex dynamic systems that play out over one or two centuries,” 
he said. These uncertainties could lead to less warming than expected, but they 
also could lead to more.

Also, other possible environmental effects linked to greenhouse gas emis-
sions could prove to be serious, even if they are not much discussed currently. 
For example, Richard Meserve noted that about one-third of the carbon diox-
ide that is released into the atmosphere is absorbed into the oceans. When it 
is absorbed, it is converted into carbonic acid, which increases the acidity of 
the oceans. This acidification of the ocean interferes with the ability of some 
organisms to take up calcium carbonate and use it in their shells and skeletons. 
Over time, this effect could provoke a worldwide crisis for corals and other 
organisms. The acidification of the ocean is already being observed, and models 
predict that this process will continue throughout the 21st century. 

Another potential unanticipated consequence involves the biological pro-
ductivity of the oceans. Satellite readings of the oceans have revealed that large 
areas of the ocean have less plankton than they did previously, Meserve said. 
These “oceanic deserts” appear to result from reduced upwelling of deep nutri-
ent-rich waters to the surface. Each year the area so affected increases by about 
the size of Texas. “The problem is growing more severe, with adverse impacts 
that are perhaps somewhat different and certainly occurring much more quickly 
than we had perhaps anticipated as recently as 3 or 4 years ago.”

STEPS TO BE TAKEN

Without major policy changes, emissions of carbon dioxide will continue 
to increase in future years. In the IPCC scenario that assumes no policy inter-
ventions for reducing greenhouse gas emissions (the “reference scenario” in 
Figure 2.5), the total global emissions of carbon dioxide as a result of energy 
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use rise from 27 billion metric tons today to 42 billion metric tons by 2030. 
Furthermore, the current mix of energy sources in most countries is unlikely 
to change, Davis observed. Indeed, in some countries, the percentage of fossil 
fuels in their energy mix is likely to increase.

Various policy initiatives discussed in the rest of this summary will be 
needed to reduce carbon dioxide emissions. Stabilizing concentrations of car-
bon dioxide in the atmosphere will be an even greater challenge, Davis said. 
Emissions reductions that occur as a result of the Energy Independence and 
Security Act of 2007 (which is discussed in part IV of this summary) are “just 
a little drop in the ocean.”

To avoid dangerous levels of climate change, action must begin soon, Davis 
said, especially given the investments that must be made in energy infrastruc-
ture. Retrofitting equipment that is already in place will be very expensive. At 
least $1 trillion of investment will be needed per year to achieve a low-carbon 
future, according to estimates Davis cited. In a $60 trillion per year global 
economy, that investment may sound achievable. But “many did not expect to 
put that sort of money into energy capital,” Davis pointed out.

Furthermore, trends in the release of greenhouse gases are headed in the 
wrong direction. Meserve described a recent study (Raupach et al., 2007) that 
found that the rate at which carbon dioxide is accumulating in the atmosphere 
accelerated from about 1 percent during the 1990s to an estimated 3 percent 
since the year 2000. According to the study, 60 percent of that increase is the 
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FIGURE 2.5  Without governmental policies to protect against climate change, carbon 
dioxide emissions will increase from 27 billion metric tons (shown as Gt) today to 42 
billion metric tons by 2030. SOURCE: IEA (2007; Figure 5.1, p. 192). 
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result of increased global economic activity. Twenty percent is due to increased 
energy intensity in developing nations, which are using more fossil fuels and are 
using those fuels less efficiently than other countries. And the final 20 percent 
is accounted for by the troubling observation that sinks responsible for absorb-
ing carbon dioxide from the atmosphere appear to be less effective today than 
they were in the past. For example, changes in wind patterns in the Southern 
Hemisphere have caused carbon-rich water to stay close to the surface, which 
means that less carbon dioxide can be absorbed into the oceans. Similarly, the 
land surface seems to be taking up less carbon dioxide than it has in the past. 
“The bottom line is that we are not making progress in reducing carbon dioxide 
emissions,” said Meserve. “The problem is getting worse at an accelerating rate 
over time, rather than better.”

THE RELEVANT TIME SCALES

Davis and several other speakers at the summit emphasized that issues 
associated with energy need to be viewed in the context of different time scales. 
For example, understanding climate change and its implications requires con-
sideration of periods of 100 to 200 years. “Policymakers have never had to take 
that seriously into account in framing policy,” Davis said.

The most important timeframe for policy choices, Davis said, is the period 
between the present and 25 to 35 years from now. During that time, major 
components of policy can change, and the dynamics of policy change over 
that period are somewhat understood. For example, the world will need to go 
through two major transitions before the middle of the century. Oil produc-
tion is likely to enter a long plateau within a decade or two, Davis predicted. 
Conventional natural gas, about which somewhat less is known, similarly will 
move toward a plateau before 2050 and maybe earlier, said Davis. The world 
will have to traverse those two transitions while developing and implementing 
a new set of technologies for the second half of the century.

Over the next 25 to 35 years, the changing geopolitical context and security 
issues will also have to be taken into account. Major policy initiatives designed 
to have a substantial impact will require global alliances. “We need leadership,” 
Davis said, “and that leadership has to come with the support of people in 
democracies from the top.” Policies also have to make sense in a highly com-
petitive economic framework. Governments will not allow themselves to be left 
behind if policies damage their industries in the short term.

Meeting several immediate requirements can make planning for that period 
more effective, according to Davis. First, much higher resolution climate mod-
els are needed to predict and assess the impacts of climate change in order to 
weigh the real societal costs and benefits of alternative strategies. For the first 
time, governments are looking seriously at mitigation and adaptation strate-
gies, Davis emphasized. As inputs for this planning, governments need much 
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more detailed assessments of how climate will and could change and the con-
sequences of change.

Second, much more analysis is needed regarding technologies expected to 
be available during the second half of the 21st century. Because relatively little is 
known now about such technologies, debates over how to reduce emissions by 
50 or 80 percent by 2050 are taking place without a proper analytic framework. 
“What does it all look like?” asked Davis. “You can talk about bits and pieces. 
We need an integrated assessment of what those pathways are like.”

Improving modeling capabilities will contribute to the development of 
strategies that involve energy technology choices and efforts to develop new 
technology options. In these efforts, independent advice from groups like the 
National Academies will be absolutely essential, according to Davis. Assess-
ments of energy issues need to be fair, rigorous, and peer reviewed. Conclusions 
need to be strategically relevant and innovative. They need to generate options, 
clarify decision making, and ease the process of moving forward.

The nexus of energy and the environment poses an extraordinary challenge, 
said Davis. Responding to this challenge will require a societal transformation 
that will take place across generations. “These things never happen in straight 
lines,” said Davis, “and they require immense courage. Not just of political 
leaders. That courage can come from anywhere, in any context.”
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The Developing World— 
The Case of China

Much of the increase in carbon dioxide emissions over the next few 
decades will come from the developing world. As James Schlesinger 
pointed out at the summit, the amount of coal burned in China is 

projected to increase from 2.3 billion metric tons to 4.5 billion metric tons 
annually by 2030. Similarly, India is planning to build a substantial number of 
new coal-fired power plants. Indonesia is shifting to coal as it seeks to increase 
its exports of oil. And in Russia, the energy company Gazprom recently bought 
the country’s largest coal company so that it can increase the use of coal inter-
nally while exporting more natural gas.

All of these countries have immediate environmental problems linked to 
energy use that are currently more pressing than the eventual prospect of sub-
stantial climate change. “[China’s] rivers are poisoned, and its poisoned rivers 
flow into Russia, which does not make the Russians happy,” said Schlesinger. 
“China’s air pollution is abysmal. It hasn’t cut sulfur oxides. It hasn’t cut nitro-
gen oxides as much as it should. A country that has those kinds of pollution 
problems is not going to have concern about the release of greenhouse gases 
very high on its priority list.”

This chapter focuses on China as emblematic of the issues surrounding 
energy and the environment in the developing world. China was the develop-
ing nation discussed most extensively at the summit, and the magnitude of the 
problems it faces is greater for China than elsewhere. But observations made 
regarding China apply in many other developing countries as well, even if at a 
smaller scale and with somewhat different circumstances.

20
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CHINA’S ENERGY USE IN A GLOBAL CONTEXT

Kelly Sims Gallagher began her talk at the summit by comparing China’s 
energy use with that of the United States (Table 3.1). In 2006, China consumed 
72 percent as much energy as did the United States. However, China is quickly 
catching up. Total energy consumption in China increased 70 percent between 
2000 and 2005. And total coal consumption increased by 75 percent during 
the same time period. However, because China’s population is more than four 
times that of the United States, the country’s per capita use of energy is much 
lower.

China’s oil imports also have grown rapidly, but they are still less than 
one-third U.S. levels. China’s coal consumption, however, is already twice that 
of the United States. Coal is China’s most abundant energy resource, even 
though the United States has much greater reserves. Coal accounts for 93 
percent of China’s remaining fossil fuel resources. Three-quarters of China’s 
electricity comes from coal—526 gigawatts, as of 2007. Hydropower accounts 

TABLE 3.1  Energy Comparisons Between the United States and China

USA China
China/
USA

Total energy consumption, 
2006 (million tons of oil 
equivalent)

2,326 1,697 72%

Net oil imports, 2006 
(million barrels per day)

12.3 3.4 28%

Total oil consumption, 2006 
(million barrels per day)

20.6 7.4 36%

Electricity capacity, 2007 
(gigawatts)

992 713 63%

Coal consumption, 2006 
(million tons of oil 
equivalent)

567 1,193 210%

Reserves (percent of world)
Coal 27% 	 13%
Oil 2% 1%
Gas 3% 1%

Passenger cars (cars, pickups, 
SUVs), 2007 (millions)

~230 ~30 13%

Total carbon dioxide 
emissions, 2007 (billion 
metric tons)

~6 ~6 100%

Population   300 million     1.3 billion 433%

SOURCE: Kelly Sims Gallagher, “The Rise of China,” presentation at the Summit on America’s 
Energy Future on March 13, 2008.
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for 20 percent of its electrical capacity, with nuclear, wind power, and other 
sources playing much smaller roles.

In 2006, China installed 101 gigawatts of new power. Ninety of those giga-
watts came from coal-fired power plants. In 2007, China installed an additional 
91 gigawatts of new power. “To put these astonishing numbers into perspective, 
Germany’s entire electricity generation system as of 2005 was 125 gigawatts,” 
said Gallagher. “India’s was somewhat more, but close to Germany’s level. So 
in 2 years China has built the equivalent of India and Germany’s electricity 
capacities combined.”

Coal is such a dominant source of energy in China that the country’s cur-
rent mix of electrical energy sources probably cannot be altered anytime soon, 
Gallagher said. Natural gas is not commonly used for power in China because 
of its high price and lack of availability. China is aggressively pursuing alterna-
tive sources of energy, such as solar hot water and small hydropower, and is 
also building nuclear power plants. But the fraction of energy from alternative 
sources is still dwarfed by the energy coming from coal.

The United States has approximately 230 million cars, light trucks, sport 
utility vehicles, and vans, whereas China has approximately 30 million. How-
ever, the number of vehicles in China is rising dramatically. Partly as a result, 
China’s consumption of oil products has gone up substantially in recent years. 
Increased use has contributed to the recent increase in global crude oil prices. 
“Of course, the rise in world crude oil prices cannot be attributed only to 
demand growth in China,” Gallagher emphasized, “but I do believe it’s been 
a significant factor.”

The same thing is happening with coal, Gallagher pointed out. In the first 
6 months of 2007, China imported more coal than it exported for the first 
time in history. China’s consumption of coal grew by 9 percent in 2007, which 
means that China’s coal consumption could double from 2007 to 2015 if growth 
continues at that pace. In recent years, China has been accounting for most of 
the growth in the world’s coal consumption. And as with oil, China’s increased 
demand for coal has been correlated with rising prices. Also, the Chinese 
government’s leading energy group projected that the country will need 384 
gigawatts of new coal-fired power by the year 2020.

CHINA’S CONTRIBUTION TO CLIMATE CHANGE

Today, total carbon dioxide emissions from the United States and from 
China are approximately equal. However, as with energy use in general, per 
capita emissions are much lower in China than in the United States. Also, to 
some extent, energy consumption is increasing in China as it manufactures 
more products for export to other countries, which can have the effect of 
transferring emissions from those countries to China.

Turning around the current increase in global greenhouse gas emissions 
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over the next two decades is a tremendous challenge, Gallagher pointed out. 
According to the IEA, carbon dioxide emissions from fossil fuels are projected 
to grow by approximately 50 percent by 2030 without active policy intervention 
(Figure 3.1). At that point, China and the United States will together account 
for about 45 percent of greenhouse gas emissions. For those two countries to be 
on a declining path (indicated by the arrow on Figure 3.1), substantial changes 
in each nation will be necessary. “I don’t think it is possible [in China] without 
aggressive, sustained, and determined action,” said Gallagher. “I’m optimistic 
it could be done, but early action and considerable financial resources will be 
needed. Time is not our friend here.”

Electricity generation accounts for more than half of China’s greenhouse 
gas emissions, and three-quarters of that electricity goes to industry rather than 
households. Iron, steel, and cement production together leads to more than a 
third of China’s greenhouse gas emissions. Reducing greenhouse gas emissions 
in China therefore has a direct impact on its economy. Today, coal accounts 
for 80 percent of China’s greenhouse gas emissions, and that percentage is 
projected to remain unchanged through 2030 in a business-as-usual scenario. 
In the United States, coal accounts for 35 percent of emissions and is projected 
to account for 39 percent by 2030. 
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FIGURE 3.1  Projections of carbon dioxide emissions through 2030. Indicated by the 
arrow is the turn toward emissions reductions needed to help stem climate change. 
SOURCE: Kelly Sims Gallagher, “The Rise of China,” presentation at the Summit on 
America’s Energy Future on March 13, 2008; based on data from IEA (2007).
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In China emissions from oil for transportation account for only 6 percent 
of emissions, whereas in the United States, transportation is responsible for 43 
percent of emissionsseven times China’s transport emissions. Emissions from 
vehicles will grow in China by 2030, but the increased emissions from coal will 
dwarf those from vehicles. In fact, if every vehicle in the United States instantly 
ceased operation, the growth in emissions from China’s coal would fill the gap 
in a few months, said Gallagher.

Issues of fairness and equity loom large in any discussions of greenhouse 
gas emissions in the United States and China. People in the United States still 
emit much more carbon dioxide per capita than do people in China (Figure 
3.2). And millions of Chinese continue to live in poverty. According to the 
World Bank, 135 million Chinese live on less than $1.00 per day, and millions 
more live just above that arbitrary poverty line. “This makes the equity issue 
quite complicated,” said Gallagher.

POLICY INITIATIVES IN CHINA

China’s energy-related challenges are “numerous, intractable, and very 
complicated,” Gallagher said. The country needs energy to sustain economic 
growth. It is becoming increasingly reliant on foreign sources of oil and natural 
gas. It needs to provide modern forms of energy to China’s poor. Its urban air 
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Figure 3-2.epsFIGURE 3.2  Per capita carbon emissions from fossil fuel burning in 2003 were much 
higher in the United States than in other countries. SOURCE: Kelly Sims Gallagher, 
“The Rise of China,” presentation at the Summit on America’s Energy Future on March 
13, 2008; based on data from Oak Ridge National Laboratory, Carbon Dioxide Informa-
tion Analysis Center.
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pollution is increasingly severe. It is facing growing concerns domestically and 
internationally about global climate change. And it needs access to affordable 
advanced energy technologies to address all of these challenges.

China has already done a lot to address its energy challenges, Gallagher 
said. First, it has launched very aggressive programs to improve the efficiency 
of energy use. For example, China’s fuel efficiency standards for automobiles 
are much stricter than are U.S. standards. Fuel efficiency standards that go into 
effect in 2008 call for automobiles to get approximately 35 miles per gallon, a 
goal that U.S. standards will not reach until 2020 (although methods of enforc-
ing such standards are considerably less developed in China than in the United 
States). Automakers are not allowed to produce a vehicle until the model has 
been certified to meet the efficiency standard. In addition, in its eleventh 5-year 
plan the Chinese government has set a very ambitious target of a 20 percent 
reduction in the use of energy per capita by 2010. This goal is proving difficult 
to achieve, Gallagher said, but the goal nevertheless exists.

The incremental costs of new energy technologies are a big hurdle in China, 
according to Gallagher. She recently did a study with colleagues at the Chinese 
Academy of Sciences on the capital costs of advanced coal plants in China. 
Several different kinds of plants are very efficient and fairly clean in terms of 
conventional pollution control, and China has three such integrated gasification 
combined-cycle (IGCC) coal-fired plants under construction for demonstration 
purposes. IGCC plants also provide the option of capturing carbon dioxide 
at a reasonable cost. However, the capital costs of IGCC and other advanced 
coal-fired plants are considerably greater than the costs of conventional coal-
fired plants. Given the projections of new coal-fired capacity needed in China 
between now and 2020, the additional cost of building IGCC plants instead of 
more conventional plants, so that the option would be available of later captur-
ing and storing carbon dioxide, would be approximately $190 billion—or about 
$16 billion per year. “That sounds like a big number in some respects, and in 
some respects it doesn’t,” said Gallagher.

Gallagher pointed out that the Chinese government could take a number 
of steps to address the challenges it faces. First, it could slow down economic 
growth or population growth. Both options are difficult, but Gallagher noted 
that the government has recently sought to manage its economic growth better, 
and it has recently retained its one-child policy.

The government also could promote an economic shift to lighter industry. 
For example, a fair amount of carbon is emitted in producing items for exports, 
including items sent to the United States. Such a shift is already a stated goal of 
the Chinese government, Gallagher said.

China could move more aggressively toward lower-carbon fuels, Galla-
gher said. Russia has considerable natural gas, but China has been reluctant 
to rely heavily on that source. This could change in the future, according to 
Gallagher.
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The government could allow energy prices to rise. Although useful, this 
approach would risk inflation and would be very regressive in terms of its 
effects on poor people in China, which is a point often emphasized by Premier 
Wen Jiabao.

China also could more aggressively pursue efficiency through environ-
mental pollution standards. But current standards are already fairly aggressive, 
Gallagher said, and a more important issue is to better enforce the standards 
that are already in place.

China could strengthen the legal system to foster a culture of compliance 
and enforcement of laws and regulations. The nation also could make greater 
investments in technological innovation for low-carbon technologies.

Finally, China could allow environmental activism to flourish and respond 
to it. In 2006, Gallagher noted, the minister of the State Environmental Protec-
tion Administration announced that 51,000 environmental protests occurred in 
2005 in China. Not all of those were really environmental protests, Gallagher 
said. Many were protests about issues that more directly affect the Chinese 
people, such as land being taken away from poor farmers and converted to 
other uses. “Still, it shows that there is a rising sense of urgency in China about 
environmental issues.” And the same kinds of activism have been responsible 
for greater environmental consciousness and increased environmental legisla-
tion in the United States.

U.S.-CHINA COOPERATION

“The United States and China are clearly the two countries with the unique 
ability to make or break the climate change threat,” Gallagher said. “If either 
one fails to effectively manage its greenhouse gas emissions during this century, 
it’s really almost impossible to substantially reduce the threat of climate change. 
If both fail, the game is really over.”

Because of China’s heavy reliance on coal and its current state of economic 
development, it will be much harder for China to reduce its greenhouse emis-
sions than it will be for the United States, according to Gallagher. China still 
lacks many of the necessary institutions, policies, and enforcement mechanisms 
needed to foster vibrant markets, technology transfer, and environmental pro-
tection, especially at the provincial and county levels. At this point, the Chinese 
government is still most concerned about energy security and economic growth. 
Although many in the government are aware of the environmental dimensions 
of energy use and are beginning to take steps to protect the environment, 
maintaining stable economic growth, which creates support for the current 
leadership, is the top priority.

The United States needs to accept the fact that it will have to help China 
reduce its emissions, Gallagher said. She proposed several options for how the 
two countries might work together to confront the climate change challenge.
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First, once the United States has established a domestic mandatory pro-
gram to reduce greenhouse gas emissions, it should ask China to adopt a pro-
gram that is suited to its circumstances, Gallagher suggested.

The United States should consider forming a bilateral or multilateral 
investment fund to accelerate the deployment of low-carbon technologies in 
China, she continued. Such a fund could provide low- or no-interest loans, or 
even direct grants, for major new industrial facilities or power plants that use 
low-carbon technologies. The Chinese government also should pay into that 
fund. Such a fund would create a market for low-carbon technologies in China. 
It also would be advantageous for U.S. firms that have technologies to sell in 
China. This is not a politically popular idea, Gallagher admitted, “but I believe 
it is necessary.”

Energy technology collaborations between the two countries could be 
greatly increased, Gallagher stated. Joint research, development, and demon-
stration projects would be valuable for both countries and could bring the U.S. 
private sector into better contact with Chinese partners. For example, demon-
strations of carbon capture and storage, renewable energy, energy storage, and 
energy efficiency technologies can be greatly expanded.

Finally, Gallagher pointed out, the United States could significantly bolster 
cooperative activities that are aimed at the collection and reporting of data in 
China and at policymaking, institution building, and enforcement of environ-
mental policies.

Government officials in China are very interested in cooperating with 
other nations on energy issues, Gallagher observed. But political issues erect 
high barriers to such cooperation. As Schlesinger pointed out, U.S. politicians 
have many differences with government leaders in China. There are concerns 
about China’s military activities, its continual attempts to hack into U.S. defense 
computers, its record on stealing technology, Tibet, human rights, and women’s 
rights. As Schlesinger said, “I would hesitate—and I’m not the most timid per-
son in the world—to go to the United States Congress and ask them to finance 
a reduction in the release of greenhouse gases from the People’s Republic of 
China.”
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Part II

Energy Supplies

A portfolio of options needs to be put in place, because our energy is going to 
come from a multitude of sources.

 —Michael Ramage
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4

Petroleum and Natural Gas

As the use of energy has risen, questions have multiplied about whether 
adequate supplies will be available to meet demand. The world’s oil still 
comes largely from giant and supergiant oil fields that were discovered 

more than 50 years ago, James Schlesinger observed at the summit. Many of 
these fields are now going into decline, including the Burgan oil field in Kuwait, 
Canterell in Mexico, the North Sea, and the north slope of Alaska. The Saudis 
are trying to sustain production in Ghawar, the massive field that provides 
more than 6 percent of the world’s oil, but sooner or later that field, too, will 
go into decline.

“We face a painful transition,” said Schlesinger, “to a future in which we hit 
a limitation, a plateau, in the ability to produce crude oil.” Schlesinger pointed 
out that the concept of “peak oil”—when production reaches a maximum and 
begins to decline—is drawn from geological analogies and ignores such things 
as technology and the impact of price rises. Nevertheless, supplies of petroleum 
will be increasingly constrained. EIA projections call for the production of 
conventional oil to rise from the current 86 million barrels a day to about 118 
million barrels a day by 2030. “That means that we must find or develop, given 
the decline curve and higher aspirations, the equivalent of nine Saudi Arabia’s. 
I think the probability of being that successful is very low,” said Schlesinger.

Furthermore, with many oil and gas fields under the control of national oil 
companies, access to these resources is becoming more restricted. For example, 
Russia has reasserted its control over oil production, Schlesinger observed, and 
the Russians have made it clear that they are not trying to solve the world’s 
energy problems. Other countries have taken a similar stance: they will develop 
their resources based on their own self-interests.
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Similar questions surround supplies of natural gas. As Ernest Moniz pointed 
out, the United States increasingly has turned to natural gas for electricity pro-
duction, partly because the capital costs of natural gas plants are lower than 
those for other energy sources and because natural gas produces lower levels of 
greenhouse gas emissions than do either petroleum or coal. But the increased 
use of natural gas has driven up its price. As a result, U.S. manufacturers that 
have depended on natural gas for direct energy conversion or as a feedstock 
are being driven overseas.

THE HARD TRUTHS ABOUT OIL AND GAS

Rod Nelson summarized the conclusions of a major study of the world’s 
oil and natural gas supplies that was done by the National Petroleum Council 
(NPC), a federally chartered and privately funded advisory group that repre-
sents the oil and gas industries’ views to the federal government (NPC, 2007). 
In 2005, Secretary of Energy Samuel Bodman asked the NPC to study whether 
global oil and natural gas supplies can keep pace with growing world demand. 
Key questions were, What does the future hold for global oil and natural gas 
supply? Can incremental oil and natural gas supply be brought on line, on 
time, and at a reasonable price to meet future demand without jeopardizing 
economic growth? What oil and gas supply strategies and demand-side strate-
gies does the NPC recommend that the United States pursue to ensure greater 
economic stability and prosperity?

The NPC study, which examined the period between now and the year 
2030, involved a large number of study groups, subgroups, and subcommittees 
working under the direction of the Committee on Oil and Gas. More than 350 
people participated in these groups—with 65 percent coming from outside 
the oil and gas industry—and more than 1,000 other individuals and groups 
provided input to the study. The Committee on Oil and Gas developed what it 
called six “hard truths” about oil and gas (NPC, 2007). The first is that:

Coal, oil, and natural gas will remain indispensable to meeting total 
projected energy demand growth. (p. 5)

As pointed out in Chapter 1, the IEA projects that global energy use will 
rise from about 450 quadrillion Btu in 2004 to about 700 quadrillion Btu in 
2030 (IEA, 2007). The proportional contributions of energy sources do not 
seem to change much in the projections, Nelson observed, but the total use of 
energy grows dramatically (Figure 4.1). “The pie is getting bigger,” he said, “by 
50 percent. So, in fact, biomass, solar, and wind are growing. In some cases, 
[they are] tripling or quadrupling in this timeframe.” Also, much of the future 
growth of energy use will occur in the developing world, which relies heavily 
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on fossil fuels. So wind power in developed countries can increase dramatically 
without substantially changing its proportion in the total.

The second hard truth in the 2007 NPC study is that:

The world is not running out of energy resources, but there are accumu-
lating risks to continuing expansion of oil and natural gas production 
from the conventional sources relied upon historically. These risks create 
significant challenges to meeting projected energy demand. (p. 5)

Estimates of oil capacity from both conventional and unconventional 
sources, such as heavy oil or oil shales, remain large. Humans have used about 
1.1 trillion barrels of oil since the dawn of the oil age, Nelson said. Conventional 
supplies of oil exceed 3 trillion barrels, and the use of unconventional sources 
of oil could add a substantial amount to that (Figure 4.2). “Quite a bit of oil 
[is] still left in the ground,” said Nelson. “The more you explore, and the more 
you learn about the earth, the more you find.”

However, oil production is the more relevant measure, Nelson acknowl-
edged. The NPC study (NPC, 2007) looked at projections for 2030 made by 
different organizations, which ranged from 85 million barrels a day (approxi-
mately today’s level) to 130 million barrels (Figure 4.3). “Reasonable people 
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FIGURE 4.1  The use of energy worldwide is projected to increase 235 percent from 
1980 to 2030. SOURCE: Rodney Nelson, National Petroleum Council, “Facing the 
Hard Truths About Energy,” presentation at the Summit on America’s Energy Future 
on March 13, 2008; data from International Energy Agency 2006 reference case (IEA, 
2006).
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come up with different conclusions here,” he said. “The people at the bottom of 
the projection spectrum are the people most worried about oil peaking sooner 
rather than later. . . . The people at the top end of the spectrum tend to be 
consulting organizations that are doing forecasts of oil supply.” Assumptions 
in different projections include whether sufficient investments in infrastructure 
will occur, whether geopolitical events will reduce access to oil, and whether 
environmental issues will become more pressing. An aggregation of the data 
yielded a midpoint projection of about 100 million barrels per day.

The third hard truth in the 2007 NPC study involves energy sources:

To mitigate these risks, expansion of all economic energy sources will be 
required, including coal, nuclear, renewables, and unconventional oil and 
natural gas. Each of these sources faces significant challenges—includ-
ing safety, environmental, political, or economic hurdles—and imposes 
infrastructure requirements for development and delivery. (p. 5)
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FIGURE 4.2  Estimates of the oil resource base exceed 3 trillion barrels for conventional 
supplies, with unconventional supplies (which were estimated for the first time in the 
year 2000) adding a more uncertain but potentially large amount to that base. SOURCE: 
U.S. Geological Survey (2000).       
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The infrastructure requirements are particularly demanding, Nelson 
pointed out. “We have been living off an infrastructure surplus in the energy 
business that occurred in the late 1970s and early 1980s, and it’s about used 
up.” The electrical grid infrastructure, the transportation infrastructure, the 
coal production infrastructure, and other sources’ production and supply sys-
tems require attention. “And the size and scale of this business is such that 
we’re talking about a lot of money,” said Nelson.

The 2007 study’s fourth hard truth focuses on energy security:

“Energy independence” should not be confused with strengthening 
energy security. The concept of energy independence is not realistic in 
the foreseeable future, whereas U.S. energy security can be enhanced by 
moderating demand, expanding and diversifying domestic energy sup-
plies, and strengthening global energy trade and investment. There can 
be no U.S. energy security without global energy security. (pp. 5-6)

The United States is the world’s largest oil consumer and the third largest 
oil producer on the planet. But the largest increases in the flow of oil over the 
next two decades are likely to involve countries in Europe and Asia (Figure 
4.4). For that reason, the United States needs to remain closely involved in 
discussions of the oil trade, Nelson said.

Figure ES-9.  Understanding the Range of Global Oil Forecasts

* Average of aggregated proprietary forecasts from international oil companies (IOC) responding to the NPC survey.  
   See Chapter Two (Energy Supply), Analysis of Energy Outlooks, Global Total Liquids Production, for identification 
   of other aggregations and outlooks shown here.
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FIGURE 4.3  Projections of oil production range from a low of about 80 million bar-
rels in 2030 to a high of more than 130 billion barrels. NOTE: Average of aggregated 
proprietary forecasts from international oil companies (IOC) responding to the National 
Petroleum Council (NPC) Survey of Global Energy Supply/Demand Outlooks (NPC 
Survey). For identification of other aggregations and outlooks shown here, see NPC 
(2007), Chapter 2, sections entitled “Analysis of Energy Outlooks” and “Global Total 
Liquids Production.” Data from Energy Information Administration, International En-
ergy Outlook 2006, Office of Integrated Analysis and Forecasting, U.S. Department of 
Energy, 2006, and the NPC Survey. SOURCE: NPC (2007; Figure ES-9). © National 
Petroleum Council 2007. Reprinted with permission. 
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FIGURE 4.4  Expansion of the oil and natural gas trade will largely involve flows from 
the Middle East and Russia to other countries in Europe and Asia. SOURCE: NPC 
(2007; Figure ES-9). © National Petroleum Council 2007. Reprinted with permission. 
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The fifth hard truth from the 2007 NPC study involves the energy sector 
workforce:

A majority of the U.S. energy sector workforce, including skilled sci-
entists and engineers, is eligible to retire within the next decade. The 
workforce must be replenished and trained. (p. 6)

Since the early 1980s, relatively few young workers have entered the energy 
sector, Nelson pointed out, and relatively few people are in energy-oriented 
university programs in the United States (Figure 4.5). Making up the deficit is 
“not entirely possible from U.S. graduates.”

The sixth hard truth identified in the 2007 NPC study deals with carbon 
emissions.

Policies aimed at curbing carbon dioxide emissions will alter the energy 
mix, increase energy-related costs, and require reductions in demand 
growth. (p. 6)

This sixth NPC finding may not seem very dramatic given the current 
concerns about climate, Nelson said. “But I would remind you that this is the 
oil industry telling you this, and this was not, I would say, the generally held 
view 2 years ago.”
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FIGURE 4.5  More than half of the energy sector workforce will be eligible to retire in 
the next 10 years. SOURCE: U.S. Department of Labor.
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CONFRONTING THE HARD TRUTHS

The NPC’s Committee on Oil and Gas laid out five core strategies for the 
United States to pursue (NPC, 2007):

•	 Moderate demand by increasing energy efficiency.
•	 Expand and diversify the U.S. energy supply.
•	 Strengthen global and U.S. energy security.
•	 Reinforce capabilities to meet new challenges.
•	 Address carbon constraints.

Each of these topics is discussed in parts III and IV of this report. Nelson’s 
overall conclusion at the summit was that the challenge currently facing the 
United States regarding oil and natural gas is unprecedented. Meeting that 
challenge will require global efforts on multiple fronts, long time horizons, and 
major additional investments. There is no single easy solution, he said. Individu-
als, organizations, and governments need to begin taking action now and plan 
for a sustained commitment.
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Coal

As Jeff Bingaman pointed out, the United States has more energy resources 
in coal reserves than the Middle East has in petroleum reserves. But the 
current methods for use of coal, either for electricity generation or for 

the production of liquid fuels, produce substantial amounts of carbon dioxide. 
For example, even if the conversion of coal to liquid fuels were 100 percent 
efficient, 1 ton of coal would yield about a half ton of fuel and 2 tons of carbon 
dioxide. The United States could “wind up spending a great deal of money on 
coal liquefaction plants that would then be rendered uneconomic in light of 
future developments related to global warming,” said Bingaman.

Despite its environmental effects, coal use in the United States and other 
countries is currently on a rising trajectory. “Virtually any scenario that we see 
shows coal use growing,” said Ernest Moniz. “It’s cheap, abundant, and—in 
contrast to oil, for example—has a strong correlation between supply and 
demand.” The three countries that use the most coal—China, India, and 
the United States—also are the three most populous countries in the world. 
Together they account for about 40 percent of the world’s population and eco-
nomic activity. Yet they use about 60 percent of the coal burned worldwide, 
and the amount of coal used in each country is increasing.

For coal to be a major source of energy in the future, much of the carbon 
it releases must be captured and sequestered underground, Moniz said. This 
carbon capture and sequestration (CCS) will require immense amounts of tech-
nology development. Also, CCS must prove to be economical in comparison 
with other technologies, including nuclear power or renewable energy sources. 
In contrast to the problems with nuclear waste, Moniz said, the challenge of 
CCS “is one where the experts are far more concerned than the public.”
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TAKING CARBON CAPTURE AND SEQUESTRATION TO SCALE

Moniz summarized the conclusions of a report on the future of coal that 
was recently conducted by a group at the Massachusetts Institute of Technology 
(Deutch and Moniz, 2007). According to that report, coal is today a cheaper 
source of energy than oil, natural gas, nuclear power, or renewable sources of 
energy. But the use of CCS technology to reduce future climate change will 
substantially increase the cost of coal as an energy supply. The MIT study set 
out to find a path that mitigates carbon dioxide emissions yet continues to use 
coal to meet urgent energy needs, especially in developing countries.

Maintaining and increasing the use of coal as a major energy source without 
harming the environment will require that tremendous amounts of carbon diox-
ide be sequestered, Moniz observed. A single coal-fired plant produces millions 
of metric tons of carbon dioxide per year, which translates into more than a bil-
lion barrels of carbon dioxide over the course of its lifetime. Mitigating climate 
risks will require that billions of tons of carbon dioxide be sequestered globally 
each year. No laws of physics rule out such an accomplishment, but achieving 
it will require, as Moniz put it, “exquisite reservoir management.”

Carbon dioxide capture has been done before in refineries and other indus-
trial settings. But those technologies have been extremely expensive. “We really 
need some new technology to improve cost and performance,” Moniz said. 
Developing these technologies will require that many scientific and technologi-
cal questions be addressed, including questions about the physics and manage-
ment of underground reservoirs. Large investments in infrastructure also will 
be needed, and a broad range of regulations will need to be put in place dealing 
with such issues as permitting, liability, siting, and monitoring.

Once CCS technology is developed, economic incentives will be needed 
to spur its commercial application. The MIT study examined the effects of 
imposing a tax on the use of fossil fuels designed to encourage CCS and the 
development and use of other energy sources (Deutch and Moniz, 2007). The 
high-tax trajectory starts at $25 per metric ton of carbon dioxide in 2015 and 
increases at a real rate of 4 percent per year. The low-tax trajectory begins with 
a carbon dioxide emission price of $7 per metric ton in 2015 and increases at 
a rate of 5 percent thereafter.

Both taxes have a substantial effect on the amount of carbon dioxide 
released into the atmosphere (Figure 5.1). However, the high-tax scenario 
makes sequestration an economically attractive technology well in advance of 
the low-tax scenario (Figure 5.2). “If you start delaying projects for 10 years 
and then add 20 years for deployment, . . . the conclusion is [that we need] to 
begin the process now.”
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FIGURE 5.1  Global carbon dioxide emissions from coal would drop substantially from 
a business-as-usual (BAU) scenario through the imposition of taxes on carbon emissions. 
SOURCE: Deutch and Moniz (2007). Reprinted, with permission, from Ernest Moniz 
and Massachusetts Institute of Technology. 

FIGURE 5.2  The annual sequestration of carbon dioxide, in billions of metric tons per 
year, would rise substantially with a high carbon tax and less substantially with a lower 
tax. SOURCE: Deutch and Moniz (2007). Reprinted, with permission, from Ernest 
Moniz and Massachusetts Institute of Technology.
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MOVING FORWARD WITH DEMONSTRATION PROJECTS

To begin the process now requires that technology development and dem-
onstration projects begin immediately. “We need to put a demonstration pro-
gram in place over the next 10 to 15 years,” said Moniz. “It must operate at 
large scale. It’s not good enough to have a bunch of small projects.”

The major problem is that large-scale demonstration projects are 
expensive—typically $100 million per year for a decade, “and that’s significant 
change, even if you are a large oil company.” Moniz called for roughly $4 bil-
lion of public funds over a decade for a portfolio of demonstration studies. 
Similarly, Steven Specker, in a summary of work done by the Electric Power 
Research Institute (EPRI), called for a series of pilot-scale projects involving 
various capture technologies. “We have to develop the pilots and focus on get-
ting the cost of capturing carbon dioxide down,” he said. “Then we have to 
scale those up to demonstrations.” Finally, technologies need to be integrated 
into full-scale plants.

The adoption of CCS has important implications for the kinds of coal 
plants that are constructed in the future. Some kinds of plants are more easily 
adapted to CCS technologies than others, and some can be retrofitted much 
more economically if a decision is made later to adopt CCS. There is no clear 
technology winner at the moment, Moniz said, and different plants will be 
needed for different situations, such as different types of coal. “The real mes-
sage is that we need several projects going on in parallel and not serially.”

Specker laid out a timeline for the parallel development of different plant 
and sequestration technologies, noting that EPRI was recently involved in the 
startup of a pilot project in Wisconsin to capture carbon dioxide using chilled 
ammonia (Figure 5.3). “This is real hardware that’s really going to break,” 
Specker said. “It’s really going to have problems. We’re going to learn from it. 
We’re going to figure it out. This is what it takes to get the technology evolved. 
Analysis doesn’t do it. You have to build it. You have to operate it, you have to 
learn from it, and then you have to scale it up.”

Both Specker and Moniz mentioned the recent cancellation by the Depart-
ment of Energy of the FutureGen project, which was a $1 billion project to 
design, build, and operate a coal-fired power plant with CCS. Later in the sum-
mit, Samuel Bodman cited cost overruns for the decision along with a choice to 
spend the money on several projects rather than one. “We are not walking away 
from carbon sequestration,” Bodman said. “On the contrary, we are going to 
fund it in a very aggressive fashion. . . . We’re trying to redirect the money in a 
more intelligent way, but that’s hard to do in Washington.”

Moniz, in his talk, said that the reasons given by the Department of Energy 
for FutureGen’s cancellation were that the demonstration projects needed to be 
closer to commercial application and that funding a portfolio of projects was a 
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FIGURE 5.3  Advanced coal plants with carbon dioxide capture and sequestration have 
to be developed in parallel to be deployed by 2020. SOURCE: Energy Technology As-
sessment Center of the Electric Power Research Institute.

better option. “Both of those are good principles,” Moniz said. “However, in 
our view, they are overwritten by the urgency of getting the race going. . . . We 
need to find a way of building on the work that has been done with FutureGen 
[while moving toward] a portfolio that emphasizes good commercial practice 
and multiple technology demonstrations.” The highest priority at present, said 
Moniz, is to move aggressively to demonstrate sequestration at scale.
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Nuclear Power

Nuclear power accounts for 20 percent of the U.S. electricity generated 
and does not release greenhouse gases into the atmosphere during 
power generation. Yet no new nuclear plants have been ordered in the 

United States for more than 30 years, Ernest Moniz pointed out, and the con-
tributions of nuclear power to the nation’s energy supply will decline unless a 
range of societal and economic issues are addressed. “For the short to medium 
term, said Moniz, the challenges “are frankly less technology and more policy 
and financing.”

Moniz summarized the findings of a recent report on the future of nuclear 
power done by a group at the Massachusetts Institute of Technology (Deutch 
and Moniz, 2003). Three issues discussed in that report are critically important, 
he said: the economics of nuclear power, reprocessing and its connection to 
nuclear proliferation, and spent fuel management.

THE ECONOMICS OF NUCLEAR POWER

Like coal-fired power plants, nuclear power plants are capital intensive, 
Moniz observed. Furthermore, the price of large infrastructure projects has 
increased dramatically in the past few years—on the order of 75 percent over 
the past 3 years for large power plants. For that reason, although the 2003 
report assigned a price to nuclear power of about $2,000 per kilowatt, current 
costs are substantially higher.

Nevertheless, companies continue to express renewed interest in the con-
struction of nuclear power plants. The Nuclear Regulatory Commission has 
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received 30 or so indications of interest from utility companies, with a number 
of those indications moving forward to more formal consideration. Most of 
these plants would be based on evolutionary improvements of existing designs 
with some improved safety features. Plants also could be built that incorpo-
rate advanced concepts developed through nuclear research and development 
programs.

The MIT report (Deutch and Moniz, 2003) argued for public support for 
a limited number of “first mover” power plants that represent safety-enhancing 
evolutionary reactor design. “If we want to demonstrate what the performance 
of these new plants will be technically and what their construction will look like 
in the new regulatory environment, . . . we need to get out there and build some 
plants,” said Moniz. “You want to build a few of each design to establish the 
cost performance, the construction performance, and to [assess] the regulatory 
regime. Then it has to compete in the marketplace.”

Another economic consideration involves the licensing of existing and 
future plants, Ray Orbach pointed out later in the summit. At a recent work-
shop on nuclear power, engineers in the nuclear industry were asked what their 
greatest problem was. Their response was, “cracks,” Orbach said. Licensing of 
existing plants was extended from 40 to 60 years in the past. The issues associ-
ated with extending licenses to 80 years, which would substantially reduce car-
bon dioxide emissions, are now being examined. “We are now trying to extend 
the licensing [of nuclear plants] for 20 more years,” said Orbach. But “there 
are real problems associated with fission energy, not the least of which are the 
materials issues surrounding the reactor itself.” The Department of Energy 
is now funding research in materials science, nuclear physics, and advanced 
computing designed to understand and control processes that occur during 
nuclear power generation. For example, Orbach mentioned the possibility of 
developing self-healing materials that would reduce the problems observed in 
current reactors.

Steven Specker also emphasized that careful planning today can do much 
to extend the lifetimes of current and future generations of nuclear power 
plants. “It’s like your own health,” he said. “You better start taking care of 
yourself now. And we need to be doing things on today’s plants that would 
allow [their lifetimes] to be extended.”

REPROCESSING

As Orbach observed, the spent fuel that emerges from nuclear power 
plants still has a lot of energy left in it. By disposing of that fuel, the remaining 
energy is wasted. In addition, if the price of uranium increases, the energy left 
in spent fuel becomes even more valuable.

To extract this energy, the current administration has proposed a global 
nuclear energy partnership that would reprocess spent fuel in specialized reac-
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tors. These reprocessing technologies can reduce the amount of waste that 
needs to be managed and increase the amount of energy produced from a 
given quantity of uranium. However, Moniz and several other speakers at the 
summit were skeptical about the merits of reprocessing in the near-term future. 
First, reprocessing technology currently in use can be used in nuclear weapons. 
Second, Moniz and other speakers argued that the claims for the waste man-
agement benefits of reprocessing are exaggerated. John Holdren observed that 
reprocessing might reduce the volume of waste, but volume is not the constraint 
on the capacity of a waste repository. The constraint is the amount of heat 
generated by the waste, and that problem cannot be solved without reactors 
for reprocessing that are at least 40 to 50 years away. Reprocessing spent fuel 
makes nuclear energy “more complicated, more expensive, more proliferation 
prone, and more controversial,” Holdren said. “If you want nuclear energy to 
be rapidly expandable, and to take a bite out of the climate change problem, 
you want to make it as cheap as possible, as simple as possible, as proliferation-
resistant as possible, and as non-controversial as possible, and that means you 
don’t want to reprocess any time soon.”

At the same time, all of the speakers agreed that research on reprocessing 
for the longer term should be intensively explored. “We need to be investing 
in it,” Holdren said, “but what we don’t need to be doing is deploying repro-
cessing soon with technologies that are currently available because that will 
shoot nuclear energy in the foot.” Moniz pointed out that far too little has been 
invested in advanced nuclear concepts, and “we are paying the price today for 
that lack of adequate research.” For example, one possible approach would be 
for a balanced fuel cycle in which conventional reactors in “user” states feed 
spent fuel into a complex of advanced reactors located in “supplier” states 
(Figure 6.1). The user states would be assured of nuclear fuel supplies so long 
as spent fuel is returned to the supplier states. In this way, small nuclear pro-
grams could lease their fuel from states with advanced reactors, which would 
address proliferation concerns while concentrating and reducing the quantities 
of waste.

THE DISPOSAL OF SPENT FUEL

The management of spent fuel remains a difficult issue in the United States 
and around the world. Long-term geological isolation of spent fuel “appears to 
be scientifically sound in well-chosen sites with good project execution,” Moniz 
said. Yet a system to dispose of nuclear waste has not yet been implemented 
anywhere in the world, and whether the designated U.S. site for spent fuel, 
Yucca Mountain in Nevada, can be licensed remains up in the air.
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FIGURE 6.1  Under a closed fuel cycle plan, user states would send spent fuel to sup-
plier states that would reprocess the fuel to produce waste and separated uranium for 
additional energy production. SOURCE: Deutch and Moniz (2003). Reprinted, with 
permission, from Ernest Moniz and Massachusetts Institute of Technology.

The MIT report concluded that storage of spent fuel for a century or so 
should be implemented as part of the nation’s spent fuel management system 
(Deutch and Moniz, 2003). Ideally, spent fuel would be stored at centralized 
locations under federal control. Storage allows some of the heat of the fuel to 
dissipate, Moniz pointed out. It also would enable the further development of 
technologies and policies that could influence decisions about the management 
of spent fuel. “There is no urgent need for us to fill Yucca Mountain,” he said. 
A “measured pace” is the better alternative. Interim storage in federal facilities 
would have the advantage of decoupling the private sector imperatives for run-
ning power plants from the longer-term and more difficult challenge of imple-
menting and managing spent fuel disposal. However, there are political pres-
sures to move forward to demonstrate that spent fuel can be well managed.

Interim storage also would provide more time for the large amounts of 
research that still need to be done on the disposal of nuclear waste, given that 
a substantial expansion of nuclear power generation will create much larger 
quantities of waste. As Orbach pointed out, if nuclear power is to provide a 
considerable portion of the future U.S. electrical power, “we would have to 
have eight Yucca Mountains by the end of this century in order to store the 
spent fuel.”
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FUSION ENERGY

Orbach also discussed fusion energy, which is “incredibly energy produc-
tive,” he said. “But it takes place in the interior of stars, where the temperatures 
and pressures are a bit higher than those we have been able to achieve here on 
Earth.”

Fusion reactors use isotopes of hydrogen as an energy source, including 
deuterium and tritium, and “there is enough deuterium in a body of water the 
size of Lake Erie to meet the energy needs of this earth for a thousand years,” 
Orbach said. Fusion produces energetic particles and radiation that need to 
be captured in the wall of a reactor, which produces heat that can be used to 
generate electricity. It has been a very difficult process to master and cannot be 
mastered in the short term, but “we are entering a new era with ITER,” Orbach 
said. ITER is an experimental fusion reactor in which hot gas is confined in a 
donut-shaped vessel and heated to more than 100 million degrees. The facility, 
which is sited in France and is a joint project of six nations and the European 
Union, is designed to produce about 10 times as much energy as it uses (Figure 
6.2). The next step beyond ITER, Orbach said, will be a demonstration power 
plant based on fusion.

FIGURE 6.2  The fusion reactor ITER is designed to produce 10 times as much energy 
as it consumes. (Note size of human figure circled at lower left.) SOURCE: U.S. ITER 
Project Office, Oak Ridge National Laboratory.

6-2 rev
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Biofuels

When automobiles started to be used about a century ago, their devel-
opers seriously considered fueling them with ethanol, José Goldem-
berg pointed out at the summit. In fact, racing cars of the time were 

fueled with ethanol because the octane number for ethanol is better than that 
for gasoline.

Ethanol continues to have advantages over gasoline as a transportation 
fuel. It is an agricultural product that can be continually renewed. It does not 
emit impurities such as sulfur oxides and particulates, which, Goldemberg sug-
gested, are a greater cause of concern than global warming in the large metro-
politan areas of the developing world. If the proper feedstock and agricultural 
practices are used, the use of ethanol produces fewer greenhouse gases than 
the use of gasoline. Yet ethanol, when produced from food crops such as corn, 
also has serious drawbacks as an energy source, which requires that a careful 
assessment be made of the potential of biofuels to contribute to future energy 
supplies.

ETHANOL PRODUCTION IN THE UNITED STATES AND BRAZIL

The United States and Brazil are the main producers of ethanol in the 
world. Production in Brazil in 2006 was 17.8 billion liters. The area used to 
grow sugarcane to convert to ethanol was 2.9 million hectares, out of a total 
sugarcane production area of 5.0 million hectares in Brazil and 20 million 
hectares worldwide.

Ethanol production in the United States in 2006 was 18.4 billion liters. The 
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area used to grow corn to convert to ethanol was 5.1 million hectares, out of a 
total area for corn production of 29 million hectares and 144 million hectares 
globally.

Together, an area of 8 million hectares was devoted to ethanol production 
in Brazil and the United States. The total area used for agriculture in the world 
is about 1,300 million hectares, so less than 1 percent of this area is being used 
for ethanol production, Goldemberg pointed out. Similarly, the total amount of 
ethanol produced by Brazil and the United States in 2006 was about 36 billion 
liters, which is less than 1 percent of petroleum use.

“You sometimes wonder why people are concerned so much,” Goldem-
berg observed. However, there are several reasons for that concern, he added. 
Ethanol production in the United States and Brazil is slated to increase. In 
Brazil, production is expected to double by the year 2015. “That’s not an 
extrapolation,” Goldemberg said, “it’s a calculation based on the number 
of [ethanol] plants that have been licensed and are under construction.” In 
the United States, the 2007 Energy Independence and Security Act places 
an upper limit on corn-based ethanol of 56.8 billion liters per year by 2022, 
which is approximately a tripling from current levels. Furthermore, using more 
advanced cellulosic-based technologies, ethanol production in the United States 
could increase by at least another 80 billion liters per year by 2022, and in the 
European Union, where sugar beets are currently the crop used most often for 
ethanol, production could increase to 15 billion liters per year by 2020.

At that point, ethanol could replace 6 percent of the gasoline used in the 
world. Production at that level might enable the ethanol-producing companies 
to establish “a new OPEC of ethanol,” Goldemberg said. “Saudi Arabia con-
trols 12 percent of the oil, but it has a tremendous weight on what happens in 
the world. So this is not an insignificant matter.”

Many countries have established mandates that call for particular levels 
of ethanol consumption in the future. Yet production costs vary greatly from 
country to country, from more than €50 per 1,000 liters for sugar beets in Ger-
many to less than €15 per 1,000 liters for sugarcane in Brazil.

In addition, the amount of energy it takes to produce a given quantity of 
ethanol varies greatly for different crops (Figure 7.1). In Brazil, the extraction 
of the juice from sugarcane leaves considerable biomass, which is known as 
bagasse. This bagasse can provide all of the energy for the heat and electricity 
needed to produce ethanol. But cobs of corn do not have that same energy 
content, Goldemberg noted. As a result, fossil fuels need to be burned to pro-
duce ethanol from corn in the United States, making ethanol less attractive as 
a fuel in this context. Further, as the prices of fossil fuels rise, so will the cost 
of ethanol.

A concern unique to Brazil is the contention that the production of ethanol 
is causing the Amazon forest to be destroyed. But Goldemberg argued that this 
concern is misplaced. Most of the ethanol distilleries are in the southeastern 
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part of the country, with some in the northeast (Figure 7.2). Two-thirds of 
the ethanol in Brazil is produced in the state of São Paulo, which is far from 
the Amazon. There, sugarcane production replaced earlier crops such as cof-
fee in response to government incentives to reduce the amount of petroleum 
imported into Brazil. “The Amazon Forest is being cut and no one more than 
the Brazilians—many Brazilians, including myself—are very annoyed at that, 
and we are fighting very strongly to eliminate that. But the deforestation of the 
Amazon is 1 million hectares per year. It’s not 7, it’s not 5, it’s 1.”

The Brazilian government’s initial mandates in the 1970s called for 20 per-
cent of gasoline to be replaced by ethanol. These mandates were “absolutely 
essential,” Goldemberg said, “because as soon as you had a mandate the private 
sector had a sure market and a stimulus to develop the technologies.” In addi-
tion, the government encouraged car manufacturers, which at that point were 
foreign, to produce cars that would operate on 100 percent ethanol. That cre-
ated a problem, because with any agricultural product shortages and surpluses 
can develop. More recently, the problem has been addressed with the develop-
ment of flex fuel cars, which can use different mixes of ethanol and gasoline. 
Today all gasoline is blended with some quantity of ethanol, and gasohol is 
economically competitive with gasoline in Brazil.
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Figure 7-1.epsFIGURE 7.1 Feedstocks produce varying amounts of energy compared to energy inputs. 
SOURCE: José Goldemberg, State of São Paulo, Brazil, “Biofuels: How Much, How 
Fast, and How Difficult?,” presentation at the Summit on America’s Energy Future, 
March 13, 2008; based on data from Macedo et al. (2004), UK DTI (2003), and USDA 
(1995).
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FIGURE 7.2  Sugarcane cultures are located in the southeast and northeast of Brazil, far 
from the Amazon Forest. SOURCE: Adapted from UNICA (2005; Figure 5, p. 131).

Since 1980, ethanol prices in Brazil have generally fallen, while the inter-
national price of gasoline (in Rotterdam) and the price of gasoline in Brazil 
have gradually risen, with a strong spike in recent years (Figure 7.3). “Ethanol 
was very expensive in the beginning,” Goldemberg said. “As time went by, the 
learning curve decreased tremendously the cost of production.”

Further increases in productivity can be expected in the future. From 1975 
to 2005, the yield of ethanol per hectare in Brazil grew from 2,204 to 5,917—an 
annual increase of 3.77 percent—with most of the gains from agricultural 
improvements rather than distilling innovations (Figure 7.4). “It’s a fantastic 
situation,” said Goldemberg. “I wish all technologies would behave this way.”

Now researchers are looking at the possibility of genetically modifying 
agricultural crops to further increase yields. Goldemberg cited informal infor-
mation that additional gains of 30 percent are feasible in the near future.

In the United States, corn yields also rose from 1975 to 2005 (Figure 7.5). 
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How Fast, and How Difficult?,” presentation at the Summit on America’s Energy 
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With a new genetic technology known as marker-assisted breeding, future 
gains could approach 4 percent per year. Such gains could reduce the conflict 
between ethanol and food production, Goldemberg said, which has become a 
major issue in the United States.

SECOND-GENERATION TECHNOLOGIES

Ethanol production currently is based on the long-established technology 
of fermenting sugars to produce alcohol. But new technologies could greatly 
increase the production of ethanol and other biofuels from agricultural prod-
ucts. For example, only about a third of the energy in sugarcane is contained 
in sucrose, Goldemberg noted. The remainder is contained in the bagasse 
and in the plant’s tops and leaves. The bagasse consists largely of cellulose 
and hemicellulose. If cellulose could be converted into biofuels, the gain from 
all agricultural products, including other crops, grasses, and wood, could be 
increased considerably.

At the moment, the U.S. biofuels program is focused on ethanol, partly 
because “it’s the only game in town,” said Samuel Bodman. Also, money spent 
on ethanol goes to U.S. farmers rather than to some other country. But extract-
ing ethanol from cellulose would have many advantages, Bodman said. First, 
it could cut greenhouse gas emissions by 80 percent compared with the use of 
fossil fuels. It also could be the first step toward an even greater potential break-
through: making straight-chain hydrocarbons and aromatics—essentially equiv-
alent to gasoline—from agricultural products. “That will change the nature of 
the business, if in fact it proves to be correct,” said Bodman. “There’s a lot 
going on, and we’re at a very early stage in the evolution of this matter.”

Going from cellulose to gasoline or diesel first requires getting at the cel-
lulose in a plant, Ray Orbach said. Plant stems and stalks have great strength 
because of a polymer called lignin that surrounds the cellulose and gives the 
plant strength and protection. Lignin keeps enzymes from reaching the cellulose 
to break it down into sugars that can be transformed into fuel. Currently, high 
temperatures or strong acids are used to break down these materials. However, 
“termites do it every day,” Orbach observed. In parts of the San Diego area, a 
stick can be pounded into the ground in the evening, and by the next morning 
Formosa termites will have digested the stick to extract nutrients. “Is there a 
way that we can figure out what the termite does, or how a cow’s inner stomach 
works to break down plant fiber? Nature has figured it out.”

The Energy Department recently conducted a competition to fund centers 
focused on advanced biofuels concepts. Three proposals were funded at a level 
of $10 million in 2007, with $25 million slated for the centers over the next 5 
years. The Joint BioEnergy Institute led by Lawrence Berkeley Laboratory with 
five partnering institutes is using model organisms to search for breakthroughs 
in basic science and is exploring the microbial-based synthesis of fuels beyond 
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ethanol. The Great Lakes Bioenergy Research Center led by the University of 
Wisconsin-Madison and Michigan State University with six partners is explor-
ing the breakdown of plant fibers, methods to increase production of starches 
and oils (which can be more easily converted to fuels), and the environmental 
and socioeconomic implications of moving to a biofuels economy. The BioEn-
ergy Science Center led by Oak Ridge National Laboratory with nine partners 
is focusing on the decomposition of plant fiber and on the potential energy 
crops switchgrass and poplars.

Already, this work has begun to produce dividends, according to Steven 
Chu. For instance, researchers at the Joint BioEnergy Institute have sequenced 
the DNA of the more than 100 microbes within a termite that help break down 
wood, creating the possibility that a designer microbe could be genetically engi-
neered that has the proper combination of enzymes to break down wood in an 
industrial setting to generate fuels. Organisms also could be created to produce 
long linear hydrocarbon chains rather than ethanol. “In the first half-year of the 
DOE biofuels program, we now have our first gasoline-like and diesel-like fuels 
being generated by organisms,” said Chu. Once such a technology is scaled up, 
the same process could be used to make gasoline, jet fuels, and diesel fuels. “It’s 
not crazy to think of that,” said Chu. “It’s already proved in principle.”

Some of the plants used for biofuels can be grown in marginal areas, such 
as salty ground. Also, plants especially suited to biofuels can be tremendously 
productive. For example, Chu showed a slide of miscanthus that grew almost 
20 feet high from one fall to the next spring, with no applications of fertilizer 
or water (Figure 7.6).

The goal of federal research and development is to develop a sustain-
able carbon-neutral biofuels economy that meets more than 30 percent of the 
U.S. transportation demand without competing with food, feed, or export 
demands.� Orbach acknowledged that 30 percent is “a huge fraction. There’s a 
lot riding on bioenergy, and we are up to our ears in trying to get it developed.” 
In particular, environmental issues associated with bioenergy derived from 
plants must be addressed, including the effects on water, soil quality, land use, 
and biodiversity, Orbach said. 

LAND USE

The use of land for biofuels production competes with the use of that land 
for other purposes, which has raised the concern that biofuels production will 
add to the upward pressure on food prices. But Goldemberg pointed out that 
the price of food over the long term has been declining gradually since the 
early 1970s, although food prices do tend to undergo substantial fluctuations. 

�Officially, the DOE Biofuels Program goal is to displace 30 percent of gasoline consumption 
with biofuels by 2030 and to make cellulosic ethanol cost-competitive by 2012.
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Biofuels production will occupy “a relatively small amount of land,” he said. 
Ethanol production also could have a stabilizing effect on oil prices, which 
would ease fluctuations in food prices. And the overall environmental con-
sequences of ethanol production are small compared to the use of 86 million 
barrels of oil per day.

Goldemberg also looked at the prospects for increased sugarcane produc-
tion in other countries. Brazil is not unique in its capacity to grow sugarcane. 
Approximately 100 countries in the developing world produce sugarcane, 
including all of the Caribbean countries. Goldemberg strongly urged U.S. 
policymakers to consider supporting the production and export of ethanol from 
the Caribbean, where the United States has a strong presence. “You might say, 
‘We’ll be changing dependence on the Middle East for another dependence, 
on the Caribbean.’ Well, the Middle East and the Caribbean are very different 
places.”

At the height of the Roman Empire, the Roman legions refused to fight if 
they were not supplied with 1 kilogram of bread per day. The wheat for this 

FIGURE 7.6 The feedstock grass Miscanthus in a non-fertilized non-irrigated test 
field at the University of Illinois yielded 15 times more ethanol per acre than did 
corn. NOTE: Estimates of the ratio for energy output to energy input for Miscanthus 
range from 12 to 19. SOURCE: Photo courtesy of Steve Long, University of Illinois at 
Urbana-Champaign.
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bread did not come from Italy, Goldemberg pointed out. It came from North 
Africa, which became a rich area because of its food exports. Goldemberg 
optimistically concluded, “If the Roman Empire imported wheat to meet the 
needs of the Romans, I don’t see why this is not considered a viable strategy 
for the United States.”
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Other Renewable Sources of Energy

Beyond fossil fuels, nuclear power, and biofuels are a variety of energy 
sources that will be part of the future portfolio, including solar power, 
wind power, hydropower, power from such sources as tides and waves, 

other forms of biopower, and hydrogen derived from these sources. Although 
most of these technologies were not much discussed at the summit, some 
received attention, and some more tentative sources of energy, such as enhanced 
geothermal energy, also were explored.

SOLAR POWER AND WIND POWER

Hydropower, which is a fairly mature energy source in the United States, 
was discussed very little at the summit. But several speakers touched on the 
prospects for greatly expanding the use of solar power and wind power.

As Ray Orbach pointed out, more energy from sunlight strikes Earth in an 
hour than all of the energy consumed on the planet in a year. Yet less than a 
tenth of 1 percent of our primary energy is derived directly from sunlight. “We 
have barely scratched the surface on solar energy, and the amount of energy 
available is so enormous that it is to our advantage to pay particular attention,” 
Orbach said.

There are several ways of generating electricity from sunlight. One is to 
concentrate solar energy and use it to heat a liquid that can drive a turbine-
generator set. This is the technology being pursued at a full-scale pilot plant 
that the Department of Energy is helping to fund in Nevada. Other techniques 
involve converting solar energy into electricity or into fuels. The challenge, 
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said Orbach, is to reduce the costs and increase the efficiency of the conver-
sion process, which often requires understanding and controlling phenomena 
at the nanoscale level.

One drawback to the increased use of solar power and wind power is that 
they tend to be intermittent sources of energy, in that they can be generated 
only when the sun is shining or the wind is blowing. Taking full advantage of 
these technologies will require the development of both energy storage tech-
nologies and “smart grids” that can control the flow of electricity from energy 
producers to energy users.

Several energy storage technologies are being developed. Although cur-
rent batteries are not suited for large-scale storage, advanced batteries and 
electrochemical capacitors offer potential for the future. An older technology 
that remains useful is to pump water to a higher level and subsequently use 
the stored potential energy to generate electricity. Another such technology 
is compressed air storage, in which air is pumped into underground caverns 
or aboveground storage areas and then drives electricity-producing turbines 
when it is released. “There’s some very good new technology on compressed air 
energy storage that can use existing gas turbine designs,” said Steven Specker. 
“There’s a plant in Alabama that has been operating for a number of years with 
compressed air energy storage. It works very well. [And] as wind power grows 
rapidly in certain parts of the United States and the world, we need a storage 
approach.”

Today, intermittent sources of electricity, such as wind or solar power, 
can make electricity grids unstable.� To manage large amounts of renewable 
power generation, smart grids using advanced power electronics and electri-
cal storage devices are needed to manage the transmission and distribution of 
electricity from where it is produced to where it is being used. Specifically, these 
grids must be able to “communicate” between utilities and electricity meters, 
enabling such advances as provision of power to the grid by plug-in hybrid 
automobiles and powering off of home appliances during peak load periods.

ENHANCED GEOTHERMAL ENERGY

Several speakers at the summit discussed sustainable sources of energy that 
are farther in the future than the expanded use of solar power and wind power. 
One is energy from engineered geothermal systems. As Dan Reicher pointed 
out, if a hole is drilled into the ground, it eventually will encounter rocks that 
are heated by Earth’s interior. If several such holes are drilled near each other 
and the rock between them is fractured, water can be injected into one well and 
returned from the others much hotter, and steam from that water could turn a 

�This depends on local grid characteristics, but in general grids are able to handle between 10 
and 20 percent of intermittent renewables without requiring storage.
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turbine to generate power (Figure 8.1). “It is a vast and ubiquitous base load 
resource, unlike solar and wind, which are obviously an intermittent resource,” 
said Reicher. “If we can figure out how to exploit it, it could be developed in 
the large megawatt range.”

There are no scientific showstoppers to exploiting this resource, said 
Reicher, but there are “great engineering challenges.” No such system has 
been developed anywhere in the world; existing geothermal energy sources rely 
on heated water and steam that is near the surface of the earth. Furthermore, 
exploiting this resource requires that holes be drilled as deep as 10 kilometers 
into the earth and that rocks be fractured at great depths.

Can such deep wells be drilled? “The answer,” said Reicher, “is that the 
oil industry does drill to those depths. And the oil industry does fracture rock 
at those depths. Ten kilometers is not an insignificant piece of work, but it is a 
distance the oil industry knows how to get to.”

FIGURE 8.1 Enhanced geothermal systems could extract energy from Earth’s interior. 
SOURCE: INL (2006).
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Furthermore, an array of technological advances could cut costs, and the 
industry is working on these advances. For example, seismic technology can 
provide a good snapshot of fractured rock at depth to enable large areas 
underground to be connected, creating what is essentially a heat exchanger. 
Advanced drilling, control, and high-temperature technologies are all being 
investigated.

Today the Energy Department spends only $20 million per year to pursue 
this option. “This effort should be significantly expanded,” said Reicher. “The 
Australians, who lead the world in this technology, are spending hundreds of 
millions of dollars. There are 30 companies in Australia working at this today, 
and we’re playing catch up.”

ADVANCED ENERGY R&D

Orbach also discussed ways of generating energy that will require what he 
called “transformational discoveries” in basic research. Over the past 5 years 
the Energy Department has conducted a series of workshops on basic research 
needs for a secure energy future, examining such topics as superconductivity, 
the hydrogen economy, solid-state lighting, advanced nuclear reactor designs, 
energy storage, and materials science. Using scientific and engineering research, 
Orbach asked, “What can we do to break out of the straightjacket in which 
we find ourselves?” For example, he mentioned studies of photosynthesis as a 
possible way to take advantage of techniques that living things have evolved to 
meet their energy needs. “It really comes down to how nature works,” he said. 
“Plants are almost 100 percent efficient at room temperature. Is there any way 
for us to mimic what nature does so well?”

The technologies of this century will be rooted in the ability to direct and 
control matter at the molecular, atomic, and quantum levels, according to 
Orbach. Research challenges include the synthesis of new forms of matter with 
tailored properties, predictions of the properties of novel materials, and the 
fabrication of manmade nanoscale objects with capabilities that rival those of 
living things. Incremental changes will not be sufficient, Orbach said. Transfor-
mational discoveries and disruptive technologies will be essential.
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Part III

Energy Uses

Maximizing energy efficiency and decreasing energy use will remain the lowest 
hanging fruit for the next several decades. It is something that we should do 
and we must do.

—Steven Chu
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Transportation

The United States currently imports about two-thirds of the petroleum 
that it uses. This is about the same amount of petroleum that is burned 
in U.S. vehicles. There is an “absolute compelling need to do more in 

the area of energy efficiency and energy-enhancing technology development,” 
said Reuben Jeffery, and improving the efficiency of vehicles will be an essential 
part of that task.

PROSPECTS FOR IMPROVEMENT

The fuel economy of the new light-duty vehicle fleet (cars, light trucks, 
and sport utility vehicles) has declined over the past two decades, Paul Portney 
observed. “We haven’t been making a lot of progress in making cars that reduce 
our dependence on oil overall or on imported oil.” But Portney expressed 
several reasons for optimism. In recent years, fuel economy standards for the 
light-duty truck segment of the new vehicle fleet have gone up twice. More 
importantly, the Energy Independence and Security Act of 2007 will require 
automakers to achieve an average 35 miles per gallon for new cars and light-
duty trucks by the year 2020, up from about 25 miles per gallon for new cars 
and light trucks today. That legislation was a major achievement, Portney said, 
given the political climate in the United States and the many challenges facing 
domestic car manufacturers.

Furthermore, considerable additional progress is possible. Rodney Nelson 
cited a recent study done by a Massachusetts Institute of Technology group 
which concluded that it is technically possible to double the fuel economy of 
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U.S. cars and light-duty trucks by 2035 (Cheah et al., 2007). “So the recent 
legislation went partway. It’s technically possible to go farther,” Nelson said. 
“It costs money, and the consumer may not necessarily jump up and down to 
buy one, but it’s technically possible. And it’s the biggest lever the United States 
has to decrease oil demand.”

High gas prices are very painful to people who cannot afford them, Portney 
said. But high prices also have a positive effect by changing incentives, technol-
ogies, and tastes. Gasoline consumption, which had been rising for many years, 
has begun to decline. And a different mix of vehicles is appearing on U.S. roads. 
“Hybrids on the road will soon number in the millions rather than the tens or 
even hundreds of thousands,” Portney said. “We’ve seen the introduction into 
the United States on a larger scale of cleaner, much better performing diesel 
engines, which is a very important development in improving fuel economy. 
And now we’ve begun to see what I think is perhaps the most promising of the 
so-called conventional technologies—plug-in hybrids, which I think will change 
the fuel economy picture in the United States significantly.”

Another positive effect of high gas prices is that venture capitalists have 
become much more focused on clean energy and efficient vehicles. They are 
investing in new battery technologies, lighter materials, and alternative fuels, 
among other technologies. (The role of the private sector in the energy market 
is discussed in Part IV.)

VEHICLE TECHNOLOGIES

Even beyond the projections of the MIT group, great potential exists to 
improve the efficiency of vehicles and reduce U.S. dependence on imported 
petroleum, said Amory Lovins, who emphasized the energy savings that could 
be realized through a wide variety of technological innovations. Indeed, the key 
to energy efficiency, according to Lovins, is to realize that efficiency is profit-
able, not costly. “It is cheaper to save fuel than to buy fuel,” Lovins said. “The 
climate debate should be about profits and competitive advantage. Once it is 
reframed in that way, any remaining resistance will melt faster than the glaciers. 
The biggest obstacle is the assumption that climate protection is costly. That is 
unexamined and clearly untrue, as many smart firms demonstrate [by] making 
billions of dollars substituting efficiency for fuel.”

Lovins’ Rocky Mountain Institute has estimated that the efficiency of cars, 
trucks, and planes could be tripled with investments that would pay for them-
selves in 2 years, 1 year, and 4 or 5 years, respectively, if decisions were made to 
pursue these efficiencies. First, vehicles could be made ultra-lightweight, more 
efficiently powered, and “slippery,” so that they move through the air and along 
the road with less resistance (and often with better performance). For example, 
a diesel-hybrid carbon-fiber concept car from Opal can go 155 miles per hour 
and get 94 miles per gallon (though not at the same time). Surprisingly, the 
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ultra-lightweight construction does not increase mass production costs, because 
the costlier materials are offset by simpler automaking and a power train that 
is three times smaller.

A major problem with a conventional car, Lovins said, is that seven-eighths 
of the energy it uses never gets to the wheels. It is consumed in the engine, the 
driveline, and accessories, as well as in idling. Half of the remaining eighth 
either heats the tires and road or heats the air through which the car passes. 
“Only the last 6 percent actually accelerates the car and then heats the brakes 
when you stop,” Lovins said. Furthermore, only a twentieth of the mass in a 
car is the person driving it. The rest is the heavy steel car. So only 0.3 percent 
of the fuel burned by an automobile ends up moving the driver. “This is not 
very gratifying after 120 years of devoted engineering effort.”

Because of this inefficiency, there is enormous leverage in making cars 
lighter, whether through light metals or advanced polymer composites. A group 
at the Rocky Mountain Institute completely redesigned a midsize car that can 
comfortably carry five adults and has 2 cubic meters of cargo space. It weighs 
less than half as much as the typical car today but still can protect its passengers 
when run into a sport utility vehicle twice its weight or into a wall at 35 miles 
an hour. It gets the equivalent of 114 miles per gallon on a fuel cell or 67 miles 
per gallon as a hybrid with a power train like a Prius, with “quite brisk perfor-
mance,” according to Lovins. The estimated sticker price is $2,500 higher than 
a conventional car, not because it is ultralight but because of its hybrid engine. 
Overall, the car is cheaper to manufacture because it has only 14 body parts, 
which are suspended from rings rather than built up from a tub (Figure 9.1). 
“This is like an airframe, not a horse and buggy,” Lovins said. Most of the body 
parts, which are made from a single low-pressure die set, can be lifted by hand. 
A steel body would have 10 or 20 times more parts, and each part would have 
an average of four steel-stamping die sets. The parts precisely snap together 
for bonding, which means the usual jigs, robots, and welders are not needed, 
so that manufacturing plants are much less capital intensive. With color in the 
mold, even paint shops are unnecessary.

Lovins displayed a test piece for military helmets that was two-thirds 
carbon fiber and one-third carbon plastic, which was stronger than titanium. 
“Plastics have changed since The Graduate,” he said. Such materials can pro-
vide aerospace performance at automotives costs. Cars made of such materials 
are half the weight and save half the fuel. Such materials also absorb 12 times 
more crash energy per pound than steel, with manufacturing costs about the 
same as for steel. Lovins acknowledged that composite materials are not the 
only possible solution; metals can offer some of the same advantages. “The 
market will sort out which ones win.”

Lovins also described a concept car developed by Toyota (Figure 9.2). It 
has the interior volume of a Prius but uses half as much fuel. It weighs 400 
kilograms (880 pounds) as a hybrid, about one-third the weight of a Prius, or 
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FIGURE 9.1 Lightweight cars based on composite materials could lead to radically 
simplifi ed manufacturing. SOURCE: Fiberforge Corporation and Rocky Mountain 
Institute.

FIGURE 9.2 The 1/X concept car, designed by Toyota, that weighs one-third as much 
as a Prius, uses half as much energy, and yet has the same interior volume. SOURCE: 
Toyota Motor Corporation.
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20 kilograms (44 pounds) more with batteries added to the car to make it a 
plug-in hybrid. “Coincidentally, [this] is exactly what I said in 1991—I think 
to an Academy group—that a good four-seat carbon car should weigh, to much 
hilarity from the industry.”

Concept cars are often dismissed as bragging, Lovins said, but in this case 
the company Toray recently announced that it will build a ¥30 billion company 
to mass produce carbon-fiber autobody panels and other parts for companies 
like Toyota and Nissan. About the same time, Ford announced that it will 
reduce the weight of every platform it makes by 250 to 750 pounds starting 
with the 2012 model year. The following month, Nissan announced an average 
weight reduction of 15 percent by 2015. “Light-weighting is now the hottest 
strategic trend in the industry,” Lovins commented.

These and other changes in the transportation sector could have a sub-
stantial impact on oil imports, Lovins said. Combined with the use of biofuels, 
the substitution of natural gas for oil, and the generation of hydrogen from 
renewable energy sources like wind, the projected consumption of oil could be 
cut from 28 million barrels per day in 2025 to 16 million barrels per day using 
technologies that are already available, he said (Figure 9.3). Cumulative carbon 
emissions would go down by more than a trillion tons, and the amount spent 
to buy petroleum would be reduced by tens of trillions of dollars. Further effi-
ciency gains, greater use of biofuels or natural gas, or the use of hydrogen from 
natural gas or renewable energy sources could eliminate the need to import any 
petroleum. (Pathways to a sustainable energy future are described in Part IV.)

Even major industries have changed quickly in the past, Lovins pointed 
out. The auto industry in the 1920s took just 6 years to switch from wood to 
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steel auto bodies. At the start of World War II, it took just 6 months for the 
industry to switch from making cars to the tanks and planes that won the war. 
Boeing instituted a radically new airframe in the 787 in just 5 years. A small 
team at General Motors took a battery-powered car from launch to the street in 
3 years. Technology diffusion normally takes longer—12 to 15 years for a new 
technology to go from 10 to 90 percent adoption—but the right policies and 
innovative business strategies can make adoption much quicker.

“Can the U.S. auto industry turn itself around through advanced designs 
that integrate light materials and new forms of manufacturing?” Lovins asked. 
Boeing’s experience is evidence that it can. A decade ago, Boeing was “in as 
deep a crisis as Detroit is now.” No great innovations were in the production 
pipeline, Airbus was pulling ahead of Boeing, and some people were question-
ing the company’s future.

Boeing’s response was to begin work on the 787 Dreamliner. It used 20 
percent less fuel but cost the same. Half of its mass consisted of carbon compos-
ites, up from 9 percent in other planes, with bigger windows, a higher-pressure 
cabin, and other advantages to passengers. “It has had the fastest order takeoff 
of any jet in history,” Lovins said. “It is sold out well into 2015, and its suite of 
innovations is being rolled into every plane Boeing makes.”

Lovins said that the energy use of six sectors has to change, with at least 
three probably already past the tipping point. In aviation, Boeing was successful 
and is now ahead of Airbus. In heavy trucks, Wal-Mart has been leading the 
way, with much more efficient trucks being introduced into the market where 
users can buy them. In the military, the Pentagon has emerged as a federal 
leader in reducing dependence on petroleum. In fuels, there is strong investor 
interest and industrial activity. And in finance, there has been growing interest 
in the energy sector, with the clean energy sector getting $117 billion of private 
risk capital last year.

The sixth sector—cars and light trucks—is the toughest sector to change, 
but progress is being made. The head of Boeing’s commercial airplane division 
recently moved to Ford to bring ideas from the aerospace industry to the auto-
motive industry. The unions and automobile dealers are keen for innovation, 
Lovins said, “to save the industry as a tsunami of creative destruction sweeps 
over them.” The Rocky Mountain Institute has been doing projects with the 
auto industry. “The level of competition now is producing unthinkable change, 
and it’s going to change the automakers’ managers, or their minds, whichever 
comes first.”

Governmental policies can hasten these changes. For example, consumers 
tend to have a very high implicit discount rate, Lovins said, in that they do not 
consider the fuel savings beyond the first year or two. One way to build the 
discount rate into the price of a vehicle is through what are called feebates. 
Consumers pay a fee for buying less efficient vehicles, and the proceeds of 
that fee are used to offer rebates on more efficient vehicles. “That turns out 
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to be extremely powerful and is more profitable for the automakers,” Lovins 
said, “because to move their offerings from the fee zone into the rebate zone, 
they add technology content that has a higher [profit] margin than the rest of 
the vehicle.” The District of Columbia has such a system. “It’s not a feebate, 
but it walks and quacks like one,” Lovins said. The sales tax for very efficient 
cars goes to zero, while the sales tax on heavy and inefficient cars, which wear 
out the streets faster, is higher. It’s an example that “illustrates the opportuni-
ties for state-level leadership and experimentation in innovative public policy 
instruments.” Also, the industry is increasingly interested in feebates as a way 
of getting more efficient cars on the road faster than with gasoline taxes or 
standards.

As a final example of what is possible, Lovins mentioned the fifth for-
profit company that has been spun off from the Rocky Mountain Institutea 
company designed to bring a lightweight plug-in hybrid vehicle to market. He 
said that if half the cars in the country were plug-in hybrids, wind plants could 
supply them with power, producing as much or more power than all of the 
nation’s coal plants do now.

INITIATIVES UNDER WAY

Steven Chu also insisted that new technologies can make a big difference 
in the transportation sector. For example, in normal use the charge of a battery 
in a Prius ranges between 40 and 60 percent of its maximum. For a plug-in 
hybrid or all-electric vehicle, a battery is needed that can discharge 80 or 90 
percent of its capacity.

For almost a decade, the auto companies and the Department of Energy 
collaborated on a solid lithium metal battery that had a much higher energy 
density and could be discharged and recharged more effectively. However, 
problems with the battery caused the program to be abandoned. Recently, 
researchers at Lawrence Berkeley National Laboratory have combined a poly-
mer used in the former program with a new compound that overcomes many 
of the battery’s problems. “After 1,000 deep discharge cycles, 90 percent dis-
charge, [there is] no sign of wear,” Chu said. Extrapolating from that result, 
such a battery could last for perhaps 10,000 discharge cycles before starting to 
show signs of wear at 15 years.

Dan Reicher also mentioned an effort under way at Google known as 
RechargeIt. A fleet of hybrid vehicles are being driven by Google employees, 
with data on their experiences being posted on a publicly available website. 
The vehicles plug into one of the largest photovoltaic systems in the United 
States, which covers a large parking structure and many roofs of the company’s 
buildings.

Finally, Ray Orbach mentioned the potential still to be derived from con-
ventional technologies. “Don’t bet against the internal combustion engine,” he 
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said. “[Engineers] have worked remarkable things with that engine. . . . People 
are coming up with electric drives, but what do we use? Hybrids. I think the 
internal combustion engine is going to be around for a while.”

HYDROGEN AS AN ENERGY SOURCE

Hydrogen has many advantages as a fuel for vehicles and as an energy 
source for buildings, industries, and other energy users, according to Michael 
Ramage. Its use could reduce petroleum consumption in the United States, 
making the nation less reliant on foreign sources of oil. It also can be gener-
ated from sustainable energy sources, resulting in substantial reductions in 
greenhouse gas emissions.

However, hydrogen also has many hurdles it must overcome before it 
assumes a major role in any nation’s energy portfolio, Ramage added. Hydrogen 
must be generated from other energy sources, which can result in greenhouse 
gas emissions, reliance on uncertain suppliers, or other problems.� The sub-
stantial use of hydrogen would require a massive change in the energy infra-
structure of the country. Today, generating hydrogen remains more costly than 
other sources of energy, and safety issues need to be resolved. Finally, “hurdles 
to the hydrogen economy are much more than technical,” said Ramage. “They 
are political and social.”

An emphasis on specific problems confronting hydrogen has generated 
concern and controversy, Ramage noted. Only by viewing hydrogen energy as 
an integrated system, from production to distribution to use, can its potential 
as an energy source be assessed.

Hydrogen can come from many sources, including fossil fuels, nuclear 
power, solar power, wind power, or biomass (Figure 9.4). Researchers also 
are looking at more advanced sources of hydrogen, such as electrolysis of 
water by genetically engineered microorganisms. Each of these sources has its 
own advantages and disadvantages. For example, production from fossil fuels 
releases greenhouse gases, which must either be captured and sequestered or 
released into the atmosphere. Also, a major source of hydrogen at least initially 
will be natural gas. But domestic supplies of natural gas are limited, which 
means that the United States would have to import more natural gas from other 
countries.

Hydrogen production plants can exist at different scales (Figure 9.5). A 
large central plant could produce on the order of 1 million kilograms of hydro-
gen per day—enough to fuel about 2 million cars. (A kilogram of hydrogen has 
about the same energy content as a gallon of gasoline.) Such a plant is about 

�For a full discussion of hydrogen production, see Chapter 6 in NRC and NAE (2004). For more 
information on the use of hydrogen as an energy source, see NRC (2008a,b).
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one-tenth the size of a large U.S. refinery, Ramage said. “For reference, Los 
Angeles has 10 million cars, and so would need five plants of this size.”

A midsize plant could produce enough hydrogen for about 43,000 cars. 
Such a plant would be a particularly good size for biomass production, Ram-
age said.

Hydrogen production also can be carried out in many small plants, includ-
ing filling stations for vehicles. The hydrogen could be made at the site through 
hydrolysis, or it could be generated directly from natural gas. Today the cost 
of the amount of hydrogen equivalent to a gallon of gasoline made at filling 
stations from natural gas is about $3.00, assuming a price for natural gas of 
$6.00 per cubic foot. Such a facility could serve somewhere around 1,000 cars 
a day.

Hydrogen produced from coal would be competitive with gasoline today. 
But the critical issue is whether the carbon dioxide from the production pro-
cess would be captured and sequestered. Producing hydrogen from biomass 
has been getting cheaper, but much more research needs to be done on the use 
of biomass as an energy source. Considerable research also is needed on the 
supply system for hydrogen.

Hydrogen often will be used as an energy source to power fuel cells that 
will produce electricity. The performance of fuel cells is therefore a critical issue 
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FIGURE 9.5  Hydrogen production plants can be built on different scales. Courtesy of 
Martin Offutt, IIASA.

both during the transition to the widespread use of hydrogen and in the longer 
term. The cost of power from a fuel cell has fallen from $1,000 per kilowatt 
in the early 1990s to $300 per kilowatt in the year 2000. For a mass-produced 
fleet of 500,000 vehicles, the cost would be about $100 per kilowatt today. A 
feasible but ambitious target would be $30 per kilowatt.

The durability of fuel cells also has improved, from 1,000 hours in 2004 to 
2,000 hours in 2007. A good target for durability is 5,000 hours, Ramage said.

A major challenge for vehicles is to get enough hydrogen onboard the 
vehicle for it to have a range of about 300 miles, comparable to current vehicles. 
The best solution appears to be absorbing hydrogen in solid materials, but “this 
is a major technical challenge,” according to Ramage. At present, automakers 
are prepared to take vehicles to market that use hydrogen compressed to 10,000 
pounds per square inch (psi), and there are already a growing number of dem-
onstration vehicles on the road that have ranges on the order of 300 miles.

In the optimally plausible case, which assumes that technical targets are 
met, that policies are established to support infrastructure change, and that 
consumers buy the vehicles, hydrogen fuel cell vehicles could make significant 
inroads into current vehicle markets, Ramage said. If they have a penetration 
rate comparable to that of hybrid vehicles and then front wheel drive vehicles, 
there would be a substantial transition toward hydrogen vehicles in the 2025 to 
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2040 time period (Figure 9.6). Such a trend would require a substantial increase 
in hydrogen production during this period, which would lead to a correspond-
ing reduction in petroleum imports. “Obviously, nobody would assume that 
hydrogen is going to be our only source of energy,” Ramage said. But such a 
scenario “shows the kind of impact it could have.”

The transition to a new energy regime is discussed in Part IV of this 
summary, but several points are particular to hydrogen. If hydrogen vehicles 
become widely available in 2015 and are self-sustaining in 2025, which means 
that they are cost-effective and people are buying them without government 
subsidies, the best method of hydrogen distribution during that period will be 
fueling sites using natural gas. “Natural gas is an energy security issue,” Ramage 
said, but “you can get a lot of vehicles on the road in the early years with small 
refining units at the filling station, and most of that technology is in place.”

The technology to produce hydrogen from biomass and from coal with 
sequestration could be developed in the 2020-2025 timeframe, Ramage said. 
Other large-scale technologies, such as nuclear, solar, and other renewables, 
then could be developed over a longer timeframe. Under an optimally plau-
sible scenario, U.S. petroleum consumption could be reduced 40 percent by 
2035. Energy security would be enhanced, light-duty vehicles would emit half 
as much carbon dioxide, and 20 percent of the overall U.S. energy used could 
come from hydrogen. “Equally important,” said Ramage, “it’s a pathway to a 
sustainable energy future.”
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“None of us can really imagine what the energy future is going to look 
like,” said Ramage. But the transition is sure to require public-private partner-
ing. It also will require public incentives to buy hydrogen-powered vehicles, 
such as are in place for hybrid vehicles. And the incentives need to be large 
enough and sustained enough to get through the transition to widespread use 
of hydrogen.

A robust, ongoing program of research and development by both the 
public and private sectors could make progress on the hurdles hydrogen faces, 
Ramage said. To name just a few issues: Vehicle and fuel combinations need to 
be evaluated for their impact on enhancing energy security and reducing carbon 
dioxide emissions. Details of the transition to hydrogen need to be studied. And 
strategies to accelerate the innovation process for the needed technologies need 
to be studied.
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Buildings and Industry

Beyond transportation, tremendous amounts of energy can be saved in 
homes, businesses, and industry through more efficient technologies and 
through changes in behaviors. “The world’s energy needs and our envi-

ronmental responsibilities converge toward a common solution,” said Reuben 
Jeffery. “Conservation must remain an important part of that solution.”

Samuel Bodman made a similar point, “We all must actively promote 
enhanced energy efficiency wherever we can—in our homes, our vehicles, 
our offices, and across all industries. Because the truth is, the largest source 
of immediately available, ‘new’ energy is the energy we waste every day.” The 
needed steps are straightforward, said Bodman: insulating homes and other 
buildings, choosing energy-efficient appliances and compact fluorescent bulbs, 
considering a fuel-efficient vehicle or taking public transportation, and par-
ticipating in an energy assessment program. “Collectively, these actions have 
an impact in precisely the right direction, taking some immediate pressure off 
demand.”

The changes going on in U.S. society today are more than a reaction to 
higher gas or home-heating costs, Bodman said. “I believe we are seeing a grow-
ing commitment to not just affordable energy but clean energy as well.”

Speakers at the summit discussed just a few of the many efficiency improve-
ments possible through technological change. But these examples demonstrate a 
point that extends much more broadly—efficiency improvements often pay for 
themselves over time, making reduction of greenhouse gas emissions through 
energy efficiency a win-win proposition.
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CONSERVATION IN CALIFORNIA

California has been leading the way in conserving electricity, Steven Chu 
pointed out. In 1973, electricity use in the United States was about 8,000 
kilowatt-hours per person for the country as a whole and about 6,500 kilowatt-
hours for California. By 2006, electricity use per person in the United States 
averaged 12,000 kilowatt-hours, while in California electricity use was about 
7,000 kilowatt-hours. Meanwhile, the real gross domestic product of California 
grew by a factor of two. It’s a “myth that if you flatten the use of energy you 
will kill your economy,” Chu said.

One of the most important advances in California was the introduction 
of energy efficiency standards. For example, the efficiency of refrigerators 
improved by more than a factor of four from 1975 to 2005 even as the size of 
refrigerators grew from 18 cubic feet to 22 cubic feet. Meanwhile, the infla-
tion-adjusted cost of refrigerators went down by a factor of two. The amount 
of energy saved just from refrigerators is equivalent to more than two-thirds of 
all the hydroelectric power generated in the United States (Figure 10.1). Major 
efficiency gains also are possible with air conditioners and gas furnaces. “This 
should be done throughout the whole sector,” Chu said.

Large amounts of energy also can be saved through building codes. Cali-
fornia has a temperate climate, which makes heating and cooling buildings less 
expensive. Yet California codes call for extensive building insulation, which 
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has helped to conserve energy in the state. “There are so many opportunities 
to capture energy efficiency in buildings,” Chu said. “We’re talking factors of 
three or more in new buildings that would pay for themselves in 5 years.”

An important policy innovation that has spurred conservation in the state 
has been to separate profits from energy sales. Traditionally, utility companies 
have made more money by selling more energy, creating an incentive to spur 
energy consumption. State policy in California consciously decoupled that con-
nection. Instead, if utilities introduced more efficiency into the use of energy, 
they were able to charge higher rates. “There were inducements for the utility 
companies to actually make investments and save more energy,” Chu said. This 
has had a profound effect by making utilities outspoken advocates for energy 
efficiency in the state. For many years, California was the only state to have 
taken such an action, but it now is being implemented by states elsewhere.

Enlightened policies also can affect individual perceptions of discount 
periods. Most people are not impressed by an investment that will pay for itself 
in 20 years. They tend to like to see a repayment within a year and a half. But 
if they can be repaid in 5 to 6 years, inducements and policies that promote 
awareness of such payoffs can create “a big change,” said Chu. For example, 
a recent report by McKinsey & Company (2007) estimated that $1,000 worth 
of additional insulation and labor could pay for itself within 1½ to 2 years. 
Yet the American Home Builders Association is lobbying very strongly against 
efficiency targets, said Chu, contending that “American homeowners . . . don’t 
want to pay for [improvements].” The solution, according to Chu, is “to write 
your Congress people.”

Finally, Chu lauded the Top Runner program in Japan, which he called “an 
Energy Star labeling program on steroids.” The program identifies the most 
efficient product in a variety of categories and then uses the performance of 
this “top runner” model to set a target for all manufacturers to achieve within 
the next 4 to 8 years. “You don’t really need an elaborate appliance standard 
bureaucracy,” Chu said. You let “industry bootstrap itself. It’s a target, not a 
mandatory regulation, yet it seems to be very effective.”

Chu asked why programs like California’s utility company decoupling or 
Japan’s Top Runner have not been widely replicated around the world. Partly it 
is because people have not heard about the programs. In a 2007 report entitled 
Lighting the Way: Toward a Sustainable Energy Future (IAC, 2007), a commit-
tee cochaired by Chu and José Goldemberg recommended that a small inter-
national committee of experts be used to identify policies that have worked. 
Such policies are like the rudder of a ship that governments can use to produce 
enormous course changes over time.

SAVING MONEY BY SAVING ENERGY

The Rocky Mountain Institute also has examined a large number of ways 
to improve efficiency in homes and businesses. According to Lovins, institut-
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ing economical ways to save electricity could save about three-quarters of the 
electricity consumed in the United States at an average cost of about 1 cent 
per kilowatt-hour, which is cheaper than the cost of operating a power plant. 
Other studies have arrived at comparable findings, and “the efficiency potential 
keeps getting bigger and cheaper because the technology improves faster than 
we use it,” Lovins said. “It’s as if the low-hanging fruit is mushing up around 
our ankles and spilling in over the tops of our waders while the innovation tree 
pelts our head with more fruit.”

Lovins used his house and Rocky Mountain Institute headquarters in 
Snowmass, Colorado, as an example (Figure 10.2). At an elevation of 7,100 
feet in the Rockies—where frost is possible any day of the year, winters can be 
continually cloudy, and lows can reach minus 47 degree Fahrenheit—Lovins 
has harvested 28 banana crops in the central atrium. Yet the house does not 
have a furnace. It is extremely well insulated and efficiently designed, which 
together cost less than a heating system would have cost. The building saves 99 
percent of space and water heating energy and 90 percent of home electricity, 
and when the house was built in 1983 the additional construction costs paid 
for themselves in 10 months.

Other projects have demonstrated similar results in extremely hot climates, 
Lovins said. Homes in such climates can be built with no air conditioner and 
remain quite comfortable in temperatures up to 115 degrees Fahrenheit. Even 
in humid Bangkok, homes can use 90 percent less air conditioning and still offer 
better comfort and no extra construction costs. “These examples span the range 
of Earth’s climates and tell a common story,” Lovins said. “If you optimize the 
house as a system, . . . you get big, cheap savings.” The object is to use tech-
nologies and smart design to tunnel through the cost barrier of diminishing 
returns and rising marginal costs. “If I add enough [insulation], I get rid of the 
furnace, ducts, vents, pipes, wires, controls, and fuel supply arrangements. It’s 
99 percent cheaper than if I had set out to save little or nothing.”

Rocky Mountain Institute has demonstrated these steps in $30 billion 
worth of industrial projects in 29 sectors. Sometimes the changes are as simple 
as designing production plants to use fat, short, and straight pipes rather than 
thin, long, and crooked pipes. “It works better and costs less,” Lovins said.

TRANSFERRING TECHNOLOGIES TO THE 
 DEVELOPING WORLD

Much of the growth in energy consumption over the next two decades will 
be in the developing world. Therefore, energy-efficient technologies need to 
be transferred from the developed world to the developing world, said Rodney 
Nelson. A major recommendation from the National Petroleum Council’s study 
of world oil and gas supplies is that energy-efficient technologies need to be 
implemented outside the developed world (NPC, 2007).
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Figure 10-2.eps
bitmap images low resolution

FIGURE 10.2  Top: Amory Lovins’ house (and the original headquarters of the Rocky 
Mountain Institute) in chilly Snowmass, Colorado (left), uses about 1 percent the normal 
space- and water-heating energy and 10 percent the normal electricity, with a 10-month 
payback in 1983. It has produced 28 indoor banana crops (right) with no furnace. 
Middle: A Davis, California, tract house, designed by Davis Energy Group to use about 
a tenth the normal U.S. amount of energy, is comfortable with no air conditioner at up 
to 115˚F (45˚C) and, if built in quantity, would cost about $1,800 less than normal to 
construct and $1,600 less over time to maintain. Bottom: Designed and constructed by 
Professor Dr. Soontorn Boonyatikarn, this 350-square-meter Bangkok house, at normal 
construction cost, provides superior comfort with one-tenth the normal air-condition-
ing energy. SOURCE: Top: Courtesy of Rocky Mountain Institute. Bottom: Courtesy of 
Soontorn Boonyatikarn, Chulalongkorn University.
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Sometimes these technologies can be very straightforward yet have a major 
impact, Chu observed. At the University of California, Berkeley, and Lawrence 
Berkeley National Laboratory, a team led by Ashok Gadgil developed a cook-
stove that is four times more efficient than the three-stone stove traditionally 
used in Darfur (Figure 10.3). Each stove annually avoids the emission of 2 tons 
of carbon dioxide per year (a typical car emits 4 tons of carbon dioxide per 
year). It also produces much less indoor air pollution, which is responsible for 
the deaths of more than a million people worldwide each year. The cost is less 
than $20, including a modest profit to the local manufacturer. “The energy 
problem can be greatly advanced by pretty low-tech stuff,” said Chu. “In the 
poorest part of the developing world, quite modest things can have a profound 
impact.”

FIGURE 10.3  A cookstove designed in Berkeley, California, and manufactured in the 
Sudan avoids 10 tons of carbon dioxide emissions over its 5-year life. SOURCE: Roy 
Kaltschmidt, Lawrence Berkeley National Laboratory.
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Part IV

Meeting the Challenge

Are we up to the challenge? There is no reason to be particularly optimistic, 
but time will tell.

James Schlesinger
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Pathways to a Sustainable Future

Achieving an energy regime that meets human demands while protecting 
the global environment will require changing the relationship between 
energy use and economic activity. As several speakers at the summit 

pointed out, these two measures are correlated (Figure 11.1). However, the 
correlation is not invariant.

From 1977 to 1985, the U.S. economy grew 27 percent while the nation’s 
use of oil fell 17 percent. Oil imports fell by half, and imports from the Persian 
Gulf dropped by 87 percent. “It broke OPEC’s pricing power for a decade, 
because we customers, especially in America, . . . found that we could save oil 
faster than OPEC could conveniently sell less oil,” said Amory Lovins.

As Lovins pointed out, economic theorists have assumed that energy inten-
sity in the world will fall by about 1 percent a year because of increasing effi-
ciency. “If we could make that about 2 percent a year, it would stabilize carbon 
emissions with economic projections. If we could make that more like 3 percent 
per year, carbon emissions would fall and stabilize the climate fairly quickly.”

Reductions in energy intensity of 3 percent a year may seem high, but 
they are not uncommon, Lovins said. The United States has cut its energy 
intensity by that much or more in many recent years, including 4 percent in 
2006. California’s energy intensity typically has dropped a percentage point 
faster than the U.S. average. China cut its intensity by more than 5 percent a 
year for a quarter of a century, although it recently “came off the rails” as it 
began using more energy-intensive basic materials. But if China were to make 
energy intensity a priority, as it is now beginning to do, the country could 
have 20 times the gross domestic product that it does today while emitting no 
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FIGURE 11.1  Annual per capita electricity use rises with the human development in-
dex to a maximum at about 4,000 kilowatt-hours. SOURCE: Adapted from Pasternak 
(2000).

more carbon, according to Lovins. Many companies have been cutting energy 
intensity—and in some cases absolute emission levels—by 6 to 9 percent a year. 
“They all make money on it,” Lovins said. Even Japan, which has less than half 
the energy intensity of the United States, is finding ways in official studies to 
triple energy productivity

To solve the energy problem, the United States must increase its energy 
efficiency four- to fivefold, while the developing world grows in such a way 
that its energy intensity does not increase dramatically, said Steven Chu (Figure 
11.2). “The real question is whether the developing countries will follow in the 
footsteps of the United States, Australia, and Canada,” said Chu. Or will they 
“leapfrog past the mistakes of the developed world”? The developed world has 
an obligation to lead the way and to help other nations follow, Chu said. “It is 
not our birthright to say that we should enjoy a high standard of living and the 
developing countries should not.”

Several speakers pointed out that stabilizing the amount of carbon diox-
ide in the atmosphere will require that carbon emissions be cut to a very low 
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level—or eliminated entirely—in the United States and many other countries. 
“Zero [emissions] is the answer,” said Robert Marlay. “Zero is a very inspiring 
technological goal, which has permeated all the thinking in the R&D agencies. 
This is what we need to imagine is possible. This is what we need to craft our 
vision and our programs to do. This is what we are going after.”

As John Holdren said, “If you look at how long carbon dioxide stays in 
the atmosphere, we’re going to have to be very near zero by the end of this 
century or shortly thereafter if we want the impacts of climate change to be 
manageable. And we’re not going to avoid all of the impacts. I often say that 
in the climate challenge, we have only three choices—mitigation, adaptation, 
and suffering—and we’re already doing some of each. What’s up for grabs is 
the mix. If we want the suffering to be minimized, we’re going to have to do a 
whole lot of mitigation and a whole lot of adaptation.”

FIGURE 11.2  As the per capita gross domestic product of the developing countries 
increases, carbon dioxide emissions can either rise to the level of the most energy-
intensive developed countries (upper curve) or remain at the level (lower curve and 
dashed straight line) that the developed world needs to reach to avoid dangerous climate 
change. PPP, purchasing power parity. SOURCE: Based on EIA and UN data plotted 
by members of the Office of the Chief Scientist, BP plc. GDP per capita data from the 
World Bank World Development Indicators 2008 database.
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Several speakers at the summit described plans that would substantially 
reduce U.S. emissions of carbon dioxide. This chapter describes two of those 
plans. Steven Specker presented an analysis done by the Electric Power Research 
Institute (EPRI) that would reduce carbon dioxide emissions to levels below 
those for 1990 by the year 2030. Jon Creyts and Ken Ostrowski summarized 
a McKinsey & Company analysis (2007) that looked at more than 200 options 
for reducing carbon dioxide emissions. Although neither plan would reduce 
carbon emissions to anywhere near zero, both would “bend the curve” of U.S. 
emissions so that they begin to decline rather than continuing to increase.

ELECTRICITY TECHNOLOGY IN A  
CARBON-CONSTRAINED FUTURE

In plotting the future of electricity technologies given future constraints on 
carbon dioxide emissions, EPRI set out to answer three questions:

1. What is the technical potential for reducing U.S. electric sector carbon 
dioxide emissions?

2. What are the economic impacts of different technology strategies for 
reducing U.S. electric sector carbon dioxide emissions?

3. What are the key technology challenges for reducing electric sector 
carbon dioxide emissions?

The EPRI analysis focused on the period between now and 2030, since that 
is the period when technologies will have to be deployed to bend the curve of 
growing carbon dioxide emissions, Specker said.

Using projections from the EIA of carbon dioxide emissions over that 
period—which were recently modified to reflect the impact of the 2007 energy 
legislation—the EPRI study looked at the potential of seven technology areas to 
reduce emissions (Figure 11.3). The first area is efficiency. EPRI set a target of 
0.75 percent growth for consumption in the electricity sector until 2030. That 
target is “aggressive but doable,” said Specker. “If we can do better, that’ll be 
fantastic, but we think that’s a significant technical challenge.” The best thing 
about efficiency improvements is that they can be started immediately. “You 
don’t have to pour concrete. You don’t have to build . . . new plants. There’s a 
lot we can do with efficiency right now.”

The second area EPRI considered is renewable sources of energy. The 
EIA has forecast that 60 gigawatts of such power would be available by 2030. 
The technology challenge set by EPRI is for 100 gigawatts. Together, efficiency 
improvements and additional sources of renewable energy “get pretty close, at 
least for a while, to flattening out carbon dioxide emissions in the electricity 
sector if we can achieve these targets.”
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The third technology challenge is greater use of nuclear energy. Compared 
with the EIA forecast of 20 gigawatts of new nuclear capacity by 2030, EPRI 
has set a target of 64 gigawatts of new nuclear power by then. The first new 
advanced light-water reactors would come on line in 2016. Creating 64 giga-
watts of new capacity would require 40 to 45 new advanced light-water reactors 
by 2030. When new nuclear capacity is added to efficiency and renewables, the 
curve of carbon dioxide emission starts to bend downward.

Advanced coal generation without carbon capture and sequestration is the 
fourth area. Two opportunities exist in this area. About half of the existing coal 
plants in the United States have the potential for efficiency improvements of 
1 to 3 percent. That’s the “quickest, easiest way to get carbon dioxide reduc-
tions in the existing installed base,” Specker said. The second opportunity is to 
improve the technology of plants through higher temperatures and pressures to 
get efficiencies as high as 49 percent by 2030. This goal poses “lots of materi-
als challenges,” said Specker, but it is an important component of the overall 
plan.

The EIA reference case does not assume any carbon capture and seques-
tration because it is based on existing laws and regulations without a price on 
carbon. EPRI has set a goal of wide-scale deployment of advanced coal with 
carbon capture and sequestration by 2020—its fifth technological focus—that 
would require all new coal plants coming on line after 2020 to have up to 90 
percent carbon capture and storage. This is “a very daunting technology chal-
lenge,” said Specker, “but we think [it is] absolutely essential.”

The sixth area is the widespread use of plug-in hybrid electric vehicles, an 
area in which EPRI has focused considerable attention in recent years. And the 
seventh and final area is the use of distributed energy resources, mostly solar 
photovoltaic energy, which could expand significantly in the latter part of the 
period EPRI considered.

With these areas of emphasis, carbon dioxide emissions can be reduced 
below 1990 levels by 2030, and the curve of increasing emissions can start to 
bend in the 2012 to 2015 time period, according to the EPRI analysis. “It’s all 
about efficiency and renewables in these early years,” Specker said. “But that’s 
not going to be enough to do what we need to do long-term.”

The EPRI analysis took a second approach to considering carbon dioxide 
emissions. It assumed that emissions would be limited in the future and asked 
how electricity production would have to change given those limits. The sce-
nario considered most thoroughly by EPRI assumed that emissions would be 
capped from now until 2020 and then be required to decline at 3 percent per 
year starting in 2020, which would produce a 50 percent reduction in emissions 
by 2050. It also considered two possible technology scenarios: a full portfolio in 
which all of the technologies considered earlier meet their assumed targets, and 
a limited portfolio in which carbon capture plus sequestration does not occur 
and nuclear capacity remains what it is today (Table 11.1). These are “arbitrary 

The National Academies Summit on  America's Energy Future: Summary of a Meeting

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/12450


PATHWAYS TO A SUSTAINABLE FUTURE	 91

assumptions,” said Specker, designed to “understand the role of nuclear and 
coal with and without those resources in the future.”

In the full technology portfolio, coal without carbon capture and sequestra-
tion phases out by 2040 and is replaced by coal with carbon capture and seques-
tration (Figure 11.4). Natural gas is used more to meet peak electricity demands 
than as a baseload source of energy. Consumption is reduced somewhat due 
to higher prices (as shown by the cross-hatched area at the top of the graph). 
By 2040, according to this plan, the electricity sector is basically decarbonized, 
according to Specker. “By 2040 we will have caught up with France in the 
electricity sector,” Specker said, since France already gets most of its electricity 
from nuclear power and renewable energy sources. “That’s always something 
to keep in mind as we talk about the daunting challenge of decarbonizing the 
electricity sector—at least one industrialized country has done it.”

The situation is very different with the limited technology portfolio (Fig-
ure 11.5). According to EPRI’s model, to meet the same constraints on carbon 
dioxide emissions, coal has to be largely phased out by 2040. Reliance on 
natural gas is much increased. Hydroelectric power, wind power, and other 
renewables play a much larger role. And the consumption of electricity must be 
significantly decreased. “You basically are forced to reduce electricity demand 
because you cannot generate electricity in a low-carbon way.” One consequence 
of such a scenario is that electricity is likely to be much more expensive to 
dampen demand. Electricity prices could go up an estimated 260 percent to 
drive down the use of electricity, compared to a 50 percent increase for the full 
technology portfolio (Figure 11.6).

The cost to the U.S. economy of adopting carbon constraints depends on 
which technologies are developed (Figure 11.7). With the limited technology 
portfolio (the left-hand bar on Figure 11.7), the cost of the policy, discounted 

TABLE 11.1  Comparison of Two Possible Technology Scenarios

Full Portfolio Limited Portfolio

Supply Side
Carbon capture and storage Available Unavailable
New nuclear Production can expand Existing production levels 

~100 GW
Renewables Costs decline Costs decline more slowly
New coal and gas Improvements Improvements

Demand Side
Plug-in hybrid electric vehicles Available Unavailable
End-use efficiency Accelerated improvements Improvements

NOTE: The full technology portfolio assumes that all technologies meet their development objec-
tives, while a limited portfolio assumes slower progress. SOURCE: Energy Technology Assessment 
Center of the Electric Power Research Institute.
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FIGURE 11.4  The full technology portfolio results in the decarbonization of most of 
the electricity sector by 2040. SOURCE: Energy Technology Assessment Center of the 
Electric Power Research Institute.

through 2050, is about a trillion and a half dollars, according to the EPRI 
model’s estimates. With the full technology portfolio (the right-hand bar), the 
cost is about a half trillion dollars. “If we have a carbon dioxide policy in the 
next few years, which we very likely will, how we then implement that policy 
with technology is the trillion-dollar question,” Specker said. “Technology is 
critical to managing the cost of a carbon dioxide policy.”

For each of the major areas considered in its analysis, EPRI laid out the 
key technologies that need to be developed to reduce carbon dioxide emissions. 
These technologies fell into four categories (Figure 11.8). EPRI has created 
development and deployment roadmaps for each of these technologies showing 
what is going on now and what will need to be done at various points in the 
future, “Everyone is very focused about getting things done,” said Specker. “We 
have to get on with [meeting] these challenges.” Funding will have to come 
from the private as well as the public sector. “We’re trying to keep the ball in 
play and keep it moving forward. That’s the pragmatic approach.”
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FIGURE 11.5  The limited technology portfolio would require a substantial decrease 
in electricity use below the business-as-usual scenario. SOURCE: Energy Technology 
Assessment Center of the Electric Power Research Institute.

REDUCING U.S. GREENHOUSE GAS EMISSIONS

McKinsey & Company, a business consultancy firm that advises corpora-
tions and governments, recently conducted a comprehensive analysis of options 
to reduce greenhouse gas emissions (McKinsey & Company, 2007). The analysis 
considered both proven, commercialized technologies and four emerging tech-
nologies: carbon capture and sequestration, cellulosic biofuels, plug-in hybrids, 
and LED lighting. It did not examine more speculative technologies in detail. 
“It’s not because we don’t believe those will happen,” said Ken Ostrowski. “In 
fact, we’re quite encouraged, and we know that as the United States and other 
economies begin to focus on this task more seriously, there will undoubtedly be 
important breakthroughs. But we focused our analysis only on those that were 
proven or the four that I mentioned that were emerging.”

The project covered seven sectors of the economy: buildings, power, trans-
portation, industry, waste, agriculture, and forestry. Researchers conducted 
interviews with more than 100 leading authorities and companies. They also 
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took advantage of the internal expertise available at the company. An academic 
panel provided support and guidance, and the overall project was sponsored by 
seven corporate and environmental organizations, although the report remains 
an independent report put together by McKinsey & Company. “Essentially, 
we talked to anybody who had expertise and was open to talk with us,” said 
Ostrowski. “We tried to make this a very extensive, comprehensive assessment 
of the state of knowledge.”

Using data from the EIA and other organizations, the McKinsey analysts 
constructed an emissions reference base from the present to the year 2030. In 
2005, the United States emitted approximately 7.2 billion metric tons of carbon 
dioxide. Under a business-as-usual scenariowith an expanding population, 
a growing economy, and larger homes and businesses containing more appli-
ances—the expected growth to 2030 was 2.5 billion metric tons, to a total of 
9.7 billion metric tons in 2030, a 35 percent increase in emissions. This projec-
tion is unlikely to be completely accurate, Ostrowski noted. But it provided a 
defensible baseline against which to measure emissions reductions.

Based on that projection, the McKinsey project considered three sce-
narios. In the low-range case, carbon dioxide emissions are 1.3 billion metric 
tons less in 2030 than in the baseline case. This figure represents a relatively 
“uncoordinated response to the challenge that the nation faces,” Ostrowski 
said. “Some might say that’s the path we’re on today, but this essentially says 
there are incremental improvements over the course that we would have been 
on otherwise.”

The mid-range case, which would result in a 3-billion-metric-ton reduc-
tion in emissions, represents a more concerted and coordinated response. This 
would be “a fairly aggressive response,” according to Ostrowski, “but still 

• Expanded Advanced Light-Water 
Reactor Deployment

• Enabling Efficiency, PHEVs, DER 
via the Smart Distribution Grid

• Enabling Intermittent Renewables 
via Advanced Transmission Grids

• Advanced Coal Plants with CO2

Capture and Storage

Figure 11-8.eps
partially fixed image low resolution
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FIGURE 11.8  Reducing carbon dioxide emissions will require technological advances 
in the four key areas shown on the right. The seven categories of contributing technolo-
gies (left) are those shown in Figure 11.3. SOURCE: Energy Technology Assessment 
Center of the Electric Power Research Institute.
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we would stop shy . . . of saying we took every single option to its maximum 
economic potential.”

The high-range case—leading to a reduction of 4.5 billion metric tons—
represents a fully committed response. As Ostrowski described it, this case 
would imply that “we are absolutely serious about carbon, and we’re going to 
hit every single option that we can to its maximum potential.”

The McKinsey report focuses primarily on the mid-range and high-range 
cases, or a potential abatement of 3 billion to 4.5 billion metric tons. This level 
is on the order of the reductions called for by various bills that are being dis-
cussed in the U.S. Congress. “Only as we get well past our mid-range case and 
into the aggressive territory do we begin to match the levels that are currently 
being called for.”

The authors of the McKinsey report examined 250 different options 
for reducing carbon dioxide emissions. They asked how each technology or 
approach would be developed and commercialized over time, and what level 
of abatement it could provide. They then aggregated the 250 options into 83 
categories and calculated how much abatement each category could provide 
and the cost of the abatement. The result was a widely reproduced chart (Figure 
11.9). The width of each bar on the chart represents the potential abatement 
attributable to that option in billions of metric tons, with the sum of all the bars 
about 3 billion metric tons of reduced emissions. “This represents essentially 
three times the total level of emissions by Germany,” Ostrowski said. “Still, even 
at this level, we would be short of the levels that are being called for today.”

The height of each bar represents the cost of that option, with “cost” being 
the incremental capital, operating, and maintenance costs relative to what 
would have been spent under the baseline scenario. “If we decide to build an 
incremental nuclear plant, we would compare the incremental capital, operat-
ing, and maintenance costs of that additional nuclear plant relative to what it 
displaced, which was likely some combination of a supercritical coal plant and 
a combined-cycle gas plant.”

One obvious aspect of the chart is that the set of abatement options is 
highly fragmented. The widest band represents about 10 percent of the total 
abatement. “There is no silver bullet,” Ostrowski said, “and if one of these 
options does not deliver the full potential, it does not mean that we cannot 
achieve near the levels that are projected here.”

The second obvious aspect of the chart is that some of the bars extend 
below the line. These represent options that have a positive net impact on the 
economy. The incremental capital costs are more than offset by the operat-
ing and maintenance savings that are realized over the lifetime of that action. 
For example, a compact fluorescent bulb has a higher initial cost, but the 
lifetime and energy efficiency of that bulb are so much greater that use of 
the bulb results in a net savings. Furthermore, when all the options are con-
sidered together, the total savings are approximately equal to the total costs.  
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“We would achieve 3 billion metric tons of abatement without incremental 
costs,” Ostrowski said.

Jon Creyts pointed to some of the detailed aspects of the opportunity pro-
file. For example, energy efficiency, which is shown primarily on the left side of 
Figure 11.9, accounts for roughly 40 percent of the total abatement potential. 
“Once you change out a light bulb, once you change to a different automobile, 
once you increase the insulation thickness or put on a reflective roof coating, 
you have essentially created a durable form of energy efficiency that you can 
count on,” Creyts said.

There are a variety of reasons why the options with positive economic ben-
efit are not necessarily easy to implement. For example, a landlord and a tenant 
may have competing interests, as may a builder and an owner. Automobile own-
ership is another issue. The average person owns an automobile for between 
4 and 5 years and so does not benefit from the full 14- to 15-year lifespan of a 
typical automobile. A lack of information also may disrupt or prevent capture 
of some of the benefits. “Often, our work has been taken out of context, and 
people use it as a way to push forward the notion that this is cheap and easy to 
do,” Creyts said. “We have said clearly—and we maintain quite clearly—that 
energy efficiency is very difficult to achieve.” However, Creyts added, compared 
with the challenge of liquefying carbon dioxide gas coming out of the back end 
of a power plant, pumping it underground, and keeping it there for thousands 
of years, efficiency improvements deserve special attention.

Ostrowski and Creyts also noted that in many cases policies have to change 
to enable implementation of emissions-reducing options, and the McKinsey 
study did not factor in the costs of those policies. “We did not want to prescribe 
what the policy solution should be,” said Ostrowski. “There are many ways to 
address this issue, and we’ll leave that up to the policymakers.”

The McKinsey study looked at several categories of technologies with 
substantial abatement potential (Figure 11.10). In each case, it evaluated the 
potential under the low-range, mid-range, and high-range cases. For example, 
with carbon capture and sequestration, the projections started at zero in 2005, 
with succeedingly higher adoption in each case. In addition, within these cat-
egories substantial potential exists for emissions reductions with net benefits to 
the economy (Figures 11.11 through 11.15).

Ostrowski and Creyts noted that where an option falls on the curve—thus 
representing its net cost—often depends on the sequencing of events. For 
example, the rate at which the electric grid or transportation are decarbon-
ized influences a variety of energy efficiency options, such as the use of plug-
in hybrids. Also, efficiency improvements could postpone the need to build 
additional generating capacity until more efficient power plants are developed. 
If plant construction was delayed, as much as $300 billion of additional invest-
ment in generating capacity could be avoided. “If we aren’t able to capture that 
energy efficiency early, we may very well wind up building that additional $300 
billion and then idling that capacity in the longer run,” said Creyts.
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FIGURE 11.10  Six categories of advanced technologies could produce low-, medium-, 
and high-range emissions reductions. SOURCE: McKinsey & Company (2007).

For the mid-range case, the McKinsey study estimates that the up-front 
capital costs to the economy would be about $1.4 trillion. This amount is only 
about 1.8 percent of the total real capital investment in the economy over this 
period, Creyts noted. But it is concentrated in certain sectors of the economy. 
For example, $560 billion of that investment is within the power sector, which 
represents “a massive recapitalization of the power sector.” Similarly, transpor-
tation will have to undergo a significant recapitalization.

Investments in emissions-reducing technologies would have substantial 
impacts on the energy-producing sector, Creyts observed. Conventional coal-
powered energy production would decline substantially, with an increase in 
carbon capture and sequestration. Energy from renewable sources would 
increase. Counterintuitively, the use of natural gas declines quite significantly 
from its current role, which creates a catch 22 for the electricity industry. “If 
we are unable to capture energy efficiency in the near term, we would wind up 
building out that gas asset base and wind up essentially idling it in the long-
term because gas would compete fundamentally at the margin with renewable 
power,” said Creyts. “That could lead to a large amount of stranded assets here 
in the United States.”
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FIGURE 11.11  Improvements in buildings and appliances offer many options with net 
benefits to the economy. SOURCE: McKinsey & Company (2007).
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FIGURE 11.12  Vehicle fuel economy and lower-carbon fuels will be essential to reduce 
transportation emissions. SOURCE: McKinsey & Company (2007).
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FIGURE 11.13  Options in industry and the waste sector are highly fragmented. 
SOURCE: McKinsey & Company (2007).
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FIGURE 11.14  Terrestrial carbon sinks offer substantial abatement potential at moder-
ate cost. SOURCE: McKinsey & Company (2007).
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FIGURE 11.15  Electric power generation offers large but higher-cost abatement poten-
tial. SOURCE: McKinsey & Company (2007).
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The Public Sector Response

In December 2004 the National Commission on Energy Policy released 
its report Ending the Energy Stalemate (NCEP, 2004). The Commission, 
which was launched in 2002 and funded by the William and Flora Hewlett 

Foundation and other philanthropies, was established as a bipartisan group 
with members from business, federal and state governments, academia, labor, 
and non-governmental organizations.

“We started with what clearly was a stalemate in U.S. energy policy,” said 
John Holdren, who co-chaired the Commission with former EPA administrator 
William Reilly and Exelon CEO John Rowe. A gap between rising oil use and 
declining domestic production had been widening since 1985, with little policy 
action to address the gap on either the supply or the demand side. Corporate 
average fuel economy (CAFE) standards had been unchanged since 1985 for 
passenger cars and had been constant from 1987 to 2005 for light-duty trucks, 
including pickups, vans, and sport utility vehicles. The whole-fleet average 
was 24 miles per gallon in 2003, the same as it had been in 1981. Thirteen 
years after the United States had ratified the UN Framework Convention on 
Climate Change, no requirement or incentive was in place to reduce carbon 
dioxide emissions from the energy sector. No new nuclear reactor had been 
ordered in the United States since 1978, and the siting of new liquid natural 
gas terminals and even wind farms had been stymied by NIMBY (“not in 
my back yard”) sentiments, which Holdren said were rapidly transitioning to 
BANANA sentiments—“build absolutely nothing anywhere near anyone.” And 
federal spending on energy-technology research, development, and demonstra-
tion projects in 2004 was the same as in 1987, even though the gross domestic 
product had almost doubled.
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The Commission had two overarching objectives. The first was to develop 
recommendations that can ensure ample, clean, reliable, and affordable energy 
for the United States in the 21st century while responding to growing concerns 
about the nation’s energy security and the risks of global climate change. The 
second was for its recommendations to command the bipartisan support nec-
essary to break the long-running energy policy stalemate in the Congress and 
be enacted. In seeking to meet these objectives, the Commission adhered to 
several guiding principles. It preferred market-based solutions and gradual 
adjustments rather than dramatic interventions. It sought to take into account 
the law of unintended consequences. It aimed for revenue neutrality, economic 
efficiency, cost-effectiveness, low consumer impacts, appropriate incentives for 
future action, flexibility for future adjustments, equity, political viability, and 
ease of implementation, monitoring, and measurement.

The Commission’s 2004 report made a variety of important recommenda-
tions. With regard to oil and gas supplies, it encouraged nations with under-
developed oil reserves to allow foreign investment in their energy sectors. It 
supported research and development on technologies to mitigate the environ-
mental impacts of developing unconventional oil resources. It urged the United 
States to fill the Strategic Petroleum Reserve and encouraged other nations to 
establish publicly owned reserves. It recommended creating incentives for con-
struction of an Alaskan natural gas pipeline and removing hurdles for the siting 
and construction of liquid natural gas facilities. It also recommended increased 
resources for public land planning and permitting.

With regard to dampening the growth of demand for liquid fuels, the 
Commission recommended significantly strengthening federal fuel economy 
standards for cars and light trucks while also reforming the CAFE program. It 
urged that manufacturer and consumer incentives be put in place to promote 
domestic production and increased use of advanced diesel and hybrid-electric 
cars. It also proposed pursuing efficiencies in the heavy-duty truck fleet and the 
existing passenger vehicle fleet.

To address climate change risks, the Commission proposed initiating in 
2010 a mandatory, economy-wide, tradable-permits system to limit greenhouse 
gas emissions. The permit system would be designed to reduce the carbon 
emissions intensity of the United States by 2.4 percent per year and would have 
a “safety valve” (which is discussed later in this chapter) to prevent excessive 
economic dislocations. The Commission also recommended linking subsequent 
U.S. action with comparable efforts by other developed and developing nations 
via a program review in 2015 and every 5 years thereafter. “This was the provi-
sion that was necessary to assure people on the Commission concerned about 
the competitiveness effect of the United States’ embracing a price on carbon 
emissions and having our major competitors not do so,” said Holdren.

A set of recommendations directed to protecting critical energy infrastruc-
ture called for addressing the vulnerability of the electricity grid to attack and 
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improving security on cyberattacks against the systems that manage the power 
grid. In addition, the Commission asked for an examination of whether surveil-
lance technologies developed for defense and intelligence purposes could be 
applied to widely deployed energy systems.

Research and development on energy technologies received special empha-
sis in the Commission’s recommendations. Its report called for doubling the 
annual real federal expenditures for energy research, development, and dem-
onstration in the next 5 years, to a level of $3.3 billion in 2004 dollars in 2010. 
Within this effort, the Commission recommended that funding for international 
cooperation on energy research, development, and demonstration should be 
tripled, to $750 million per year, and that the increased spending also should 
be complemented with a tripling of federal expenditures for accelerated deploy-
ment of the most promising technologies that successfully pass the demonstra-
tion phase. These expenditures would amount to $2 billion per year by 2010. 
Finally, the Commission concluded that the tax code should be revised to 
increase private-sector incentives to invest in energy research, development, 
demonstration, and early deployment.

Cleaner coal technology should be one focus of the technology-innova-
tion effort, Holdren said. “I use that term deliberately rather than ‘clean coal 
technology’ because many people point out there is no such thing as clean coal 
technology, but we can certainly make it cleaner.” Specifically, the Commission 
recommended that federal early-deployment incentives of $400 million over 
the next decade should be directed to faster commercialization of integrated 
gasification combined-cycle coal plants, which sharply reduce emissions of air 
pollutants, produce liquid and gaseous fuels as well as electricity, and can be 
more easily retrofitted to capture carbon dioxide. Additionally, it concluded 
that the development and commercial-scale demonstration of carbon dioxide 
capture and sequestration technologies also should receive $300 million in 
federal support over the next decade.

The Commission called for nuclear energy technologies to receive $2 bil-
lion over the course of a decade from the federal government for “first mover” 
advanced nuclear power plants to demonstrate improved safety and econom-
ics. The United States also should move expeditiously to establish a project for 
centralized, interim storage of spent fuel at no fewer than two locations. “We 
would no longer have all the eggs in the Yucca Mountain basket,” Holdren said. 
In parallel, the United States should work to reduce the risk of nuclear prolif-
eration by reiterating a commitment to continue indefinitely the longstanding 
moratorium on commercial reprocessing of spent nuclear fuel and the construc-
tion of commercial breeder reactors, emphasizing the policy of discouraging the 
accumulation of separated plutonium in civil fuel cycles elsewhere, and working 
to prevent the deployment of uranium-enrichment and spent-fuel-reprocessing 
capacity in additional countries. “Some of these might be seen as controversial, 
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[but] all of these recommendations were unanimous. There were no dissenting 
opinions in this diverse and bipartisan group about any of these matters.”

In the area of renewable energy technologies, the Commission said, the 
United States should accelerate the development and deployment of non-petro-
leum transportation fuels, especially cellulosic ethanol and diesel from biomass 
and wastes. Research, development, and demonstration should be increased 
from $25 million to $150 million per year over 5 years, and $750 million in 
early deployment incentives should be funded from 2008 to 2017, according 
to the Commission. In addition, research, development, and demonstration on 
solar photovoltaic and solar thermal energy systems should go from $83 mil-
lion to $300 million per year. And the renewable energy production tax credit 
should be extended and expanded to include all energy sources that do not 
emit carbon.

The Commission recommended increasing manufacturer and consumer 
incentives for more efficient vehicles from $80 million per year in 2004 to 
$300 million per year. It also called for increasing federal research, develop-
ment, and demonstration funding on efficiency improvements in buildings and 
appliances from $60 million to $300 million per year. And funding on improved 
efficiency in industrial processes should go from $93 million per year to $200 
million per year.

Both the Commission and the Energy Information Administration con-
ducted an analysis of the economic impact of its recommendations. According 
to the EIA, the impact of the carbon emissions permit system would not exceed 
0.15 percent of the gross domestic product in 2025. “At the forecasted rate of 
growth—2.8 percent—Americans would have to wait until about January 18, 

2025, to be as rich as they otherwise would have been on January 1 of that year,” 
Holdren pointed out. Furthermore, the full set of policies recommended by the 
Commission would reduce the gross domestic product by no more than 0.4 per-
cent in 2025 while reducing greenhouse gas emissions by 11 percent from the 
reference case. However, although coal use in 2025 would be 10 percent below 
the reference case, it would still be 22 percent above the level of 2003.

ACTIONS TAKEN BY THE BUSH ADMINISTRATION

Reuben Jeffery laid out the actions taken by the Bush Administration in 
general, and the State Department in particular, to address issues of energy 
security and the environment. First, the administration has emphasized diversi-
fication away from hydrocarbons over the medium and long term. For example, 
a week before the Academies’ energy summit, the U.S. government hosted 
the Washington International Renewable Energy Conference to highlight the 
importance of renewable and alternative energy technologies.

Since 2001, ethanol production has quadrupled from 1.6 billion gallons 
to an estimated 6.4 billion gallons in 2007, Jeffery said. Biodiesel production 
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is up 80 percent from 2006. Wind energy production has increased by more 
than 300 percent from 3 years ago, and solar capacity has doubled in the past 
several years. Admittedly, all of these increases are from small bases, and each 
source needs to develop more quickly to become a significant element of energy 
supplies, Jeffery acknowledged, but the growth has been significant.

The State Department is helping governments, private companies, and 
researchers collaborate on promising technologies, Jeffery said. For example, a 
partnership between the United States and Brazil is intensifying collaborative 
research to speed the commercialization of the next generation of biofuels and 
catalyze sustainable production of biofuels in countries in the Western Hemi-
sphere. The State Department also is developing compatible biofuels standards 
in the Western Hemisphere and in Europe—a necessary step for biofuels to 
become a global economic commodity.

Since 2001 the administration has dedicated and the American taxpayer 
has invested $37 billion in science and technology research related to cli-
mate change, including $18 billion for the development and promotion of 
clean energy technology, Jeffery said. For example, President Bush has made a 
$2 billion commitment to a clean technology fund administered by the World 
Bank and supported by Japan, the United Kingdom, and other partners. The 
fund aims to bring the best available clean energy technologies to emerging 
markets.

International partnerships initiated or led by the United States are work-
ing to bring clean, safe civilian nuclear power to developing countries, Jeffery 
observed. These partnerships increase the security of energy supplies, allow 
countries to become less dependent on foreign oil and gas, and limit the spread 
of potentially dangerous weapons technologies.

In 2006, at the St. Petersburg Summit, the G-8 nations agreed to various 
principles that address energy security, investment in the energy sector, sus-
tainable development, and climate change. These principles include support 
for open, transparent, efficient, competitive energy markets; diversification of 
energy sources and routes; and environmentally sound development and use 
of energy. These principles are very much in keeping with U.S. domestic policy 
goals, Jeffery observed.

In Europe and Asia, the United States is working with regional partners 
and private companies to encourage increased energy production and greater 
diversity in transit routes to bring these products to market. The United States 
is partnering with Asian countries through the Asia-Pacific Economic Coop-
eration forum to improve energy efficiency, reforestation, and cooperation 
in green technology. A formal strategic economic dialogue with China, and 
broader energy dialogues with China and other emerging economies, seek to 
encourage the adoption of market-based energy policies, the rapid adoption of 
clean energy technologies, and a responsible approach to the development of 
oil resources.
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The United States also has launched multilateral technology initiatives such 
as the International Partnership for the Hydrogen Economy, which explores 
the advancement of hydrogen as a fuel, and the Carbon Sequestration Leader-
ship Forum, which works to improve technology to capture carbon dioxide 
and store it safely underground. The Methane to Market Partnership seeks to 
capture and use the greenhouse gas methane as a fuel source instead of releas-
ing it into the atmosphere.

To directly address global greenhouse gas emissions, the United States is 
committed to developing an environmentally effective and economically sus-
tainable framework under the UN Framework Convention on Climate Change, 
Jeffery stated. At the UN Climate Conference in Bali in December 2007, the 
United States helped forge consensus on a roadmap for these negotiations, 
which are scheduled to conclude by December 2009. To advance these negotia-
tions, President Bush launched the Major Economies Process to bring together 
the top energy-consuming countries from the developed and developing world, 
which together represent some 80 percent of the world’s energy use, economic 
growth, and greenhouse gas emissions. Through the Major Economies Pro-
cess, the United States hopes to build consensus among the key players in a 
number of areas, including a shared long-term global emissions reduction goal, 
national mid-term plans and goals, and cooperative technology strategies in key 
sectors.

Solving U.S. energy problems will require many years, Jeffery observed. 
Accordingly, the United States must take action today and do more to improve 
energy security and address the challenges of global warming. At the same time, 
the nation must confront its continued reliance on oil, natural gas, and coal, 
which creates political, economic, and environmental challenges. Cooperation 
among governments and the continued dedication of many individuals and 
groups will be essential for success, Jeffery said.

At the Department of Energy, the administration has boosted investments 
in research and development at all stages of the innovation cycle to help the 
United States break its “over-dependence on fossil fuels,” according to Samuel 
Bodman. At a very broad level, President Bush has proposed a linked set 
of increases for federally funded research in the physical sciences under the 
American Competitiveness Initiative. “This is serious money for serious sci-
ence in areas like supercomputing, nanotechnology, advanced nuclear reactor 
technologies, and fusion energy,” Bodman said. “The results may not be seen 
for 5 or 10 years, or even decades, but the critical investments must be made 
now.” The $4.7 billion request for the Department of Energy’s Office of Science 
in fiscal year 2009, an increase of almost 20 percent over the enacted fiscal year 
2008 appropriation, reflects the administration’s commitment to sustaining vital 
investment in the physical sciences, Bodman said. “Getting Congress to actually 
appropriate at the levels it has authorized and that the President has committed 
to has been, let us say, a challenge,” Bodman observed. “But we are hopeful, 
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because the commitment to science stems not from a sense that there are imme-
diate political gains to be had from such funding, but from a deep recognition 
that our energy future rests on sustained leadership in basic research.”

The administration also has laid out an aggressive strategy to expand 
the availability of renewable energy and alternative fuels, Bodman said. The 
president’s Advanced Energy Initiative is identifying the technologies that 
could have the greatest impact on the marketplace in the relatively near future 
and then pursuing those technologies with increased resources and aggres-
sive timelines. Examples include cellulosic biofuels, advanced hybrid vehicle 
technologies, hydrogen fuel cells, solar photovoltaics, and high-efficiency wind 
power. “These are things that are already in the pipeline and, as a matter of 
sound public policy, need to be pushed more quickly to market,” Bodman said. 
Bringing these technologies to market will require collaborations among gov-
ernment, industry, and academia, and the federal government is using a range 
of collaborative models—including cost-sharing partnerships and loan guaran-
tee programs—to share with the private sector some of the risk of developing 
commercially viable, innovative technologies. For example, Bodman said, six 
large-scale biorefinery projects together will receive up to $385 million—and a 
total of more than $1.2 billion—through public-private partnerships over the 
next 4 years. When fully operational, these six biorefineries are expected to 
produce more than 130 million gallons of cellulosic ethanol per year.

In addition, the Office of Science is investing more than $400 million over 
5 years in three cutting-edge Bioenergy Research Centers. These centers are 
attracting world-class scientists and engineers from academia, industry, and 
national laboratories to bring the latest tools of the biotechnology revolution 
to bear on clean energy production. A major focus of the centers will be under-
standing how to reengineer biological processes to develop new, more efficient 
methods for converting the cellulose in plant material into ethanol or other bio-
fuels that serve as a substitute for gasoline. After 6 months of work, promising 
scientific results are already emerging from this investment, Bodman said.

Ray Orbach elaborated on the money being distributed by the Office of 
Science. Over the next 5 years, the office is supporting 20 to 30 Energy Frontier 
Research Centers, which can be located in universities, national laboratories, or 
the private sector. Each will be funded at a level of $2 million to $5 million for 
an initial 5-year period. “We want to bring the best talent in our country . . . 
to, literally, save our Earth,” Orbach said. “There is a continuum of investment 
that this country has to make. We can’t guarantee that the investment will work, 
but we can guarantee that if we don’t make the investment, we’re stuck with 
last century’s technologies and we won’t get there.”

Bodman noted that he had issued a policy statement that laid out guiding 
principles, responsibilities, and a review process to ensure that new technolo-
gies are deployed and that continuity and uniformity of technology transfer 
activities are maintained throughout the Department of Energy. Also, three 
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venture capital firms were recently selected to participate in the department’s 
Entrepreneur in Residence pilot program, which aims to accelerate deploy-
ment and commercialization of advanced clean energy technologies from three 
national laboratories into the global marketplace. “By empowering research-
ers and entrepreneurs, we are furthering President Bush’s initiatives aimed at 
developing and deploying cutting-edge technologies to address the challenges 
that face our nation,” Bodman stated.

Even as the administration has been emphasizing renewables and alterna-
tive fuels, it has recognized that the U.S. economy will remain heavily dependent 
on fossil fuels. Efficiency and the reduction of carbon emissions—including the 
demonstration of carbon sequestration capacity—therefore remain priorities at 
the Energy Department, Bodman said. The department has funded four cost-
shared carbon sequestration projects in the United States and plans to fund 
three more. These projects will conduct large-volume tests for the storage of 
1 million or more tons of carbon dioxide in deep saline reservoirs. Collectively, 
these formations have the potential to store more than 100 years’ worth of car-
bon dioxide emissions from all major sources of pollution in North America.

Access to safe and emissions-free nuclear power also must be expanded in 
the United States, Bodman observed, while responsibly managing waste and 
dramatically reducing proliferation risks. Nuclear power is currently the only 
mature technology that can supply large amounts of emissions-free baseload 
power to help meet the expected growth in consumption. The federal govern-
ment has not licensed construction of a new nuclear plant in the United States 
in nearly 30 years, Bodman noted. “That must change. We are working to see 
that it does by, among other things, implementing federal risk insurance, or 
so-called ‘stand-by support,’ and loan guarantees to try to remove some of the 
roadblocks associated with getting the next generation of nuclear plants on 
line.” With the rest of the world on the verge of a major nuclear expansion, 
President Bush introduced in 2006 the Global Nuclear Energy Partnership 
(GNEP) to facilitate the worldwide expansion of nuclear energy for peaceful 
purposes in a safe and secure manner. “This historic partnership continues to 
expand,” Bodman said. “Last month, the Department of Energy welcomed the 
United Kingdom as the GNEP’s twenty-first partner.”

Robert Marlay described the U.S. Climate Change Technology Program at 
the Department of Energy, which coordinates research and development across 
10 federal agencies. The program has four strategic goals related to emissions: 
reduce emissions from energy end use and infrastructure, reduce emissions 
from energy supply, capture and sequester carbon dioxide, and reduce emis-
sions from non-carbon-dioxide gases. It also has two cross-cutting, supporting 
strategic goals: improve capabilities to measure and monitor greenhouse gases, 
and bolster basic science and strategic research. The total budget request for 
the program for fiscal year 2009 was $4.4 billion.

The plan is focused on the United States but is set within a global context, 
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Marlay said. It reflects the extent to which carbon dioxide emissions must fall 
to stabilize the concentration of carbon dioxide in the atmosphere at particular 
levels (Figure 12.1).

To achieve a “net-zero emissions future,” progress must be made on all four 
of the program’s strategic goals (Table 12.1). The underlying message is that 
“all four of those goals are musts,” according to Marlay. “We can’t just focus on 
efficiency. We can’t just focus on supply. We’ve got to do something in seques-
tration. And, perhaps surprisingly, for those of us who spend most of our life in 
the energy world, other greenhouse gases are a very major contributor.”

Two particular areas stand out in the effort to achieve net-zero emissions. 
The first is the need to decarbonize the electricity grid through such measures 
as nuclear power, low-emissions coal power, and renewable power. The other is 
to “de-oil” transportation, using such measures as hybrid and electric vehicles, 
alternative fuel vehicles and bio-based fuels, and alternative forms of transpor-
tation. Once the grid is decarbonized, moving transportation demands onto 
the grid is a way to substantially reduce emissions. According to Marlay, the 
Climate Change Technology Program is pursuing these needs through “novel 
concepts, interdisciplinary concepts, concepts that are cross-cutting and go 
across the different stovepipes of different agencies.”

The agencies represented by the Climate Change Technology Program have 
hundreds of separate activities in place that are focused on the program’s broad 
goals. A portfolio analysis done by the program has sought to prioritize these 
activities by identifying technologies that are ready to have a major impact on 
the problems. By bringing on technologies earlier, cumulative emissions can be 
substantially reduced, said Marlay. “You’re starting earlier, and you get on that 
path much quicker. . . . What we need to do is we need to figure out how to 
. . . craft a portfolio that brings it on much sooner, and gives us a much larger 
benefit.”

Even in a very demanding budget environment, the Climate Change Tech-
nology Program has been receiving increased budget requests and appropria-
tions. Furthermore, these increased investments serve a dual purpose, Marlay 
said, in that most of the investments made to reduce the potential of climate 
change also result in greater energy security. For example, if oil intensity is 
measured by barrels of oil used per trillion dollars of gross domestic product, 
technology development leading to more efficient use of oil as well as replace-
ment of oil with alternatives can reduce oil intensity substantially below a busi-
ness-as-usual case. When oil intensity is high, said Marlay, rapid increases in 
oil prices can cause economic havoc. At the time of the 1973 oil embargo, U.S. 
oil intensity was high, as was the economic disruption caused by the event. In 
contrast, during the recession in the late 1980s, oil intensity in Japan was much 
lower, even though Japan imports 100 percent of its oil. As a result, Japan expe-
rienced less economic disruption during that recession than did other countries. 
If we can reduce oil intensity through technology development, Marlay said, 
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“we’re going to be very minimally exposed to price shocks because I believe 
that oil will largely vanish from the economy.”

Advanced technologies could significantly reduce the costs of imposing 
constraints on carbon dioxide emissions. Very high constraints on greenhouse 
gas levels—somewhere on the order of 450 or 500 parts per million—have a 
global cost around $250 trillion (in undiscounted dollars) over the 21st century 
if technologies evolve at the rate they are today. If technology development 
could be accelerated, the cost could go down 50 to 70 percent, according to 
Marlay. This would be a huge benefit, said Marlay, that “is well worth going 
after.” Timing is also critical in reducing the stabilization level of greenhouse 
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Figure 12-1B.eps
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FIGURE 12.1  Investments in technology are needed to reduce emissions (facing 
page) and lower the level at which carbon dioxide concentration is stabilized (above). 
SOURCE: Adapted by DOE from Wigley et al. (1996; Figure 1).

gases. For the 450- to 500-ppm scenarios, each of the goals of the Climate 
Change Technology Program would need to be achieved more quickly than 
under less severe constraints. “We can’t wait forever,” Marlay said.

Marlay discussed three potential barriers to achieving the program’s goals, 
which apply to all of the scenarios he and others described at the meeting. The 
first is how to increase the level of research and development funding made 
available by national governments. “I’m very pleased, if not proud, of the fed-
eral government’s leadership on these technologies,” he said. “Japan is the only 
other country that really is devoting the same kind of resources to this particular 
problem. All the other countries are dabbling.” However, Marlay noted, the 
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U.S. government has the capacity to do much more relative to other countries, 
including doubling or tripling the Department of Energy’s support for energy 
research, development, and demonstration (Figure 12.2).

The second potential barrier is how to send the proper price signals to the 
private sector to generate investments in technology. “If you set [a price] too 
low, . . . you’re not going to get the experimentation that you need. If you set 
it too high, obviously there can be damage to the economy, unless you’re very, 
very clever about recycling the funds back into the economy—ideally back to 
the payer at some point.”

The third barrier is how to advance international collaboration and part-
nering, and Marlay concluded by discussing the international dimensions 
of climate change. Global participation will be essential to control climate 
change. That participation will require realistic goals and commitments, which 
will require careful negotiations among developed and developing countries. 
“There’s a debate between the North and South and the developing nations and 
the developed nations,” Marlay observed. The developing nations say, “You’ve 

FIGURE 12.2  U.S. Department of Energy energy research, development, and demon-
stration (RD&D), FY1978-FY2008 administration request. Support for RD&D from 
the Department of Energy could rise to 1978 levels if funding were to triple. NOTE: 
The order in the key from bottom to top matches the order of the categories of energy 
RD&D displayed from bottom to top. SOURCE: Kelly S. Gallagher, Energy Technology 
Innovation Project, Belfer Center for Science and International Affairs, Kennedy School 
of Government, Harvard University, available at http://belfercenter.ksg.harvard.edu/
publication/18152/doe_budget_authority_for_energy_research_development_and_
demonstration_database.html.
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feasted for 200 years. Now, we’ve just come to the table and you want us to go 
on a diet. How is that fair?” However, there is also a counterargument, Marlay 
noted, which was offered by the Canadians at the recent Bali conference. “Yes, 
but we’re all on a lifeboat and we’re sinking. Don’t you want to help to bail?”

“So these are the challenges,” Marlay said. How can global investments in 
research and development be increased? How can private sector innovation 
be enhanced? How can international cooperation be advanced? “I have been 
excited about what I have heard over the past 2 days,” Marlay said.

ACTIONS TAKEN BY CONGRESS

Senator Jeff Bingaman described the “significant actions” that have been 
taken in the current Congress and the previous Congress in response to the 
challenges of energy supply and use. The Congress passed a major energy 
bill in 2005, when Republicans controlled the Congress, and another in 2007, 
when Democrats controlled the Congress, both by large margins. In particular, 
the 2007 Energy Independence and Security Act took six steps that Bingaman 
considers turning points in energy policy.

1. It mandated the first increase in 32 years in statutory CAFE standards 
for both cars and trucks.

2. It called for the use of biofuels to grow to 36 billion gallons in 2022, with 
subsidiary targets within that total for cellulosic ethanol, biodiesel, and other 
advanced biofuels.

3. It required improved efficiency standards in the use of energy, with a 
special focus on buildings and lighting.

4. It strengthened the federal commitment to energy research and technol-
ogy development, including the Department of Energy’s program for carbon 
capture and geological storage.

5. It authorized a strong “green jobs” training program, since a large seg-
ment of the current energy workforce will soon be eligible for retirement.

6. It created new protections for consumers against manipulation in oil 
and gas markets.

The EIA has calculated that the 2007 bill will reduce the nation’s depen-
dence on imported oil and will slow the growth of energy-related carbon emis-
sions, Bingaman noted. Compared to the baseline before the law’s enactment, 
oil imports continue to decline after 2010, according to this analysis, and 
they stay significantly lower than that baseline. By 2030, imports are reduced 
by more than 2 million barrels per day from the level that would have been 
expected without the legislation (Figure 12.3). Energy-related emissions of car-
bon dioxide also are forecast to decrease by 500 million metric tons as a result 
of the new act—an amount equivalent to the annual carbon dioxide emissions 
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from South Korea, the world’s ninth largest source of carbon dioxide emissions 
(Figure 12.4).

However, “compared to where we need to go, these are still very modest 
steps,” Bingaman said. Carbon dioxide emissions will still grow, and oil imports 
will still be substantial. “Clearly, there is much more that needs to be done.”

Nevertheless, as Holdren pointed out, the 2005 legislation did break the 
stalemate that the National Commission on Energy Policy had been established 
to address. “It embraced most of the Commission’s recommendations on a 
number of topics—on oil and gas supply, on energy infrastructure, on the incen-
tives for deployment of renewables, nuclear, and clean-coal technology, and on 
R&D incentives for industry.”

There were three main recommendations from the Commission (NCEP, 
2004) that the 2005 legislation failed to address, Holdren observed. It did 
not strengthen the CAFE standards (although the 2007 energy legislation did 
take that step). It did not significantly increase federal energy research and 
development. And it did not establish mandatory economy-wide greenhouse 
gas restraints.

Regarding the third point, a Sense of the Senate Resolution passed on June 
22, 2005 (see Congressional RecordSenate, June 22, 2005), was interesting for 
what it said about climate change, according to Holdren. It read:

It is the sense of the Senate that Congress should enact a comprehensive and 
effective national program of mandatory, market-based limits and incentives 
on emissions of greenhouse gases that slow, stop, and reverse the growth of 
such emissions at a rate and in a manner that (1) will not significantly harm 
the United States economy; and (2) will encourage comparable action by 
other nations that are major trading partners and key contributors to global 
emissions. (p. S7089)

The resolution did not get the vote of every Democrat, Holdren observed, 
but it got eight votes from Republicans, which was enough for it to pass.

The National Commission on Energy Policy remained in existence, with 
somewhat different membership, after releasing its 2004 report (NCEP, 2004) 
and released another major report in April 2007 (NCEP, 2007). The updated 
recommendations again clustered in several areas. The report recommended a 
4 percent per year improvement in CAFE standards, with the National High-
way Traffic Safety Administration authorized to modify the target up or down. 
It also called for other cost-effective reductions in transportation energy use, 
with a focus on heavy-truck fuel economy and efficiency standards for light-
duty vehicle replacement tires.

To address climate change, the Commission again called on Congress to 
implement a mandatory market-based program to limit economy-wide U.S. 
greenhouse gas emissions. This time the targets were more ambitious than in 
the 2004 report—to return to 2006 levels by 2020 and to get 15 percent below 
that level by 2030. The 2007 NCEP report also called for a “safety valve” price 
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FIGURE 12.3  The 2007 Energy Independence and Security Act is projected to reduce 
the amount of oil imported into the United States by more than 2 million barrels per 
day in 2030. SOURCE: EIA (2008).
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of $10 per ton of carbon dioxide, escalating at 5 percent per year in real terms. 
Half of the permits would be distributed to affected industries. The rest would 
be auctioned and used to increase incentives for advanced technologies and to 
reduce impacts on low-income individuals.

The Commission called for incentives for carbon capture and sequestra-
tion using bonus allowances that would be at least equal in value to renewable 
production tax credits. It also called for stronger incentives for comparable 
action on the part of key trading partners. The United States should provide 
technical and financial resources for the transfer of low-carbon technologies, 
signal its determination to address trade and competitiveness concerns, and 
link future commitments by the United States to international progress, the 
Commission said.

On efficiency, the 2007 report called for enhancing and extending the tax 
incentives that were created or extended under the 2005 act. It also called on 
the Department of Energy to follow through on issuing efficiency standards for 
22 categories of appliances and equipment.

Regarding renewable sources of energy, the Commission recommended 
extending the eligibility period for federal production tax credits in 5-year 
rather than 1- or 2-year increments to provide certainty for the industry that 
those tax credits would continue to exist. Perhaps most controversially, the new 
report called for a federal renewable portfolio standard that would increase the 
share of electricity generated by renewable sources to at least 15 percent by 
2020. This was a step the initial Commission had not recommended.

The 2007 NCEP report repeated the major recommendations of the earlier 
report on natural gas and coal. It also recommended conditioning eligibility for 
public funding or subsidies on the inclusion of carbon capture and sequestra-
tion for any new advanced coal projects. “In other words, saying that something 
is going to be carbon-capture ready would not be good enough,” Holdren said. 
“In order to qualify for public subsidies, the advanced coal projects would 
actually have to be doing it.” In addition, new coal plants built without carbon 
capture sequestration should not be grandfathered under future greenhouse gas 
regulations. The Environmental Protection Agency should complete as soon as 
possible a rigorous, formal, and public process to formulate effective regulatory 
protocols governing long-term storage of carbon dioxide. And carbon capture 
and sequestration should be included from the outset in any taxpayer-sup-
ported efforts to develop coal-to-liquids technology. “This is fairly hard-hitting 
stuff, if you think about it, and again it was unanimous,” Holdren said.

The 2007 NCEP report called more explicitly for amending the Nuclear 
Waste Policy Act to align its requirements with human engineering and scien-
tific capabilities, while adequately protecting health and environment. It said 
that the Department of Energy should site and operate consolidated national 
or regional interim storage options, take possession of and/or remove fuel from 
reactor sites that have been or are being decommissioned, and support research 
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and development on alternatives to geological disposal of spent fuel. Plans for 
interim storage and the federal responsibility for disposal should be sufficient to 
satisfy the Nuclear Regulatory Commission’s waste confidence requirement.

The Commission called for re-evaluating ethanol subsidies and tariffs in 
light of current fuel mandates and for rationalizing the existing policies so as to 
direct a larger share of public resources to more promising options than corn 
ethanol, including cellulosic ethanol, biobutanol, and clean diesel fuel from 
organic waste. Other hurdles to biofuels deployment also need to be addressed, 
including deployment of critical supporting infrastructure. Finally, steps should 
be taken to ensure that policies aimed at reducing the nation’s oil dependence 
do not end up promoting unsustainable fuel alternatives.

On technology innovation, the Commission reiterated the recommenda-
tions from the 2004 report that had not been enacted. It called again for a dou-
bling of federal expenditures on energy technology research, development, and 
demonstration—and a tripling of international cooperation—with an emphasis 
on public-private partnerships and technologies that offer high leverage against 
multiple challenges. “In other words, let’s aim at oil dependence and climate 
change at once with technologies that do both.”

Holdren showed the effect that the Commission’s recommendations would 
have on carbon dioxide emissions until 2030 (Figure 12.5). The original set of 
proposals would stabilize emissions at 8,000 million metric tons of carbon diox-
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ide, whereas the new recommendations would cause emissions to drop during 
the period to approximately 1990 levels. The largest share of reductions would 
come from the electric power sector, with reductions from the transportation 
sector the second largest.

The December 2007 energy legislation enacted more of the steps called for 
by the Commission. It raised CAFE standards to 35 miles per gallon for the 
combined fleet of cars and light trucks by model year 2020. It also modified 
the Renewable Energy Standard to start at 9 billion gallons in 2008, rising to 
36 billion gallons by 2022, with 21 billion gallons of that to come from advanced 
biofuels. New Energy Efficiency Equipment Standards cover lighting, residen-
tial refrigerators, freezers, and commercial walk-in coolers and freezers.

The 2007 legislation expanded research, development, and demonstration 
for carbon capture and sequestration, directed the Department of Energy to 
engage the National Academies to review the program, directed the Depart-
ment of Energy to work with the National Academies to develop interdisciplin-
ary graduate degree programs in geological sequestration, established a univer-
sity-based research and development grant program to study carbon capture 
and sequestration with different types of coal, and created a new efficiency and 
conservation block grant to be funded at $2 billion per year for 5 years.

Several provisions that were in the House bill were not included in the 
enacted law. These include an energy portfolio standard of 15 percent for 
renewables by 2020 and a 4-year extension of the tax credit for renewable 
electricity production.

Two oil and gas subsidies were repealed in order to pay for the implementa-
tion of the CAFE provisions. However, most of the oil and gas subsidies were 
left unchanged. As Holdren said, “Tom Friedman gave a talk I heard a few 
weeks ago in which he said, ‘You couldn’t make this up. They finally passed a 
big energy bill, and they left the oil and gas subsidies in and took the renew-
ables subsidies out.’” The House bill called for repealing $22 billion a year in 
tax subsidies for oil and gas to pay for efficiency and renewables incentives and 
the implementation of CAFE, but the Senate version repealed only $1 billion 
of subsidies—enough to pay for the CAFE implementation but not enough for 
the efficiency and renewables incentives. The Senate’s excuse was that President 
Bush had threatened to veto the energy bill because of these provisions, so the 
Senate engaged in “pre-emptive concession,” according to Holdren.

The best way to gauge the actions of the federal government is to “follow 
the money,” Holdren said. For example, in the proposed fiscal year 2009 bud-
get, the request for the Federal Railroad Administration falls by one-third, and 
grants to Amtrak fall by about a half billion dollars. “Why is that important?” 
Holdren asked. “It’s important because rail is the most energy-efficient way 
to transport people and freight, and we’re taking away the support for that 
transport mode.” The budget request also eliminated the $227 million Weath-
erization Assistance Program. Energy technology research, development, and 
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demonstration would increase by 6 percent in real terms, bringing it 44 percent 
above its fiscal year 2006 low. But within that amount, energy-efficiency research 
and development would go down 2.5 percent, and renewable-energy research, 
development, and demonstration would fall 28 percent compared to the enacted 
2008 budget. “So the news is not, by any means, all good.”

Over the past 8 years, funding for efficiency has gone down, fossil fuel 
funding has gone up, and hydrogen research is up, although down substantially 
in the fiscal year 2009 request (Table 12.2). Funding for nuclear fission is up 
substantially, but “a lot of that is, unfortunately, in programs that look designed 
to push toward early commercial reprocessing, which the Energy Commission 
thinks is a terrible idea.” Renewables have gone up and down but, in the fiscal 
year 2009 request, are down.

Several bills addressing energy issues were introduced in the 110th Con-
gress. Most are broadly compatible with the long-term goal of reducing U.S. 
greenhouse gas emissions by 60 to 80 percent by 2050. “The key point is that 
I don’t think we ought to be arguing about whether we need 40 or 50 or 80 
percent in 2050,” Holdren said. “The curve looks the same for the next few 
years in any case. What we need to do is get on it.”

Holdren acknowledged that the recommendations of the Commission are 
“too timid.” The 2007 report admitted as much, saying that even if all the rec-
ommendations were enacted, carbon dioxide emissions would not fall to the 
levels they need to reach. However, the Commission’s recommendations were 
designed to “reflect our best judgment of what could actually get enacted in the 
U.S. Congress,” Holdren said, although “that, too, can be accused of being a 

TABLE 12.2  Funding for Energy Research, Development, and 
Demonstration at the Department of Energy (million $), 2001 to 2009

2001 2006 2008 2009a

Efficiencyb 548.5 382.5 426.8 416.8
Fossil 518.1 472.8 554.3 598.2
Hydrogen 26.0 131.8 173.1 117.6
Nuclear fission 61.9 236.2 387.5 554.3
Nuclear fusion 236.4 241.1 235.5 396.6
Renewables 335.7 222.8 599.0 452.4
T&D — 125.3 83.4 69.7
  Total 1,726.5 1,812.6 2,461.5 2,605.5

	 aAdministration budget request for 2009.
	 bFunding has fallen for efficiency since 2001 and has risen in other categories.
SOURCE: John Holdren, Harvard University, based on data from Kelly S. Gallagher, ETIP Energy 
RD&D Database, Energy Technology Innovation Project, Belfer Center for Science and Interna-
tional Affairs, Harvard Kennedy School, February 14, 2008, available at http://belfercenter.ksg.
harvard.edu/publication/3238.
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pre-emptive concession.” The Commission decided that the greatest need is to 
get started and that more would be done over time. “We have to work in the 
society we live in, with the Congress we have,” said Holdren.

For success in stabilizing carbon dioxide concentrations in the atmosphere, 
the greenhouse gas emissions of the United States should be turned around by 
2012. “That would be my first measure of success,” Holdren said: “You have to 
bend the curve. Wherever we need to end up by 2030 or 2050, we need to start 
bending that curve. . . . The Commission’s recommendations would be enough 
to achieve that. And, again, if we can make it decline even faster, that’s great.”

CAP AND TRADE VERSUS A CARBON TAX

The Commission’s most controversial recommendation in both its 2004 
and 2007 reports was that there should be a safety valve on the greenhouse 
gas permit price. The concept is that if a predetermined price is reached in 
the marketplace, the government would sell as many additional permits as are 
demanded at that price. In other words, if the safety valve is triggered, the cap-
and-trade system turns into a carbon tax. Companies, consumers, and other 
energy users would have to pay that price for each additional ton of carbon 
they emit.

The attraction of the safety valve is that it finesses a longstanding and other-
wise irresolvable conflict between optimists and pessimists over the availability 
of affordable ways to reduce energy consumption, Holdren said. Pessimists fear 
that there will not be enough affordable options to reduce emissions cheaply 
and that the permit price will therefore be high, causing major economic 
dislocations. Optimists believe that even modest incentives will cause many 
consumption-reducing options to materialize. If the safety valve level has been 
reasonably set, it will not be reached and reductions in energy use will occur. 
“We would not have gotten this bipartisan, multisectoral group to agree to a 
mandatory economy-wide set of restrictions on greenhouse gases emissions in 
the United States without a safety-valve provision,” Holdren said. “And many 
of us believe that some provision of this sort will be required to get the bipar-
tisan support of the Congress to vote such a thing into existence.”

However, the safety valve has been sharply criticized by some in the envi-
ronmental community. “Some of my good friends in the environmental com-
munity have called me names for signing off on this proposition,” said Holdren. 
The main criticism is that the safety valve unduly weakens the program by 
sacrificing the assurance that the stated target will be reached. The safety valve 
also is criticized as compromising market principles with what amount to price 
controls.

Holdren suggested that the key issues are the level of the trigger price and 
its rate of escalation over time. “If you set the safety valve too low or the escala-
tion rate too slow, you will encounter the safety valve fairly early and you will 
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end up with a carbon tax at a rather low value. But, if you set the thing right, 
that need not be the case.” Holdren said that he is a technology optimist who 
believes that many energy-saving options will materialize once a reasonable 
incentive is in place. If that turns out to be wrong, Congress will certainly revisit 
the issue on a regular basis and make adjustments.

Also, the imposition of a carbon tax would not be a disaster. “Most econo-
mists start out with the view that a carbon tax would be preferable to cap and 
trade, but we accept cap and trade as second best because Congress is never 
going to pass something with the ‘T’ word in it. So, if what you end up with is 
a carbon tax by another name, why is that so horrible?”

The most important point is to get started sooner rather than later with 
a mandatory, economy-wide program. This became particularly apparent at 
the conference in Bali in December 2007, when many developing countries 
made it clear that they are ready to follow the lead of the United States and 
other developed countries. “Their rhetoric has changed dramatically in the 
last few years,” said Holdren. “A few years ago, it was this is a problem that 
the industrialized countries mainly caused, and you’re going to have to mainly 
cure [it], and how much we’re willing to do about it is going to depend on how 
much you’ll pay us. Now the rhetoric is, we understand that this is a problem 
that is affecting us. We understand that the ultimate solution will require our 
participation, because we’ve looked at the numbers and we understand that 
developing countries will be bigger than the industrialized nations as emitters 
of greenhouse gases after 2015.”

For reasons of historical responsibility, capacity, equity, and international 
law, the United States and other industrialized nations should be first, Holdren 
said. “I believe that if the United States embraces mandatory economy-wide 
restraints, China and India and Brazil and Indonesia and Mexico will only be 
a few years behind in embracing mandatory economy-wide restraints. . . . That 
means it would be far better for the United States to get going sooner with 
something that is maybe a little less than ideal than to wait 2, 3, or 5 more years 
for a better proposal when the Congress, after additional evidence accumulates 
on the harm from climate change, might be willing to vote through a measure 
without a safety valve.”

Other speakers at the summit made a strong case for a carbon tax instead 
of a cap-and-trade system. Paul Portney pointed out that past analyses have 
concluded that higher gasoline prices create a powerful incentive for automo-
bile companies to make more fuel-efficient cars and for Americans to use the 
200 million vehicles already on the road in more fuel-efficient ways. “For that 
reason, I think the prospect of a carbon tax—which would of course affect 
petroleum and gasoline prices and also coal and natural gas—is an attractive 
idea.” A carbon tax could go up gradually, predictably, and over a considerable 
period of time. It would curtail not only the use of liquid fuels but also the use 
of natural gas and coal to produce electricity, while also reducing industrial, 
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commercial, and residential use of fossil fuels. It would stimulate the produc-
tion of alternatives to fossil fuels, including nuclear power, solar power, wind 
power, and geothermal power. It would reduce the nation’s reliance on imports 
of petroleum and natural gas. It also could establish a floor underneath the 
prices of gasoline and coal if prices should collapse in the future, which cannot 
be ruled out if the U.S. and global economy were to falter.

Another reason for favoring a carbon tax, according to Portney, is that it 
would generate revenues. Though the U.S. economy has had full or nearly full 
employment for an extended period, the federal government is still generating 
large deficits. With a large cohort of people about to enter retirement age, they 
will begin to collect Social Security and Medicare, which will further add to 
the deficit. “I would rather raise these revenues by taxing something that we’re 
trying to discourage than by raising income taxes or taxes on capital,” Portney 
said. 

Auctioning off permits under a cap-and-trade system would also generate 
revenue, Portney said, so another option would be a cap-and-trade system in 
which significant numbers of permits were sold. “But I think that most of the 
permits in the cap-and-trade system would inevitably be given away because 
politicians cannot resist the temptation to give away goodies. And for that rea-
son it seems to me that a carbon tax is to be preferred.”

Ged Davis noted that in many countries policy leaders are still engaged in 
an open discussion about the relative merits of a cap-and-trade mechanism or 
carbon taxation. He also noted that when markets are wide and deep, they can 
work well, but with relatively young markets there can be significant and sud-
den shifts in price. Such price fluctuations can reduce confidence for making 
long-term investments, which is an argument in favor of carbon taxes. However, 
“taxes can come and go depending on government positions,” Davis acknowl-
edged. And, as Portney noted, “like Count Dracula from a silver cross or the 
first rays of daylight, politicians run from any mention of new taxes, especially 
during an election year.”

Holdren said that the fluctuations in carbon price in Europe were largely 
due to having set targets too low initially. The system underestimated how 
many opportunities were going to be available to avoid carbon emissions at a 
relatively low price. Also, there were problems with the allocation scheme and 
how many of the permits were given away. “I think we have all learned from 
that experience,” Holdren said. “One of the reasons that the Energy Commis-
sion changed the details of its recommendations—including the fraction of the 
permits to be auctioned and the size and level of the safety valve—was learning 
from the European experience.”

Another argument is that there should be not only a ceiling but also a 
floor on the permit price, Holdren said. Cap-and-trade approaches do generate 
variability in prices, which creates a lack of signals for firms that are trying to 
decide how much to invest in alternatives. More thinking needs to be done on 
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the best way to construct a system that avoids pitfalls and maximizes benefits. 
That’s one of the reasons that the Energy Commission is still in existence, 
Holdren said. It is continuing to work on questions involving cap-and-trade 
systems, the management of nuclear energy, and an expanded research and 
development program.

A single set of rules or policies will not work well everywhere, said Davis. 
What is needed is a wide range of suitable options, some of which will appeal 
in some countries, if not all. At the same time, new policies need to prove 
themselves within individual countries before they are adopted elsewhere in 
the world, and this process can take time.
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The Role of the Private Sector— 
The Case of Google

In the last few years that Dan Reicher worked at the Department of Energy, 
he oversaw a budget of about a billion dollars as assistant secretary for 
Energy Efficiency and Renewable Energy. About that time he read an article 

in the San Francisco Chronicle saying that the venture capital community had 
spent a billion dollars in 2000 on clean energy technology. “I said to myself, 
why didn’t I know anything about this? . . . I decided at that point I should go 
out and figure out this other point of the triangle.”

He took a job helping to run a renewable energy company called Northern 
Power that was backed by venture capital. When that company was sold, he 
helped raise money from the California Teachers Retirement System and a large 
Silicon Valley venture capital firm to invest in a number of ethanol projects, 
biodiesel projects, wood-fired power plants, and co-generation projects, all with 
the goal of transitioning away from fossil fuels. “Across those 6 years, I got a 
better sense about not only how critical capital is to this transition, but [about] 
the fundamental connection of capital to policy and policy to technology.”

In 2007 Reicher began working at Google on the company’s clean energy 
and climate change initiatives. “This truly is an amazing moment for looking 
at a sustainable energy future,” Reicher said. “Higher oil and gas prices. The 
climate challenge indeed turning into a climate crisis. Consumer imperatives 
reflected in the high cost of oil and gas. Many things are coming together that 
make this such an extraordinary moment. That’s what was reflected in the deci-
sion by the co-founders of Google, Larry Page and Sergey Brin, to give this 
[issue] emphasis inside the company.”
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Several other considerations factored into the company’s decision to empha-
size energy, according to Reicher. Google is a significant user of electricity at its 
data centers in the United States and throughout the world. Furthermore, when 
Google has tried to procure green electricity for its data centers, the company 
has found it to be either nonexistent or very expensive. Also, the company has 
been reluctant to buy carbon offsets, since it has not been convinced that “when 
all is said and done [offsets] are really driving the kind of change we need.”

Google also employs thousands of engineers, many of whom have mechani-
cal, electrical, or energy backgrounds and are eager to work on energy chal-
lenges. With government and university research underfunded, and even with 
large amounts of venture money flowing into clean energy technologies, not 
enough funding is finding its way to high-risk and high-potential technologies. 
Plus, said Reicher, not enough of that money is finding its way to large-scale 
commercialization of high-risk technologies—the “so-called Valley of Death 
commercialization projects.”

A sustainable energy future requires three elements, according to Reicher. 
Technologies need to be developed. Smart policies need to be put in place. 
And there must be adequate capital to make the multitrillion-dollar transition 
to sustainable energy systems.

RENEWABLE ENERGY

Google has launched two main initiatives. The first is called Renewable 
Electricity Cheaper Than Coal, or RE < C. The initiative reflects the prominent 
place of coal in electricity generation, both in the United States and around the 
world. Replacing or mitigating the effects of coal burning is “a big, big challenge 
in terms of the global climate crisis,” Reicher said. Coal-fired plants currently 
account for 500,000 megawatts of capacity in the United States, compared to 
a total installed wind capacity of 12,000 megawatts. Furthermore, the capacity 
of coal-fired plants is projected to grow dramatically, both in the United States 
and in other countries. For example, China installed almost 100,000 megawatts 
of conventional coal-fired power plants in 2006 alone.

There is considerable optimism about the prospects for renewable energy 
from the public and the investment community. But renewable sources of 
energy are not now economical compared with coal, Reicher observed. On 
the contrary, the price of electricity from renewable sources can be as much as 
four to five times the cost of electricity from coal. “Our observation was that 
there needs to be a fundamental change in the cost structure of renewables if 
we really expect them to be able to compete.”

RE < C has the goal of making renewable electricity competitive with coal, 
and in a period of years rather than decades. In particular, the project is seeking 
to generate from renewable resources a gigawatt of electricity—enough to power 
the city of San Francisco—that is cheaper than the electricity from coal.
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The initiative is focusing on solar thermal energy, photovoltaic energy, wind 
power, enhanced geothermal systems, and electricity transmission and storage. 
In addition, it is approaching the problem through the triangle of technology, 
policy, and finance, Reicher said. First, Google is hiring scientists and engi-
neers who will work on key renewable energy challenges. It is funding external 
research and development in universities and other institutions. And it has a 
“reasonably significant amount of money” to invest in high-risk technology 
companies and in high-risk early-stage commercialization projects.

Google also has considered how the information tools available at Google 
and elsewhere such as Google Earth, Google Maps, and You Tube could 
influence the use of energy. For example, Google Earth could be used to 
capture data about renewable energy resources. Then transmission resources, 
policy incentives, and other useful information could be layered on top of the 
resources information. Such a resource could provide information to everyone 
from consumers to technologists to policymakers. As another example, a pilot 
project using Google Maps available on a mobile unit can show a person where 
public transportation is available, how the travel time compares with a car’s, 
and the relative carbon emissions between the two. “There are lots of interest-
ing things that you can do to give people options.”

The “smartness” in a home, a vehicle, or an electric grid is in many respects 
a function of information, Reicher said. He encourages people “to think about 
where information and energy intersect. Ultimately, I think that’s our greatest 
potential.”

So far Google has made just a few modest investments, with more in the 
works. For example, it has invested $10 million in an advanced solar thermal 
company called E-Solar, which is using large mirror-based systems to turn 
solar energy into steam and then electricity. It also has invested $10 million in a 
pioneering high-altitude wind energy technology company. The strongest wind 
speeds are not at 50 or 100 meters above the ground but at 5,000 to 10,000 
meters and higher. If a way could be found to tap those winds, wind power 
could be much greater and more consistent. “So we put some money into a 
company . . . that is looking at some very interesting technologies, admittedly 
very high-risk technologies, that might allow us to capture this resource.” The 
company also is interested in cellulosic ethanol, where large-scale plants will be 
hard to finance because of their high risk.

“We’re doing what other venture capital entities do, which is go out and 
canvas the landscape worldwide looking for the most compelling investment 
opportunities. The difference with us is that we don’t have some of the con-
straints of the venture world.” Google does not need to see a return on invest-
ment in 3 to 6 years or have exit strategies in place. “We can tolerate higher 
risks in our investments [and] lower returns.”

In the policy arena, the company is looking at traditional tools, but it also 
is asking itself whether there are ways to be more creative. For example, the 

The National Academies Summit on  America's Energy Future: Summary of a Meeting

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/12450


THE ROLE OF THE PRIVATE SECTOR—THE CASE OF GOOGLE	 131

federal system of research and development tax credits is highly inconsistent. 
They exist for a year or two and then need to be reauthorized, which some-
times happens and sometimes does not. While Google supports extending the 
renewable energy production tax credits, it also is asking the question, “Is a 
tax code the right way to be incentivizing renewable energy in this country?” 
Reicher said. Other countries take different approaches. For example, many 
European countries work through fees and tariffs. “We are asking ourselves 
whether there is another way to get at this.” Another policy innovation would 
be to merge efficiency standards and renewable energy goals into a national 
renewable electricity standard.

An important need is to link federal support of research and development 
with private sector activities. Today the private sector investment in renewables 
is substantial, and results can be achieved more quickly and with less duplica-
tion if public and private sector investments are integrated. “To be very honest 
with you, I don’t think Silicon Valley knows how to talk to Washington, D.C., 
and vice versa, very well.” Few venture capital firms have spent time learning 
about the federal research and development system to understand the potential 
for collaboration. Also, Wall Street needs to understand the federal research 
and development system “because that’s where the big long-term equity is . . . 
to get the big, big projects built once they come out of the pilot-scale test.”

Finally, a cap on carbon emissions is important, said Reicher, but it is not 
enough. More direct and immediate policy options are essential. Once legisla-
tion is adopted and regulations are written to implement the legislation, years 
can pass. “If the Clean Air Act Amendments are any indication, we could be 
looking at a decade, and we don’t have a decade to wait in terms of the climate 
crisis.”

HYBRID ELECTRIC VEHICLES

The other major initiative going on at Google is known as RechargeIt, 
which focuses on accelerating the commercialization of hybrid electric vehicles. 
A small fleet of after-market Priuses and Ford Escapes are being driven by 
Google employees, with data from their use of the vehicles being made available 
on a publicly accessible website. One of the largest solar photovoltaic systems 
in the United States, covering a large parking structure and many roofs of the 
company, supplies electricity for the vehicles. The vehicles are getting 70 miles 
per gallon of gasoline equivalent. That may not be as much as the 100 miles per 
gallon that people who have their own particular plug-in vehicle are able to get 
our of their vehicles, Reicher said. “But it’s still significantly more than the 40 
or 50 miles per gallon that the average Prius is getting today.”

Many companies are interested in plug-in vehicle technology, Reicher said. 
When Google expressed an interest in investing in such technologies, it received 
almost 400 proposals from companies for equity investments. Google also is 
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trying to create lines of communication that would be available to the major 
automakers. “The automobile industry is not used to talking to the electric 
utility industry,” Reicher said. “They need to learn how to talk to each other 
because, ultimately, plug-in vehicles are going to be very much about a grid that 
can not only support but also enhance the value of these vehicles.”

One major question is whether the electric grid is capable of supporting 
millions of vehicles. A study of the issue found that there is adequate capacity 
in California for approximately 4 million plug-in electric vehicles, if the vehicles 
are charged largely at night. A separate study by Jon Wellinghoff of the Federal 
Energy Regulatory Commission found that it would be economical not only 
for the grid to power plug-in hybrids but also for the vehicles to return power 
to the grid. For example, when Google launched its plug-in hybrids, it did an 
experiment with Pacific Gas and Electric. The company sent a signal to one of 
the cars over the Internet telling it to stop charging and start sending electricity 
back into the grid. “Fortunately, because all the press was there, it worked.”

Admittedly, said Reicher, that is just an experiment, and lots of debate sur-
rounds the idea. But if millions of vehicles were available that could provide 
energy to the grid, the cars could produce as much as $2,000 to $4,000 per 
vehicle, according to Wellinghoff’s analysis. “Thus the notion of a cash-back 
hybrid,” Reicher said. Such a system would be especially well suited for Cali-
fornia, because the wind tends to blow later in the day and not during peak 
demand. “But imagine if you had millions of vehicles that could in fact be 
charged with this wind-generated electricity and then through a more intelligent 
grid sell that electricity back. It’s a very exciting deployment.”

If renewable electricity cheaper than coal could be combined with plug-in 
vehicles, this country could have much more confidence about its ability to deal 
with the climate crisis and energy security, Reicher said. The nation would burn 
less coal and oil and dramatically cut greenhouse gas emissions. “It’s a world 
that Google is excited about. It’s a world that Google is very committed to help 
create working with others.”
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Barriers and Potential

Senator Jeff Bingaman challenged the participants at the summit to identify 
which American President said the following words:

I am inaugurating a program to marshal both government and private research 
with the goal of producing an unconventionally powered, virtually pollution-
free automobile within five years.

It was President Nixon, in a February 10, 1970, special message to the Con-
gress on environmental quality. In fact, as early as 1958, President Eisenhower 
proposed limits on the importation of foreign oil, James Schlesinger noted. 
These calls have led to a succession of federal programs addressing various 
aspects of energy policy (Figure 14.1). Yet they have not had the impact on 
energy supplies or uses that their proponents envisioned.

One reason for the limited success of these programs is that the United 
States does a good job of developing technologies but is less adept at com-
mercializing those technologies, Bingaman said. For example, the Clinton-era 
Partnership for a New Generation of Vehicles spent about $300 million a year 
in research and development on such technologies as hybrid engines. But many 
of the resulting technologies were brought to market by Japanese rather than 
U.S. firms.

Successive administrations have an incentive to show that a new initiative 
is a significant improvement over the program of a predecessor, Bingaman 
said. In doing so, the progress made by a predecessor is sometimes abandoned. 
New programs also tend to be marked by excessively optimistic assumptions 
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about the costs and capabilities of particular technologies, while not enough 
consideration is given to the interplay of such programs with other policy areas. 
And such programs often demonstrate an underappreciation of the scale of the 
energy enterprise, especially given the difficulties of introducing new technolo-
gies on a large scale.

A president has to be thoroughly engaged in the energy problem and will-
ing to put political capital behind it, said Schlesinger. Few presidents are that 
engaged in energy issues. The one possible exception was President Carter, 
who unsuccessfully proposed substantial taxation on the use of hydrocarbons, 
“and so far as I’ve been able to see,” Schlesinger said, “most politicians have 
not wanted to emulate him.”

The success of governmental policies depends on how well the political 
process works, Schlesinger observed. But the U.S. government is characterized 
by a separation of powers, which was designed to avoid a concentration of 
power that might be dangerous to individual liberties. One consequence of this 
arrangement is continuous disputation among the three branches of govern-
ment. “Blame it on King George III,” said Schlesinger.

Politicians also are loath to bring bad news to the public. Schlesinger 
quoted Russell Long, chair of the Energy Committee, to the effect that the first 
rule of a politician is to get elected and the second rule is to get re-elected. 

FIGURE 14.1  Starts and stops in energy technology policy. NOTE: EPAct 2005, 
Energy Policy Act of 2005; EISA 2007, Energy Independence and Security Act of 
2007. SOURCE: Senator Jeff Bingaman, U.S. Senate Energy and Natural Resources 
Committee. 
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“That does not lead to a great deal of courage,” said Schlesinger. Politicians 
tend to engage in tokenism and symbolism. They “put forward something that 
seems to be moving toward the goal that people are concerned about, but 
it does very little since it involves very little sacrifice.” For example, various 
governors have pledged that they will reduce greenhouse gases by 90 percent 
by the year 2080. “They will not be in office when that day comes around,” 
observed Schlesinger.

Also, politicians tend not to think quantitatively, Schlesinger said. They 
do not consider the vast amounts of effort required to reduce the more than 
7 billion barrels of oil that the United States uses each year or the amounts of 
greenhouse gases released. And bureaucracies change very slowly, Schlesinger 
observed. “How high is the Department of Homeland Security on the pecking 
order amongst government departments at the moment?” he asked. “Home-
land security is a very important issue, but [DHS] doesn’t have as much clout 
as some of the older departments.”

Holdren pointed out that the status quo is supported by powerful and 
wealthy interests. For that reason, those interests tend to be preserved in the 
policy process. Breaking the hold of the status quo will require several major 
changes, he said. Partnerships that keep businesses viable can be an agent of 
change. For example, carbon capture and sequestration will be needed to keep 
the coal-powered generation business viable. Coal companies recognize that 
fact and now support approaches that include regulations on carbon dioxide 
so long as they also include support for technology development and incentives 
to deploy those technologies. Energy companies also have lots of experience in 
removing liquids and gases from the ground and know how to put liquids and 
gases back in place. “They see this as a big emerging business,” said Holdren. 
Another example is the interest of oil companies in biofuels, and especially 
advanced biofuels, that use some of the capabilities those companies have in 
chemical engineering. 

Public education also is critical, Holdren said. Al Gore’s documentary An 
Inconvenient Truth focused public attention on climate issues. Similarly, articu-
late spokespeople will increasingly point out that there are jobs to be created, 
money to be made, and competitive advantage to be grasped by figuring out 
how to deliver goods and services that people want in energy-saving ways.

Finally, campaign finance reform is essential to loosen the grip of entrenched 
interests. “Without campaign finance reform, we’re not going to get as much 
done as we need to, because there are going to be elements of the status quo 
that are extremely well-funded and are going to continue to be able to buy 
enough votes to avoid change,” Holdren said.

The structure of the federal government is another impediment to change, 
according to Portney. “I don’t think that the U.S. government is organized in a 
way that suggests that we take energy as seriously as I think we should or that 
the government itself thinks [energy] should be taken.” The Department of 
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Energy’s budget—about $24 billion—may look impressive, Portney said. But 
much of that funding is devoted to the National Nuclear Security Administra-
tion and the cleanup of chemical and nuclear contamination at former and 
current defense weapons plants, leaving a relatively small percentage for energy 
issues.

In other parts of the federal bureaucracy, the National Highway Traffic 
Safety Administration in the Transportation Department oversees CAFE stan-
dards. The Minerals Management Service in the Interior Department is respon-
sible for about a quarter of the oil that is produced in the United States on the 
outer continental shelf and for about 15 percent of the natural gas produced 
in the United States. The Minerals Management Service is also responsible for 
permitting offshore wind turbines. The Federal Energy Regulatory Commis-
sion, an independent regulatory body, is responsible for siting hydroelectric 
facilities and other important facilities in the United States, regulates pricing of 
interstate and wholesale electricity, oversees interstate shipments of natural gas 
and petroleum through pipelines, and has a number of other important respon-
sibilities. The Nuclear Regulatory Commission, which is another independent 
regulatory agency, has responsibility for permitting and inspecting new and 
established nuclear reactors in the United States. The Internal Revenue Service 
in the Department of the Treasury is in the process of writing regulations about 
who is qualified to receive subsidies for ethanol and other renewables produc-
tion under the recent energy bill. And the Environmental Protection Agency 
writes national ambient air quality standards, national emissions standards for 
hazardous air pollutants, and new source performance standards for new indus-
trial facilities, including petroleum refineries; rates vehicle emissions standards; 
promulgates fuel recipes for different parts of the country at different times of 
the year; and establishes effluent standards for ethanol and other biofuel plants 
in the United States. “This is clearly the agency that has the biggest impact on 
energy in the United States,” said Portney.

“I want to be very clear in saying that I’m not criticizing any of these agen-
cies,” Portney said. “They do—and do well—exactly what it is that Congress 
has told them to do under the laws that Congress has passed that give them 
their mandate. I am saying that if we are to treat energy in the United States as 
seriously as it deserves to be treated, we have to do better organizationally than 
the mishmash of agencies that we have attending to this critical problem now. 
And this will require changes in legislation, not just executive orders.”

REASONS FOR OPTIMISM

Why should the potential for progress be different today than it has been 
in the past? Several speakers cited possible reasons for optimism. First, tech-
nologies that could make a difference in energy production and consumption 
are closer to the marketplace than they have been previously. Hybrids have 
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entered the market, and plug-in automobiles are on the horizon. Technology 
development is getting a big boost from high gas prices, which have “stirred 
a lot of entrepreneurial juices,” Schlesinger said. And discussions of carbon 
taxes or other means of internalizing the costs of greenhouse gas emissions 
raise the prospect that policy changes could give a substantial boost to clean 
technologies.

Also, the public and politicians may be more engaged in the problem today 
than in the past. “The public has to be hit over the head by a two by four” to 
focus on energy problems, Schlesinger observed. While he doubted that the 
public was as engaged today as it was during the 1973 and 1979 oil crises, he 
and other speakers pointed to a growing level of interest in the issue in the 
United States and other countries—sparked in part by rapid recent increases 
in energy prices.

Also, some speakers observed that the public and policymakers are more 
aware of the need to move forward on many fronts simultaneously. “The pri-
mary solution to the challenges of energy security and environmental preserva-
tion is energy diversification,” said Reuben Jeffery. “Greater diversity of energy 
types, sources, and distribution networks can help improve the security and 
reliability of energy supplies, mitigate the economic consequences of high oil 
prices, and promote responsible environmental stewardship.”

As Samuel Bodman described the situation, “The bottom line is this: We 
are seeing a convergence of forces that tells me that our nation is on a path to 
a cleaner, affordable, and more diverse energy future. The rigorous debate and 
analyses that the Academies are fostering—and to which all of you are lending 
your extensive expertise—will help ensure that we continue on the right path-
way toward a more secure energy future.”

CONTRIBUTIONS FROM SCIENTISTS AND ENGINEERS

To reduce energy intensity, the contributions of scientists and engineers 
will be essential, Bingaman said. Ray Orbach reminded summit participants 
of President Bush’s words in his 2008 State of the Union address: “To keep 
America competitive into the future, you must trust in the skill of our scientists 
and engineers and empower them to pursue the breakthroughs of tomorrow.”

Scientists and engineers also need to participate in the shaping of public 
policies, Bingaman observed. Congress is continually bombarded with informa-
tion, much of which has a significant bias. Furthermore, Congress does not have 
the luxury of waiting to act until it has perfect information. Legislation has to 
accommodate uncertainty and then be monitored to track the effects of laws.

Along with both the crafting of legislation and oversight of implementa-
tion, strong and balanced technical input is critical. In that regard, reports from 
the National Academies and other organizations provide critical input into poli-
cymaking, Bingaman said. Reports from these organizations offer balanced and 
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complete analyses of difficult questions, add technical realism to energy policy, 
and avoid simplistic views, which helps Congress figure out which technolo-
gies will have the greatest benefit at the least cost. Recent controversies over 
the energy-saving potential of biofuels or of changes in daylight saving time are 
good examples of the need for reliable information, Bingaman observed. “I 
would feel much more comfortable knowing that we were basing policy deci-
sions about energy and climate on the best information available.” Policymakers 
also can use the information in these reports to push for more aggressive action 
by the federal government.

COMMUNICATING WITH THE PUBLIC

Another essential need is to communicate the urgency of the situation to 
the public. “Not enough of us spend enough time talking to the public,” said 
John Holdren. “I suggested in my AAAS presidential address last year that 
everybody in the science and technology community who cares about the future 
of the world should be tithing 10 percent of his or her time to interacting with 
the public in the policy process on these issues, and a lot of that is just giving 
talks. Wherever I go and give talks about these issues, the reaction is: ‘I didn’t 
know that. I had no idea how big this problem was. What are the opportunities 
for addressing it?’ If all of us just got out there and talked to the public more 
and talked to policymakers more, we would get some of this done.”

Dan Reicher emphasized that a focus on solutions is often more produc-
tive than a focus on problems. “The public has, to some extent, become numb 
about the problems,” he said. People realize that the challenge is immense, but 
they do not realize how straightforward and cost-effective many of the solu-
tions are. For example, many people can be motivated to take action, Reicher 
said, by providing them with information about the energy used in their homes 
and businesses and laying out a plan for no-cost, low-cost, and medium-cost 
initiatives.

However, it is also important to emphasize that the problems will not be 
easy to solve, several speakers said. “We always have to communicate that we 
can do it, but it’s not going to be easy, . . . and it’s going to cost,” said Steven 
Specker. Also, all options need to be considered. “We need everything,” said 
Specker. “Each country, each state, each community may decide to deploy or 
not deploy certain technologies, but as technologists, our message has to be that 
we need to be working on everything.”

In an uncertain world, no single approach is guaranteed to work. Some 
currently promising technologies will not work, and others will arise that are 
not currently anticipated. “As many people have observed, there is no single 
magic bullet,” said Harold Shapiro.
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A

America’s Energy Future Project

In 2007, the National Academies initiated a major study titled “America’s 
Energy Future: Technology Opportunities, Risks, and Tradeoffs,” to inform 
the national debate about the nation’s energy future. The America’s Energy 

Future (AEF) project is planned to include two phases (Figure A.1). Phase I 
will produce a series of five reports. The first is a summary of discussions at the 
National Academies’ March 2008 energy summit convened to provide input to 
the deliberations of the Committee on America’s Energy Future. Three reports 
produced by separately constituted panels will also provide material for con-
sideration by the full AEF study committee in its report on the current and 
future potential of existing and new energy supply and demand technologies, 
their associated impacts, and projected costs.  Phase I of the AEF project will 
serve as the foundation for a Phase II portfolio of subsequent studies at the 
Academies and elsewhere focused on more strategic, tactical and policy issues, 
such as energy research and development priorities, strategic energy technology 
development, policy analysis, and many related subjects. 

A key objective of the AEF project is to facilitate a productive national 
policy debate about the nation’s energy future.
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FIGURE A.1  America’s Energy Future Project.
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B

Speakers at the Summit

JEFF BINGAMAN is currently serving his fifth term in the U.S. Senate repre-
senting the state of New Mexico. He is chair of the Committee on Energy and 
Natural Resources and has been involved in all major U.S. energy legislation 
since his election to the Senate in 1982. Senator Bingaman also serves on the 
Senate Finance Committee, where he is chair of the Subcommittee on Energy, 
Natural Resources, and Infrastructure. He also serves on the Health, Educa-
tion, Labor and Pensions Committee, and the Joint Economic Committee. 
Prior to his Senate career, Senator Bingaman served as New Mexico’s Attorney 
General. After graduating from Harvard University, he earned a law degree 
at Stanford University and practiced law in New Mexico until his election as 
Attorney General.

SAMUEL W. BODMAN is the 11th U.S. Secretary of Energy. Prior to this, he 
served as an associate professor of chemical engineering at the Massachusetts 
Institute of Technology and began his work in the financial sector as technical 
director of the American Research and Development Corporation, a pioneer 
venture capital firm. From there, Secretary Bodman went to Fidelity Venture 
Associates, a division of Fidelity Investments where, in 1983, he was named 
president and COO and a director of the Fidelity Group of Mutual Funds. In 
1987, he joined Cabot Corporation, where he served as chairman, CEO, and a 
director. He is a former director of MIT’s School of Engineering Practice and 
a former member of the MIT Commission on Education. Secretary Bodman is 
a member of the National Academy of Engineering. He holds a B.S. degree in 
chemical engineering from Cornell University and a D.Sc. degree from Mas-
sachusetts Institute of Technology. 
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STEVEN CHU is director of the Lawrence Berkeley National Laboratory 
and professor of physics and molecular and cell biology at the University of 
California, Berkeley. He is a leader in U.S. and international energy science 
and technology communities and recently co-chaired the InterAcademy Coun-
cil study, Lighting the Way: Toward a Sustainable Energy Future. Dr. Chu has 
numerous awards, including the 1997 Nobel Prize in physics, and is a member 
of the National Academy of Sciences. He received A.B. and B.S. degrees in 
mathematics and physics from the University of Rochester, a Ph.D. in physics 
from University of California, Berkeley, and 10 honorary degrees. 

RALPH J. CICERONE is president of the National Academy of Sciences and 
chair of the National Research Council. He is an atmospheric scientist whose 
research in atmospheric chemistry and climate change has involved him in shap-
ing science and environmental policy at the highest levels nationally and inter-
nationally. His research was recognized on the citation for the 1995 Nobel Prize 
in chemistry awarded to University of California, Irvine, colleague F. Sherwood 
Rowland. The Franklin Institute recognized his fundamental contributions to 
the understanding of greenhouse gases and ozone depletion by selecting Dr. 
Cicerone as the 1999 laureate for the Bower Award and Prize for Achieve-
ment in Science and recognition of his public policy leadership in protecting 
the global environment. Dr. Cicerone is a member of the National Academy 
of Sciences, the American Academy of Arts and Sciences, and the American 
Philosophical Society. He received his bachelor’s degree in electrical engineer-
ing from the Massachusetts Institute of Technology and both his master’s and 
doctoral degrees from the University of Illinois in electrical engineering. 

JON CREYTS is a principal in the Chicago office of McKinsey & Company, 
Inc., which he joined in October 2000. He is the U.S. lead for the McKinsey 
Special Initiative on Climate Change and a co-leader of the global Capital Pro-
ductivity Practice. Dr. Creyts has a concentrated knowledge of environmental 
management, capital productivity, plant operations, and fuel marketing and 
sourcing strategies and has served clients in the electric power, metals and min-
ing, petroleum, travel and logistics, and retail sectors. Dr. Creyts received a B.S. 
degree from the University of Illinois and an M.S. and a Ph.D. in mechanical 
engineering from the University of California, Berkeley.

GED DAVIS ������������������������������������������������������������         is co-president of the Global Energy Assessment at IIASA in 
Laxenburg, Austria. Until March 2007 he was managing director of the World 
Economic Forum, responsible for global research, scenario projects, and the 
design of the annual Forum meeting at Davos. Before joining the Forum, Mr. 
Davis spent 30 years with Royal Dutch Shell. He was the vice president of glo-
bal business environment for Shell International in London and head of Shell’s 
scenario planning team. In this capacity he participated in a wide variety of 

The National Academies Summit on  America's Energy Future: Summary of a Meeting

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/12450


150	 THE NATIONAL ACADEMIES SUMMIT ON AMERICA’S ENERGY FUTURE

global, regional, country, and industry scenario projects, many with a special 
focus on energy and environment. He has worked on many global projects for 
international institutions, including IPCC, IUCN, WBCSD, WEF, WEC, and 
UN agencies. He is currently advising a number of international institutions. 

ROBERT W. FRI is a visiting scholar and senior fellow emeritus at Resources 
for the Future, where he served as president from 1986 to 1995. From 1996 to 
2001 he served as director of the National Museum of Natural History at the 
Smithsonian Institution. Before joining the Smithsonian, Mr. Fri served in both 
the public and private sectors, specializing in energy and environmental issues. 
In 1971 he became the first deputy administrator of the Environmental Protec-
tion Agency. In 1975, President Ford appointed him as the deputy administra-
tor of the Energy Research and Development Administration. He served as act-
ing administrator of both agencies for extended periods. He received his B.A. 
degree in physics from Rice University and his M.B.A. degree (with distinction) 
from Harvard University. He is vice chair of the National Research Council’s 
Board on Energy and Environmental Systems and recently chaired the National 
Research Council’s Committee on Review of the DOE Nuclear Energy Research 
and Development Program.

KELLY SIMS GALLAGHER is director of the Energy Technology Innovation 
Policy research group at Harvard University’s Belfer Center for Science and 
International Affairs and an adjunct lecturer in the Kennedy School of Govern-
ment. She is an international member of the Task Force on Innovation for the 
China Council International Cooperation on Environment and Development. 
She recently published China Shifts Gears: Automakers, Oil, Pollution, and 
Development. Formerly, she was the science policy director of Ozone Action 
in Washington, D.C. She participated in more than a dozen rounds of inter-
national negotiations on global climate change and ozone depletion, and was 
an advisor to CNN in Kyoto and Buenos Aires for the climate negotiations. 
She was previously a Truman Scholar in the Office of Vice President Gore and 
worked in strategic planning at the international engineering and construction 
firm, Fluor Daniel. She has an A.B. degree in international affairs and environ-
mental studies from Occidental College, and an M.A. in law and diplomacy and 
a Ph.D. in international affairs from the Fletcher School of Law and Diplomacy 
at Tufts University. 

JOSE GOLDEMBERG is the secretary for the environment for the State of 
São Paulo, Brazil, and co-chair of the Global Energy Assessment Council of 
the International Institute for Applied Systems Analysis. He has served as the 
president of the Brazilian Association for the Advancement of Science, minister 
of state for education of the Federal Government of Brazil, and secretary for 
the environment of the State of São Paulo. He has authored many technical 
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papers and books on nuclear physics, sustainable development, and energy. 
Dr. Goldemberg co-chaired the 2007 InterAcademy Council study, Lighting the 
Way: Toward a Sustainable Energy Future. In 2000, he was one of four recipients 
of the Volvo Environmental Prize presented in Sweden. A native of Brazil, Dr. 
Goldemberg earned his Ph.D. in physical science from the University of São 
Paulo. 

JOHN P. HOLDREN is the Teresa and John Heinz Professor of Environmental 
Policy and director of the Program on Science, Technology, and Public Policy 
at the Kennedy School of Government, Harvard University, as well as presi-
dent and director of the Woods Hole Research Center. From 1994 to 2001 he 
was a member of President Clinton’s Committee of Advisors on Science and 
Technology and led major studies for the White House on U.S. energy research 
and development strategy, nuclear nonproliferation, and international coopera-
tion on energy. Since 2002 he has been co-chair of the independent, bipartisan 
National Commission on Energy Policy and co-led the National Commission’s 
project resulting in the major report, Ending the Energy Stalemate. He is also 
the coordinating lead author of the Scientific Expert Group on Climate Change 
and Sustainable Development. Dr. Holdren is a member of the National Acad-
emy of Sciences and the National Academy of Engineering. He received his B.S. 
and M.S. degrees in physics from the Massachusetts Institute of Technology and 
a Ph.D. from Stanford University. 

REUBEN JEFFERY III is the undersecretary, economic, energy and agricul-
tural affairs at the U.S. Department of State, where he serves as the senior 
economic official. Dr. Jeffery advises the secretary of state on international 
economic policy. He leads the work of the State Department on issues rang-
ing from trade, agriculture, and aviation to bilateral relations with America’s 
economic partners. Dr. Jeffery received his B.A. degree in political science from 
Yale University in 1975 and J.D. and M.B.A. degrees from Stanford University 
in 1981.

AMORY LOVINS co-founded the Rocky Mountain Institute in 1982 and serves 
as its chief executive officer, research. An experimental physicist educated at 
Harvard and Oxford, Dr. Lovins rose to prominence during the oil crises of 
the 1970s when he challenged conventional supply-side dogma by urging that 
the United States instead follow a “soft energy path.” His controversial recom-
mendations were eventually accepted by the energy industry, and his book, Soft 
Energy Paths: Toward a Durable Peace (1977), went on to inspire a generation of 
decision makers. Dr. Lovins’ work today focuses on transforming the car, real-
estate, electricity, water, semiconductor, and several other manufacturing sec-
tors toward advanced resource productivity. Since 1990, he has led the develop-
ment of quintupled-efficiency, uncompromised, competitive automobiles and 
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a profitable hydrogen transition strategy. Dr. Lovins was principal investigator 
for a major report released in 2004, Winning the Oil End Game.

ROBERT MARLAY is the deputy director of the U.S. Climate Change Tech-
nology Program and is a career member of the government’s Senior Execu-
tive Service. He has more than 30 years of federal service and has been with 
the U.S. Department of Energy and its predecessor agencies since 1974. His 
contributions have focused primarily in the areas of national security, energy 
policy, science policy, and management of research and development programs. 
He serves concurrently as the department’s director for the Office of Science 
and Technology Policy, Office of Policy, and International Affairs. He holds a 
B.S. degree in engineering from Duke University and a Ph.D. from the Mas-
sachusetts Institute of Technology. He is a licensed professional engineer in the 
District of Columbia. Dr. Marlay was a key contributor to the 2006 interagency 
report U.S. Climate Change Technology Program Strategic Plan.

RICHARD A. MESERVE is the president of the Carnegie Institution for Sci-
ence. He served as chair of the U.S. Nuclear Regulatory Commission (USNRC) 
from 1999 to 2003, and he led the USNRC in responding to the 9/11 attacks. 
Dr. Meserve was elected to serve as a director of PG&E Corporation and 
Pacific Gas and Electric Company in 2006 and of Luminant Holding Company 
in 2008. He also serves on an advisory board to UniStar Nuclear Company, a 
joint venture of Constellation Energy and Électricité de France that seeks to 
market and operate nuclear power plants. Among other affiliations, he is a 
member of the National Academy of Engineering. Dr. Meserve received his 
undergraduate degree from Tufts University and his J.D. degree from Harvard 
University and a Ph.D. degree in applied physics from Stanford University.

ERNEST J. MONIZ is the Cecil and Ida Green Professor of Physics and 
Engineering Systems, director of the Energy Initiative, and director of the 
Laboratory for Energy and the Environment at the Massachusetts Institute of 
Technology, where he has served on the faculty since 1973. Dr. Moniz served 
as undersecretary of the Department of Energy from 1997 until January 2001 
and, from 1995 to 1997, as associate director for science in the Office of Sci-
ence and Technology Policy in the Executive Office of the President. Dr. Moniz 
received a B.S. degree summa cum laude in physics from Boston College and 
a doctorate in theoretical physics from Stanford University. Dr. Moniz was a 
co-chair of the recent major interdisciplinary Massachusetts Institute of Tech-
nology studies that produced the reports The Future of Nuclear Power and The 
Future of Coal.

RODNEY NELSON is vice president of strategic marketing for Schlumberger 
Oilfield Services. Previously, Mr. Nelson was president of Schlumberger Data 
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and Consulting Services where he directed operations of the industry’s largest 
data processing and geotechnical consulting organization for clients worldwide. 
Mr. Nelson holds a bachelor’s degree in engineering from the University of 
Wisconsin and an executive M.B.A. from the Massachusetts Institute of Tech-
nology’s Sloan School of Management. Mr. Nelson was the Technology task 
group chair of the major effort completed in 2007 by the National Petroleum 
Council, entitled Facing the Hard Truths About Energy. 

RAY L. ORBACH is the U.S. Department of Energy’s first undersecretary for 
science. Prior to his appointment as undersecretary he was the Department’s 
14th director of the Office of Science. Dr. Orbach has received numerous 
honors as a scholar, including two Alfred P. Sloan Foundation fellowships; a 
National Science Foundation senior postdoctoral fellowship at Oxford Uni-
versity; a John Simon Guggenheim Memorial Foundation fellowship at Tel 
Aviv University; the Joliot Curie Professorship at the Ecole Superieure de 
Physique et Chimie Industrielle de la Ville de Paris; the Lorentz Professorship 
at the University of Leiden in the Netherlands; the 1991-1992 Andrew Lawson 
Memorial Lecturer at University of California, Riverside; and the 2004 Arnold 
O. Beckman Lecturer in Science and Innovation at the University of Illinois at 
Urbana-Champaign. Dr. Orbach received his B.S. degree in physics from the 
California Institute of Technology and his Ph.D. degree in physics from the 
University of California, Berkeley, and he was elected to Phi Beta Kappa.

KENNETH J. OSTROWSKI is a director in the Atlanta Office of McKinsey 
& Company with more than 23 years of consulting experience.  Mr. Ostrowski 
is the leader of McKinsey’s North America Electric Power and Natural Gas 
(EPNG) Practice and co-leads the Global EPNG Practice. Over the course of 
his career, he has served electric power, natural gas, and industrial clients in 
refining their strategic aspirations and direction, and in aligning the organiza-
tional, regulatory, and operational elements necessary to execute them. Before 
joining McKinsey, Mr. Ostrowski was an intern at the Congressional Budget 
Office and completed the 2-year Financial Management Program at General 
Electric Company. He received an M.B.A. in general management with honors 
from Harvard Business School and a bachelor’s degree in finance, magna cum 
laude, from the University of Notre Dame.

PAUL R. PORTNEY is the dean and Halle Chair in Leadership of the Eller 
College of Management at the University of Arizona. From 1972 through June 
2005, Dr. Portney was with Resources for the Future, where he headed two 
of its research divisions before becoming its vice president and then president 
and CEO. From 1979 to 1980, he also served as chief economist for the White 
House Council on Environmental Quality. Dr. Portney received his B.A. in 
economics from Alma College in Michigan and his Ph.D. in economics from 
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Northwestern University. Dr. Portney was chair of the National Research Coun-
cil committee that produced the report Automotive Fuel Economy: How Far 
Should We Go?

MICHAEL P. RAMAGE is the retired executive vice president of Exxon-
Mobil Research and Engineering Company. Previously he was executive vice 
president, chief technology officer, and director of Mobil Oil Corporation. He 
has broad experience in many aspects of the petroleum and chemical indus-
tries and is a member of Secretary of Energy Bodman’s Hydrogen Technical 
Advisory Council. Dr. Ramage chaired the National Research Council study 
that produced the report The Hydrogen Economy: Opportunities, Costs, Bar-
riers, and R&D Needs and is currently chairing the Committee on Resource 
Requirements for a Hydrogen Economy and the Panel on Alternative Liquid 
Transportation Fuel of the America’s Energy Future effort. Dr. Ramage has 
B.S., M.S., Ph.D., and H.D.R. degrees in chemical engineering from Purdue 
University and is a member and former council member of the National Acad-
emy of Engineering.

DAN W. REICHER is the director of Climate Change and Energy Initiatives 
for Google. Prior to this Dr. Reicher served as president and co-founder of New 
Energy Capital Corp., a New England-based company that develops, invests 
in, owns, and operates renewable energy and distributed generation projects. 
He is currently a member of General Electric’s Ecomagination Advisory Board, 
co-chair of the advisory board of the American Council on Renewable Energy, 
and a member of the board of the American Council for an Energy Efficient 
Economy. From 1997-2001, Dr. Reicher was assistant secretary of energy for 
energy efficiency and renewable energy at the U.S. Department of Energy. He 
holds a B.A. in biology from Dartmouth College and a J.D. from Stanford Law 
School. He also studied at Harvard’s Kennedy School of Government.

MAXINE SAVITZ is vice president of the National Academy of Engineering, 
director of the Washington Advisory Group, and a member of the board of 
directors of the Charles Stark Draper Laboratories. She is a former deputy assis-
tant secretary for conservation of the U.S. Department of Energy and received 
the Outstanding Service Medal from the DOE in 1981. Prior to her DOE 
service, she was program manager for research applied to national needs at the 
National Science Foundation. She recently retired from the position of general 
manager for technology partnerships at Honeywell after over 30 years of man-
aging research, development, and implementation programs for the public and 
private sectors. She holds a Ph.D. in organic chemistry from the Massachusetts 
Institute of Technology and a B.A. degree in chemistry from Bryn Mawr Col-
lege. Dr. Savitz is the vice chair of the Panel on Energy Efficiency Technologies 
of the America’s Energy Future project.
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JAMES R. SCHLESINGER is chair of the MITRE Corporation and a senior 
advisor for the investment banking firm, Lehman Brothers. He is a consultant 
to the U.S. Department of Defense, a member of the Defense Policy Board, a 
member of the Homeland Security Advisory Council, and director for Peabody 
Energy, KFx, Inc., and Sandia National Corporation. Dr. Schlesinger was the 
nation’s first secretary of energy and also served as director of Central Intel-
ligence, secretary of defense, and chair of the Atomic Energy Commission. Dr. 
Schlesinger received a B.A. degree summa cum laude from Harvard College, 
where he was elected to Phi Beta Kappa and was selected for the Frederick 
Sheldon Prize Fellowship. He received his M.A. and doctoral degrees in eco-
nomics from Harvard University.

HAROLD T. SHAPIRO is president emeritus of Princeton University and a 
professor of economics and public affairs in the Woodrow Wilson School of 
Public and International Affairs. He served as president of Princeton from 
1988 to 2001 and president of the University of Michigan from 1980 to 1988. 
Dr. Shapiro chaired the National Bioethics Advisory Committee under Presi-
dent Clinton and served on the President’s Council of Advisors on Science 
and Technology under President Bush. He holds a bachelor’s degree from 
McGill University and M.A. and Ph.D. degrees in economics from Princeton 
University as well as 14 honorary doctoral degrees. He is a member of the 
Institute of Medicine and the American Philosophical Society, and a fellow of 
the American Academy of Arts and Sciences and of the College of Physicians 
of Philadelphia. He is a member of the Board of Trustees of the Alfred P. Sloan 
Foundation, a member of the board of directors of Dow Chemical Company, 
and a member of the board of overseers of the Robert Wood Johnson Medical 
School. Dr. Shapiro is currently chairing the National Research Council study, 
“America’s Energy Future: Technology Opportunities, Risks, and Tradeoffs.”

STEVEN R. SPECKER is president and chief executive officer of the Electric 
Power Research Institute. Prior to joining EPRI, Dr. Specker served as presi-
dent of Specker Consulting, LLC, where he provided operational and strategic 
planning services to technology companies serving the global electric power 
industry. In January 2003, he retired from General Electric as vice president of 
global marketing for GE Energy where he oversaw development of products 
and services for the generation, transmission, and distribution of electric power. 
He holds a B.S. degree in engineering science, an M.S. in nuclear engineering, 
and a doctorate in nuclear engineering from Iowa State University. 

CHARLES M. VEST is president of the U.S. National Academy of Engineering 
and vice chair of the National Research Council. Prior to his election as NAE 
president, Dr. Vest served as president of the Massachusetts Institute of Tech-
nology from 1990 to 2004. During his tenure, the Massachusetts Institute of 
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Technology launched its OpenCourseWare initiative, co-founded the Alliance 
for Global Sustainability, enhanced the racial, gender, and cultural diversity of 
its students and faculty, established major new institutes in neuroscience and 
genomic medicine, and redeveloped much of its campus. Dr. Vest served on 
the President’s Council of Advisors on Science and Technology during both the 
Clinton and Bush administrations, the Commission on the Intelligence Capabil-
ities of the United States Regarding Weapons of Mass Destruction, the secretary 
of education’s Commission on the Future of Higher Education, the secretary 
of state’s Advisory Committee on Transformational Diplomacy, and the Rice-
Chertoff Secure Borders and Open Doors Advisory Committee. He serves on 
the boards of several nonprofit organizations and foundations devoted to edu-
cation, science, and technology. Dr. Vest has received honorary doctoral degrees 
from 10 universities and was awarded the 2006 National Medal of Technology 
by President Bush. He earned his B.S. degree in mechanical engineering from 
West Virginia University and an M.S. degree in engineering and a Ph.D. degree 
in mechanical engineering from the University of Michigan.
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Summit Agenda

THURSDAY, MARCH 13, 2008

8:00 a.m.	 Welcome and Introduction 
		  Ralph J. Cicerone, President, National Academy of Sciences 

	 Current U.S. Energy Policy Context 
		�  Senator Jeff Bingaman, Chair, Committee on Energy and 

Natural Resources, U.S. Senate 

8:30	 Meeting Emerging Challenges to Global Energy Security 
		�  Reuben Jeffery III, Undersecretary for Economic, Energy and 

Agricultural Affairs, U.S. Department of State 

9:00	 The Geopolitical Context of America’s Energy Future 
		�  James R. Schlesinger, Chair, The MITRE Corporation, and 

Senior Advisor, Lehman Brothers 

9:30	 Break 

10:00	 Summit Overview 
		�  Robert W. Fri, Senior Fellow Emeritus, Resources for the 

Future 

NOTE: The National Academies Summit on America’s Energy Future was held on March 13 and 
14, 2008, in the auditorium of the National Academy of Sciences Building, 2100 C Street, N.W., 
Washington, D.C.
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Session One 
Moderator: Maxine Savitz 

10:10	 Introduction to Session One 
		�  Maxine Savitz, Vice President, National Academy of 

Engineering 

10:20	 Global Energy and Environment Projections: Next Steps 
		�  Ged Davis, Co-President, Global Energy Assessment, 

International Institute for Applied Systems Analysis, and 
former managing director, World Economic Forum 

10:45	 The Rise of China 
		�  Kelly Sims Gallagher, Director, Energy Technology 

Innovation Policy, Belfer Center, and Adjunct Lecturer at the 
Kennedy School, Harvard University 

11:15	 Facing the Hard Truths About Energy 
		�  Rodney Nelson, Vice President, Schlumberger, and Lead on 

Carbon Management, National Petroleum Council 

11:45	 Session One Question and Answer Forum 

12:00 p.m.	 Lunch 

Session Two 
Moderator: Harold T. Shapiro

1:30 p.m.	 Introduction to Session Two 
		�  Harold T. Shapiro, President Emeritus, Princeton University, 

and Chair, National Research Council Committee on 
America’s Energy Future 

1:45	 The Future of Coal and Nuclear Power 
		�  Ernest J. Moniz, Professor, Massachusetts Institute of 

Technology, and Co-Chair, MIT Interdisciplinary Studies on 
the Future of Nuclear Power and the Future of Coal Power 

2:30	 Biofuels: How Much, How Fast, and How Difficult? 
		�  José Goldemberg, Secretary for the Environment, State of 

São Paulo, Brazil, and Co-Chair, Global Energy Assessment 
Council, International Institute for Applied Systems Analysis 

3:00	 Break 
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3:30	 Automotive Fuel Economy: How Far Should We Go? 
		�  Paul R. Portney, Dean, Eller College of Management, 

University of Arizona, and Chair, National Research Council 
Committee on Effectiveness and Impact of Corporate 
Average Fuel Economy Standards 

4:00	 Prospects of a Hydrogen Economy 
		�  Michael P. Ramage, Executive VP, ExxonMobil Research 

and Engineering Co. (retired), and Chair, National Research 
Council Committee on Alternatives and Strategies for Future 
Hydrogen Production and Use 

4:30	 Perspectives on America’s Energy Future 
		�  Samuel W. Bodman, Secretary, U.S. Department of Energy 
		  Moderator: Ralph J. Cicerone 

5:15	 Reception 

FRIDAY, MARCH 14, 2008

Session Three 
Moderator: Charles M. Vest

8:00 a.m.	 Introduction to Session Three 
		  Charles M. Vest, President, National Academy of Engineering 

8:15	 Basic Research and America’s Energy Future 
		�  Ray L. Orbach, Undersecretary for Science, U.S. Department 

of Energy 

9:00	 Ending the Energy Stalemate 
		�  John P. Holdren, Professor, Harvard University, and Co-

Chair, National Commission on Energy Policy 

9:45	� Google’s RechargeIT Program for Commercial Deployment of 
Plug-in Hybrid Vehicles 

		�  Dan W. Reicher, Director for Climate Change and Energy 
Initiatives, Google.org 

10:15	 Break 
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10:45	 Electricity Innovation Pathways 
		�  Steven R. Specker, President, Electric Power Research 

Institute 

11:15	 Session Three Question and Answer Forum 

12:00 p.m.	 Lunch 

Session Four 
Moderator: Richard A. Meserve

1:15	 Introduction to Session Four 
		�  Richard A. Meserve, President, Carnegie Institution for 

Science 

1:30	 Lighting the Way: Toward a Sustainable Energy Future 
		�  Steven Chu, Director, Lawrence Berkeley National 

Laboratory, and Co-Chair, InterAcademy Council Study 
Panel on a Sustainable Energy Future 

2:00	� Reducing U.S. Greenhouse Gas Emissions: How Much at What 
Cost? 

		  Jon Creyts, Principal, McKinsey & Company 
		  Kenneth J. Ostrowski, Director, McKinsey & Company 

2:30	 Break 

3:00	 Winning the Oil End Game 
		�  Amory Lovins, CEO, Rocky Mountain Institute, and 

Principal Investigator, Winning the Oil End Game 

3:30	 Climate Change Technologies 
		�  Robert Marlay, Deputy Director, Climate Change Technology 

Program, U.S. Department of Energy 

4:00	 Session Four Question and Answer Forum 

4:30	 Closing Remarks and Adjourn 
		�  Robert W. Fri, Senior Fellow Emeritus, Resources for the 

Future 
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D

Units of Measure and Equivalences

TABLE D.1 Prefixes for Units in the International System

Prefix	 Symbol	 Power	 Value	 Example
	
kilo	 k	 103	 thousand	 kilowatt (kW)
mega	 M	 106	 million	 megawatt (MW)
giga	 G	 109	 billion	 gigawatt (GW)
tera	 T	 1012	 trillion	 terawatt (TW)
peta	 P	 1015	 quadrillion	 petagram (Pg)
exa	 E	 1018	 quintillion	 exajoule (EJ)
		

Units of Measure, Abbreviations, and Equivalences

Barrel (bbl) of oil = 0.136 tons of oil
British thermal unit (Btu) = 1,055 joules (J)
CO2 e = carbon dioxide equivalent 
gallon (gal) = 3.785 liters
hectare (ha) = 10,000 square meters = 2.47 acres
kilowatt-hour (kWh) = 3.6 × 106 J
liter (l) = 0.2642 gal U.S.
metric ton (tonne) = 1,000 kg = 1.1023 short tons
million barrels of oil per day = 2.24 EJ per year
quad = quadrillion (1015) Btu = 1.055 EJ
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