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Executive Summary
and effective ways our nation can wean itself off its dependence on foreign 
oil and reduce its emissions of greenhouse gases.  Transportation and build-
ings, which account for two thirds of American energy usage, consume far 
more than they need to, but even though there are many affordable energy 

inhibit their adoption. To overcome the barriers, the federal government must 
adopt policies that will transform the investments into economic and societal 

great hidden energy reserves. We should begin tapping it now.

________________________________________________________

Nowhere in the world does energy affect the lives of people more than in the United States, one 
of the world’s largest per capita consumers of that commodity.  Nowhere is the standard of 
living more rooted in energy than in the United States, and, with its defense forces deployed 

in the most distant regions around the world, nowhere is the security of a nation more dependent on 
energy.

Yet only in times of extreme turbulence — the OPEC (the Organization of Petroleum Exporting 

were left on the drafting board as the nation reverted to a business-as-usual energy routine once the 
turbulence passed and public dissatisfaction dissipated.

years ago, when OPEC imposed its oil embargo, the United States was importing 6.3 million barrels 

years ago, the world’s two most populous countries, China and India, were poor agrarian societies 
that had minimal need for oil; today they are rapidly developing industrial economies with a greatly 

to oil security; today terrorist groups have added substantially to potential interruptions of global 
supplies.

and the administration explicitly recognized the national security threat created by our unwholesome 

buildings sectors.
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Without question, the United States faces a greater energy risk today than it has at any time 

ago. Global warming and the potential it has for causing major disruptions to Earth’s climate are 

understanding, but there is virtually no disagreement among scientists that it is real and substantial.

and technological opportunities and policy actions that can make the United States more energy 

and recommendations will help Congress and the next administration to realize those goals. The 
opportunities are huge and the costs are small.

Some of the targets we identify could be easy to achieve within the next few years using existing 

attain.  Some are extremely challenging and lie in the more distant future.  But whatever their ease 

serious public commitment.  They are worth pursuing not only because they will provide greater 

recommendations of our study sometimes lies beyond the scope of our report.  Indeed, in a number of 
cases the choice of policies might require additional social science research into how people evaluate 

triggers and how they understand and value the energy security and global warming issues.  While 

strongly believes that progress in energy policy will be inadequate without additional social science 
research and without implementing what social science can already teach us about policies to use 

resolute in our view that appropriate policies must be adopted for technological developments to have 

one home well insulated and the other so badly insulated that it takes twice as much energy to keep 
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matters is how much primary energy it takes to accomplish a particular task, rather than simply how 
one element of an integrated system performs. As another example, consider the case of an electric 
heater. It might receive a 100 percent rating as a single element, but the production and transmission 
of the electricity it uses comes at a great energy cost: only about 30 percent of the primary energy from 

Ideally we would like to know the ratio of the minimum energy required to do the job to the 
energy actually used. That is sometimes hard to do, but it is always possible to compare the relative 

Separating energy end use from energy production and delivery may also seem like a simple task, 
but it isn’t. Consider the case of plug-in hybrid cars.  They have the potential for reducing gasoline 
consumption and our dependence on foreign oil. But plug-in hybrids need electricity for recharging 
their batteries, and in most cases the electricity will have to be generated centrally and distributed 

primary energy source. For very large market penetration of plug-in hybrids, electrical generation 
capacity will have to be increased and the grid will have to be upgraded.  A parallel argument applies 
to hydrogen fuel cell vehicles, which will probably require centralized production of hydrogen and 
development of a major distribution and delivery infrastructure.

Despite their connection with energy production and distribution, we elected to include plug-in 

potential for decreasing carbon emissions and increasing our energy security. Some biofuels can 
replace foreign oil and decrease carbon emissions, as well, but their use has little to do with energy 

to circumscribe the energy end-use applications we considered.
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For Transportation Objectives
The fuel economy of conventional gasoline-powered light-duty vehicles, which include cars, 

through steady improvements in internal combustion engines, transmissions, aerodynamics and 
other technologies. This can be done with technology that is available today or in the pipeline, 
with minimal changes in the performance of current vehicles. Widespread deployment of hy-
brid or diesel technology can improve mpg further.

The federal government’s current research, development and demonstration program should 
have a broader focus.  A more balanced portfolio is needed now across the full range to enable 
the deployment of potential medium- and long-range advances in automotive technologies.  
Increased research is needed in batteries for conventional hybrids, plug-in hybrids and battery 
electric vehicles, and in various types of fuel cells. This more balanced portfolio is likely to 

-
cessive standards for reduced emissions per mile for vehicles.

large trucks, we note that a comprehensive study of the subject recently completed by the Na-

the Department of Energy funding for the program does not match its goals or needs and that 
the program needs restructuring.

For Buildings Objectives

climates.  Most of the required technology to compete with traditional housing is available, but 
inadequately demonstrated.  To achieve this goal in hot, humid climates will require increased 

More generally, the federal government should raise its R&D spending for next-generation 
building technologies, for training building scientists and for supporting the associated national 
laboratory, university and private sector research programs. The current investment of some-

demonstration program for construction of low-energy residential buildings, along with associ-
ated research, should also be expanded.  These steps are necessary to achieve the zero energy 

Federal and state governments should adopt policies to address the wide range of market barri-

in the highly fragmented buildings sector, where barriers are especially prevalent. A number of 
policies have proven effective on a large scale in promoting or requiring investment in energy 

appliances and (b) Voluntary standards, such as industry consensus guidelines in the case of 
lighting usage and federally promoted labels (Energy Star, for example) to highlight excep-

In
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at levels that are cost-effective and technically achievable, as required by the federal leg-
islation enabling the standards. DOE should promulgate standards for all products for 
which it has been granted authority to do so. A streamlined procedure is needed to avoid 
delays in releasing the standards.

Demand-side management programs in which a central agency, often a utility company, 

effective.  Yet, many states have hesitated to create such programs. Where DSM programs 
do not exist, the federal government should encourage states to initiate them through util-

and effective DSM programs and disincentives to those that do not.

California has been a leader in developing its own building energy standards, which have 
proven very effective.  Standards, such as those promulgated in California, should be 
implemented nationwide.  States should be strongly encouraged to set standards for resi-
dential buildings and require localities to enforce them.  For commercial buildings, per-
formance-based standards that rely on computer software to compare a building design 
with a reference building are implemented only in California.  The federal government 
should develop a computer software tool much like that used in California to enable states 
to adopt performance standards for commercial buildings.  States should set standards 
tight enough to spur innovation in their building industries.

Reducing energy consumption and the carbon footprint is one of the most important goals 
for green buildings.  Any green building rating system, such as the Leadership in Energy 
and Environmental Design (LEED) Green Building Rating System, should give energy 

For Crosscutting Objectives

-

to carry out its basic research mission.  Congress should appropriate and the White House 

Congress should periodically review the Energy Frontiers Research Centers program to 

-
dination between its basic and applied research activities. Congressional oversight com-

basic and applied research programs within the Department of Energy has been far from 
ideal.

Within DOE, indeed within the federal government as a whole, long-term applied re-
search, whether it is general or strategic in nature, often is the orphan child of science and 
technology programming.  To meet the out-year technology goals we have proposed for 

science and technology programming in a more serious way than it currently does. The 

and provide the necessary budget, but if it does so, it must protect the culture and budgets 
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-

but in that case, DOE must be careful not to allow short-term activities to continue to 
diminish long-term opportunities.  The department can also create a new structure to sup-
port long-term applied research or adapt the Advanced Research Projects Agency – Energy 
(ARPA-E), which was established by the America COMPETES Act.

ARPA-E’s program mission is to facilitate bringing to market the fruits of high-risk, high-
payoff research in the energy sector, but its modus operandi and the nature of its portfolio 

-

If its investments are in partnership with the private sector, as some successful DOE R&D 
programs have been, it needs to adopt an appropriately different point of view.  But whether 
it invests on its own or functions as a technology bridge between the DOE laboratories and 

bring the competitive private sector’s perspective to bear. We note that ARPA-E is modeled 
after the Department of Defense’s highly successful DARPA program, but unlike DARPA, 
ARPA-E’s customers are principally in the private sector and not within the agency that 
oversees its activities.  If ARPA-E is to be successful, it needs to have its purposes better 

sector, put in better focus.
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For Transportation Objectives
The federal government should establish policies to ensure that new light-duty vehicles 

of this study but could include more aggressive Corporate Average Fuel Economy (CAFE) 

rebates for surpassing it) and carbon taxes.  Technologies are available to move beyond the 
-

ments in internal combustion engines; vehicle weight reductions while maintaining vehicle 

engines, diesel engines and improved hybrid technology.

by greater use of high-strength steel, aluminum and composite materials, would improve 

(See, for example, “Review of the Research Program of the FreedomCAR and Fuel Parn-
-

vanced lightweight materials, would lead to even greater improvements in fuel economy.

Plug-in hybrid electric vehicles (PHEVs), which charge their batteries from the electric 

of PHEVs with a range on batteries alone of at least 40 miles.  However, plug-in hybrids 

developing the batteries, it cannot be assumed that plug-in hybrids to replace the standard 
American family car will be available at affordable prices in the near term.

the preferred mode.  Improvements in the electric grid must be made in order to handle 
charging of electric vehicles if daytime charging is to occur on a large scale or when the 

For Buildings Objectives

and in existing buildings as heating, cooling, lighting and other equipment systems are replaced, 
the growth in energy demand by the building sector could be reduced from the projected 30 percent 

grid connection to a renewable energy generator that could produce as much energy as the building 
consumed annually.  As a practical matter, the ZEB target will require the building’s energy con-

-

Congress for federal buildings, is not attainable without 
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goal for commercial buildings the federal government should create a research, develop-
ment and demonstration program that makes integrated design and operation of buildings 
standard practice. The federal government, state governments and electric utilities should 
carry out the program co-operatively, with funding from all three entities.
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For Transportation Objectives
An all-electric battery-powered vehicle would reduce to zero the use of petroleum as a fuel 
for light-duty vehicles.  However, achieving the same range as a gasoline-powered car––300 
miles is the government target––requires batteries with much larger capacity than is needed 
for plug-in hybrid electric vehicles (PHEVs). For the standard mid-priced American family 
vehicle, batteries with the needed energy storage per unit weight and per unit volume do not 
exist. A long-term R&D program will be required to develop them.

Hydrogen fuel cell vehicles (FCVs) are not a short-term solution to our oil needs, but rather 
a long-term option requiring fundamental science and engineering breakthroughs in several 
areas. Without such breakthroughs, FCVs are unlikely to be more than a niche product. The 
main challenges are durability and costs of fuel cells, including their catalysts, cost-effective 
onboard storage of hydrogen, hydrogen production and deployment of a hydrogen-refueling 
infrastructure.

There are many areas of long-term basic and applied research that offer unusually promising 

related to transportation are batteries and energy storage, catalysts, fuel cells and thermo-
electric devices. These areas of opportunity require close coordination between basic and 
applied research, a management gap that DOE must address more effectively, as we noted 
earlier in the section on Near Term Crosscutting Objectives.

For Buildings Objectives
Long-range applied R&D in the buildings sector has been neglected for many years, in part 
due to the fragmented nature of the industry.  We note that the Department of Energy’s focus 

and Renewable Energy (EERE) has exacerbated the problem — an issue we draw attention 
to further in the following section on Crosscutting Objectives. Among the critical longer 

-
tion, advanced windows, thermodynamic cycles and ultra-thin insulators.

For Crosscutting Objectives
There are many long-term basic and applied research challenges and opportunities in the 

buildings objectives. We call attention to just a few of the most prominent ones: lightweight 
materials, solid-state lighting and behavioral research.

________________________________________________________
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Summary of Recommendations
The federal government should establish policies to ensure that new light-duty vehicles average 

The federal government’s current transportation R&D program should have a broader focus.  A 
more balanced portfolio is needed across the full range of potential medium- and long-range 
advances in automotive technologies.  Increased research is needed in batteries for conventional 
hybrids, plug-in hybrids and battery electric vehicles, and in various types of fuel cells.  This 

will aid federal agencies in setting successive standards for reduced emissions per mile for 
vehicles.

batteries or plug-in hybrid vehicle (PHEV) batteries the preferred mode.  Improvements in the 
electric grid must be made in order to handle charging of electric vehicles if daytime charging 

-
cant.

Federally funded social science research is needed to determine how land-use and transporta-
tion infrastructure can reduce vehicle miles traveled.  Studies of consumer behavior as it relates 
to transportation should be conducted, as should policy and market-force studies on how to re-
duce vehicle miles traveled.  Estimation of the long-term effects of transportation infrastructure 
on transportation demand should become a required component of the transportation planning 
process.

The federal government should set a goal for the U.S. building sector to use no more primary 

by technological improvements.

-
tional building usage – the federal government should create a research, development and dem-
onstration program that makes integrated design and operation of buildings standard practice.  
The federal government, state governments and electric utilities should carry out the program 
co-operatively, with funding coming from all three entities.

Any green building rating system, such as the Leadership in Energy and Environmental Design 

require reporting of energy consumption data.

The federal government should sharply increase its R&D spending for next-generation building 
technologies, for training building scientists and for supporting the associated national labora-

years from the current level of $100 million.  At the end of that period the buildings program 
should be reviewed carefully to determine (1) how much continued federal funding will be 

shifted to the private sector.

The existing demonstration program for construction of low-energy residential buildings, along 
with associated research, should be expanded.
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levels that are cost-effective and technically achievable, as required by the federal legislation 
enabling the standards.  The department should use a streamlined procedure to promulgate the 
standards for all products for which it has been granted authority to do so.

The federal government should encourage states to initiate demand-side management (DSM) 
programs through utility companies, where such programs do not exist.  Such programs, in which 

have proven cost-effective.  The federal government could provide rewards to states that have 

Energy standards for buildings, such as the standards promulgated in California, should be imple-
mented nationwide.  States should be strongly encouraged to set standards for residential build-
ings and require localities to enforce them.  The federal government should develop a computer 
software tool much like that used in California to enable states to adopt performance standards 
for commercial buildings.  States should set standards tight enough to spur innovation in their 
building industries.

of Energy Frontiers Research Centers.

responsibility and provide the necessary budget, but if it does so, it must protect the culture and 
-

but in that case, DOE must be careful not to allow short-term activities to continue to diminish 
long-term opportunities.  The department can also create a new structure to support long-term 
applied research or adapt Advanced Research Projects Agency – Energy (ARPA-E), which was 
established by the America COMPETES Act.

-
prove the coordination between its basic and applied research activities.  Congressional oversight 

and the coupling to its ultimate customer, the private sector, needs better focus. This report takes 
no position on whether ARPA-E should be funded.

the case of transportation, the opportunities often point up the close connections between basic 
and applied research and underscore the need for close coordination of the two activities.  In the 
case of buildings, the fragmented nature of the industry and EERE’s focus on near-term research 
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Electricity usage and economic growth 
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Energy and transportation in the U.S.
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Graphic Gallery
Comparison of present-day Li-ion batteries with DOE hybrid-electric-vehicle goals. 
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Battery comparisons
Figure 19

Total primary energy consumptions for buildings
Primary energy use (including that associated with electric use) for the 
residential  and commercial sectors in Quad (1015 Btu).
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The impact of standards on efficiency of 3 household appliances
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Figure 24

The flow of energy by sector
2006 flows of primary energy into the four end-use sectors (Commercial, Residential, Industrial, 
and Transportation) by way of the Electric Power Sector.  The electric power sector took in 
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Figure 22

Electric savings from California’s 
energy efficiency programs
Annual electric energy savings in California since 1975 associated with 
appliance standards, building energy standards and utility DSM programs. 
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I n t r o d u c t i o n
Whether you want the United States to achieve greater energy 
security by weaning itself off foreign oil, sustain strong economic 
growth in the face of worldwide competition or reduce global 

national strategies, implemented policies and developed technol-

three decades have passed since then, and science and technology 
have progressed considerably, but U.S. energy policy has not. It 
is time to revisit the issue.

-
tunities and policy actions that can make the United States more 

will help Congress and the next administration to realize these 
goals. Our focus is on the transportation and buildings sectors of 
the economy. The opportunities are huge and the costs are small.

Nowhere in the world does energy affect the lives of people more than in the 
United States, one of the world’s largest per capita consumers of that commod-
ity.  Nowhere is the standard of living more rooted in energy than in the United 

States, and, with its defense forces deployed in the most distant regions around the 
world, nowhere is the security of a nation more dependent on energy.

Yet only in times of extreme turbulence—the OPEC (the Organization of Petro-
leum Exporting Countries)

-
ing board, as the nation reverted to a business-as-usual energy routine, once the turbu-
lence passed and public dissatisfaction dissipated.

-
tion. Gasoline prices are soaring, increased transportation costs are driving up the costs 
of goods, and home-heating oil is becoming prohibitively expensive. The people feel 
as if they are under siege.

In contrast to previous market instabilities, however, this one may be more endur-

populous countries, China and India, were poor agrarian societies that had minimal 
need for oil; today they are rapidly developing industrial economies with a greatly 

greatest risk to oil security; today terrorist groups have added substantially to potential 
interruptions of global supplies.
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and the administration explicitly recognized the national security threat created by our unwholesome 
-

buildings sectors. 

–––––––––––––––––––––––––––––––––––––––––––––––––––––

Without question, the United States faces a greater energy risk today than it has at any time in 

ago. Global warming and the potential it has for causing major disruptions to Earth’s climate are 

understanding, but there is virtually no disagreement among scientists that it is real and substantial.

The physics and chemistry of the greenhouse gas effect are well understood and beyond dis-
pute.  Science has also achieved an overwhelming consensus that the increase in greenhouse gases 
is largely of human origin, tracing back to the Industrial Revolution and accelerating in recent years, 
as carbon dioxide and methane—the products of fossil fuel use—have entered the atmosphere in 
increasing quantities.

from perfect, many of their predictions are so alarming that conservative, risk-averse policymaking 
requires that they be considered with extraordinary gravity.

––––––––––––––––––––––––––––––––––––––––––––––––––––––

Energy is necessary for almost all facets of human existence: oil and gas for cooking and heating; 
electricity for cooling, lighting, appliances and machines; gasoline and diesel fuel for transportation; 
and a mix of energy supplies for myriad other purposes. Energy is necessary for every society at 
every level of development, but as a general rule, energy consumption increases as societies become 
more developed and their standard of living rises. The United States, for example, which boasts the 
highest per capita gross domestic product (GDP) among nations of 10 million people or more, has 

energy supply each year.

Just as the per capita GDP delineates have and have-not nations, so do primary energy reserves. 
Oil, natural gas and coal are not distributed uniformly around the world. The United States, for ex-

-

percent of the world’s known reserves, and at the current rate of domestic production that percentage 
is shrinking rapidly.

Relying on foreign oil is particularly dangerous for our nation, since two-thirds of the world’s 
known reserves are in non-democratic countries, some of them overtly hostile to American interests.  
Replacing oil with other sources of energy and reducing energy consumption are clearly in the best 
interests of national security.

U.S. policymakers therefore face the challenge of keeping the American economy humming 
while simultaneously reducing the emission of greenhouse gases and diminishing the nation’s de-
pendence on uncertain and insecure sources of foreign oil. The challenge may seem daunting, but 
the twin goals are achievable if the nation adopts wise policies and makes prudent investments in 
research and development.  A strong industry commitment to short-term applied research and devel-
opment, sustained federal government investment in long-term basic and applied research and the 

-
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duce greenhouse gas emissions, achieve energy security and enable the American economy to remain 
robust and competitive. The greatest impact at the least cost can come from improving the energy 

____________________________________________________

Reducing global carbon emissions while the world’s economies continue to grow will not be 
easy.  Science and technology, coupled with intelligent policymaking, provide the United States with 
the tools needed to achieve the goal at home and stimulate success in other parts of the world.

Of all policy and technology options, the one that has the greatest potential in the next two de-

-
rency as a policy issue, an economic issue and a research and development issue.

-
et al., -

the three end-use sectors: transportation and buildings. It does not address industrial energy usage, 
-

Figure 1

Energy usage in the U.S.
Distribution of U.S. energy usage in 2006, grouped by end-use sector (transportation, 
buildings and industry). Annual consumption for 2007 was 101.6 quads (1015 BTU).
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is lost depending on the generating technology.

To put the three sectors—end-use buildings, transportation and industry—in the context of en-
ergy security and carbon emissions, we begin by summarizing the amount of U.S. primary energy 
(petroleum, natural gas, coal, renewables and nuclear) each sector uses. As Figure 1 illustrates, trans-

and trimming the use of petroleum in transportation—including greater reliance on rechargeable 
batteries or fuel cells in the years ahead—provides the greatest potential for reducing America’s de-
pendence on foreign oil and for increasing America’s energy security.

Converting the sector data shown in Figure 1 into proportional shares of carbon emissions re-
quires taking into account how much carbon each of the three fossil fuels—petroleum, natural gas 
and coal—contains.  Including the carbon emissions from the generation of the electricity used in 
each sector, the analysis shows that each is responsible for about a third of the emissions: buildings, 

-

extraordinary potential for making major reductions in greenhouse gas emissions. Improving energy 

of energy.

Source: Reducing U.S. Greenhouse Gas Emissions: How Much at What Cost?, Executive Report, McKinsey & Company, December 2007

Figure 2

U.S. mid-range abatement curve - 2030
Abatement costs <$50 per ton 
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Figure 2, at least qualitatively instructive. Replacing carbon-emitting fossil 
fuels with most alternative energy sources, including clean-coal (with carbon sequestration), nuclear 
power, biomass, wind, solar photovoltaics (PV) and concentrated solar power (CSP), costs the econo-

 removed from the emission inven-

money (negative bars).

Despite the projected savings, some critics argue that reducing per capita energy use through im-

to the APS study. California’s policies, including regulations and incentives, have helped hold the 

Some of the reduction in energy consumption is attributable to changes in California’s economic mix, 
-

keep pace with California’s GDP increase. Figure 3 summarizes the results graphically.

Notwithstanding the positive California experience, in which the state intervened with regulations 

-
ist and must be remedied if progress is to occur.  We highlight a few instances, beginning with support 
for long-term research.

Source: California Energy Commission

Figure 3

Electricity usage and economic growth 
for California and the United States 

0

5,000

10,000

15,000

20,000

25,000

30,000

35,000

40,000

45,000

50,000

1975 1978 1981 1984 1987 1990 1993 1996 1999 2002 2005
0

2,000

4,000

6,000

8,000

10,000

12,000

14,000
15,000

kWh per capitaGDP per capita

Gross Domestic Product (GDP) per capita
                 U.S.
                 California

Kilowatts hours (kWh) per capita
               U.S.
               California



24  | ENERGY FUTURE:  

-
perience of the past few decades has shown that such time horizons are incompatible with the param-

quarter or every year.  Money may be patient to some degree, but certainly not for a decade or more.

Long-term research, either basic or applied, is simply not well suited to the abbreviated time 
frames of the private sector, nor are many of the risks associated with such research generally accept-

toward a system in which funding of long-term basic research has become the province of the federal 
government and investment in short-term applied research and development has remained largely in 
the domain of private industry.  Although the hand-off from public-sector science to private-sector 

by many other countries.

-
ings, for example, tenants are often responsible for paying for utilities and maintenance.  Therefore, 

lighting, heating, cooling and structural design.  Few residential consumers have the knowledge or the 

forces alone will not encourage such investments.

In the case of transportation, especially in the light-vehicle sector, manufacturers in recent years 

manufacturers.  Absent a penalty for carbon emissions, neither sellers nor buyers had any incentive to 

and size has changed dramatically in the last year as rapidly rising gasoline prices have driven buyers 
away from sport-utility vehicles and pick-up trucks.  But if gasoline prices fall, the prior pattern of 
sales could easily resume. 

-
ated lifecycle times. When the costs of energy rise rapidly and unexpectedly or the potential interrup-
tion of oil supplies suddenly looms large—both of which we have witnessed over the past year—a 
market that functions on much longer lifecycle times often cannot react rapidly enough to avoid the 
adverse societal and economic consequences.  Incandescent lamps, which typically burn out after a 

-

With such relatively long lifecycles affecting the buildings and transportation sectors, and with 
energy costs and occasional supply interruptions mostly unpredictable, market forces alone cannot 

-
ciently, given the external realities, requires carefully crafted policies. These could involve selective 

building codes and appliance standards. They could involve taxes, such as those applied to the weight 
of a vehicle or an engine displacement. They could include incentives such as those that have been ap-
plied to hybrid cars or solar panels. Or they could require energy labeling of products or energy audits 
of buildings that would permit consumers to make choices based on better information.

recommendations of our study sometimes lies beyond the scope of our report.  Indeed, in a number 
of cases the choice of policies might require additional social science research into how people evalu-
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triggers and how they understand and value the energy security and global warming issues.  While 

strongly believes that progress in energy policy will be inadequate without additional social science 
research and without implementing what social science can already teach us about policies to use 

-
lute in our view that appropriate policies must be adopted for technological developments to have the 

-

-
duces to the energy the device consumes. For example, a furnace that burns its fuel completely but 

car’s energy of motion (kinetic energy) but loses 80 percent of the gasoline’s energy to waste heat is 

-

heat of a car’s engine into electricity to power accessories or recharge a hybrid car’s battery, we could 
-

tion engine.

energy needed for accomplishing a task to the energy actually used. Although it may not always be 
possible to determine the minimum amount of primary energy required for a task, it is still possible 

-
other.

____________________________________________

Separating energy end use from energy production and delivery may seem like a simple task, but 

trucks for transportation will reduce oil consumption and in that respect make vehicles more carbon 
-

ity for recharging their onboard batteries, and in most cases the electricity will have to be generated 

widespread use will almost certainly require increasing electrical generation capacity and upgrading 
the grid.  Many of the same things can be said about fuel cell vehicles.

Despite their impact on energy production and distribution, we elected to include plug-in hybrids 

believe they have an extraordinary potential for decreasing carbon emissions and increasing our en-
ergy security. By contrast, we elected not to discuss biofuels, including ethanol and biodiesel, because 
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We recognize that some of our choices regarding which science and technologies to emphasize 
in this study may seem arbitrary, but we believe they represent the areas that have the greatest poten-
tial for increasing our nation’s energy security, decreasing our dependence on foreign sources of oil, 
reducing the nation’s contribution to greenhouse gas emissions and sustaining our economy.  In the 

-
cipal energy sectors: transportation and buildings. We also highlight the research and development 
opportunities and the public policies that we believe to be most effective in achieving the twin goals 
of improved energy security and reduced greenhouse gas emissions.

Attaining these objectives may seem like a formidable challenge. But in answer to the question, 

New York Times,

the our nation never achieved the energy independence he and his successor Gerald Ford sought, the 

reached 100 quads, an increase of less than a third, even though the real U.S. gross domestic product 
-

-

ago, is now a recognized global necessity.  As this report shows, we are not remotely near any physi-

achieve the goal.
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T r a n s p o r tat i o n
Enhancing energy security and reducing global warming 

the opportunities and challenges posed by the transportation 

United States uses for fuel. Today, our nation imports two 
out of every three barrels of oil we consume, as we noted in 
Chapter 1, and U.S. domestic production cannot be increased 
any time soon. Unless we are able to reduce transportation’s 
use of petroleum, we will continue to be dependent on 
potentially unreliable sources of foreign oil, and we will 
continue to send hundreds of billion of dollars to nations 
that often do not share our values or global outlook.

Reducing or eliminating transportation’s reliance on 
petroleum requires developing and deploying technologies 

burden on consumers or entail rapid changes in where and 
how people live and work. Unlike many Europeans, who 
often live in concentrated population centers and have well-
developed public transit, most Americans live in suburban 
and exurban areas and rely heavily on cars to get them to and 
from work and to perform daily tasks.  

In this chapter we focus on technologies and strategies that 
we believe can get more mileage from existing and emerging 
technologies, and properly funded and targeted research and 
development that will likely lead to more options in the 
future.

Last year, Americans driving cars, minivans, sport utility vehicles and pickup 

that gasoline dumped the greenhouse gas carbon dioxide into the atmosphere 

countries that were supplying the oil from which the gasoline was made. 

U.S., and today we are using more fuel than ever before.  We import approximately 

(E.I.A.: http://www.eia.doe.gov/emeu/aer/consump.html) 
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Source: Davis and Diegel, 2006

Figure 4

Energy and transportation in the U.S.
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U.S. transportation energy consumption by mode in 2005.

we pay nearly $600 billion to other nations 
to keep the oil coming. Transportation’s 
share of the oil bill is enormous – nearly 

percent of U.S. fossil fuel usage and more 
than 30 percent of our carbon emissions.

These facts should leave little doubt the 
the United States’ dependence on petroleum 
for transportation threatens our nation’s 
energy and economic security, as well as the 

made the economic and security risks of that 

the transportation sector’s thirst for oil has 
doubled. And so has the nation’s reliance on 
imported oil. 

–––––––––––––––––––––––––––––

percent of its oil, but that number climbed 

increased as domestic oil production and 
reserves have steadily declined. 

But increased consumption and 
depletion of easily accessible U.S. petroleum 
resources are not the only differences in 
today’s American oil market compared to 

of Asia lacked economic power and placed 
little demand on international oil resources.  
Today the United States faces increasing 
competition for petroleum as worldwide 

demand for the resource grows dramatically. Developing countries, especially India and China, are 
putting unprecedented demands on the world’s oil supplies as they modernize their economies and 

We focus in this chapter on the light-vehicle sector – cars, pickup trucks, SUVs and minivans.  
That is where large savings can be achieved in the shortest amount of time. Figure 4 shows the 

United States. Although we can make strides with existing technology to reduce our oil dependence, 

advances in the vehicles we use. Expanding the use of the relatively new hybrid technology will bring 

dependence on imported oil. The eventual goal is likely to be petroleum-free all-electric vehicles, 
running either on electricity stored in batteries or generated onboard in a hydrogen fuel cell.

Sources: U.S. Environmental Protection Agency, National Highway Traffic Safety Administration

Figure 5

U.S. miles per gallon 
Fuel economy of U.S. cars and light trucks, 1975-2005.
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and even longer before practical hydrogen fuel-cell vehicles may be on the market (See Endnote 1).

Instead, we defer to a comprehensive study of trucks recently completed by the National Academy 
Review of the 21

st
 Century Truck Partnership. The NAS report concludes 

that the Department of Energy funding for the program does not match its goals or needs and that the 
program needs restructuring.  

To appreciate the opportunities for improving fuel economy in gasoline engines, it is instructive to 

is no better than what the auto industry achieved in 1983, a quarter of a century ago.3

economy as vehicle miles 
per gallon of fuel, or how 
far you can go on a gallon 
of fuel.  Where different 
fuels with different 
energy contents are 
compared (e.g., gasoline, 
diesel, ethanol) the energy 
differences are noted.  In 
general, economy is not 

fraction of the energy 
content of fuel used to 
move the vehicle. 

and fuel economy began 
to improve with the 
implementation of the 
CAFE standards program 

surprising is that when 

combustion engines to continue the increases in fuel economy, the auto industry used the increases to 
build bigger, more powerful cars, minivans, SUVs and pickup trucks. Light-duty vehicles now account 

 emissions. 

 than was produced by every other nation on Earth except 

Source: Lutsey and Sperling, 2005

Figure 6

U.S. fuel economy vs. fuel efficiency 
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As serious as we consider the impact of light-duty transportation on greenhouse gas emissions 
to be, we cannot overemphasize how strongly we also believe that our dependence on petroleum, 
especially imported petroleum, undermines our energy security and puts our nation at economic 
risk.  It is not just extreme events, like an oil embargo, that threaten the United States – the current 
skyrocketing price of oil is a threat to the stability of our economy.  The United States imports 

this is a cost of approximately $1.6 billion dollars per day, or approximately $600 billion per year. The 

sector the lessons of that crisis were not learned.  And the added threat of global warming makes our 

The fuel economy of conventional gasoline-powered light-duty vehicles, which include cars, 

improvements in internal combustion engines, transmissions, aerodynamics, and other technologies. 
This can be done with existing technology––meaning technology that is available today or in the 
pipeline—with minimal changes in the performance of current vehicles and without hybrid or diesel 
technology. 

Discussion:
Light-duty vehicles consume 63 percent of transportation energy in the United States and nearly 

all are powered by internal-combustion engines that use gasoline, with a small percent using diesel, 
ethanol or other fuel. (See Endnote 3.)

Figure 6. Automakers instead increased the 
 Figure 4.

instead been used to increase fuel economy, light vehicles could have increased the miles-per-gallon 

oil market. The embargo stimulated the passage of the Federal Energy Policy and Conservation 

standards for new light-duty-vehicle 
sales. The CAFE standards led to 

the next decade. The increases in 

the standards came through both 

for light trucks. (See Figure 6.)

Many of the initial gains were 
related to automakers decreasing 
the size, weight and power of 
cars as well as improvements in 

 (Figure 7).

Source: Environmental Protection Agency, 2007
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improvements continue 
to this day due to many 
small improvements, 
including such things 
as switching from rear-
wheel to front-wheel drive 
(which reduced drive train 
losses) improving engines 
and transmissions and 
making increasing use 
of computer-controlled 
engine combustion.

But, as Figure 5 
shows, two years after 
the CAFE fuel-economy 

the average combined 
fuel economy for new 
cars and light trucks 

began to decrease, largely 
because of the increasing fraction in the mix of light trucks and SUVs. These larger vehicles only 
had to meet lower CAFE standards as they rolled out of auto plants.  The result is that although the 
fuel economy of both cars and light trucks has increased over the long term, the increased ratio of 

the mid-1980s.

not only that the standards were effective, but that with existing technologies fuel 

standards were passed by Congress and signed into law by the 

Public Law 

The new standards will contribute to 
reducing our petroleum consumption and set a 
modest lower bound 
that can be met 
through incremental 
i m p r o v e m e n t 
of existing 
t e c h n o l o g i e s .  
Executives of two 
major automobile 
manufacturers have 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008*

400,000

380,000

360,000

340,000
320,000

300,000

380,000

360,000

240,000

220,000

200,000

180,000
160,000

140,000

120,000

100,000
80,000

60,000

40,000

20,000

0

Total

Prius

Camry

HighlanderEscapeCivic

Figure 9

Hybrid auto sales
in the U.S.

*2008 forecast
Source: www.hybridcars.com      

Source: Kromer and Heywood, 2007; Kasseris and Heywood, 2007; 

Figure 8

Possible technology advances may help 

Fu
el

 e
co

no
m

y 
(m

pg
)

Potential for advanced conventional technologies to increase fuel economy by 2030. 

2005 Base 2030 Advance 2030 Diesel 2030 Turbo SI 2030 Hybrid

100

90

80

70

60

50

40

30

20

10

0

Toyota Camry 2.5 L
Toyota Camry 3.0
Ford F-150 Pickup



ENERGY FUTURE:    |   33 

improvement) equals or exceeds its marginal cost (the cost of that increment).

Cylinder deactivation, turbocharging, and improvements in controlling engine valves – all possible 

aerodynamics can be improved, as can tire technology to reduce rolling resistance. Still greater gains 
can be achieved through the introduction of emerging technology. 

in internal combustion engines; decreasing vehicle weight while maintaining vehicle dimensions; 

engines and improved hybrid technology.

Discussion: 

exceeds their cost.4   

Because future energy prices are uncertain, cost effectiveness inherently involves uncertainty, 
especially when looking at future technologies whose cost and performance are not known. 

Because energy use involves external costs, such as national energy security or its impact on global 

For proven technologies, where the value of future energy savings is likely to more than 
compensate for initial costs, we describe the technology as cost effective. For future technologies, we 
intend only that the technology appears to have the potential to be cost effective, given an appropriate 
level of research and development.

Figure 8, based on MIT analyses. 

Diesel engines currently have a fuel economy as much as 30 percent greater than gasoline engines 

cars sold have diesel engines , primarily because of historically lower diesel-fuel prices, government 
tax incentives and weaker emission controls on diesel engines than on gasoline engines. Greater 

(Figure 8). However, the current cost premium of diesel fuel compared to gasoline may be a barrier, 
as may be concerns with U.S. particulate emission standards.

Most automobile manufacturers are doing research on a form of combustion – homogeneous 
charge compression ignition (HCCI) – that could combine the best of diesel and gasoline engines. 

engines with variable compression ratios, engines that switch between two and four-stroke operation 
and engines without camshafts. 
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Weight reduction, discussed in greater detail below, is another critical part of increasing fuel 

become available at an affordable price, could have a dramatic effect on fuel economy while improving 
overall vehicle safety.

per gallon, depending on the hybrid system and the size of the vehicle. Hybrids make up more than 
3 percent of the U.S. market, and sales are rapidly increasing (Figure 9) because of rising gasoline 

considerably increased through a number of near-term and 
long-term improvements, some of which are already in use. 
Engines could be run at lower revolutions per minute (rpm), 
and they could be turbocharged. Mechanical pumps and other 
systems could be replaced with electrical pumps.  There are a 
host of other improvements based on existing technology that 

But if the steady growth in vehicle miles traveled (VMT) 
in the United States were to continue even with this doubling 
of today’s fuel economy, there could be very little reduction 
in overall petroleum use or in greenhouse gas emissions. 
Recently, however, VMT has decreased (Figure 10). A recent 
Federal Highway Administration report notes that cumulative 

Americans are reducing the number of miles they drive 
because of today’s high fuel prices. It is unclear what long-term 
impact higher prices will have on driving habits; an ongoing 

impact on driving behavior in the face of increasing gasoline 
prices.6  Even larger reductions in VMT might be achieved by limiting urban sprawl through changes 

developing better models and criteria for transportation infrastructure and factoring vehicle use into 

 

high-strength steel, aluminum and composite materials, would improve fuel economy by approximately 

percent goal of the FreedomCAR program, if achieved by means of advanced lightweight materials, 
would lead to even greater improvements in fuel economy.

6. There are many more aspects to consumer habits and VMT, for example, telecommuting and the impact of the Internet. These issues are 
not in the scope of this report.

of materials comes down.

Source: Federal Highway Administration
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Discussion: 
Reducing the weight of vehicles by using lighter, stronger materials even while maintaining 

encourage automobile manufacturers to turn to lighter materials to squeeze more miles per gallon out 

in fuel economy.

vehicle to a possible increase in fatalities. That view was not unanimous among the NAS panelists, 
and many experts believe that with advanced materials, vehicles can be made both lighter and safer. 

While it is obvious that in a head-on collision between a very large truck and a car, the passengers 
in the car will be the losers, that is not necessarily true when the weight differences are not so dramatic.  

et al 

in light vehicles and noted that “the linkages among fuel economy, vehicle size, weight, and safety 

report concluded that no trade-off is required between a vehicle’s weight and safety.  Indeed, other 
researchers have found that reducing vehicle weight while maintaining the key dimensions of 

However, there is a crucial difference between making the cars lighter and making them smaller.  
Smaller cars may indeed be less safe for their occupants than their larger counterparts because 

Advanced air-bag technology and smart design mean small cars are safer than they once were, but 
adequate crush zones are critical for passenger safety. The Insurance Institute for Highway Safety 

to the diminutive Smart Car, a micro car that weighs only 1800 pounds and is a full three feet shorter 

as side curtain air bags, electronic stability control, lower bumpers and stronger roofs, that ultimately 
make vehicles safer.

 

carbon taxes.

Plug-in hybrid electric vehicles (PHEV), which charge their batteries from the electric grid, 
could reduce gasoline consumption by 60 percent or more, assuming a range on batteries alone of at 

withstand deep discharges that are not yet in commercial large-scale production. Given the technical 

standard American family car will be available at affordable prices in the near term.
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Discussion: 
Plug-in hybrid electric 

vehicles are different from the 
conventional hybrids in that they 
can travel extended distances on 
their batteries alone, as well as in 
the conventional hybrid combined 
mode. They charge their batteries 
from the electric power grid when 
the vehicles are not in use. Current 
hybrids like the Prius, because 
of the small battery size, are not 
designed to run on their battery 
alone except in very low-power 
conditions. Current hybrids’ battery 
packs cannot be charged from the 
electric grid because the integrated 
design of existing systems only 
allows the battery to be charged 
within a narrow range. 

Ordinary hybrid electric 
vehicles like Toyota’s Prius get 
all their energy from gasoline, 
achieving high fuel economy 

through a combination of methods. They recover some of the energy that non-hybrid vehicles waste 
as heat when braking; they use smaller internal-combustion engines that typically operate in their 

Plug-in hybrids get some of their energy from gasoline and some from the electric grid. PHEVs 

of their energy from the grid, not from gasoline. All-electric battery-powered vehicles, which are 
discussed later, get all of their energy from the grid. 

Figure 11

go less than 40 miles per day. If vehicles could run for 40 miles per charge on batteries alone, charged 
from the electric power grid, as much as 30 percent of vehicle miles in any one day would not require 
use of gasoline.

Figure 12 shows the percentage of all vehicle miles traveled on electricity as a function of PHEV 
electric only range. If all vehicles had a 40-mile PHEV electric range, the amount of fuel used in 

8

energy use than a car with an internal combustion engine.  (See Endnote 3.)

Sources: Santini and Vyas 2008; Vyas and Santini 2008
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Sources: Santini and Vyas 2008
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Electric-powered driving
Fraction of vehicle miles traveled (VMT) driven on electricity as a 
function of the plug-in hybrid electric vehicle (PHEV) electric range. 

VMT satisfied by PHEV
all electric range

9. There are issues regarding PHEVs that tend to make the curve in Figure 12 the maximum that can be expected. These include limited 

This would amount to a 63 
percent saving of gasoline per day.9 
This estimate is an upper bound, as 
it assumes that batteries are fully 
charged each morning and have 
not deteriorated since purchase. 
Nonetheless, the impact on both 
fuel imports and on greenhouse gas 
emission would be dramatic, with the 
reduction of greenhouse gas emission 
depending on how green is the electric 
power system used to charge the 
PHEV batteries (the balance among 
coal, natural gas, nuclear, renewables 
and so on).

The key requirement for a PHEV 
is a battery with large electrical 
storage capacity and high energy 
density – the measure of how much 
energy a battery of a given weight 
and size can hold.  Gasoline stores 
a remarkable amount of energy for 
its weight and volume: the energy 

a lithium-ion battery when measuring 
volume, and 100 times that of a lithium-ion battery when measuring weight. 

A conventional hybrid utilizes a relatively small battery, now typically a nickel-metal-hydride 
battery (NiMH), to keep costs low. Additionally, the battery is used primarily to store energy recovered 

percent of that capacity is allowed to be used, a necessary tradeoff to give the battery a long life.

from the grid. A PHEV running on electricity for 40 miles will consume approximately 14 kWh 

large) to allow for the less-than-complete discharging required for a long battery life. A PHEV battery 
must also have a reasonable weight, size, cost and recharging time, and, to be commercially viable, 

at the present time, meaning that costs will have to come down considerably before a PHEV40 is 
feasible for the consumer market.

according to GM, will use a new type of lithium-ion battery, have an electric range of about 40 miles 

If PHEVs come into widespread use, there are implications for the electrical grid. Charging 
times for PHEVs are typically several hours, and if a large number of the vehicles are recharged 
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the vehicles are charged at night then the impact on the grid should be minimal. This topic has been 
discussed recently in California with the conclusion that, as long as daytime, on-peak charging is 
avoided, a million vehicles could be charged before a new generation of transmission investments are 

Given the current price of electricity, driving a vehicle powered by electricity would be much 
cheaper per mile than driving on the power from gasoline.  Off-peak electricity costs in California are 
9 cents per kWh corresponding to a cost of about 3 cents per mile for the electric mode in the PHEV. 

per mile is one-third as much for an electric car as for today’s hybrid car.10 

However, major technical and infrastructure issues must be faced before PHEVs can become a 

production, so the actual capability and cost are not known. Present battery costs are too high 
for a commercial market.

Access to electrical charging stations is obviously required, and many dwellings, such as 
apartment buildings and condominiums, do not have them.

Daytime charging will have to be avoided if PHEVs are adopted on a large scale. Note that a 

Otherwise daytime charging at the workplace will be required or the return trip will be done 
on gasoline power. 

An all-electric battery-powered vehicle would reduce to zero the use of petroleum as a fuel for 
light-duty vehicles.  However, achieving the same range as a gasoline-powered car–– 300 miles–– 
requires batteries with much larger capacity than is needed for PHEVs. For the standard mid-priced 
American family vehicle, batteries with the needed energy storage per unit weight and per unit volume 
do not exist. A long term R&D program will be required to develop them.

Discussion: 
The target range in the Department of Energy’s program for an all-electric vehicle is 300 miles, 

vehicle with an electric range of 300 miles is the same technology used to make a vehicle with a 40-

cost of the 40-mile vehicle. (See Endnote 4.)

The all-electric vehicle is appealing because it would reduce use of gasoline to zero and reduce 

greenhouse gas emission reduction depends on the greening of the electric power generation system.  

There have been all-electric vehicles before, and there are new ones now. The GM EV-1 and the 
Toyota RAV-4 were examples using NiMH battery technology.  They had relatively short range, but 

10. A comparison of the cost of running a car on gasoline or electricity should include a correction for taxes. The present federal tax on 
gasoline is $0.184/gallon; state taxes vary, but are of this magnitude. However, there are also local taxes on electricity; in many areas of the 
country the tax on electricity is of a similar magnitude to the combined state and federal gasoline tax.
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11. A new National Academy of Sciences report on fuel-cell vehicles was published as this report was being completed. It primarily ad-
dresses long-term infrastructure needs for a hydrogen economy assuming the basic problems have been solved. The conclusions of the 

were very popular with their few users. The hardware and software developed for those cars are the 

very fast acceleration typical of electric propulsion and a price tag of about $100,000.  Nissan Motors 

8-hour recharge time. These are a start on an evolutionary road that together with the Toyota and GM 
PHEV will move the fuel for light-duty vehicles from petroleum to electricity generated at central 
power plants. 

Even though PHEVs or all-electric battery-powered vehicles will use little or no gasoline, they 
are not zero energy vehicles.  The electricity they use is made from a primary energy source, e.g. 

the existence of the grid, and the potential for freedom from fossil fuels, all favor using electricity 
to power cars, assuming development of suitable batteries at an acceptable price. In the future, as 
policies are implemented to reduce greenhouse gas emissions, grid electricity will become a cleaner 

and engineering breakthroughs in several areas. The main challenges are durability and costs of fuel 
cells, including their catalysts, cost-effective onboard storage of hydrogen, hydrogen production and 
deployment of a hydrogen-refueling infrastructure.

Discussion: 
Hydrogen fuels and fuel cell vehicle technology were heavily promoted by government and 

industry beginning in the late 1990s. The early promises were not met. The challenge of developing 
a new technology (fuel cells) and deploying a new fuel supply system proved daunting. A collection 

plans presented by the automotive companies and a wide range of leaders in the European Union 
and the United States were not achievable in the near term. A more reasoned view has now emerged, 
highlighting the breakthroughs that are needed and the longer time to deployment.

Hydrogen vehicles are no longer seen as a short-term or even intermediate-term solution to our 
oil needs, but as a long-term option requiring fundamental breakthroughs in several areas. The recent 

remain many barriers to achieving the objectives of the Partnership. These barriers include cost and 
performance at the vehicle, system, and component levels. To be overcome, some of these barriers 

NAS report looks at deployment scenarios after the fundamental issues are solved.11

There are four principal barriers to large-scale use of fuel-cell vehicles – the fuel cells themselves, 
onboard hydrogen storage, hydrogen production, and a distribution infrastructure. The fuel cells must 

considerable progress has been made in the past few years, the necessary cost-effective performance 
has not yet been achieved. The membranes that are at the heart of fuel cells do not have the durability, 

large amount (roughly 60 grams) of the platinum catalyst is presently required to make the chemical 
reaction run at the necessary rate. This much platinum is too expensive and the material too rare for a 
mass-market vehicle. Progress in both the membrane and catalyst area is being made. For example, it 
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has recently been shown that control of the atomic structure of the catalyst can, in principle, improve 
its performance by a factor of 10 or more. 

a hydrogen vehicle. Hydrogen has high energy content per molecule, but is a gas at room temperature.  
Compressed hydrogen systems, the kind typically used on hydrogen demonstration cars, use ultrahigh-
pressure containers that are heavy, large and typically contain only one-seventh the energy per unit 
volume of gasoline. Liquid hydrogen has to be stored at lower than -400 ºF in special highly insulated 
containers and 30-40 percent of its energy is lost in the liquefaction-evaporation cycle. An alternative 
to compressed gas or liquid is highly desirable. 

A practical, commercial hydrogen vehicle will most likely have some form of solid-state storage, 
near atmospheric pressure. In solid-state storage, hydrogen molecules are absorbed onto or chemically 
bound up in the storage medium. Storage has seen promising new approaches – computer prediction 
of structure and performance of storage media, and the release of hydrogen from high density storage 

of the vision for the hydrogen economy, and urges that basic and applied research be conducted 

challenge with vigor – the publication rate and activity at meetings on catalysts and membranes for 

Hydrogen production is as important as storage and fuel cells. The United States now produces 
90 percent of its hydrogen by reforming natural gas, a process that combines gas and water at high 
temperature to produce hydrogen and carbon dioxide. If this were to be the source of hydrogen, 
widespread use of hydrogen cars would simply shift our dependence on oil to a dependence on 
imported natural gas with only modest greenhouse gas reduction.  

Producing the required hydrogen from coal would be acceptable if carbon capture and storage 
technology that would eliminate the CO  produced in the process were to be commercially successful.  
More attractive are innovative methods to produce hydrogen with carbon-free sources of energy. 
These include high-temperature electrolysis in which heat and electricity are both available from 
solar or nuclear energy, and photo-biological processes that produce hydrogen directly from sunlight.  
None of these more advanced processes are yet ready for commercialization, but progress is being 
made.

The last of the four barriers is the hydrogen distribution system. If done by pipeline like natural 
gas, a new system will be required.  It would be far too expensive to transport hydrogen by truck or 
rail either as a gas or a liquid because of its low energy density. Perhaps one of the solid-state storage 
solutions will allow the transportation of large amounts of the material. 

While large-scale commercialization will not occur any time soon, automakers are planning to 

over the next 3 years for lease to customers near hydrogen stations in the Los Angeles area.  This 

dollars to produce and will receive special servicing from Honda. This demonstration vehicle is a 
fully functional substitute for gasoline cars, but the cost remains far too high and the life of the fuel 
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have similar plans to release hydrogen fuel-cell vehicles in demonstration programs.

The federal government’s current R&D program should have a broader focus. A more balanced 
portfolio is needed across the full range of potential medium- and long-range advances in automotive 
technologies.  Increased research is needed in batteries for conventional hybrids, plug-in hybrids and 
battery electric vehicles, and in various types of fuel cells. This more balanced portfolio is likely to 

for reduced emissions per mile for vehicles.

Recommendation 3: 

mode. Improvements in the electric grid must be made if daytime charging of electric vehicles is to 

There are clearly societal issues that effect fuel use in the transportation sector. Reforms in public 
policy for land use and urban and transportation infrastructure planning can potentially contribute to 

pricing policies. Some could be introduced in the near term, while others, such as changes in land use, 

Discussion: 

transportation infrastructure investment, parking and auto insurance can reduce vehicle miles traveled 
(VMT) and save energy. These are mainly social science issues. Current policies have resulted in 
growth rates for urban land that exceed the growth rates of population. There has been a similar 

increasing incomes, the cost of driving or the building of more roads – highway congestion has 
Ewing et al.,

Handy et al  et al.,

Residential density, the availability of public transportation, proximity to jobs, pedestrian 

The general conclusions of research on the role of urban planning on vehicle use indicate that to high 
densities, proximity to reliable public transit, and inclusion of sidewalks and bike lanes correlate with 
lower household VMT.

of short-term pricing policies and medium- and longer-term land use and infrastructure investment 
policies.

lack of an agreed-upon method for quantifying these issues. Different studies frame the questions in 
different ways, and different sources provide different predictions that are qualitatively in agreement 
but yield slightly different—or mutually incomparable—predictions.

-
bustion engine. Gasoline is also carried onboard. As noted, the energy cost of producing liquid hydrogen is high. U. Bossel, B. Eliasson and 
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Federally funded social-science research is needed to determine how land-use and transportation 
infrastructure can reduce vehicle miles traveled. Studies of consumer behavior as it relates to 
transportation should be conducted, as should policy and market-force studies on how to reduce VMT. 
Estimation of the long-term effects of transportation infrastructure on transportation demand should 
become a required component of the transportation planning process. This program needs a home.
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The density at which energy can be stored is 
critical for transportation applications. The weight 
and volume of fuel to provide a given amount of 
energy to power a vehicle are shown in Table 1.

Greenhouse gas emissions from different 

are shown in Figure 13. Passenger cars and light 

gas emission in transportation, and heavy trucks are 
responsible for another 16 percent. 

Improvement in fuel economy for constant 
vehicle miles traveled will directly translate into 
a reduction of greenhouse gas emissions without 
introduction of new technology. A transition to 
plug-in hybrid vehicles and battery-powered all-
electric vehicles in the passenger-car and light-truck 

greenhouse gases. As these vehicles will rely on 
electricity from the grid, the extent to which the grid 
is green—generating electricity from nuclear or other 

footprint of the vehicles. It may be possible that 
carbon emission could become negligible. The same 
consideration applies to widespread use of hydrogen 

be produced without adding equivalent amounts of 
carbon to the atmosphere. One recent report estimates 
that in the absence of carbon-constraining policies, 
the transition to a hydrogen economy would achieve 
about the same reduction in emission of carbon 
dioxide as a transition to advanced gasoline-electric 
hybrid vehicles. Drastic reduction of well-to-wheel 
CO

et al.

Figure 14,

gas emissions for a variety of advanced vehicles; 
advanced hybrid-electric vehicles, plug-in hybrid 
vehicles, fuel-cell vehicles and battery-electric 
vehicles all have the potential to reduce CO  emissions 
from motor vehicles by two-thirds. However, Greene 

electricity and hydrogen will be produced in the 

Table 1

Energy density per volume
Gasoline 34.6 MJ/l = 9.7 kWh/l

Diesel fuel 38.6 MJ/l = 10.7 kWh/l

Ethanol 24 MJ/l = 6.4 kWh/l

Hydrogen at 1 atmosphere pressure 0.009 MJ/l = 0.0025 kWh/l

Hydrogen at 10,000 psi 4.7 MJ/l = 1.3 kWh/l

Liquid hydrogen 10.1 MJ/l = 2.6 kWh/l

NiMH battery 0.3-1.0 MJ/l = 0.1-0.3 kWh/l

Lithium-ion battery (present time) 0.7 MJ/l  = 0.2-kWh/l

Energy density per weight13

(1 MJ = 0.278 kWh)

Gasoline 47.5 MJ/kg = 13.2 kWh/kg

Diesel fuel 45.8 MJ/kg = 12.7 kWh/kg

Ethanol 30 MJ/kg = 7.9 kWh/kg

Hydrogen at 10,000 psi 143 MJ/kG  = 39 kWh/kg

Liquid hydrogen 143 MJ/kG  = 39 kWh/kg

NiMH battery 0.34 MJ/kg = 0.1 kWh/kg

Lithium-ion battery (present time) 0.5 MJ/kg = 0.14 kWh/kg

Lithium-ion battery (future) 1 MJ/kg = 0.28 kWh/kg

13. Energy density by weight shown is the co-called higher heating value. The so-called lower heating value takes into account the energy 

for diesel fuel. 

C h a p t e r  2  E n d n o t e s

Source: U.S. Environmental Protection Agency

Figure 13
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future by the same methods that are presently employed. Use of nuclear or renewable sources and/or 
carbon sequestration could reduce future emission of CO  to very low levels.

An internal-combustion engine (ICE) is used to power most cars on the road today. Chemical 
energy stored in gasoline is converted to mechanical motion by combustion in the engine, which 

Figure 15

with the additional 10 percent being the energy cost of producing and distributing gasoline. The 

train, and only 11 percent to the wheels. 
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Projected well-to-wheels greenhouse gas emissions 
of advanced vehicle technologies
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How energy flows for a vehicle powered by an internal-combustion engine. 
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14

Additional energy savings of up to 30 percent is possible by capturing energy from braking and by 
shutting off the engine when the car is idling.  The result is a saving in primary energy for an electric 
car of more than a factor of two compared with a car powered by gasoline and an internal combustion 
engine. 

Batteries for plug-in hybrid and battery-electric vehicles must have high charge storage capacity; 
be of a reasonable size, weight and cost; be able to be deeply discharged; have a long service life; and 
operate with a high degree of safety. Existing batteries do not meet those requirements. 

for discharge cycles and lifetime, would cost nearly $18,000. For a production level of a million units 
per year, the cost is expected to decrease by a factor of two, which will still make it expensive for the 
consumer market.

Although some companies are getting into the market, no widespread industrial capability currently 
exists for volume production of lithium-ion batteries for automotive applications; that is expected to 

years, while batteries for automotive applications will have to have considerably longer lifetimes.

The energy density of present batteries is about one-hundredth that of gasoline, which means it 
is a major challenge to store enough energy in a battery that is small, light and powerful enough to 
give an electric vehicle acceptable range. To make a plug-in hybrid or an all-electric battery-powered 

vehicle’s energy consumption per mile and design a vehicle that can accommodate a large battery and 
presumably a little cargo.

Lithium-ion batteries are being developed for use in hybrid vehicles and in plug-in hybrid 
vehicles. Figure 16

Figure 17 shows a comparison with DOE goals for all the 
relevant battery parameters. (Note that calendar life and cycle life are not shown, as they are as yet 
undetermined.) Present batteries show promise, but energy-storage issues must still be overcome for 
them to be practical for an American family vehicle. However, Toyota and Chevrolet, among other 
vehicle manufacturers, will soon place plug-in hybrid vehicles on the market, likely as demonstration 
vehicles if they have a large electric range––say 40 miles––and possibly for sale if they have a short 
electric range––say up to 10 miles. 

Platinum or other platinum-group metals (PGM) are required as a catalyst for present-day fuel 
cells for automotive use, and these metals are both rare and expensive. The current price for platinum 

rapidly in the past few years, and this rise is likely to continue.

14. A more complete comparison of ICE and electric cars should take into account that electric cars will have accessories which will use a 



46  | ENERGY FUTURE:  

The major use of 
platinum and PGM in the 
transportation sector today 
is in catalytic converters, 
required for emission 
control in automobiles. An 
automobile catalytic converter 

grams of PGM, and the total 
consumption of platinum for 
catalytic converters in the 
United States is approximately 

total of 40,000 kilograms 
of platinum used for all 
U.S. purposes. Worldwide 
platinum production was 

platinum comes from South 

production in the United 
States. 

With current technology, hydrogen fuel cells for automotive use would also require platinum 
and PGM.  Present designs require approximately 0.8 grams of platinum per kW, and a typical, 

of platinum, costing $4,400 at today’s price.

The need for platinum introduces at least three obstacles to widespread use of fuel cells for 
transportation: cost, the total quantity of platinum available in the world, and vulnerability to supply 
disruption. Research in these areas is needed.

a topic of considerable research today, because reducing or eliminating the need for platinum would 
simultaneously surmount all three obstacles.

cell would contain about the same amount of the metal as a catalytic converter. One promising new 
approach is to alter the electronic structure of the subsurface layers of platinum by substituting a a 

et al.,

achieved a factor-of-10 improvement in catalytic activity for the oxygen-reduction reaction in fuel 
cells by adjusting the near-surface composition of platinum single crystals.  Single crystals could not 
be used in fuel cells, so this is a proof of concept rather than a technological advance.

The path to improving catalysts to make PEM (Polymer Electrolyte Membrane) fuel cells 
practical involves a combination of basic and applied research. Achieving large decreases in platinum 
use requires qualitative changes in the way platinum catalysts are prepared and implemented in fuel 
cells. Obtaining a factor-of-10 reduction requires a thorough understanding of what the catalytically 
active site is, and control of the internal structure and external morphology of the platinum catalyst 
using nanoscale fabrication. 
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Battery performance
This graphic compares the energy in watt hours per kilogram of vehicle power sources. 
The chart indicates their range, power and acceleration.

Electric vehicle goal
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These breakthroughs are well beyond the reach of incremental advances in the present state 

creative approaches and tools of nanoscience, followed by a concerted engineering effort to apply this 
knowledge to practical fuel-cell technology. This has to be done by government, as it is too risky for 
industry. 
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Battery capabilities
Battery capabilities with PHEV comparisons of 40-mile electric range goals.
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B u i l d i n g s

1. In this report energy used by buildings includes energy used by building contents—appliances, vending machines, com-

use energy on building properties.

and used. Electricity is a secondary form of energy—a convenient energy carrier that must be produced from primary en-
ergy.

3. All CO
billion metric tons.

Commercial and residential buildings consume only one-
ninth as much petroleum as the transportation sector, but they 

energy usage and more than one-third of our nation’s carbon 
emissions. The technological potential for reducing energy 
consumption and carbon emissions in the buildings sector 
is considerable. However, as this chapter demonstrates, 

are adopted that address imperfections in the marketplace.  
This is true even though the measures we suggest will result 
in net savings for consumers.

residential buildings. There are substantial opportunities for 
achieving gains across the entire sector, including structures, 
systems and appliances. In the case of commercial buildings, 
a concept called integrated design provides extremely 
fertile ground for research, development and demonstration 
projects.

Americans spend 90 percent of their time indoors, working, living, shopping and 
entertaining in buildings that consume enormous amounts of energy.1

buildings — more than 118 million residential and commercial structures — 
were responsible for 39 percent of the nation’s primary energy consumption, a level of 

energy security.  

Since most of their energy comes directly or indirectly from fossil fuels, buildings are 
responsible for large quantities of greenhouse gas (GHG) emissions — about 36 percent 
of the of CO  associated with the nation’s total annual energy consumption.3 Building 
energy consumption and the resulting GHG emissions, which have been steadily rising, 
are projected by the Energy Information Administration (EIA) to increase another 30 

building technologies. How much of this energy can ultimately be saved is an open 
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than 90 percent in the long term if there were pressing reasons to go that far. These energy savings can 

the same, or higher, levels of comfort and convenience we have come to enjoy and appreciate. Some 
of these technologies are available today; others are beyond our present grasp, but achievable in the 

savings to consumers.

generated from coal, our nation’s most abundant energy resource but one with CO  emissions greater 
than other fossil fuels, according to the EIA. The advantage of electricity is that it is a form of energy 
that can be fully converted to work and is easy to distribute over the electric grid. Its disadvantage 

primary energy used to generate electricity is lost as waste heat before reaching the end user.

automobiles due to their long lifetimes and slow replacement rates. Whereas vehicles and appliances 
wear out after a decade or so, buildings typically last for the better part of a century. Most buildings 
were constructed during the years when energy was cheap, and as a result, they were not designed or 

involve both improvements in existing buildings and new construction. 

developed over the near term would eliminate a sizable portion of the current waste of energy, 

estimated 180 billion gross square feet, including standalone houses and mobile homes, as well as 

Figure 18

Residential energy end usage
In 2006 the residential sector consumed 21.8 quads4 of primary energy.  
This chart shows the relative amounts going to various residential end uses.5

Electronics Cooking Computers
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OtherLighting Refrigeration Wet cleaningWater heatingSpace coolingSpace heating 6 
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Source: Energy Data Book (2007); EERE, U.S. Department of Energy

proportionally to all other categories.
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Data from recent Department of Housing and Urban Development surveys show that the average 
rate of new construction is about 1.4 percent per year, and when demolition, condemnation, and 

Although the housing market is currently extremely volatile, the trend for at least a half-century has 

Figure 18.

in Figure 19. 

 Together these four end-uses account for 63 percent of 
primary energy consumption, somewhat lower than the case for the residential sector. Although 
commercial buildings presently consume less primary energy than residential buildings, the energy 
use in the commercial sector is experiencing nearly double the growth rate. (See Figure 20.)

Source: Energy Data Book (2007); EERE, U.S. Department of Energy 
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Figure 19

Commercial energy end usage
In 2006 the commercial sector consumed 17.9 quads of primary energy. This chart shows the relative amounts going to various end uses.7 
The category “Other” includes non-building commercial use such as street lighting, lighting in garages, etc.
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Figure 20

Total primary energy consumptions for buildings
Primary energy use (including that associated with electric use) for the 
residential  and commercial sectors in Quad (1015 Btu).

Source: EIA 2008 Annual Energy Outlook
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Figure 20 is a graph of 
primary energy used by the 
residential and commercial 

graph indicates that energy 
consumption in the commercial 
sector is expected to grow faster 
than that in the residential sector. 

energy in the two sectors is 

consumption.9 
Energy consumption has 

been growing despite some 

The main driving forces are 
population growth and increased 
standard of living associated 
with more and more ways to 
use energy. As compared with 
30 years ago, Americans have 
larger homes; more air-conditioners, televisions, and computers; and a variety of other devices that 
use energy.

of residential and commercial buildings, and the United States is making inadequate use of these 
measures.  But further technologically feasible advances could reduce consumption far more.  

Using current and emerging technologies — those already in the pipeline – widespread construction 

possibly in hot, humid climates such as those in the Southeast.  (By zero energy, we mean buildings 

energy.)  Widespread construction of zero-energy commercial buildings will be harder to achieve, 

reductions in energy consumption for new commercial buildings will require both new technologies 
and greatly expanded use of the concept of integrated design. Such advances are unlikely to occur 
without greatly expanded research, development and demonstration (RD&D) efforts.

through such measures as better wall insulation and windows.
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path to limiting greenhouse gas emissions, reducing the national energy bill, avoiding unnecessary 
construction of power plants and diminishing stresses on fossil energy resources is recognizing that 
buildings (including factories) as well vehicles now consume vastly more energy than they need to 

If current and emerging 10 are employed in new buildings, 
and in existing buildings as their heating, cooling, lighting and other equipment are replaced, the 
growth in energy demand by the building sector could be reduced from the projected 30 percent 

Discussion: 

lower building energy consumption without any loss of service or comfort. Some are appropriate for 
residential buildings, some for commercial buildings, and some for both. We are not suggesting that 
all of these items are cost-effective in all cases. 

Space heating is the largest  user of energy, and cooling is a close second. Focusing 

amounts of energy include:

Using window coatings, chosen based on climate, to reduce the amount of heat gain and 
loss through thermal transmission. 

Moving heating and cooling ducts into the conditioned space (so that air from leaks is 
not lost to the outside) for new construction and reducing leakage for new and existing 
homes. 

Upgrading equipment for cooling to achieve better heat transfer from an air conditioner’s 
evaporator and condenser coils. Using variable-speed drives that allow units to operate 

energy, this partial load operation also controls humidity more effectively and reduces the 
internal heat loads on the air conditioner.

Changing ventilation system installation (mostly for new construction) from the current 

air to a process that uses the proper amount of mechanical ventilation while sealing the 
home to nearly airtight standards.

Controlling ventilation can mitigate problems with indoor air quality and mold, while also 
recovering energy from the exhaust air stream.
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Expanding use of evaporative cooling, using direct evaporation in arid climates, and 
evaporation combined with an air-to-air heat exchanger in more humid climates.

warm and hot climates. 

Integrating passive solar heating and cooling into home designs. There are considerable 

homes, but when it is done correctly, passive solar construction is a very cost-effective 
measure for saving energy.

The remaining measures focus on the other high-energy end-uses: hot-water heating, lighting, 
refrigeration, electronics/computers and other appliances.

In the residential sector, water heating uses as much energy as air cooling.  This energy use in 

plumbing system, and reducing the heaviest demands for hot water in the home through water-saving 
appliances (dishwashers and clothes washers).11

 buildings from 
available technology include:

Improved glazing with lower heat loss and appropriate solar gain.

Improved controls for air conditioning systems.

Variable speed fans/drives and pumps.

Lower-pressure fan systems.

Occupancy sensors for controlling lights and ventilation.

Although analyses of energy savings stemming from single systems are the easiest to understand, 
they miss many of the big-picture, cost-effective options that come from integrating systems, such 
as:

The use of lighting designs that optimize the distribution of light so that it is brightest 
where the most light is needed and less intense elsewhere.

The use of envelope designs that permit daylighting (described in the next section), while 
controlling solar loads and glare.

Reduction in size and/or complexity of heating, ventilation, and air-conditioning (HVAC) 

improved windows; and reduced air leakage. 
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The use of separate space conditioning and fresh air ventilation systems that allow oc-
cupants to control the systems based on need.

to address cooling alone.

 
and  buildings, though some lighting technologies are only appropriate for commercial 
applications. Lighting presents perhaps the greatest opportunity for immediate, cost-effective energy 
savings in buildings.

Incandescent lamps, a century-old technology, are the major source of light for  

Figure 

21

of the energy of an incandescent bulb to deliver the same light intensity and quality.  Mercury is an 

releases less mercury into the environment than traditional light bulbs when the mercury released 
through the burning of coal for electricity generation is taken into account (at current allowable rates 

Figure 21

National lighting energy consumption
In 2001, the U.S. consumed 8.2 quads of primary energy (corresponding to 765 TWh13 
of delivered electricity) for incandescent, fluorescent, high-intensity discharge (HID) 
and light-emitting diode (LED) lighting technologies. Incandescent lamps remain 
the dominant lighting technology in the residential sector.  

390 billion kWh used for lighting 
in all commerical buildings in 2001

Annual energy consumption (TWh / year)

Lighting energy consumption
by major sector and light source Breakdown of lighting energy

Sources: Navigant Consulting, Inc., U.S. Lighting Market Characterizations, Volume I, 
National Lighting Inventory and Energy Consumption Estimate, Final Report for 
Department of Energy, 2002
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sector.) A more precise recent analysis of lighting upgrades found that annual electric energy could 

Lighting upgrades will accelerate due to the enactment of the federal Energy Independence and 

Solid-state lighting now being developed promises to produce lamps that double the energy savings 
from CFLs. 

percent in lighting energy in many 

Lighting energy can also be reduced by making better use of task lighting combined with sensors 
and controls that deliver light at appropriate levels where and when needed. Ironically, commercial 

even though residential buildings are used more at night. One of the primary reasons for this is that 
residential buildings make better use of natural lighting and task lighting.

The rapid expansion of modern electronic equipment has resulted in homes and businesses 
containing dozens of smaller electronic loads such as computers, printers, faxes, copiers, microwaves, 
televisions, VCRs, DVD players and cable boxes. Many of these devices go into a standby mode and 
continue to use power even when turned off.  A recent study estimated that an average California home 
contained more than forty products constantly drawing power. Together, those products consumed 

of the average U.S. household electric energy consumption. Replacing such devices with Energy 
Star (http://www.energystar.gov/
particularly in standby or low-power mode. 

––––––––––––––––––––––––––––––––––––––––––

We pause here to discuss combined heat and power (CHP) because it would enable buildings to 

energy savings, yet one that remains largely unexploited in the United States. The electric power 

in the form of low-grade heat. That low-grade heat is being lost at the same time residential and 

great deal of energy could be saved if waste heat could be delivered to places that need it. It sounds 

plants do capture this waste heat and distribute it in district heating systems, but those types of plants 
are more common in Europe.

http://www.energystar.gov/
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 For U.S. buildings, existing CHP opportunities are mostly limited to large building complexes 
such as those associated with colleges, universities and hospitals, which provide heating and cooling 
from a centralized natural gas or coal plant. These plants have the opportunity to produce both 

opportunities could present themselves if communities develop more compact land use patterns, 
which is desirable from a transportation systems perspective as well. (

CHP for individual buildings has been demonstrated using natural gas microturbines and fuel 
cells,14 which generate both electricity and heat for space heating and domestic hot water.  Balancing 
the heat and electric demands proves challenging for a single building. For these technologies to 
achieve widespread use, R&D efforts are needed to bring down the costs of microturbines and fuel 

––––––––––––––––––––––––––––––––––––––––––

useful to start by looking at what is happening under current standard practices. Contractors focused 

conditioners; by replacing the power supplies that waste electricity when their devices are in standby 
 

Energy service companies (ESCOs) regularly work with larger commercial customers to perform 
energy audits followed by upgrades in lighting, HVAC equipment and system controls, by which they 
achieve cost-effective energy savings. We were unable to locate performance data for U.S. ESCOs.  

gains in new buildings than in existing ones.  

et al.

technology upgrades as they become cost-effective for current and new buildings would result in a 30 

(Endnote 3 explains why Finding 1 is worded more conservatively than the Clean Energy Futures 
study.) It turns out that the reduction erases the projected increase in energy consumption for the 

Far more energy savings are technologically achievable, but not cost effective between now and 

As discussed later in this chapter, even the cost-effective energy savings will not be achieved by 

also likely result in unexpected improvements coming into the marketplace, as has happened in the 
past.16
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The federal government should set a goal that the U.S. building sector will use no more primary 

improvements. Achieving the goal will require that the federal government implement a set of policies 
and programs such as those discussed later in this chapter.

––––––––––––––––––––––––––––––––––––––––––

technology and without the development and widespread adoption of integrated building design and 
operation practices.

Discussion: 

site renewable energy sources, typically a photovoltaic (PV) array, to annually generate as much energy 
as the building uses.  A building, at times, buys energy from the grid while at other times, sells energy 
back to the grid. A ZEB is one that annually sells as much energy as it buys, or more. ZEBs are being 
built today, but are generally not yet cost-effective.  Indeed, if cost and footprint are not constrained, 
one can simply add whatever renewable energy sources are necessary to achieve net-zero energy, 

measures are much cheaper per unit energy than on-site renewable energy, both cost and footprint 

the building footprint. 

buildings) has been adopted as a consensus target for ZEB—though it is an estimate.

Various organizations, including the U.S. Congress (in the case of federal buildings), the American 
Institute of Architects (AIA) and the State of California, have called for all new commercial buildings 

18  

residential buildings.

Commercial buildings serve a large and widely varying set of occupants and needs.  For example, 
auditoriums and stores may at times be unoccupied, and at other times be crowded with hundreds of 
people. Some buildings are no larger than small homes while others accommodate 60,000 football 

require appropriate ventilation, heating, or more likely, cooling. Design engineers, rightly concerned 
about liability, commonly design systems for the maximum occupancy, and these systems typically 
waste enormous amounts of energy when occupancy is low.

19 Despite this growing interest there has been 
relatively little progress in reducing energy consumption in new commercial buildings.
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Information about hundreds of green commercial building projects may be found on the internet, 
many with impressive claims about their projected energy consumption. But obtaining actual energy 

buildings achieved that level of savings in primary energy consumption.  Still, the New Buildings 

the average new commercial building, but not everyone would reach the same conclusion from the 

foot (either site or primary) than the average for the entire commercial building stock.  

building energy performance. There has been very little work on validating whether projections of 
performance correspond to actual building performance; that is an area requiring further research.  

not, constructed buildings actually use more energy than predicted by energy simulations performed 
et al.,

not included in energy simulations.  Monthly energy bills cannot distinguish between energy used 
by building systems (lighting, heating, ventilation, air-conditioning, etc.) and plug-loads. Monthly 

school.  Neither design energy simulations nor monthly energy bills provide the complete picture of 

design, construct and operate. The biggest barrier is the complexity of the buildings and their HVAC 
systems, and the important interactions between the various building systems and components. 

Integrated design is a process in which all of the design variables are considered together, and 
hundreds or even thousands of combinations are analyzed to arrive at the optimal design which meets 
user requirements and minimizes energy consumption. The usual linear design process simply fails 
to account for interactions between the various building components—and these can have important 

choosing a better window technology may not justify the cost – and the linear design process rejects 
the upgrade. But the integrated design process goes on to determine that the window upgrade allows 

upgrade.

et 

al., 

is to develop easily-replicable design and construction processes that achieve such results cost-
effectively.
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Although it is a crucial component of the solution, integrated design cannot guarantee low-
energy commercial building performance. Even the best-designed buildings, with well-thought-out 
integrated systems, can suffer in their construction by contractors who lack the skills and experience 
to implement the details faithfully.  And facility managers may not know how to operate a new system 
properly. A $100 home appliance comes with a setup and operating manual; many buildings do not.

a research, development, and demonstration program with the goal of making integrated design and 
operation of buildings standard practice. Such a program should be carried out co-operatively between 
the federal government, state governments and electric utilities, with funding coming from all three 
entities.  

Since reducing energy consumption and carbon footprint is one of the most important goals for 

the highest priority, based in part on actual energy performance, and require reporting of energy 
consumption data.

––––––––––––––––––––––––––––––––––––––––––

 

to compete with traditional housing is available but inadequately demonstrated. To achieve this goal in 

technologies and strategies.

Discussion: 

resulted in new, low-budget, single-family homes that use half as much primary energy as comparable 
et al.,

for heating (though not total energy) has been achieved by passive solar homes  in Germany, Austria, 

The U.S. Department of Energy’s Building America program directly addresses the fundamental 

houses have been constructed under the program, with an average energy use for heating and cooling 
that is 30 to 40 percent less than that of typical new residences. DOE’s new Builders Challenge sets a 
more ambitious goal of 30 percent savings in total building energy. Still, this program has a long way 

Building America addresses two basic problems in commercializing zero-energy houses: assuring 
the cost and energy performance of state-of-the art technologies and acquainting the building industry 
with the techniques to build such houses. There is an R&D effort associated with this program 
that supports the need to reduce costs, improve energy performance and address the cooling and 
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housing.  Funds to support more demonstration activities could speed up the process of commercializing 
very-low-energy houses.  Promoting Building America along with programs that show the value of 

energy savings in new houses.

––––––––––––––––––––––––––––––––––––––––––

technologies, for training building scientists or for supporting the associated national laboratory, 
university and private sector research programs. 

Discussion:
Federal funding is especially important in the building sector, which is highly fragmented and 

In the 1980s, when levels of effort were much higher than today, federal R&D on energy 

Examples of research, development and demonstration that could enable the achievement of deep 
savings for the majority of new commercial buildings include:

 Improved computer tools are needed to facilitate integrated design by ana-
lyzing interactions among building elements that affect energy use.  In addition to continued 
development of complex computer tools such as EnergyPlus, the simulation developed over 
years by DOE, there is a need for tools that are simpler to use and appropriate during the 
early stages of design when key decisions are made. These simpler tools need not be crude; 
indeed, with the low cost of computing, complex programs like EnergyPlus could be made 
much more user-friendly to meet this need. Such programs could also be used for building 
labels.

Advanced technologies are needed to support diag-
nostics, fault detection and control in real time for a variety of building energy systems. 

 Among the needs are advances in air conditioning 
and ventilation systems; advances in LED and conventional lighting and their controls; 
advanced, affordable coatings for windows; envelope systems that optimize air transfer, wa-
ter transfer and heat transfer together on a climate-sensitive basis; and building-integrated 
photovoltaic systems. 

Controlled experiments for commercial buildings in different climate re-

of advanced facades (walls, roofs and windows) coupled with innovative HVAC systems 
and next-generation controls and monitoring. Such facilities are needed in different climate 
zones: cold winter/hot summer; hot humid summer; and mild winter/summer. 

 Demonstration programs showing that commercial buildings 
-
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Unlike demonstrations for residential buildings, such commercial demonstration programs 
should be seen as R&D rather than straightforward commercialization of a process.

Nanotechnology developed for direct energy conversion devices can also 
be applied to create high-performance thermal insulation materials for various thermal sys-
tems. Materials with nanometer-sized channels hold the promise of reducing heat transfer, 
which will open the possibility of a thin, rigid, high R-value (a measure of insulation effec-

 Nanotechnology has the potential to develop switchable insulations 
in which the thermal conductivity could be varied by an order of magnitude.  For example, 

the evening by night cooling, insulated in the morning and then used during peak afternoon 
periods. 

 Current research is developing windows with high insulation values and selective 
control of the solar spectrum.  Advanced materials for coatings and frames have the potential 
to produce window systems that achieve net energy gains during the winter and substantially 
reduced air conditioning loads in the summer.  

Long-term R&D could lead to active building facades that can 
modulate daylighting, solar gains and ventilation in response to monitoring of interior condi-
tions.  For example, application of innovative materials and mirrored systems could distrib-
ute daylight much deeper into commercial building interiors and might lead to reductions in 

 Today’s systems operate at about 

Properly designed and operated natural ventilation systems can reduce 
-

proper operation under a variety of climatic conditions.

 Buildings will be increasingly monitored for their 
energy performance.  The creation of these data on a broad scale opens enormous research 
opportunities to understand energy performance of buildings in the real world.  Compilation 
and analysis of these data is of great importance in informing policy and guiding R&D. 

 Concerns exist that very-energy-
-

to mitigate adverse effects if they occur.
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As a means to insuring that R&D on energy use in buildings is able to thrive over the long term, it 
is essential to train this and future generations of building researchers and leaders among building 
energy professionals in government and the private sector.  For scientists and engineers, gradu-

expanded.

more than $100 million per year is considerably less in constant dollars than the research program 
of 1980, which led to important innovations. The 1980 program in today’s dollars would be about 

of continuing federal funding needed for the program to reach its goals, including examining what 
technology is ready to go to market. One use of the additional spending should be to expand the 
existing demonstration program for low-energy construction of residential buildings, along with 
associated research, as noted in Finding 3. 

––––––––––––––––––––––––––––––––––––––––––

technologies.  

Discussion:

Consider the barriers that inhibit adoption of cost-effective technologies—barriers faced by consumers, 

 
These include: 

 The utility customer knows her total bill but not the contribution of the dif-
ferent appliances and the heating and cooling equipment, nor the thermal integrity of the 
house.  Policies such as Energy Star labels and appliance and building standards and labels 
are essential to overcome this barrier. Even with labels, consumers may not always be aware 

an initial higher purchase price. 

 For most consumers, energy is a small cost compared with other expenditures.  

-
quired to reduce standby power to 3 watts or less to qualify for Energy Star. On November 

For the individual consumer, the reduction from 6 watts to 1 watt represents just a few dol-
lars in savings per TV per year. That sounds trivial, but applied to 300 million televisions 
across the United States, it represents about $1 billion in electric savings.  The cost of making 
the improvement is small, so the manufacturer has a strong incentive to reduce the standby 
power to 1 watt to qualify for the Energy Star label.  But given the overall cost of operating 
a TV, the consumer is not likely to care about the slight improvement in standby power ef-

 If the energy-using equipment or building is owned by a person who does 

not pay for energy, which is typical, are not likely to gain an advantage from installing energy 
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by renters. Split incentives can also apply within a single company: Often the capital budget 
for building improvements is under one manager while the operating budget is controlled by 
another.

problem applies to appliance manufacturers as well as to builders and building designers.  
The circle can be broken by policy decisions but is not likely to be resolved by market forces 
alone.

government in 1990, electricity consumption by new refrigerators declined over a 30-year 
 to 498 kWh/yr while increasing considerably in size.  The same phe-

nomenon occurred for other appliances, although to a lesser degree.  Prior to the standards, 
energy use had been increasing; for refrigerators it was increasing at 6 percent annually.

Traditionally utilities (typically electric and natural gas 

they sell, the more money they make. This offers a disincentive for the utility company to 

-

engineers and architects, the payment of design fees that discourage integrated design (which adds to 
design costs as it later saves in operational costs) and the lack of the required complex knowledge to 

to design and construction.

produced by manufacturers and thus will not be available to consumers.  This problem in the building 

operation of buildings.



68  | ENERGY FUTURE:  

commercial buildings, who might be expected to make purchases with high paybacks and be familiar 

These barriers are not unique to the United States. They are observed all over the world. Even 
developing economies and centrally planned economies are subject to the same failures.

__________________________________________________

Experience has shown that particularly in the case of buildings, even the best cost-effective 
technologies are not readily adopted without policies to pull them into the market place.  This may be 
especially true for the buildings sector, where unnecessary energy costs that may make little difference 
to the individual consumer can have large cumulative effects.   

Below we discuss several policy tools that we believe should be part of a portfolio of efforts 

scope of this study, and this is not meant to be a comprehensive list. For example, we do not discuss 
electric rate decoupling, which would enable utilities to make money from reducing consumption, as 
mentioned above. Our main point is to emphasize yet again the absolute need for both research and 

(e.g. for appliances), voluntary standards (e.g., industry consensus guidelines for lighting usage), and 
energy labels (e.g., the Energy Star label developed and promoted by the Environmental Protection 
Agency and DOE) have been effective. Utility demand-side management (DSM) programs that provide 

been very successful.  

Discussion:
We limit our discussion to appli-

ance standards, building energy 
codes, and utility DSM programs, 
as those have been especially 
effective in the United States. Figure 

22 shows the impact of the three 
programs in California, calculated 
conservatively by the California 
Energy Commission. Since the mid-

nationally has risen steadily while for 
California it has remained relatively 

than the average American. Appliance 
standards, building energy codes, and 

Figure 22

Electric savings from California’s 
energy efficiency programs
Annual electric energy savings in California since 1975 associated with 
appliance standards, building energy standards and utility DSM programs. 

Source: Art Rosenfeld, California Energy Commission
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et al.,

savings levels by another 190 billion kWh per year, increase peak demand savings by an additional 80 
Figure 23 shows the effect 

Demand-side management (DSM) programs are programs in which some central agency, often an 

The investment may be in education programs  or customer rebates to encourage purchase of more 

Figure 23

Impact of standards on efficiency of 3 household appliances
Gas furnaces
Central air conditioners
Refrigerators

Refrigerators

Central air conditioners

Source: A. Rosenfeld, California Energy Commission; S. Nadel, ACEEE, in ECEEE 2003 Summer Study, www.eceee.org
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programs for low-income customers. (See Endnote 4)

Utility DSM has also served to transform markets by aiding the commercialization of new energy-

Levels are expected to continue to increase for the foreseeable future.  
    

Energy codes are adopted at the state or occasionally local level in the United States and are 

Council and the American Society of Heating, Refrigerating and Air-Conditioning Engineers 
(ASHRAE).

California is one of the states that has not followed these models; it has been a leader in building 

bigger and is in a warmer climate as new development occurs farther from the coast.  The California 

compared to the previous iteration. This is an annual rate of improvement of about 4 percent.

There is little federal involvement in establishing building energy codes.  The federal government, 
through the Department of Housing and Urban Development, sets standards for manufactured 
housing and DOE provides modest technical assistance to the model codes organizations.

While energy codes are often thought of in a context limited to new construction, they also 
save energy in existing buildings. When a new tenant moves into a space in a commercial building 
and replaces the lights or the HVAC system, that action triggers the energy code requirements. 
When a home is remodeled, the systems affected must meet energy code: Thus, a kitchen remodel 

properties.

Energy codes typically offer two methods of compliance: a prescriptive checklist approach 
and a performance-based approach that relies on simulated energy performance of the proposed 
building compared to a comparable reference building.  The performance approach is preferred 
overwhelmingly by builders in states where a usable method of calculating and displaying 

consulting companies that provide technical expertise in meeting codes is available nationally 
for homes, but only widely in California for commercial buildings.  The European Union (EU) 
has requirements that a building energy label be developed for all new buildings and that energy 
evaluation needs to take place when a building is sold.  These will result in easily used software 
throughout the EU. Efforts are under way to harmonize this development within EU member states 
and with the residential system used in the United States. 
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technically achievable, as required by the federal legislation enabling the standards.  DOE should 
promulgate standards for all products for which it has been granted authority to do so, including 

needed to avoid delays in releasing the standards.  

Considering the cost effectiveness of utility DSM to date, and the fact that many states have 
hesitated in creating such programs, the federal government should encourage states to initiate DSM 
programs through their utilities.  The federal role could be to provide rewards to states that have 

 

Building energy standards, such as those promulgated in California, should be implemented 
nationwide. States should be strongly encouraged to set standards for residential buildings and 
require localities to enforce them.  For commercial buildings, performance-based standards that rely 
on computer software to compare a building design with a reference building are implemented only 
in California.  The federal government should develop a computer software tool much like that used 
in California to enable states to adopt performance standards for commercial buildings.  States should 
set standards that are tight enough to spur innovation in their building industries.
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or taken in. A typical coal electric power plant takes in 100 units of coal energy and produces 34 units 

for reducing (primary) energy consumption through improved technology and alternate strategies.  
Consider, for instance, two otherwise identical houses, one having no thermal insulation and the other 

into heat (useful energy).  Hence replacing the aforementioned natural gas furnace with electric heat 

primary sources we see that the electric-heated home uses considerable more primary energy—and is 

how well you are doing as compared with the best possible solution. For the electric power generation 

or even impossible to determine the minimum primary energy required to accomplish a certain task.  

heating) as the uninsulated house.

The task that this furnace achieves is use of natural gas to deliver heat to the interior of a house.  What 

could be as high as 14 (i.e., it delivers 14 units of heat for 1 unit of electric energy used).  Present heat 
pumps have COPs closer to 3, but, in theory, they could be as high as 14 for the inside and outside 

et al.,

of the energy of our original natural gas furnace. It is a common misconception to believe that there 

C h a p t e r  3  E n d n o t e s
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Most of our energy comes from fossil fuels—oil, natural gas and coal. These are primary energy 
sources, as are nuclear, hydro, biomass and a variety of renewable sources including wind and solar.  A 
few primary energy sources, most notably natural gas, are delivered directly to buildings and used on 
site. Other forms of primary energy, such as nuclear and hydro, are not delivered directly to buildings, 
but instead are used off site for generating electricity. In the United States, energy content of primary 
sources is generally measured in British thermal units (Btu), the amount of heat that is required to raise 
the temperature of one pound of water by one degree Fahrenheit. One quad is equal to one quadrillion or 
10  Btu.30

Electricity is a secondary form of energy. It cannot be gathered, mined or pumped from the ground 
but instead must be produced from primary energy sources. Most of our electric energy is generated from 

roughly two-thirds of the primary energy used is lost to waste heat, and only one-third is converted into 
electric energy.31 

or lost in transmission. As a result, only 31 percent of the primary energy consumed is delivered for end 
use; the remaining 69 percent is lost as waste heat.

Electric energy is measured in kilowatt-hours (kWh) or their common multiples.  The watt is a 
measure of power, the rate of use (or production) of energy. One watt is equal to one joule per second. 

This is also equal to 3,416 Btu. 

than heat—it powers motors, advanced lighting, computers, and a host of other devices that require work 
rather than heat energy. Hence electric energy is vital for buildings. But it is important to recognize that 
it comes with a particularly high cost in terms of primary energy and associated greenhouse gas emission 
(GHG).

Seventy-two percent of all electric energy in the United States is consumed by the commercial 
and residential sectors, with industry and, to a very small degree, transportation, using the rest. Figure 

24

generated to the commercial, residential, industrial and transportation end-use sectors.
The heavy reliance of buildings on electric energy combined with the large losses in generation and 

distribution of electricity complicate the process of tracing building energy consumption back to the 
primary energy sources.  It is far easier simply to total up monthly energy bills and calculate the energy 
used at the building itself—the so-called site energy.33 From Figure 24 

TWh of electric energy, corresponding to 9.0 quads of site energy due to electricity.  But the source 
energy34

each primary energy source has a different carbon emission factor , an even more detailed accounting 
of primary energy is required to determine greenhouse gas emission associated with building energy 
consumption. 
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The primary energy used by buildings directly as fuels (i.e., delivered to buildings) and indirectly 
through electricity is listed in Table 2. Buildings use a total of 10.3 quads of primary sources on site 

brings total primary energy consumption by buildings to 38.9 quads.  The last column of the table lists 
the associated greenhouse gas emissions in millions of metric tons (megatons) CO  (MtCO ).  Clearly, 

associated with buildings.

 The large disparity between electric site and source energy leads to considerable confusion when 
reporting building energy consumption.  In this report we use Btu if and only if we are referring to 
primary energy and kWh when referring to end-use electric energy.  Any exception to this convention 
is made explicit in the text.

It is also clear that site energy, while relatively easy to calculate and of some use in comparing 
buildings with the same fuel mix, is not a useful concept in determining either GHG emission or energy 
security.  In general, to have a positive national impact on GHG emission and energy security, the goal 

2006 flows of primary energy into the four end-use sectors (Commercial, Residential, Industrial, 
and Transportation) by way of the Electric Power Sector.  The electric power sector took in 
39.7 quads of primary energy and produced 3,900 TWh of electric energy, 3,650 of which were 
delivered to end-use sectors and 250 TWh either used internally or lost in transmission.  
The overall efficiency of delivering energy to end-use sectors from primary energy was 31%.
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Coal
35.5%

51.6%

20.7%

15.8%

9.7%

1.6%

0.6%
250 TWh
T&D Loss

3,650
TWh
Sales

39.7 quads     3,900 TWh

Waste heat
26.3 quads

37.0%

27.3%

0.2%

Commercial

Residential

Industrial

Transportation

Nuclear

Natural gas

Renewables

Petroleum
Other

The flow of electric energy by sector



ENERGY FUTURE:    |   75 

savings. These are energy savings that can be achieved at a cost lower than the cost of the energy 

Our examination of supply curves is based on a recent study by Brown, Borgeson, and Koomey 

BBK developed separate conservation supply curves for electric and gas end uses for residential and 

Their residential supply curve for electricity use is shown in Figure 25. Also shown is the average 
cost of residential electricity (red dashed line at 9.4 cents/kWh). Each bar on the graph has a height 

those analyzed in the report Clean Energy Futures (CEF) et al.

CEF
Annual Energy Outlook. The cost of conserved energy (CCE) is calculated as the present value of the 

Figure 25.  An 

energy, at an average residential retail rate of 9.4 cents/kWh, is $14.1 billion dollars.  This is the kind 

the investment—in this case, considerably.  All of the measures shown in Figure 25 have net negative 
costs, as each falls below the average price of retail electricity, 9.4 cents/kWh—shown as the horizontal 

Table 2

Primary use of energy in the U.S.
Primary energy use in residential and commercial sectors in quads (1015 Btu), both direct 
use of fuels and indirect (i.e., used to generate electric energy supplied). All energy is totaled 
for the two sectors and estimated associated greenhouse gas (GHG) emissions calculated in 
millions of metric tons carbon.  

                                   Residential                   Commercial                   Total          Est. Total

Energy Source Fuels Electricity Fuels  Electricity Energy GHG
 (quads) (quads) (quads) (quads) (quads) (MtCO2)

Petroleum 1.4 0.2 0.7 0.2 2.6 190

Natural Gas 4.5 2.3 3.0 2.2 12.1 640

Coal 0.0 7.6 0.1 7.3 14.9 1,460

Renewables 0.5 1.4 0.1 1.4 3.4 0

Nuclear 0.0 3.0 0.0 2.9 5.9 0

Total 6.4 14.6 3.9      14.0 38.9 2,290

Sour
calculated estimates.
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36 If all of the measures shown in Figure 25

Each of the four supply curves estimated by BBK (of which only one, for residential electricity, is 

supply curves that have been developed over many years. Typically, the cost-effective potential is on 

undoubtedly low because they ignore any technologies for which market experience is limited, fail to 
consider system integration (e.g., integrated design of lighting, windows, and air conditioning), do not 

due to demand reductions and exclude a variety of other factors. 

It is also important to note that there can be a large difference between the estimates of cost-effective 
energy savings and those that can be expected in the real world. Because the conservation supply curve 

to achieve these levels even in the face of market barriers. This cannot happen, however, without strong 

incentives will be required to achieve these results. Yet the committee is skeptical that any reasonable 
policies will achieve the 100 percent deployment of cost-effective technologies assumed in this study.  
On the other hand, experience shows that some technological advances will occur between now and 

Figure 25

Residential electric savings potential for year 2030
Conservation supply curve for electric energy-efficiency improvements in the residential sector.  For each 
measure considered, (the energy savings is achieved at a cost per kWh less than the average residential retail 
price of 9.4 cents/kWh, shown as the horizontal red dashed line. 
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The committee believes these two factors are offsetting, so that the 30 percent savings is indeed 
achievable.

Historically, three policies have had especially important impacts on energy use in buildings in 

38

and features. 

government in order to address market failures, replace a patchwork of state standards, save consumers 

which continue to utilize standards to the extent permitted by federal law. In California, by far the most 

been a hallmark of both Democratic and Republican governors’ programs.

heating and cooling equipment.

In 1989 and 1991, the elder Bush administration issued tougher standards for refrigerators, 
clothes washers and dryers, and dishwashers, and began work on several additional standards, 
laying the groundwork for the Clinton administration to set new standards for refrigerators, 
room air conditioners, ballasts, clothes washers, water heaters and residential central air 

clothes washer and water heater standards but tried to weaken the new air conditioner standard 

overturned in court.)

Third-party decision makers (e.g., landlords and builders) who purchase appliances but do not 
pay the operating costs of the products they purchase;

Panic purchases that leave little time for consumers to become educated;
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Inadequate and misleading information about the relative energy performance of products; 
and

-
sive trade-up models. 

consumers and businesses billions of dollars. Appliance standards rank with automobile fuel economy 
standards as the two most effective federal energy-saving policies.

-

respectively.

-
alent to displacing seventy 300 MW power plants. Without those savings, the shortages 

worse than they were.

-

more than three times the costs on a net present value basis. 

As old appliances and equipment wear out and are replaced, savings from existing stan-

-

impacts on manufacturers are generally modest. For example, in its 1990 Annual Report, 
 a major water heater manufacturer, noted that since NAECA: (1) “we no lon-

“price increases on ... minimum standard models have more than offset the corresponding 

California Energy Commission compiled data on the energy needed to cool a new home, and the 

California’s code development process shows the value of continuous updating.  The state’s 
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Unlike California, most states don’t develop their own energy codes but instead follow national model 
codes established by the International Codes Council and the American Society of Heating, Refrigerating 

consensus rather than on rigorous evaluation of the cost effectiveness of more stringent standards. 

codes is for manufactured housing, where the Department of Housing and Urban Development (HUD) 

weaker than the International Energy Conservation Codes. DOE has some code modeling programs, but 
the annual budget is less than $10 million, and the department has not taken a leading role in supporting 

Codes are enforced at the local level, not by the organizations that develop and adopt the codes, and 
this split responsibility is a cause of inadequate enforcement.  The effectiveness of code enforcement has 
not been measured very often or very rigorously, but the available evidence suggests that states that put 

percent of the expected energy consumption. States without such programs do considerably worse. 

The California Energy Commission has estimated that a good nationwide program to enhance energy 

construction by only 10 percent, it would save about $300 million a year. 

Demand-side management (DSM) programs, as noted in the body of the report, assist customers 

widespread use.
 

energy savings (in that and all future years) resulting from the investment. Such data are not readily 
available. Instead, the Energy Information Administration asks utilities to annually report the amount 

39 along with the estimated energy 
savings achieved in that same year due to these and all previous such investments.

Table 3 

in column 3 and the indirect expenses for administering both programs in column 4. To obtain the total 

The last column gives the total electric energy saved in that year due to these and all previous investments.  
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they are rare. The two major 
databases that collect information 
on high-performance buildings 
both show a paucity of very-low-
energy buildings. One database 
is maintained by DOE (http://
www.eere.energy.gov/buildings/
database/index.cfm) and the other 
is compiled by the New Buildings 
Institute on buildings that meet 
the Leadership on Energy and 
Environmental Design (LEED) 
standard (http://newbuildings.
org/).41 Together they contain 

commercial buildings, which are 
intended to represent the most 

buildings in the United States.  In 

U.S. commercial buildings with 
measured annual site energy 

than the national average for 
all commercial buildings.  And 
these very-low-energy buildings 
are usually the smaller ones—

disconcerting is the fact that the average annual site energy intensity (on a per square foot basis) for 

commercial building stock—calculated either as site or primary energy.

Although it is impossible to extrapolate from these limited databases to all new commercial 
building construction, it is clear that the number of very-low-energy commercial buildings constructed 

A “commercial building is a complex system, with the energy use and performance of any one 
part of the system affecting the energy use of the building as a whole through a complex cascade 
of interactions. However, the typical design process for commercial buildings is a linear, sequential 
process that precludes the analysis and design of the buildings as an integrated system.  In order to 
achieve deep savings in energy use, an integrated and iterative design process, involving all members 

Table 3 

 Demand-side management programs 
Demand-side management program direct and indirect costs (in millions of dollars)

40

 

Energy Load Indirect Total energy Energy savings 

mgmt. cost (GWh) 
1995 $1,409 $569 $419 $1,701 55,328 
1996 $1,052 $572 $279 $1,232 59,853 
1997 $892 $455 $289 $1,084 55,453 

1998 $766 $467 $188 $883 48,775 

1999 $820 $431 $173 $934 49,691 
2000 $939 $446 $181 $1,061 52,827 
2001 $1,098 $358 $175 $1,229 52,946 

2002 $1,007 $414 $205 $1,152 52,285 
2003 $807 $352 $138 $903 48,245 
2004 $910 $515 $132 $995 52,662 
2005 $1,169 $626 $127 1,252 58,891 
2006 $1,258 $666 $127 $1,342 62,951 

 TOTAL: $12,128 $5,896 $2,429 $13,768 649,907

Source: Energy Information Administration 
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of steps that is typically followed today often leads to solutions that are far from optimal. For example, 
HVAC capacity and equipment are often decided before the major contributors to the internal loads of 
a building are known.  

window size, placement, and thermal characteristics; window shading types and placement; lighting 

volume of outside air that is circulated into a building).  

All of these elements need to be considered in light of advanced technology options (e.g., on-
site generation, passive ventilation, thermal mass with night ventilation, chilled ceiling displacement 

equipment in the building strongly affect the effectiveness of the design and technology choices for the 
building.

Finally, all of these complex design and engineering issues must themselves be integrated with 
decisions on structural issues, space planning, site context, materials selection and other issues, all 
within the context of tight budgets and schedules.

To address these interactions among the different components of a building, integrated design and 
operation requires cooperation among the major decision makers in a building project—architects, 
engineers, and builders—to evaluate the projected energy consumption for a variety of designs.  Building 
professionals must also enjoy a comfort level in using results of computer tools to underpin important 
design decisions. Software that is understandable to everyone involved is needed, so that the group’s 

construction, and eventually the operation of the building.

The need goes beyond the design process.  Even the best-designed buildings, with well-thought-out 
integrated systems, can suffer in their construction by contractors who lack the skills and experience 
to implement the details faithfully.  And facility managers may not know how to operate a new system 
properly.  A $100 home appliance comes with a setup and operating manual; many buildings do not. 

Just as any complex machine gets out of tune with use, commercial buildings decline in performance 
if problems are not corrected.  A recent study of U.S. commercial buildings found that HVAC equipment 

alongside a real-time building energy simulator, with sensors to collect operating data, identify problems 
as they occur and recommend adjustments.



82  | ENERGY FUTURE:  

Figure 26

A commercial building with integrated 
systems design and operations
This diagram of a large commercial building shows various aspects and systems whose 
interactions are important for optimum building operation and minimum energy consumption.

Source: Lawrence Berkeley National Lab
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Figure 26 is a schematic diagram of the technologies that could enable integrated operation of a 
commercial building of the future. 
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Reaching the goals of increased energy security and reduced carbon 

but it also creates substantial opportunities for innovative research 
and development (R&D). In this chapter we highlight some of the 
key opportunities and identify public policies that are needed to 
enable the endeavors, maximize the probability of their success 
and facilitate their introduction into the marketplace.

It has become common practice to divide innovation activities into two principal 
categories: upstream basic and applied research and downstream product development, 
design and testing. Such a simplistic division belies the complexity of the enterprise, 

which is far from linear in nature. Nonetheless, the demarcation provides a reasonable 
way of distinguishing between public and private activities as they are often practiced. 

although in a few cases the federal government funds and actively supports them. 
Weapons systems and space and aeronautics are two such examples. In both of those 
cases, however, the federal government is the prime customer for the product.

Five decades ago, private industry also shouldered much of the burden of basic and 
applied research.  It funded the activities privately and, most frequently, carried them 
out in large central laboratories, such as AT&T’s Bell Laboratories, IBM’s Thomas J. 
Watson Laboratories and General Electric’s Mohawk Valley Research Center. But today, 
U.S. technology companies have largely abandoned basic research, and where they 
perform research at all, they commonly restrict it to applied projects that have very short 

research transformation are quite well known and we will not dwell on them.

research, terminology we assume the reader is quite familiar with and “long-term applied 

not lead to a change in the understanding of fundamental science.  Nonetheless, in some 
cases the applied research objective may take many years to achieve.  Two illustrations, 

inadequate for their envisioned application.  Many years and many research dollars later, 

Today, the challenge of developing a dramatically improved battery represents a 
prime technological focus for the vehicle of the future, as we emphasized in the chapter 
on transportation.  Many experts believe that applying nanotechnology to lithium-ion 
batteries—which rely on single electron transfer—holds some of the greatest promise 
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years of work to resolve. The task provides a signature example of long-term applied research in the 
current context.

For completeness, we note by contrast that the development of a multi-electron battery system 
would fall in the realm of targeted basic research, since it will probably require substantial improvement 
in our understanding of some fundamental questions in physical chemistry and materials science.

Beyond supporting basic and long-term applied research, the federal government also supports 

it supports almost always takes place at the pre-competitive stage.  Universities and national 
laboratories act as the primary venues for most federally funded research, although government-
industry partnerships, such as FreedomCAR, play a role as well.

Although no one deliberately set out to design the current structure of the U.S. innovation system, 
the last two decades have shown it to be generally robust, effective and, for the most part, quite 

––––––––––––––––––––––––––––––––––––––––––––––––

National Science Foundation, the National Institute of Standards and Technology and several other 

this report.
 

However, Congress and the administration failed to agree on appropriating the necessary funds.

Discussion:

and 110-69.

Sciences (BES), Biological and Environmental Research (BER), Fusion Energy Sciences and Nuclear 
Physics. Although ASCR and BER have responsibility for some activities that can affect future 

individual-investigator and team research programs at universities and government laboratories, 
BES is responsible for operating national user facilities, such as neutron and X-ray light sources, 



88  | ENERGY FUTURE:  

at universities and reductions in the operation of many of the user facilities at national laboratories.

which would be located at universities, national laboratories and other eligible institutions, would 

energy storage; solid-state lighting; hydrogen production, storage and use; and materials under 
extreme environments.  Although the Frontier Centers program is clearly strategic in its selection of 

America COMPETES Act.  Congress should exercise its oversight responsibility to ensure that basic 

Research Centers.

Within DOE, indeed within the federal government as a whole, long-term applied research, whether 
it is general or strategic in nature, often is the orphan child of science and technology programming.

Discussion:
During the 1990s, much of EERE’s programming focused on either short-term applied research or 

demonstration projects. Although many of these activities were meritorious, the program’s focus on 
short time horizons prevented it from addressing compelling long-term applied research opportunities 
of the kind we describe in this report. Today, long-term applied research has begun to enter EERE’s 
portfolio, a promising sign for further development. However, the support for long-term applied 
research is still too small compared to the need, and increasing that support under constrained budget 
conditions carries the danger that other important research may be squeezed out. The hydrogen 
program provides an example in which accommodating a long-term presidential initiative prevented 
EERE from adequately supporting other long- and short-term applied research.

responsibility and provide the necessary budget, but if it does so, it must protect the culture and budgets 
of its current basic research programs. It can designate EERE with the responsibility and augment 
its budget for that purpose, but if it does so, it must be careful not to allow the short-term activities 
to continue to diminish long-term opportunities. The department can also create a new structure to 
support long-term applied research or adapt ARPA-E (Advanced Research Projects Agency–Energy) 
that was established by the America COMPETES Act.

Historically, coordination between basic and applied research programs within DOE has been far 
from ideal.
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Discussion:

generally done an excellent job, given its budgetary constraints.  It designs, constructs and operates at 
its national laboratories user facilities that provide the technological resources for research conducted 
by university and industrial scientists and engineers. It also directly supports university and national 

committees and external review panels.

and congressional criticism of EERE has focused principally on the reluctance of the White House 

purview.

between the science and technology programs. First, in Sec. 1006 (Improved Coordination and 
Management of Civilian Science and Technology Programs), the act created a new Under Secretary 
for Science, who would also serve as the Science and Technology Advisor to the Secretary of Energy.  
Second, in Sec. 994 (Strategic Research Portfolio Analysis and Coordination Plan) the act required 
the Secretary to develop a “plan to improve coordination and collaboration in research, development, 

between its basic and applied research activities.  Congressional oversight committees should ensure 

The ARPA-E program mission is to bring to market the fruits of high-risk, high-payoff research in 
the energy sector. ARPA-E is modeled after the Department of Defense’s highly successful DARPA 
program, but its customers are not in the agency that created it, and its mandate is unclear.

Discussion:

energy technology to industry from DOE’s laboratories and universities.  Others regard it as a way 
to re-create the Bell Laboratories of old.  It has not yet received funding, although the America 

methodology have to be quite different because ARPA-E’s and DARPA’s customers differ in kind.

DARPA’s customer is DOD, and the relationship between the two is such that DARPA knows 
what the defense agency needs and wants. Therefore, DARPA can select projects that DOD will likely 
adopt. For example, ARPANET (the predecessor of the internet), large-scale integration (placing 
thousands of transistors on a chip) and missile submarines, all DARPA projects, were not outcomes 

Other venture funds have been created by government agencies.  The CIA and U.S. Army created, 
respectively, the In-Q-Tel and OnPoint funds.  NASA started down the same road with its Red Planet 
Capital fund, but decided not to proceed.  As in the case of DARPA, these funds have as their customer 
the agency that created them. 
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things that is important.  

The key question for DOE to determine about ARPA-E is its purpose.  Its modus operandi and the 

sector, as some DOE R&D programs have been, it needs to have that perspective.  If it invests on its 
own, it needs a particularly hard-nosed group of outside advisors.  If ARPA-E functions as a bridge to 
bringing technologies out of its labs to the private sector, it needs outside advisors who can bring the 
competitive private sector’s perspective to bear.

and the coupling to its ultimate customer, the private sector, needs better focus. This report takes no 
position on whether ARPA-E should be funded.

Many long-term basic and applied research challenges and opportunities exist in the area of energy 

Discussion:
In the previous chapters we described some of the long-term research challenges facing the 

and technology. Here we highlight longer-term prospects, especially those that have crosscutting 

between the basic and applied nature of the research and underscore the need for close coordination 
of basic and applied research programs.

A sample list follows, and a more complete description of each appears in the endnotes of this chapter.  
In the case of transportation, we note that the opportunities we highlight often illustrate the close 
connections between basic and applied research and underscore the need for close coordination of 
the two activities. In the case of buildings, we note a serious lack of long-range applied R&D due 
to the fragmented nature of the industry and EERE’s focus on near-term research and demonstration 
programs. Therefore, the buildings opportunities we highlight focus on critical longer-term applied 
research.

 

Dramatic improvements in these areas are well within reach, if materials science 

Novel materials can greatly improve battery 
performance.  For example, silicon nanowires can store ten times the energy density of the conventional 
graphite anode, while still maintaining a delicate surface structure as lithium ions are inserted and 

at a time would dramatically improve energy storage but represents the greatest challenge and the 
greatest research opportunity.
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 Producing white light requires combining colors, and the available 
phosphors and the available bandgaps currently provided by semiconducting materials limit the 
nature and quality of the resulting white spectrum.  Materials research in doping and defect control of 

The natural biological world provides the most dramatic example of their impact on 

millions or billions of years to evolve, control virtually every biological energy process. Human-
engineered catalysts, by comparison, are astonishingly simple, typically providing only a fraction of 
the speed and selectivity of their biological counterparts. Catalysts can play a central role in raising 

an extraordinary opportunity for research to drive them toward the capabilities already demonstrated 
by biological catalysts.

Thermoelectric devices that either use electricity to produce cooling directly or use waste heat to 

has been low, but advances in nanocomposite materials research have demonstrated a thermoelectric 

combustion engine.

Replacing steel with aluminum can reduce a vehicle’s weight by 40 to 

is simply the price tag. New opportunities lie in composites and nanostructured materials with tailored 

 Future window systems have the potential to reduce the amount of energy 
used for heating in the winter and cooling in the summer.  Active façades could modulate daylighting 
and ventilation in response to detailed monitoring of interior conditions, and advanced daylight 
distribution systems that project daylight deeper into the interior could displace more than half of 
electric lighting used in commercial buildings.

 Increased air conditioning demand has been the major driver of the growth 
in building energy usage.  Natural ventilation has the potential to reduce the seasonal cooling energy 

quality.

for achieving such a goal.

losses in conductivity and convection.
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involving energy usage. Behavioral research into the way energy decisions are made, implemented 
and accepted, including economic, cultural and psychological factors that affect priority setting, 

the performance of markets and arriving at regulatory practices where they are needed. 
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if major barriers stand in the way.  Often, the barriers remain resistant to incremental technological 
advances.  In some cases they can only be surmounted through transformational basic research 
discoveries that reveal new phenomena or new behavior.   In other cases, even if the basic phenomena 
are understood, long-term applied research may be needed to overcome the barriers. 

Two examples of the latter that have relevance for transportation are nanostructured membranes, 
which can separate small molecules such as carbon dioxide and water based on their molecular 

through millions of ionic charge–discharge cycles.  In both cases we have a good understanding of 

driving conditions. 

We highlight key examples of long-term research that is needed to advance the critical technologies 
for the transportation and building sectors.

distribution on the grid to transportation in cars and light trucks. The viability of fuel cells is shown by 

power levels to make fuel cells for transportation competitive with internal combustion engines in the 
commercial market.

The basic fuel cell design is well established by now, much as the basic design of the internal 
combustion engine was established a century ago.  Decreasing the cost of fuel cell production and 
increasing fuel cell performance and durability represent today’s major technological challenges.  
Electrode materials, catalysts, and electrolytic membranes offer the most promising research 
opportunities for meeting those challenges.  We believe that dramatic improvements in these areas are 
well within reach, if materials science breakthroughs that have occurred through basic research within 

One example of a pertinent advancement pertains to the use of platinum as a catalyst in motor 
vehicle applications.  The catalytic converter in the exhaust system of cars and trucks is well known 
to motorists.  But platinum catalysts are also essential components in fuel cells used by hydrogen 
vehicles.  Until now, platinum’s natural scarcity, high demand and consequential high price have posed 
major barriers to its widespread application as a facilitator of oxygen reduction in fuel cell cathodes.  
But a recent basic research discovery has shown that adding nickel to the second and third layers 
beneath the exposed pure platinum surface enhances the catalytic activity ten times over, thereby 

C h a p t e r  4  E n d n o t e s
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Electrical energy storage in batteries, supercapacitors and other media is central to achieving 

requires that utility companies vary the production of electricity by as much as 100 per cent within 

For base load operation, utility companies employ sophisticated combined-cycle plants designed 
for continuous operation.  But to meet peak demand, the companies typically use simple single-

sophisticated plants.   Because they operate only a few hours a week, some utility companies still 

dioxide than the base load plants.  However, if effective electricity storage existed at the utility scale 

Large-scale electrical storage is also required if solar and wind power are to become major 
contributors to our nation’s electricity production.  These renewable resources operate on intermittent 
production cycles, and if they are in widespread use, they will have to be matched to demand with a 
response time of several minutes or at most a few hours.  Unless a large-scale energy storage medium 

grid to accommodate the intermittent nature of those plants.

at a reasonable cost.  Such batteries do not exist today, and their absence constitutes the primary 
obstacle to extensive penetration of electric vehicles in the transportation sector.  If electric vehicles 
become prevalent, in principle they could help level the diurnal cycle, since they would mostly be 
recharged at night.  In a sense they would serve as a natural, large-scale, distributed storage medium 
for electricity.

The technological challenges for electrical energy storage, like those for fuel cells, lie in 
electrochemical materials and processes.  For example, in the case of the current generation of 
lithium-ion batteries, the lithium-ion density at the cathode and anode serve as limitations on the 
energy density of the battery. And as lithium ions are inserted and extracted at the electrode surfaces 
during charging and discharging, the electrodes degrade and the cycle lifetime of the battery suffers.

Novel materials provide a wide horizon and rich promise for improving batteries. Consider the 
case of the lithium-ion battery anode, for example. There silicon nanowires can store ten times the 
energy density of the conventional graphite anode, while still maintaining a delicate surface structure 

et al.,

improvements in the performance of the lithium-ion battery system as a whole will require equivalent 
materials advances in the other components. It will also require integration of new technologies that 
will allow the components to work effectively in partnership. If there is one overwhelming bottleneck 
for optimizing the energy density of lithium-ion batteries today, it lies in the cathode material. Silicon 
nanowires might be able to provide a tenfold improvement over the theoretical limit for materials 

In the longer term, developing batteries that transfer two or more charges in the electrochemical 
reactions at the electrode surfaces represents the greatest challenge and the greatest research 

one, such as the alkali earths or transition metals.  The potential increase in energy density grows with 
the number of electrons transferred in the basic electrochemical reaction, so that fourfold or greater 
improvements beyond the best lithium-ion battery technology are conceivable.
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Supercapacitors offer an alternative and a complement to batteries for storing electrical energy.  In 

rate, supercapacitors can store and release electricity very rapidly.  In electric cars, batteries are well 
suited to steady highway driving, but supercapacitors are more compatible to starting, stopping and 
high-speed acceleration.

Despite rapid progress in the development of supercapacitors in recent years, their stored energy 
density remains smaller than that provided by batteries. The challenge for supercapacitor research 
currently lies in the development of high-density charge storage at metal-electrolyte interfaces.  
Nanostructured interfaces that can store multiple charges at a single site are needed. Recent results 

decreases below 1 nm. Further research in understanding and controlling this remarkable nanoscale 
phenomenon is clearly needed, and it is likely to be very fruitful.

common to many human activities. The incandescent bulb, the staple of the lighting industry since the 
time of Thomas Edison, remains a major source of light in industrialized countries, particularly in the 

of their energy into visible light.

lamps.  Meeting the new standards will require using different technologies.

Solid-state lighting offers a far more promising approach.

et al.,

that can free lighting from the electricity grid in many applications.

Solid-state lighting has already penetrated the commercial market for specialty uses, such as 

technology. Producing white light requires combining colors, and the available phosphors and the 
available bandgaps currently provided by semiconducting materials limit the nature and quality of the 
resulting white spectrum. Materials research in doping and defect control of semiconductors and in the 

to evolve control virtually every biological energy process. They regulate the metabolic pathways of 
reproduction and growth with minimal energy input, using energy ultimately derived from the Sun.
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Biological catalysts are enzymes of elaborate structure and functionality, orchestrating every step 
of the reaction process, from the placement and orientation of reactants to the seamless hand-off of 
products from one catalytic environment to the next.  Human-engineered catalysts, by comparison, are 
astonishingly simple, typically providing only a fraction of the speed and selectivity of their biological 
counterparts.  At a relatively primitive stage of development for now, they offer an extraordinary 
opportunity for research to drive them toward the capabilities already demonstrated by biological 
catalysts.

 et al., 

batteries.  In the case of hydrogen vehicles, fuel cells currently depend on platinum catalysts to convert 
chemical energy into electricity. Replacing platinum—which is scarce and expensive—with another 
material remains a critical technology barrier and a major research challenge.

conventional oil continue to dwindle, the nearly untapped supply of heavy carbon-rich shale-oil or tar 

oil and tar sands ultimately will determine whether they can provide petroleum products at reasonable 

exhausting the products into the environment.  If we could use the Sun’s energy and any excess heat 

convert the waste products into hydrocarbons and hydrogen for re-use.  Developing catalysts that could 

reactions and producing materials that promote them.  Such a transformational objective is clearly 

materials and mechanisms of catalysis. 

devices offer a simple route to capturing waste heat and converting it directly to electricity at its source 
Dresselhaus, et al., 

The thermoelectric conversion process is fairly easy to understand.  Electrons moving from hot 
to cold regions of a semiconductor create an electric current proportional to the thermal gradient—
the temperature difference between the two regions divided by the distance between them.  Neither 
moving parts nor chemical reactions are required to generate the electric current, and the thermoelectric 

thermoelectric power.
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them to niche markets and the research laboratory. But in recent years, rapid advances in nanocomposite 

Thermoelectric devices that either use electricity to produce cooling directly or use waste heat to 
generate electricity directly have obvious applications in the auto industry.  Some of the devices are 
already penetrating the auto air-conditioning market with electrically driven, seat-mounted coolers 
producing passenger comfort on hot days and using much less energy than full compartment air 

years.

Thermoelectric converters that exploit the waste heat produced by an internal combustion engine 
can power the increasing number of auxiliary electrical devices used in cars and trucks, such as 
windows, locks, windshield wipers, lights, GPS navigation systems, video displays and audio for cell 
phones and digital music sources.  If a thermoelectric device could completely replace a vehicle’s 

In hybrid vehicles, thermoelectric devices could have an added advantage.  Whenever the internal 
combustion engine is running, thermoelectric devices could capture a sizeable fraction of the engine’s 
waste heat, convert it into electricity and store the resulting energy in the vehicle’s battery.  Regenerative 
braking, which hybrid vehicles currently employ, functions in a similar fashion, capturing up to half 
of the vehicle’s kinetic energy, converting it into electricity and storing the resulting energy in the 
battery, rather than turning it into heat as is done with conventional breaking.

Harman et al.

For thermoelectric devices to be deployed broadly, either bulk materials must be found that 
possess the same properties as the multilayer materials and can be produced in larger quantities and at 

Dresselhaus et al.

We believe that investing in research to advance the application of nanoscale phenomena in bulk 
materials for thermoelectric devices has high potential to recover much of the energy we now lose 
to waste heat. 

Lightweight materials present a major opportunity for reducing the amount of energy used in 
transportation, as we have already pointed out.  By most estimates, lowering the weight of a vehicle 

within the technical reach of materials now known in the laboratory or used in specialty applications.  
For example, replacing steel with aluminum can reduce a vehicle’s weight by 40 to 60 percent.  

Carpenter et al.,

The barrier to such replacements is simply the price tag.  Using present technology to manufacture 

percent compared to today’s standard materials.  Reducing the costs must be a major objective of any 
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as aluminum, magnesium and titanium, whose properties and production routes are well known 
and capped by the limited variability of their compositions and structures. Therefore, we believe 
the greatest long-term basic research and long-term applied research opportunities for lightweight 

Wang et al.,

Composites are still in their infancy and comprise a wide range of potential material 
constituents, morphologies, compositions, and internal structures. Additionally, composites can 

transparency and electrical conductivity; or high ductility and stiffness. With so many variables in 
play, there are many possibilities for low-cost manufacturing and new, desirable properties. 

The carbon nanotube provides one example of the wide array of opportunities for lightweight 

steel.

The carbon nanotube demonstrates but one instance of the combination of properties that can 
be accessed with new materials. We believe that the innovation opportunities are immense, and 
that applied research into new lightweight composite and nanostructured materials with tailored 

solar spectrum has been the goal of considerable research in recent years.  It is now possible to 
construct windows that exhibit a net energy gain during the winter if they are properly oriented.  
Such windows allow the solar energy entering a room to exceed the heat energy that leaves it.

applications, especially in the case of residential buildings.  Using nanotechnology to produce 
transparent high-R-value panels offers one possible path forward.

Future window systems and active façades have the potential to achieve net energy gains 
during the winter and substantially reduce air conditioning loads in the summer. They would adjust 
daylighting, solar gains and ventilation in response to detailed monitoring of interior conditions.  In 
the case of commercial structures, innovative materials and mirrored systems offer the possibility 

percent in average lighting energy usage.

or more in many U.S. climates, while improving human comfort and satisfaction, according to 

that is not an easy undertaking.

behavior in a large multiconnected space under a variety of heat loads and wind conditions. But 

is a daunting task, and simple computational models may introduce unacceptable errors.

There is a serious need to develop straightforward, mixed-mode, natural-ventilation design 
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tools for building architects and engineers.  There is also a need to develop effective ways to control 
natural-ventilation systems under a wide range of conditions.

the pollutants, the limits on acceptable concentration levels and whole-building control measures for 
volatile organic compounds, mold and other asthma triggers.

Insulating materials in common use today are limited in their effectiveness due to the heat transfer 
characteristics of the gases contained in their interiors.  As a result, the exterior walls of buildings 
and the walls of refrigerators must be relatively thick to achieve high levels of insulation.  Aerogels 

transfer through gas molecules in their interiors.  

Nanopore materials hold the promise of reducing both thermal radiation and conduction energy 
transfer.  They offer the possibility of developing thin, rigid, high-R-value insulation panels suitable 

and ovens.

Current windows have far lower insulation levels than the adjacent walls.  Oriented nanostructures 
hold the possibility for developing transparent panels that substantially increase insulation levels while 

In the high-performance thermal insulation materials currently in use, heat transfer by means of 
radiation plays an important role.  For example, at room temperature, infrared radiation accounts for 

heat loss and increasing the R-value of the material by as much as 100 percent.

Heating represents the largest single energy use in residential buildings, and burning fossil fuels 

thermodynamics.  Combining heat and power systems at the single building or community level can 

temperature differences that occur across the heat-transfer surfaces in the evaporators and condensers.  
Improving the heat exchangers is a major research challenge.

Techniques currently being explored for cooling integrated circuits in computers offer a possible 
approach to the problem.  In the case of integrated circuits, surfaces with microgrooves have 
displayed a tenfold improvement over conventional heat transfer devices.  Other techniques include 
boundary layer enhancement, such as that used in improved cooling of interiors of gas turbine blades; 
nanotechnology applications, such as those considered for improving thermal conductivity of thermal 
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problem. As the population continues to increase in such regions, the need for a solution grows.

Finally, the amount of energy consumed in cooling large computer server facilities—now equal to 
the energy used by the computers themselves—is a mounting problem.  The development of a novel 
system integration of heat pumps and air conditioners within the computer facility could generate 
considerable energy savings.  For example, systems using liquid-cooled radiant panels along with 
intelligent controls and variable speed compressors could reduce overall energy requirements for air 

arriving at decisions and formulating policies involving energy. Often cost or convenience is the 

time when gas prices already exceeded $3 per gallon, showed that new car buyers still ranked energy 

changed. 

government and citizen decision-makers reach in their daily activities, in their homes and on their 

judgments.  Therefore, we believe that social research into human behavior and decision-making 
must be a high priority.

energy usage, the availability of information is surely one of them.  But understanding how the 
information is best presented, how the consequences of personal and public decisions are best 
explained and how people are likely to process the knowledge they acquire are essential to the 

Behavioral research into the way energy decisions are made, implemented and accepted, 
including economic, cultural and psychological factors that affect priority setting, would contribute 

markets and arriving at regulatory practices where they are needed. 

Many of the challenges presented in these endnotes are described more comprehensively in the 

Energy 
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Academy of Sciences, and a past president of both the American Physical 
Society and the International Union of Pure and Applied Physics. He is the Paul 
Pigott Professor Emeritus at Stanford University and the former Director of the 
Stanford Linear Accelerator Center, one of the DOE’s science laboratories. His 

has spent most of his time on energy issues and currently chairs a DOE advisory 
committee on nuclear waste treatment. He has been or is a member of many 
advisory committees to both industry and government.

 served as Chief of Staff of the House Committee on Science 

and development programs of the Department of Energy. He has been a Visiting 
Lecturer at the John F. Kennedy School of Government at Harvard University 
and a Visiting Lecturer and Practitioner-in-Residence in the Science, Technology 
and Environmental Policy Program at Princeton University’s Woodrow Wilson 
School of Public and International Affairs. He also writes the monthly column 

 is a Senior Scientist a and Distinguished Fellow at Argonne 
National Laboratory and Director of its Materials Science Division. He has won 

work on high-temperature superconductivity. He has served as Chairman of 
the Division of Condensed Matter Physics of the American Physical Society, 

Associate Editor of Physical Review Letters. Recently, he served as an organizer 
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