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CHAPTER 2

T r a n s p ortat i on
Enhancing energy security and reducing global warming
through improvements in energy efficiency constitute the
two primary objectives of this study. Chapter 2 examines
the opportunities and challenges posed by the transportation
sector, which consumes 70 percent of the petroleum the
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
and policies that do not place an unaffordable financial
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 welldeveloped 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.

Introduction

L

ast year, Americans driving cars, minivans, sport utility vehicles and pickup
trucks burned an average of 270,000 gallons of gasoline a minute. Burning
that gasoline dumped the greenhouse gas carbon dioxide into the atmosphere
at the prodigious rate of 2,400 metric tons per minute.
And it wasn’t cheap. Americans paid about $700,000 per minute to the foreign
countries that were supplying the oil from which the gasoline was made.
Transportation accounts for 70 percent of the petroleum used for fuel in the
U.S., and today we are using more fuel than ever before.1, 2 We import approximately

1. The U.S. transportation sector consumed approximately 18 billion BTUs in 1975 and 40.5 billion BTUs in 2007.
(E.I.A.: http://www.eia.doe.gov/emeu/aer/consump.html)
2. “Energy intensities are falling more slowly than ever before while actual energy use increased faster than at any
time since 1970.” [Murtishaw and Schipper 2001]
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Figure 4

Energy and transportation in the U.S.
U.S. transportation energy consumption by mode in 2005.
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Figure 5

U.S. miles per gallon

Fuel economy of U.S. cars and light trucks, 1975-2005.
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65 percent of our petroleum, and each year
we pay nearly $600 billion to other nations
to keep the oil coming. Transportation’s
share of the oil bill is enormous – nearly
$450 billion annually.
Overall, transportation represents 28
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
environment. The 1973 OPEC oil embargo
made the economic and security risks of that
dependence clear, yet in the 35 years since,
the transportation sector’s thirst for oil has
doubled. And so has the nation’s reliance on
imported oil.
–––––––––––––––––––––––––––––
In 1973, the U.S. imported only 33
percent of its oil, but that number climbed
to 65 percent because our consumption has
increased as domestic oil production and
reserves have steadily declined.

But increased consumption and
depletion of easily accessible U.S. petroleum
10
resources are not the only differences in
today’s American oil market compared to
0
three decades ago. In the early 1970s, much
1975
1985
1995
2005
of Asia lacked economic power and placed
Model year
little demand on international oil resources.
Sources: U.S. Environmental Protection Agency, National Highway Traffic Safety Administration
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
rapidly increase the size of their vehicle fleets.
15

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
distribution of energy use in the transportation sector [Davis and Diegel, 2006; EERE 2006] in the
United States. Although we can make strides with existing technology to reduce our oil dependence,
fully breaking our addiction to oil requires significant, and in some cases revolutionary, technological
advances in the vehicles we use. Expanding the use of the relatively new hybrid technology will bring
much greater efficiency to the transportation sector. Plug-in hybrids can go even further.
In this chapter we describe how America can improve efficiency in transportation and reduce our
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.
But all-electric and hydrogen fue cell vehicles are proving to be more difficult to develop than
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first thought. Indeed, it may be years before all-electric vehicles can replace the standard family car,
and even longer before practical hydrogen fuel-cell vehicles may be on the market (See Endnote 1).
This report does not look at energy efficiency issues for tractor-trailers and other large trucks.
Instead, we defer to a comprehensive study of trucks recently completed by the National Academy
of Sciences [NAS, 2008a], Review of the 21st 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
look at the fuel-economy trends [NPC 2007] over the past 30 years for new cars by year of sale, shown
in Figure 2. In 1975, the first year of the federal government’s Corporate Average Fuel Economy
(CAFE) standards mandating increased fuel economy in the U.S. light-vehicle fleet, the average fuel
economy was 14 miles per gallon. Twelve years later, in 1987, the fuel economy of new light vehicles
had climbed to 28 miles per gallon for cars and 22 miles per gallon for pickup trucks, minivans, and
SUVs. Since then there has been no improvement. In fact, today’s fuel-economy figure for new cars
is no better than what the auto industry achieved in 1983, a quarter of a century ago.3
Figure 6

U.S. fuel economy vs. fuel efficiency
Fuel economy and fuel efficiency for cars and light trucks in the United States for the
period 1975 to 2004. (The unit of efficiency in this figure only is ton-miles per gallon.
This is the fuel efficiency mentioned in the text multiplied by the weight of the vehicle.)
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in 1975, but what is
surprising is that when
the standards stopped increasing in 1985, fuel efficiency continued to improve while fuel economy
leveled off. Instead of using the technology-driven increases in the fuel efficiency of gasoline internal
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
for nearly half of all U.S. oil consumption and contribute about 20 percent of all CO2 emissions.
(See Endnote 2.) The entire transportation sector produced nearly 2 billion metric tons of CO2 [EIA,
2007a] in 2005, more climate-changing CO2 than was produced by every other nation on Earth except
China [EIA, 2007b].
15
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3. This report uses Environmental Protection Agency (EPA) “unadjusted” fuel-economy values for vehicle mileage figures.  These are the
figures that the National Highway Traffic Safety Administration uses to rate compliance with CAFE standards as required by law. The
unadjusted figures are based on EPA laboratory estimates.  In 2007, the EPA announced it would begin reporting “adjusted” fuel-economy
numbers as well, to better reflect reaL-world experience. The adjusted numbers are about 25 percent lower than the unadjusted figures.
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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
between 13 and 14 million barrels of oil per day at a cost of about $120 per barrel (as of August 5);
this is a cost of approximately $1.6 billion dollars per day, or approximately $600 billion per year. The
doubling of the use of petroleum since the 1973 oil embargo makes it clear that for the transportation
sector the lessons of that crisis were not learned. And the added threat of global warming makes our
addiction to petroleum a more serious problem than it was in 1973.

Finding 1:

The fuel economy of conventional gasoline-powered light-duty vehicles, which include cars,
SUVs, minivans and pickup trucks, can be increased to at least 35 miles per gallon by 2020 through
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.)
Fuel economy remained constant from 1987 to 2007 while fuel efficiency increased by more
than 20 percent, as shown [Lutsey and Sperling, 2005] in Figure 6. Automakers instead increased the
weight and power of vehicles [EPA, 2007] as shown in Figure 4. Had the increase in fuel efficiency
instead been used to increase fuel economy, light vehicles could have increased the miles-per-gallon
rating by the same 20 percent.
The 1973 oil embargo showed how vulnerable the economy was to changes in the international
oil market. The embargo stimulated the passage of the Federal Energy Policy and Conservation
Act in 1975, which set the CAFE
standards for new light-duty-vehicle
Figure 7
sales. The CAFE standards led to
Vehicle weight and acceleration, 1975-2007
substantial efficiency gains in the
Vehicle weight initially decreased to help meet the new
automobile and light truck fleet over
standards, but has increased ever since.
the next decade. The increases in
fuel economy in the first years of
the standards came through both
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12
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
efficiency (Figure 7). The efficiency
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Figure 8

Possible technology advances may help
Potential for advanced conventional technologies to increase fuel economy by 2030.
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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
trucks to cars has caused the combined average fuel economy of the fleet to actually decrease since
the mid-1980s.
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The effectiveness of the 1975 fuel-economy standards was evaluated by the National
Academy of Sciences [NAS, 2002] in 2002 at the request of Congress. The NAS found
not only that the standards were effective, but that with existing technologies fuel
economy could be improved over a 10 to 15-year period at reasonable cost by
12 to 27 percent in cars and by 25 to 42 percent in light trucks and SUVs.
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assured us that a 2.5 percent improvement in fuel efficiency per year is possible on a continuing basis.
Cylinder deactivation, turbocharging, and improvements in controlling engine valves – all possible
with existing technology – can increase efficiency and thereby improve fuel economy. Additionally,
aerodynamics can be improved, as can tire technology to reduce rolling resistance. Still greater gains
can be achieved through the introduction of emerging technology.

Finding 2:

The average fuel economy of new light-duty vehicles can be increased to at least 50 miles per
gallon by 2030 through a combination of more advanced technologies, including further improvements
in internal combustion engines; decreasing vehicle weight while maintaining vehicle dimensions;
and a fleet with a reasonable mix of vehicles powered by efficient internal combustion engines, diesel
engines and improved hybrid technology.

Discussion:

We describe energy-efficiency improvements as cost-effective when the value they return
exceeds their cost.4 The value produced by energy-efficiency improvements comes from cost savings
over the life of a vehicle. Typically, energy-efficient equipment comes with a higher initial cost,
and determining cost, effectiveness even in its simplest form, involves discounting future benefits.
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
climate change, determining cost effectiveness often must include difficult-to-measure societal and
environmental benefits. A rigorous consideration of these issues is beyond the scope of this report.
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.
Improving fuel economy from the CAFE standard of 35 miles per gallon by 2020 to 50 miles per
gallon by 2030 is achievable if technological improvements are focused on reducing fuel consumption.
The potential for advanced technologies to increase automotive fuel economy by 2030 is shown in
Figure 8, based on MIT analyses.
Diesel engines currently have a fuel economy as much as 30 percent greater than gasoline engines
(diesel fuel contains 11 percent more energy than gasoline per volume). In Europe, 50 percent of new
cars sold have diesel engines5, primarily because of historically lower diesel-fuel prices, government
tax incentives and weaker emission controls on diesel engines than on gasoline engines. Greater
market penetration of diesel-powered vehicles in the United States would help reach the 2030 goal
(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.
An HCCI engine would have the high efficiency of a diesel engine and the relatively low emissions
of a gasoline engine. Other technologies that could come into play in reaching the 2030 goal include
engines with variable compression ratios, engines that switch between two and four-stroke operation
and engines without camshafts.
4. More specifically, an efficiency improvement is cost-effective when its marginal benefit (the benefit of the last increment of efficiency
improvement) equals or exceeds its marginal cost (the cost of that increment).
5. Cars with diesel engines in Europe have somewhat better fuel economy (adjusting for the different energy content of gasoline and diesel
fuel) and about the same greenhouse gas emissions as gasoline-powered cars. [Schipper 2008]
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Weight reduction, discussed in greater detail below, is another critical part of increasing fuel
economy to 50 miles per gallon. Each 10 percent reduction in vehicle weight translates to a 6 or
7 percent increase in fuel economy. The development of strong, lightweight materials, when they
become available at an affordable price, could have a dramatic effect on fuel economy while improving
overall vehicle safety.
Conventional hybrid vehicles, such as the Toyota Prius, are currently the most efficient widely
available vehicles in the United States, with average fuel-economy ratings between 45 and 48 miles
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
prices. According to JDPower, [www.jdpower.com] hybrid sales in the U.S. increased from 250,000
in 2006 to 350,000 in 2007.
Figure 10
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The energy efficiency of conventional hybrids can be
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
could make the relatively efficient hybrid vehicles even more
efficient.
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
travel for the first six months of 2008 dropped by 4.7 percent
compared to June 2007, and the cumulative travel for 2008 as
of June dropped by 2.8 percent.
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because of today’s high fuel prices. It is unclear what long-term
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impact higher prices will have on driving habits; an ongoing
The New York Times (used with permission) decrease in VMT would be consistent with the significant
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
in the way land use is regulated and financed. Because urban sprawl encourages more driving,
developing better models and criteria for transportation infrastructure and factoring vehicle use into
urban planning could reduce VMT. (See finding 7 below.)
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Finding 3:

The weight of vehicles can be significantly reduced through design and new materials without
compromising safety. Vehicle weight reductions of 20 percent, for example, achieved by greater use of
high-strength steel, aluminum and composite materials, would improve fuel economy by approximately
14 percent while reducing traffic injuries and fatalities. Greater reductions in weight, such as the 50
percent goal of the FreedomCAR program, if achieved by means of advanced lightweight materials,
would lead to even greater improvements in fuel economy.7
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.
7. The use of strong, light-weight materials in light-duty vehicles is important for improving fuel economy and will likely occur as the cost
of materials comes down.
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Discussion:

Reducing the weight of vehicles by using lighter, stronger materials even while maintaining
vehicle size, will significantly improve fuel economy. The new CAFE standards are likely to
encourage automobile manufacturers to turn to lighter materials to squeeze more miles per gallon out
of the same engines. A 10 percent reduction in weight, for example, yields a 6 or 7 percent increase
in fuel economy.
A 2002 National Academy of Science study [NAS, 2002] linked the reduction in the weight of a
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.
This is one of the goals of the FreedomCAR program [EERE, 2005].
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.
A 2007 International Council on Clean Transportation study (ICCT, an independent organization of
transportation experts) [Wenzel et al 2006] looked at the relationship of fuel economy and safety
in light vehicles and noted that “the linkages among fuel economy, vehicle size, weight, and safety
are manageable and are more a function of smart vehicle design than any other single factor.” The
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
wheelbase and track width could decrease the total number of fatalities [Van Auken and Zellner,
2004].
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
of reduced space for “crush zones” in the front and rear; this can be mitigated by proper design.
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
[Institute for Highway Safety 2008], after running crash tests, recently gave its highest safety rating
to the diminutive Smart Car, a micro car that weighs only 1800 pounds and is a full three feet shorter
and 700 pounds lighter than a Mini Cooper. So it is crush zones and other safety technologies, such
as side curtain air bags, electronic stability control, lower bumpers and stronger roofs, that ultimately
make vehicles safer.
Additional information can be found in Evans 2004, which emphasizes the role of drivers in
accidents, and Ahmad and Greene 2005.

Recommendation 1:

Technology is available to move beyond the 35 mpg CAFE standard mandated in law to be
reached by the year 2020. The federal government should establish policies to ensure that new lightduty vehicles average 50 miles per gallon if not more by 2030. The specific policies are beyond the
scope of this study but could include more aggressive and longer-horizon CAFE standards, financial
incentives such as “feebates” (fees for not meeting the standard and rebates for surpassing it) and
carbon taxes.

Finding 4:

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
least 40 miles. However, plug-in hybrids require more efficient and more durable batteries, able to
withstand deep discharges that are not yet in commercial large-scale production. Given the technical
difficulties faced in 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.
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Discussion:

Figure 11

On the road
Percent of sampled vehicle miles traveled (VMT) as a function of daily travel.
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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
most efficient range; and they shut off the engine when the car is idling.
Daily travel (miles per vehicle)

Plug-in hybrids get some of their energy from gasoline and some from the electric grid. PHEVs
have the efficiency advantage of a conventional hybrid and the additional advantage of drawing some
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 shows the distribution of daily vehicle miles traveled, using data from the 2001 National
Household Travel Survey by the U.S. Department of Transportation [Santini and Vyas 2008; Vyas and
Santini, 2008]. The chart shows, for example, that 30 percent of all miles traveled are in vehicles that
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
the entire fleet would decrease by 63 percent relative to what was required without the PHEV40
technology. If all trips of less than 40 miles were on batteries alone, and the first 40 miles of longer
daily travel were on batteries, the effective fuel economy for a full fleet of PHEV40 vehicles, taking
into account only gasoline put into the tank (not primary energy) would be 135 miles per gallon,
assuming a 50 mpg fuel economy when operating with the gasoline engine [Vyas and Santini, 2008;
Santini and Vyas, 2008; Dr. E.D. Tate, General Motors, private communication].8

8. “Effective miles per gallon” means the ratio of miles driven to gasoline put in the tank, averaged over a fleet of cars. It does not take into
account the primary energy used to produce the electricity. A car with electric drive is more efficient “well-to-wheels” in terms of primary
energy use than a car with an internal combustion engine. (See Endnote 3.)
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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).

Figure 12

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.
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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
from braking. A Prius, for example, has a battery with a capacity of approximately 1.3 kWh; about 15
percent of that capacity is allowed to be used, a necessary tradeoff to give the battery a long life.
A PHEV must have a considerably larger battery in order to store significant electrical energy
from the grid. A PHEV running on electricity for 40 miles will consume approximately 14 kWh
(industry standard of 350 Wh/mile). The battery pack should be approximately 28 kWh (twice as
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,
must last many years. (See Endnote 4.) The cost of a battery with 28-kWh capacity is roughly $20,000
at the present time, meaning that costs will have to come down considerably before a PHEV40 is
feasible for the consumer market.
General Motors says it will produce the Chevrolet Volt, a commercial PHEV, by 2010. The Volt,
according to GM, will use a new type of lithium-ion battery, have an electric range of about 40 miles
in urban driving, and utilize about 50 percent of the capacity of its battery. Toyota has also announced
a new PHEV to appear in 2010; it is expected to have a pair of lithium-ion batteries and an electric
range of about 7 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
during the day, when electricity demand is already high, the strain on the grid could be significant. If
9. There are issues regarding PHEVs that tend to make the curve in Figure 12 the maximum that can be expected. These include limited
market penetration, variability of choice of PHEV range by consumers, battery performance, and the driving profile of vehicles
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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
required [Lemoine, Kammen and Farrel 2008]. Differential pricing of electricity – cutting the cost for
electricity used “off peak” – could reduce the daytime demand.
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.
With gas at $4.50 per gallon, even a 50-mpg vehicle will cost 8 to 9 cents per mile for fuel. The cost
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
large part of the light vehicle fleet, including:
•

The batteries being developed for the PHEVs to be introduced in 2010 are not yet in
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
car with a 40-mile electric range will only run on electricity for a 20-mile commute one-way.
Otherwise daytime charging at the workplace will be required or the return trip will be done
on gasoline power.

Finding 5:

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,
a much more difficult challenge than that for the PHEV. If the battery technology used to make a
vehicle with an electric range of 300 miles is the same technology used to make a vehicle with a 40mile electric range, the 300-mile vehicle would require a battery of 7.5 times the weight, volume and
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
consumption of primary energy by roughly 50 percent since electric drive is much more efficient than
internal combustion. This reduction includes the electric drive efficiency advantage combined with
the average efficiency of 31 percent for electricity delivered from primary energy to the wall plug. The
greenhouse gas emission reduction depends on the greening of the electric power generation system.
Meeting the all-electric range goal is going to be more difficult than the range goals of PHEVs.
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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were very popular with their few users. The hardware and software developed for those cars are the
starting point for the new generation. Tesla Motors’ new two-seater has a range of over 200 miles,
very fast acceleration typical of electric propulsion and a price tag of about $100,000. Nissan Motors
plans to introduce a small electric car with a 100-mile range, a top speed of 75 miles per hour and an
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.
fossil, nuclear or renewable fuels. However, the high wheel-to-tank efficiency of an electric vehicle,
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 cleaner energy source [EIA 2008].

Finding 6:

Hydrogen fuel cell vehicles (FCVs) are unlikely to be more than a niche product without scientific
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
of reports by the American Physical Society [Davis et al. 2003], the Basic Energy Sciences division
of the DOE Office of Science [http://www.sc.doe.gov/bes/hydrogen.pdf] and the National Academy
of Sciences [NAS 2005] highlighted the challenges. By 2006 it had been recognized that the original
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
NAS report on the FreedomCar and Fuel Partnership program [NAS 2008] says that even now, “There
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
will require invention, and others will require new understanding of the underlying science.” A new
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
be efficient in turning hydrogen into electricity, long lived, and affordable. (See Endnote 5.) While
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,
permeability, or conductivity to work efficiently in a mass-market vehicle. In addition, a relatively
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
11. A new National Academy of Sciences report on fuel-cell vehicles was published as this report was being completed. It primarily addresses long-term infrastructure needs for a hydrogen economy assuming the basic problems have been solved. The conclusions of the
report are similar to those of previous NAS studies [Transitions to Alternative Transportation Technologies: a Focus on Hydrogen. National
Academies Press 2008. ISBN: 978-0-309-12100-2].

40 | ENERGY FUTURE: Think Efficiency

American Physical Society • September 2008

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.
Onboard hydrogen storage remains a significant barrier to development and commercialization of
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 ultrahighpressure 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
media by reaction to structurally different compounds, a process called “destabilization.” The latest
NAS FreedomCar review notes that finding a solid-state storage material is critical to fulfillment
of the vision for the hydrogen economy, and urges that basic and applied research be conducted
to establish the necessary technical base. The scientific community has responded to the hydrogen
challenge with vigor – the publication rate and activity at meetings on catalysts and membranes for
fuel cell reactions and on hydrogen storage media have increased significantly.
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 CO2 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
produce demonstration fleets. The Honda FCV Clarity will be available in limited numbers (200)
over the next 3 years for lease to customers near hydrogen stations in the Los Angeles area. This
vehicle uses a fuel cell in a hybrid-electric vehicle, with hydrogen stored as a pressurized gas at 5,000
pounds per square inch, giving it a range of 270 miles. Each vehicle costs several hundred thousand
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
cell too short for widespread use in the vehicle fleet now. Honda intends to have 1000 FCVs on the
road by 2013; the target for the start of high-volume production is 2015.
GM announced it will release a hydrogen fuel-cell vehicle by the end of 2008 and plans to have a

American Physical Society • September 2008

ENERGY FUTURE: Think Efficiency | 41

fleet of 100 Chevrolet Equinox fuel cell SUVs on the road by the end of the year. Toyota and Daimler
have similar plans to release hydrogen fuel-cell vehicles in demonstration programs.12

Recommendation 2:

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
bring significant benefits sooner than the current program through the development of a more diverse
range of efficient modes of transportation, and will aid federal agencies in setting successive standards
for reduced emissions per mile for vehicles.

Recommendation 3:

“Time of use” electric power metering is needed to make charging of batteries at night the preferred
mode. Improvements in the electric grid must be made if daytime charging of electric vehicles is to
occur on a large scale or when the market penetration of electric vehicles becomes significant.

Finding 7:

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
energy efficiency by reducing vehicle miles traveled, as can expansions of public transit and various
pricing policies. Some could be introduced in the near term, while others, such as changes in land use,
would phase in over decades, but might still have significant effects in 10-15 years.

Discussion:

It is clear from more than 20 years of research that changes in current policies for urban land use,
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
disproportionate increase in vehicle miles traveled (VMT) since 1973 that cannot be explained by
increasing incomes, the cost of driving or the building of more roads – highway congestion has
increased since 1973 [Eaken and Goldstein, 2007; Boarnet and Crane, 2001; Ewing et al., 2007;
Handy et al., 2006; Johnston, 2008; Handy, et al., 2005].
Residential density, the availability of public transportation, proximity to jobs, pedestrian
friendliness and the mixed-use nature of a community all influence the number of miles people drive.
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.
An effort to maximize energy efficiency in the transportation sector would require a combination
of short-term pricing policies and medium- and longer-term land use and infrastructure investment
policies.
A significant obstacle to informing policymakers and the public about these policy options is the
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.

12. BMW has recently introduced a car, the Hydrogen 7, which stores hydrogen as a liquid and uses hydrogen as a fuel in an internal combustion engine. Gasoline is also carried onboard. As noted, the energy cost of producing liquid hydrogen is high. U. Bossel, B. Eliasson and
G. Taylor, The Future of the Hydrogen Economy: Bright or Bleak? Final Report. April 2003. [www.hyweb.de/News/Bossel-Eliasson_2003_
Hydrogen-Economy.pdf]
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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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Chapter 2 Endnotes
1. Energy and energy density
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.
2. Reducing greenhouse gas emissions
Greenhouse gas emissions from different
transportation sectors [Greene and Schafer, 2003]
are shown in Figure 13. Passenger cars and light
trucks are responsible for 55 percent of greenhousegas 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 allelectric vehicles in the passenger-car and light-truck
fleet has significant implications for production of
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
“clean” energy sources—will determine the carbon
footprint of the vehicles. It may be possible that
carbon emission could become negligible. The same
consideration applies to widespread use of hydrogen
fuel cells: there will be a benefit if the hydrogen can
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
CO2 emission is possible with a significant carbon
policy [Greene et al., 2007].
Figure 14, from a recent MIT study [Kromer and
Heywood, 2007], shows well-to-wheel greenhousegas 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 CO2 emissions
from motor vehicles by two-thirds. However, Greene
[2008] notes that these calculations assume that
electricity and hydrogen will be produced in the

Table 1

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

Gasoline

38.6 MJ/l = 10.7 kWh/l

Diesel fuel

24 MJ/l = 6.4 kWh/l

Ethanol

Hydrogen at 1 atmosphere pressure 0.009 MJ/l = 0.0025 kWh/l
4.7 MJ/l = 1.3 kWh/l

Hydrogen at 10,000 psi

10.1 MJ/l = 2.6 kWh/l

Liquid hydrogen

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

NiMH battery

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
30 MJ/kg = 7.9 kWh/kg

Ethanol
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)
Lithium-ion battery (future)

0.5 MJ/kg = 0.14 kWh/kg
1 MJ/kg = 0.28 kWh/kg

Figure 13

Emissions of greenhouse gases
in transportation by sector
Figures are from year 2000.
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Source: U.S. Environmental Protection Agency

13. Energy density by weight shown is the co-called higher heating value. The so-called lower heating value takes into account the energy
required for a phase change. The difference depends on the chemical composition of the fuel, and is about 10 percent for gasoline and 7%
for diesel fuel.
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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 CO2 to very low levels.
3. Transportation efficiency
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
turns a drive shaft that then turns the wheels. This process is not very efficient: Figure 15 [U.S. EPA]
illustrates the flow of energy from gasoline (100%) to mechanical energy out (18.2%) to 12.6 percent
finally powering the wheels.
The 12.6 percent efficiency of converting gasoline energy into mechanical energy is called the
“tank-to-wheel” efficiency. The “well-to-tank” efficiency of gasoline is approximately 90 percent,
with the additional 10 percent being the energy cost of producing and distributing gasoline. The
“well-to-wheel” efficiency in the case of an ICE is therefore approximately 16 percent to the drive
train, and only 11 percent to the wheels.

Figure 15

Where does
the energy go?

How energy flows for a vehicle powered by an internal-combustion engine.
The diagram shows the energy uses and losses from a typical vehicle.
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Source: www.fueleconomy.gov
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An electric motor-inverter is about 90 percent efficient in converting electric energy into
mechanical motion, and charging a battery is about 90 percent efficient. The tank-to-wheel efficiency
is therefore about 81 percent. For a well-to-tank efficiency of production and distribution of 30 percent
for electricity, the well-to-wheel efficiency is about 24 percent.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.
4. Batteries for plug-in hybrid and all-electric vehicles
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.
According to a leading expert in the auto battery community [Anderman, private communication,
2007], the estimated cost of a battery that could meet the requirements is $625/kWh, assuming a
modest production level, which puts the cost of the battery for a 55-kWh all-electric vehicle at about
$35,000. A 28-kWh battery, needed to give a plug-in hybrid vehicle a range of 40 miles and allowing
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
soon change. At present a battery for consumer electronics applications has a lifetime of only 2–3
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 practical, it will be necessary to significantly increase the battery’s energy density, reduce the
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 [Srinivasan, private communication, 2007] shows the specific energy versus
specific power, along with DOE goals, and 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.
5. Catalysts for fuel cells
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
as of May 2008 is $2,200 per once, or about $73 per gram. Prices for these metals have been rising
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
few percent of the energy, just like ICE cars. Small changes in calculated efficiencies are of the order of the improvement in fuel economy
by proper tire inflation.
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Figure 16

Battery performance

This graphic compares the energy in watt hours per kilogram of vehicle power sources.
The chart indicates their range, power and acceleration.
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Capacitors

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
contains approximately 1.5
grams of PGM, and the total
consumption of platinum for
catalytic converters in the
United States is approximately
25,000 kilograms out of a
total of 40,000 kilograms
of platinum used for all
U.S. purposes. Worldwide
platinum production was
less than 200,000 kilograms
in 2002. Most of the world’s
platinum comes from South
Africa (80%) and Russia
(20%); there is very limited
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,
present-day automotive fuel cell is roughly 75 kW, meaning that it requires approximately 60 grams
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.
The solution is to find methods of making fuel cells that require very little or no platinum. This is
a topic of considerable research today, because reducing or eliminating the need for platinum would
simultaneously surmount all three obstacles.
If the amount of platinum now required for a fuel cell could be reduced by a factor of 50, a fuel
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
different material, leaving a pure platinum surface [Stamenkovic et al., 2007] Stamenkovic’s work
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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These breakthroughs are well beyond the reach of incremental advances in the present state
of the art. To make them happen, there needs to be significant investment in basic research using
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.
Figure 17

Battery capabilities
Battery capabilities with PHEV comparisons of 40-mile electric range goals.
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