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Preface

The Committee on Assessment of Resource Needs for 
Fuel Cell and Hydrogen Technologies completed its report 
Transitions to Alternative Transportation Technologies—A 
Focus on Hydrogen (The National Academies Press, Wash-
ington, D.C.) in 2008. Subsequently, the U.S. Department 
of Energy requested the National Research Council (NRC) 
to expand that analysis to plug-in hybrid electric vehicles 
(PHEVs). The committee reconvened to examine the issues 
associated with PHEVs and wrote this report in response to 
that additional task. 

The nation has only a few options for making great 
reductions in its dependence on oil and emissions of carbon 
 dioxide, the main greenhouse gas, from the transportation 
sector. Hydrogen fuel cell vehicles are one, and electric 
vehicles are another. Both have great potential but also seri-
ous disadvantages and uncertainties. In particular, costs for 
both are currently very high, and both have limited range.

In comparison, PHEVs have some attractive characteris-
tics. Unlike hydrogen fuel cell vehicles, they can be deployed 
in the marketplace without simultaneously building an infra-

structure to supply the energy to operate them, and unlike 
all-electric battery vehicles, drivers will not have to worry 
about charging the batteries on a long trip. However, PHEVs 
have their own limitations, as discussed in this report. 

It is unusual for the NRC to reconvene a committee orga-
nized for one purpose to investigate another, but this is an 
unusual committee in another way, too. I have never worked 
with a committee that was so dedicated, knowledgeable, 
and talented. This entire additional task has taken about 
6 months, an extraordinarily fast pace for a complex issue. 
The committee members have my deepest appreciation. The 
project also was very fortunate in having as its study director 
Alan Crane, who contributed immeasurably with his experi-
ence and expertise and his ability to keep the whole process 
moving on schedule.

The committee operated under the auspices of the NRC 
Board on Energy and Environmental Systems and is grate-
ful for the able assistance of James Zucchetto and Jonathan 
Yanger of the NRC staff, and Penelope Gibbs of the National 
Academy of Engineering Program Office staff.

Michael P. Ramage
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in the Toyota Prius. However, it has a larger battery than an 
HEV to allow 10 miles of driving powered by electricity 
only and a gasoline engine that drives the wheels in parallel 
with the electric motor when power demand is high or the 
batteries are discharged. The other vehicle, the PHEV-40, is 
similar to the Chevrolet Volt. It has a 40-mile electric range, 
a larger electric motor, and a much larger battery than the 
PHEV-10. In the PHEV-40, the electric motor provides all 
the propulsion; the gasoline engine drives a generator that 
powers the motor and keeps the batteries charged above some 
minimum level.

Batteries are the key determinant of the cost and electric 
driving range of PHEVs. All proposed PHEVs will use 
lithium-ion (Li-ion) batteries, similar to the technology 
now used in laptop computers, power tools, and other small 
devices. Several Li-ion chemistries are under development 
with the objective of optimizing performance for automo-
tive propulsion. None yet meet all essential goals for cost, 
battery life, and weight. Cost is expected to be the most 
difficult goal.

The cost to the manufacturer of producing the first gen-
eration of the PHEV-10 (2010-2012) is expected to be about 
$5,500 to $6,300 more than that of the equivalent conven-
tional midsize car (nonhybrid), including $2,500 to $3,300 
for the battery pack. Similarly, the PHEV-40 with a $10,000 
to $14,000 battery pack would cost about $14,000 to $18,000 
more. These cost differences would be smaller if the PHEVs 
were compared to equivalent HEVs, but the fuel savings also 
would be smaller.

Costs will decline with technology improvements and 
economies of scale, but Li-ion batteries based on similar 
technology are already being produced in great numbers 
and are well along their learning curves. The steep early 
drop in cost often experienced with new technologies is not 
likely. The incremental cost to manufacture these vehicles 
is expected to decline by about one third by 2020 but only 
slowly thereafter, as listed in Table S.1.

The nation has compelling reasons to reduce its consump-
tion of oil and emissions of carbon dioxide. Plug-in hybrid 
electric vehicles (PHEVs) promise to contribute to both goals 
by allowing some miles to be driven on electricity drawn 
from the grid, with an internal combustion engine that kicks 
in when the batteries are discharged. However, while battery 
technology has made great strides in recent years, batteries 
are still very expensive. 

This report builds on a 2008 National Research Council 
(NRC) report on hydrogen fuel cell vehicles (HFCVs).1 
In accordance with the committee’s statement of task, the 
present report

1. Reviews the current and projected technology status of 
PHEVs.

2. Considers the factors that will affect how rapidly 
PHEVs could enter the marketplace, including the inter-
face with the electric transmission and distribution (T&D) 
system.

3. Determines a maximum practical penetration rate for 
PHEVs consistent with the time frame and factors considered 
in the 2008 Hydrogen Report.

4. Incorporates PHEVs into the models used in the hydro-
gen study to estimate the costs and impacts on petroleum 
consumption and carbon dioxide (CO2) emissions.

TECHNOLOGY STATUS

Vehicle Technologies and Batteries

A variety of PHEV configurations and electric driving 
ranges are under consideration by vehicle manufacturers. 
This report considers two vehicles. One, the PHEV-10, uses 
hybrid electric vehicle (HEV) technology similar to that used 

1National Research Council, Transitions to Alternative Transportation 
Technologies—A Focus on Hydrogen, Washington, D.C.: The National Acad-
emies Press, 2008, hereinafter referred to as the 2008 Hydrogen Report.

Summary
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� TRANSITIONS TO ALTERNATIVE TRANSPORTATION TECHNOLOGIES—PHEVS

It is possible that breakthroughs in battery technology 
will greatly lower the cost. At this point, however, it is not 
clear what sorts of breakthroughs might become commer-
cially viable. Furthermore, even if they occur within the next 
decade, they are unlikely to have much impact before 2030, 
because it takes many years to get large numbers of vehicles 
incorporating new technology on the road.

Electric Power Infrastructure Issues

PHEVs replace gasoline with electricity for some of the 
miles driven. The electricity will first have to be generated 
and then delivered to a PHEV through the electric grid. This 
raises two issues: (1) whether sufficient generation, transmis-
sion, and distribution capacity will be available to serve this 
additional load and (2) how the emissions from the additional 
electricity generation compare with the emissions from the 
gasoline not consumed. 

Grid capacity will be available to charge millions of 
PHEVs if they are charged at night. Power demand varies 
during the day, peaking during the afternoon and reaching 
a low point after midnight. It also varies over the year, with 
demand highest on summer afternoons because of air con-
ditioning loads. Parts of the U.S. electric power system are 
at full capacity during these hours of highest demand, and 
additional loads could threaten reliability unless new capac-
ity is added. At night, however, the system may operate at 
less than 50 percent of capacity, and the cost of producing 
electricity is much lower than during peak hours. Drivers 
paying a constant rate per kilowatt-hour of electricity are 
likely to charge their vehicles whenever they have convenient 
access to an electric outlet, potentially increasing electricity 
demand during peak hours. Smart meters with time-of-use 
pricing would be one way of encouraging drivers to delay 
charging until electricity demand is lower.

Generating electricity to replace the gasoline that a car 
would have used emits some greenhouse gases (GHG), espe-
cially CO2. About half the nation’s electricity is produced 
from coal-fired power plants, which are large emitters of 
CO2. However, the overall efficiency of electric vehicles is 
greater than that of conventional vehicles, so emissions may 
be reduced to some extent. Large savings on emissions will 
require decarbonizing the electric system, such as by using 

nuclear power or renewable energy generation or by captur-
ing and sequestering the CO2 emitted by fossil fuel plants.

SCENARIOS

Penetration rates for the PHEV-10 and the PHEV-40 were 
compared to a Reference Case that assumes high oil prices 
and fuel economy standards specified by the Energy Inde-
pendence and Security Act of 2007 (with modest increases 
after 2020, when those standards level off), as described in 
the 2008 Hydrogen Report. The Maximum Practical sce-
nario is the fastest rate at which the committee concluded 
that PHEVs could penetrate the market considering various 
manufacturing and market barriers; it leads to about 40 mil-
lion PHEVs by 2030 in a fleet of about 300 million vehicles.2 
A more probable scenario leads to about 13 million PHEVs 
by 2030. Figure S.1 shows the number of PHEVs on the road 
at the two rates. 

Figure S.2 shows the impact on gasoline use relative to the 
Reference Case when each of the two PHEV types is intro-
duced at the Maximum Practical rate into a high-efficiency 
fleet. The Efficiency Case fleet, based on Case 2 from the 
2008 Hydrogen Report, includes conventional nonhybrid 
vehicles and HEVs only. All cases give results similar to 
the Reference Case until after 2020, because it takes many 
years for a sufficient number of new vehicles to penetrate the 
market to have an impact. By 2030, the Efficiency and PHEV 
cases show gasoline consumption well below the Reference 
Case. PHEV-10 closely follows the Efficiency Case until 
2040, after which it shows some additional benefit. PHEV-40 
shows benefits relative to the Efficiency Case after 2025.

Figure S.3 shows the well-to-wheels GHG emissions 
of the light-duty vehicle fleet for the PHEV scenarios and 
compares them to the Reference Case. PHEVs show less 
improvement in GHG emissions than in gasoline consump-
tion because of the additional emissions from electricity 
generation. If carbon emissions from the electric sector are 
limited, the reductions in Figure S.3 would be greater, almost 
following the reductions in gasoline use in Figure S.2.

2This scenario is based on the Hydrogen Success scenario in the 2008 
Hydrogen Report but moved up 3 years because battery technology is more 
nearly ready for commercialization than fuel cells.

TABLE S.1 Estimated Future PHEV Incremental Costs

2011 2015 2020 2030

PHEV-40 14,100-18,100 11,200-14,200 9,600-12,200 8,800-11,000
PHEV-10 5,500-6,300 4,600-5,200 4,100-4,500 3,700-4,100

NOTE: These are the incremental costs to manufacture the vehicle itself, relative to a conventional (nonhybrid) vehicle. They do not include engineering, 
overhead, or other costs, or profit, and thus are not the total incremental prices to the customer. Costs for 2011 are based on low battery production rates in 
response to contracts initiated about 2 years earlier. Ranges represent probable and optimistic assessments of battery technology progress. Additional detail 
on the committee’s analysis of battery-pack cost can be found in Appendix F, which was added to this report after release of the prepublication version to 
clarify how the estimates were made.
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FIGURE S.1 Projections of number of PHEVs in the U.S. light-
duty fleet.
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FIGURE S.2 Gasoline use for PHEV-10s and PHEV-40s intro-
duced at the Maximum Practical rate and the Efficiency Case from 
the 2008 Hydrogen Report. 
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FIGURE S.3 GHG emissions for cases combining high-efficiency 
conventional vehicles and HEVs with mixed PHEV or HFCV 
 vehicles for the two different grid mixes.

The PHEV projection cases considered only the impact of 
a given number of PHEVs regardless of cost. PHEVs will be 
expensive relative to conventional vehicles, largely because 
the batteries are costly. They are cheaper to operate (driving 
costs per mile are less than for conventional vehicles), and 
eventually vehicle costs may decline sufficiently to achieve 
life-cycle cost competitiveness, as shown in Tables S.1 and 
S.2. A transition period with substantial policy intervention 
and/or financial assistance for buyers from government and 
possibly manufacturers will be necessary to support either of 
the penetration scenarios in Figure S.1 until the higher costs 
of PHEVs are balanced by their fuel savings. The break-even 
year is defined here as the year when the fuel savings of the 
entire fleet of PHEVs equals the subsidies required that year 
to make PHEVs appear cost-competitive to potential buyers 
relative to conventional vehicles.

Transition costs will depend on how fast vehicle costs 
decline and how fast PHEVs penetrate the market. Table S.2 
shows the break-even year and transition cost for the PHEV-40 
for three Maximum Practical penetration scenarios: for the 
committee’s optimistic assessment of technical progress; 
if DOE’s goals for costs are met by 2020; and if oil prices 
are much higher than assumed for the base case. PHEV-40s 
achieve breakeven in 2040 for the committee’s Optimistic 
technical progress, but in 2024 if DOE’s goals are achieved, 
illustrating the potential importance of technology break-
throughs. Similarly, the required subsidies are much lower 
if oil prices are very high. PHEV-10s achieve breakeven 
much sooner and with much lower subsidies when analyzed 
on a basis comparable to PHEV-40s, but also provide lower 
oil and carbon emission benefits. The final two columns 
of Table S.2 show results for a mix of PHEV-40s and 
PHEV-10s, which are between those of each type analyzed 
alone, and for a slower growth rate with less optimistic tech-
nological progress.

Finally, the committee included combinations of tech-
nologies to reduce oil consumption in the light-duty vehicle 
fleet, as was done in the 2008 Hydrogen Report. Advanced 
conventional vehicles (including HEVs) operating in part on 
biofuels could cut oil consumption by more than 60 percent 
by 2050, as shown in Figure S.4. Replacing some of those 
HEVs with PHEVs, especially PHEV-40s, could reduce con-
sumption to even lower levels. Employing HFCVs instead 
of PHEVs, however, could eliminate oil use in the light-duty 
vehicle fleet.

RESULTS AND CONCLUSIONS

1. Lithium-ion battery technology has been developing 
rapidly, especially at the cell level, but costs are still high, 
and the potential for dramatic reductions appears lim-
ited. Assembled battery packs currently cost about $1,250 
to $1,700 per kWh of usable energy ($625 to $850/kWh of 
nameplate energy). A PHEV-10 will require about 2.0 kWh 
and a PHEV-40 about 8 kWh even after the batteries have 
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undergone expected degradation over time. Costs are 
expected to decline by about 35 percent by 2020 but more 
slowly thereafter. Projections of future battery pack costs 
are uncertain, as they depend on the rate of improvements in 
battery technology and manufacturing techniques, potential 
breakthroughs in new technology, possible relaxation of 
 battery protection parameters as experience is gained, and the 
level of production, among other factors. Further research is 
needed to reduce costs and achieve breakthroughs in battery 
technology.

2. Costs to a vehicle manufacturer for a PHEV-40 
built in 2010 are likely to be about $14,000 to $18,000 
more than an equivalent conventional vehicle, including 
a $10,000 to $14,000 battery pack. The incremental cost 
of a PHEV-10 would be about $5,500 to $6,300, including 
a $2,500 to $3,300 battery pack. In addition, some homes 
will require electrical system upgrades, which might cost 
more than $1,000. In comparison, the incremental cost of an 
HEV might be $3,000. 

3. PHEV-40s are unlikely to achieve cost-effectiveness 
before 2040 at gasoline prices below $4.00 per gallon, but 
PHEV-10s may get there before 2030. PHEVs will recoup 
some of their incremental cost, because a mile driven on 
electricity will be cheaper than a mile on gasoline, but it is 
likely to be several decades before lifetime fuel savings start 
to balance the higher first cost of the vehicles. Subsidies of 
tens to hundreds of billions of dollars will be needed for the 
transition to cost-effectiveness. Higher oil prices or rapid 
reductions in battery costs could reduce the time and subsi-
dies required to attain cost-effectiveness.

4. At the Maximum Practical rate, as many as 
40 million PHEVs could be on the road by 2030, but 
various factors (e.g., high costs of batteries, modest 
gasoline savings, limited availability of places to plug 
in, competition from other vehicles, and consumer 
resistance to plugging in virtually every day) are likely 
to keep the number lower. The Maximum Practical rate 

TABLE S.2 PHEV Transition Times and Costs

PHEV-40 PHEV-40 PHEV-40 High Oila PHEV-10 30/70% PHEV-40/10 Mix

Penetration Rate: Maximum Practical Maximum Practical Maximum Practical Maximum Practical Maximum Practical Probable

Technical Progress: Optimistic DOE Goalb Optimistic Optimistic Optimistic Probable

Break-even year c 
(annual cash flow = 0)

2040 2024 2025 2028 2032 2034

Cumulative subsidy 
to break-even year 
(billion $)d

408 24 41 33 94 47

Cumulative 
vehicle retail price 
difference until the  
break-even year 
(billion $)e

1,639 82 174 51 363 — 

Number of PHEVs 
sold to break-even 
year (millions)

132 10 13 24 48 20

aAssumes oil costs twice that in the base case, or $160/bbl in 2020, giving results similar to meeting DOE’s cost goals.
bAssumes DOE technology cost goal ($300/kWh) for the PHEV-40 is met by 2020, showing the importance of technology breakthroughs as discussed 

in Chapter 2 and Appendix F. Reducing costs this rapidly would significantly reduce subsidies and advance the break-even year relative to the Optimistic 
Technical Progress cases.

cYear when annual buydown subsidies equal fuel cost savings for fleet. 
dDoes not include infrastructure costs for home rewiring, distribution system upgrades, and public charging stations which might average over $1000 per 

vehicle. 
eCost of PHEVs minus the cost of Reference Case cars.
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conventional vehicle efficiency, PHEVs, biofuels, and HFCVs. 



Copyright © National Academy of Sciences. All rights reserved.

Transitions to Alternative Transportation Technologies--Plug-in Hybrid Electric Vehicles 

SUMMARY �

depends on rapid technological progress, increased govern-
ment support, and consumer acceptance. A more realistic 
penetration rate would result in 13 million PHEVs by 2030 
out of about 300 million vehicles on the road, which still 
assumes that current levels of government support will 
continue for several decades.

5. PHEVs will have little impact on oil consumption 
before 2030 because there will not be enough of them in 
the fleet. More substantial reductions could be achieved 
by 2050. PHEV-10s will reduce oil consumption only 
slightly more than can be achieved by HEVs. A PHEV-10 
is expected to use about 20 percent less gasoline than an 
equivalent HEV, saving about 70 gallons in 15,000 miles. 
Forty million PHEV-10s would save a total of about 
0.2 million barrels of oil per day. The current light-duty 
vehicle fleet uses about 9 million barrels per day. PHEV-40s 
will consume about 55 percent less gasoline than equivalent 
HEVs, saving more than 200 gallons of gasoline per year 
per vehicle.

6. PHEV-10s will emit less carbon dioxide than non-
hybrid vehicles, but save little relative to HEVs after 
accounting for emissions at the generating stations that 
supply the electric power. PHEV-40s are more effective 
than PHEV-10s, but the GHG benefits are small unless the 
grid is decarbonized with renewable energy, nuclear plants, 
or fossil fuel fired plants equipped with carbon capture and 
storage systems. 

7. No major problems are likely to be encountered for 
several decades in supplying the power to charge PHEVs, 
as long as most vehicles are charged at night. Generation 
and transmission of electricity during off-peak hours should 
be adequate for many millions of PHEVs, although some 
distribution circuits may need upgrading if they are to serve 
clusters of PHEVs. Encouraging PHEV owners to charge 
their vehicles during off-peak hours will require both rate 
schedules that reward time-appropriate charging and equip-
ment that can monitor—or even control—time of use.

8. A portfolio approach to research, development, 
demonstration, and, perhaps, market transition support 
is essential. It is not clear what technology or combination 
of technologies—batteries, hydrogen, or biofuels—will 
be most effective in reducing the nation's oil dependency 
to levels that may be necessary in the long run. It is clear, 
however, that a portfolio approach will enable the greatest 
reduction in oil use. Increasing the efficiency of conventional 
vehicles (including HEVs) beyond the current regulatory 
framework could reduce gasoline consumption by about 
40 percent in 2050, compared to the Reference Case. Adding 
biofuels would reduce it another 20 percent. If PHEV-10s 
are also included at the Maximum Practical rate, gasoline 
consumption would be reduced an additional 7 percent, 
while PHEV-40s could reduce consumption by 23 percent. 
Employing HFCVs instead of PHEVs could eliminate gaso-
line use by the fleet.
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Introduction

Light-duty vehicles play a crucial role in two of the key 
challenges facing the United States: energy security and 
climate change. Transportation is responsible for more than 
two-thirds of U.S. oil consumption, and about 60 percent of 
the oil we use must be imported. Dependence on imported 
oil leads to concerns over vulnerability to disruptions, 
especially if world oil production peaks. Burning that oil 
in vehicles also accounts for one-third of U.S. emissions 
of carbon dioxide (CO2), the main greenhouse gas linked 
to global climate change. The U.S. government is seeking 
to reduce the use of oil to help meet both challenges. This 
report assesses the contributions that plug-in hybrid electric 
vehicles (PHEVs) can make to this effort.

The National Research Council (NRC) report Transitions 
to Alternative Transportation Technologies—A Focus on 
Hydrogen (2008) analyzed the potential for hydrogen-fueled 
fuel cell vehicles to penetrate the market and estimated the 
reductions in oil consumption and CO2 emissions that might 
result. The report also compared these benefits to those that 
might be achieved by two alternatives: vehicles operating 
on biofuels and vehicles with advanced internal combus-
tion engines. The latter included hybrid electric vehicles 
(HEVs) but not plug-in hybrid electric vehicles (PHEVs) or 
all-electric vehicles (EVs).

In 2009 the U.S. Department of Energy asked the NRC 
to extend its analysis to PHEVs, putting them on the same 
basis as the other alternatives to fuel cell vehicles. This report 
is the result of that additional task. The statement of task is 
in Appendix D.

PHEVs have recently been the focus of much attention, in 
large part because of rapidly improving battery technology. 
Several manufacturers intend to introduce PHEVs over the 
next few years. PHEVs are similar to today’s HEVs, but they 
have larger batteries that can be charged from the electric 
grid and can supply sufficient energy to propel the vehicle 
for many miles. When PHEV batteries are discharged, the 
gasoline engine takes over, by either recharging the battery 
or directly providing power for propulsion. Short trips could 
avoid the use of gasoline altogether, and long trips are pos-

sible without the risk of being stranded, which is a concern 
for all-electric vehicles. PHEVs promise to reduce the use 
of gasoline without necessitating the major infrastructural 
changes that would be required for hydrogen, thus allow-
ing an evolutionary transition from conventional vehicles. 
In addition, electric utilities may promote PHEVs because 
nighttime charging would help smooth out demand.

This report first evaluates battery and vehicle technolo-
gies to predict how costs might drop as technology improves 
and economies of scale increase. It considers PHEVs that 
can travel 10 (PHEV-10) and 40 (PHEV-40) miles on elec-
tric power as representative of all the PHEVs that may be 
available. Next it examines the ability of the electric grid to 
 supply power for a growing PHEV fleet. Then it analyzes two 
potential market-penetration rates for PHEVs: (1) a Maxi-
mum Practical scenario, which makes optimistic assump-
tions about the evolution of PHEV technology, especially 
batteries, and about the barriers to market penetration and 
(2) a Probable scenario based on more likely assumptions. 
Because initially PHEVs will be considerably more expen-
sive than equivalent conventional vehicles, the committee 
used the model developed in the hydrogen study to estimate 
the costs involved in supporting a transition to PHEVs. It 
also estimated the reduction of petroleum consumption and 
CO2 emissions that could result from these two scenarios. 
Finally, the report discusses the committee’s conclusions. 
The appendixes provide additional information on this 
study and the scenario analysis, plus a glossary of the many 
 acronyms used in the report.

The committee was not able to analyze one potential 
barrier—the changes that PHEVs will require of drivers. 
The vehicles analyzed in the hydrogen report, even fuel cell 
vehicles, are functionally similar to current vehicles because 
they have the same range and refueling patterns. PHEVs, 
however, will require drivers to plug in their vehicles essen-
tially every day. That will require a place where they can 
plug it in, preferably a garage or at least a car port, and the 
willingness to take the time to do it. While many people have 
the place, their willingness is a great uncertainty.
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Batteries and Battery Packs for PHEVs

Battery cells, and the packs into which they are assem-
bled, are the key component that will largely determine the 
viability of PHEVs. The battery packs must be affordable, 
durable, and safe. No commercially available battery meets 
all these requirements. Rechargeable lithium-ion (Li-ion) 
batteries, made by the billions for small electronic devices, 
are the most promising technology for automotive propul-
sion and will be used in the first-generation PHEVs soon to 
be rolled out. This section reviews the relevant technologies 
and estimates how their characteristics may evolve over the 
coming years.

TYPES OF PHEVS

Several configurations are possible for PHEV drive 
trains. The two considered here represent those that may be 
introduced, as shown in Figure 2.1. A PHEV differs from 
a hybrid electric vehicle (HEV) in that the battery can be 
charged from the electrical grid and operate the vehicle 
independently of the internal combustion engine (ICE) 
for a limited all-electric range (AER). This is the charge-
 depleting mode of operation. The ICE starts when the 
battery reaches its minimum state of charge and operates 
the generator to charge the battery. This charge-sustaining 
mode of operation prevents the battery from being dis-
charged too deeply. 

The PHEV-10 is designed for an AER of 10 miles before 
the ICE must start. It is similar to the Toyota Prius but has 
a larger battery and modified control electronics. Its split-
power blended (or parallel-drive) configuration can drive 
the car either with only the electric motor powered by the 
battery or with the gasoline engine. When the battery is 
discharged to its minimum allowable level, the engine starts 
and the vehicle operates in a charge-sustaining mode, as in 
a conventional HEV. The engine will also start and assist 
in driving the wheels when more power is needed than can 
be delivered by the electric motor for rapid acceleration or 
heavy-load hill climbing. The PHEV-10 requires a more 
robust battery than an HEV because it must operate over 

a wide state of charge (SOC) range, enduring many deep 
charge/discharge cycles.1 

The PHEV-40 has its engine, battery, and electric motor in 
series. The engine only charges the battery, and all propulsion 
comes from the electric motor. Thus it has a larger battery 
and motor than the PHEV-10 but a longer AER. It is concep-
tually similar to the General Motors Volt in design.

The size of the battery required to provide propulsion 
depends on the size and weight of the vehicle and the AER 
desired. For simplicity, this report considers just one vehicle, 
a midsize car, as representative of the fleet of light-duty 
vehicles, as was done in the 2008 Hydrogen Report. While 
midsize cars may not perfectly represent the fleet, they 
are adequate to illustrate the critical issues. Various recent 
studies have reported a range of energy requirements for 
midsize cars: in a study of Prius conversions to PHEVs, on 
average the vehicles required 238 watt-hours (Wh) per mile 
(Francfort, 2009). A simulated driving analysis calculated 
170-200 Wh per mile energy consumption.2 In addition, 
the GM Volt is expected to reach 40 miles on 8 kWh from 
its batteries, or 200 Wh per mile.3 The committee assumed 
that the vehicles it analyzed would initially require 200 Wh 
per mile in its calculations. Larger, heavier vehicles would 
require substantially more energy per mile and bigger, more-
 expensive batteries, but those are not considered in this 
report. All vehicles are expected to become more efficient 
over time, and PHEVs will require less gasoline and less 
electricity, as discussed in Chapter 4. 

1A rechargeable battery can be charged to 100 percent of its capacity and 
then discharged to 0 percent, but full charge would not allow regenerative 
braking, and full discharge typically would seriously damage its future per-
formance. Early PHEV batteries may be limited to 80 percent of full charge 
and prevented from discharging to less than 30 percent. This is a 50 percent 
SOC range. Later generations may be able to operate with a wider range.

2M. Wang, A. Elgowainy, A. Burnham, and A. Rousseau, Center for 
Transportation Research, Argonne National Laboratory, Well-to-wheels 
energy and greenhouse gas results of plug-in hybrid electric vehicles, 
presentation to the committee, June 18, 2009, Washington, D.C.

3M. Verbrugge, General Motors, Extended-range electric vehicles, 
presentation to the committee, May 18, 2009, Washington, D.C.
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Thus, the PHEV-10 requires 2.0 kWh of battery energy 
(actually used) to drive its 10-mile AER. The PHEV-40 draws 
8 kWh of battery-stored energy to meet its 40-mile AER in 
charge-depletion mode before the engine starts and begins 
supplying power to operate the vehicle in charge-sustaining 
mode.4 For the 50 percent SOC assumed in this report for 
the first generation of vehicles, the nameplate capacities are 
4 kWh for the PHEV-10 and 16 kWh for the PHEV-40.

LITHIUm-ION BATTERY CELL CHEmISTRIES

For PHEVs to be widely accepted by consumers, batteries 
must be significantly cheaper than they are now, durable 
enough to have a long life, and safe. In addition, they will 
have to meet performance goals, which will require

• High power density to deliver the current needed for 
demanding driving conditions;

• High energy density for storing the needed energy for 
an extended all-electric range; and

• Wide range of SOC while maintaining a long cycle life.

4The batteries for these two vehicles are not identical because they are 
optimized for different conditions. For example, the PHEV-10 is likely 
to operate more in a charge, sustaining mode at minimum SOC than the 
PHEV-40.

Li-ion batteries currently are the only serious option for 
PHEVs. They are smaller and lighter than other batteries, and 
they promise to withstand multiple large SOC swings while 
maintaining their performance. They have more than twice 
the energy density and about three times the power density 
of the nickel-metal-hydride (NiMH) batteries used in current 
HEVs, and four times the energy density of the lead-acid 
batteries used in most vehicles today. 

What no Li-ion battery can do—yet—is simultaneously 
deliver both high power density and high energy density at 
a reasonable cost. To meet this challenge, several promising 
Li-ion chemistries are being vigorously pursued by compa-
nies, research institutions, and governments. The technology 
is advancing rapidly, but there is no guarantee that any Li-ion 
battery will be developed that meets all goals for vehicle use. 
Table 2.1 compares the attributes of four of the more promis-
ing Li-ion battery chemistries. 

Li-ion battery manufacturing technology is essentially the 
same for all battery chemistries. Typically the electrodes of 
Li-ion batteries are coated on metal foils, usually copper foil 
for the negative electrode and aluminum foil for the positive 
electrode, separated by an electrolyte (Nelson et al., 2009). 
Typical electrolytes are derived from solutions of LiPF6 salt 
in a solvent blend of ethylene carbonate and various linear 
carbonates, such as dimethyl carbonate (Tikhonov and Koch, 
2009; Zhang et al., 2002). 
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FIGURE 2.1 Plug-in hybrid electric vehicle concepts. SOURCE: Toyota.
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While the power density (W/kg) of the cell is fixed by the 
surface area of the electrode foil, the energy density (Wh/kg) 
can be varied over a limited, but significant, range simply by 
increasing or decreasing coating thickness. HEV batteries, 
which require high power more than high energy storage, 
have thin electrode coatings. By contrast, electric vehicle 
(EV) batteries require high energy density and have thicker 
electrode coatings. Research has yielded new concepts for 
better electrodes and electrolytes. For example, raising the 
cell voltage to 5 V would increase the battery’s energy den-
sity. Could this lead to a better PHEV battery? It is simply 
too early to tell.

In this report overall properties such as energy density, 
power density, and total energy available refer to the full 
range from 100 percent to 0 percent SOC. Energy and power 
density are intrinsic properties, and total available energy is 
the nameplate capacity of the cell or battery. For batteries in 
battery packs for vehicle operation, this report refers to the 
energy (kWh) actually used—that is, the nameplate capacity 
of all the cells in the pack multiplied by the allowable SOC.

LITHIUm-ION BATTERY PACKS

For PHEV applications, about 100 Li-ion cells are con-
nected in series to provide the design voltage to operate the 
electrical propulsion motors. These cell groups are then 
installed in parallel, as needed, to provide the energy to drive 
the motor for the distance desired. Battery packs consist of 
these groups of cells, the supporting frame, electronic con-
trols, and cooling systems to protect the cells. The current 
focus is on improving battery durability, safety, and cost 
competitiveness.

Battery Durability

Auto manufacturers have indicated that they intend to 
offer an 8-year warranty in 49 states and a 10-year warranty 
in California on PHEV battery systems as part of the drive-
train warranty. Current commercial Li-ion batteries typically 

last 3 to 4 years, which is a function of both the number of 
charge/discharge cycles and calendar life (Howell, 2009). 
Some degradation is inevitable; for the purposes of this 
report, about 20 percent over the warranty period is assumed. 
If the PHEV-40 is expected to still have its required 8 kWh 
(actually used) of energy needed for an AER of 40 miles with 
the same 50 percent SOC range in 10 years, it could be sized 
to provide 10 kWh (actually used) energy initially. The other 
option is to assume that the SOC range is increased over time 
to account for battery degradation, which could be adjusted 
every year when the vehicle is brought in for servicing. This 
is the approach that the committee chose for the estimations 
that follow. If degradation is not too large or does not accel-
erate with larger SOC range, this should be satisfactory, but 
until demonstrated it remains a concern.5

Figure 2.2 compares the SOC variation for PHEV and 
HEV batteries. In a PHEV, batteries must undergo multiple 
large SOC range cycles without significant degradation. A 
10-year life would require the batteries to undergo at least 
2,000 cycles and still stay within the prescribed performance 
range. At present, this requires limiting the SOC range. 
The right-hand figure shows the much narrower (and less 
demanding) SOC range of an HEV. 

This study assumes that SOC varies at most between 
30 and 80 percent, or 50 percent of the total charge. The 
30 percent lower limit is near the minimum and serves to 
maintain power and energy during charge-sustaining mode. 
The upper limit allows charging from regenerative braking 
while preventing overcharging and the resultant rapid battery 
degradation. A 50 percent range in SOC does, however, come 
at a price: The battery must have a nameplate capacity twice 
as high as the amount of energy actually needed and delivered 
to meet performance targets. In other words, the PHEV-40 
will need a nameplate battery rating of 16 kWh to supply 
8 kWh of the energy actually used for its 40 miles of charge-

5If after 10 years of operation the battery pack has lost 20 percent of its 
capacity (16 kWh down to 12.8 kWh for the PHEV-40), the SOC would have 
to be raised to 62.5 percent to maintain the required 8 kWh usable energy.

TABLE 2.1 Characteristics of Li-Ion Batteries Involving Different Chemistries

Cathode/Anode

Characteristics 
Nickel Cobalt Aluminum 
Oxide/Graphite

Manganese Spinel/
Graphite

Iron Phosphate/ 
Graphite

Manganese Spinel/ 
Lithium Titanium Oxide

Durability Good Fair Good TBD
Power Fair Fair Good Good
Energy Good Good Fair Poor
Safety and abuse tolerance Poor; safety concerns Fair Good Good
Cell voltage 3.6 3.8 3.3 2.5
Some battery developers Johnson Controls/Saft LG Chem Ltd. A123 EnerDel
Associated vehicle manufacturers Toyota/Ford GM Daimler HEV buses

NOTE: Cathode chemistries are frequently referred to as involving a spinel crystal structure. Actually there are no pure spinel structures present in Li-ion 
batteries; spinel-like would be more accurate.
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FIGURE 2.2 Differences in SOC requirements for PHEV batteries and HEV batteries. The PHEV is charged from an external source until it 
reaches its maximum state of charge, as shown on the left side of the figure. Its charge-depleting mode in AER takes it down to its minimum 
state of charge. The jagged portion of this curve is from regenerative braking, which partially recharges the battery. The level portion is 
charge-sustaining operation with the engine maintaining the battery charge around its lower SOC. The HEV also recharges from regenerative 
braking but operates in a much narrower SOC range. SOURCE: Toyota, presentation to the committee, May 18, 2009.

depleting driving (or 20 kWh if it is oversized to account for 
20 percent degradation). Energy used is the product of the 
nameplate energy and the SOC range. Increasing the SOC 
range will increase the fraction of the nameplate energy used 
from a given battery pack size if that can be done without 
compromising durability.6 Generally, however, the industry 
believes that for the first 5 years or so, battery durability 
issues will require conservative battery management—that 
is, keeping the SOC range at about 50 percent.

New technology may help meet the durability challenge. 
One type of battery is claimed to have lasted 7,000 cycles 
in accelerated aging tests covering a wide (70 to 90 percent) 

6While increased SOC range is one of the factors leading to cost reduc-
tions in the required battery pack (discussed later), it can also increase the 
rate of degradation. 

range in SOC with little reduction in performance under 
controlled test conditions.7 However, life prediction is dif-
ficult, and actual performance will not be known until many 
vehicles are in service for many years. In the absence of this 
operational information, accelerated-age tests are used to 
estimate the expected performance, but they may not capture 
the full effect of actual aging.

In addition, higher temperatures and other excursions 
outside the design envelope (e.g., SOC limits and rate of 
charging) detract from durability and battery life. Accord-
ingly, cooling and temperature control systems will have to 
be included in the battery pack, and operation-control strate-
gies must avoid excursions in operational performance.

7D. Vieau, A123 Systems, Lithium-ion battery progress, presentation to 
the committee, May 2009, Washington, D.C.



Copyright © National Academy of Sciences. All rights reserved.

Transitions to Alternative Transportation Technologies--Plug-in Hybrid Electric Vehicles 

BATTERIES AND BATTERY PACKS FOR PHEVS ��

Battery-Pack Safety

Safety has been a concern with Li-ion batteries, which 
can overheat and catch fire or even explode, emitting burn-
ing gases. There appear to be two separate causes for these 
thermal runaways: contaminants and overcharging.

Contaminants, particularly small metal particles, can 
enter the cell during manufacturing, causing a short circuit 
between the anode and the cathode, resulting in a fire. 
Improved manufacturing techniques and rigorous quality 
control should manage this issue, albeit at an increased 
cost. Overcharging the cells or charging them too rapidly 
can lead to overheating, which can degrade the battery and 
limit its service life. With some Li-ion chemistries, over-
charging can result in thermal runaway and catastrophic 
failure. Control systems to prevent this are discussed in the 
following section.

Proper choice of Li-ion chemistry, controlled manufac-
turing procedures, and onboard monitoring and temperature 
control should assure safe batteries and safe battery pack 
operation. Another safety concern, crashes, also must be 
resolved. Passengers and emergency workers must be safe 
from shocks and fumes. As with durability, battery and 
automotive manufacturers are confident that the safety 
issues can be overcome and managed. The consequences of 
catastrophic failures would be too great for manufacturers to 
market PHEVs that do not meet very high safety standards.

Battery Pack Cooling and Control Electronics

The battery pack, in addition to containing a hundred or 
so interconnected Li-ion cells, includes two control systems 
essential for the safety and durability of the batteries. Both 
of these systems include significant electronics and other 
equipment, located separate from, but connected to, the 
battery pack.

One of these systems monitors and controls the tem-
perature of the battery cells. With the current state of Li-ion 
 battery cell technology, the individual cell temperature 
should not exceed 60°C (140°F) because the batteries 
 deteriorate at higher temperature.8 The electrically driven 
temperature-control unit uses cooling fluid to maintain 
 battery temperature. Liquid cooling is assumed to be required 
for larger battery packs; smaller battery packs, such as for a 
PHEV-10, may allow air cooling. 

The other system measures the voltage of each cell and 
ensures that it does not exceed an upper limit during charging 
or regenerative braking, which could lead to thermal runaway 
(overheating). The voltage of each Li-ion cell should not 
exceed its specified value by more than a few tens of milli-

8Damage can start at 50°C, but deterioration is slow. Vehicles are unlikely 
to be exposed to such high ambient temperatures, but the heat given off by 
charging and discharging can lead to high temperatures inside the pack. 
Thus cooling is necessary, particularly in hot climates.

volts. This balancing of charge is important to battery life 
and battery safety. 

The non-cell portion of the battery pack (i.e., the structure 
and control systems) could account for around 50 percent 
of the pack’s cost and is less likely to produce large future 
cost reductions. However, with improved battery technology, 
operational experience, and better quality control in cell 
manufacture, it might be possible to monitor some of the 
cells rather than all of them, as is done now, which would 
help reduce battery pack cost. In addition to adding to costs, 
cooling and monitoring of the cells add significantly to the 
weight of the battery pack, reducing the power and energy 
density of the battery pack.

Battery-Pack Performance and Cost

Tables 2.2 and 2.3 summarize the committee’s estimates 
of Li-ion battery and battery-pack performance, and costs for 
the two PHEV types examined in three time periods, 2010 
(current technology), 2020, and 2030. Additional detail on 
the committee’s analysis of battery-pack cost can be found in 
Appendix F. These estimates were arrived at after literature 
searches and discussions with industry experts. The values 
in the tables represent the judgment of the committee of 
the most probable rate of anticipated progress based on the 
entirety of the data available to it.9 Future battery and battery-
pack costs are quite uncertain at this point. For that reason 
the committee feels that it will be important to reevaluate 
these costs in several years, when significant data on the first 
production cycle of PHEVs is available, which should allow 
better projections. 

Optimistic and conservative estimates also were made 
for the production costs expected in 2010, 2020, and 2030. 
“Optimistic” means progress is faster than expected. “Con-
servative” means partial rather than “probable” success but 
could also mean that additional battery capacity (and thus 
cost) was necessary to account for degradation. The “prob-
able” and “optimistic” estimates form the basis for the pro-
jections that the committee modeled, as discussed in the next 
section. Box 2.1 lists DOE’s battery targets for comparison.10 
It is the committee’s opinion that these PHEV battery goals 
are extremely aggressive and are unlikely to be reached by 
the target date or even for a significant time beyond.

9The performance and cost numbers in Tables 2.2 and 2.3 are less 
optimistic than some others that have been claimed. Lithium-ion battery 
manufacturing is a well-developed technology. Worldwide over a billion 
Li-ion cells are currently produced every year. They are made by coating 
large sheets that are then cut up in small pieces for cell phones and other 
electronic devices. Vehicle batteries will be conceptually similar, but the 
sheets will be cut in larger pieces. Also, a large part of the cost of automo-
tive batteries is the packaging, which involves electronics for monitoring 
the cell voltage and state of charge the SOC, cooling systems and, their 
mechanical supports and sheet metal. These components are not expected 
to decline greatly in cost.

10D. Howell, DOE, DOE targets for battery performance, presentation to 
the committee, June 2009.
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TABLE 2.2 Estimates of Li-Ion Battery Performance Parameters for a PHEV-40

Characteristic 2010a 2020 2030

Energy density at nameplate cell level, Wh/kg Probable 150 200 200

Power density at nameplate cell level, W/kg for 12 sec Probable 1,400 1,600 1,750

Energy density at nameplate battery pack level,b Wh/kg Probable 120 150 150

Power density at nameplate battery pack level,c W/kg for 12 sec Probable 1,150 1,250 1,400

Cycle life over SOC at 40°C ambient Probable 3,000 5,000 7,500

Battery pack cost per kWh over SOC variation (8 kWh actually used), $/kWhd Conservative 2,000 1,275 1,150
Probable 1,750 1,120 1,000
Optimistic 1,250 800 720

Battery pack cost per kWh for nameplate energy level (16 kWh), $/kWh Conservative 1,000 638 575
Probable 875 560 500
Optimistic 625 400 360

Battery calendar life, yr Conservative 3 7 9
Probable 5 10 10
Optimistic 8 12 15

NOTE: PHEV-40 nameplate battery rating 16 kWh (8 kWh usable); SOC variation range, 80-30 percent; 100+ kW peak power.
aFirst production cycle.
bBattery pack means the entire system, including packaging, cooling, and monitoring and control electronics. 
cPower density numbers for PHEVs are still variable since developers are engineering their cells to give optimum life and energy. 
dAs applied to SOC range actually used. Cost per kWh based on nameplate capacity would be half these. Additional information on the committee’s 

analysis of these costs is in Appendix F.

TABLE 2.3 Estimated Battery Performance Properties for a PHEV-10

Characteristic 2010a 2020 2030

Energy density at nameplate cell level, Wh/kg Probable 100 150 150

Power density at nameplate cell level, W/kg for 12 sec Probable 1,500 1,600 1,750

Energy density at nameplate battery pack level, Wh/kgb Probable 80 110 125

Power density at nameplate battery pack level,c W/kg for 12 sec Probable 1,250 1,350 1,400

Cycle life over SOC at 40oC ambient Probable 3,000 5,000 7,500

Battery pack cost per kWh over SOC variation (2 kWh actually used), $/kWhd Conservative 2500 1,600 1,450
Probable 1,650 1,050 950
Optimistic 1,250 800 725

Battery pack cost per kWh for nameplate energy level (4 kWh), $/kWh Conservative 1,250 800 725
Probable 825 525 475
Optimistic 625 400 363

Battery calendar life, yr Conservative 3 7 9
Probable 5 10 10
Optimistic 8 10 15

NOTE: PHEV-10 nameplate battery rating 4.0 kWh (2 kWh usable); SOC variation range, 80-30 percent; 50+ kW peak power.
aFirst production cycle.
bBattery pack means the entire system, including packaging, cooling, and monitoring and control electronics.
cPower density numbers for PHEVs are still highly variable since developers are engineering their cells to give optimum life and energy.
dAs applied to SOC range actually used. Cost per kWh based on nameplate capacity would be half these. Additional information on the committee’s 

analysis of these costs is in Appendix F.
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PROJECTED PHEV INCREmENTAL COSTS

Tables 2.4 and 2.5 compare the current incremental cost of 
components for a PHEV-40 and a PHEV-10 with those of a 
conventional (nonhybrid) car. Savings from eliminating com-
ponents or reducing size are shown as negative numbers; for 
example, the automatic transmission can be eliminated when 
the drive is electric.11 These incremental numbers are for 
the first round of PHEV production, including the estimated 
cost of the battery pack, the least well defined of the costs. 
Initially, the PHEV-40 is expected to cost the vehicle manu-
facturer about $18,000 more than an equivalent conventional 
car and the PHEV-10 to cost about $6,300 more. The price 
to the customer, before government subsidies, is likely to be 
significantly higher once manufacturers’ additional expenses 
and profit and dealers’ markup are added in.

These costs are likely to decline over time. Table 2.6 sum-
marizes projections of cost reductions for the different com-
ponents for the two PHEV types for 2015, 2020, and 2030. 
Reduction estimates are posited on technology improve-
ments, on experience gained over time through several cycles 
of technology evolution, and from increased economies of 
scale. The committee held discussions with various experts 

11The PHEV-10 will require a transmission because the engine is con-
nected directly to the wheels. However, the committee assumed that manu-
facturers would use a small, electronically controlled continuously variable 
transmission (ECVT) such as used in the 2010 Prius. This cost is included 
under power electronics in Table 2.5.

who provided valuable input to this table. There was good 
agreement on the expected rate of improvements, particularly 
for the non-battery components, where there is considerable 
experience. There also was general agreement that battery 
pack costs would decline significantly, but not dramatically, 
for the first 10-15 years of commercial experience and would 
later slow.

The reductions expected mirror the experience with 
NiMH batteries for HEVs, where costs came down sig-
nificantly at first but then decreased much more slowly. The 
NiMH battery pack for HEVs saw a cost reduction of about 
11 percent from 2000 to 2006 but since has seen much less 
change. Li-ion battery cost decreased by about 35 percent 
from 2000 to 2008, but most of that was at the beginning of 
that period, with only about 5 percent after 2004 (Howell, 
2009). Manufacturers of Li-ion batteries with technology 
similar to consumer batteries are already considerably fur-
ther along the learning curve than were manufacturers of 
NiMH batteries when HEVs were introduced, so steep cost 
reductions seem unlikely. Nor does it seem likely that the 
cost of materials will decline greatly. Indeed, some materi-
als, including lithium, may increase in cost with additional 
demand, but the committee believes that the supply of 
lithium will be adequate for any plausible number of PHEVs 
manufactured worldwide.

It is likely that much of the reductions in Li-ion cell 
costs will come from technology innovations, with smaller 
reductions from manufacturing improvements and volume 

BOX 2.1
Department of Energy Targets for Battery Performance

The Department of Energy has set several targets for battery performance:

• Battery cost.
 — PHEV-10: (3.4 kWh available energy at end of life)1 
  $500/kWh or $1,700 battery cost2 achieved in 2012 vs. $1,000+/kWh today
 — PHEV-40: (11.6 kWh available energy at end of life)
  $300/kWh or $3,400 battery cost2 achieved in 2014 vs. $1,000+/kWh today
• Battery life.
 — PHEV-10: 10+ years achieved in 2012 (5,000 cycles) vs. 3+ years today
 — PHEV-40: 10+ years achieved in 2014 (3,000-5,000 cycles)
• Maximum system weight.
 — PHEV-10: 60 kg for in 2012 vs. 80-120 kg today
 — PHEV-40: 120 kg in 2014

1This PHEV-10 is a small SUV that requires more energy than the midsize car modeled in this study.
2At high volume production.
SOURCE: Adapted from DOE (2009b).
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TABLE 2.4 Projected Incremental Costa of Components for PHEV-40 for Production in 2010 Using Current Technology 
Compared with an Equivalent Current Nonhybrid Vehicle

Component

Price That a Supplier 
Charges the Vehicle 
Manufacturer for the 
Technology

Cost Reductions in 
Components due to 
Vehicle Changes in Going 
to PHEV-40 

Incremental Cost of 
PHEV-40 Vehicle vs. 
Modern, Comparable 
ICE Vehicle 

Motor/generator Probable 1,800 1,800

Power electronics, DC/DC converter  
(1.2 kW), and inverter

Probable 2,500 2,500

Li-ion battery pack  
8 kWh actually used  
16 kWh nameplate capacityb

Conservative 16,000 16,000
Probable 14,000 14,000
Optimistic 10,000 10,000

Electrical accessories Probable 100 100

Electric air conditioning Probable 400 400

Regenerative brakes Probable 180 180

Electric power steering/water pump Probable 200 200

Body/chassis/special components Probable 200 200

Automatic transmission Probable 850 −850

Starter and alternator Probable 95 −95

Engine simplification Probable 300 −300

 Total Conservative 21,380 20,135
Probable 19,380 1,245 18,135
Optimistic 15,380 14,135

aSeries plug-in hybrid 40-mile AER, 100+ kW peak power, 8 kWh usable; 16 kWh nameplate capacity.
bSee Appendix F for further information on the committee’s analysis of costs.

TABLE 2.5 Projected Incremental Costa of Components for PHEV-10 for Production in 2010 Using Current Technology 
Compared with an Equivalent Current Nonhybrid Vehicle

Component

Price That a Supplier 
Charges the Vehicle 
Manufacturer for the 
Technology 

Cost Reductions in 
Components due to 
Vehicle Changes in Going 
to PHEV-10 

Incremental Cost of 
PHEV-10 Vehicle vs. 
Modern, Comparable 
ICE Vehicle 

Motor/generator Probable 1,500 1,500

Power electronics, DC/DC converter  
(1.2 kW), and inverter

Probable 1,500 1,500

Li-ion battery pack 
2.0 kWh actually used  
(4 kWh nameplate capacity)b

Conservative 4,000 4,000
Probable 3,300 3,300
Optimistic 2,500 2,500

Electrical accessories Probable 100 100

Electrical air conditioning Probable 400 400

Regenerative brakes Probable 180 180

Electric power steering and water pump Probable 200 200

Body/chassis/special parts Probable 200 200

Automatic transmission Probable 850 −850

Starter and alternator Probable 95 −95

Engine simplification Probable 120 −120

 Total Conservative 8,080 7,015
Probable 7,380 1,065 6,315
Optimistic 6,580 5,515

aSplit-power plug-in hybrid, 10-mile AER capacity, 50+ kW peak power, 2 kWh usable; 4 kWh nameplate capacity.
bSee Appendix F for further information on the committee’s analysis of costs.
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production.12 Although it is hard to quantify, about half of 
the cell cost is estimated to be for materials, and the cells 
account for about half the battery pack cost, further reducing 
the impact of cell-only cost reductions.

The additional costs for changes in mechanical and 
electrical components in going from a conventional vehicle 
to a PHEV are considered quite predictable and have the 
expected impact on vehicle cost. These estimates (Table 2.4 
and Table 2.5) are only for the cost of the components to the 
vehicle manufacturer and do not include the cost for vehicle 
engineering, R&D, or the automakers’ capital investments. 
These and other markups to the vehicle price, which is what 
the customer will see, are addressed in Chapter 4 of this 
report. 

Overall, Li-ion battery-pack costs may decline by almost 
50 percent, as shown in Table 2.2, from $1,750 per kWh 
energy actually used in 2010 to about $1,000 per kWh in 
2030. Collectively, the reductions in component costs lead 
to future PHEV costs shown in Table 2.7. These estimates do 
not consider the possibility of technological breakthroughs, 
which, if they occur, could significantly reduce the costs and 
improve the viability of PHEVs. Table 2.7 and the scenarios 
that follow do not report the conservative estimates, for if 
costs remain that high, PHEVs are unlikely to achieve much 
success in the market.

12D. Vieau, A123 Systems, Lithium-ion battery progress, presentation to 
the committee, May 2009, Washington, D.C.

OTHER TECHNOLOGY OPTIONS AND POTENTIAL 
BREAKTHROUGHS

The cost of Li-ion batteries is currently very high, making 
it difficult for PHEVs to be cost competitive when the cost 
of gasoline is less than $4 per gallon. Although considerable 
progress is expected in reducing battery costs, it is not clear 
that sufficient cost reductions can be achieved with Li-ion 
batteries or battery packs to make PHEVs cost competitive 
without substantial subsidies. 

Announcements continue from researchers about improve-
ments in Li-ion batteries, including better electrodes and 
electrolytes and, possibly, higher cell voltages (to 5 V), 
resulting in better energy density. Unfortunately, it is hard to 
evaluate the practicality of these concepts or to assess which, 
if any, will become commercial and when. 

Other Li-ion battery cell chemistries may offer better 
performance than those currently projected for PHEV appli-
cations,13 but serious questions remain about their durability, 
safety, and costs. There appears to be little chance that any 
of these could become commercially cost competitive in the 
near future. 

A breakthrough in battery technology would definitely 
improve the prospect of PHEVs becoming economically 
competitive. It is not possible to predict or schedule scientific 
and technical breakthroughs, but a continued, substantial 
scientific research effort is needed to increase the chances 
that this will occur. However, even if a breakthrough occurs, 
it will be decades before it has a great impact. Major battery 
developments will require considerable work and time prior 
to commercialization to confirm cost advantage, durability, 
and safety, and years more to achieve significant penetration 
into the fleet.

Options such as the lithium-air battery and solid polymer 
Li-ion electrolyte batteries are under study. Several large 
U.S. corporations are working on lithium-air technology, 
which could offer 5 to 10 times as much energy density as 
the Li-ion batteries discussed above. This battery is much 

13D. Vieau, A123 Systems, Lithium-ion battery progress, presentation to 
the committee, May 2009, Washington, D.C.

TABLE 2.6 Percent Projected Cost Reductions for 
Different Components with Increased Production and 
Learning by Doing 

Year Reduction Achieved/ 
Year Against Which Compared

Component
2015a/
2010

2020b/
2015a

2030c/
2020b

Motor/generator/gear set 5 5 5
Power electronics, AC/DC converter 10 15 5
Li-ion battery pack 25 15 10
Electrical accessories 5 5 5
Air conditioning 10 5 5
Regenerative brakes 5 5 5
Electric power steering + water pump 5 5 5
Body/chassis/special components 10 5 5

NOTE: Estimated cost reductions are based on increased production 
volumes and anticipated improvements in technology and production tech-
niques. Unanticipated technology advances (breakthroughs) could lead to 
faster reductions.

aAssumed production, 25,000 vehicles per year.
bAssumed production, 1 million vehicles per year.
cAssumed production, 1 million-plus vehicles per year.

TABLE 2.7 Estimated PHEV Incremental Costs

2011a 2015 2020 2030

PHEV-40 14,100-18,100 11,200-14,200 9,600-12,200 8,800-11,000
PHEV-10 5,500-6,300 4,600-5,200 4,100-4,500 3,700-4,100

NOTE: These are the incremental costs to manufacture the vehicle itself, 
relative to a conventional (nonhybrid) vehicle. They do not include engineer-
ing, overhead, or other costs, or profit, and thus are not the total incremental 
prices to the customer. Ranges represent probable and optimistic assess-
ments of battery technology progress. 

aCosts for 2011 are based on low battery production rates in response 
to contracts initiated about 2 years earlier.
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lighter, but there are issues of safety, primarily because of 
lithium’s reactivity with water, and regeneration or recharg-
ing needs to be developed. Solid polymer Li-ion electrolyte 
batteries offer higher energy densities and more stability than 
Li-ion batteries, but safety and operational challenges (such 
as achieving acceptable current density at ambient tempera-
tures) will be difficult to meet. There do not appear to be 
any other radically new battery technologies on the horizon 
(the lithium metal-air battery concept has been around for 
many years) that could economically provide the enhanced 
performance needed, but the vibrant research and develop-
ment programs world-wide may produce a technology that 
will overcome these barriers.

Also, totally different approaches are being considered. 
Swapping battery packs at stations that charge them for the 
next vehicle is one possibility, but it is not clear if pack and 
vehicle design will be sufficiently standardized to make this 

widely practical. Battery leasing is another proposal. Leas-
ing could lower the initial cost to the consumer and perhaps 
provide some reassurance about durability, but it would not 
necessarily lower overall costs.

It should also be noted that higher CAFE standards or 
high oil prices will improve the competitiveness of PHEVs. 
Conversely, HEV cost and performance characteristics will 
continue to improve, reducing the fuel-saving advantage 
of PHEVs. Although HEVs will be more expensive than 
nonhybrid vehicles, PHEVs will be significantly more 
expensive than HEVs. However, the low fuel consumption 
of PHEVs, especially the PHEV-40 type, will be advanta-
geous in helping the United States reduce its dependence 
on imported oil. Also, once the carbon intensity of grid 
electricity is reduced, PHEVs will be able to significantly 
reduce greenhouse gas (GHG) emissions from the light-
duty vehicle sector.
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U.S. Electric Power Infrastructure

PHEVs require electric power to charge their onboard 
batteries. Unlike fuel cell vehicles, which would require a 
brand new supply infrastructure, PHEVs have a ready and 
well-established energy source—the U.S. electric power 
 system. This vast system includes a variety of fuel sources and 
generation technologies, a nationwide transmission network, 
and distribution operations that reach almost all Americans.

This chapter begins with a brief overview of the cur-
rent system. It then describes two projections of how the 
system might evolve by 2050, one based on current policy 
and the other representing a concerted effort to reduce U.S. 
CO2 emissions. This section also discusses the charging 
of PHEVs and its potential impact on the electric system. 
Finally, it introduces several issues that are relevant but 
beyond the scope of this study.

U.S. ELECTRIC POWER SYSTEm

The nation’s 1 million megawatts (MW) of electric gen-
erating capacity produced over 4 billion megawatt-hours 
(MWh) in 2007 (EIA, 2009b). In comparison, 1 million 
PHEVs charging an average of 3 kWh every day for a year 
would consume only about 1 million MWh.1 The U.S. elec-
tric system can clearly handle a great many PHEVs, but there 
is one caveat. Electricity demand varies throughout the day 
and over the year. Demand usually peaks on hot afternoons 
when summer air conditioning loads are highest. On such 
days, some systems are seriously stressed—sometimes to the 
point where they have to shed loads (reduce demand) to 
avoid collapse. 

In recent years, the North American Electric Reliability 
Corporation (NERC) has raised concerns about the reli-
ability and development of the electric power system. In its 
2007 report, NERC noted that “projected increases in peak 
demands continue to exceed projected committed resources 

1As analyzed in this report, a PHEV-10 has usable storage capacity of 
about 2 kWh, and a PHEV-40 has about 8 kWh. 

beyond the first few years of the 10-year planning horizon” 
(NERC, 2007). In its 2008 report, NERC said that “while 
some progress has been made, action is still needed on all of 
the issues identified in last year’s report to ensure a reliable 
bulk electric system for the future” (NERC, 2008).

Charging a large number of PHEVs during peak hours 
could aggravate a potentially serious problem, possibly 
increasing the risk of brownouts and other power system 
disruptions that could adversely impact the public’s interest 
in PHEVs. Currently, electric system capacity is generally 
adequate, but as the economy recovers, demand will increase, 
stressing the system unless new generating and transmission 
capacity is built. 

At the outset, the key to integrating PHEVs will be to 
encourage off-peak charging. Generation and transmission 
capacity must be adequate to handle peak loads, but most 
of the time, demand is much lower. Utilities would greatly 
prefer that PHEVs be charged at night, when they can employ 
their otherwise underutilized capacity or purchase power 
at lower rates. Many utilities offer time-of-use (TOU) rate 
structures to at least some of their residential customers, with 
lower rates at night than during peak hours.

Many plug-in hybrids can be charged with available 
power generation and grid capacity during off-peak hours. 
An analysis by the Pacific Northwest National Laboratory 
estimated that a PHEV fleet equal in size to 84 percent of all 
cars and light trucks on the road in 2001 could be charged 
during off-peak times without building new electric genera-
tion capacity (PNNL, 2007).

The picture is different if PHEVs are charged during peak 
hours. For example, a study by Southern California Edison 
concluded that PHEVs could account for as much as 11 per-
cent of its system load by 2020, which could increase peak 
loads by several thousand megawatts if PHEV charging is 
not properly managed.2 

2D. Cromie and B. Graham, Transition to electricity as the fuel of choice, 
Southern California Edison, presentation to the committee, May 2009. 
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The committee assumed that most PHEV charging will 
be accomplished at night, when electric power demand is 
lower and rates are likely to be lower than during the day. 
Encouraging PHEV owners to charge their vehicles during 
off-peak hours will require both rate schedules that reward 
time-appropriate charging and equipment that can moni-
tor—or even control—time of use. Under the Energy Policy 
Act of 2005, utilities are “required to move towards smart 
meters that allow time-of-day pricing,” and smart meters 
are already being installed in certain areas to improve elec-
tric service, encourage efficiency, and shift energy use to 
off-peak hours. Many utilities are planning to deploy smart 
meters within the next few years.

Modernizing the transmission grid to achieve a smart 
grid as well as distribution systems would also benefit 
PHEVs by improving reliability, accommodating daytime 
charging, helping reduce carbon emissions, and controlling 
costs (NAS-NAE-NRC, 2009). DOE recently released a 
solicitation offering $3.9 billion in grants to “modernize the 
electric grid, allowing for greater integration of renewable 
energy sources while increasing the reliability, efficiency and 
security of the nation’s transmission and distribution system” 
(DOE, 2009a).

In its scenario analysis, the committee examined two 
cases that bracket the national average residential rate of 
10.4 cents per kWh (EIA, 2009a) and that represent likely 
PHEV charging rates: 8 cents per kWh and 15 cents per kWh. 
The former would apply in areas with residential TOU rate 
structures; the latter would be in areas where rates are high 
or if they rise, perhaps because electric power generation is 
decarbonized.

CO2 will be emitted from power plants that generate the 
electricity that replaces gasoline that PHEVs do not require 
relative to conventional vehicles. As shown in Figure 3.1, the 
primary sources of electric power in 2007 were coal, natural 
gas, and nuclear energy. From 1997 through 2007, these three 
sources provided between 84.6 and 89.5 percent of total net 
generation. Nuclear power generation releases no CO2, but 
coal and (to a lesser extent) natural gas do.3

CO2 emissions by U.S. electric generators and combined 
heat and power facilities in 2007 were 2,517 million metric 
tons (EIA, 2009b), or an average of about 1.3 pounds of 
CO2 per kWh. One kWh will take a small electrically driven 
car about 5 miles. Over the same distance, an equivalent 
 gasoline-powered car that gets 30 miles per gallon (mpg) 
would emit 3 pounds of CO2, more than twice as much. An 
HEV at 50 mpg would release about 2 pounds.

3Some CO2 is released from the nuclear fuel cycle, but the amount 
per kWh generated is small relative to fossil-fired power plants.

THE SYSTEm OUT TO 2030 AND BEYOND

Energy Information Administration Projection  
(Business as Usual)

From 2000 to 2007, average electricity demand increased 
by 1.1 percent per year. The 2009 EIA Reference Case 
 projects electricity demand increasing by 26 percent from 
2007 to 2030—about 1.0 percent per year on average. The 
largest increase is in the commercial sector (38 percent), 
where service industries continue to lead demand growth, 
followed by the residential sector (20 percent) and the indus-
trial sector (7 percent) (EIA, 2009a). EIA also provides low 
and high growth cases for 2030. Figure 3.2 compares the gen-
eration mix for the three cases in 2030 with the 2007 case. 

EIA’s Reference Case projects that the average retail price 
for electricity in 2030 will be very close that of 2008, 10.4 
cents per kwh, with the high growth case at 10.8 cents and 
the low growth at 9.7 cents per kwh. These modest price dif-
ferences are unlikely to have a material influence on PHEV 
economics and acceptance. 

It should be noted that EIA forecasts are required to 
assume the continuation of existing policy, so no substantial 
efforts to reduce CO2 emissions from electric generation 
were included. The committee used the EIA projections for 
its business-as-usual scenario.

An Alternative View: EPRI/NRDC (Policy Driven)

For PHEVs to deliver their full potential to reduce CO2 
emissions, the electricity used for charging them must be 
generated from technologies such as nuclear, renewable 
energy (e.g., solar, wind), and fossil fuels with carbon cap-
ture and sequestration. Because government policies will be 
required to drive these changes, the rate at which the country 
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FIGURE 3.1 Net generation of U.S. electric power industry, 2007. 
SOURCE: EIA, 2009b.
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moves toward this greener power generation mix remains 
uncertain.

An alternative set of scenarios for U.S. power genera-
tion was developed jointly by the Electric Power Research 
Institute (EPRI) and the Natural Resources Defense Council 
(NRDC) to explore the relationship between the grid and 
PHEVs if it becomes necessary to lower CO2 emissions 
from U.S. electric power generation (EPRI/NRDC, 2007). 
Nine modeling scenarios were developed spanning high, 
medium, and low emissions of CO2 and low, medium, and 
high penetrations of the fleet by PHEVs. Chapter 4 compares 
greenhouse gas (GHG) emission intensities of the EIA Refer-
ence Case with the EPRI/NRDC medium case.

Among other things, EPRI and NRDC concluded that 
all nine cases showed significant GHG reductions attribut-
able to PHEV fleet penetration. Cumulative GHG savings 
from 2010 to 2050 could be significant, ranging from 3.4 to 
10.3 billion MT of CO2.

4

Recognizing that reductions of this magnitude are not 
likely to occur without public policy intervention, the com-
mittee used the EPRI/NRDC results to illustrate the potential 
benefits that PHEVs might provide under a policy-driven 
low-emission grid scenario.

CHARGING THE BATTERIES

If a dedicated circuit is not required, many PHEVs can 
be charged with little or no change to an owner’s electri-
cal service. Although significant upgrades in the electrical 
distribution system might be required for a large PHEV 
population, utility planners should have sufficient time to 
prepare for these changes. 

4Total CO2 emissions from gasoline in the transportation sector currently 
equal about 1.2 billion metric tons per year.

Home Charging

Charging a PHEV may be a simple matter of finding 
a suitable electrical outlet (most likely in a home garage) 
and plugging in. In other cases, however, it will be more 
complicated. The time required to charge a PHEV at regular 
household voltage may be quite long, so a voltage upgrade 
may be necessary. Zoning codes or standards may require 
upgraded or dedicated service for PHEVs, and PHEV-
friendly, off-peak charging may require the installation of 
dedicated charging circuits and/or meters. 

One recent study considered three levels for PHEV charg-
ing (Morrow et al., 2008):

• Level 1 charging uses a standard 110 volt, 15 to 20 
ampere circuit, standard in residential and commercial 
buildings. Level 1 provides relatively little power and may 
necessitate prolonged charge times.

• Level 2 charging involves a 220 volt, single-phase, 
40 ampere circuit. At the higher voltages and currents, charg-
ing would be more rapid, but Level 2 service is not common 
in residential garages and would generally entail a system 
upgrade.

• Level 3 charging uses a 440 volt, three-phase circuit 
supplying 60-150 kW of power and can deliver a 50 percent 
charge in 10-15 minutes, depending on vehicle size and 
electrical range. Level 3 charging might be the choice for 
public garages, parking lots, and shopping centers.

The committee has considered charging only at Levels 1 
and 2, believing that charging at Level 3 will not become 
important until much later. Table 3.1 provides estimated 
charging times for representative PHEVs and charging 
stations. Costs per charging station were estimated (num-
bers rounded by the committee) as follows (Morrow et al., 
2008):

• Residential garage charging 
 —Level 1, $880 
 —Level 2, $2,100 
• Apartment complex charging 
 —Level 1, $830 
 —Level 2, $1,500 
• Commercial facility charging 
 —Level 2, $1,900

At the time this report was prepared, manufacturers had 
not announced whether they would equip PHEVs for charg-
ing at both 110 and 220 volts. The committee believes, 
however, that the additional cost for dual voltage vehicle 
charging is probably small and not likely to significantly 
affect the committee’s analysis. 

In summary, some PHEV owners may be able to charge 
their vehicles using their existing home electrical service, 
but many others probably will not. The cost of upgrading 
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FIGURE 3.2 Electric generation by fuel in four cases: 2007 and 
2030 (Reference Case, high growth, low growth). SOURCE: EIA, 
2009a.
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home service to allow PHEV charging, whether desired or 
required, is estimated to range from slightly less than $1,000 
to slightly more than $2,000. PHEV-40s are more likely to 
need costly new circuitry for 220 volts.

PHEV subsidies may soften the financial concerns associ-
ated with this issue, and in some cases (especially for meter 
upgrades), utilities may pay for such upgrades and amortize 
the costs over a series of electric bills. However, an open 
question remains: To what extent will these additional costs, 
or just the inconvenience of making the modifications, dis-
suade potential PHEV buyers?

Public Charging

As PHEVs proliferate, there will be a growing demand 
for public charging, much of which could occur during day-
time hours, when electric power costs are higher. It seems 
likely that some office complexes will install chargers for 
their employees and visitors, and shopping malls may install 
chargers to attract customers. In some cases, businesses may 
not even charge for the electric power, treating it instead as 
a promotional expense. 

As an indication of interest in public charging, one 
company, Electric Transportation Engineering Corp., was 

recently awarded a stimulus grant of nearly $100 million from 
the Department of Energy to build 12,800 charging stations 
for electric vehicles and PHEVs in Arizona, Washington, 
Oregon, California, and Tennessee (DOE, 2009b).

ADDITIONAL ISSUES

The committee identified some related issues that are 
beyond the scope of this study and will require detailed 
assessment to understand the impact of PHEVs on the grid 
and vice versa:

• Outlet access. An accurate estimate is needed of the 
number of existing homes and buildings where charging 
would be easy. About 35 percent of housing units do not 
have a garage or carport, which is probably essential for 
an outlet for home charging (Bureau of the Census, 2008). 
PHEV owners without ready access to an outlet would need 
a public charging infrastructure; it is uncertain how many 
consumers would be willing to rely on public charging. 

• Charging at ��0 V. Some carmakers may be interested 
in 440-V charging to reduce charging times (Carney, 2009). 
The cost and potential extent of such service needs study.

• Distribution system upgrades. In some areas, local 
utility electric distribution capacity may not be adequate for 
the simultaneous charging of many PHEVs on one circuit, 
particularly for fast charges. These areas should be identified 
and plans for upgrading developed.

• Safety. Safety issues associated with charging PHEVs 
must be thoroughly studied and problems minimized.

• Energy stored in PHEVs. It has been suggested that the 
electric grid might use the electric energy stored in PHEVs to 
help meet peak demand (when the costs of producing power 
are very high) and replace it later, when costs are lower. The 
willingness of PHEV owners to allow this, and the benefits to 
them of doing so, need to be assessed. Conditions and terms 
under which this might be feasible and beneficial need to be 
developed. Alternatively, a charged PHEV might be used to 
provide electric power to a home during a blackout. It would 
be useful to know the viability of these options.

TABLE 3.1 Approximate Charging Time as a Function of 
Vehicle Size and Electric Driving Range (hours)

 PHEV-10 PHEV-20 PHEV-40

Level 1
 Economy vehicle 2.7 5.5 11
 Midsize vehicle 3.6 7.3 14
 Light-duty truck/SUV 4.5 9.1 18
Level 2
 Economy vehicle 0.5 1 2
 Midsize vehicle 0.7 1.3 2.7
 Light-duty truck/SUV 0.8 1.7 3.3

NOTE: Numbers rounded by the committee.
SOURCE: Morrow et al., 2008.
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Scenario Analysis

The costs and consequences of deploying PHEVs into the 
U.S. market were estimated by analyzing two PHEV market 
penetration rates, the Maximum Practical scenario and the 
Probable scenario. The impacts on fuel consumption and 
well-to-wheel CO2 emissions were then calculated using 
a modified version of the model developed for the 2008 
Hydrogen Report (NRC, 2008). Because PHEVs will be 
substantially more expensive than HEVs, which are in turn 
more expensive than conventional vehicles, subsidies will 
be necessary to achieve these penetration rates, at least until 
vehicle costs decline sufficiently to be offset by the lower 
costs of driving on electricity. These subsidies are calculated 
for the two penetration scenarios using the expected vehicle 
costs from Chapter 2.

The Reference Case developed in the 2008 Hydrogen 
Report is used for comparing PHEVs in this report. Retaining 
that Reference Case for the present study allowed compari-
son with scenarios in the 2008 Hydrogen Report, although it 
precluded updating some of the numbers there such as those 
for oil prices, which were higher in the 2009 Annual Energy 
Outlook. Forecasts of energy supply and demand over such 
a long period are in any case highly uncertain. In particular, 
it is quite possible that the world production of conventional 
crude oil will reach a maximum during the intervening 
period and then go into decline, as forecast by a number of 
individuals and organizations.1 Other analysts predict that 
supplies will be ample,2 but if worldwide oil shortages cause 
dramatic oil price escalations during the period covered in 
this analysis, the world market for light-duty vehicles will 
change dramatically.

1For example, see U.K. Industry Taskforce on Peak Oil and Energy 
Security, 2008; J. Schlindler et al., 2008; R.A. Kerr, 2008; and Reuters, 
2009. 

2See the Energy Information Administration’s Annual Energy Outlook 
�00�, available at http://www.eia.doe.gov/oiaf/aeo/index.html, or Exxon-
Mobil’s The Outlook for Energy: A View to �0�0, available at http://www.
exxonmobil.com/corporate/files/news_pub_2008_energyoutlook.pdf.

SCENARIO DESCRIPTIONS

In addition to the Reference Case, three other scenarios 
from the 2008 Hydrogen Report—hydrogen success (Case 
1), advanced efficiency of conventional HEVs and nonhybrid 
vehicles (Case 2), and biofuels (Case 3)—are compared 
with the two PHEV scenarios. Portfolio cases that combine 
PHEVs with advanced efficiency and biofuels are also 
analyzed.

All scenarios describe possible futures for the U.S. light-
duty vehicle fleet out to 2050 with the same total number of 
vehicles and vehicle-miles traveled. However, the vehicle 
mix over time is different for each scenario as described 
below.

Cases from the 2008 Hydrogen Report

Reference Case

This case was based on projections out to 2030 in the high 
oil price scenario in the Annual Energy Outlook 2008 (EIA, 
2008) for the number of vehicles and their fuel consumption, 
oil prices, and other factors. The committee extended the 
curves to 2050. As shown in Figure 4.1, conventional gaso-
line internal combustion engine vehicles (ICEVs) continue 
to dominate the light-duty sector. Gasoline HEVs gain about 
10 percent fleet share by 2050. The fuel economy of these 
vehicles follows projections from the EIA Annual Energy 
Outlook 2008, meeting fuel economy standards that rise 
until 2020, with only modest improvements in fuel economy 
beyond this time. HEVs reach 44.5 mpg in 2050, while non-
hybrids reach 31.7 mpg, as shown in Figure 4.2.

Hydrogen

Hydrogen fuel cell vehicles (HFCVs) are introduced 
beginning in 2012, reaching 10 million on the road by 2025 
and 60 percent of the fleet by 2050. Initially, hydrogen is 
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FIGURE 4.1 Number of light-duty vehicles in the fleet for the 
Reference Case. SOURCE: NRC, 2008.

FIGURE 4.2 On-road fuel economy for vehicles in the Reference 
Case. SOURCE: NRC, 2008.

produced from natural gas, but over time energy sources 
that emit less carbon are used to produce hydrogen (biomass 
gasification and coal gasification with carbon capture and 
sequestration).

Efficiency

Improvements in engines and other vehicle technologies 
continue to be implemented past 2020. The fuel economy 
of ICEVs and HEVs is assumed to increase according to the 
following schedule:

• 2.7 percent per year from 2010 to 2025,
• 1.5 percent per year from 2026 to 2035, and
• 0.5 percent per year from 2036 to 2050.

In addition, HEVs become much more important, com-
prising 60 percent of the fleet by 2050. The fleet mix is 
shown in Figure 4.3. Fuel economy for both types of vehicles 
approximately doubles by 2050 (Figure 4.4), when HEVs 
average 60 mpg and ICEVs are at 42 mpg.
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FIGURE 4.3 Types and numbers of light-duty vehicles for the Ef-
ficiency Case. SOURCE: NRC, 2008.

FIGURE 4.4 Fuel economy of new light-duty vehicles for the Ef-
ficiency Case. SOURCE: NRC, 2008.

Biofuels

Biofuels are introduced at a rapid rate, reaching 75 bil-
lion gallons per year in 2050 (Figure 4.5). Production of 
corn ethanol levels off, but cellulosic ethanol grows rapidly, 
reducing carbon emissions (well-to-wheels greenhouse gas 
[GHG] emissions for cellulosic ethanol are only 15 percent 
those of gasoline). Competition with food crops and indirect 
land use impacts on GHG emissions are not considered in 
this analysis.
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FIGURE 4.5 Biofuel supply for the Biofuels-Intensive Case. 
SOURCE: NRC, 2008.
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BOX 4.1 
manufacturers’ Announced Plans for Electric Vehicles (Partial List)

BMW PHEV 50-km (31-mile) range in electric mode.
  98 lithium polymer cells with a 2.5-hour charge time.

Ford  PHEV scheduled for 2011.

General Motors/Chevrolet Volt scheduled for release in late 2010.
  PHEV 40-mile range in electric mode.
  8-hour charge time at 120 V (3 hr at 240 V).
  220 Li-ion battery cells.

Honda  PHEV scheduled for 2015. 

Toyota  PHEV scheduled for 2012. 

Nissan  EV scheduled for 2011. 

Mitsubishi  EV released in Japan in 2009. 

Hyundai  PHEV 40-mile range in electric mode.

BYD Co. (Chinese)  PHEV 60-mile range in electric mode.
  Special charging stations will charge to 70 percent in 10 minutes.

PHEV Cases

In these two scenarios, PHEVs replace some of the vehi-
cles in the Reference Case which is otherwise unchanged. 

Maximum Practical Penetration

The Maximum Practical scenario uses the same annual 
sales rate for PHEVs as the Hydrogen Case for HFCVs except 
that sales are initiated in 2010, 2 years earlier.3 Auto compa-
nies are currently scheduling both PHEV-10 and PHEV-40 
vehicles for introduction in that year (see Box 4.1).

This scenario assumes that manufacturers are able to 
rapidly increase production and that consumers find these 
vehicles acceptable. The Maximum Practical scenario would 
lead to approximately 240 million PHEVs on the road by 
2050, the end of the scenario period, as shown in Figure 4.6. 
Such rapid penetration would require strong policy inter-
vention because PHEVs will cost significantly more than 
comparable ICEVs and HEVs. At current gasoline prices, 
the fuel savings will not offset the higher initial cost. This 
policy intervention could be made in a variety of ways: man-
dates to vehicle manufacturers; subsidies to the purchasers 

3The PHEV scenarios are described in more detail in Appendix C.
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FIGURE 4.6 Penetration of PHEVs in the U.S. light-duty fleet.
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BOX 4.2 
Factors Affecting Deployment and Impact

PHEVs will not significantly reduce oil consumption and carbon emissions until there are tens of millions of them on the nation’s roads. Whether 
and when this might happen is highly uncertain, in part because the following factors are still uncertain at this time:

• The rate at which the cost of batteries can be reduced,
• Future cost and fuel economy of HEVs and advanced conventional vehicles,
• Future costs and potential disruptions to the supply of oil,
• Changes in government policies, in particular fuel economy standards, carbon restrictions, and subsidies for PHEVs,
• The availability of a suitable place to charge the batteries and the potential additional cost of installing a new electric circuit,
•  Consumer acceptance of the additional cost of PHEVs relative to competing vehicles of comparable size and performance, especially HEVs, 

and their willingness to accept vehicles that must be plugged in virtually every day,
•  Resale value—some current HEVs have shown low depreciation rates, but if consumers are concerned that batteries will not last the life of 

the car, or that later owners, who are more likely to live in apartments, will not have access to a place to charge the vehicle, then they will be 
less likely to buy PHEVs, and

•  Large vehicle fleets may be appropriate for PHEVs if the costs are reasonable. Many such fleets, among them the massive federal fleet, are 
largely used locally for short distances, with the vehicles returning to a central location at night, prime conditions for PHEVs. In 2008 the 
federal fleet numbered about 645,000 vehicles, led by the Department of Defense (30 percent) and the U.S. Postal Service (34 percent). In 
fiscal 2008, federal agencies ordered over 70,000 vehicles, approximately 11 percent of the total federal fleet. About 80 percent of these were 
light-duty trucks and passenger vehicles.1

The impact PHEVs will have for any specific growth rate also is uncertain:

•  How many miles per year will actually be driven on battery power, given that many people do not drive significant distances every day and, 
even when they do drive, may not charge their vehicles every day, and

•  Carbon emissions per kilowatt-hour used varies widely across the country and with the time of day when it is generated, and projections for 
the future are even more varied.

Resolving such uncertainties was not possible in this study, but it will be important to consider them when planning for the future of PHEVs. 

1DOE Office of Energy Efficiency and Renewable Energy, Transportation Energy Data Book, Edition 28. Available at http://cta.ornl.gov/data/tedb28/Edition28_
 Chapter07.pdf.

of PHEV (perhaps greater than the current federal tax credit 
of $7,500) to offset the additional costs of the vehicles; and 
taxes or restrictions on fuel, but these are beyond the scope 
of this study.4

This scenario uses the optimistic technology costs dis-
cussed in Chapter 2. If costs fail to decline to those levels, 
this scenario would be prohibitively expensive.

Probable Penetration

The Probable scenario represents a PHEV market pen-
etration that the committee judges to be more likely in the 

4Alternatively, a sharp and prolonged rise in the price of petroleum 
could have the same motivational effect. However, the adverse consequences 
of such an event for the health of the economy could leave consumers with-
out sufficient financial resources to purchase large numbers of PHEVs.

absence of strong market-forcing policies to supplement the 
policies already in place. It also starts in 2010, but market 
penetration is slower than in the Maximum Practical sce-
nario, reflecting factors described in Box 4.2. PHEVs rise 
to 3 percent of new light-duty vehicles entering the U.S. 
vehicle fleet by 2020 and to 15 percent by 2035.5 This pace 
would lead to 110 million PHEVs on the road by 2050, as 
shown in Figure 4.6.

The Probable scenario assumes the continuance of cur-
rent policy incentives, which are inadequate to achieve the 
penetration rate in the Maximum Practical scenario. Vehicles 

5The committee based its estimate on estimates in the America’s 
 Energy Future (AEF) Committee report, which drew on “historical case 
studies of comparable technology changes” (NAS-NAE-NRC, 2009, 
p. 165). The AEF study estimated that PHEVs would represent 1 to 3 percent 
in 2020 and 7 to 15 percent in 2035. 
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are more expensive in the Probable scenario because it uses 
the probable technology costs discussed in Chapter 2.

PHEV Portfolio Cases

Two additional cases combine PHEVs with other tech-
nologies to investigate how they may work together.

PHEV + Efficiency

This scenario is the same as the PHEV Maximum Practi-
cal Case above, except that the fuel economy of the rest of 
the fleet (ICEVs and HEVs) improves as in the Efficiency 
Case. The vehicle mix is shown in Figure 4.7. PHEVs make 
up 65 percent of the fleet in 2050, but 19 percent are HEVs 
and only 16 percent are conventional nonhybrid vehicles. 
This case is actually more realistic than the Maximum Practi-
cal case, because it makes little sense to invest in expensive 
PHEVs unless the more cost-effective efficiency measures 
are implemented first.

PHEV + Efficiency + Biofuels

This case adds biofuels to the PHEV + Efficiency Case 
above, replacing some of the gasoline used by ICEVs, HEVs, 
and PHEVs. The vehicle mix is the same (Figure 4.7), but 
the vehicles use significant amounts of biofuels instead of 
gasoline.

PHEV Characteristics

The PHEV-10 and PHEV-40 are the only vehicles mod-
eled in this report. These are both midsize cars,6 as are the 
vehicles in the 2008 Hydrogen Report. Modeling a range of 
light-duty vehicles was beyond the resources of this study. 
Therefore, the results should be viewed as approximations. 
All-electric vehicles were not included in this study.

PHEVs are complicated to model because some of their 
energy comes from gasoline and some from the grid. The 
fraction of vehicle miles traveled on electricity rather than 
gasoline and the consumption of electricity and fuel over a 
drive cycle are influenced by several factors. The methodol-
ogy used to calculate gasoline and electricity consumption 
is detailed in Appendix C. Energy consumption for all the 
vehicles discussed here is shown in Table 4.1.

PHEV costs are as discussed in Chapter 2. The retail 
prices that might be expected (40 percent greater than manu-
facturing costs7) are shown in Table 4.2. Figure 4.8 compares 

6The fuel economy and electric use of the modeled mid-sized PHEV 
cars are similar to results from Simpson (2006). The energy use is somewhat 
higher than projections for smaller electric vehicles such as the Volt.

7To make a profit, manufacturers must pass on the cost of the compo-
nents they buy for their products and some fraction more. These additional 
costs are needed to cover their design, installation, and warranty costs, 
among other things.

these prices to those of the Reference Case vehicle. PHEV 
costs are significantly higher throughout the time frame of 
this study (2010 to 2050).

The prices of gasoline and electricity are shown in Fig-
ure 4.9. Gasoline prices rise significantly, but electricity 
prices do not and are here treated as constant at 8 cents per 
kWh for simplicity, a rate slightly lower than the national 
average to reflect promotional or time-of-use rates at night. 
A case analyzing the effect of higher electricity prices is 
discussed in Appendix C.

TRANSITION COSTS

Investments will be required for PHEVs to reach cost 
competitiveness with the Reference Case gasoline vehicle. 
This transition cost analysis is similar to that in the 2008 
Hydrogen Report: It examines the annual cash flows to 
find the total investment required. Cost competitiveness is 
achieved in the break-even year, when the total incremental 
costs for all the new PHEVs bought that year is balanced by 
the annual fuel savings for all PHEVs on the road in com-
parison to the reference vehicles.8

Investment costs in this case are basically government 
buydowns or subsidies to cover some or all of the incremental 
costs in order to encourage the public to buy the vehicles. 
Manufacturers may at first charge less than the price needed 
to cover their costs when only a few vehicles are being sold, 
but that is unlikely to be feasible after a few years at the 
penetration rates envisioned here. In addition, costs would 

8The cash flow analysis is not a discounted life-cycle cost analysis. It is 
an estimate of the subsidies required each year to make PHEVs appear cost-
effective to the consumer and compares those to the fuel savings from all the 
PHEVs on the road that year. Note that PHEVs are compared to the reference 
vehicle, which is a nonhybrid. Consumers considering a PHEV are much 
more likely to compare it to an equivalent HEV, which will be significantly 
cheaper, get very good fuel economy, and not require daily plugging in. The 
committee decided to use the same Reference Case as in the 2008 Hydrogen 
Report to allow comparability with that study. If an HEV had been used as 
the reference vehicle, the incremental costs would have been lower, but so 
would have been the fuel savings, as shown in Figure 4.11.

0

100

200

300

400

2000 2010 2020 2030 2040 2050N
o

. o
f 

ve
h

ic
le

s 
(m

ill
io

n
s)

ICEV

HEV

PHEV (max)

TOTAL

Figure 4-7
R01653

editable  vectors
one-column size below 

0

100

200

300

400

2000 2010 2020 2030 2040 2050N
o

. o
f 

ve
h

ic
le

s 
(m

ill
io

n
s)

ICEV

HEV

PHEV (max)

TOTAL

Year

Year

FIGURE 4.7 Number of vehicles for the Portfolio Cases, a mix of 
PHEVs and efficient ICEVs and HEVs, introduced at the Maximum 
Practical rate.
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TABLE 4.1 Energy Requirements of Midsized Vehicles

PHEV-10 PHEV-40 HEV Conventional Non-HEV

Control strategy, charge-depleting mode Blended Battery only — — 

Gasoline consumption, gal/100 mi
 2010
 2020
 2035
 2050

2.5
1.9
1.4
1.3

1.4
1.1
0.8
0.7

Ref. Case. Efficient
 3.1 3.1
 2.4 2.4
 2.3 1.8
 2.2 1.7

Ref. Case. Efficient
 4.5 4.5
 3.4 3.4
 3.3 2.5
 3.1 2.4

Electricity consumption, Wh/mi
 2010
 2020
 2035
 2050

99
76
57
53

251
193
143
133

— —

NOTE: HEV and conventional non-HEV data from NRC (2008). PHEV numbers derived from Kromer and Heywood (2007). The electricity data are different 
from those discussed in Chapter 2 because these are more representative of a diverse fleet, and they decline over time as the vehicle becomes more efficient. 
Estimates of PHEV electricity consumption vary widely. Gasoline and electricity consumption for new cars, on-road, averaged over drive cycle. PHEV-10 
gasoline consumption = 81 percent of efficient HEV. PHEV-40 gasoline consumption = 45 percent of efficient HEV.

TABLE 4.2 Estimated Retail Prices of PHEVs Incremental to Retail Price of Reference Case Gasoline Car (dollars)a

PHEV-10b PHEV-40c

Optimistic Probable DOE Goald Optimistic Probable DOE Goale

2010

2020

2030

OEM battery cost, $ per usable kWh 

7,700

5,600

5,100

720

8,800

6,300

5,700

950

4,500f

19,800

13,500

12,300

720

25,400

17,000

15,500

1,000

7,600g

aRetail price = 1.4 × OEM cost (see Table 2.7). An efficient ICEV would cost, at retail, about $1,000 more than the Reference Case gasoline vehicle. The 
retail price for an efficient HEV would be about $2,000 more than the Reference Case gasoline vehicle, as discussed in the 2008 Hydrogen Report.

bBattery size (energy used) = 2.0 kWh (nameplate 4 kWh).
cBattery size (energy used) = 8.0 kWh (nameplate 16 kWh).
dGoal for OEM cost of battery ($500/usable kWh).
eGoal for OEM cost of battery ($300/usable kWh).
fCost of PHEV-10 meeting DOE goals assumes that optimistic 2030 vehicle parameters are achieved, but the battery costs $500/kWh instead of $720/kWh. 

For a 2 kWh battery this subtracts ($720 – $500/kWh) × 2 kWh = $440 from the OEM cost of the vehicle. Accounting for a retail price mark-up factor of 1.4, 
the added cost is about 1.4 × $440, or ~$600. So the retail price of the vehicle meeting the DOE battery goal is $5,100 (optimistic 2030 case) – $600 (cost 
reduction for lower cost battery) = $4,500.

gCost of PHEV-40 meeting DOE goals assumes that optimistic 2030 vehicle parameters are achieved, but the battery costs $300/kWh instead of $720/kWh. 
For an 8 kWh battery this subtracts ($720 – $300/kWh) × 8 kWh = $3,360 from the OEM cost of the vehicle. Accounting for a retail price mark-up factor of 1.4, 
the added cost is about 1.4 × $3,360 ~ $4,700. So the retail price of the vehicle meeting the DOE battery goal is $12,300 (optimistic 2030 case) – $4,700 
(cost reduction for lower cost battery) = $7,600.

be incurred for deploying charging facilities for PHEVs.9 
Unlike the analysis in the 2008 Hydrogen Report, invest-
ment costs here do not include research and development 
or any energy supplier costs, even though these are nonzero 
for PHEVs.

9Capital costs for in-home charging facilities are not explicitly added 
to the electricity cost or vehicle price in the cash flow analysis. These would 
likely would have a very small impact on the breakeven year or buydown 
cost (see Appendix C for sensitivity analysis).

The cash flow analysis is described in Appendix C. 
Table 4.3 summarizes the results for the two PHEVs under 
the Maximum Practical penetration scenario. It also shows 
the results for a 30/70 mix of PHEV-40s and PHEV-10s, 
showing the effect of two different kinds of PHEVs in the 
market.

These results depend to a significant extent on the 
assumptions that go into the analyses. To explore these, 
Appendix C also includes a sensitivity analysis for the PHEV 
price increment, oil price, and electricity price. Break-even 
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• The vehicle cost difference is the difference between 
the price of a conventional gasoline vehicle and a PHEV 
(see Figure 4.8), summed over all the new PHEVs sold that 
year. This is negative because PHEVs always cost more than 
conventional vehicles. It is small at first even though the cost 
differential is large because only a few PHEVs are sold. It 
continues to grow as more vehicles are sold each year.

• The fuel cost difference is the annual difference in 
fuel costs for all PHEVs currently in the fleet and the same 
number of comparable conventional vehicles. Electricity is 
generally less costly than gasoline on a cents per mile basis 
(Figure 4.9), so this difference is positive. 

• Cash flow combines these two curves to represent the 
economy-wide cost per year of pursuing a PHEV introduc-
tion plan. It starts out negative because all the PHEVs sold 
in a year are much more expensive that the conventional 
vehicles they replace, but there are few PHEVs in the fleet 
producing fuel savings. Cash flow goes positive in 2028 (the 
break-even year) because the total fuel savings exceed the 
purchase cost differential of the PHEVs sold that year. 

• Cumulative cash flow is a year-by-year summation of 
the annual cash flow over time (starting in 2010). It provides 
a tally of the total funds that would have to be invested to 
make PHEVs competitive. At first, there is a negative cash 
flow (early PHEVs cost more than gasoline cars), but, as 
PHEV-10 costs come down, the negative cash flow bottoms 
out in 2028 at a minimum of about $33 billion, when about 
24 million PHEV-10s have been produced. This minimum is 
the buydown investment that must be supplied to bring the 
PHEV-10 to cost competitiveness.

Most of the negative cash flow is due to the high price 
of the first few million PHEVs. This is not surprising since 
PHEVs initially cost a lot more than conventional vehicles. 
The subsidy that might be needed by automakers or buyers 
is the sum of the difference in costs between PHEV-10s and 
conventional cars, each year between vehicle introduction 
in 2010 and breakeven in 2028. This cumulative difference 
in vehicle first cost for PHEVs (as compared to a reference 
vehicle) is about $133 billion (averaged over the 2010-2028 
buydown period, this is about $5,400 per car, or an average 
of $7.4 billion per year for 18 years).

Table 4.3 shows that PHEV-40s have a significantly 
higher transition cost than PHEV-10s because the larger 
battery is very expensive. The mixed cases lie between the 
PHEV-10 and PHEV-40 cases. Although the 30 percent of the 
PHEV fleet made up of PHEV-40s is costly, this is offset by 
the lower cost of the more numerous PHEV-10s. The break-
even time is about 5 years earlier, and the buydown cost is 
less than for a pure PHEV-40 case.

Table 4.4 compares the transition costs for the 30/70 mix 
of PHEVs with the two penetration cases. Interestingly, the 
slower market penetration of the Probable Case gives a lower 
overall transition cost than the Maximum Practical Case. 
In the maximum practical cases, more PHEVs are bought 
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FIGURE 4.8 Retail prices for PHEVs for probable and optimistic 
rates of technology progress, compared to the Reference Case 
 vehicle (conventional ICEV).

FIGURE 4.9 Price of gasoline over time and electricity price of 
8 cents per kilowatt-hour. SOURCE: EIA, 2008 (gasoline price, 
high).

year and buydown costs are very sensitive to oil price and 
PHEV incremental price, as shown in Table 4.3, but much 
less so to electricity price. If gasoline costs twice as much 
as shown in Figure 4.9, with optimistic technology progress 
the PHEV-40 reaches breakeven in 2020 instead of 2028 and 
the PHEV-40 in 2025 instead of 2040. Similarly, if the even 
more optimistic DOE goals for battery costs are met by 2020, 
breakeven for the PHEV-10 is in 2020 and the PHEV-40 in 
2024 (with Reference Case oil prices). These results under-
score the need for battery technology breakthroughs. 

Figure 4.10 illustrates the various cash flows for the 
PHEV-10 at the Maximum Practical penetration rate as 
follows:
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FIGURE 4.10 Cash flow analysis for PHEV-10, Maximum Practi-
cal Case, Optimistic technical assumptions. The break-even year is 
2028, and the buydown cost is $33 billion.

earlier, when they are more expensive, leading to higher 
transition costs.10 Table 4.4 also compares the transition 
costs of fuel cell vehicles as estimated in the 2008 Hydrogen 
Report. 

OIL CONSUmPTION

Fuel consumption was calculated for the two penetration 
cases with the model used in the 2008 Hydrogen Report, 
modified to account for PHEV characteristics and the use 
of two different fuels. Results are compared with the Refer-
ence Case in Figure 4.11. For the Maximum Practical Case, 
the PHEV-40 cuts gasoline use by 55 percent by 2050, and 
PHEV-10s cuts it 40 percent.11

However, much of the savings achieved with PHEVs 
could also be attained by HEVs, as shown in Figure 4.12, the 

10The committee used the same rate of cost reductions (Table 2.6) over 
time for both penetration rates. As discussed in Chapter 2, most cost reduc-
tions are likely to be from technology improvements. While economies of 
scale will be realized, these are likely to be modest (because Li-ion battery 
production is already very high) and may be offset by increases in the cost 
of materials with greater demand.

11The terms “oil” and “gasoline” are used interchangeably in this report. 
While not strictly accurate, reducing consumption of gasoline by one gallon 
will reduce demand (and imports) of oil by close to one gallon once adjust-
ments at the refinery are accounted for.

TABLE 4.3 PHEV Transition Times and Costs

PHEV-40 PHEV-40 PHEV-40 High Oila PHEV-10 30/70% PHEV-40/10 Mix

Penetration Rate: Maximum Practical Maximum Practical Maximum Practical Maximum Practical Maximum Practical Probable

Technical Progress: Optimistic DOE Goalb Optimistic Optimistic Optimistic Probable

Break-even year c 
(annual cash flow = 0)

2040 2024 2025 2028 2032 2034

Cumulative subsidy 
to break-even year 
(billion $)d

408 24 41 33 94 47

Cumulative 
vehicle retail price 
difference until the  
break-even year 
(billion $)e

1,639 82 174 51 363 —

Number of PHEVs 
sold to break-even 
year (millions)

132 10 13 24 48 20

aAssumes oil costs twice that in the base case, or $160/bbl in 2020, giving results similar to meeting DOE’s cost goals.
bAssumes DOE technology cost goal ($300/kWh) for the PHEV-40 is met by 2020, showing the importance of technology breakthroughs as discussed 

in Chapter 2 and Appendix F. Reducing costs this rapidly would significantly reduce subsidies and advance the break-even year relative to the Optimistic 
Technical Progress cases.

cYear when annual buydown subsidies equal fuel cost savings for fleet. 
dDoes not include infrastructure costs for home rewiring, distribution system upgrades, and public charging stations which might average over $1000 per 

vehicle. 
eCost of PHEVs minus the cost of Reference Case cars.
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first Portfolio Case.12 Figure 4.12 also shows the Efficiency 
Case from the 2008 Hydrogen Report. Gasoline use is cut 
by about 40 percent, mainly with advanced HEVs and no 
PHEVs. When PHEVs are introduced into this fleet instead 
of the Reference Case fleet, PHEV-10s reduce fuel consump-
tion by an additional 7 percent and PHEV-40s by 20 percent 
beyond the Efficiency Case as shown by the two lower curves 
in Figure 4.12 for the Maximum Practical Case.

The impact on oil consumption of adding biofuels to this 
fleet is shown in Figure 4.13, the final Portfolio Case. Com-
bining biofuels with advanced efficiency, including HEVs, 
can cut oil consumption by about 65 percent compared with 
the Reference Case by 2050, as shown in Figure 4.13. Adding 
PHEV-10s to that mix can reduce consumption by another 
7 percent, while PHEV-40s could account for 23 percent. 
Figure 4.13 also shows the results from the 2008 Hydrogen 

12A 40-mpg HEV would use 375 gallons in 15,000 miles. As noted in Table 
4.1, the equivalent PHEV-10 would use 81 percent as much fuel, or 304 gal-
lons for the same distance, a savings of just 71 gallons. The PHEV-40, which 
uses just 45 percent of the fuel of the equivalent HEV will do better, saving 
206 gallons. The most gasoline a PHEV-10 can save relative to a 40-mpg HEV 
is one quart per charge (the 10 miles driven on electricity would require that 
much more gasoline in the HEV). If it is driven at least 10 miles and then 
recharged every day, the PHEV-10 would save a total of 91 gallons per year, 
but many drivers will not adhere to such a regular schedule. Charging more 
than once a day could increase these savings, but that would probably apply 
to relatively few vehicles, especially in the early years, when public charging 
stations are rare. Results from the North American PHEV Demonstration 
project, involving over 100 Toyota Prius conversions to PHEVs (approxi-
mately equivalent to the PHEV-10), measured an average fuel economy of 
50 mpg. With the battery pack depleted or turned off, mileage was 44 mpg 
(DOE/EERE, 2009), about what a conventional Prius would achieve. While 
a converted Prius might not fully reflect the performance of optimized PHEV, 
these tests show that in ordinary driving, a PHEV-10 is unlikely to provide 
large fuel savings. Furthermore, HEVs are expected to increase their mileage, 
perhaps to an average of 60 mpg by 2050, reducing the benefits of PHEVs.

TABLE 4.4 Comparison of Transition Costs for PHEV and HFCV Cases

30/70 PHEV-40/PHEV-10 Mix HFCV

Penetration Rate Maximum Practical Probable H2 Success H2 Partial Success

Break-even yeara 2032 2034 2023 2033

Cumulative cash flow difference  
(PHEV-gasoline reference car) to break-even year b

$94 billion $47 billion $22 billion $46 billion

Cumulative vehicle retail price difference 
(AFV-gasoline reference car) to break-even year

$363 billion $179 billion $40 billion $92 billion

Number of PHEVs sold to break-even year (millions) 48 20 5.6 10.3

Infrastructure cost $48 billion

(In-home charger 
$1,000 per car)

$20 billion

(In-home charger 
$1,000 per car)

$8 billion

(H2 stations for first  
5.6 million HFCVs)

$19 billion

(H2 stations for first 
10.3 million HFCVs)

aYear when annual buydown subsidies equal fuel cost savings for fleet. 
bDoes not include infrastructure costs for home rewiring, distribution system upgrades, and public charging stations which might average over $1000 

per vehicle. 
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FIGURE 4.11 Gasoline consumption for PHEV-10s and PHEV-40s 
introduced at Maximum Practical and Probable penetration rates 
shown in Figure 4.6.

FIGURE 4.12 Gasoline use for the Reference Case and the Effi-
ciency Case and when PHEVs are included in an already highly 
efficient fleet, as shown in Figure 4.7.
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Report when HFCVs are combined with efficiency and bio-
fuels, which could completely eliminate gasoline consump-
tion by the light-duty vehicle fleet by 2050.13

CARBON DIOXIDE EmISSIONS

PHEVs emit less CO2 because they use less gasoline than 
conventional vehicles, but generating the electricity that 
replaces the gasoline usually results in emissions. Thus, total 
GHG emissions from PHEVs depend on the composition of 
the electric grid and on the time of day for charging.14

The committee analyzed two projections for the grid:

• A business-as-usual case, starting with the high price 
case from the Annual Energy Outlook (EIA, 2008) and 
extended to 2050 using the same growth rate for electric 
sector CO2 emissions;

• A low-carbon grid projection from a joint EPRI/NRDC 
study (EPRI/NRDC, 2007).

The carbon emissions per kilowatt hour for both grid 
scenarios are shown in Figure 4.14. These projections are 
discussed in more detail in Appendix C. 

Figures 4.15 and 4.16 show CO2 emissions under the two 
sets of grid conditions. Emissions under the EPRI/NRDC 
mix are significantly lower.15 Figure 4.17 compares HFCVs 
to PHEVs, for the Maximum Practical Case with the low-
carbon grid. HFCVs give a lower rate of GHG emissions than 
PHEV-10s, which still use a significant amount of gasoline. 
FCVs have lower emissions than PHEV-40s beyond about 
2040. Low carbon emissions for both PHEVs and HFCVs 

13Some vehicles might still require gasoline or diesel fuel, but the use of 
biofuels to replace other uses of oil could more than compensate for this.

14This analysis did not include the additional GHG emissions from 
manufacturing a PHEV relative to a conventional vehicle.

15The reductions are only for the electricity used in the transportation 
sector. Total reductions from the electricity sector would be much greater 
than the difference between Figures 4.7 and 4.8.
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FIGURE 4.13 Gasoline use for scenarios that combine efficiency, 
biofuels, and either PHEVs or HFCVs.
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FIGURE 4.14 GHG emissions from the future electric grid. 
SOURCES: EPRI/NRDC estimates from EPRI/NRDC (2007), and 
EIA estimates from Annual Energy Outlook, 2009 (EIA, 2009a).

FIGURE 4.15 GHG emissions for PHEVs at the market pen-
etrations shown in Figure 4.6 for the grid mix estimated by EIA. 
SOURCE: EIA, 2009a.

FIGURE 4.16 GHG emissions for PHEVs at the market penetra-
tions shown in Figure 4.6 for the grid mix estimated by EPRI/
NRDC. SOURCE: EPRI/NRDC, 2007.
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depend on using lower carbon primary sources for electricity 
and hydrogen (see Appendix C).

For the first Portfolio Case, Figures 4.18 and 4.19 com-
bine PHEVs at the Maximum Practical penetration rate with 
the Efficiency Case for the two grid mixes. For the EIA grid 
mix, there is very little difference in GHG emissions between 
the Efficiency Case, where no PHEVs are introduced, and the 
PHEV-10 and PHEV-40 cases. The benefit of PHEVs appears 
only when a lower carbon grid (the EPRI/NRDC grid mix) is 
used. This highlights the importance of low-carbon electric-
ity for gaining the potential benefits of PHEVs. The HFCV 
case has significantly lower GHG emissions than either of the 
PHEV cases for a similar level of energy supply decarbon-
ization. That is, well-to-tank carbon emissions for supplying 
hydrogen can be reduced by about two-thirds by 2050 (as in 
the 2008 Hydrogen Report), resulting in greater CO2 reduc-
tion than when the electricity carbon emissions (g CO2/kWh) 
are reduced by two-thirds by 2050 (as in the EPRI/NRDC 
grid case). This is true because HFCVs are somewhat more 
efficient than PHEVs on an energy per mile basis.16

Finally, the committee estimated GHG emissions for 
cases that combine efficiency, biofuels, and PHEVs or 
HFCVs for the two grid mixes (Figures 4.20 and 4.21). 
Again, the importance of a low-carbon grid is apparent for 
the PHEVs; the GHG emissions reduction in 2050 is about 
55 percent for efficiency + biofuels, 59 percent (71 percent) 
for efficiency + biofuels + PHEV-10s (PHEV-40s), and 
80 percent for efficiency + biofuels + HFCVs. With the 

16Furthermore, the facilities to generate hydrogen from coal or natural 
gas will be new and use a process that can be adapted relatively easily to 
carbon capture. Retrofitting an existing pulverized coal electric plant (about 
50 percent of current U.S. generating capacity) with carbon capture will be 
very expensive.
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FIGURE 4.17 GHG emissions for cases combining ICEV Effi-
ciency Case and PHEV or HFCV vehicles at the Maximum Practical 
penetration rate with the EPRI/NRDC grid mix.
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FIGURE 4.18 GHG emissions for cases combining ICEV Effi-
ciency Case and PHEV or HFCV vehicles at the Maximum Practical 
penetration rate with the EIA grid mix.
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FIGURE 4.19 GHG emissions for cases combining the ICEV 
Efficiency Case and PHEV or HFCV vehicles for the EPRI/NRDC 
grid mix.
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FIGURE 4.20 GHG emissions for scenarios combining ICEV 
Efficiency Case, Biofuels Case, and PHEVs or HFCVs for the EIA 
grid mix.
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higher-carbon EIA grid, the GHG reduction with PHEV-10s 
(PHEV-40s) is about 55 percent (59 percent), about the same 
as for efficiency + biofuels.

SCENARIO SUmmARY

Societal Benefits of PHEVs

• GHG and oil reductions for PHEVs are small before 
2025 because of the time needed for vehicles to penetrate the 
market.

• PHEV GHG benefits depend on the grid mix:
 — PHEV benefits are small compared with HEVs for 

the EIA grid.
 — With a low-carbon grid (EPRI/NRDC mix), intro-

duction of PHEV-40s could significantly lower GHG emis-
sions relative to HEVs.

• Increasing conventional vehicle efficiency alone (with-
out PHEVs) can reduce oil use by about 40 percent in 2050 
compared with the Reference Case. Adding PHEV-10s at 
the Maximum Practical rate can reduce oil use an additional 
7 percent, while PHEV-40s can reduce it an additional 
23 percent.

• Implementing efficiency plus biofuels reduces gasoline 
use by about 65 percent compared with the Reference Case. 
Adding PHEV-10s at the Maximum Practical rate can reduce 
oil use an additional 7 percent, while PHEV-40s can reduce 
it 23 percent.

• A portfolio approach incorporating efficiency, more 
use of HEVs and biofuels, as well as PHEVs, yields greater 
reductions in oil use and GHG.

• Long-term GHG and oil-use reductions are greater 
with HFCVs than PHEVs for similar levels of energy sup-
ply decarbonization (NRC Hydrogen scenario; EPRI/NRDC 
grid). If PHEVs are charged from the EIA grid, GHG emission 
reductions with PHEVs will be much less than with HFCVs.

Transition Costs

• Transition costs and timing to breakeven are similar for 
HFCVs and PHEV-10s, i.e., tens of billions of dollars total, 
spent over a 10-20 year period. This is less than the current 
corn ethanol subsidy of about $10 billion per year.

• Majority of transition cost (more than 80 percent) is for 
vehicle buydown. Average price subsidy needed for HFCVs 
and PHEV-10s over a 10-15 year transition period is similar, 
about $5000 to $6000 per car for PHEV-10s, and $7,000 to 
$9,000 per car for HFCVs.

• Transition costs for PHEV-40s are significantly higher 
than for PHEV-10s, because of higher vehicle first cost. 
Break-even year for the PHEV-40 is 2040 in the Optimistic 
Technology Case, but not until 2047 for the Probable Case, 
unless the oil price is high or the cost of batteries can be 
reduced rapidly.

• Slower Probable Case transition strategies sometimes 
have a lower overall transition cost than the Maximum Practi-
cal Case. This is true because the Maximum Practical Case 
buys large numbers of expensive early PHEVs.

• Transition costs are sensitive to oil prices and to vehicle 
cost increment, which depends on battery cost assumptions, 
but are not very sensitive to electricity price.

• Infrastructure costs for PHEVs might average $1000 
per car for residential charging.

• Total infrastructure capital costs to breakeven are the 
same order of magnitude for PHEV-10s and HFCVs, although 
early infrastructure logistics are less complex with PHEVs.

Overall messages from Scenarios

• Bringing PHEVs to cost-competitiveness will take sev-
eral decades and require many billions of dollars in support. 
Transition costs for PHEV-40s are significantly larger than 
for PHEV-10s, but the reduction in gasoline consumption is 
greater also.

• GHG benefits of PHEVs depend on the grid mix. With 
a business-as-usual EIA grid mix, the benefits of PHEVs are 
similar to those for efficient gasoline HEVs. With a substan-
tially decarbonized grid, PHEVs can save 4-16 percent more 
GHG emissions than efficient HEVs.

• The PHEV transition cost and timing results are sensi-
tive to the oil price and the battery cost. But even with rela-
tively high oil prices (AEO high oil price case $80-$120 per 
barrel) and achievement of aggressive battery goals (similar 
to the DOE goals), it will take 15-20 years and tens to hun-
dreds of billions of dollars to bring PHEV-40s to commercial 
success.
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FIGURE 4.21 GHG emissions for scenarios combining ICEV 
Efficiency Case, Biofuels Case, and PHEVs or HFCVs for the 
EPRI/NRDC grid mix.
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Results and Conclusions

1. Lithium-ion battery technology has been developing 
rapidly, especially at the cell level, but costs are still high, 
and the potential for dramatic reductions appears lim-
ited. Assembled battery packs currently cost about $1,250 
to $1,700 per kWh of usable energy ($625 to $850/kWh of 
nameplate energy). A PHEV-10 will require about 2.0 kWh 
and a PHEV-40 about 8 kWh even after the batteries have 
undergone expected degradation over time. Costs are 
expected to decline by about 35 percent by 2020 but more 
slowly thereafter. Projections of future battery pack costs 
are uncertain, as they depend on the rate of improvements in 
battery technology and manufacturing techniques, potential 
breakthroughs in new technology, possible relaxation of bat-
tery protection parameters as experience is gained, and the 
level of production, among other factors. Further research is 
needed to reduce costs and achieve breakthroughs in battery 
technology.

2. Costs to a vehicle manufacturer for a PHEV-40 
built in 2010 are likely to be about $14,000 to $18,000 
more than an equivalent conventional vehicle, including 
a $10,000 to $14,000 battery pack. The incremental cost 
of a PHEV-10 would be about $5,500 to $6,300, including 
a $2,500 to $3,300 battery pack. In addition, some homes 
will require electrical system upgrades, which might cost 
more than $1,000. In comparison, the incremental cost of an 
HEV might be $3,000. 

3. PHEV-40s are unlikely to achieve cost-effectiveness 
before 2040 at gasoline prices below $4.00 per gallon, but 
PHEV-10s may get there before 2030. PHEVs will recoup 
some of their incremental cost, because a mile driven on 
electricity will be cheaper than a mile on gasoline, but it is 
likely to be several decades before lifetime fuel savings start 
to balance the higher first cost of the vehicles. Subsidies of 
tens to hundreds of billions of dollars will be needed for the 
transition to cost-effectiveness. Higher oil prices or rapid 
reductions in battery costs could reduce the time and subsi-
dies required to attain cost-effectiveness.

4. At the Maximum Practical rate, as many as 40 million 
PHEVs could be on the road by 2030, but various factors 
(e.g., high costs of batteries, modest gasoline savings, 
limited availability of places to plug in, competition from 
other vehicles, and consumer resistance to plugging in 
virtually every day) are likely to keep the number lower. 
The Maximum Practical rate depends on rapid technologi-
cal progress, increased government support, and consumer 
acceptance. A more realistic penetration rate would result in 
13 million PHEVs by 2030 out of about 300 million vehicles 
on the road, which still assumes that current levels of govern-
ment support will continue for several decades.

5. PHEVs will have little impact on oil consumption 
before 2030 because there will not be enough of them in 
the fleet. More substantial reductions could be achieved 
by 2050. PHEV-10s will reduce oil consumption only 
slightly more than can be achieved by HEVs. A PHEV-10 is 
expected to use about 20 percent less gasoline than an equiva-
lent HEV, saving about 70 gallons in 15,000 miles. Forty 
million PHEV-10s would save a total of about 0.2 million 
barrels of oil per day. The current light-duty vehicle fleet uses 
about 9 million barrels per day. PHEV-40s will consume about 
55 percent less gasoline than equivalent HEVs, saving more 
than 200 gallons of gasoline per year per vehicle.

6. PHEV-10s will emit less carbon dioxide than non-
hybrid vehicles, but save little relative to HEVs after 
accounting for emissions at the generating stations that 
supply the electric power. PHEV-40s are more effective 
than PHEV-10s, but the GHG benefits are small unless the 
grid is decarbonized with renewable energy, nuclear plants, 
or fossil fuel fired plants equipped with carbon capture and 
storage systems. 

7. No major problems are likely to be encountered for 
several decades in supplying the power to charge PHEVs, 
as long as most vehicles are charged at night. Generation 
and transmission of electricity during off-peak hours should 
be adequate for many millions of PHEVs, although some 
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distribution circuits may need upgrading if they are to serve 
clusters of PHEVs. Encouraging PHEV owners to charge 
their vehicles during off-peak hours will require both rate 
schedules that reward time-appropriate charging and equip-
ment that can monitor—or even control—time of use.

8. A portfolio approach to research, development, 
demonstration, and, perhaps, market transition support 
is essential. It is not clear what technology or combination 
of technologies—batteries, hydrogen, or biofuels—will 
be most effective in reducing the nation's oil dependency 
to levels that may be necessary in the long run. It is clear, 

however, that a portfolio approach will enable the greatest 
reduction in oil use. Increasing the efficiency of conventional 
vehicles (including HEVs) beyond the current regulatory 
framework could reduce gasoline consumption by about 
40 percent in 2050, compared to the Reference Case. Adding 
biofuels would reduce it another 20 percent. If PHEV-10s 
are also included at the Maximum Practical rate, gasoline 
consumption would be reduced an additional 7 percent, 
while PHEV-40s could reduce consumption by 23 percent. 
Employing HFCVs instead of PHEVs could eliminate gaso-
line use by the fleet.
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Presentations and Committee meetings

FIRST COmmITTEE mEETING

may 18, 2009, Washington, D.C.

David Vieau, A123 Systems
Mark Verbrugge, General Motors
Bill Reinert and Shinichi Abe, Toyota 
Dick Cromie and Bob Graham, Southern California Edison
Sandy Thomas, H2Gen

SECOND COmmITTEE mEETING

June 18, 2009, Washington, D.C.

Phil Patterson, U.S. Department of Energy
Jake Ward, U.S. Department of Energy
Dave Howell, U.S. Department of Energy
Tien Nguyen, U.S. Department of Energy
Michael Wang, Argonne National Laboratory

THIRD COmmITTEE mEETING

September 1-2, 2009, Washington, D.C.

No open sessions were held during this meeting.
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Appendix C

Scenarios

Chapter 4 of this report compares scenarios for light-duty 
vehicles between 2010 and 2050. This appendix provides 
details of how that analysis was performed. It also analyzes 
the transition costs to achieve cost-effectiveness. Finally, it 
provides more detail on the decarbonized grid discussed in 
Chapter 4.

SCENARIO ANALYSIS

The first three cases, which do not include plug-in hybrid 
electric vehicles (PHEVs), are taken directly from the 2008 
Hydrogen Report. They provide a point of comparison for 
the PHEV cases. They also allow us to analyze portfolio 
cases, where a strategy of introducing PHEVs is combined 
with improving efficiency in the gasoline ICEVs and HEVs 
and with the introduction of biofuels.

Hydrogen Report Cases

• Reference Case (same as the �00� Hydrogen Report 
Reference Case). Gasoline internal combustion engine 
vehicles (ICEVs) continue to dominate the light-duty sector 
(Figure C.1). Gasoline HEVs gain about 10 percent fleet 
share by 2050. The fuel consumption of ICEV and HEV 
vehicles follows projections from the EIA Annual Energy 
Outlook 2008, meeting CAFE standards by 2020, with only 
modest improvements in fuel economy beyond this time 
(Figure C.2).

• ICEV Efficiency Case (�00� Hydrogen Report Case �). 
Improvements in internal combustion engine technology are 
implemented, and HEVs comprise 60 percent of the fleet by 
2050 (Figure C.3). Fuel economy increases for both ICEVs 
and HEVs (Figure C.4).

• Biofuels Intensive Case (�00� Hydrogen Report Case 
�). Biofuels are introduced at a rapid rate. Over time, lower 
carbon biofuel supply is implemented (Figure C.5).

PHEV Cases

• PHEV Case �. PHEVs introduced according to Fig-
ure 4.1 (Chapter 4 in this report); total vehicles remain at 
Reference Case levels.

• PHEV + ICEV Efficiency (PHEV Case �). Same as 
PHEV Case 1, but gasoline ICEVs and HEVs improve 
according to ICEV Efficiency Case (Hydrogen Report 
Case 2). Vehicle mix is shown in Figure C.6.

• PHEV + ICEV Efficiency + Biofuels (PHEV Case �). 
Same as PHEV Case 2, but biofuels are rapidly introduced, 
replacing some of the fuel used by ICEVs and HEVs. Vehicle 
mix is shown in Figure C.6.

ESTImATING PHEV PERFORmANCE

As illustrated in Figure C.7, while the battery is above 
a minimum state of charge (SOC), the PHEV operates in 
a charge-depleting (CD) mode, in which it draws down the 
onboard battery to meet vehicle power demands. Once it 
reaches this minimum SOC, the vehicle switches to charge-
sustaining (CS) mode, which is functionally equivalent to 
conventional HEV operation. During this mode, the vehicle 
maintains the SOC within a limited operating envelope, using 
stored battery energy and capturing regenerative braking 
energy to optimize ICE operation.

For vehicles with a single source of stored energy, such as 
gasoline, hydrogen, or electric battery, modeling the energy 
consumption is fairly straightforward once the influencing 
factors (vehicle weight, frontal area, aerodynamic drag, 
rolling resistance, engine and drive-train component perfor-
mance and efficiency, and drive cycle) are specified.

For plug-in hybrid vehicles, however, there are two 
sources of stored energy onboard, gasoline and electricity, 
adding complexity to the energy-modeling task. The model 
must include estimates of the fraction of vehicle miles trav-
eled (VMT) on electricity and the VMT on gasoline and how 
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FIGURE C.1 Number of vehicles in the Hydrogen Report Refer-
ence Case. SOURCE: NRC, 2008.

FIGURE C.6 Numbers of light-duty vehicles for portfolio approach, 
where PHEVs are combined with efficient ICEVs and HEVs.

FIGURE C.4 Fuel economy for the ICEV Efficiency Case (Hydro-
gen Report Case 2). SOURCE: NRC, 2008.

FIGURE C.5 Biofuel supply for the Biofuels-Intensive Case (Hy-
drogen Report Case 3). SOURCE: NRC, 2008.

FIGURE C.3 Number of vehicles in the ICEV Efficiency Case 
(Hydrogen Report Case 2). SOURCE: NRC, 2008.

FIGURE C.2 Fuel economy for vehicles in the Hydrogen Report 
Reference Case. SOURCE: NRC, 2008.

much electricity and fuel are consumed over a drive cycle, 
both of which are influenced by three factors:

• The size of the battery. The larger the PHEV battery, 
the greater the fraction of the car’s energy use that can be 
provided by electricity. Battery size is sometimes expressed 
as all-electric range (AER), the distance that could be trav-
eled on just the battery if the car is operated in CD mode 
without using the engine.

• Pattern of driving. The fraction of miles traveled on 
electricity can also vary, depending on the driver’s pattern 
of trips. If the driver takes only short trips (less than the 
all-electric range of the battery), all the miles could all be 
traveled on electricity. For longer trips, the driver will deplete 
the battery and will have to use the engine. 

• Control strategy of the PHEV when driven in CD mode. 
Some PHEVs (the PHEV-40 in this report) use an all-electric 
strategy, where the battery is depleted to a minimum SOC. 
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At this point, the engine is turned on and the vehicle oper-
ates in CS mode, similar to a gasoline hybrid. Other PHEVs 
(the PHEV-10) use a “blended” strategy, where the engine 
is engaged when additional power is needed for acceleration 
or hill climbing as well as when the battery is discharged.

Vehicle simulation models were not used in this study. 
However, several recent studies have simulated a range of 
vehicles on a self-consistent basis, including gasoline ICEVs, 
HEVs, PHEVs, EVS, and HFCVs (Kromer and Heywood, 
2007; Elgowainy et al., 2009; Simpson, 2006; Plotkin and 
Singh, 2009). These studies employ varying assumptions 
about PHEV design and control strategies.

To span the range of control strategies, the committee 
modeled a PHEV-40 with an all-electric drive strategy and a 
PHEV-10 with a blended strategy. Both PHEVs are midsize 
sedans with 100 kW power output. The committee drew 
on the results of the referenced studies to approximate the 
performance of the PHEVs modeled. This was accomplished 
in four steps.

Step 1. Estimate Fraction of miles 
Driven in CD and CS mode

The committee used a chart similar to Figure C.8 which 
estimates the utility factor—the fraction of miles that could 
be traveled on electricity in the United States—as a function 
of the PHEV’s all-electric range, or battery size. For a PHEV-
10, 23 percent of the nation’s miles traveled could be on 
electricity. For a PHEV-40, the utility factor is 63 percent.

Step 2. Estimate PHEV Gasoline and 
Electricity Use over Drive Cycle

The committee took the energy-use values for PHEVs in 
CD and CS modes from the referenced reports. The energy-

use values were then combined with the estimated fraction 
of miles spent in CD and CS modes from Step 1 to estimate 
electricity and fuel use over the whole drive cycle.

Figure C.9 illustrates the energy consumption of gasoline 
and electricity over the combined FTP/HWFET drive cycle 
for various types of advanced hybrid and plug-in hybrid 
vehicles. As battery size increases, gasoline consumption 
falls and electricity increases. The overall energy efficiency 
of the vehicle is higher with larger batteries.

Step 3. Estimate Energy Consumption for 
All-Electric and Blended Vehicles

PHEV energy use over a drive cycle depends on the 
degree of blending assumed during CD mode. For an all-
electric strategy, petroleum consumption over a drive cycle 
is lower than for a blended strategy. This is illustrated in 
Figure C.10. 

Electricity use is about the same for various degrees of 
blending, but gasoline use increases at higher blending ratios. 
Blended-26 percent represents the maximum possible blend-
ing. Blended-55 percent represents all-electric operation.

Only one study (Kromer and Heywood, 2007) evalu-
ated both blended and all-electric-range operation, and the 
committee used that study for estimating PHEV energy use. 
Although a PHEV-40 was not specifically evaluated in the 
study, linear interpolation between PHEV-30 and PHEV-60 
results provided estimated energy use for PHEV-40s.

PHEV gasoline and electricity energy use are expressed 
as fractions of the gasoline energy used in an HEV, as shown 
in Table C.1. These ratios put PHEV energy use on the same 
basis as the 2008 Hydrogen Report.

Minimum SOC

Figure C-7
R01653
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Minimum SOC

FIGURE C.7 PHEV operating modes. SOURCE: Kromer and Heywood, 2007.
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FIGURE C.8 National VMT fraction available for substitution by 
a PHEV using 100 percent electric charge-depleting mode. 
SOURCE: Elgowainy et al., 2009.

FIGURE C.9 Tank-to-wheels energy use in advanced vehicles, as-
suming 44 percent blending during charge-depleting operation. 
SOURCE: Kromer and Heywood, 2007.

FIGURE C.10 Energy consumption in a PHEV-30 as electric-
ity and gasoline for different blending strategies in CD mode. 
SOURCE: Kromer and Heywood, 2007.

Step 4. Estimate PHEV Gasoline and 
Electricity Use over Time

The committee reasoned that PHEV engine and vehicle 
technologies (e.g., aerodynamics and rolling resistance) 
would improve at the same rate as fuel economy technolo-
gies in the ICEV Efficiency Case: 2.7 percent per year from 
2010 to 2025; 1.5 percent per year from 2026 to 2035; and 
0.5 percent per year from 2036 to 2050. Combining these 
improvement rates and the derived energy-use ratios in 
Table C.1, the committee then developed assumed values 
for gasoline and electricity use vs. time for the PHEV-10 and 
PHEV-40 from 2010 to 2050.

Figure C.11 shows the resulting gasoline use for PHEV-10 
and PHEV-40 vehicles for the Optimistic technology case. 
Gasoline ICEV and HEV gasoline use in the Reference 
Case and high-efficiency cases are shown for comparison. 
Figure C.12 shows the estimated electricity use for both the 
PHEV-10 and the PHEV-40.

TABLE C.1 Ratio of Energy Use in PHEVs Compared to 
Energy Use in Gasoline HEVs

Energy Use in PHEVs vs.  
Gasoline Use in HEVs

Ratio
PHEV-10 
(Blended CD)

PHEV-40
(All-Electric CD)

Gasoline use in PHEVs:  
gasoline use in HEVs

0.81 0.45

Electric energy use in PHEVs: 
gasoline energy use in HEVs

0.09 0.24

NOTE: The PHEV-10 is assumed to operate in blended mode and the 
PHEV-40 in all-electric mode during CD operation. As a check, the com-
mittee also calculated ratios for PHEV electrical energy use and gasoline 
use as compared to a hybrid vehicle for two other PHEV modeling studies 
(Elgowainy et al., 2009; Simpson, 2006). The results were broadly similar 
for the PHEV-10 (gasoline use was 85-88 percent of HEV gasoline use and 
electricity energy use was 4-5 percent of HEV gasoline energy use). For 
the PHEV-40, these two studies estimated gasoline consumption ratios of 
55-60 percent, and electricity use 12-15 percent (higher gasoline use and 
lower electricity use than Kromer and Heywood). Part of the difference 
may be because Elgowainy et al. (2009) and Simpson (2006) simulated 
only blended-mode CD operation, while Kromer and Heywood (2007) 
considered all-electric mode.

SOURCE: Adapted from Kromer and Heywood (2007).

All-Electric Range (Miles)
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FIGURE C.11 Estimated on-road, fleet-average gasoline consump-
tion for ICEVs, HEVs, and PHEVs in this study. Electricity use in 
PHEVs not included.

FIGURE C.12 Estimated fleet-average electricity use over drive 
cycle for PHEVs in this study.

TRANSITION COST ANALYSIS

A transition cash flow analysis was conducted to deter-
mine the investment costs required for PHEVs to reach cost 
competitiveness with Reference Case gasoline vehicles. For 
each year, the committee estimated the incremental cost of 
buying PHEVs instead of gasoline reference vehicles. The 
incremental investment for vehicles is (Reference vehicle 
price − PHEV price) times the number of PHEVs sold each 
year. Then the committee estimated the annual cost of fuel 
for all the PHEVs in the fleet and the cost of fuel for an equal 
number of gasoline reference vehicles. The breakeven is the 
year when annual fuel cost savings balance annual purchase 
cost differences. All cases assume that charging electricity 
costs 8 cents per kWh and that gasoline prices, as in the 
hydrogen study, increase from $2.70 per gallon in 2010 to 
$4.00 per gallon in 2050 (see Figure 4.9).

Results are shown in Figures C.13 through C.16 for 
PHEV-10s and PHEV-40s. “Maximum Practical” is the 
market penetration rate with Optimistic technical progress 
and “Probable” is the market penetration rate with Probable 
technical progress. In addition, a mixed case, where 30 per-
cent of the market is captured by PHEV-40s and 70 percent 
by PHEV-10s, is also included (Figures C.17 and C.18). 
These figures supplement the results presented in Chapter 4 
(Table 4.3).
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FIGURE C.13 Cash flow analysis for PHEV-40, Maximum Practi-
cal case, Optimistic technical assumptions. The break-even year is 
2040, and the buydown cost is $408 billion.
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FIGURE C.14 Cash flow analysis for PHEV-40, Probable case, 
Probable technical assumptions. The break-even year is 2047, and 
the buydown cost is $303 billion.

SENSITIVITY STUDIES

The sensitivity of the transition analysis was explored 
for four key parameters: the price of electricity, the price of 
gasoline, and the incremental costs of the PHEV-10 and the 
PHEV-40 relative to those of a reference vehicle. Base case 
values are shown in Table C.2. Each variable is normalized 
to the base case value in Table C.3, which allows the sensi-
tivity results to be plotted on the same graph. Results for the 
break-even year and buydown cost for the two PHEVs are 
shown in Figures C.19 through C.22.

The buydown cost and break-even year for the PHEV-10 
are not very sensitive to electricity prices, because most of 
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FIGURE C.15 Cash flow analysis for PHEV-10, Maximum Practi-
cal case, Optimistic technical assumptions. The break-even year is 
2028, and the buydown cost is $33 billion.
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FIGURE C.16 Cash flow analysis for PHEV-10, Probable case, 
Probable technical assumptions. The break-even year is 2028, and 
the buydown cost is $15 billion.

FIGURE C.17 Cash flow analysis for mixed case (70 percent 
PHEV-10s and 30 percent PHEV-40s), Maximum Practical case, 
Optimistic technical assumptions. The break-even year is 2032, and 
the buydown cost is $94 billion.
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FIGURE C.18 Cash flow analysis for mixed case (70 percent 
PHEV-10s and 30 percent PHEV-40s), Probable Case, Probable 
technical assumptions. The break-even year is 2034, and the buy-
down cost is $47 billion.

the fuel used by the PHEV-10 is gasoline. The PHEV-40 
results show a higher sensitivity to electricity price, as these 
vehicles travel over half their miles on electricity. Even if the 
electricity price was 12 cents per kWh instead of the base 
case (8 cents per kWh), breakeven for the PHEV-40 would 
be delayed only about 2 years.

The results for both PHEV-10 and PHEV-40 are sensi-
tive to the assumed oil price. If oil prices rose 50 percent 
compared to our base case (price of $120-$180/bbl or 

$4-$6/gallon gasoline in the timeframe 2010-2030), the 
PHEV-40 would break even in 2029 (instead of 2040), and 
buydown costs would be reduced to about $100 billion (from 
$400 billion).

Finally, the break-even year and the buydown cost are 
sensitive to the assumed vehicle price and the rate of learn-
ing. In the low-cost case, the committee assumes that DOE 
goals are met by 2020. This implies an earlier break-even 
year and a much lower buydown cost for both the PHEV-10 
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TABLE C.2 Input Variables for Sensitivity Study

Parameter Low Base High

Electricity price,  
$ per kWh

0.06 0.08 0.15

Gasoline Price  
$ per gala

0.5 × Base 1.0 × Base 2.0 × Base

Vehicle Incremental 
retail price, $b

DOE Goal 
(2020) Optimistic Probable

 PHEV-10c

 PHEV-40d

4,500

7,600

7,700 (2010) 
5,100 (2030)

19,800 (2010) 
12,300 (2030)

8,800 (2010)  
5,700 (2030)

25,500 (2010) 
15,500 (2030)

aDOE’s High Price Case (EIA, 2008, Annual Energy Outlook). See 
Figure 4.9, which shows gasoline prices ranging from $2.75 to $4.00 per 
gallon from 2010 to 2050. Corresponds to oil at $80 to $120 per barrel 
(2010-2030).

bSee Table 4.2.
cOEM cost of battery, $ per usable kWh: 2020, $500 (DOE goal); 2030, 

base, $720; 2030, high, $950.
dOEM cost of battery, $ per usable kWh: 2020, $300 (DOE goal); 2030, 

base, $720; 2030, high, $1000.

TABLE C.3 Range of Inputs Normalized to Base Value 
(divide values in Table C.2 by base value)

Variable Low Base High

Electricity Price  
$ per kWh

0.75 1 1.875

Gasoline Price  
$ per gala

0.5 × Base 1.0 × Base 2.0 × Base

Vehicle Incremental 
retail price, $b DOE Goal Optimistic Probable

 PHEV-10c

 PHEV-40d

Base 0.87

Base 0.62

1 Base 1.13

Base 1.25

aBase is DOE’s High Price Case (EIA, 2008, Annual Energy Outlook). 
See Figure 4.9, which shows gasoline prices ranging from $2.75 to $4.00 
per gallon from 2010 to 2050, corresponding to oil at $80 to $120 per barrel 
(2010-2030).

bSee Table 4.2.
cOEM cost of battery, $ per usable kWh: 2020, $500 (DOE goal); 2030, 

base, $720; 2030, high, $950.
dOEM cost of battery, $ per usable kWh: 2020, $300 (DOE goal); 2030, 

base, $720; 2030, high, $1000.
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FIGURE C.19 PHEV-10: Sensitivity of break-even year to changes 
in input variables.
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FIGURE C.20 PHEV-40: Sensitivity of break-even year to changes 
in input variables.
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FIGURE C.21 PHEV-10: Sensitivity of buydown cost to changes 
in input variables.
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FIGURE C.24 Hydrogen GHG emissions per megajoule of 
energy.
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FIGURE C.22 PHEV-40: Sensitivity of buydown cost to changes 
in input variables.

and, especially, the PHEV-40. The PHEV-40 would reach 
breakeven in 2024 at a total buydown cost of about $25 bil-
lion instead of $400 billion. In the high case, the committee 
used both the probable cost values and the probable market 
penetration rate. This delays the break-even year for both 
PHEVs but can result in a lower buydown cost (because of 
the delay in buying PHEVs until costs have dropped). 

With high oil prices or rapid success in meeting DOE’s 
battery goals, break-even years for PHEV-40s could occur 
10 to 15 years sooner and the buydown costs would be much 
lower than in the base case.

LOW-CARBON GRID

The Electric Power Research Institute (EPRI)/Natural 
Resources Defense Council (NRDC) scenario used to esti-
mate GHG emissions for a future low-carbon grid assumes 
wide adoption of advanced low-carbon technologies. The 
cost for charging electricity is assumed to be 8 cents/kWh 
for nighttime electricity.

Figure C.23 compares the GHG emissions from two future 
electric grids: the low-carbon EPRI/NRDC case and the EIA 
business-as-usual Annual Energy Outlook high-price case. 
For the latter case, GHG emissions were extrapolated beyond 
2030, assuming that electricity demand and GHG emissions 
for electric generation continue to grow at the same rate as 
between 2006 and 2030. 

Figure C.24 shows the hydrogen GHG emissions per unit 
of fuel energy assumed for hydrogen in the 2008 Hydrogen 
Report.
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FIGURE C.23 GHG emissions from the future electric grid.
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Appendix D

Statement of Task

Plug-in hybrid electric vehicles (PHEV) are a transporta-
tion alternative that was not considered by the Committee on 
Resource Needs for Fuel Cell and Hydrogen Technologies 
in its recently issued report Transitions to Alternative Trans-
portation Technologies—A Focus on Hydrogen. It is difficult 
to predict how rapidly PHEVs could penetrate the market 
because costs, consumer acceptance, and other factors asso-
ciated with the technology are still very uncertain. Under this 
contract modification, the committee shall extend its analysis 
to include the potential impact of PHEVs on petroleum use 
and CO2 emissions. The committee shall assess the status of 
PHEV technology, develop a best-case plausible scenario for 
how PHEVs may enter the light-duty vehicle market, and use 
the models developed in its study to estimate the potential 

reduction of petroleum consumption and CO2 emissions that 
might result. Specifically, the committee shall:

(1) Review the current and projected technology status of 
PHEVs;
(2) Consider the factors that will affect how rapidly PHEVs 
could enter the marketplace (including the interface with the 
electric T&D system);
(3) Determine a maximum practicable penetration rate for 
PHEVs, consistent with the time frame and factors consid-
ered in the previous report;
(4) Based on tasks 1, 2, and 3, modify its model appropriately 
to incorporate PHEVs and develop and estimate impacts on 
petroleum consumption and CO2 emissions;
(5) Write a report documenting its study and assessment.
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Appendix E

Acronyms and Abbreviations

AEF America’s Energy Future (study)
AEO Annual Energy Outlook (annual report of EIA)
AER all-electric range, the distance a plug-in hybrid 

can travel on battery power alone

BAU business as usual
BEV battery electric vehicle

CAFE Corporate Average Fuel Economy (regulations)
CD charge-depleting mode of plug-in hybrid 

operation
CS charge-sustaining mode of plug-in hybrid 

operation

DOE  Department of Energy

eff efficiency
EIA Energy Information Administration (DOE)
EPRI Electric Power Research Institute

FCV fuel cell vehicle
FTD Federal Test Procedure

gge gallons gasoline equivalent, used as a measure 
of energy content

GHG greenhouse gas

HEV hybrid electric vehicle
HFCV hydrogen fuel cell vehicle
HWFET Highway Fuel Economy Test Driving Schedule

ICEV internal combustion engine vehicle

kg kilogram
km kilometer
kWh kilowatt-hour (1,000 watt-hours, measure of 

energy)

MIT Massachusetts Institute of Technology

NRC National Research Council
NRDC Natural Resources Defense Council

OEM original equipment manufacturer (automobile 
manufacturer)

PHEV plug-in hybrid electric vehicle
PHEV-10 plug-in hybrid vehicle with a 10-mile all-

electric range
PHEV-40 plug-in hybrid vehicle with a 40-mile all-

electric range

Wh watt-hour (measure of energy)
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Appendix F

Estimation of Lithium-Ion Battery Pack Costs

BACKGROUND

Battery pack costs will be the prime determinant of when 
PHEVs will become competitive, but projections of these 
costs are highly uncertain. This appendix provides additional 
detail on the committee’s methodology for developing the 
cost estimates presented in Chapter 2 of the report.1 The com-
mittee reviewed the literature and heard presentations given 
at NRC meetings by experts. It then discussed its preliminary 
conclusions about current and anticipated battery pack costs 
with industry and government experts. Its estimates were 
subject to the National Academies’ report review process 
during which additional experts commented on the commit-
tee’s assumptions and analysis. The committee’s estimates 
in its final report include a broad range of costs, reflecting 
the information the committee reviewed. 

Several factors must be known before various battery 
pack cost estimates can be compared. They include whether 
the estimated cost per kWh applies to nameplate or usable 
energy, and, if the former, the assumed state of charge (SOC) 
range to know how much energy is available, and whether 
the cost is based on the beginning or end of life capacity 
(Li-ion batteries deteriorate at about 2 percent per year). To 
calculate the actual battery pack costs for a vehicle with a 
specified electric driving distance, the Wh/mile (propulsion 
energy) required to propel the vehicle must also be estimated, 
and the cooling (e.g., liquid or air) that is required must be 
specified. Due to the early state of PHEV development and 
lack of road experience, there is considerable variability in 
these cost estimates.

The costs reported in Chapter 2 of the report were based 
on usable energy, that is, the fraction of the total energy 
stored in the battery that can be withdrawn for propulsion 
without risking damage to the battery or causing safety 
issues. That is the most useful measure when determining the 

1This appendix was added to the report after the release of the pre
publication version to clarify the basis for the committee’s cost estimates. 
The estimates themselves are unchanged.

performance of the vehicle and is the measure used by the 
Department of Energy and the U.S. Advanced Battery Con-
sortium in their published goals for battery storage. However, 
when comparing costs of different batteries, assuming equal 
propulsion energy (Wh/mile), nameplate (or nominal) capac-
ity better describes the battery pack costs actually put into 
the PHEV. The difference between these two measures for 
a specific battery pack (essentially the SOC selected by the 
vehicle manufacturer) has caused considerable confusion. 
The discussion below of various sources of estimates com-
pares the nameplate cost unless otherwise specified. 

Battery lifetime and safety are also very significant PHEV 
development issues for the industry. The current life expec-
tancy of Li-ion batteries for computers and power tools is 
around 3 to 4 years,2 but 10 years or more will be needed 
for PHEVs to be competitive. R&D programs are reducing 
battery costs and improving battery durability and safety, but 
these goals must be met simultaneously and may interfere 
with each other. The committee concluded that durability and 
safety goals are more likely to be met than cost goals. There-
fore the focus of this discussion is on costs after durability 
and safety problems have been solved.

CURRENT COSTS

The committee reviewed a variety of sources to establish 
the most probable and optimistic costs for the current genera-
tion of battery packs. The review, discussed below, indicated 
a range of $500 to $1500/kWh nameplate. The range is 
so wide in part because different technologies at different 
stages of development are reported. Based on this range, the 
committee selected $875/kWh as the most probable value 
and $625/kWh as an optimistic value for batteries that have 
already been ordered to be used in the first generation of 

2The Hymotion kit made by A123 Systems to convert the Toyota Prius 
to a PHEV comes with a 3year warranty against defects. The allelectric 
range is not specifically guaranteed. See http://www.a123systems.com/
hymotion/pop_ups/warranty.
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PHEV-40s, and $825/kWh and $625/kWh for PHEV-10s. 
Literature results are as follows:

• The NAS-NAE-NRC report America’s Energy Future 
concludes that automotive-grade Li-ion battery pack costs 
today are between $500/kWh and $1000/kWh nameplate 
(NAS-NAE-NRC, 2009). 

• DOE estimates of current costs are $1,000+/kWh 
usable energy (Howell, 2009).3 DOE goals are for perfor-
mance at the end of life. Li-ion batteries deteriorate over 
time, typically at about 2 percent per year. Assuming a DOE 
start of life SOC of 70 percent, the committee estimates 
DOE’s nameplate cost at start of life to be $560+/kWh. 

• A recent McKinsey report concludes that battery 
pack costs range from $700/kWh to $1,500/kWh nameplate 
(Hensley et al., 2009). 

• A 2009 paper (Shiau et al.) from researchers at 
 Carnegie Mellon University uses $1000/kWh nameplate.

• Pesaran et al. (2007) estimated the cost of advanced 
Li-Ion battery costs as ranging from $800/kWh to $1,000/kWh 
nameplate or higher. 

• The Zero Emissions Vehicle Report projected a “cur-
rent” cost of about $500/kWh nameplate in 2006 (Kalhammer 
et al., 2007).

The following two reports were released after the com-
mittee completed its analysis, but they are included here for 
completeness.

• The Electrification Coalition’s 2009 report Electrifica-
tion Roadmap (available at www.electrificationcoalition.org) 
states that the current cost is $600/kWh nameplate 

• The Boston Consulting Group’s 2009 report Batteries 
for Electric Cars (available at www.bcg.com/documents/
file36615.pdf) says it is $1000-1200/kWh

 
The committee expects that these early PHEVs will 

employ a conservatively low SOC, about 50 percent, to 
ensure battery durability and safety. With experience and 
improved battery and control technology the SOC may be 
increased to 70 or even 80 percent, but that is speculation 
until several years of real-life operating experience indicate 
whether battery durability would be jeopardized. 

At 50 percent SOC, the current cost for usable (or avail-
able) energy for a PHEV-40 comes to $1750/kWh (prob-
able) as shown in Chapter 2, and the nameplate cost is 
$875/kWh. Based on the report’s assumed propulsion energy 
of 200 Wh/mile, a 16 kWh battery pack (8 kWh usable) 
such as will be used in the Chevrolet Volt costs $14,000. 
While neither GM nor LG Chem, the battery supplier, has 
announced the costs, $7000 for the cells has been reported 

3See also S. Satyapal and P. Davis, presentation to the Committee on 
Review of FreedonCAR & Fuel Partnership, Phase 3, Washington, D.C., 
2009.

in the media. The additional systems, materials, and labor to 
assemble a battery pack are substantial. 

The committee concluded, based on research and discus-
sions, that the cost of assembling the pack is approximately 
the same as the cost of the cells, corresponding to the total 
of $14,000 for the PHEV-40. The committee also estimated 
a range of costs, recognizing the uncertainty involved, and 
concluded that under more optimistic assumptions the cost 
could be $10,000. In comparison, DOE estimates that a 
PHEV-40 would require 11.6 kWh usable energy in a pack 
that would cost over $11,600, consistent with the estimating 
accuracy of this report.

PROJECTED FUTURE COSTS

The committee estimated future costs of Li-ion batteries 
based on the technology status and cost projections in the 
literature. Based on this analysis, the committee judged that 
battery pack costs are likely to decline by about 35 percent 
by 2020 and 45 percent by 2030, as shown in Tables 2.2 and 
2.3. This yields a nameplate 2030 PHEV 40 battery pack 
cost of about $500/kWh ($1000/kWh usable) or, under more 
optimistic assumptions, about $360/kWh. The committee did 
not attempt to estimate the future costs if a major technology 
breakthrough occurs, such as the development of a durable, 
safe Li- air battery. 

The literature contains a wide range of projected future 
Li-ion battery and battery pack costs (all costs are nameplate 
unless otherwise noted): 

• The DOE goal is for a very rapid cost reduction from 
the estimated $1,000+/kWh current cost to $500/kWh in 
2012 to $300/kWh (all costs based on available energy 
base) in 2014.4 Assuming 70 percent SOC and 20 percent 
deterioration conversion factors, DOE’s goals correspond to 
$280/kWh in 2012 and $168/kWh in 2014 on a nameplate 
capacity basis. Meeting these goals would result in a $1700 
cost for a 3.4 kWh battery pack in a PHEV-10, and $3,400 
for an 11.6 kWh pack in a PHEV-40. Note that these are 
goals, not projections. Meeting these goals could result in 
PHEVs being competitive in the marketplace much more 
rapidly compared with HEVs and conventional vehicles, as 
discussed in Appendix C.

• The U.S. Advanced Battery Consortium (2009) has the 
same goals as DOE.

• Nelson et al. (2009) projected pack manufacturing cost 
of about $350/kWh at 100,000 unit volume for a PHEV-10 
and $200/kWh for a PHEV-40. 

• The McKinsey report projected that costs will decrease 
at 6 percent to 8 percent per year, and, with aggressive 
cost reduction, could reach $420/kWh nameplate by 2015 
(Hensley et al., 2009).

4T.Q. Duong, Update on electrochemical energy storage R&D, presenta
tion to the committee, Washington D.C., June 2009.
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FIGURE F.1 Historical cost reduction experience for NiMH battery packs and for Li-ion battery packs. Recent experience does not sug-
gest rapid further cost reductions. SOURCE: T.Q. Duong, Update on electrochemical energy storage R&D, presentation to the committee, 
Washington D.C., June 2009.

• Anderman predicts that the cost of Li-ion batteries will 
remain at around $600/kWh even with increased production 
(Anderman, 2007). 

• Kalhammer et al. (2007) project costs from $350/kWh 
to $400/kWh (nameplate) for PHEV-40 battery packs at 
volume production (100,000 to 200,000 units per year). 
Costs for PHEV-10 battery packs are projected to be $560 
to 860/kWh for production at 100,000 to 625,000 units per 
year. 

The future cost estimates in this report are higher than 
most, but not all, other projections, especially the DOE 
goals. The committee concluded that reductions greater than 
50 percent in battery costs are unlikely over the next two 
decades without a major technology breakthrough, because 
meeting battery durability and safety goals could slow cost 
reductions. For example, raising the SOC range would be a 
significant cost saver but could compromise durability if that 
put too much stress on the cells. 

Cost reductions are likely to come mainly from improve-
ments in technology, with lesser contributions from manu-
facturing improvements, improved yield, and manufacturing 
scale.5 Technology will continue to improve, but it is already 
well developed for current Li-ion cells. Cells for automotive 
applications will be bigger than current Li-ion cells but are 

5According to one estimate, cell costs could drop by more than 50 percent 
by 2015, with almost all of that decrease coming from technology and pro-
cess improvements (D. Vieau, A123 Systems, presentation to the committee, 
Washington, D.C., May 2009).

otherwise not very different in either chemistry or manufac-
turing processes. Thus the potential for large cost reductions 
from technology improvements is limited. Furthermore, 
materials represent more than half the cell cost (Nelson et al., 
2009), and these costs are unlikely to drop dramatically. 

Economies of scale are often cited as a factor that can 
drive down costs, but hundreds of millions to billions of Li-
ion cells already are being produced in optimized factories. 
Building more factories is unlikely to have a great impact on 
costs. The cost of the battery pack enclosure that holds the 
cells, the electronics required to monitor and control each 
cell to prevent over-charging and run-away, and the tempera-
ture control system to manage battery pack temperature are 
a major portion of the total battery pack cost. These com-
ponents are unlikely to undergo larger cost reductions than 
the cells, and so the committee maintained the same ratio of 
twice the cell cost for the pack. 

Li-ion batteries have undergone large cost reductions 
over the last 10 years, but the costs seem to be leveling out. 
Costs of NiMH battery pack for HEVs have declined only 
modestly in recent years, as shown in Figure F.1, suggesting 
that further major cost reductions are not very likely without 
technology breakthroughs, which this study did not try to 
project. 

The committee considered all these projections and other 
information to come up with its estimates for 2030 future 
costs of about $500/kWh or, under more optimistic assump-
tions, of about $360/kWh. 
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VALIDATION OF COSTS

Based on the above and other related information, dis-
cussions with industry and government experts, and its own 
judgments, the committee developed Tables 2.2 through 2.6 
with what it considered the most probable set of numbers 
for the key battery pack performance parameters and bat-
tery pack cost. These were discussed with the companies 
acknowledged in the front matter of this report to ensure 
that battery costs and performance were realistic.6 Some 
adjustments were made based on these discussions, and the 
estimates presented above were finalized. The committee’s 
report was subjected to the National Academies’ report 
review process in which another set of experts critiqued the 
report and the committee’s assumptions and analysis. 

6Toyota Motor Corporation, General Motors, Ford Motor Corporation, 
A123 Systems, Compact Power Inc. (LG Chem), Delphi Corporation, 
DENSO International America, Inc., U.S. Department of Energy.
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