
DOI: 10.1126/science.1093965 
, 974 (2004); 305Science

  et al.Nurettin Demirdöven,
Hybrid Cars Now, Fuel Cell Cars Later

 www.sciencemag.org (this information is current as of November 19, 2006 ):
The following resources related to this article are available online at

 http://www.sciencemag.org/cgi/content/full/305/5686/974
version of this article at: 

 including high-resolution figures, can be found in the onlineUpdated information and services,

found at: 
 can berelated to this articleA list of selected additional articles on the Science Web sites 

 http://www.sciencemag.org/cgi/content/full/305/5686/974#related-content

 7 article(s) on the ISI Web of Science. cited byThis article has been 

 http://www.sciencemag.org/cgi/content/full/305/5686/974#otherarticles
 1 articles hosted by HighWire Press; see: cited byThis article has been 

 http://www.sciencemag.org/cgi/collection/sci_policy
Science and Policy 

: subject collectionsThis article appears in the following 

 http://www.sciencemag.org/help/about/permissions.dtl
 in whole or in part can be found at: this article

permission to reproduce of this article or about obtaining reprintsInformation about obtaining 

registered trademark of AAAS. 
c 2005 by the American Association for the Advancement of Science; all rights reserved. The title SCIENCE is a 

CopyrightAmerican Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. 
Science (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by the

 o
n 

N
ov

em
be

r 
19

, 2
00

6 
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org/cgi/content/full/305/5686/974
http://www.sciencemag.org/cgi/content/full/305/5686/974#related-content
http://www.sciencemag.org/cgi/content/full/305/5686/974#otherarticles
http://www.sciencemag.org/cgi/collection/sci_policy
http://www.sciencemag.org/misc/reprints.shtml
http://www.sciencemag.org


structure. Integrating sustainable energy sys-
tems into the infrastructure would allow rapid
adoption of electrolysis-based hydrogen pro-
duction, whenever these future transportation
systems become viable. Since the 1930s, the
recognized vision of the hydrogen economy
has been to allow the storage of electrical
energy, reduce environmental emissions, and
provide a transportation fuel. This goal is
clearly achievable, but only with a sustained,
focused effort.

References and Notes
1. For the purpose of this discussion, I use the following

definition of the hydrogen economy: the production,
storage, distribution, and use of hydrogen as an en-
ergy carrier.

2. Jules Verne, The Mysterious Island (available at http://
www.literature-web.net/verne/mysteriousisland,
1874).

3. P. Hoffmann, The Forever Fuel: The Story of Hydrogen
(Westview Press, Boulder, CO, 1981).

4. D. Gregory, Sci. Am. 228, (no. 1), 13 (January 1973).
5. Basic Research Needs for the Hydrogen Economy,

available at http://www.sc.doe.gov/bes/reports/files/

NHE_rpt.pdf (current U.S. production is about 9 mil-
lion tons of hydrogen per year).

6. P. Weisz, Phys. Today 57 (no. 7), 47 (2004).
7. A. Bartlett, Phys. Today 57 (no. 7), 53 (2004).
8. G. Richard, ILEA Leaf, Winter 2002 (available at www.

ilea.org/leaf/richard2002.html).
9. Energy Information Administration, unpublished file

data of the Coal Reserves Data Base (February 2004),
available at http://www.eia.doe.gov/pub/international/
iea2002/table82.xls.

10. A. Steinfeld, Solar Energy, in press (available online 3
February 2004).

11. Nuclear Production of Hydrogen, Second Information
Exchange Meeting–Argonne, Illinois, USA 2-3 October
2003 (Organisation for Economic Cooperation and De-
velopment, Paris) (available at http://oecdpublications.
gfi-nb.com/cgi-bin/OECDBookShop.storefront/EN/
product/662004021P1).

12. A. Steinfeld, Int. J. Hydrogen Energy 27, 611 (2002).
13. J. A. Turner, Science 285, 5428 (1999).
14. J. Ivy, Summary of Electrolytic Hydrogen Production:

Milestone Completion Report, available at www.
osti.gov/servlets/purl/15007167-aF4rPu/native/.

15. In any discussion concerning the efficiency of elec-
trolyzers, it is appropriate to use the higher heating
value to calculate the efficiency. This corresponds to
the isothermal potential (1.47 V � 39 kWh/kg) and
represents the assumption that all the energy needed
to split water comes from the electricity.

16. These figures are from the Energy Information Ad-

ministration, available at www.eia.doe.gov/cneaf/
electricity/epm/tablees1a.html.

17. For an estimate of the amount of water needed for
hydrogen-powered fuel cell vehicles, we will assume
a vehicle fuel economy of 60 miles per kg of H2, that
vehicle miles traveled � 2.6 � 1012 miles/
year (found at www.bts.gov/publications/national_
transportation_statistics/2002/html/table_automo-
bile_profile.html), and that 1 gallon of water contains
0.42 kg of H2. Total water required for the U.S.
fleet � (2.6 � 1012 miles/year)(1 kg of H2/60
miles)(1 gal H2O/0.42 kg of H2) � 1.0 � 1011 gallons
of H2O/year. This represents the water used directly
for fuel. If one considers all water uses along the
chain; for example, from construction of wind farms
to the electrolysis systems (life cycle assessment),
then the total water use would be in the range of
3.3 � 1011gallons H2O/year.

18. This is a life cycle analysis (M. Mann and M. Whitaker,
unpublished data). The United States used about 126
billion gallons of gasoline in 2001 [see link in (17)].

19. See http://water.usgs.gov/pubs/circ/2004/circ1268/.
20. A. Melis, Int. J. Hydrogen Energy 27, 1217 (2002).
21. O. Khaselev, J. A. Turner, Science 280, 425 (1998).
22. M. Graetzel, Nature 414, 338 (2001).
23. N. Lewis, Nature 414, 589 (2001).
24. O. Khaselev, A. Bansal, J. A. Turner, Int. J. Hydrogen

Energy 26, 127 (2001).
25. Contributions by D. Sandor for careful manuscript

edits and by J. Ivy for Fig. 1 are gratefully acknowl-
edged.

V I E W P O I N T

Hybrid Cars Now, Fuel Cell Cars Later
Nurettin Demirdöven1 and John Deutch2*

We compare the energy efficiency of hybrid and fuel cell vehicles as well as
conventional internal combustion engines. Our analysis indicates that fuel cell
vehicles using hydrogen from fossil fuels offer no significant energy efficiency
advantage over hybrid vehicles operating in an urban drive cycle. We conclude that
priority should be placed on hybrid vehicles by industry and government.

Our interest in moving toward a hydrogen
economy has its basis not in love of the
molecule but in the prospect of meeting en-
ergy needs at acceptable cost, with greater
efficiency and less environmental damage
compared to the use of conventional fuels.
One goal is the replacement of today’s auto-
mobile with a dramatically more energy-
efficient vehicle. This will reduce carbon di-
oxide emissions that cause adverse climate
change as well as dependence on imported
oil. In 2001, the United States consumed 8.55
million barrels of motor gasoline per day (1),
of which an estimated 63.4% is refined from
imported crude oil (2). This consumption re-
sulted in annual emissions of 308 million

metric tons (MMT) of carbon equivalent in
2001, accounting for 16% of total U.S. car-
bon emissions of 1892 MMT (3).

Two advanced vehicle technologies that are
being considered to replace the current fleet, at
least partially, are hybrid vehicles and fuel cell
(FC)–powered vehicles. Hybrid vehicles add a
parallel direct electric drive train with motor and
batteries to the conventional internal combustion
engine (ICE) drive train. This hybrid drive train
permits significant reduction in idling losses and
regeneration of braking losses that leads to great-
er efficiency and improved fuel economy. Hy-
brid technology is available now, although it
represents less than 1% of new car sales. FC
vehicles also operate by direct current electric
drive. They use the high efficiency of electro-
chemical fuel cells to produce power from hy-
drogen. For the foreseeable future, hydrogen will
come from fossil fuels by reforming natural gas
or gasoline. FC vehicle technology is not here
today, and commercialization will require a large
investment in research, development, and
infrastructure (4).

Here, we evaluate the potential of these
advanced passenger vehicles to improve en-

ergy efficiency. We show that a tremendous
increase in energy efficiency can be realized
today by shifting to hybrid ICE vehicles,
quite likely more than can be realized by a
shift from hybrid ICE to hybrid FC vehicles.

Energy Efficiency Model
To provide a basis for comparison of these
two technologies, we use a simple model (5 )
for obtaining the energy efficiency of the
various power plant– drive train–fuel com-
binations considered in more detailed stud-
ies (6–11). In general, the energy efficiency
of ICEs with a hybrid drive train and from
FC-powered vehicles vary depending on
the vehicle configuration and the type of
engine, drive train, and fuel (natural gas,
gasoline, or diesel).

For each configuration, we determine
well-to-wheel (WTW) energy efficiency for a
vehicle of a given weight operating on a
specified drive cycle. The overall WTW ef-
ficiency is divided into a well-to-tank (WTT)
and tank-to-wheel (TTW) efficiency so that
WTW � WTT � TTW.

We begin with the U.S. Department of En-
ergy (DOE) specification of average passenger
energy use in a federal urban drive cycle, the
so-called FUDS cycle (12). For example, for
today’s ICE vehicle that uses a spark ignition
engine fueled by gasoline, the TTW efficiency
for propulsion and braking is 12.6% (Fig. 1A).
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The TTW efficiency of other configura-
tions is estimated by making changes in the
baseline ICE parameters and calculating en-
ergy requirements beginning with energy out-
put. A hypothetical hybrid ICE (HICE),
based on current hybrid technology, that
completely eliminates idling losses and cap-
tures a portion (50%) of braking losses for
productive use (13) will have a TTW effi-
ciency of 26.6% (Fig. 1B). Both the ICE and
the HICE use gasoline fuel directly, so no
fuel processing is needed.

A likely hydrogen-based car might be a
proton-exchange membrane (PEM) FC-
powered vehicle with a hybrid power train.
This advanced fuel cell (AFC) vehicle has
an on-board fuel processor that reforms
gasoline to hydrogen fuel suitable for feed
for the PEM fuel cell. We assume a reform-
er efficiency of 80% and 50% efficiency for
the FC stack operating over the urban drive
cycle. We include a power train with the
same characteristics as the HICE vehicle.
The TTW efficiency of this configuration is
28.3% (Fig. 1C).

It is apparent that any alternative vehicle
configuration of fuel–power plant–drive train
can be considered in a similar fashion. For
example, if hydrogen were available without
energy cost, the overall efficiency would im-
prove to 39.0%, over three times that for the
conventional ICE (14). A diesel ICE with a
hybrid power train
could achieve an
efficiency of 31.9%,
assuming that this
higher compression
direct-injection en-
gine has an efficiency
of 45.0% compared
to 37.6% for the gas-
oline ICE.

Our results (Fig. 2)
are in reasonably good
agreement with those
of more detailed stud-
ies but do not re-
quire elaborate simula-
tion models. Figure 2
shows that, except for

the Argonne National Laboratory/General Motors
(ANL/GM) (6) study, the relative gain in efficien-
cy in moving from an ordinary ICE to a HICE is
more than twofold. The reason for this difference
is not clear, because the TTW analysis in that
study has its basis in a GM proprietary
simulation model.

Validating Our Model
To test the validity of these comparisons and our
simple model, we have used an advanced vehicle
simulator called ADVISOR, developed by the
National Renewable Research Laboratory
(NREL) of DOE (15). ADVISOR provides es-
timates of energy efficiencies for different vehi-
cle configurations. ADVISOR shows the broad
range of vehicle performance that is possible
with a reasonable choice of system parameters
such as maximum engine power, maximum mo-
tor power, transmission type, and brake energy
regeneration. The parameters we selected for the
simulation of the ICE, HICE, and AFC are given
in Table 1; for comparison, TTWs based on this
simulation are 28.8% for the Toyota Prius and
26.2% for the Honda Insight. Except for the
ANL/GM results, all studies point to large po-
tential energy efficiency gains from hybrid vehi-
cles in urban drive cycles compared to cars with
conventional ICEs (16).

Our analysis shows that hybrids offer the
potential for tremendous improvement in en-
ergy use and significant reduction in carbon
emissions compared to current ICE technol-
ogy. But hybrid vehicles will only be adopted
in significant quantities if the cost to the
consumer is comparable to the conventional
ICE alternative. Hybrid technology is here
today, but, of course, hybrid vehicles cost
more than equivalent ICE vehicles because of
the parallel drive train. Estimates of the cost
differential vary, but a range of $1000 to
$2000 is not unreasonable. Depending on the
miles driven, the cost of ownership of a hy-
brid vehicle may be lower than a convention-
al ICE, because the discounted value of the
fuel saving is greater than the incremental
capital cost for the parallel drive train and

Fig. 1. Energy flow for various vehicle configurations. (A) ICE, the conventional internal combustion, spark
ignition engine; (B) HICE, a hybrid vehicle that includes an electric motor and parallel drive train which
eliminates idling loss and captures some energy of braking; (C) AFC a fuel cell vehicle with parallel drive
train. The configuration assumes on-board gasoline reforming to fuel suitable for PEM fuel cell operation.

Fig. 2. Comparison of WTW energy efficiencies of advanced vehicle systems
using gasoline fuel. Color coding follows that in Fig. 1. 90% WTT efficiency
in all cases; thus WTW � 0.90 TTW. Data for ICE and HICE is from (7 ),
table 5.3. Data for AFC is from (8), which does not give energy efficiency
directly. We derive a range for energy efficiency by comparing data in
tables 8 and 9 for MJ/km for vehicle and fuel cycle for the 2020 ICE hybrid
to that of the gasoline FC hybrid given in (7), table 5.3. Data from (6 ),
table 2.1. Data from NREL’s ADVISOR simulation; for details, see Table 1.
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electric motor. Thus, hybrid vehicles can
con tribute to lower emissions and less
petroleum use at small or negative social
cost (17 ). Today only Toyota and Honda
offer hybrids in the United States; Daimler-
Chrysler, Ford, and General Motors are
planning to introduce hybrids in the period
from 2004 to 2006. At present there is a
federal tax credit of $1500 for purchase of
a hybrid vehicle, but it is scheduled to
phase out in 2006 (18).

Fuel cell technology is not here today.
Both the Bush Administration’s Freedom-
CAR program and the earlier Clinton Ad-
ministration Partnership for a New Gener-
ation of Vehicles (PNGV) launched major
DOE research and development initiatives
for FC-powered vehicles. The current
FreedomCAR program “focuses govern-
ment support on fundamental, high-risk
research that applies to multiple passenger-
vehicle models and emphasizes the develop-
ment of fuel cells and hydrogen infrastructure
technologies” (19). A successful automotive FC
program must develop high-durability FC stacks
with lifetimes of 5 to 10 thousand hours, well
beyond today’s experience. It is impossible to
estimate today whether the manufacturing cost
range that FC stacks must achieve for economical
passenger cars can be reached even at the large-
scale production runs that might be envisioned.

The government FC research and devel-
opment initiative is welcome, but it is not
clear whether the effort to develop economic
FC power plants for passenger cars will be
successful. In parallel, we should place pri-
ority on deploying hybrid cars, beginning
with today’s automotive platforms and fuels.
If the justification for federal support for
research and development on fuel cells is
reduction in imported oil and carbon dioxide
emissions, then there is stronger justification
for federal support for hybrid vehicles that
will achieve similar results more quickly.
Consideration should be given to expanding
government support for research and devel-
opment on generic advanced hybrid technol-
ogy and extending hybrid vehicle tax credits.
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Table 1. Input and output vehicle parameters obtained from NREL’s ADVISOR simulations. We
assumed 1500 kg for the total vehicle weight, including two passengers and fuel on board. The
actual weights of the Toyota Prius and Honda Insight with two passengers and fuel on board are
1368 kg and 1000 kg, respectively. Auxiliary power is 700 W except for the Honda Insight, for which
it is 200 W. The simulations are over a FUDS cycle. Fuel use and TTW calculations follow the
definition of efficiency given in (5), which is different than the “overall system efficiency” defined
in the NREL’s ADVISOR. Of course, the underlying performance is the same.

ICE HICE AFC Prius Insight

Vehicle
Max power (kW) 102 83 70 74 60
Power:weight ratio (W/kg) 68 55 47 54 60
Frontal area (m2) 2 2 2 1.75 1.9
Rolling resistance coefficient 0.009 0.009 0.009 0.009 0.0054

Engine–motor–fuel cell stack
Max engine power (kW) 102 43 43 50
Max engine efficiency (%) 38 38 39 40
Max motor power (kW) 40 40 31 10
Max motor efficiency (%) 92 92 91 96
Max fuel cell power (kW) 30
Max fuel cell stack efficiency (%) 56

Acceleration
Time for 0 to 60 mph (s) 18 10 13 15 12

Fuel use
1317 1189

Fuel energy use (kJ/km) 3282 1536 1553 (1274) (982)
Fuel economy (mpg) 21 44 43 53 69

Average efficiencies (%)
Engine efficiency 21 30 28 25
Motor efficiency 79 84 81 90
Reformer efficiency 80
Fuel cell stack efficiency 51
Round-trip battery efficiency 100 84 81 82
Transmission efficiency 75 75 93 100 92
Regenerative braking efficiency 35 39 41 38
TTW efficiency 12.6 27.2 26.6 28.8 26.2
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