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Abstract
Battery electric vehicles (BEVs) and plug-in hybrid electric vehicles (PHEVs) are often labeled “green”,
implying that they will significantly reduce greenhouse gas (GHG) emissions. But actual GHG reductions
will depend on two factors: the number of electric vehicles that can be sold to Americans that are fond
of driving large vehicles long distances, and the GHGs emitted by the electrical power plants that charge
the EV batteries. This article evaluates the maximum potential of EVs to cut GHG emissions and oil
consumption in the U.S. and compares them with the GHG and oil reduction potential of hydrogenpowered fuel cell electric vehicles. Even if all US light duty vehicles (LDVs) (cars and trucks) were
replaced by a combination of battery EVs for small vehicles and plug-in hybrids for all other LDVs (100%
electric vehicles!), then GHGs could at most be reduced by 26% and oil consumption could be reduced
by less than 67%. But if all LDVs in the U.S. were replaced by fuel cell electric vehicles powered by
hydrogen made from natural gas, then GHGs would be immediately reduced by 51% and oil
consumption by nearly 100%.
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1 Introduction
Major reductions in greenhouse gas emissions in the light duty vehicle (LDV) transportation sector will
be required to achieve the climate change community goal of reducing GHGs by 80% below 1990 levels
by 2050; to achieve this goal, McKinsey & Company [1] postulated that the GHGs from road transport in
Europe would have to be reduced by 95%, since other sectors are constrained in their ability to cut
GHGs as summarized in Table 1.
In the United States, the light-duty vehicle (LDV) sector [cars and trucks] accounted for 17.7% of all GHG
emissions1 in 2009 according to the latest EPA GHG inventory[2]. In order to reach the goal of cutting
GHGs to 80% below 1990 levels, all US transportation
emissions would have to be reduced by 83% below
2009 levels, and LDV emissions would have to be
reduced by 83.1% below 2009 levels in the US as
summarized in Table 2. Since sectors such as rail,
aviation and ships may be hard-pressed to achieve
their “fair-share” reductions of 70% to 82%, the LDV
sector may have to achieve more than an 83%
reduction to reach the overall goal.
In the United States, battery electric vehicles (BEVs)
and plug-in hybrid electric vehicles (PHEVs) have
replaced fuel cell electric vehicles (FCEVs) as the
alternative vehicle promoted and funded by the Federal government to cut GHGs and oil consumption.

President Bush enthusiastically promoted and supported the development of FCEVs, but President
Obama has set a goal of placing one million “electric vehicles2” on the road by 2015, and the US
1

Passenger cars accounted for 9.4%, and light duty trucks (vans, SUVs, pickups) emitted 8.3% of all US GHGs in 2009.
2 While FCEVs are “electric vehicles,” as used by the Obama administration, “electric vehicle” refers exclusively to battery EVs (BEVs) and
PHEVs.
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Secretary of Energy, Steven Chu, declared in a 2009 interview that FCEVs would require “four miracles”
to succeed [3], attempting to eliminate all funding for FCEVs in 20093. The Obama administration is
counting on BEVs and PHEVs as the primary option to cut greenhouse gas (GHG) emissions and oil
consumption in the light duty vehicle sector. But even if American drivers were convinced to purchase
only BEVs and PHEVs in the future, what would be the impact on GHG emissions and oil consumption?
And how would BEVs and PHEVs compare with FCEVs with respect to GHGs and oil use?
2 EV Market Penetration Potential
2.1 Battery Electric Vehicle Market Potential

Lithium-Ion batteries that are used in BEVs today are too heavy and occupy too much volume to be used
in very large vehicles that travel long
distances. In principle more batteries
can be added to any BEV to extend
range. But the weight and volume
occupied by these batteries grows
non-linearly with additional range due
to
a
process
called
“mass
compounding.”
For example, to
double the range of a BEV from 161
km to 322 km might require the
addition of 800 kg of batteries. But
extra structure must be added to
support those batteries. This extra
mass will in turn require larger motors
to provide the desired vehicle
acceleration, and the brake system
must be slightly larger to safely stop Figure 1. Useful specific energy (stored energy per unit mass—large is good!)
the vehicle. The vehicle frame and for batteries and hydrogen/fuel cell systems
suspension systems must also be
augmented to carry this additional
mass, further increasing total vehicle
mass. And, finally, additional batteries
will be required to propel this heavier
vehicle the required distance in an
iterative, non-linear feedback process.
Malen and Reddy have evaluated the
mass compounding effects of 32 latemodel (2002-2007) vehicles [4]. They
found that adding a load such as 100
kg of batteries will require an additional 59.8 kg for 12 vehicle subsystems such as structure, brakes, and
suspension systems. This added mass will require still more batteries to provide the desired range.
The mass for any electric vehicle is limited by the useful specific energy (in Whkg-1) of the complete
storage system. As shown in Figure 1, the specific energy of battery systems has improved over the last
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The U.S. Congress restored most of the FCEV funding in 2009, but has since accepted the administration’s plan to cut the FCEV program.
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few decades, from 35 Whkg-1 for the lead-acid (Pb-A) batteries used to start ICVs for a century to 75 Wh
kg-1 for nickel-metal hydride (NiMH) batteries used in the original Prius hybrid electric vehicles, to the
advanced lithium ion (Li-ion) batteries used in laptop computers, cell phones, and now BEVs such as the
Nissan Leaf BEV4. As shown in Figure 1, the specific energy for a fuel cell energy storage system
(hydrogen tanks, plus the fuel cell system plus a peak power battery system) is better (larger) than even
advanced Li-ion batteries that meet the minimum goals for the U.S. Advanced Battery Consortium longterm commercialization goals [5] as summarized in Table 3 along with the Nissan Leaf characteristics.
Hydrogen systems are shown for two pressures in Figure 1. 35 MPa (350-bar or 5,250 psia) that was
used in early FCEVs, and 70 MPa or 10,250 psia used in more recent FCEVs by several car companies.
The higher pressure 70-MPa storage tanks require more carbon fiber to hold the higher pressure, so
these tanks are slightly heavier and have lower specific energies than 35-MPa tanks.
The useful energy density of the
storage system determines how
much space must be occupied on the
vehicle to obtain the required range.
Figure 2 illustrates the significant
improvements in battery energy
density, but again shows that a
hydrogen/fuel cell/battery system
has slightly higher energy density
than even an advanced Li-ion battery
system meeting the USABC long-term
goals, particularly with 70-MPa tank
pressure. However, since the battery
system has much lower specific
energy, it will be heavier than a FCEV
and will therefore have to store more
energy than the hydrogen system for
a given range, and the total volume
of the battery system would be larger
than the total volume for the
hydrogen/fuel cell system even if the Figure 2Useful Energy density (energy per unit volume--Large is good!) for
two systems had equal energy batteries and for hydrogen/fuel cell systems
densities.
As a result of the mass and volume required for the battery system, BEVs will be limited to relatively
small vehicles such as the BEVs sold or under development by auto companies as summarized in Table 4.
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Nissan lists their battery pack with a 24 kWh energy storage capacity. With a mass of 300 kg, this corresponds to a specific energy of 80.2
-1
Whkg which we use in this model for the Leaf; however, this may not be the useful energy capacity, since batteries can typically only utilize
-1
70% of the stored energy, which would decrease the specific energy to only 56 kWhkg .
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To assess the likely
market share for BEVs
in the U.S., we need to
know the proportion of
vehicles of various sizes
and classes on the
road, but we were not
able to find such data
in the literature. We
therefore
estimated
the number of light
duty vehicles in the
different EPA size
classes on the road in
the US today by
analyzing LDV sales
numbers for the last 30
years[4]. For each class of vehicle, we then multiplied the annual sales times the survival rates (See
Table 5 for passenger car survival rates) for LDVs to determine the fraction of vehicles on the road today
[7]; note that survival rates are increasing. Thus for model year 1970 cars, only 9.6% would still be on
the road after 20 years, while the 20-year survival rates for 1980 model year (MY) cars increased to
13,8% and to 35.4% for 1990 MY cars.
Table 6 summarizes the results of this analysis showing the estimated number of vehicles on the road,
along with the number of vehicles in each class sold in 2010.
We conclude that approximately 28.1% of all cars on the road today are small passenger vehicles, and
28.1% of all new passenger cars sold in 2010 were small vehicles. If we include all small vans, all small
pickup trucks and all small SUVs, then the totals increase to 30.9% of all vehicles on the road and 28.7%
of 2010 sales.
We also estimated the average vehicle kilometers traveled (VKT) for each model year, using VKT data
provided by the Argonne National Laboratory [8], as summarized in Table 7. The Argonne National
Laboratory provided the VKT data for the first 16 years (1994 to 2010), and we extrapolated the
Argonne VMT data curves back to 1982.
To determine the possible market penetration of BEVs, we assumed that all small cars and wagons could
be powered by batteries, along with all small vans, all small pickups, and all small SUVs. We also
assumed that half of all midsize sedans could be powered by batteries, since the Nissan Leaf BEV is rated
as a “midsize sedan” by the EPA, based on its internal volume of 113 cubic feet5.
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The EPA defines a “midsize” sedan as those having between 110 and 119 cubic feet of interior space, so the Nissan Leaf falls into the lower
50% of the “midsize” sedan category [9].
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The resulting number of vehicles on the road in this “small” category suitable for BEVs, along with the
estimated VKT and weighted average fuel economies and annual gasoline consumption are summarized
in Table 8. We conclude that BEVs could replace up to 39.6% of all US cars on the road; However, since
these smaller vehicles generally have higher fuel economy, they account for only 24.9% of all gasoline
consumed by the US car fleet, and they account for 27.2% of all VKT. In addition, since petroleum is
consumed in mining, processing and transporting coal and natural gas to the electrical generators to
charge BEV batteries, the net reduction of petroleum consumption from replacing all small vehicles and
50% of all midsize vehicles with BEVs is equivalent to only a 24.5% reduction in oil consumption in the
LDV fleet.
2.2 Fuel Cell Electric Vehicle Market Potential
FCEVs are able to provide the range and refueling times comparable to conventional gasoline cars. Five
major automobile companies have already demonstrated SUV-size vehicles powered by fuel cells:
• Toyota has road-tested a FCEV version of their Highlander SUV. This FCEV has been certified by
DOE National laboratory engineers with a 693-km (431-mile) on-the-road range in California
[10].
• GM has built and provided 100 of their Equinox cross-over utility vehicles to ordinary drivers in
their “Project Driveway” road-test program. The Equinox FCEV has an estimated range between
257 and 322 km (160 to 200 miles).
• Nissan has developed a FCEV version of their X-Trail SUV. This FCEV has an estimated range of
500km (310 miles) using 70-MPa hydrogen storage tanks.
8
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•
•

Hyundai has developed a FCEV version of their Tucson ix SUV. This FCEV has an estimated range
of 648km (403 miles) using 70-MPa hydrogen storage tanks.
Kia has demonstrated a FCEV version of their Borrego SUV, with an estimated range of 750 km
(466 miles) using 70-MPa hydrogen storage tanks

We conclude that FCEVs could replace all LDVs, large and small.
3 Greenhouse Gas Emissions
To determine the impact of replacing all small vehicles with BEVs, we calculated the annual greenhouse
gas (GHG) emissions for these vehicles using the Argonne National Laboratory GREET model [11]. One
important input to the GREET model for electric vehicles is the electrical generation grid mix used to
charge BEV and PHEV batteries, which is currently dominated by burning fossil fuels in the US. For
example, the DOE’s Energy Information Agency (EIA) in their 2011 Annual Energy Outlook (AEO) [12]
estimates that 70.3% of all US electricity is generated by fossil fuels (46.2% coal and 23.1% natural gas
and 1.0% oil) in 2010. Furthermore, given the number of “climate change deniers” elected in 2010, it is
unlikely that the US Congress will
pass any climate change legislation in
the foreseeable future that might
provide incentives for utilities to
switch to cleaner fuel sources. As
shown in Table 9, the 2011 AEO
reference case projects very small
declines in fossil fuel generation out
to 2035, decreasing from 70.3% to
68.6% of all US electricity [12]. With
these average US grid mixes, the
estimated GHGs for various alternative vehicles calculated by the Argonne GREET model is summarized
in Table 10 for various alternative vehicles; we used the EIA’s 2011 Annual Energy Outlook data [12] for
the average on-the-road
projected fuel economy6 of
stock gasoline ICVs (second
row of Table 10)
For BEVs with batteries
charged by the average US
grid mix, BEVs through
2035 will generate from
35% to 39% more GHGs
than FCEVs running on
hydrogen
made
from
natural gas according to the
GREET model and AEO 2011
projections. Notice also
that plugging in gasoline powered PHEVs increases GHGs in all time periods by 1 to 7% compared to
6

Fuel economy in Liters of gasoline per 100 km, which is inversely proportional to the fuel economy numbers in miles per gallon used in the
U.S.
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HEVs running exclusively on gasoline. Therefore in most parts of the US, drivers purchasing PHEV-40’s
like the Chevy Volt will minimize GHGs if they never plug in these PHEVs but run them exclusively on
gasoline at all times!
3.1 California GHGs and Marginal Grid Mix
GHGs are less in some parts of the country with a lower proportion of coal-generated electricity. For
example, many analysts point to California that has a lower fraction of coal-generated electricity and
more zero-carbon sources (nuclear and renewables, primarily
hydroelectric) than the rest of the country as shown in Table
11 for 2010.
However, McCarthy and Yang at the University of California at
Davis have pointed out that the average utility grid mix is not
the appropriate metric for determining GHG emissions for
electric vehicles [13]. GHG emissions from adding BEVs and
PHEVs to the vehicle fleet are determined by the marginal
grid mix. For example, the zero-carbon electrical generators,
renewables and nuclear also have the lowest operating cost.
With economic dispatch, utilities run their lowest cost
generators first, and only turn on the more expensive
generators when demand rises. As a result, nuclear and renewable power plants are run at full capacity
whenever possible. Adding a new load such as a BEV or a PHEV then requires the utility to ramp up
other generators, primarily natural gas
fired combustion turbines in California,
which do generate significant GHGs.
McCarthy and Yang determined that up to
40% of the electricity to charge BEV and
PHEV batteries would come from natural
gas fired combustion turbines. As a
result, the large fraction of nuclear and
renewable energy in California has little
or no impact of the GHGs from charging
batteries. The results of their analysis are
shown in Figure 3.
Figure 3. Estimated GHG emissions in California using the marginal grid
mix calculated by McCarthy and Yang at UC-Davis

They conclude that even in California with
higher zero-carbon electricity7, FCEVs using hydrogen made from natural gas will generate lower GHGs
than either BEVs or PHEVs. All the other GHG data in this report use the average electricity grid as
utilized by the GREET model.8 As a result, all the GHG emissions estimated for BEVs and PHEVs in this
report except Figure 3 are conservative: actual BEV and PHEV GHG emissions will be greater than
estimated here since marginal grid mixes emit more carbon than the average grid mixes, while GHG
emissions for FCEVs are accurate, since the FCEV does not use much grid electricity9

7
8

9

“SMR” in Figure 3 refers to “steam methane reforming,” the process of converting natural gas to hydrogen.
Estimating the marginal electricity grid mix is very complex, which is why average grid mix is often used instead.

A small amount of electricity is required to compress the hydrogen for storage onboard the vehicle.
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As shown in Table 12, the gasoline-powered ICVs that are replaced by the BEVs account for 25.2% of all
LDV GHG emissions. But the average US grid used to charge the BEVs would emit 16.8% of the total
GHGs, so the net savings in GHGs is only 8.4%, far short of the goal of reducing GHGs by 80% below 1990
levels or 83% below 2009 levels by 2050.
3.2 Future GHG Reductions

In the future, both hydrogen and electricity can be made from lower carbon sources to further reduce
GHGs. However, as discussed above, the low carbon electricity sources such as nuclear and renewables
will most likely be used to displace fossil fuel electricity directly to maximize GHG reductions, and will
not be on the margin for charging EV batteries.
Zero-carbon Hydrogen, on the other hand, is already being economically generated from renewable
sources. For example, the Orange County Sanitation District in Fountain Valley, California has installed a
250-kW molten carbonate fuel cell system to produce electricity to run their waste water treatment
plant, displacing grid electricity and cutting GHGs. This stationary fuel cell runs on the anaerobic
digester gas from the treatment plant. Excess thermal energy from the fuel cell is used to heat the
digester tanks, displacing natural gas previously used to heat the tanks, which further reduces GHGs.
Excess hydrogen produced by the stationary fuel cell is cleaned up and used to power FCEVs. The
electricity and heat produced by the stationary fuel cell can pay for the equipment in a few years,
meaning that the hydrogen price can be cost competitive with gasoline per mile driven. Since hydrogen
would only be used to fuel FCEVs (as opposed to low-carbon electricity being fed to the grid), substantial
GHG reductions would be immediately realized with this renewable hydrogen pathway.
Another renewable hydrogen pathway would convert the methane from landfill gas to hydrogen.
Methane escaping from landfills accounted for approximately 7% of all US GHGs and waste water
treatment plant digester gas emissions accounted for just under 2% in 2009. Replacing all US cars with
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FCEVs running on hydrogen from waste water or landfills could result in a 109% reduction in the
transportation GHG level.
4.0 Petroleum Consumption
The GREET model also calculates petroleum consumption for various vehicles as summarized in Table
13.
Some readers might be
surprised to see that BEVs
“consume” petroleum. The
GREET model analyzes the
complete “well-to-wheels”
GHG emissions and oil
consumption.
Thus
petroleum is required to
mine and process coal and
natural gas and particularly
to transport coal to
electrical
generation
plants. So charging vehicle
batteries with electricity produced by burning fossil fuels will require the consumption of petroleum to
process and deliver those fuels. Similarly, compressing hydrogen for FCEVs consumes electricity, so
some petroleum is required to power FCEVs, although BEVs “consume” approximately four times more
petroleum than FCEVs, although both consume less than 4% of regular gasoline cars.
5 Four Market Penetration Scenarios
Given these data, we can now calculate the reductions in GHGs and oil consumption under four
scenarios:
• BEVs-only (BEV market penetration limited according to Table 8)
• PHEVs-only (All cars replaced by PHEVs)
• BEVs and PHEVs (BEVs limited according to Table 8, with PHEVs replacing all other vehicles so all
cars are “electric vehicles” as proposed by the Obama administration)
• FCEVs-only (All vehicles replaced by FCEVs)
The results are shown in Figure 4 for GHG reductions for three time periods: 2015, 2020, & 2035. FCEVs
can reduce GHGs in the near-term by over 51% with hydrogen made from natural gas, while the next
best option, BEVs and PHEVs could at best reduce GHGs by only 27%.
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Figure 4. Maximum possible reduction in greenhouse gas (GHG) emissions for the four scenarios (Large
reductions are good!)

Finally, Figure 5 shows the
percentage reduction in
petroleum
consumption
for the same four scenarios
as Figure 4. Again, the best
option is the FCEV case,
which eliminates almost all
petroleum use, while the
second-best option is BEVs
for all small vehicles and
PHEVs for all other
vehicles, which could only
reduce
petroleum
consumption by less than
67%.

6.0 Conclusions
Based on the detailed
“well-to-wheels” analysis Figure 5. Maximum possible reduction in oil consumption for the four scenarios (large is
good!)
using the Argonne National
Laboratory GREET model, we conclude that:
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To substantially cut greenhouse gas emissions and oil dependence, society must curb gasoline and diesel
fuel in the operation of conventional vehicles. These reductions in transportation GHGs and oil
consumption will require a portfolio of alternative vehicles. No single alternative will suffice. The
Obama administration’s selection of battery electric vehicles and plug-in hybrids as the only options for
their alternative vehicle strategy is particularly short-sighted and ill-advised since:
Battery electric vehicles alone, even if they replaced all small cars, all small vans, all small pickup trucks
and all small SUVs plus 50% of all midsize passenger cars in the U.S. would only reduce LDV GHGs by
8.4%, far less than the 83% reduction below 2009 levels required to achieve an overall reduction of 80%
below 1990 GHG levels, and they would only cut petroleum consumption by less than 25%.
Therefore BEVs alone will not be able to make substantial reductions in GHGs or oil consumption until a)
higher specific power batteries are developed so that BEVs can replace larger cars with longer driving
capacity, and b) almost all carbon is eliminated from electricity generation.
If, in addition to the small BEVs mentioned above, plug-in hybrids replace all other vehicles, (all gasoline
vehicles would be replaced by either BEVs or PHEVs) then GHGs would be reduced by less than 27% and
oil consumption by less than 67%.
If, on the other hand, fuel cell electric vehicles replaced all vehicles in the U.S., then GHGs would
immediately be reduced by more than 50% and oil consumption would be cut by nearly 100%, even if all
hydrogen was still made from natural gas. Greater GHG reductions would be achieved as hydrogen is
made from low-carbon sources such as from landfill gas or from waste water treatment plant anaerobic
digester gas, or, eventually, from water electrolysis using renewable electricity or nuclear power.
The need to reduce GHGs and oil consumption from the transportation sector is too urgent to limit our
options at this time. We need to develop all of the above.
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