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c Learning rates for hybrid-electric and battery-electric vehicles.
c Prices and price differentials of hybrid-electric vehicles show a robust decline.
c Battery-electric vehicles may require policy support for decades.
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a b s t r a c t

Hybrid-electric vehicles (HEVs) and battery-electric vehicles (BEVs) are currently more expensive than

conventional passenger cars but may become cheaper due to technological learning. Here, we obtain

insight into the prospects of future price decline by establishing ex-post learning rates for HEVs and

ex-ante price forecasts for HEVs and BEVs. Since 1997, HEVs have shown a robust decline in their price

and price differential at learning rates of 772% and 2375%, respectively. By 2010, HEVs were only

31722 h2010 kW�1 more expensive than conventional cars. Mass-produced BEVs are currently

introduced into the market at prices of 4797171 h2010 kW�1, which is 2857213 h2010 kW�1 and

3167209 h2010 kW�1 more expensive than HEVs and conventional cars. Our forecast suggests that

price breakeven with these vehicles may only be achieved by 2026 and 2032, when 50 and 80 million

BEVs, respectively, would have been produced worldwide. We estimate that BEVs may require until

then global learning investments of 100–150 billion h which is less than the global subsidies for fossil

fuel consumption paid in 2009. These findings suggest that HEVs, including plug-in HEVs, could become

the dominant vehicle technology in the next two decades, while BEVs may require long-term policy

support.

& 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The continuous growth of global passenger road transport
raises concerns about urban air pollution, anthropogenic green-
house gas emissions, and the depletion of fossil energy resources
(EEA, 2009, 2010; EPA, 2006; WB, 2007). By 2010, passenger road
transport consumed 54 exajoules of fuels, emitted 4.6 gigatonnes
of carbon dioxide (CO2), and accounted for 11% of both global
primary energy use and energy-related CO2 emissions (IEA, 2009;
ITF, 2010). These shares are likely to increase in the future if the
worldwide fleet of light-duty vehicles triples to the projected

2 billion cars and light-commercial vehicles by 2050 (de Jong
et al., 2009; IEA, 2009).

In response to this projection, vehicle manufacturers and
policy makers support the gradual electrification of road transport
via the introduction of innovative hybrid-electric vehicles (HEVs),
plug-in HEVs, battery-electric vehicles (BEVs), and fuel-cell-elec-
tric vehicles (FCEVs; EC, 2009a, 2011a,c; EGCI, 2010; IEA, 2010).
FCEVs have been considered as a viable technology option in the
past decade; their high production costs, however, have shifted
the focus to HEVs and BEVs (see, e.g., Eberle and von Helmolt,
2010; Bakker, 2011). HEVs were introduced into the market in
1997; by 2010, they accounted for 2% of the global passenger car
sales (estimates based on Honda, 2009; OICA, 2010; Toyota,
2011a). The first generation of plug-in HEVs and mass-produced
BEVs are currently being introduced into the market. For the
latter two vehicle types, industry and governments have defined
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ambitious targets: As frontrunners of electrification, the car
manufacturers Nissan and Renault plan to reach a joint yearly
production capacity of half a million BEVs by 2015 (Wüst, 2012).
China aims at reaching half a million cumulative BEV sales by
2015 (Fulton, 2011). The USA aspires to achieve one million
cumulative sales of plug-in HEVs and BEVs by 2015 (Hardy,
2010; Lee and Lovellette, 2011). The cumulative sales of plug-in
HEVs and BEVs in the European Union (EU) are expected to reach
five million by 2020 (EGCI, 2010), potentially accounting then for
8% of the yearly sales of passenger cars (RBSC, 2011).

The current prospects of HEVs, plug-in HEVs, and BEVs
are hampered, however, by high vehicle prices paired with a
comparatively low use value, including limited payload, uncer-
tainty regarding durability and safety, short driving range.
To achieve substantial market shares under the current economic
conditions, HEVs, plug-in HEVs, and BEVs have to become cheaper
and more functional (de Jong et al., 2009; IEA, 2009; EGCI, 2010).

Several attempts have been made to forecast production costs,
prices, and the costs of ownership for HEVs, plug-in HEVs, and
BEVs (e.g., Thiel et al., 2010; Burke et al., 2011; Lee and Lovellette,
2011). These forecasts typically combine detailed vehicle compo-
nent models with average vehicle use data and fuel price
scenarios (e.g., based on Lipman and Delucchi, 2003; Edwards
et al., 2008). A particular source of uncertainty arises from the
relatively crude assumptions used to project the rate at which
production costs of vehicles and their powertrain components
decline. This article provides rationale for the established fore-
casts by analyzing the price development of HEVs and BEVs using
the experience curve approach.

Experience curves typically model the production costs of
technologies as a power-law function of cumulative production;
they have been frequently applied for strategic planning in
industry (Dutton and Thomas, 1984) and, more recently, to
forecast the costs of renewable energy-supply technologies
(Kahouli-Brahmi, 2008; Neij, 2008; Junginger et al., 2010) and
efficient energy-demand technologies (Weiss et al., 2010).

Here, we establish experience curves in a step-wise approach:
First, we quantify for the period from 1997 to 2010 ex post the
rate of price decline for HEVs and comparable conventional
vehicles equipped with spark-ignition combustion engines (ICEs).
Second, we use the insight gained from this analysis to derive
ex-ante forecasts of the future price development of BEVs for
which time-series data are not yet available. The results of these
analyses provide valuable input for:

(i) deriving more reliable market projections for HEVs, plug-in
HEVs, and BEVs,

(ii) developing more robust scenarios for the future energy use
as well as CO2 and pollutant emissions of passenger road
transport,

(iii) supporting the establishment of efficient research, develop-
ment, and innovation support, subsidy programs, and tax
allowances that facilitate the electrification of passenger road
transport.

Our analysis excludes detailed forecasts of component costs
as well as projections on the costs of vehicle ownership, e.g.,
costs per kilometer driven. The former limitation presents
ample opportunities for additional in-depth research (see
Section 4.2). The latter limitation is justified because projections
are available (e.g., Thiel et al., 2010; Lee and Lovellette, 2011), to
which we add here insight into one critical parameter.

The article continues with background information and a
description of our research methodology in Section 2. We present
results in Section 3 and discuss the strength, limitations, and
implications of our research in Section 4.

2. Background information and methodology

2.1. Background information

We define HEVs as passenger cars that draw energy for
mechanical propulsion from both consumable fuels and an
electric power storage device, i.e., a battery (EC, 2007). Several
categories of HEVs can be differentiated:

(i) mild and full HEVs depending on the degree of hybridization1 ,
and

(ii) parallel and series HEVs depending on the mode of power
supply2 (for detailed explanations, see, e.g., Lipman and
Delucchi, 2003; Emadi et al., 2005; HC, 2011).

The battery of HEVs is recharged by regenerative braking and
through the work of the internal combustion engine. Plug-in HEVs
share the principal features of HEVs but allow recharging the
battery by an external power source. BEVs are passenger cars that
draw energy for mechanical propulsion solely from a recharge-
able electric power storage device such as a battery (EC, 2007).

The first mass-produced HEVs were introduced to the market
in 1997 by Toyota in Japan (Toyota Prius), in 1999 by Honda in
the USA (Honda Insight), and in 2000 by Toyota in Europe (Toyota
Prius). Since then, annual global HEV sales have been growing on
average by 47%, reaching about one million in 2010 (Fig. 1).
The USA currently represents the largest HEV market with more
than two million vehicles cumulatively sold by January 2012,
followed by Japan and the EU with cumulative sales of more than
1.5 million and approximately 450 thousand HEVs, respectively.
In 2009, the USA and Japan accounted together for 84% of the
worldwide registration of new HEVs (Wikipedia, 2012).3 The USA
is expected to remain the largest HEV market through 2015, while
the largest market growth will likely occur in China (PR, 2010).

Most major vehicle manufacturers currently offer HEVs, while
beginning to introduce plug-in HEVs into the market (GCC, 2010b).
BEVs have a long history dating back to the mid-19th century
(Cowan and Hultén, 1996; Bellis, 2010). However, it was only in the
1980s that BEVs experienced a renaissance owing to concerns about
the security of fossil fuel supply and transport-related air pollution.
In the past three decades, numerous BEVs have been presented for
experimental purposes (Bakker, 2011). Several small-batch produ-
cers have offered BEVs for several years now, while most major
vehicle manufacturers are only starting to commercialize compact
BEVs, designed predominantly for short-range city driving (e.g.,
Mitsubishi, 2010; Chambers, 2011; Citroën, 2011; Nissan, 2011a).

The markets for HEVs, plug-in HEVs, and BEVs in Japan, Europe,
and the USA are highly dynamic; new vehicles are introduced
almost on a monthly basis. The market penetration of novel
hybrid-electric and electric powertrains exhibits distinct differences
from other novel technologies in the automotive sector. Typically,

1 We exclude from this definition and from our research micro HEVs that

comprise vehicles equipped with conventional internal combustion engines (ICE)

and an electric motor or generator that allows switching the ICE off during

coasting, braking, or stopping but which cannot propel the vehicle. Mild HEVs

have a relatively small battery and electric motor (with a capacity typically lower

than 20 kW) and do not possess a hybrid powertrain. Full HEVs operate one or

more electric motors in combination with a relatively large battery. Full HEVs can

be propelled solely by the work of the electric motor.
2 Parallel HEVs are propelled jointly or individually by an electric motor and

an internal combustion engine. Series HEVs are solely propelled by an electric

motor, while the ICE powers a generator that supplies electric energy to the

battery.
3 The data presented here are compiled by Wikipedia (2012) based on

multiple primary data sources. Space limitations precluded us from listing all

sources here. We refer the reader to the link in the reference list for more detailed

information.
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novel technologies such as airbags, anti-lock breaking systems, and
electronic stability controls offer additional value to consumers but
are expensive at the point of their market introduction. These
technologies are therefore first introduced into high-price vehicles
for which consumers are willing to accept a price premium in
exchange for superior product functionality. Eventually, technologi-
cal learning reduces production costs and enables the diffusion of
novel technologies into mid-price and low-price vehicles. Hybrid-
electric powertrains, however, were first introduced to compact cars
(i.e., the Toyota Prius and the Honda Insight) because this strategy
arguably enabled manufacturers best to demonstrate and capitalize
the potentials of this technology for reducing fuel consumption and
carbon dioxide emissions. Since 2006, hybrid-electric powertrains
have been diffusing into both full-size luxury and small passenger
cars. A similar pattern of technology deployment may be observed
in the future for plug-in HEVs and BEVs, for which limited electric
driving ranges favor applications in small and compact cars.

The deployment of HEVs, plug-in HEVs, and BEVs points to a
particular problem: While offering superior powertrain efficiency
and potentially low operating costs, these vehicles are substan-
tially more expensive and provide lower functionality than
vehicles equipped with conventional internal combustion
engines. Many countries have been establishing subsidy schemes
or tax allowance programs to increase the attractiveness of HEVs,
plug-in HEVs, and BEVs for consumers (see, e.g., ACEA, 2010;
Chandra et al., 2010; McConnell and Turrentine, 2010; Xiang,
2010; DOE, 2011)4. In parallel, research and development in
vehicle components receives substantial funding with the objec-
tive of accelerating technological learning and improving the
performance of innovative powertrain concepts (Hardy, 2010;
EC, 2011b). This background provides the context of our empirical
analysis, which we explain next.

2.2. Methodology

The production costs of technologies typically decline through
the interaction of various mechanisms such as learning-by-doing,
economies of scale, technological innovation, and factor

substitution. Together, these mechanisms are typically referred
to as technological learning that can be quantified by experience
curves. The experience curve approach is, strictly speaking, only
applicable to production costs (BCG, 1972; Dutton and Thomas,
1984). Here, we approximate production costs of HEVs and BEVs
by retail prices because cost data are kept confidential by
manufacturers. This simplification is common practice in experi-
ence curve analyses (Kahouli-Brahmi, 2008; Weiss et al., 2010)
but introduces uncertainty if price margins vary in the period of
analysis, e.g., due to cross-subsidies or demand-driven changes in
profit margins (see Section 4.1).

We quantify technological learning for HEVs and BEVs
with the experience curve approach (BCG, 1972) by modeling
the price of vehicles as a power-law function of cumulative
production:

Cðxt,iÞ ¼ Cðx0,iÞ
xt,i

x0,i

� �bi

ð1Þ

where x0,i is the cumulative production of technology i at an
arbitrary starting point 0, xt,i is the cumulative production at time
point t, C(xt,i) is the specific price or price differential at xt,i, C(x0,i)
is the specific price or price differential at x0,i, and bi is the
technology-specific experience index.

By applying the logarithmic function, Eq. (1) yields a linear
equation with bi as the slope parameter and log C(x0,i) as the
intercept with the price axis. We calculate progress ratios (PRi) [%]
and learning rates (LRi) [%] as rates of price decline with each
doubling of cumulative production as:

PRi ¼ 2bi ð2Þ

LRi ¼ 1�PRi ¼ 1�2bi ð3Þ

We estimate the error interval of PRi and LRi as the implicit
error of experience curves, i.e., the 95% confidence interval of the
slope parameters.

Our experience curve analysis consists of two parts: First,
we establish ex-post experience curves and learning rates
for HEVs. Second, we use the established learning rates to derive
ex-ante price forecasts for BEVs. In the first part of our analysis,
we establish learning rates for the price of HEVs and the
price differential between HEVs and conventional spark-ignition
ICE vehicles in the period between 1997 and 2010. For
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Fig. 1. Global sales of HEVs (left vertical axis) and total global passenger car sales (right vertical axis; estimates based on Honda, 2009; OICA, 2010; Toyota, 2011a).

4 Beresteanu and Li (2011) estimate that in 2006, 20% of the HEV sales in the

USA can be attributed to governmental tax incentives. Similar effects have been

identified by Chandra et al. (2010) for Canada, where 26% of the HEV sales during

rebate programs may be attributable to rebates.
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each of the two parameters, we construct two sets of experience
curves:

(i) for the Toyota Prius (i.e., the first mass-produced HEV) sold in
Japan, Germany, and the USA,

(ii) for all HEVs sold in Germany and the USA.

Before continuing, it is important to note that modeling the
price differentials of HEVs with the experience curve approach
entails the caveat that the established values cannot become
negative due to the mathematical properties of the applied
power-law function. This caveat is acceptable because the costs
of electric components in hybrid powertrains add to the costs of
conventional ICE powertrains. However, this may not necessarily
be so in the future if economies of scale and technological
innovation in battery technology allow a substantial downscaling
of ICE components.

In the second part of our analysis, we use the learning rates
established for the price differentials of HEVs and for the price of
conventional ICE vehicles to derive ex-ante estimates for the price
development of BEVs in the period between 2010 and 2035. This
analysis consists of four steps:

(i) We divide the price of BEVs into two components, i.e., the
costs of electrification (e.g., including the costs of battery,
electric motor, and auxiliary components) and the ancillary
costs (e.g., including the costs of the vehicle chassis, the
suspension, the interior, and the markup of retailers). We
begin our calculations by assuming that the ancillary costs in
the case of conventional ICE vehicles accounts for 8274% of
the total vehicle price (Lipman and Delucchi, 2003). To
estimate the ancillary costs for BEVs in the year 2010,
we first multiply the share of 8274% by the price of
conventional ICE vehicles that are included in our analysis
(see below). This calculation yields average ancillary costs of
12976 h2010 kW�1 that are not related to the powertrain in
conventional ICE vehicles. We now assume that the ancillary
costs of 12976 h2010 kW�1 also apply to BEVs and that the
difference between this number and the average price of
BEVs represents the costs of electrification.

(ii) We establish experience curves and estimate learning rates
for conventional ICE vehicles.

(iii) We forecast the ancillary costs for BEVs until 2035 by
assuming a similar learning rate as for conventional ICE
vehicles. We forecast the cumulative production of compo-
nents constituting the ancillary costs based on the combined
sales projections for BEVs, HEVs, and conventional ICE
vehicles (see below).

(iv) We forecast the decline in the costs of electrification by
assuming a learning rate similar to that found for the price
differential of HEVs. This assumption is justified because the
price differential between HEVs and conventional ICE vehi-
cles essentially represents the costs of the additional battery
capacity, the electric motor, the inverter and controller, and
the integration of the electric components into the power-
train. We assume that the cumulative production of BEVs
increases from 2010 onwards at rates similar to the ones
observed for HEVs since 1997.

(v) We forecast the price of BEVs in each year by calculating the
sum of the costs of electrification and the ancillary costs.

We present the price forecasts of BEVs together with our price
forecasts for HEVs and conventional ICE vehicles. We estimate the
cumulative production (xb,i) of BEVs at which price breakeven is

reached as:

xb,i ¼ x0,iU
Cðxb,iÞ

Cðx0,iÞ

� �1=bi

ð4Þ

where C(xb,i) is the specific price at xb,i

We estimate the learning investments (Ii) required until BEVs
reach price breakeven as:

Ii ¼ Cðx0,iÞx0,i
1

1þb
�b

Cðxb,iÞ

Cðx0,iÞ

� �ð�bi�1Þ=�bi

�1

" #
þ

Cðxb,iÞ

Cðx0,iÞ

( )
ð5Þ

In the forecast above, we assume that the cost components
and the factors driving down the costs of electrification in HEVs
are similar to the ones in BEVs. This assumption, however,
disregards that battery costs may account for a substantially
larger share in the price of BEVs than in the price of HEVs. We
therefore conduct a sensitivity analysis by assuming that the costs
of electrification decline at a learning rate of 17% as identified for
lithium-ion batteries by Nagelhout and Ros (2009).

Having clarified our research approach, we next define the
system boundary of our analysis and we provide the sources of
input data. Our experience curve analysis covers HEVs, BEVs, and
conventional ICE vehicles of category M1, i.e., we include passen-
ger cars with no more than eight seats in addition to the driver’s
seat (EC, 2001). We include both mild and full HEVs; however, we
refrain from presenting individual experience curves for these
two vehicle types because both essentially represent the same
learning system (see section 4.1). We differentiate the three
vehicle markets of Japan, Germany, and the USA to identify, to
the extent possible, the effect of pricing policies and costs of
shipment on the established learning rates.

We estimate the cumulative global production of HEVs, BEVs,
and conventional ICE vehicles based on the following sources (see
Appendix A):

(i) HEVs: Honda (2009), USDE (2011a), Brambach (2009),
Daimler (2010), Chambers (2011), Toyota (2011a,b),

(ii) BEVs: Blanco (2010), Tesla (2010), GCC (2010a, 2011),
Chambers (2011), KFZ (2011),

(iii) Conventional ICE vehicles: OICA (2010), BC (1998).

We forecast the price of HEVs, BEVs, and conventional ICE
vehicles until 2035 by using the sales projections published by
IEA (2010).

The price data for HEVs, BEVs, and conventional ICE vehicles
cover the time period from December 1997 until February 2011;
data are obtained from AP (2011), CGA (2011), GNE (2011), and the
webpages of the various vehicle manufacturers (see Appendix A).
Although we aim at obtaining a comprehensive data set, our price
data may not cover all HEVs and BEVs currently offered on the
highly dynamic vehicle market.

We express prices in terms of real specific retail prices,
excluding sales tax, in Euro per kilowatt of engine power, deflated
to the base year 2010 [h2010 kW�1]. We uniformly report engine
power as the maximum power available from a vehicle’s power-
train. Normalizing the absolute vehicle prices by engine power
allows us to account for differences between the various HEVs,
BEVs, and conventional ICE vehicles. This approach may be
generally acceptable for HEVs and conventional ICE vehicles,
where vehicle prices closely follow engine power; the approach
may be, however, subject to uncertainty in the case of BEVs for
which vehicle prices may be linked closely to battery capacity.
Data characterization revealed that battery capacity and engine
power each explain 87% and 94%, respectively in the price
variability of BEVs. This finding confirms that battery capacity

M. Weiss et al. / Energy Policy 48 (2012) 374–393 377
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closely follows engine power5 and that our approach to normalize
absolute BEV prices with engine power is valid.

We convert currencies based on average market exchange rates
for the year 2010, i.e., 116 Yen per h and 1.32 US Dollar per h (X-Rates,
2011). We deflate nominal vehicle prices by using gross domestic
product deflators as provided by WB (2011). The most recent year of
our experience curve analysis is 2010. To establish vehicle prices for
this year, we also include price data published by manufacturers in
early 2011. To correct for inflation effects, we uniformly deflate 2011
price data by assuming a GDP deflator of 1.02 between the years
2011 and 2010 (WB, 2011).

We determine the price differentials of HEVs by subtracting
the prices of conventional spark-ignition ICE vehicles from the
prices of HEVs. We ensure comparability of HEVs with their
conventional counterparts by matching, to the extent possible,
chassis size, engine power, and technical features (e.g., automatic
transmission and air conditioning). For cases, in which no con-
ventional ICE vehicle with a chassis identical to the one of HEVs
exist (e.g., Toyota Prius, Honda Insight, Lexus CT and, Lexus HS),
we chose vehicles that match the respective HEVs as closely as
possible (see Appendix A).

3. Results

First, we present a data overview in a simple time-series
analysis (Section 3.1). Second, we establish ex-post experience
curves and learning rates for HEVs and conventional ICE vehicles
(Section 3.2). In the third part, we forecast ex ante the price
development of HEVs, BEVs, and conventional ICE vehicles until
2035 (Section 3.3).

3.1. Time series analysis

We find a robust decline in the price of HEVs since their
market introduction in 1997 (Fig. 2). The specific price of the

Toyota Prius in Japan declined by 19% between 1997 and 2010,
i.e., from 240 h2010 kW�1 to 194 h2010 kW�1 (Fig. 2a). Higher price
declines can be observed for the Toyota Prius in Germany (30%
between 2001 and 2010) and in the USA (31% between 2000 and
2010). This observation indicates that the Prius may have been
subsidized by Toyota during the first years after its market
introduction in Japan. Although Toyota does not provide informa-
tion, BW (1997) suggests that the production costs of a Toyota
Prius in 1997 may have reached 450 h2010 kW�1, i.e., approxi-
mately 28,600 h2010 per vehicle, excluding sales tax. The absolute
price of the Toyota Prius differs between Japan, Germany, and the
USA (Fig. 2a). This finding may be attributed, in part, to the
differences in the costs of shipment, the pricing strategy of
Toyota, and the applied price deflation.

Expanding the analysis to all HEVs shows that average
prices have declined by 27% in Germany between 2001 and
2010 and by 38% in the USA between 1999 and 2010 (Fig. 2b).
The relatively low prices in Germany in the years 2005 and
2006 solely stem from one vehicle, i.e., the Lexus RX; it is likely
that these two data points reflect the pricing strategy rather than
the technological learning of the manufacturer.

The price of HEVs declines, on average, at a higher rate than the
price of conventional ICE vehicles (Fig. 3). Thus, the price differ-
ential of the Toyota Prius sold in Japan declined by 77% between
1997 (128 h2010 kW�1) and 2010 (29 h2010 kW�1). We observe a
similar decline of price differentials in Germany and the USA.

The price differential of all HEVs declines in Germany by 69%
between 2001 and 2010 (14% per year) and in the USA by 78%
between 1999 and 2010 (15% per year; Fig. 3b). The price
differentials for Germany and the USA differ from each other to
a smaller extent than the absolute prices of HEVs do (compare
Figs. 2b and 3b). This finding indicates that the absolute prices of
HEVs and conventional ICE vehicles reflect the specifics of the
vehicle markets in Japan, Germany, and the USA thereby suggest-
ing that absolute prices are probably a poor proxy of actual
production costs. In line with the data of Fig. 2, we find negative
price differentials for all HEVs in Germany in the years 2005 and
2006. Again, price differentials in these years solely stem from the
Lexus RX. We neither identify similarly low price differentials for
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5 We identify a coefficient of determination of 0.90 between the battery

capacity and engine power of BEVs.
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any other HEV nor for any other year. It is thus likely that these
two data points present outliers resulting from the pricing
strategy of the manufacturer.

The average prices and price differentials of all HEVs vary
substantially between individual years and show a lower decline
in the period after 2006 (Figs. 2b and 3b). This observation may
stem from a bias in our data that include after 2006 an increasing
share of powerful and expensive HEVs that often come with
additional safety and comfort features. The expansion of hybrid-
electric powertrains to high-price vehicles may thus result in a
lower decline of specific HEV prices. Linear regression analysis
(see Appendix B) reveals that indeed the specific price of HEVs
and conventional ICE vehicles is correlated with the absolute
vehicle price. By contrast, the specific price differential of HEVs
hardly depends on the absolute price (see Appendix B).

We account for this effect by normalizing the specific prices of
all HEVs and conventional ICE vehicles to a price level of 20,000
h2010 based on the linear relationships established for the year
2010 in Appendix B. We assume that this relationship holds for all
years of the analysis. We find that normalizing the specific prices
of HEVs and conventional ICE vehicles slightly decreases the
average vehicle prices in the later years of our analysis (Fig. 4).

The average specific price of the ten BEVs included in our
analysis (8147478 h2010 kW�1) exceeds the specific price of
HEVs and conventional ICE vehicles by 6267502 h2010 kW�1

and 6577492 h2010 kW�1, respectively (Fig. 4). The specific price
of the three mass-produced BEVs (i.e., the Nissan Leaf, the
Mitsubishi i-MiEV, and its derivative the Citroën C-Zero) is
substantially lower (4797171 h2010 kW�1) than the average
price of all BEVs. For these three mass-produced vehicles, the
average price differential as compared with HEVs and conven-
tional ICE vehicles amounts to 2917195 h2010 kW�1 and
3227185 h2010 kW�1, respectively. The price data presented so
far provide the empirical basis of the experience curves analyses,
which we present next.

3.2. Experience curves for HEVs and conventional ICE vehicles

We find that the specific price of the Toyota Prius declines
at learning rates of 171% in Japan and 672% in Germany and
the USA (Fig. 5a). The relatively low learning rate in Japan
supports our earlier argument that Toyota may have subsidized
Prius sales after market introduction. By excluding the data point
for the year 1997, the learning rate for Japan doubles to 271%.

The experience curve analysis for all HEVs yields learning rates of
574% for Germany and 872% for the USA (Fig. 5b).

We obtain slightly higher learning rates of 675% for Germany
and 1072% for the USA when plotting the normalized specific prices
of all HEVs. The exceptionally low prices for Germany in 2005 and
2006 may be the result of pricing strategy. Excluding these data
points yields a higher coefficient of determination (R2

¼0.89), a
smaller uncertainty interval, and a slightly lower learning rate of
572% for HEVs in Germany (Fig. 6). If we assume that the experience
curves of all HEVs best represent the technological learning of HEVs,
we can average the learning rates for Germany (excluding the data
points for the years 2005 and 2006) and the USA (Fig. 6) to estimate
an overall average learning rate for HEVs of 772%.

The observed price decline can be explained in part by declining
battery costs, accompanied by substantial improvements in battery
performance. Since 1997, Toyota decreased the production costs of
the nickel–metal-hydride batteries used in the Prius by 75%, reduced
the battery size by 33%, and increased the battery capacity by 50%
(Pander, 2009). In support of this information, Nagelhout and Ros
(2009) identified a learning rate of 17% for lithium-ion batteries,
indicating a decline in the costs of this battery type by roughly a
factor of ten in the period between 1993 and 2003.

Our results suggest substantially lower learning rates for HEVs
than for the average of energy-demand technologies, i.e., 1879%
(Weiss et al., 2010). This finding may be explained by the relatively
low share of the costs of hybridization (i.e., the costs for the battery,
electric motor, inverter, controller, and the integration of the electric
components into the powertrain) on the total vehicle price. Although
the hybrid-electric powertrain supposedly offers large potentials for
technological learning, it only accounts for 69712% and 3375% of
the manufacturing costs and the retail price of HEVs, respectively
(Lipman and Delucchi, 2003). Around two-third of the HEV price is
thus unrelated to the powertrain.

Additional analyses reveal that conventional ICE vehicles show
substantially higher learning rates than HEVs (i.e., 30737% in
Germany, 54718% in the USA, resulting in an average of
42727%). This finding can be explained by the comparatively
low amounts of doublings in the cumulative production of ICE
vehicles between 1997 and 2010.6 The cumulative production of
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6 The large uncertainty intervals suggest being cautious when interpreting

these learning rates. Typically, price data should span several doublings of

cumulative production before they may allow calculating reliable and accurate

learning rates. Our price data for ICE vehicles do not fulfill this criterion.
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conventional ICE vehicles only increased by 40%, while the
cumulative production of HEVs doubled nearly 14 times in the
period of the analysis.

So far, our analysis addressed the specific price of vehicles. More
insight into the competitiveness of HEVs can be obtained, however,
by analyzing the price differentials between HEVs and conventional
ICE vehicles. We find that the learning rates for the price differential
of HEVs are higher than those for the prices, ranging for the Toyota
Prius between 773% (Japan) and 1777% (Germany; Fig. 7a). Again,
the learning rates for all HEVs are higher than those for the Toyota

Prius and span a range between 2474% (USA) and 607104%
(Germany; Fig. 7b). By excluding the data for the years 2005 and
20067, we obtain a learning rate 2276% for HEVs sold in Germany.

We estimate an average learning rate of 2375% for the price
differential of HEVs by averaging the learning rates for Germany
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7 The negative price differentials in the years 2005 and 2006 stem from one

vehicle only. These data points likely represent outliers because we do not identify

similarly low price differentials for other HEVs in any other year of our analysis.
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(excluding the data for 2005 and 2006) and the USA (see Fig. 7b).
This estimate is higher than the conservative value of 10% as
applied by Thiel et al. (2010) to battery, electric motor, and other
miscellaneous costs for electrification. Our analysis hence sug-
gests that the production costs of hybrid-electric powertrains
may decline at higher rates than previously assumed.

3.3. Price forecasts for BEVs, HEVs, and conventional ICE vehicles

Approximately 145 million BEVs will have been produced world-
wide by 2035, if the production of BEVs shows growth rates similar to
those observed for HEVs since 1997. Likewise, the market for HEVs
and conventional ICE vehicles may continue to grow. Until 2035,
these vehicles may reach a cumulative production of 270 and 4,500
million vehicles, respectively (IEA, 2010b; see Table A10 in Appendix
A). In this section, we combine these scenarios with our estimates of
learning rates to forecast the prices of BEVs, HEVs, and conventional
ICE vehicles. The price differential of HEVs can be regarded as a proxy
for the costs of electrification, i.e., the costs of an additional battery,
the electric motor, inverter, controller, and the integration of the
electric components into the powertrain. If these cost components
together show a learning rate of 2375% in HEVs, it is reasonable to
assume a similar learning rate for electric powertrains in BEVs. To
forecast the ancillary costs for BEVs, we assume (i) a learning rate
similar to the one found for ICE vehicles (i.e., 42727%) and (ii) an
increase in cumulative production of vehicles as forecasted by IEA
(2010; see Section 2.2)8.

Under these assumptions, the average vehicle prices may decline
until 2035 to 100746 h2010 kW�1 for BEVs, 120728 h2010 kW�1

for HEVs, and 103733 h2010kW�1 for conventional ICE vehicles
(Fig. 8a). Thus, BEVs may reach price breakeven with HEVs on
average around the year 2026 and with conventional ICE vehicles
around 2032 (Fig. 8b).9 However, the large uncertainty margins in

our forecast together with the considerable difference in the price
levels between Germany and the USA suggest that these esti-
mates are subject to substantial uncertainty.

The price differential between BEVs and HEVs as well as conven-
tional ICE vehicles can be regarded as indicative of the learning
investments of BEVs. Our forecasts suggest that BEVs may require
learning investments of around 100 billion h and 150 billion h before
reaching price breakeven with HEVs and conventional ICE vehicles.
Although appearing impressive, these numbers still fall short of the
226 billion h fossil fuel consumption subsidies granted worldwide in
2009 (IEA, 2010). Our estimates are subject to substantial uncertainty
given the range of plausible assumptions on future production
volumes and vehicle prices. It is beyond the scope of this research
to address the resulting uncertainty in a comprehensive manner. Still,
a sensitivity analysis of our forecasts indicates that price breakeven of
BEVs may also be achieved later than suggested by Fig. 8, if power-
train components show similar learning rates than lithium-ion
batteries, i.e., 17%.10 In this scenario, price breakeven with HEVs
and conventional ICE vehicles may be reached only after the year
2035 (Fig. 9).

The learning investments increase in this scenario to 300
billion h and 500 billion h before reaching price breakeven with
HEVs and conventional ICE vehicles, respectively. The discrepancy
between our previous finding and the result of this sensitivity
analysis suggests caution when drawing conclusions on the future
dynamics of prices and production costs of BEVs, HEVs, and
conventional ICE vehicles.

4. Discussion

4.1. Strengths and limitations of the research

This article develops experience curves and quantifies learning
rates for HEVs and conventional ICE vehicles. The insight gained is
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8 These assumptions result in an overall learning rate of 14.770.3% for BEVs

in the period between 2010 and 2035.
9 We refer here and in the sensitivity analysis below to the average price of

BEVs compared to the average price of HEVs and conventional ICE vehicles in

Germany and the USA.

10 These assumptions result in an overall learning rate of 11.570.1% for BEVs

in the period between 2010 and 2035.
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used to forecast the prices of BEVs, HEVs, and conventional ICE
vehicles until 2035. Our analysis provides an empirically-based
first-order estimate of the future price dynamics for passenger
cars equipped with innovative powertrain technologies. The
findings provide rationale to the forecasting of vehicle costs in
transport and emission models.

The accuracy of our results depends on the reliability of the
experience curve approach and the collected input data. Addres-
sing the first point, the phenomenon of a constant rate of cost
decline is an empirical observation but not a natural law (Dutton
and Thomas, 1984). Technology costs neither have to decline with
increasing production nor does the rate of cost decline need to
remain constant per se (Argote and Epple, 1990; Hultman and
Koomey, 2007). In fact, economics of scale and process innovation
tend to decrease labor and capital costs in manufacturing but may
be offset by increasing prices for, e.g., raw materials, energy, and

product components. Such dynamics have been observed by Yu
et al. (2011) for photovoltaics and may occur for HEVs and BEVs, if
the demand for, e.g., batteries substantially increases. Changes in
the price of production factors thus limit the reliability of
forecasts based on experience curves.

Next to methodological issues, our input data introduce
uncertainty into the present analysis. First, we use experience
curves to forecast vehicle prices although this approach is strictly
valid only for modeling production costs. Similar shortcomings
are widespread in many experience curve studies because actual
cost data are typically kept confidential by producers (see, e.g.,
Junginger et al., 2010). The IEA (2000) argues that prices and
production costs of emerging technologies are likely to differ in
their dynamics: at the point of market introduction, prices are
typically lower than production costs because manufacturers try
to open markets for their innovative products. With increasing
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technological learning, production costs may eventually decline
below the actual market price. Only later in a phase of enhanced
market competition, prices tend to parallel costs. Our price data
suggest that such price-cost dynamics may also be found for
HEVs. We find strong indication that the Toyota Prius sold in the
late 1990s in Japan has been subsidized by Toyota (see Section
3.1). Similar effects are likely to prevail on the level of individual
vehicle components (e.g., batteries), where prices may reflect
strategic business decisions of component suppliers and vehicle
manufacturers in a potentially growing market. Manufacturing
costs, on average, account for only 48% and 43% of the manufac-
turers-suggested retail price of HEVs and conventional ICE vehi-
cles (Lipman and Delucchi, 2003), providing manufacturers scope
for pricing strategies. Since the potential sources of cost and price
volatility may compensate each other in the long term, the use of
longer time series in the future may enable more robust forecasts
of production costs.

Second, deriving accurate learning rates requires that the
analyzed product system remains homogenous throughout the
period of analysis. HEVs do not fulfill this criterion in a strict
sense because novel HEVs contain advanced safety and comfort
features that were absent in older ones (e.g., electronic stability
control). Likewise, it is reasonable to assume that the character-
istics and features of BEVs, HEVs, and conventional ICE vehicles
will change considerably in the future. Although we partially
account for heterogeneities among vehicles by normalizing our
price data, it is difficult to quantify to what extent new features
have been adding to the price of HEVs in the period of our
analysis. Overall, the effect of heterogeneity in the product
systems may lead to an underestimation of actual learning rates
for the specific price of HEVs and conventional ICE vehicles. The
effect can be expected to cancel out in the learning rates
established based on price differentials.

Third, we include mild and full HEVs into our analysis. The
costs for hybridization are, however, lower for mild than for full
HEVs, i.e., the manufacturing costs of mild and full hybrid-electric
powertrains account for around 3073% and 3874% in the retail
price of HEVs, respectively (Lipman and Delucchi, 2003). We may
thus argue that our estimated learning rates overestimate to some

extent the potentials for a price decline of mild HEVs and under-
estimate the potentials for a price decline of full HEVs.

Finally, we limit our analysis to Japan, Germany, and the USA
because these countries together account for roughly 85% of the
worldwide HEV registrations in 2009 (HC, 2008, 2009). The
magnitude in the variability of both price levels and price trends
suggests that including additional countries in the experience
curve analysis may not change the conclusions of this research.
Caution is nevertheless required when interpreting the results
because small deviations in the actual learning rates can cause
substantial differences in the estimated break-even production
and learning investments.

4.2. Implications for energy and transport policy

Technological learning has substantially reduced the price of
HEVs since 1997 and will very likely also reduce the price of HEVs
and BEVs in the future. The competitiveness of these vehicles
depends on a variety of factors including purchase and operating
costs, reliability, design, safety,11 driving characteristics, accessi-
bility of refueling or re-charging infrastructure, as well as social
perception (see, e.g., Lee and Lovellette, 2011). These factors are
relevant for consumers and thus for strategic decision making by
manufacturers, policy makers, and utility companies that can
provide incentives for HEVs, plug-in HEVs and BEVs, recharging
infrastructure, and options for advanced vehicle-to-grid integra-
tion. Although not addressed by this research, the above men-
tioned factors need to be addressed by stakeholders before a
wide-spread electrification of passenger road transport can be
achieved.

Lipman and Delucchi (2003) found that HEVs in the USA reach
cost breakeven with conventional ICE vehicles at a gasoline price
of $1.49-$2.65 per gallon (i.e., $0.39-$0.69 per liter). Such price
levels have been observed in most regions of the USA since 2004
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11 The Electromagnetic compatibility of vehicle components along the entire

chain of production, use and recycling of HEVs, and BEVs is particularly critical.

The incidence of the Chevrolet Volt catching fire long after a side-impact crash test

(NHTSA, 2011) presents only one example for persisting challenges.
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(USDE, 2011b). Likewise, the IEA (2010) estimates pay-back times
for HEVs of 4–8 years in 2009, indicating that HEV are cost-
competitive on a life cycle basis at current fuel prices. The
situation is, however, different for BEVs, which reach cost break-
even only at gasoline prices of $4.50–$5.50 per gallon (i.e., $1.19–
$1.45 per liter) in the USA (Lee and Lovellette, 2011).12

The high prices and customer costs of BEVs principally stem
from the battery pack that presents the most critical factor in the
development of these vehicles (e.g., Nemry and Brons, 2010;
Bakker, 2011). Battery capacities in BEVs typically range between
15 and 35 kWh (McConnell and Turrentine, 2010) at production
costs of 200 h kW h�1 for nickel-metal hydride batteries and 500–
1,200 h kW h�1 for lithium-ion batteries (IEA, 2008; McConnell
and Turrentine, 2010; Ernst et al., 2011; Lee and Lovellette, 2011;
Dinger et al., 2010; RBSC, 2011). Around 75% of the battery costs
may be volume dependent (Dinger et al., 2010) and could thus be
substantially reduced by up-scaling battery production. This way,
the production costs of lithium-ion batteries may decline by 6–9%
per year, potentially reaching levels of around 200–440 h kW h�1

by 2020 (Dinger et al., 2010; DB, 2011) and eventually
100 h kW h�1 by 2030 (IEA, 2011). At the same time, energy
densities may double within a decade to 200 W h kg�1 (IEA,
2011). The currently high battery demand also triggers research
on alternative battery chemistries such as lithium–air and
lithium–sulfur batteries that may offer substantially higher
energy densities than current lithium-ion batteries (Bruce et al.,
2012). Still, such novel battery chemistries may only be available
for production on a significant scale after the year 2020 (Dinger
et al., 2010). Although the demand for BEVs will likely accelerate
technological learning in battery manufacturing, adverse price
effects can occur if the supply of resources (e.g., neodymium) and
battery manufacturing capacities lag behind demand (Lowe et al.,
2010) or if relatively high market entry barriers enable a business
concentration of battery manufacturers (RBSC, 2011).

Our analysis shows that closing the price gap between BEVs
and conventional ICE vehicles may require several decades if the
current price dynamics persist. Dedicated governmental support
policies may thus be necessary if policy makers regard it desirable
to close persisting price gaps earlier or in case boundary condi-
tions inhibit the market penetration of BEVs (see discussions
below). In parallel, manufacturers could curb high production
costs in the short term by installing small batteries, thus limiting
the driving range of BEVs to applications in urban areas
(McConnell and Turrentine, 2010). Ernst et al. (2011) found that
plug-in HEVs equipped with batteries of 4 kW h show payback
times of less than five years, whereas larger batteries of, e.g.,
12 kW h incur longer payback times of 8–9 years. Together with
our findings, these estimates have two implications for the
electrification of road transport:

(i) Hybrid-electric power trains may not present a short-term
bridge technology. Instead, HEVs and plug-in HEVs could
become the dominant light-duty vehicle technology in the
coming decades (see, e.g., Nemry and Brons, 2010; Burke
et al., 2011; Sams, 2011). An exception may be present in
large urban areas, where short driving ranges, accessible
recharging infrastructure, and concerns over local air pollu-
tion may facilitate the market penetration of small, and thus
comparatively cheap, BEVs (Book et al., 2009).

(ii) Two-wheelers such as mopeds, scooters, and motorbikes that
could run on comparatively small batteries may present large
potentials for the cost effective electrification of road

transport in urban areas around the world; additional
research is highly warranted.

The market prospects for both HEVs and BEVs rest upon the
rate of technological learning but also on progress in competing
spark ignition and compression ignition ICE vehicles. Conven-
tional ICEs are expected to achieve at least another 30% increase
in fuel efficiency over the next decade (Smokers et al., 2006;
EARPA, 2003; Kobayashi et al., 2009; Hardy, 2010; Ernst et al.,
2011; Burke et al., 2011). These improvements may support HEVs
to some extent but will mainly benefit conventional ICE vehicles
running on fossil and renewable fuels.

In addition to these aspects, several economic and political
factors are critical for the market penetration of BEVs:

(i) future fossil fuel and gasoline prices – increasing sales of
HEVs after the year 2007 are likely to have occurred in
response to high oil prices13, and suggest that price differ-
entials can be acceptable if customers achieve in return
adequate savings in fuel costs,

(ii) the stringency of future emission limits for ICE vehicles,
which may partially compensate gains in fuel efficiency
while incuring costs for the installation of additional after-
treatment systems (see, e.g., Weiss et al., 2011),

(iii) potential penalties faced by manufacturers for exceeding
fleet-average CO2 emission targets, e.g., 95 g/km in the EU
from 2020 onwards (EC, 2009b),

(iv) the willingness of governments to provide incentives such as
tax allowances or purchasing subsidies,

(v) the existence of local policies addressing urban air pollution
and traffic congestion such as the introduction of environ-
mental zones, emissions-free driving zones, or city taxes for
selected vehicle categories.

From an environmental perspective, the large-scale market
penetration of HEVs and BEVs may substantially reduce the
distance-specific CO2 emissions (Fontaras et al., 2008; Samaras
and Meisterling, 2008; de Jong et al., 2009; Thiel et al., 2010) as
well as the emissions of gaseous and particulate air pollutants of
passenger cars (de Jong et al., 2009; Weiss et al., 2011). Such a
development shifts the environmental impacts of road transport
to the location of electricity generation. Policy makers should also
be aware that any consumer savings in distance-specific fuel costs
and the associated CO2 emissions may cause unintended rebound
effects elsewhere in the economy. From the perspective of
infrastructure, the electrification of passenger transport will
require adaptations of electricity grids, including intelligent load
management that makes optimal use of BEVs as a large-scale
energy buffer and storage facility (Perujo and Ciuffo, 2010).

To summarize, we draw the following conclusions:

(i) Since 1997, hybrid-electric vehicles (HEVs) have shown a
robust trend towards declining prices and price differentials.

(ii) Battery-electric vehicles (BEVs) are currently substantially
more expensive than HEVs and conventional ICE vehicles. If
BEVs demonstrate technological learning at rates similar to
HEVs in the past, they still may require several decades to
reach price breakeven with HEVs and conventional ICE

12 Dinger et al. (2010) conclude based on market surveys that customers in

the USA would accept pay-back times of three years for BEVs.

13 One may argue that HEVs have reached higher market shares in the USA

than in the EU because US citizens were affected more directly by increasing oil

prices than EU citizens who were already offered relatively efficient conventional

diesel and gasoline cars in response to relatively expensive and heavily taxed fuel.

The low efficiency of conventional passenger cars in combination with a high

relative increase in fuel prices in the USA may have provided thus the critical

leverage for the market success of HEVs.
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vehicles. This conclusion rests on the analysis of relatively
short time-series of price data and the assumption that BEV
sales increase at similar rates than HEV sales did in the past.
Our conclusions may change if longer time series as well as
actual production costs are used for analysis.

(iii) Before achieving a substantial market share under current
economic conditions, BEVs may require a consistent and
long-term policy support.

(iv) Critical for the production costs of both HEVs and BEVs
is the cost performance of batteries. If current developments
persist, vehicles with smaller, and thus less costly,
batteries such as plug-in HEVs and short-range BEVs for city
driving could present the economically most viable options
for the electrification of passenger road transport until 2020.
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Appendix A. Data used for experience curve analyses

See Tables A1–A10.

Table A2
Japanese price data for conventional gasoline reference vehicles and price differentials between the Toyota Prius and conventional gasoline reference vehicles.

Vehicle Year Power

[kW]

Nominal sales

price [106 YEN]

Real sales

price

[h2010]a,b

Real specific

price

[h2010 kW�1]a,b

Real price

difference [h2010]a,b

Real specific

price difference

[h2010 kW�1]a,b

Principal reference

Toyota Corolla DX 1.3 1997 63 1.00 7,038 112 8,094 128 GNE (2011)

Toyota Corolla DX 1.3 1998 63 1.00 7,042 112 8,099 129 GNE (2011)

Toyota Corolla X 2000 65 1.12 8,154 125 7,674 88 GNE (2011)

Toyota Alex XS 150 2001 80 1.40 10,277 128 5,749 88 GNE (2011)

Toyota Alex XS 150 2003 80 1.40 10,607 133 5,933 91 GNE (2011)

Toyota Alex XS 150 2004 81 1.49 11,444 141 5,058 58 GNE (2011)

Toyota Alex XS 150 2005 81 1.49 11,656 144 6,074 70 GNE (2011)

Toyota Auris 150x 2007 81 1.62 12,894 159 5,132 58 GNE (2011)

Toyota Auris 150x 2008 81 1.62 12,999 160 5,679 65 GNE (2011)

Toyota Auris 150x 2009 81 1.62 13,121 162 2,166 22 GNE (2011)

Toyota Auris 150x 2009 81 1.62 13,121 162 3,460 4 GNE (2011)

Toyota Auris 150x 2010 81 1.62 13,317 164 6,059 29 GNE (2011)

a Excluding sales taxes.
b Assuming an average exchange rate for the year 2010 of 116 YEN per h.

Table A1
Japanese price data for the Toyota Prius.

Vehicle Year Total system

power [kW]

Nominal sales

price [106 YEN]

Real sales price

[h2010]a,b

Real specific

price

[h2010 kW�1]a,b

Principal reference

Toyota Prius (NHW10) 1997 63c 2.15 15,132 240 GNE (2011)

Toyota Prius (NHW10) 1998 63c 2.15 15,141 240 GNE (2011)

Toyota Prius (NHW11) 2000 74 2.18 15,828 214 GNE (2011)

Toyota Prius (NHW11) 2001 74 2.18 16,026 217 GNE (2011)

Toyota Prius (NHW11) 2003 74 2.18 16,540 224 GNE (2011)

Toyota Prius (NHW20) 2004 83 2.15 16,503 199 GNE (2011)

Toyota Prius (NHW20) 2005 83 2.27 17,730 214 GNE (2011)

Toyota Prius (NHW20) 2007 83 2.27 18,026 217 GNE (2011)

Toyota Prius (NHW20) 2008 83 2.33 18,678 225 GNE (2011)

Toyota Prius (NHW20) 2009 83 1.89 15,287 184 GNE (2011)

Toyota Prius (ZVW30) 2009 100 2.05 16,581 166 GNE (2011)

Toyota Prius (ZVW30) 2010 100 2.36 19,376 194 GNE (2011)

a Excluding sales taxes.
b Assuming an average exchange rate for the year 2010 of 116 YEN per h.
c Estimates based secondary literature.
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Table A3
German price data for hybrid-electric vehicles.

Vehicle Year Total system

power [kW]

Nominal sales

price [h]

Real sales price

[h2010]a

Real specific

price

[h2010 kW�1]a

Principal reference

Toyota Prius (NHW11) 2001 74 23,500 22,377 302 AP (2011)

Toyota Prius (NHW20) 2004 83 25,150 23,183 279 AP (2011)

Lexus RX 400h 2005 200 49,750 45,646 228 AP (2011)

Lexus GS 450h 2006 253 57,600 52,713 208 AP (2011)

Honda Civic Hybrid 2007 84 23,800 20,832 248 AP (2011)

BMW 7 Hybrid 2009 342 10,5900 88,047 257 AP (2011)

Honda Insight 2009 74 19,550 19,760 267 AP (2011)

Lexus LS 600h 2007 327 99,850 87,399 267 AP (2011)

Lexus RX 450h 2009 220 59,950 50,918 231 AP (2011)

Mercedes S Hybrid 2009 220 85,323 73,572 334 AP (2011)

Toyota Prius (ZVW30) 2009 100 24,950 21,871 219 AP (2011)

BMW X6 Hybrid 2010 357 102,900 86,471 242 BMW (2011b)

Honda Insight 2010 74 19,990 16,798 227 Honda (2011b)

Honda CR-Z 2010 91.5 21,990 18,479 202 Honda (2011b)

Porsche Cayenne Hybrid 2010 279 78,636 66,081 237 Porsche (2011b)

Toyota Auris Hybrid 2010 100 22,950 19,286 193 Toyota (2011c)

VW Touareg Hybrid 2010 279 73,500 61,765 221 VW (2011b)

Honda Jazz Hybrid 2011 72 18,900 15,571 216 Honda (2011b)

Lexus CT 200h 2011 100 28,900 23,810 238 Lexus (2011b)

Toyota Prius (ZVW30) 2011 100 25,750 21,214 212 Toyota (2011c)

a Excluding sales taxes.

Table A4
German price data for conventional gasoline reference vehicles and price differentials between hybrid-electric vehicles and conventional gasoline reference vehicles.

Vehicle Year Power

[kW]

Nominal sales

price [h]

Real sales price

[h2010]a

Real specific

price

[h2010 kW�1]a

Real price

difference

[h2010]a

Real specific

price difference

[h2010 kW�1]a

Principal

reference

Toyota Corolla 1.6 2001 81 17,275b 16,450 203 5,928 99 AP (2011)

Toyota Corolla 1.6 VVT-i 2004 81 19,419 17,901 221 5,283 58 AP (2011)

Lexus RX 300 2005 150 43,550 39,957 266 5,689 �38 AP (2011)

Lexus GS 430 2006 208 59,550 54,498 262 �1,785 �54 AP (2011)

Lexus LS 460 2007 280 84,850b 74,269 265 13,129 2 AP (2011)

Honda Civic 1.4 i-VTEC 2007 73 16,790 14,696 201 6,136 47 AP (2011)

BMW 750i 2009 299 91,900c 78,055 261 9,993 �4 AP (2011)

Honda Civic (Base model) 2009 74 16,700 14,184 192 5,576 75 AP (2011)

Lexus RX 350 2009 203 46,250 39,282 194 11,636 38 AP (2011)

Mercedes S 350 Blue Efficiency 2009 225 78,719b 66,859 297 6,712 37 AP (2011)

Toyota Auris 1.6 VVT-i 2009 91 19,850c 16,860 185 5,011 33 AP (2011)

BMW X6 50i 2010 300 76,800b 64,538 215 21,933 27 BMW (2011b)

Honda Civic 1.4 (Base model) 2010 73 16,790c 14,109 193 2,689 34 Honda (2011b)

Honda Civic 1.8 Sport 2010 103 22,850c 19,202 186 �723 16 Honda (2011b)

Porsche Cayenne S 2010 294 74,043b 62,221 212 3,860 25 Porsche (2011b)

Toyota Auris 1.6 VVT-i 2010 97 19,500c 16,387 169 2,899 24 Toyota (2011c)

VW Touareg V6 FSI Blue Motion 2010 206 50,500 42,437 206 19,328 15 VW (2011b)

Honda Jazz 1.4 Comfort 2011 73 17,590 14,492 199 1,079 18 Honda (2011b)

Toyota Auris 1.6 Life 2011 97 19,500 16,065 166 7,744 72 Toyota (2011c)

Toyota Auris 1.6 Life 2011 97 19,500 16,065 166 5,149 47 Toyota (2011c)

a Excluding sales taxes.
b Estimate based on secondary literature.
c Prices as of February 2011.
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Table A5
US American price data for hybrid-electric vehicles.

Vehicle Year Total system

power [kW]

Nominal sales price

[USD]

Real sales price

[h2010]a

Real specific price

[h2010 kW�1]a

Principal reference

Honda Insight 1999 59 18,880 17,676 300 CGA (2011)

Toyota Prius (NHW11) 2000 74 19,995 18,251 247 Robinson (2001), CGA (2011)

Honda Civic Hybrid 2002 712 20,000b 17,867 252 Csere (2002), CGA (2011)

Ford Escape Hybrid 2004 116 26,380 22,618 195 CGA (2011)

Honda Accord Hybrid 2004 200 30,505 26,154 131 CGA (2011)

Toyota Prius (NHW20) 2004 83 20,975 17,983 217 CGA (2011)

Lexus RX 400h 2005 200 49,185 41,292 206 CGA (2011)

Toyota Prius (NHW20) 2005 83 21,725 18,239 220 CGA (2011)

Honda Civic 2006 84 22,400 18,281 218 CGA (2011)

Lexus GS 450h 2006 254 54,900 44,804 176 CGA (2011)

Toyota Highlander Hybrid 2006 200 33,033 27,732 139 CGA (2011)

Lexus LS 600h 2007 322 104,000 82,189 255 CGA (2011)

Mazda Tribute Hybrid 2007 114 25,310 20,002 156 CGA (2011)

Nissan Altima 2007 148 24,400 19,283 130 CGA (2011)

Saturn Vue 2007 128a 24,795 19,595 153 CGA (2011)

Toyota Camry Hybrid 2007 140 26,480 20,927 149 CGA (2011)

Toyota Prius (NHW20) 2007 83 21,100 16,675 201 CGA (2011)

Cadillac Escalade Hybrid 2008 244 71,685 55,467 227 CGA (2011)

Chevrolet Tahoe Hybrid 2008 244 50,540 39,106 160 CGA (2011)

Chrysler Aspen 2008 254 45,570 35,260 141 CGA (2011)

Dodge Durango Hybrid 2008 254 45,340 35,082 140 CGA (2011)

Saturn Aura Hybrid 2008 122b 23,000b 17,796 146 CGA (2011)

Toyota Highlander Hybrid 2008 199 34,700 26,849 135 CGA (2011)

Toyota Prius (NHW20) 2008 83 20,950 16,210 195 CGA (2011)

Chevrolet Malibu Hybrid 2009 121b 24,695 18,884 155 CGA (2011)

Chevrolet Tahoe Hybrid 2009 244 51,405 39,308 161 CGA (2011)

Honda Insight 2009 81 19,800 15,141 187 CGA (2011)

Ford Fusion Hybrid 2009 140 27,270 20,853 149 CGA (2011)

Mercury Milan Hybrid 2009 140 27,500 21,029 150 CGA (2011)

Mercury Milan Hybrid 2009 140 27,500 21,029 150 CGA (2011)

Toyota Prius (ZVW30) 2009 100 21,750 16,632 166 CGA (2011)

Toyota Prius (ZVW30) 2009 100 21,000 16,058 161 CGA (2011)

Honda Insight 2010 81 18,200 13,788 170 Honda (2011a)

Honda CR-Z 2010 91 19,950 15,114 166 Honda (2011a)

BMW 7 Hybrid 2011 339 102,300 75,980 224 BMW (2011a)

BMW 7 Hybrid Li 2011 339 106,200 78,877 233 BMW (2011a)

BMW X6 Hybrid 2011 357 88,900 66,028 185 BMW (2011a)

Cadillac Escalade Hybrid 2011 244 73,840 54,843 225 BMW (2011a)

Chevrolet Silverado Hybrid 2011 244 38,340 28,476 117 Chevrolet (2011)

Chevrolet Tahoe Hybrid 2011 244 50,735 37,682 154 Chevrolet (2011)

Ford Escape Hybrid 2011 1321 29,860 22,178 168 Ford (2011)

Ford Fusion Hybrid 2011 140 28,340 21,049 150 Ford (2011)

Honda Civic Hybrid 2011 81 23,950 17,788 220 Honda (2011a)

Honda Insight 2011 81 18,200 13,518 167 Honda (2011a)

Lexus CT 200 h 2011 100 29,120 21,628 216 Lexus (2011a)

Lexus GS 450h 2011 254 58,050 43,115 170 Lexus (2011a)

Lexus HS Hybrid 2011 140 34,650 25,735 184 Lexus (2011a)

Lexus LS 600h 2011 322 111,350 82,702 257 Lexus (2011a)

Lexus RX Hybrid 2011 220 43,935 32,631 148 Lexus (2011a)

Lincoln MKZ Hybrid 2011 142a 34,605 25,702 181 Lincoln (2011)

Mercedes S Hybrid 2011 217 91,000 67,588 311 Daimler (2011)

Nissan Altima Hybrid 2011 148 26,800 19,905 134 Nissan (2011b)

Porsche Cayenne Hybrid 2011 283 67,700 50,282 178 Porsche (2011a)

Porsche Panamera S Hybrid 2011 283 95,000 70,559 249 Porsche (2011a)

Toyota Camry Hybrid 2011 140 26,675 19,812 142 Toyota (2011b)

Toyota Highlander Hybrid 2011 206 37,490 27,845 135 Toyota (2011b)

Toyota Prius (ZVW30) 2011 100 23,050 17,120 171 Toyota (2011b)

VW Touareg Hybrid 2011 283 60,565 44,983 159 VW (2011a)

a Assuming an average exchange rate for the year 2010 of 1.32 USD per h.
b Estimate based on secondary literature.
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Table A6
US American price data for conventional gasoline reference vehicles and price differentials between hybrid-electric vehicles and conventional gasoline reference vehicles.

Vehicle Year Power

[kW]

Nominal sales

price [USD]

Real sales

price [h2010]a

Real specific price

[h2010 kW�1]a

Real price

difference

[h2010]a

Real specific price

difference

[h2010 kW�1]a

Principal

references

Honda Civic DX Automatic Hatchback 1999 78 13,000b 12,171 156 5,505 144 CGA (2011)

Toyota Corolla LE Automatic 2000 92 14,198c 13,147 143 5,104 104 CGA (2011)

Honda Civic LX Automatic Sedan 2002 85 16,250 14,517 171 3,350 81 CGA (2011)

Ford Escape 2.3 XLS 2004 113 19,425 16,655 147 5,963 48 CGA (2011)

Honda Accord V6 EX-L Automatic Coupe 2004 177 26,950 23,106 131 3,048 0 CGA (2011)

Toyota Corolla SE 2004 96 15,625 13,397 140 4,587 77 CGA (2011)

Lexus RX 350 2005 169 36,370 30,533 181 10,758 26 CGA (2011)

Toyota Corolla SE 2005 93 16,115 13,529 145 4,710 74 CGA (2011)

Lexus GS 430 2006 213 48,348 39,457 185 5,347 �9 CGA (2011)

Toyota Highlander 3.5 V6 2006 159 26,625 21,729 137 6,003 2 CGA (2011)

Mazda Tribute 2.4 I4 Touring 2007 113 21,325 16,853 149 3,149 7 CGA (2011)

Nissan Altima 2.5 I4 CVT S 2007 129 20,970 16,572 128 2,711 2 CGA (2011)

Lexus LS 460 L 2007 279 72,900 57,612 206 24,578 49 CGA (2011)

Saturn Vue FWD I4 XE 2007 124 21,525 17,011 137 2,584 16 CGA (2011)

Toyota Camry 2.4 XLE 2007 116 25,000d 19,757 170 1,170 �21 CGA (2011)

Toyota Corolla SE Automatic 2007 93 15,205 12,016 129 4,659 72 CGA (2011)

Cadillac Escalade 2008 296 66,685 51,598 174 3,869 53 CGA (2011)

Chevrolet Tahoe LS 2008 217 36,965 28,602 132 10,504 28 CGA (2011)

Chrysler Aspen 2008 223 37,115 28,718 129 6,542 12 CGA (2011)

Dodge Durango 2008 223 39,785 30,784 138 4,298 2 CGA (2011)

Saturn Aura XE 2008 124 22,655 17,529 141 267 5 CGA (2011)

Toyota Corolla SE 2008 97 16,150 12,496 129 3,714 66 CGA (2011)

Toyota Highlander 3.5 V6 2008 199 29,050 22,478 113 4,372 22 CGA (2011)

Chevrolet Malibu 2009 124 20,745 15,863 128 3,020 27 CGA (2011)

Chevrolet Tahoe LS 2009 217 36,965d 28,266 130 11,042 31 CGA (2011)

Ford Fusion 2.5 2009 129 19,995 15,290 119 5,563 30 CGA (2011)

Ford Fusion 2.5 2009 129 19,995 15,290 119 5,563 30 CGA (2011)

Honda Civic Sedan 2009 103 16,215 12,399 120 2,741 67 CGA (2011)

Mercury Milan 2009 129 22,750 17,396 135 3,632 15 CGA (2011)

Toyota Corolla 2009 97 16,160 12,357 127 4,275 39 CGA (2011)

Toyota Corolla 2009 97 16,160 12,357 127 3,701 33 CGA (2011)

Honda Civic Sedan DX 2010 103 15,805 11,739 114 2,049 56 Honda (2011a)

Honda Civic Coupe LX 2010 103 17,555 13,038 127 2,075 39 Honda (2011a)

BMW 750 Sedan 2011 294 82,500 61,275 208 14,706 16 BMW (2011a)

BMW 750 Li Sedan 2011 294 86,400 64,171 218 14,706 14 BMW (2011a)

BMW X6 xdrive50i 2011 294 67,700 50,282 171 15,746 14 BMW (2011a)

Cadillac Escalade 6.2L V8 2011 296 63,160 46,910 158 7,932 66 Cadillac (2011)

Chevrolet Silverado XFE 5.3 2011 235 33,225 24,677 105 3,799 12 Chevrolet (2011)

Chevrolet Tahoe LT two wheel drive 2011 235 42,830 31,811 135 5,871 19 Chevrolet (2011)

Ford Escape 2.5L Duratec I-4 XLT 2011 128 24,335 18,074 141 4,104 27 Ford (2011)

Ford Fusion I4S 2.5L 2011 129 19,820 14,721 114 6,328 36 Ford (2011)

Honda Civic Sedan DX 2011 103 15,805 11,739 114 1,779 53 Honda (2011a)

Honda Civic Sedan DX 2011 103 15,805 11,739 114 6,049 106 Honda (2011a)

Lexus GS 460 RWD 2011 252 54,570 40,530 161 2,585 9 Lexus (2011a)

Lexus IS 250 2011 150 32,645 24,246 162 �2,618 55 Lexus (2011a)

Lexus IS 250 2011 150 32,645 24,246 162 1,489 22 Lexus (2011a)

Lexus LS 460 L AWD 2011 279 74,080 55,021 197 27,681 60 Lexus (2011a)

Lexus RX 3.5 2011 202 38,875 28,873 143 3,758 5 Lexus (2011a)

Lincoln MKZ FWD 2011 193 34,605 25,702 133 0 48 Lincoln (2011)

Mercedes S 550 Sedan 2011 281 93,000 69,073 246 �1,485 66 Daimler (2011)

Nissan Altima 2.5 S 2011 129 22,070 16,392 127 3,513 7 Nissan (2011b)

Porsche Cayenne S 2011 294 64,400 47,831 163 2,451 15 Porsche (2011a)

Porsche Panamera S 2011 294 89,800 66,696 227 3,862 22 Porsche (2011a)

Toyota Camry 2.5 LE 6-speed Automatic 2011 124 22,325 16,581 134 3,231 8 Toyota (2011b)

Toyota Highlander 4WD 3.5L V6 2011 199 34,750 25,810 130 2,035 5 Toyota (2011b)

Toyota Corolla LE 2011 97 17,300 12,849 132 4,271 39 Toyota (2011b)

VW Touareg VR6 FSI Sport 2011 206 44,450 33,014 160 11,969 �1 VW (2011a)

a Assuming an average exchange rate for the year 2010 of 1.32 USD per h.
b Estimate based on price data for the year 2000.
c Estimate based on price data for the year 2001.
d Estimate based information from secondary sources and averaging of price data.
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Table A8
Data for estimating the cumulative global production of hybrid-electric vehicles.

Year Yearly sales by manufacturer in 1000 units Global yearly sales of

hybrid-electric cars in

1000 units

Cumulative global

production of hybrid-

electric cars in 1000 units

BMWa,b Chryslera,b Forda,b General

motorsa,b

Hondad Mazdaa,b Mercedesa Nissana,b Toyotac Volkswagena,b

1997 – – – – – – – – 0.3 – 300 0.3

1998 – – – – – – – – 17.7 – 17700 18

1999 – – – – 1.0 – – – 15.2 – 16200 34

2000 – – – – 2.0 – – – 19.1 – 21100 55

2001 – – – – 2.5 – – – 36.9 – 39400 95

2002 – – – – 12.0 – – – 41.3 – 53300 148

2003 – – – – 27.2 – – – 53.3 – 80500 229

2004 – – 17.0a – 33.3 – – – 134.7 – 185000 414

2005 – – 19.8a – 39.7 – – – 235.0 – 294495 708

2006 – – 23.3a – 51.5 – – – 312.5 – 387323 1,095

2007 – – 25.1a 5.2a 55.0 – – 30.0a 429.4 – 544683 1,640

2008 0 0.05a 17.2a 11.4a 61.0 – – 35.0a 429.7 0a 554375 2,194

2009 0 0.04a 33.5a 17.1a 187.4e – 12.5f 40.0a 567.2a,c 0a 857823 3,052

2010 0.3 0a 35.5a 6.8a 193.9a 0.7a 13.5f 40.0a 692.9a,c 0.3a 983927 4,036

–: No sales.
a Primary data source: USDE (2011a).
b Only including US sales.
c Primary data source: Toyota (2011a).
d Primary data source: Honda (2009).
e Estimates based on Honda (2009).
f Estimates based on Brambach (2009) and Daimler (2010).

Table A9
Data for estimating the cumulative production of electric vehicles until early 2011.

Vehicle Estimate of cumulative

production until early 2011

Comment Reference

Global Electric Motorcars 45,000a Subsidiary of the Chrysler Group,

manufacturing low-speed electric vehicles

since 1998

GCC (2011)

Nissan Leaf 10,000 Rough estimate Chambers (2011)

Mitsubishi i-MiEVb 5,000 GCC (2010a)

Tesla Roadster 1,400 Tesla (2010)

Think City 2,500 Blanco (2010)

Smiles vehiclesc 4,000 KFZ (2011)

Total 67,900

a Representing cumulative sales.
b Including the Citroën C-Zero.
c Including all Smiles vehicles listed in Table A7.

Table A7
Price data for electric vehicles.

Vehicle Year Power [kW] Nominal sales

price [h]

Real sales price

[h2010]a

Real specific price

[h2010 kW�1]a

Reference

Tesla Roadster 2008 185 101,500c 92,605 501 Grünweg (2008),

Kohlenberg (2008)

Think City 2008 30 20,000b 17,059 569 Blessing (2008)

Mitsubishi i-MiEV 2010 49 34,990d 29,403 600 Mitsubishi (2010)

Nissan Leaf 2010 80 33,239e 28,634 358 own estimateg

Citroën C-Zero 2011 49 35,165d,f 28,971 591 Citroën (2011)

Luis4U 2011 54 39,900d 32,872 609 Luis4U (2011)

Smiles REVA 2011 13 14,499d 11,945 919 Smiles (2011)

Smiles City EL 2011 4,5 9,999d 8,238 1,831 Smiles (2011)

Smiles Tazzari ZERO 2011 15 24,499d 20,184 1,346 Smiles (2011)

a Excluding sales taxes.
b Indicated prices for Europe.
c Estimate based on the average of sales price in Europe (117,800 h) and the USA (109,000 USD) assuming an exchange rate of 1 to 1.28 between h and USD.
d Price in Germany.
e Average of sales prices in Ireland, Japan, Portugal, the Netherlands, United Kingdom, and the USA.
f Vehicle is identical with the Mitsubishi i-MiEV.
g Based on an overview compiled by Wikipedia (2011).
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Appendix B. Linear regression analysis for absolute and
specific vehicle prices

Figs. 2b and 3b suggest that the decline in the specific
price and price differential of HEVs flattens after the year 2006.
This observation could, however, be an artifact of our
data samples that include in the years after 2006 an increasing
share of relatively powerful and over-proportionally expensive
HEVs. To estimate the magnitude of the artifact, we conduct a
linear regression analysis for the year 2010 by plotting the
specific vehicle price [h2010 kW�1] as a function of the absolute
vehicle price [h2010]. Figs. B1–B3 indicate a linear relationship
between both parameters, albeit to a varying extent for HEVs,
BEVs, and conventional spark-ignition ICE vehicles. The specific
price of HEVs is weakly correlated with the absolute vehicle price
(Fig. B1), while the specific price of conventional ICE vehicles is
strongly correlated with the absolute vehicle prices (Fig. B2). The
detailed cost analysis presented by Lipman and Delucchi (2003)
indicates that powertrains account for only 3375% and 69712%
of the retail price and manufacturing costs of HEVs, respectively.
These shares are substantially higher for HEVs than for conven-
tional ICE vehicles (i.e., 1874% and 3375%, respectively). The
specific vehicle price [h2010 kW�1] may thus not sufficiently
account for large parts in the variability of absolute vehicle prices
that may results from, e.g., more complex chassis suspension,
additional safety and comfort features, and higher sales margins
of luxury vehicles. In conclusion, the analyses in Figs. B1 and B2
support our hypothesis that high-price vehicles are dispropor-
tionally more expensive per unit of engine power than medium
and low-price vehicles.

We find for BEVs, however, a different trend: the specific
vehicle price tends to show a weak negative correlation with the
absolute vehicle prices (Fig. B3). The data set shown in Fig. B3
contains price data for both small-batch and mass-produced

BEVs. The negative linear relationship can be explained by the
data points for mass-produced vehicles (i.e., Citroën C-Zero,
Mitsubishi i-MiEV, and Nissan Leaf) that have a substantially

Table A10
Forecasting the cumulative global production of passenger cars until the year 2035

(own estimates based on IEA, 2010).

Year Cumulative global production in million units

Conventional

ICE vehicles

Hybrid-electric

vehicles

Battery-electric

vehicles

2010 2338 4.0 0.1

2011 2400 5.4 0.1

2012 2465 7.2 0.2

2013 2532 9.4 0.3

2014 2603 12.0 0.5

2015 2677 15.0 0.8

2016 2752 18.7 1.4

2017 2829 23.2 2.2

2018 2907 28.3 3.3

2019 2987 34.2 4.4

2020 3068 40.8 6.1

2021 3150 48.1 8.0

2022 3234 56.0 10.8

2023 3319 64.7 14.3

2024 3406 74.0 18.7

2025 3494 84.0 23.8

2026 3585 95.4 29.8

2027 3679 108.2 37.2

2028 3776 122.4 46.0

2029 3876 138.0 56.2

2030 3979 155.0 67.9

2031 4084 173.8 81.0

2032 4190 194.4 95.5

2033 4299 216.8 111.3

2034 4409 241.0 128.4

2035 4521 267.0 146.9
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Fig. B1. The specific price of HEVs as a function of the absolute vehicle price in the

year 2010.
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higher absolute price but a lower specific price then the small-
batch BEVs included in our analysis.

Additional linear regression analysis indicates that the specific
price differential for HEVs is uncorrelated with the absolute
vehicle price. Only 5% of the variability in the price differentials
is explained by changes in the absolute vehicle price (Fig. B4). We
therefore abstain from normalizing the specific price differentials
to a predefined absolute price level.
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de Jong, R., Åhman, M., Jacobs, R., Dumitrescu, E., 2009. Hybrid-electric vehicles:
An overview of current technology and its application in developing and
transitional countries. UNEP - United Nations Environment Programme
(UNEP), Nairobi, Kenya.

Dinger, A., Martin, R., Mosquet, X., Rabl, M., Rizoulis, D., Russo, M., Sticher, G., 2010.
Batteries for electric cars – Challenges, opportunities, and the outlook to 2020.
The Boston Consulting Group. Source: /http://www.bcg.com/documents/
file36615.pdfS (accessed 11.04.11.).

DOE, 2011. Federal tax credits for electric vehicles. DOE—US Department of Energy.
Source: /http://www.fueleconomy.gov/feg/taxevb.shtmlS (retrieved 08.12.11.).

Dutton, J.M., Thomas, A., 1984. Treating progress functions as a managerial
opportunity. The Academy of Management Review 9, 235–247.

EARPA, 2003. R&D Technology roadmap - A contribution to the identification of key
technologies for a sustainable development of European road transport. EARPA –
European Automotive Research Partners Association. Source: /http://www.furor
e-network.com/documents/furore_rod_map_final.pdfS (retrieved 23.08.11.).

Eberle, U., von Helmolt, R., 2010. Sustainable transportation based on electric vehicle
concepts: a brief overview. Energy and Environmental Science 3, 689–699.

EC, 2001. Commission Directive 2001/116/EC of 20 December 2001 adapting to
technical progress Council Directive 70/156/EEC on the approximation of the laws
of the Member States relating to the type-approval of motor vehicles and their
trailers. EC – European Commission. Official Journal of the European Communities
L 18, 1–115.

EC, 2007. Commission Directive 2007/46/EC of the European Parliament and of the
Council of 5 September 2007 establishing a framework for the approval of
motor cars and their trailers, and of systems, components and separate
technical units intended for such cars. EC – European Commission. Official
Journal of the European Union L263, 1–160.

EC, 2009a. A sustainable future for transport. EC – European Commission. Source:
/http://ec.Europa.eu/transport/publications/doc/2009_future_of_transpor
t_en.pdfS (retrieved 14.02.11.).

EC, 2009b. Regulation (EC) No. 443/2009 of the European Parliament and of the
Council of 23 April 2009 setting emission performance standards for new
passenger cars as part of the Community’s integrated approach to reduce CO2

emissions from light-duty vehicles. EC – European Commission. Official
Journal of the European Union L 140, 1–15.

EC, 2011a. White paper - Roadmap to a single European transport area - Towards a
competitive and resource efficient transport system. COM(2011) 144 final. EC
– European Commission, Brussels, Belgium.

EC, 2011b. Green cars initiative. EC – European Commission. Source: /http://ec.pa.eu/
research/transport/info/green_cars_initiative_en.htmlS (retrieved 14.02.11.).

EC, 2011c. Electrification of road transport at the JRC. EC – European Commission.
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