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Abstract

This study considers the technical potential concerning the energy efficiency attainable for vehicles with
alternative powertrains within 10-20 years. The potential for electric vehicles (BEVSs), hybrid electric
vehicles (HEVs) and fuel-cell electric vehicles (FCEVS) is assessed and compared with the potential
improvement in conventional vehicles with internal combustion engines (ICEVs). Primary energy efficiency
is the measure used in this study for comparison. The calculations of primary energy efficiency are based
on three different resources: fossil fuels, biomass, and primary electricity from wind, solar or hydropower.
This study shows that there is potential for doubling the primary energy efficiency using alternative power-
trains in vehicles such as BEVs, HEVs and FCEVs, compared with existing ICEVs. All vehicles with an
alternative powertrain have a higher potential for primary energy efficiency than vehicles with an improved
conventional powertrain. No “winner” amongst the alternative powertrains could be identified from a pri-
mary energy efficiency point of view. 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

Road traffic causes a number of environmental problems such as noise, congestion, and the
emission of NQ, CO, CQ, and particulate matter. According to a number of “business as usual”
prognoses, the growth in the demand for transport is expected to continue, which will exacerbate
the negative impact on the environment, see, for example [1,2].

The perhaps most difficult environmental problem to solve is the expected greenhouse effect,
caused primarily by the emission of GOrechnical innovations, such as the catalytic converter
and improved fuels, have decreased the emission of VOG, BQ,, and lead due to road trans-
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port during the last 15 years while the limited improvement in vehicle fuel economy has been
offset by a growing demand for transportation [3].

A long-term solution for mitigating CO, emission in the transport sector would be the use of
renewable fuels instead of fossil fuels. Fuels and electricity from renewable sources are, however,
still relatively expensive and the supply is limited [4]. Even in optimistic scenarios the renewable
energy supply will be restricted [5]. The use of more energy-efficient vehicles is an important
step towards a technical solution of the CO, problem. Several new energy-efficient powertrains
are currently being investigated by scientists, governments, and car manufacturers.

The aim of this study was to assess the future possible primary energy efficiency attainable in
passenger cars with alternative powertrains. To be able to compare the system efficiency of
vehicles that use different energy carriers, the primary energy efficiency was used as a measure
for comparison. Primary energy efficiency takes into account all energy use “from the well to the
wheel”. The primary energy efficiency for energy chains based on fossil fuels, biomass, and
primary electricity from renewable sources, was compared in this study. Future efficiencies stated
in this study are assumed attainable if developments of key technologies are successful and energy
efficiency has high priority in development.

Other studies have compared alternative powertrains with conventiona vehicles and analysed
the potential benefits regarding energy efficiency. Most of these studies, however, have compared
only one of the aternatives with the conventional powertrain. In Ecotraffic, Metz et al., Wang
and Deluchi, OECD/IEA, and Wabro and Wagner [6-10] the battery-powered electric vehicle
(BEV) is compared with the internal combustion vehicle (ICEV). The hybrid electric vehicle
(HEV) and the fuel-cell vehicle (FCEV) are compared with the conventional ICEV in Amann,
Cuddy and Wipke, Wang et a. [11-13] and in Lipman and Del ucchi [14], respectively.

When comparing powertrains using the same energy carrier (such as petrol) there is no need
to consider the primary energy efficiency [11,12]. When different energy carriers with varying
degrees of energy losses during fuel production and distribution are used, primary energy
efficiency analysis becomes necessary [6-8]. Some studies do not include renewable fuels in their
assessments [7] and other studies do not include all the alternative powertrains relevant today in
the comparison [6,8,14].

In this study, we focused on primary energy efficiency both from fossil and renewable
resources, and we included all of the currently most promising alternative powertrains. Another
important feature is that the future potential for all the different vehicle types and energy conver-
sion methods was investigated. This study does not show which energy efficiency will be attained
in the future but which energy efficiency could be attained.

2. Method

The powertrains studied included electric drivetrains' in BEV's, HEV's with an internal combus-
tion engine (ICE) and in FCEV's. These vehicles are probable future alternatives to conventional

1 The term drivetrain typically refers to the transmission system from engine output shaft to driven road wheels. In the term
aternative powertrain we include both the electric drivetrain, energy storage (e.g. batteries and hydrogen storage), and, possibly, a
prime mover (ICE or fuel-cell).
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ICEVs. The focus of the study was on powertrain technology potentialy available within 10-20
years. The time scale was set to enable an assessment of potential without considering the time
needed for the development of different powertrains. The future development of the ICEV was
also assessed and compared with the aternative powertrains.

The calculations of primary energy efficiency were based on three different resources. fossil
fuels, biomass and primary electricity from wind, solar or hydropower. The definitions of power-
train efficiency, vehicle efficiency and primary energy efficiency are shown in Fig. 1. Wy, is the
primary energy, W, is the energy supplied to the vehicle, Ws is the energy supplied to the power-
train, and W, is the useful energy at the wheels.

Powertrain efficiency, Npowertrain=Wa/Ws

Vehicle efficiency, nyenige=Wa/We

Primary energy efficiency, npimary=Wa/Wb.

The powertrain efficiency was caculated from the efficiencies of the different components
included in the powertrain. The component efficiencies are assumed future mean efficiencies
attainable over a norma drive schedule. To calculate the vehicle efficiency, the powertrain
efficiency was corrected for losses due to the power required for heating and for the benefits
when no energy is required during idling and the use of regenerative braking. The primary energy
efficiency included the energy used for energy extraction, conversion, distribution and storage.
The energy embodied in plants, buildings and vehicles was not included. Embodied energy typi-
cally accounts for only 7-8% of total life-cycle energy use today [52]. However, for future fuel
efficient vehicles this fraction could increase to between 14 and 18% for the different alternatives
in this study [52]. For electricity, a marginal perspective was used, which means that the efficiency
of the electricity supply was calculated as the efficiency of the supplementary electricity pro-
duction required by the system to supply the energy for the vehicles.

The aternative vehicles are assumed to have the same comfort, performance, and size as a

Energy system
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Powertrain
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Fig. 1. Déefinitions of primary energy efficiency, vehicle efficiency, and powertrain efficiency.



976 M. Ahman/ Energy 26 (2001) 973-989

conventional vehicle today. Looking at efficiency will, however, not give al the answers as the
future weight may differ between the aternatives (notably for the BEV). The potential for further
efficiency improvement by reducing vehicle weight, rolling resistance and aerodynamic drag is
discussed in Section 5.

3. Description of technologies
3.1. ICEVs with a conventional powertrain

The conventional powertrain consists of a fuel tank, an internal combustion engine, and a
transmission. A characteristic of the internal combustion engine is that maximum efficiency is
attained near the maximum load point. This makes the mean efficiency relatively low since
maximum power is very seldom used under normal driving conditions. The mean power required
in a US Federal Test Procedure (FTP) schedule is below 10 kW [15], while the maximum power
required is between 60 and 90 kW, depending on the size of the vehicle. The mean efficiency is
thus low, around 18% in an FTP schedule [6], compared with the maximum efficiency, which is
between 35 and 40% in a new engine today. Possible options for improving the mean efficiency
in the conventional powertrain are variable valve timing, shut-off during idling, higher com-
pression ratio and a continuously variable transmission, see [16].

3.2. The electric drivetrain and BEVs

The electric drivetrain is an essential part of BEVs, HEV's, and FCEVs and consists of a gener-
ator, an electric motor, and a transmission.

The battery has always been the weak link in BEVs. Low energy storage capacity compared
with petrol has restricted the driving range of BEVs. A battery in a BEV should store up to 30
kWh to afford the vehicle an acceptable range. In order to make BEV's commercially viable, the
United States Advanced Battery Consortium (USABC) argues that a BEV battery should be able
to store at least 150 Wh/kg [17]. The batteries used today are lead/acid (Pb/A), nickel-meta
hydride (NiMH), and lithium batteries which store 80—-100 Wh/kg [18]. The only battery believed
to have the long-term potential to reach the USABC goal of 150 Wh/kg, is the lithium—polymer
battery, see, for example [18,19].

The cost of batteries is a magjor obstacle today. A NiMH battery costs somewhere between 200
and 350 US$/kWh [18], which means between 6000 and 10 500 US$ for a BEV battery package
of 30 kWh. The only battery expected to be able to attain the long-term goal set up by the USABC
(a cost of <150 US$/kWh) is the Pb/A battery [18,20]. Some analysts argue, however, that the
lithium—polymer battery may also have the long-term potential to reach a cost close to 150
US$kWh [18].

Pb/A batteries have been the dominating type of batteries in BEVs and HEVs so far, but the
future BEVs in this study are assumed to have a NiMH or lithium battery. Both batteries are
available today, but they differ in price and availability in favour of the NiMH battery. For future
HEV's, Pb/A batteries might well prove to be the best alternative in the medium term, considering
both technical performance and price [18].
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Both generators and electric motors have been greatly improved during the past 20 years. Due
to the development of advanced electronic control systems, the mean energy efficiency over a
normal drive schedule has increased both for generators and electric motors, see, for example
[21-23]. Today, only a one-speed reduction-gear is needed to manage al possible power and
speed requirements for an electric motor with an advanced control system [21-23]. The general
assumption of this paper isthat the variations in load and speed will, to the greatest extent possible,
be handled by the electric drivetrain.

The potential energy efficiency of an electric drivetrain ranges between 65 and 75% (see Table
1). Current efficiencies are lower, around 57%. Future improvements in efficiency will result from
the implementation of an advanced control system together with a modern generator and electric
motor. The use of lithium—polymer batteries could also improve the electric drivetrain efficiency
substantially in the future. The electric drivetrain in HEV's may be more efficient than in BEVs
due to the potential for more efficient batteries.?

Table 1

Assumed future possible component mean efficiencies over a normal drive schedule for the electric drivetrain
Electric drivetrain in ~ Generator (%) Battery (%) Electric motor ~ Transmission Tota energy
the following and control (%) efficiency for the
configurations system (%) drivetrain (%o)"
BEV (NiMH battery) 852 80° 86° 98¢ 57

today

BEV (NiMH battery)  92° 81° 89 98¢ 65

potential

HEV (Pb/A battery) 92b 904 89 98¢ 72

potential

BEV/HEV (Li battery) 92° 95° 89 98¢ 76

potential

@ The efficiencies of vehicles on the market today differ widely between manufacturers due to rapid development.
Assumptions based on [9,24].

b Assumption based on: [25].

¢ Assumption based on [18,26].

9 Pb/A batteries, which are efficient and easy to use in HEV's [12,18].

¢ The performance of lithium—polymer batteries is difficult to validate because there is basically only one advanced
manufacturer, 3M/Hydro-Quebec. Adapted from [19,27,28].

f Assumptions based on [21-23].

9 Assumed mean efficiency of a reduction gear. Based on: [9,12]. A reduction gear is also assumed in the electric
drivetrain in parallel HEVs in the future.

h Multiplying these mean efficiencies is a simplification for calculating the system mean efficiency, but given the
uncertainties the figures represent good indicators on future possible mean efficiency.

2 Hybrid vehicles can use lead/acid batteries. Such batteries are very efficient if not charged to 100% [18].
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3.3. HEVs with internal combustion engines

In the hybrid powertrain, an electric motor and a battery are combined with a heat engine and
a fuel tank. The heat engine, primary engine, can charge the battery, or take over the driving
from the electric drivetrain when the battery is discharged.

The primary engine and the electric drivetrain are either used in series or in parallel. In a series
configuration, all the energy must go through the electric drivetrain. In a parallel configuration,
part of the energy passes a mechanical drivetrain. The HEV's sold today are not pure series or
parallel configurations, but have increasingly integrated configurations.

Today, ICEs dominate as primary engines, see, for example Toyota Prius and Honda Insight.
With hybridisation, the ICE can be designed for the mean power of a normal driving schedule
instead of the maximum power required. This allows the engine to operate closer to its maximum
efficiency. We have not considered gas turbines or Stirling engines, as the potential for high
energy efficiency in passenger-car-sized engines seems to be low, see, for example [29,30].

The mean efficiency of the ICE in a hybrid configuration is given in Table 2. The ICE usually
used is a four-stroke direct injection (4SDI) engine, and the assumed ICE developed for future
use is either a compression ignition direct injection (CIDI) engine or a new engine type, combining
both CIDI and 4SDI features, e.g. the active therma atmospheric combustion (ATAC) engine.
The parallel configuration assumed in this study is a genuine parallel configuration with as small
a battery pack as possible.

3.4. FCEVs

Fuel-cell technology is now being developed for automotive purposes. The most interesting fuel
cell for this application today is the proton exchange membrane (PEM) fuel cell. The advantage of
the fuel cell is the potential for high energy efficiency and zero tail pipe pollutants.

One disadvantage of the fuel-cell system is the requirement of pure hydrogen for fuel in the
cell. Hydrogen can be stored on board the vehicle, either as a liquid, in nanofibres or in hydrides,
or as compressed gas. Nanofibre technology is still at the basic research level and was not con-
sidered in this study. Liquid storage is the most energy-consuming alternative. About 50% of the
energy content is used to liquefy the hydrogen gas [4,31,32]. The energy efficiency of compressing

Table 2

Assumptions of mean primary engine energy efficiency in different configurations

Mean engine efficiency over a norma HEV series HEV pardle ICEV (%)
drive schedule configuration (%) configuration (%) .
ICE, today (4SDI) - - 182

ICE, future (CIDI or developed 4SDlI) 40P 36° 24¢

a Efficiency today. Adopted from [6].

b Adapted from [12] assuming a diesel engine with 43% maximum efficiency and a 55%FUDS/45%FHDS. The
parallel engine will have to deal with greater variation in load and thus have a lower mean efficiency than the series
hybrid. Future engines will probably have the same efficiency, even if they are of another type (e.g. ATAC, 4SDI, GDI).

¢ Adapted from [16] assuming variable valve timing, idle shut-off, higher compression ratio, etc.
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hydrogen gas to 350 bars is about 70-90%3 [35]. Another alternative is to use a “hydrogen
carrier”, e.g. methanol or petrol, to provide the hydrogen for the cell. Methanol and petrol are
easy to store with norma vehicle technology, but this solution lowers the fuel-cell system
efficiency (see Table 3).

A fue cell using methanol directly, without reforming it to hydrogen, is still in a very early
phase of development [36,37], and was thus not considered here.

The PEM fuel cell has different efficiency features compared with the ICE, making hybridis-
ation less interesting. The maximum efficiency of a fuel cell is attained at 25-50% of maximum
load [38], which gives no benefit from reducing maximum power with hybridisation. However,
there are other advantages in hybridisation of fuel-cell systems. The most obvious ones are the
possibility to use electricity from the battery during idling and to help FCEVs to start cold, and
the possibility of utilising regenerative braking [39,40].

In this study, hybridisation of the fuel-cell vehicle was assumed and the fuel cell was assumed
to be as small as possible due its high cost. This makes the efficiency lower than the maximum
possible. Other strategies may, however, be chosen by industry, see, the discussion in [40].
Assumptions regarding the efficiency of a PEM fuel-cell system are given in Table 3.

4. Efficiencies of different powertrains

Calculated efficiencies for the powertrains studied are given in Table 4. The highest efficiency
is achieved for the battery-powered electric vehicle. The two hybrid powertrains and the fuel-cell
powertrain fuelled with methanol have approximately the same efficiency. The fuel-cell powertrain
has about 20% higher efficiency when fuelled with pure hydrogen gas than when it is fuelled
with methanol. Furthermore, there is a considerable potential for improvement in the conven-
tiona powertrain.

The electric drivetrain offers the benefits of no fuel use during idling and the possible use of
regenerative braking. But there is also a disadvantage in that electric power is needed for heating,
since the heat loss from the ICE are too small to cover the demand for interior heating of the

Table 3

Assumed future PEM fuel-cell system mean efficiency

Mean fuel efficiency, hybrid Hydrogen gaseous  Hydrogen liquid Methanol (%) Petrol (%)
configuration (%) (%)

PEM fuel-cell system? a7 47 a7 a7
Reformer efficiency® - - 85 80

Tota fuel-cell system energy 47 47 40 38
efficiency

a Adapted from [27,30,39] with an assumed maximum efficiency of 55% and the efficiency curve in [40].
b Adopted from [30].

3 With figures from [33], the energy efficiency is 73% assuming compression from 7 to 35 MPa. DeLuchi and Ogden claim a
higher efficiency, 91% [34]. The figures are uncertain and depend partly on the assumptions regarding electricity generation.
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Table 4

Future powertrain efficiencies

Powertrain efficiency Primary engine 5-speed Electric drivetrain ~ Total powertrain
(%) transmission (%) (%)° energy efficiency

(%)

Battery-powered powertrain  — - 65 65
Hybrid powertrain parallel 36 92 68° 30¢
Hybrid powertrain series 40 - 72 29
Fuel cell powertrain 40 - 72 29
methanol fuelled

Fuel cell powertrain 47 - 72 34
hydrogen fuelled

Conventiona developed 24 92 - 22
Conventional today 18 92 - 16

@ Based on Table 2.

b Based on Table 1.

¢ Adapted from Table 1 with the exception that the transmission is assumed to be mechanical.

4 Assuming a 55% city driving schedule with electric drivetrain and 45% highway driving schedule with mech-
anic drivetrain.

vehicle. All these features influence the total vehicle efficiency (see Table 5). To calculate the
effects on vehicle efficiency, the energy sinks for braking, idling and heating were estimated
according to Amann [11] and DeCicco and Ross [16]. The difference between vehicle and power-
train efficiency is small, but a small relative improvement for vehicles using electric drivetrains
compared with vehicles using conventional powertrains can be identified (see Table 5).

The primary energy efficiencies, when energy carriers based on fossil resources are used, are
given in Table 6. The fossil fuels are produced from crude oil or natural gas. Marginal fossil-
based electricity generation from coal was assumed in the short term and, in the long term, new
marginal electricity from natural-gas plants was assumed. The reason for this is that power from
new natural-gas plants is produced at a lower cost than in new coal-fired plants [41].

With new electricity production, based on natural gas, the BEV has the highest primary energy
efficiency of the aternatives studied. The advantage with regard to the emission of CO, is even
higher due to lower carbon content per unit energy than in coal or oil. If the electricity is generated
from coal, the primary energy efficiency for BEVs is lower than for HEV's and FCEVs.

HEV s with advanced heat engines are twice as efficient as conventional vehicles today. FCEV's
have lower efficiencies than HEV's due to high conversion losses from natural gas to hydrogen
or methanol.

An important option for CO, mitigation is the use of biomass as a renewable energy source
[41]. The primary energy efficiencies for vehicles using energy carriers based on biomass are
given in Table 7. The BEV has the highest potential for primary energy efficiency. One reason
for this, apart from the high vehicle efficiency, is the fact that liquid and gaseous fuels are pro-
duced from biomass with relatively low efficiency. The various HEV's and FCEVs al have simi-
lar efficiencies.

Finally, the primary energy efficiencies for vehicles using primary electricity from solar, wind,
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Table 5

Vehicle efficiency calculated as consumed energy at the wheels divided by the total energy supply to vehicle, see Fig. 1

Vehicle Consumed Energy out Energy to Energy Energy Tota Vehicle
energy at  from powertrain® used for  during energy efficiency’
the wheels powertrain® extra loads® idling® supplied to (%)

vehicle

BEV 100 95 146 17 0 163 61

HEV paralel 100 95 327 14 0 340 29

HEV series 100 95 327 14 0 340 29

FCEV methanol 100 95 327 14 0 340 29

FCEV hydrogen 100 95 279 14 0 293 34

ICEV developed 100 100 452 10 27¢ 4389 20

ICEV today 100 100 625 10 75 700 14

2 5% of consumed energy at the wheels is saved due to regenerative braking which assumes that 25% of the braking
energy is regenerated. This relatively low figure is due to traffic safety.

b Calculated as (energy out from powertrain)/(powertrain efficiency based on Table 4).

¢ Assumed to be 10% of the useful energy at the wheels according to [16]. Consideration taken of the fact that some
heat losses can be used for heating for the FCEV and the HEV.

d Energy during idling assumed to be 12% of “energy to powertrain”. Adapted from [11,16].

¢ 50% of energy used during idling can be saved, according to [16].

T Calculated as (consumed energy at the wheels)/(total energy supplied to vehicle).

Table 6

Primary energy efficiency with a fossil primary energy source

Vehicle Primary energy Energy carrier Primary Distribution®  Vehicle Primary
energy to (%) efficiency® energy
energy (%) efficiency
carrier? (%)

BEV Coal today Electricity 40° 93 61 23

BEV Natural gas future  Electricity 554 93 61 31

HEV pardlel Crude ail Diesdl 95.3 99.8 30 28

HEV series Crude ail Diesdl 95.3 99.8 29 28

FCEV Natural gas Hydrogen (350 bar) 85 86 34 25

FCEV Natural gas Methanol 72 99.6 29 21

ICEV developed Crude oil Petrol 915 99.8 20 19

ICEV today Crude ail Petrol 91.5 99.8 14 13

2 Adopted from [42,43].

b Adopted from [42,43].

¢ Relates to Danish coal power with an efficiency ranging between 36% and 47%.
9 Adopted from [44].

¢ From Table 5.
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Table 7

Primary energy efficiency with biomass as primary energy source

Vehicle Primary energy Energy carrier Primary Distribution/ Vehicle Primary
energy to  storage® (%) efficiency’ energy
energy (%) efficiency
carriera® (%)
(%)

BEV Biomass Electricity 45¢ 93 61 25

HEV paralléd Biomass Methanol 63 99.6 30 19

HEV series Biomass Methanol 63 99.6 29 18

FCEV Biomass Hydrogen (350 bar) 69 86 34 20

FCEV Biomass Methanol 63 99.6 29 18

ICEV developed Biomass Methanol 63 99.6 224 14

ICEV today Biomass Methanol 63 99.6 15° 10

2 Adopted from [42,43].

b Adopted from [45].

¢ Adopted from [42,43].

d Efficiency is assumed to be 10% higher than for petrol. Source: [46].
e Efficiency is assumed to be 6% higher than for petrol. Source: [46].
f From Table 5.

or hydro power are given in Table 8. In this case, only BEVs and FCEVs were considered.
Hydrogen for the fuel cell is produced through the electrolysis of water. The efficiency of produc-
ing primary electricity is set to 100% for all the aternatives.

Thereis asubstantial energy loss when converting electricity to hydrogen and back to electricity
again in the FCEV. For this reason, the most efficient alternative would be to use the e ectricity
directly in a BEV. Hydrogen is, however, easier to store than electricity and in a long-term
scenario, using solar power, hydrogen might be the safest and most practical energy carrier.

Table 8
Primary energy efficiency with solar, wind or hydropower as primary energy source
Vehicle Primary energy Energy carrier Primary Distribution/ Vehicle Primary
energy to  storage (%) efficiency® energy
energy (%) efficiency
carrier (%) (%)
BEV Solar, wind or Electricity 100 93 61 57
hydropower
FCEV Solar, wind or Hydrogen (350 bar)  90° 86° 34 26
hydropower

a Adopted from [43].

b Adopted from [42].

¢ Adopted from Ogden and Nitsch [47] who assumed that the efficiency today (1994) of 70-75% can be increased
to 85-90% in the future.

9 From Table 5.
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4.1. Sensitivity analysis

The results presented above are based on a number of assumptions regarding the future energy
efficiency of components in the powertrain and the possibility to integrate them with continued
high mean efficiency over anormal drive schedule. This makes the conclusions sensitive to uncer-
tainties regarding the successful development of components and control techniques for the elec-
tric drivetrain. The most speculative component assumptions that influence the future potential
are associated with batteries and fuel cells, but assumptions regarding the development of ICEs
could also be uncertain. The possibility for the electric drivetrain to handle load variations with
the assumed high mean efficiency is also a crucia assumption. Different advances in development
regarding the efficiencies of the most important and uncertain components are given as best,
assumed, or worst cases in Table 9.

The effects on primary efficiencies, calculated with the highest and lowest component
efficiencies in Table 9 for each powertrain, are shown in Fig. 2. The results in the figure are
based on primary energy from biomass.

For the conventional powertrain, no further development of the current status is assumed in
the worst case. The best possible development for an ICEV is equa to the assumed potentia
given in Table 8, since no further improvement beyond this level seems likely today. For all
aternative powertrains, the development of a highly efficient electric drivetrain is crucial. The
best possible development for the BEV is based on an optimistic potential for a 95% efficient
lithium—polymer battery. For the HEV, the development of higher efficiency for small diesel
engines is important, and for the FCEV, of course, the development of the fuel cell itself.

The conclusions that can be drawn from Fig. 2 are that the uncertainty in component develop-
ment will not change the fact that ICEV's have the lowest potential for primary energy efficiency
and BEVs have the highest potential, regardless of the assumptions made concerning component
development as long as they are reasonable. The difference between alternative and conventional
powertrains could, however, be smaller if the electric drivetrain proves less efficient than assumed.
The relationship between HEV's and FCEV's could aso change with different assumptions. All

Table 9
Different advances in development regarding energy efficiency of powertrain components
Uncertainty about future efficiency Best possible Assumed Worst possible
efficiency (%) efficiency (%) efficiency (%)
Electric drivetrain®
BEV 76 65 57
HEV and FCEV 76 72 64
Fuel cells 48 a7 12
ICEs* 42 40 35

2 Best possible devel opment includes a lithium—polymer battery. The “assumed and worst possible mean efficiencies’
are both for BEV (65 and 57%) and for a HEV (72 and 64%).

b The assumed fuel cell efficiency is optimistic, but possible in the long term. Not much potential above that assumed
is considered possible.

¢ High efficiency ICEs are available today. Incremental improvements can be made upon the assumed efficiency,
but not much more.
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Fig. 2. The effects of uncertainty in component development on primary energy efficiency. Calculations were made
assuming the primary energy to be based on biomass.

the selected components can develop independently, but links exist between components used in
the lithium—polymer batteries and in the PEM fuel-cell system. Development of the conventional
powertrain will have positive effects on the potential of the HEV, since the ICE is used in both
hybrid and conventional powertrains.

5. Other means of reducing energy use in future vehicles

Reducing weight, rolling resistance, and aerodynamic drag can also play amajor part in improv-
ing the energy efficiency of passenger cars. The effects of such measures are briefly discussed
here. The importance of different measures in reducing energy use is given in Table 10. The
division between the three different road loads is assumed to be one third each of the total road
load, based on Amann [11] and DeCicco and Ross [16].

Apart from vehicle technology, energy use also depends strongly on vehicle speed. Rolling
resistance is proportional to speed, the energy invested in kinetic energy is proportional to the
square of the speed, and the aerodynamic drag is proportional to the cube of the speed. This
means that a reduction in speed of 1% would give a theoretical reduction in driving energy (road
load) of 1.98% (see Table 10).

Table 10
Changes in total energy use for vehicles as aresult of changesin speed, weight, rolling resistance, and aerodynamic drag

Effect of road-load factors
on total energy use

Speed. 1%
reduction gives:

Weight. 1%
reduction gives:

Rolling coefficient. Drag coefficient. 1%
1% reduction gives: reduction gives:

Rolling resistance 1% reduction 1% reduction 1% reduction No reduction
Aerodynamic drag 2.97% reduction No reduction No reduction 1% reduction
Kinetic energy (braking) 1.98% reduction 1% reduction No reduction No reduction

Tota road load (theoretical)

1.98% reduction

0.66% reduction

0.33% reduction

0.33% reduction
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Considering the medium-term scope for improvements in road load factors, the total road load
can be reduced by 36% for future ICEVs compared with standard ICEV's today (see Table 11).
For electric drivetrains the scope is less, 22% for a BEV and 29% for a HEV, due to the heavy
batteries. Note that the reductions in road load are assumed to be introduced while preserving
both the comfort and performance of the vehicle. Much larger reductions in road load might be
possible in the longer term, see, for example [48].

6. Total potential reductions in primary energy use

Based on the roadHoad reductions given in Table 11, and the primary energy efficiency
improvement given in Table 7, the total potentia in percent, to reduce primary energy use can
be calculated according to Eq. (1):

AW;=(100— AW, ) X NdMh «y

where AWy, (%) is the potential for reducing the road load (see Table 11). n. is the primary
energy efficiency for conventional vehicles today, and 1, is the primary energy efficiency for
vehicles with alternative powertrains (see Table 7).

A combination of improved powertrain efficiency and reduced vehicle road load would enable
future BEV's to run on only 38% of the fossil primary energy of a conventional vehicle today.

Table 11
The road-load factors today and the medium-term scope for improvements
Energy use Today Medium-term Potential change Impact of potential
potential change on road load
Weight 1400 kg
BEV 1300 kg? 7% —5%
FCEV 1200 kgP —14% —9%
HEV 1150 kg° —18% —12%
ICEV 1000 kg —29% —19%
Rolling resistance 0.011 0.008° —27% —-8.9%
Aerodynamic drag 0.4 0.3f —25% —8.25%
Total reduction of road load
BEV —22%
FCEV —26%
HEV —29%
ICEV —36%

a Assuming a general weight reduction to 1000 kg+300 kg battery. Adopted from [18,30].

b Assuming a general weight reduction to 1000 kg+200 kg extra for fuel cell and battery. Adopted from [18,30].

¢ Assuming a general weight reduction to 1000 kg+150 kg extra battery. Adopted from [18,30].

4 Assuming a general weight reduction to 1000 kg. Adopted from [30].

¢ A reduction down to 0.0085-0.0065 is possible, according to [12,16]. The Partnership for a New Generation of
Vehicles (PNGV) hopes to reduce rolling resistance by 20% compared with a standard car today [11].

A reduction of aerodynamic drag affects the appearance of the vehicle, hence the scope of improvement is limited.
PNGV hopes to reduce aerodynamic drag by 20% compared with a standard car today [11].
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Future HEV's would require 37%, FCEV's 40%, and the developed ICEV 45% of the primary
energy consumed compared with an ICEV today.

The PNGV aims at developing a future vehicle that uses only 34%" of the fuel consumed in
a standard car today. In this study, the total potential to reduce vehicle fuel consumption was
calculated for the HEV and FCEV fuelled with petrol or methanol [Eq. (2)].

AWE=(100—AWi, ) X Neol M2 (2

where AWk is the total reduced vehicle fuel consumption and the vehicle efficiency of an ICEV
today (n.) and the vehicle efficiency of a HEV or FCEV (1.,) are adopted from Table 5. The
results show that fuel consumption will decrease to 33-34% of that of a conventional ICEV today.
The road load reductions in Table 11 and the powertrain technologies assumed in Eq. (2) are
comparable to those targeted by the PNGV. Despite the uncertainties, it is reasonable to conclude
that it will be possible to reach the goal set by the PNGV without changing the size or performance
of the vehicle. The development of new powertrains requires, however, dedicated efforts to
improve efficiency in order to attain the potential anticipated in this study.

7. Discussion

This study shows that there is substantial potential for improving the primary energy efficiency
for vehicles using alternative powertrains. However, considerable improvements in performance
and reductions in cost are necessary to make the aternative powertrains commercially competitive.
The common denominator for the alternative powertrains is the electric drivetrain. This paper
assumes that a highly developed and efficient electric drivetrain can be attained in the stated time
frame, 10-20 years. Most likely, the optimistic efficiencies assumed in this paper will not be
attained for along time. Other performances, such as cost, will be prioritised first in development.

No battery today meets the USABC and PNGV performance targets for BEV s regarding specific
energy, specific power, or cost, which are necessary for commerciaisation. The BEV is totally
dependent on the development of batteries for successful introduction on to the market. With the
NiMH battery, an energy efficiency of 81% is possible today, but the potential specific energy
for the NiMH battery is too low (80-100 Wh/kg) to be a long-term option to the BEV. The
reported potential of 95% efficiency and a specific energy of 150 Wh/kg for lithium—polymer
batteries is difficult to validate. According to Kuller [28], at the leading lithium—polymer battery
manufacturer (3M/Hydro-Quebec), they have prototype batteries today that meet these targets, see
also [19]. The development of lithium—polymer batteries with the stated performance is probably
necessary to make the BEV competitive. It has been argued that the lithium—polymer battery
suffers from inherently low specific power, and is thus not an aternative for HEVs [18], but
recently, lithium—polymer batteries with high specific power have been demonstrated and might
be a future alternative to HEV's as well [19].

The technology providing the assumed maximum efficiency of 43% for ICEs exists today. A

4 The PNGV (Partnership of a New Generation of Vehicles) aims at increasing the fuel economy from 27.5 mpg today up to 80
mpg [30].
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potential problem facing the HEV with a heat engine is the emissions of NOy, hydro carbons
and particulate matter. A higher compression ratio, and thus higher efficiency, also means a risk
of increased emissions of small particles [49]. New engines will have to be characterised by both
low emission and high efficiency. The HEV is not dependent on battery development to the same
degree as the BEV. HEV's already exist on the market. If the targets for specific power or cost
are not be met, it is possible to compromise and sacrifice some of the potential efficiency improve-
ment by allowing the ICE to suffer greater variation in load. This lowers the mean efficiency,
but at the same time also the demands on specific power and energy capacity on the battery.

The time perspective for the introduction of FCEVs is longer than for HEV's. Series production
of the current FCEV will begin, at the earliest, in 2004 [50], but series production of fully
developed fuel cells will probably have to wait until 2010. The fuel cell still requires much
development in order to bring costs down to a competitive level and to attain the assumed
maximum efficiency of 55% used in our calculations and requires to much platinum in the catalyst
in order to reach the long-term goal of a cost of 47 US$/kW set by PNGV [30]. The assumptions
in this paper of 55% maximum efficiency and 47% mean efficiency are high, but possible in a
10 year perspective, see, for example [30,38,39,51]. However, 55% maximum efficiency requires
that the fuel-cell system be optimised. Apart from the fuel cell stack, the system also includes
compressors, pumps, etc. [51]. A system based on hydrogen requires a new refuelling infrastruc-
ture and complicated fuel storage on board the vehicle. So far, car manufacturers prefer to reform
methanol on board the vehicle instead, see conclusions in [40]. This does not require a totally
new infrastructure, but lowers the energy efficiency and increases the vehicle weight.

8. Conclusions

This comparative assessment shows that there is potential to double the primary energy
efficiency using electric drivetrains in vehicles, such as BEVs, HEVs or FCEV's, compared with
present ICEVs. All vehicles with an aternative powertrain have the potential for higher primary
energy efficiency than vehicles with an improved conventional powertrain.

BEV s seemsto have a small advantage over HEV s and FCEV s from a primary energy efficiency
point of view, but given the uncertainties, all alternative powertrains have approximately the same
primary energy efficiency when supplied with fossil or biomass fuels. No outright winner amongst
the alternative powertrains could be identified from a primary energy efficiency point of view. If
the energy carrier is renewable primary electricity, e.g. in a solar photovoltaics future, the BEV
will have a higher primary energy efficiency than the FCEV using hydrogen from electrolysis.
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