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Abstract

In this study, the use of energy carriers based on renewable energy sources in battery-powered electric
vehicles (BPEVs), fuel-cell electric vehicles (FCEVs), hybrid electric vehicles (HEVs) and internal com-
bustion engine vehicles (ICEVs) is compared regarding energy efficiency, emission and cost. There is the
potential to double the primary energy compared with the current level by utilising vehicles with electric
drivetrains. There is also major potential to increase the efficiency of conventional ICEVs. The energy and
environmental cost of using a passenger car can be reduced by 50% solely by using improved ICEVs instead
of ICEVs with current technical standard. All the studied vehicles with alternative powertrains (HEVs,
FCEVs, and BPEVs) would have lower energy and environmental costs than the ICEV. The HEVs, FCEVs
and BPEVs have, however, higher costs than the future methanol-fuelled ICEV, if the vehicle cost is added
to the energy and environmental costs, even if significant cost reductions for key technologies such as fuel
cells, batteries and fuel storages are assumed. The high-energy efficiency and low emissions of these vehicles
cannot compensate for the high vehicle cost. The study indicates, however, that energy-efficiency im-
provements, combined with the use of renewable energy, would reduce the cost of CO, reduction by 40%
compared with a strategy based on fuel substitution only. © 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Road transport has become one of the largest sources of pollution in society and in 1998 ac-
counted for about 37% of the total nitrogen oxide (NO,) emission, 38% of the non-methane volatile
organic compound emission (NMVOC) and 27% of the carbon dioxide (CO,) emission in Sweden
(Statistics Sweden, 1999). Road vehicles are also important producers of particulate matter (PM).
Whereas road transport emissions of NO,, NMVOC and PM have been reduced as a result of ex-
haust gas treatment and improved combustion technology CO, emission have continued to increase.

" Corresponding author. Tel.: +46-46-222-9730; fax: +46-46-222-86-44.
E-mail address: bengt.johansson@miljo.lth.se (B. Johansson).
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Fig. 1. Combinations of energy carriers, primary energy and vehicle technology that together form carbon dioxide
neutral transportation systems based on renewable energy.

Efficient energy use and the use of renewable energy sources are main options for reducing CO,
emission from vehicles in the future. There is the potential to increase energy efficiency signifi-
cantly, both by improving conventional technology and by introducing vehicles with new pow-
ertrains such as battery-powered electric vehicles (BPEV), hybrid electric vehicles (HEVs) and
fuel-cell vehicles (FCEVs) (Ahman, 1999). Renewable energy sources can be used to produce
electricity and liquid or gaseous fuels, which can be used for transportation purposes.

In this study, combinations of new efficient vehicle technologies and renewable energy sources
are analysed with regard to primary energy efficiency, environmental impact and cost, see Fig. 1.
The aim of the study is to form a basis for long-term strategic analyses of future transportation
technologies, and to identify which combinations of energy sources, energy carriers and vehicle
technologies can form parts of efficient future transportation systems. Several other studies com-
paring new vehicles technologies and fuels with regard to efficiency, emissions and costs have been
carried out (see e.g., IEA, 1993, 1999; Wang and Delucchi, 1992; Goubeau et al., 1996; Johansson,
1996; Kazimi, 1997; Metz, 2000; Lipman and DeLucchi, 1996). In these studies, however, the new
technologies are usually compared with current ICEVs with little focus on the possibility for im-
provement in future ICEVs. Furthermore, they usually concentrate on either certain vehicle
technologies (for example, BPEVs) or fuels (for example, fuels from renewable energy sources).
Studies that systematically take into account the potential for improvements in all technologies and
the compatibility of these technologies with renewable energy sources are lacking.

The study is carried out from a Swedish perspective. This will be apparent mainly in the choice
of energy resources suitable for transportation fuels and in the valuation of the environmental
impact of the analysed vehicle/fuel system.

2. Methodology

In this study primary energy efficiency, emission and the cost of using various energy carriers
in ICEVs, HEVs, FCEVs and BPEVs are compared. The cost includes energy, environmental
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Table 1
Cost of the environmental impact of VOC, NO, and particulate emissions in Sweden (Carlsson and Johansson-Sten-
man, 2000)

Cost of environmental damage® Health effects®
SEK/kg
Urban, medium-size town City centre, major city
SEK/kg SEK/kg
vocC 30 22 45
NO, 60 49 50
Particulate matter 0 5000 7600

#Includes cost of acidification, eutrophication and damages to crops due to high ozone concentration.

®The values for a medium-sized town are based on estimates for the town of Malmé (250 000 inhabitants) whereas
the value for a city centre in a major city is based on estimates for Stockholm. The cost of health damage was based on
estimates of the value of reducing population doses. This value was obtained from surveys in which people were asked
about their willingness to pay for pollutant dose reductions. The value of reducing population doses was then trans-
formed into a value for reducing vehicle emissions, utilising different dispersion models, wind, climate and population
data. The value of reducing the emissions was then used as the cost of the emission (Johansson, 1997). The method of
using values from willingness-to-pay studies to estimate the cost of environmental impact is not unproblematic. For
example, respondents have been found to refuse the whole idea of “buying” environmental quality or have been found
to give unrealistic bids in relation to their budget constraints, see e.g. discussion in Spash (2000).

and vehicle costs. Future technologies are analysed for a typical mid-size passenger car which
in principle has the same performance as present conventional cars in terms of speed, accel-
eration, size and comfort. The only exception is the BPEVs which are assumed to have a
shorter driving range (=200 km) as a consequence of the problems of carrying large batteries
in the vehicle. An analysis of the future potential performance of ICEVs is included for
comparison.

In order to compare the cost of using BPEVs with the cost of using other vehicles, a marginal
cost perspective on the electricity supply is adopted. The cost of the electricity for a group of
electric vehicles is estimated to consist of the difference between the total cost of an electricity
system where these electric vehicles are supplied with electricity, and the total cost of a corre-
sponding system where there is no supply to the electric vehicles. As the potential for some
low-cost electricity supply options is restricted, the marginal cost for the introduction of electric
vehicles will depend on the total electricity demand in society. Therefore, two different scenarios
for future electricity demand have been defined, one assuming a low electricity demand (LD) and
the other assuming a high demand (HD). The scenarios are based on Johansson and Martensson
(2000).

The environmental cost of emissions has been calculated using the values in Table 1. These
values are roughly the same as those used in official transport infrastructure planning in Sweden.
It is assumed that emissions from electricity production plants have the same environmental
impact as vehicle emissions in rural areas. This means that the direct health aspects of the
emissions are negligible whereas the emissions would have negative effects on acidification, eu-
trophication and would cause damages to crops due to high ozone concentrations. The cost of
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CO, emissions was defined as the current Swedish carbon tax, 0.36 SEK/kg CO, (USD 150/
tonne C). !

Different sources of data have been used to estimate the average energy use and emission of
the vehicle studied. Generally, both energy use and emissions are higher for urban than for rural
traffic using ICEVs. There is little information on such differences for vehicles using alternative
fuels. In this study, we assumed the same relation between urban and rural energy use and
emission levels for ICEVs using alcohol fuels, as has been found for petrol-fuelled ICEVs, i.e., the
NO, emission is 1.5 times higher, VOC emissions 4 times higher, particulate emissions 1.7 times
higher, and energy use 1.5 times higher in urban traffic than rural traffic (Hammarstrom, 1990;
Solvang Jenssen, 1992; Swedish Environmental Protection Agency, 1998). Regarding the energy
use of BPEVs, HEVs and FCEVs, however, we expect the same values for both urban and rural
traffic (Martin and Michaelis, 1992).

All costs are given in SEK at the price level of January 2000 when 1 USD = 8.8 SEK. The
energy cost is calculated excluding taxes. Investment costs are annualised using a 6% real discount
rate, assuming vehicle lifetimes of 13 yr and annual driving distances of 15000 km.

3. Renewable energy for transportation

Liquid and gaseous fuels as well as electricity can be produced from biomass and other re-
newable sources such as wind, solar and hydro. Biomass-based transportation fuels are in use
today in several countries around the world, with the largest amount being used in Brazil. Alcohol
fuels are well suited for use in internal combustion engines and, especially methanol, also as
energy carriers in FCEVs. In Sweden the attention has been focused on ethanol, which is currently
used mostly in buses. A new plant producing approximately 50 000 m*® ethanol/yr from grain has
been taken into production. This ethanol will mainly be used as a 5% blend in petrol. In Sweden,
and other countries with similar geographic characteristics, cellulosic feedstock is the most cost-
effective biomass alternative in a CO, reduction strategy (Johansson, 1996). There is also a major
local environmental advantage in growing cellulosic biomass instead of grain, see e.g. (Borjesson,
1999). Methanol seems to have economic advantages compared with ethanol (see e.g. Johansson,
1996; IEA, 1999), % at least in the medium term and is the preferred fuel by many vehicle man-
ufacturers for use in FCEVs. Dimethylether is another alternative fuel produced with technology
similar to that for methanol and this fuel may play an important role in the future as a low-
polluting fuel (Williams, 2000).

Hydrogen can be produced both from biomass through gasification and synthetisation and
from electricity through hydrolysis. The cost of biomass-based hydrogen is, however, expected to
be significantly lower than the cost of hydrogen produced from wind or solar electricity through
hydrolysis (Ogden and Nitsch, 1993; Grondalen, 1998). Although the production cost of biomass-

! The estimation of the cost of damage due to CO, emission is very sensitive to the assumptions made, such as interest
rate, see e.g. Azar and Sterner (1996). In this study, we assumed that the valuation, by society, of CO, damage is
reflected in the carbon dioxide tax.

2 Some sources, for example (Wyman et al., 1993), assume that with major breakthroughs in the development of
enzymatic hydrolysis ethanol may become competitive to biomass-based methanol in the long run.
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based hydrogen is lower than the cost of biomass-based alcohol, the total cost of using hydrogen
in ICEVs is higher as a result of costly vehicle hydrogen storage (Johansson, 1996). The devel-
opment of a new infrastructure will also pose a challenge to the introduction of hydrogen in the
transport sector.

From a long-term resource perspective the production of hydrogen from solar electricity might
be of interest. It is, however, expected to cost 2-3 times more than hydrogen from biomass, even
assuming considerable cost reductions in solar cell technology (Ogden and Nitsch, 1993;
Johansson, 1996; Grondalen, 1998). Biomass prices may increase if biomass resources become
scarce as a result of an increased demand for food, materials and energy. This would make solar
hydrogen more competitive. In the analysis below only biomass-based hydrogen is included.

Renewable energy sources (mainly hydro) currently contribute about half of the Swedish
electricity supply (Swedish National Energy Administration, 1999). There is great potential to
increase the renewable electricity supply through wind-power and biomass-based plants, however,
at somewhat higher costs than new fossil-fuel-based plants. Johansson and Martensson (2000)
have analysed the cost and environmental impact of using electricity from theoretical Swedish
electricity systems based on renewable energy sources in the future. In these systems hydro, wind
and biomass are used. The cost and environmental impact of the marginal electricity of the system
depend on the general electricity demand in the system and the need for grid upgrading due to this
demand. In the low-demand scenario of Johansson and Martensson (2000) marginal electricity in
Sweden would be based on wind-power and biomass cogeneration. In their high-demand scenario,
marginal electricity has to be produced in biomass-based condensing plants, as the potential for
cogeneration and low-cost wind-power in this scenario is already utilised for purposes other than
transport.

Although there is, technically, no problem in assuming an electricity system based solely on
renewable resources, its implementation would require policy instruments that compensate for the
higher cost compared with, for example, natural-gas-based power plants.

A large-scale use of BPEVs would require the build-up of home charging appliances and public
fast charging stations and there might be a need for grid upgrading. It is not probable that any
grid upgrading will be necessary in the scenario with a low electricity demand as the general
electricity demand would be much lower than today as a result of reduced use of electric heating
(which today consumes about one-third of Swedish electricity) and efficiency improvements. In

Table 2
Estimated costs of electricity for electric vehicles (Johansson and Martensson, 200). All costs are based on electricity
from renewable energy sources

Distribution scenario No new distribution New distribution

Electricity demand Low electricity High electricity Low electricity High electricity

scenario demand demand demand demand
SEK/kWh SEK/kWh SEK/kWh SEK/kWh
(cents/kWh) (cents/kWh) (cents/kWh) (cents/kWh)

Production cost 0.40 (5.3) 0.57 (7.6) 0.40 (5.3) 0.57 (7.6)

Distribution cost 0.11 (1.5) 0.12 (1.6) 0.30 (4.0) 0.31 (4.1)

Charging cost 0.07 (0.9) 0.07 (0.9) 0.07 (0.9) 0.07 (0.9)

Total cost 0.58 (7.7) 0.76 (10) 0.77 (10) 0.95 (13)
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the scenario with high electricity demand the requirement for grid upgrading may be somewhat
larger.

The cost of electricity in a system totally based on renewable energy would depend on general
electricity demand and the need for grid upgrading, according to Table 2.

4. Energy-efficient and low-polluting vehicles

Several studies have shown that there is considerable potential to improve energy efficiency in
ICEVs, see e.g. (DeCicco and Ross, 1993; DeCicco and Mark, 1998; Duleep, 1997). Efficiency
improvements can be achieved through reductions of the road load (air resistance, rolling resis-
tance and energy for acceleration) and by using more efficient powertrains. From the studies
referred to above, it appears to be possible to reduce energy use in conventional vehicles by at
least 40% compared with vehicles from the beginning of the 1990s by combining more efficient
powertrains and reductions in road loads.

There are a number of possible options for improving the mean efficiency of an ICEV such as
variable valve timing, shut-off during idling, higher compression ratio, variable displacement and
a continuously variable transmission (DeCicco and Ross, 1993). HEVs with an internal com-
bustion engine can also benefit from most of these efficiency gains. The only option not to be fully
utilised in a HEV is variable displacement, aimed at improving the efficiency at partial load. Most
of the improvements listed above involve well-known technologies that could become available
in the next generation of vehicles.

The common denominator for all alternative powertrains studied here is the electric drivetrain >
consisting of an electric motor, a generator and power electronics for control. The electric
drivetrain has attained the technical requirements for a market introduction, and the major
problem remaining is the cost (Chan and Chau, 1997; Xu, 1999). Cost targets for market intro-
duction differ between 11 and 20 USD/kW (National Research Council, 1999; Donitz, 1998).
Attaining more stringent cost targets seems unrealistic without technical breakthroughs and new
production technology (National Research Council, 1999) as projections for large-scale pro-
duction of current advanced electric drivetrain technology indicate costs of 20-25 USD/kW
(Delucchi, 1999; National Research Council, 1999).

The BPEV consists of an electric drivetrain with a battery for energy storage. Current battery
technology offers too short range at too high a cost to become commercially competitive. New
battery technology, e.g. lithium-ion, lithium metal-polymer and nickel metalhydride (NiMH)
batteries, could give the BPEV sufficient range, 150 miles (240 km), for introduction onto the open
market, but the question remains of whether the cost of batteries will fall to the target of 150
USD/kWh set by the United States Advanced Batteries Consortium (USABC) for a market in-
troduction (National Research Council, 1998a). Lead/acid batteries have a relatively low cost but
have a poor energy storing capacity, and can be regarded as a transitional battery to long-term

3 The term drivetrain typically refers to the transmission system from engine output shaft to driven road wheels. In
the term alternative 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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lithium or NiMH batteries. Today, projection for NiMH batteries gives a large-scale production
cost of 200-250 USD/kWh (Lipman, 1999). The only batteries believed to have a possible long-
term potential below 150 USD/kWh are lead/acid and lithium metal-polymer batteries (Rand
et al., 1998; Pierre et al., 1999), but the potential is highly uncertain.

In the HEV, an electric drivetrain and a battery are combined with an internal combustion (IC)
engine and a fuel tank. The IC engine charges the battery, or takes over the drive from the electric
drivetrain, when the battery is discharged. HEVs with advanced, energy-efficient IC engines are
available on the market today (Toyota Prius and Honda Insight). New IC engines will have to
provide both low emissions and high efficiency. The cost of HEVs is not disclosed, but a fair
assumption is that the HEVs currently on the market are not profitable for the companies pro-
ducing them. Toyota claims that they will make no loss at the end of the Prius production series,
but admits initial losses of 15000-20 000 USD/vehicle (Amstock, 2000). The HEVs of today use
petrol, but can easily use methanol or ethanol and, with some effort, also hydrogen. This fuel
flexibility and the fact that the vehicle uses the same fuel infrastructure as the ICEVs is an
advantage.

The advantage of the FCEV is the potential for high-energy efficiency and tail-pipe emissions
consisting only of water vapour. The most interesting fuel cell for automotive purposes is the
Proton Exchange Membrane (PEM) fuel cell. Technical advancements in recent years have made
the PEM fuel cell technically competitive, however, further development is needed to integrate the
fuel-cell system (Kalhammer et al., 1998). Series production based on the current state-of-the-art
FCEVs will, at the earliest, begin in the year 2004 (Daimler-Chrysler, 1999), but series production
of FCEVs that fully exploit their potential will probably not start before 2010. The fuel cell still
needs much development in order to bring the costs down to a competitive level of 50 USD/kW
(National Research Council, 1998a; Appleby, 1999). Long-term cost projections for the fuel-cell
system, assuming large-scale production, result in cost estimates between 50 and 300 USD/kW (see
e.g. James et al., 1997; Kalhammer et al., 1998; Ronger, 1998; National Research Council, 2000).

One major feature of the fuel-cell system is the requirement of pure hydrogen as a fuel which
demands a new fuel infrastructure and a complicated hydrogen storage system on board the
vehicle. In order to be able to use existing infrastructure and storage technology, a “hydrogen
carrier”’, such as methanol or even petrol, can be reformed to hydrogen on board the vehicle and
used instead. The use of hydrogen carrier reduces the efficiency and adds to the weight and cost of
the vehicle. So far, vehicle manufactures prefer reforming methanol or petrol on board the vehicle
instead of using gaseous hydrogen, see the conclusions of Kalhammer et al. (1998).

According to Ahman (1999) new vehicle powertrains could achieve vehicle efficiencies that are
four times higher for BPEVs and two times higher for FCEVs or HEVs compared with current
ICEVs, see Fig. 2.

Primary energy efficiency, where energy loss in energy extraction, conversion and distribution
is included can be twice as high for BPEVs, HEVs and FCEVs compared with today’s ICEVs,
Tables 3 and 4. The potential for improvement in ICEVs could allow an increase in primary
energy efficiency of 30-40%.

According to Ahman (1999) it should be possible to reduce the total energy use by at least 60%
compared with today’s ICEVs when combining energy-efficient powertrains and reduced road
loads. In these estimates no breakthrough in the technology of producing safe lightweight com-
posite vehicles and no performance reductions were assumed.
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Fig. 2. Vehicle efficiency calculated as energy consumed at the wheels divided by total energy supplied to the vehicle
(Ahman, 1999). The vehicle efficiency was calculated from the powertrain efficiency by correcting for the energy saved
due to regenerative braking, energy use when idling and energy for extra loads.

Table 3
Primary energy efficiency with a fossil-fuel primary energy source
Vehicle Primary Energy Primary Distribution Vehicle Primary
energy carrier energy to energy (%) efficiency from  energy efficiency
source carrier (%) Fig. 2 (%) (%)
BPEV Coal Electricity 40 93® 61 23
BPEV Natural gas  Electricity 55¢ 93b 61 31
HEV Crude oil Diesel 95.3d 99.8¢ 30 28
FCEV Natural gas  Hydrogen 85¢ 86" 36 26
(350 bar)
FCEV Natural gas  Methanol 72¢ 99.6¢ 30 21
ICEV, Crude oil Petrol 91.5¢ 99.84 20 19
future
ICEV, Crude oil Petrol 91.54 99.84 14 13
today

#Relates to Danish coal power with an efficiency ranging between 36% and 47%.
®Based on Gustavsson et al. (1995).

“Based on Official Report of the Swedish Government (1995).

9Based on Blinge et al. (1997).

®Based on Katofsky (1993).

fOwn calculations based on Ogden et al. (1995).

The emission of NO,, VOC and CO has been significantly reduced in passenger cars during
recent decades as a result of the introduction of catalytic converters. There is, however, potential
to reduce these emissions further by employing exhaust gas recirculation (EGR) and improved
technology for reducing cold-start emission (Egeback et al., 1997), see Table 5. The cost of an
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Table 4
Primary energy efficiency with biomass as primary energy source
Vehicle Primary  Energy carrier Primary energy  Distribution/  Vehicle Primary
energy to energy carrier  storage (%) efficiency from energy
source (%) Fig. 2 (%) efficiency (%)
BPEV Biomass  Electricity 45 93¢ 61 25
HEV Biomass  Methanol 63° 99.6¢ 30 19
FCEV Biomass Hydrogen (350  69° 864 36 21
bar)
FCEV Biomass  Methanol 63° 99.6¢ 30 19
ICEV, future Biomass Methanol 63° 99.6° 22¢ 14
ICEV, today Biomass Methanol 63 99.6¢ 15 10

#Based on Gustavsson et al. (1995).

> Based on Katofsky (1993).

“Based on Blinge et al. (1997)

90Own calculations based on Ogden et al. (1995).

¢ Efficiency is assumed to be 10% higher than for petrol (Olsson, 1996).
"Efficiency is assumed to be 6% higher than for petrol (Olsson, 1996).

Table 5
Emission of VOC, NO,, and PM from passenger cars (ICEVs) of 1988 and 1996 models and estimated potential for
model in the year 2010 (Egeback et al., 1997)

VOC (g/km) NO, (g/km) PM (mg/km)
Petrol-fuelled passenger cars
1988 2.5 1.5 37
1996 0.89 0.26 13
2010 0.08 0.04 1.2
Alcohol-fuelled passenger cars
1988 4.2 1.4 n.a.
1996 0.82 0.07 n.a.
2010 0.03 0.01 n.a.

emission reduction corresponding to the difference between the 1996 and 2010 levels in Table 5
can be estimated from State of California Air Resources Board (1996, 1998) to about 220 USD/
vehicle. BPEVs will produce no emission from the vehicle itself and the total emission is deter-
mined by the emission from the electricity production plant. Both HEVs and FCEVs have the
potential for emission lower than that could be expected for future ICEVs (Patil and Zegers, 1994;
Hermance and Sasakai, 1998; Egeback and Bucksch, 2000).

5. System comparison

In this section, combinations of vehicles and fuels are analysed regarding life-cycle emissions
and cost. The technologies compared are summarised in Table 6. Methanol and hydrogen are the
biomass-based fuels analysed, as methanol is assumed to be the most promising liquid fuel in the
medium-term perspective and methanol and hydrogen have special advantages when used in
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Table 6
Studied vehicle technologies
Vehicle type  Technology level Energy carrier Primary energy source
ICEV Current Petrol Crude oil
ICEV Future Petrol Crude oil
ICEV Current Methanol Cellulosic biomass
ICEV Future Methanol Cellulosic biomass
HEV Future, low-cost vehicle Methanol Cellulosic biomass
HEV Future, high-cost vehicle Methanol Cellulosic biomass
FCEV Future, low-cost vehicle Methanol Cellulosic biomass
FCEV Future, high-cost vehicle Methanol Cellulosic biomass
FCEV Future, low-cost vehicle Hydrogen Cellulosic biomass
FCEV Future, high-cost vehicle Hydrogen Cellulosic biomass
BPEV Future, low-cost battery Electricity According to low-demand scenario (LD)
BPEV Future, high-cost battery Electricity According to low-demand scenario (HD)

FCEVs. Two vehicle cost estimates for HEVs, FCEVs and BPEVs are used (low and high). Two
cost estimates for electricity, based on the low- and high-demand scenarios discussed above, are
also included in the analysis. The assumed characteristics of the vehicle are given in Table 7 and
the characteristics of the energy carriers in Table 8.

The emissions of NO,, VOC and PM are significantly lower for all the future vehicles studied
compared with the current petrol-fuelled car, Table 9. Future petrol-fuelled ICEVs are also ex-
pected to have higher emissions than most of the other future vehicles studied. The only expec-
tation is the BPEV using electricity in accordance with the high-demand scenario. This vehicle has
higher emissions of NO, and PM than any of the other future vehicles. This is a result of the
higher emissions from biomass combustion. It should be noted that the emission from the elec-
tricity plant is not produced at ground level where many people are exposed to it. The most
significant differences in emission are found for CO,, for which the petrol-fuelled car emits sig-
nificantly more CO, than the other alternatives.

The energy and environmental cost of vehicles used as the average Swedish vehicle is sum-
marised in Fig. 3. Compared with the current situation, the environmental and energy costs can be
reduced by 50%, even with the continued use of ICEVs if they are developed according to our
assumptions. FCEVs using hydrogen and BPEVs are the only vehicles using renewable energy
sources that will have lower energy and environmental costs than future petrol-fuelled ICEV.
HEVs, FCEVs and BPEVs all have lower energy and environmental costs than the ICEV using
biomass-based methanol. The cost advantage for the HEVs, FCEVs and BPEVs compared with
the methanol-fuelled ICEV using future technology is 0.4-1.2 SEK/10 km, which corresponds to
600-1800 SEK (USD 70-200) annually.

In urban traffic, the cost advantage of the HEVs, FCEVs and BPEVs compared with ICEVs
increases, see Fig. 4, partly because of a higher economic valuation of the emissions, but mainly
because of the relatively high efficiency of vehicles with electric drivetrains in urban traffic.

All the HEV, FCEV and BPEV alternatives have a higher total cost than the future methanol-
fuelled ICEV, if the vehicle cost is added to the energy and environmental costs, Fig. 5. The
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Table 7
Assumed energy use, vehicle cost and tail-pipe emissions for the analysed vehicles
Energy use Vehicle cost NO, PM vVOC
(kWh/10 km)? (SEK /vehicle)® (g/10 km)*  (mg/10 km)* (g/10 km)°
ICEV
Petrol, current technology 7.2 140 000 2.6 130 8.9
Petrol, future technology 4.4 148 000 0.4 12 0.8
Methanol, current technology 6.5 144 000 0.7 0 8.2
Methanol, future technology 4.0 152000 0.1 0 0.3
HEV
Methanol, low-cost vehicle 3.0 167 000 0.1 0 0.2
Methanol, high-cost vehicle 3.0 187000 0.1 0 0.2
FCEV
Methanol, low-cost vehicle 3.2 163000 0.01 0 0.01
Methanol, high-cost vehicle 3.2 200000 0.01 0 0.01
Hydrogen, low-cost vehicle 2.6 163000 0 0 0
Hydrogen, high-cost vehicle 2.6 198 000 0 0 0
BPEV
Electricity, low-cost vehicle 1.7 143 000 + batteries 0 0 0
(USD 100/kWh)

Electricity, high-cost vehicle 1.7 143000 + batteries 0 0 0

(USD 200/kWh)

“Energy use estimates for all vehicles are based on an average new petrol-fuelled ICEV. The 40% efficiency im-
provement between the future and the current ICEV is assumed to result from a reduction in road load (15%) and
improvements in the powertrain (25%), cf. (DeCicco and Ross, 1993). This reduction of the road load was applied to all
the vehicles studied. A methanol-fuelled ICEV is assumed to be 10% more efficient than its petrol-fuelled counterpart,
see e.g. (Olsson, 1996). The difference in efficiency between the alternative and conventional powertrains is taken from
Fig. 2. Additional energy use as a result of higher vehicle weight (300 kg, for a BPEV, 250 kg for a methanol-fuelled
FCEYV, 200 kg for the hydrogen-fuelled FCEV and 50 kg for the HEV) has been taken into account.

°®The extra costs for future ICEVs compared with current vehicles are based on DeCicco and Ross (1993), DeCicco
and Mark (1998), State of California Air Resources Board (1996, 1998) and Johansson (1996). 3500 SEK/vehicle of this
extra cost is assumed to be associated with reducing the road load, measures which it is assumed, are also applied to the
other vehicle types. The cost interval for HEVs was based on Duleep (2000), Sperling and Lipman (2000) and Egeback
and Bucksch (2000). The cost interval for FCEVs was estimated from Ogden et al. (1998) and Jung (1999). The most
important assumption are a fuel cell cost of 50-100 USD/kW, a motor and control cost of 13-26 USD/kW, a battery
cost of 500-1000 USD/vehicle, a hydrogen storage cost of 1000—-1500 USD/vehicle and methanol reformer cost of 20-30
USD/kW. Furthermore, we assume that the costs of BPEVs and ICEVs are the same if batteries are excluded (cf.
Delucchi et al., 1989; National Research Council, 1988b). It is assumed that the BPEVs use a battery package with a
storage capacity of 30 kWh, which has to be replaced once during the vehicle lifetime.

“Emissions for ICEVs are based on Egeback et al. (1997) and for HEVs and FCEVs on discussions in Patil and
Zegers (1994) and Hermance and Sasakai (1998).

difference is very small, however, between the ICEVs, HEVs and the FCEVs in the cases where we
assumed low vehicle costs. The cost of BPEVs is in both the low-cost and the high-cost alter-
natives significantly higher than the cost of the future methanol-fuelled ICEV. With optimistic
assumptions for FCEVs and HEVs, the vehicle, energy and environmental costs for these vehicles
are lower than the corresponding costs of current petrol-fuelled ICEVs.
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Table 8

Cost and assumed emissions from fuel extraction, conversion and distribution (pre-vehicle emissions, PVE)/MWh for
the energy carriers studied. End-use emissions of NO,, VOC, and PM are given in Table 7. End-use emissions of CO,
are assumed to be zero for the energy carriers produced from renewable sources and 74 g/MJ for petrol

Cost? PVE-CO,° PVE-NO,® PVE-VOC® PVE-PMP

(SEK/MWh) (kg/MWh) (g/MWh) (g/MWh) (g/MWh)
Petrol 260 18 114 140 5
Methanol(bio) 550 30 200(130)° 33 3
Hydrogen(bio) 550 30 200(130)° 33 3
Electricity (LD) 600 8 210 8 15
Electricity (HD) 850 25 750 34 70

#Costs are based on Johansson (1996) and Table 2.

® Pre-vehicle emissions for the fuels are based on Blinge et al. (1997) and for electricity on Brannstrom-Norberg et al.
(1996). In the low-demand case (LD) a combination of wind-power and biomass-based cogeneration is assumed,
whereas in the high-demand case (HD), emission factors for biomass-based condensing plants are assumed.

¢ Lower emissions of NO, are assumed for the biomass-based fuels in the future (in parentheses) as the current very
high emission factors for agricultural machinery are expected to be reduced as result of the introduction of modern
diesel technology.

Table 9

Life-cycle emission (tail-pipe emission plus pre-vehicle emission) of NO, VOC, PM and CO, for the vehicles studied
Technology NO, (g/km) VOC (g/km) PM (g/km) CO; (g/km)
1988 Level (end-use only) 1.6 2.6 40 -
Petrol, current 0.34 0.99 17 214
Petrol, future 0.09 0.14 34 125
Methanol, ICEV, current 0.20 0.84 2.0 20
Methanol, ICEV, future 0.06 0.043 1.2 12
HEYV, methanol 0.04 0.010 0.90 9
FCEV, methanol 0.04 0.010 0.96 9.6
FCEV, hydrogen 0.03 0.008 0.78 7.8
BPEV, electricity, LD-scenario 0.04 0.001 2.5 1.5
BPEV, electricity, HD-scenario 0.13 0.0006 11.9 4.2

It can be estimated from the data in Tables 7 and 8 that the CO, valuation should be increased
from the current Swedish level of 0.36 SEK/kg CO, (=150 USD/tonne C) to about 1.10 SEK/kg
CO, (=450 USD/tonne C) if the biomass-based fuels are to compete with petrol. It can also be
estimated that a combination of substituting biomass-based methanol for petrol and the utilisa-
tion of more energy-efficient technology (future technology instead of current technology) would
reduce this cost to approximately 0.65 SEK/kg CO, (=270 USD/tonne C).

The vehicle and energy costs of using the most competitive of the vehicles using biomass-based
fuels are estimated to be 1.2 SEK/10 km higher than the corresponding cost of using a petrol-
fuelled passenger car of today. This is equivalent to an increase in vehicle and energy costs of
about 10%. As these costs are only part of the total cost of using a vehicle, the relative effect on
the total cost would be even lower for the consumer. *

* In the calculations in Fig. 5, taxes, service and maintenance costs, and insurance are excluded.
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Fig. 3. Energy and environmental costs for vehicles used as the average Swedish vehicle (70% rural, 30% urban). The
low alternative for BPEVs is based on the electricity cost from the LD-scenario and the high alternative on the elec-
tricity cost from the HD-scenario, see Table 8.
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Fig. 4. Energy and environmental costs for vehicle used in urban traffic in a medium sized city. The low alternative for
BPEVs is based on the electricity cost from the LD-scenario and the high alternative on the electricity cost from the
HD-scenario, see Table 8.
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Fig. 5. The vehicle, energy and environmental costs of current and future vehicles used as the average Swedish vehicle
(70% rural, 30% urban). The low alternative for BPEVs is based on the electricity cost from the LD-scenario and low-
cost batteries the high alternative on the electricity cost from the HD-scenario and high-cost batteries, cf. Table 6.

It is important to note that major cost reductions for fuel cells, batteries and hydrogen storage
were assumed in the calculations. For example, we assumed a fuel-cell cost of 50-1000 USD/kW
which can be compared with current costs which lie somewhere between 2500 and 5000 USD/kW
(Ronger, 1998; Lipman, 1999; Ekdunge and Raberg, 1998; Thomas, 1998). Battery costs are
assumed to be somewhere between 100 and 200 USD/kWh, which can be compared with the
current cost of NiMH batteries of about 1000 USD/kWh (National Research Council, 2000).

As expected, vehicles with electric drivetrains will be more competitive when used in urban
traffic, Fig. 6. Here both HEVs and FCEVs exhibit lower costs than ICEVs using biomass-based
methanol, mainly because the efficiency gains of the alternative powertrains are more noticeable
in urban traffic.

There may be other cost advantages in using vehicles with electric drivetrains such as lower
service and maintenance cost, but this is uncertain as there is still too little experience of this
technology in everyday use. Some sources claim that the maintenance cost of electric vehicles
would be half that of an ICEV (see, e.g. Delucchi and Ogden, 1993). This would correspond to
approximately 1300-2000 SEK/yr ° (150-230 USD/yr), a level that is of the same magnitude as the
differences in energy and environmental costs between the electric vehicles and ICEVs. Thus, this
is a factor that might have significant impact on the economy of vehicles with electric drivetrains.

Swedish studies indicate that CO, taxes would have to be increased significantly from the cur-
rent level to reach even rather modest medium-term CO, reduction targets. For example, Swedish

5 Based on current approximate levels according to the National Swedish Board of Consumer Policies (1999).
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Fig. 6. The vehicle, energy and environmental costs of current and future vehicles when used in urban traffic only. The
low alternative for BPEVs is based on the electricity cost from the LD-scenario and low-cost batteries the high al-
ternative on the electricity cost from the HD-scenario and high-cost batteries, cf. Table 6.

Institute for Transportation and Communications Analysis (1999) estimated that CO, emission
would have to be charged at 1.50 SEK/kg CO, (=625 USD/tonne C) for the Swedish transport sector
to meet the target that CO, emission in 2010 should not be higher than in 1990. The economic val-
uation of health and environmental effects might change in the future. As a result of better knowledge
of the impact of different pollutants the economic valuation of emission may change. Furthermore,
growing incomes may increase the willingness to pay to avoid negative environmental impact.

The effect of increased valuations of CO,, NO, VOC and PM emissions is shown in Fig. 7. If the
valuation of carbon dioxide emission is increased to 1.50 SEK/kg CO, (high CO,), this could
make biomass-based fuels used in ICEVs HEVs and FCEVs competitive with petrol. Also in-
creasing the valuation of the NO, VOC and PM emissions (high CO,/environ) by 120% ¢ would
not affect the rank order of the alternatives, but would further motivate the development of low-
emitting vehicles in the future.

Higher CO, valuation would not directly make energy-efficient vehicles more competitive if
they used carbon-neutral renewable energy sources. Indirectly, however, an increased CO, val-
uation in society could increase biomass demand which, in turn, could result in increased biomass
prices, thus favouring energy efficiency.

In Fig. 8, the effect of an increase in biomass cost on the total cost is illustrated. More energy-
efficient vehicles will be more competitive with increasing biomass costs. The sensitivity of the fuel

® An increase in the economic valuation by 120% may be the result of an economic growth of 2.0% under a period of
20 yr if the income of environmental goods is 2.
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Fig. 8. Total cost in the base case (biomass cost 100 SEK/MWh (11 USD/MWh) and
200 SEK/MWh and 300 SEK MWh).

with assumed biomass costs of



B. Johansson, M. Ahman | T ransportation Research Part D 7 (2002) 175-196 191

cost, however, is rather small for all the future vehicles studied as their energy use in relatively low.
The methanol-fuelled ICEV with current technology, however, strongly loses in competitiveness
in the biomass cost increases.

Rather conservative assumptions regarding battery weight and the vehicle efficiency of BPEVs
have been used above. A vehicle efficiency of 70% instead of the 61% we used in the calculations
above and a specific battery weight of 200 Wh/kg instead of 100 Wh/kg would reduce energy use
by about 20%. This would reduce vehicle energy costs by approximately 300-400 SEK/yr. This
cost reduction would be insufficient to make BPEVs competitive. A reduction in energy cost of
300-400 SEK/yr would have the same effect on the total cost of BPEVs as a reduction in battery
cost of 10 USD/kWh. The uncertainties in battery costs will thus be much more important than
the uncertainties in weight and efficiency of BPEVs.

Also, some of the assumptions regarding the cost of the electricity supply are uncertain. This is,
however, also of much less importance than the battery cost. An increase in the electricity dis-
tribution cost of 0.1 SEK/kWh (1.1 cents/kWh), cf. Table 2, and a doubling of the assumed cost of
vehicle charging would increase the total cost of using a BPEV to the same degree as would an
increase in battery cost by 10 USD/kWh.

6. Discussion

This study gives an indication of the potential competitiveness of different vehicle technologies
in a future carbon-neutral transportation system. It is clear that vehicles with electric drivertrains
have the potential for higher efficiency and lower emissions than ICEVs, but these advantages can
only, to a certain extent, compensate for higher vehicle costs. It is not clear whether the cost
reductions for FCEVs, BPEVs and HEVs in the future will be sufficiently large to economically
motivate their introduction even if environmental costs are considered. Many of the cost as-
sumptions in this study are highly uncertain although the uncertainty is lower for ICEVs and
HEVs than for FCEVs and BPEVs. At this stage, no certain winner for the future can be pro-
claimed. BPEVs are however, rather unlikely to compete successfully with the other alternatives
if costs are a key issue in the choice of vehicle.

The gradual shift from oil to renewable energy as a dominant source of fuel for transportation
involves phasing in new fuels and new vehicles at the same time. Preferably, fuels should be
flexible with respect to primary energy source and suitable for use in vehicles developed in both
the near- and long-term, thereby avoiding lock-in effects determined by fuel characteristics.
Methanol and hydrogen are fuels that can be used both in ICEVs and in many thermal engines for
HEVs as well as in FCEVs. Both methanol and hydrogen can be produced from biomass using
the same gasification technology.

A shift from the dominating vehicle design (ICEV) and from an established fuel (petrol) will not
occur spontaneously. Government efforts have so far mostly been dedicated towards research and
development of alternative technologies (notably fuel cells, batteries, and thermal gasification)
and currently several of the key technologies are on the verge of becoming technically competitive.
However, the alternative technologies are not likely to penetrate the market due to high initial
costs and competition from entrenched conventional technologies. Current supply-push policies,
notably RD&D funding, needs to be complemented with demand-pull policies that can create
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niche-markets for buying down costs and to start developing the industrial infrastructure for these
technologies. Here, market-creating policies targeted at alternative powertrains, such as feebates,
subsidies, tax-exemptions, certification, etc., can play an important role for overcoming initial
market barriers (Ahman et al., 2001).

Strategies aiming at major reductions of CO, can result in increasing fuel prices, for both fossil
fuels and renewable energy sources. Fossil fuel prices would increase as a result of increasing
carbon taxes or other policy instruments. The cost of biomass and other renewable energy sources
increases as the prices of fossil fuels increase. This would make the more energy-efficient vehicles
more competitive.

Increasing the cost of biomass might also make room for alternatives such as solar-based
hydrogen in transport sector. For example, in Azar et al. (2000) solar-based hydrogen was found
to be preferable to biomass-based transportation fuels. If this alternative is to be realised, sig-
nificant cost reductions for solar cells would be necessary and the cost of other energy sources
would have to increase significantly. Furthermore, it must be possible to motivate the high energy
and cost penalties of transforming high-quality electricity into hydrogen by, for example, tech-
nical or economic restrictions for integrating high fractions of solar electricity in the electricity
system due to the high distribution, storage, and system integration costs. It is today impossible to
draw any final conclusion as to whether solar hydrogen would be preferable to biomass-based
transportation fuels in the very long term.

We have based our analysis on the premise of a carbon-neutral-transportation system and we
have therefore focused on energy carriers from renewable energy sources. In the shorter run, all
the vehicle alternatives will probably also use energy carriers from fossil fuels. Most of the con-
clusions regarding the technical solutions drawn in this article will be valid also for a fossil-fuel
based system. The total cost will, however, be lower if fossil fuels are used as long as CO,
emissions are not valued higher than today. An environmental-economic analysis in which al-
ternative fossil fuels, such as natural gas or fossil-based methanol, are compared with biomass-
based fuels and petrol can be found in Johansson (1999).

There are other alternatives for achieving carbon-neutral transport than the use of renewable
energy. Nuclear power and fossil fuels in combination with carbon sequestration could provide
near-CO,-neutral transport. There are still, however, uncertainties regarding the global potential
for carbon deposition and the environmental consequences of, for example, ocean deposition.
Further research in this area is therefore needed (Williams, 2000). Nuclear power is also associ-
ated with special environmental issues and its compatibility with sustainability is often challenged.

In this study much attention has been devoted to economy. There are, however, several other
issues that determine the choice of vehicle technology, both from the production side and the
consumer. The existing industrial structure, consumer preferences and industry’s expectations of
the future all have significant effects on the technological development.

The focus of this study has been on technical measures to reduce CO, emission. Technical
measures are expected to be key options in any far-reaching strategy for CO, reduction in the
transport sector. An efficient climate strategy would, however, involve other measures that affect
the demand for transport, the choice of transportation mode, the way vehicles are utilised, etc.
Unless the trend of increasing transport demand is not curbed there will be major difficulties in
attaining long-term environmental goals, even if far-reaching technical improvements are assumed
(see e.g. Johansson, 1998).
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In this study light-duty passenger cars were considered which contribute about 48% of the
global transport CO, emission (World Energy Council, 1998). It is believed that this fraction will
decrease in the future and a CO, reduction strategy must involve other modes of transport as well.

Most of the conclusions in this study are relevant also for transportation systems outside
Sweden. There might, however, be certain renewable energy sources that are of main interest in
other countries but which have been excluded in this study due to specific Swedish climate con-
ditions. The issue of local air pollution will also be more important for the technology choice in
more densely populated countries than has been indicated for Sweden in this study.

7. Conclusions

There is potential to double the primary energy efficiency compared with the current level by
utilising vehicles with electric drivetrains. There is also major potential to increase the efficiency of
conventional ICEVs. Combining electric powertrains in HEVs, BPEVs and FVEVs with measures
that reduce the road load can reduce the primary energy use of vehicles by 60%, without making
any radical changes in, for example, vehicle construction materials.

Energy and environmental costs can be reduced by 50% merely by improving ICEVs. All the
alternatives studied using electric drivetrains (HEVs, FCEVs, and BPEVs) and renewable energy
sources would have lower energy and environmental costs than ICEVs. On the other hand, all the
HEV, FCEV and BPEYV alternatives have a higher total cost than future methanol-fuelled ICEVs,
if the vehicle cost is added to the energy and environmental costs, even if significant cost re-
ductions for key technologies such as fuel-cell batteries and fuel storages are assumed.

There is no clear winner among future vehicle technologies as the cost differences are relatively
small in comparison with the uncertainties in future costs of key technologies, such as fuel cells,
batteries and hydrogen storage. BPEVs are, however, unlikely to compete successfully with the
other alternatives if costs are a key issue in vehicle choice.

The study indicates, however, that energy-efficiency improvement is a key area in a strategy for
carbon-neutral transportation. Replacing petrol with biomass-based methanol would result in a
reduction cost of about 1.10 SEK/kg CO, (=450 USD/tonne C). A combination of replacing
petrol with biomass-based methanol and the utilisation of more energy-efficient technology
(future technology instead of current technology) would reduce this cost to approximately 0.65
SEK/kg CO, (=270 USD/tonne C).
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