


In this chapter, the SMP assesses
the potential of a range of vehicle
technologies and transport fuels to
serve as “building blocks” of sustainable
mobility. The word “potential” is
crucial in interpreting the information
in this chapter. In Chapter 4 we will
explore the factors that will determine
the extent to which this potential
might actually be realized.




Propulsion systems and fuels

Today’s motorized road transportation
system has been built up over the

last 100 years following the late 19th
century invention of the internal
combustion engine and the realization
of the transport fuels potential of light
petroleum products (such as gasoline
and diesel fuel) produced by the
distillation of crude oil. From these
early beginnings vast multibillion dollar
industries have developed worldwide
distributing and servicing every

transport need. But with a few minor

exceptions, these industries are still
rooted in the same basic technologies —
the internal combustion engine (ICE)
and petroleum-based fuels. These
technologies are beginning to be
viewed as barriers to sustainability, and
alternative fuel and power technologies
believed to be more sustainable are

now being explored.

The organization of the fuels and
propulsion system sections of this
chapter is reflected in Figure 3.1.

The first column identifies various
sources of primary energy, sometimes
referred to as “feedstocks,” available
to propel transport vehicles. In most
cases these primary energy sources are
not used directly as transport fuels,
coal and natural gas being major
exceptions. Rather, society uses energy
carriers produced from the primary
energy sources. The second column
shows energy carriers in use at present
or proposed for use in the future as
transport fuels. The lines connecting

Figure 3.1 Possible transport fuel pathways
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Box 3.1 Is the world about to run out of oil?

Ever since the first oil well was drilled in Titusville, Pennsylvania in 1859, people have been asserting that the world was
about to “run out of oil.” Projections of substantially increased oil demand, such as those in our reference case, are
prompting this question to be raised again. In a recent article in the New York Times, Daniel Yergin, Chairman of Cambridge
Energy Research Associates and author of “The Prize: The Epic Quest for Oil, Money and Power,” addressed these concerns.
An excerpt follows:

Adherents of the "peak oil" theory warn of a permanent oil shortage. In the next five or 10 years, they maintain, the world's capacity to produce oil
will reach its geological limit and fall behind growing demand. They trace their arguments back to the geophysicist M. King Hubbert, who in 1956
accurately predicted that American oil production would reach its apex around 1970. In a recent book, "Hubbert's Peak," Kenneth S. Defeyes, an
emeritus professor of geology at Princeton, wrote "Global oil production will probably reach a peak sometime during this decade." Current prices, he
adds, "may be the preamble to a major crisis.” In "Out of Gas," David Goodstein, a professor at the California Institute of Technology, also argues that

world oil output will peak "most probably within this decade" and thereafter "will decline forever."
... Are the peakists right?

Yes, oil is a finite resource, and fear of running out has always haunted the petroleum industry. In the 1880s, John Archbold, who would succeed John
D. Rockefeller as head of the Standard Oil Trust, began to sell his shares in the company because engineers told him that America's days as an oil

producer were numbered. . . .

The oil crises of the 1970s - the 1973 Arab oil embargo and the 1979-80 Iranian revolution - were also seen as the harbingers of the "end of oil." In
1972, an international research group called the Club of Rome predicted the world would soon run short of natural resources. Spiraling oil prices in the

following years - from $3 a barrel to $34 a barrel - seemed like a confirmation.

Historically, ... dire oil predictions have been undone by two factors. One is the opening (or reopening) of territories to exploration by companies faced
with a constant demand to replace declining reserves. The second is the tremendous impact of new technology. After World War |, seismic technology,
used for locating enemy artillery, was adapted to oil field exploration. And in the 1990s, it became feasible to drill into deep offshore fields, which was

inconceivable during those crisis years of the 1970s.

Better technology and management have increased Russian output by 45 percent since 1998, making Russia the world's second-largest oil producer.
And if United States sanctions are lifted on Libya, new investment there could push up production. In the meantime, advanced information
technologies and sophisticated remote sensing techniques are making exploration and production much more efficient, which could make an

additional 125 billion barrels available over the next decade, an amount greater than the current proved reserves of Iraq.

Those who don't believe a shortage is imminent do not deny that a peak will eventually be reached. They just believe that it is much farther
off into the future.

"You can certainly make a good case that sometime before the year 2050 conventional oil production will have peaked," said the head of exploration

for a major oil company. He and others believe, however that oil production will simply plateau, and then farther into the future begin to decline.

They also argue that the proponents of peak oil consistently underestimate the reserves of regions in Russia, the Caspian Sea, the Middle East, and the

deepwater Gulf of Mexico. Also, they say, the industry will continue to increase the percentage of oil that can be recovered from a given field.

A major question concerns the real size of the Persian Gulf reserves. The world's proven reserves, in total, currently stand at 1.2 trillion barrels (almost
double the level of the early 1970s). Of that, nearly 60 percent is in the Persian Gulf. But many worried about near-term oil shortages believe that the
qulf reserves have been overstated for political purposes by Persian Gulf countries. Others believe that with so much still to be explored, the reserves will

prove to be much larger. Both views may be right.

Meanwhile, technology is expanding the definition of oil. In the decades ahead, more and more of our gasoline, heating oil, and jet fuel will be made of
so-called unconventional oils. These include petroleum mined from Canada's oil sands, once prohibitively expensive to extract, and liquids derived from

natural gas. Conversion of large, remote deposits of natural gas into usable liquids appears to be on the edge of commercial viability.

The world will need all these sources of supply, since even with increased energy conservation, economic growth, led by China and India, could well

mean that the world will use 20 percent more oil a decade hence.

Yet it looks as if supplies will meet that demand. If there is an obstacle, it won't be the predicted peak in production, at least in the next few decades.
Rather, it will be the politics and policies of oil-producing countries and swings in global economic growth. And the extent of these difficulties, whatever

they turn out to be, will register in the ups and downs at the gasoline pump.

Source: Yergin 2004.




the first and second columns show
some of the many possible ways that
different primary energy sources can

be transformed into energy carriers.

For an energy carrier to be used
widely as a transport fuel, there must be
an infrastructure capable of distributing
it. The third column identifies two
major categories of transport energy
distribution systems — ones that transport
liquid fuels and ones that transport
gaseous fuels. The lines connecting the
second and third columns show which
energy carriers are capable of being
distributed by each category of energy
infrastructure. The fourth column of
Figure 3.1 shows the two major
categories of propulsion systems either
presently being used or likely to be
used in road, rail, and waterborne
vehicles. These are ICEs (including ICE
hybrids) and fuel cells (including fuel
cell hybrids)."

All transportation fuels are produced
from one of the primary energy feed-
stocks shown in Figure 3.1. It is outside
the scope of this report to undertake a
detailed discussion of society’s energy
options, but the following summary
explains the technology trends in the
production and transport of primary
energies as a background to the energy

needs of transportation.

Most

produce electricity. Coal can also be

consumed today is used to

gasified or liquefied to produce a range
of gaseous and liquid synthetic fuels.
Abundant coal reserves exist in many
parts of the world, with North America,
Russia, and China having the largest
estimated reserves. Making use of these
abundant reserves in a sustainable

manner is likely to require the

successful development and application
of a group of technologies known as

“carbon sequestration.”

is the primary feedstock used
today for transport fuels, accounting
for well over 95% of transport energy.
Though crude oil is produced in many
parts of the world, production through
2030 is expected to be concentrated
in the OPEC member states. Some are
predicting that OPEC oil production
might peak during the 2020s. Oil
demand has been growing rapidly,
especially in some developing world
countries. Indeed, as already noted in
Chapter 2, China has now displaced
Japan as the world’s second largest
consumer of oil. Factors such as these
have raised concerns about the long-run
adequacy of oil supply. While we can
understand why there might be such
anxiety, we believe that there is little
empirical basis for it. (See
Box 3.1 — Is the World About to Run
Out of Qil?)

Historically, oil demand has shown a
tendency to increase faster than the
discovery of new oil fields. Oil production
outside OPEC often takes place under
more severe conditions — either at deep-

sea offshore sites or at remote locations

Figure 3.2 Estimated renewable energy resources
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on land. But improvements in drilling
technology have increased oil recovery
rates and reduced the production cost
for existing fields, so helping to offset
the impact of tougher conditions.

resources are abundant
but as much as one-third of the world’s
known reserves are “stranded” — that
is, the costs of producing them and
getting them to market are too high
at current prices to make it profitable
to exploit them. “Stranded gas” must
either be liquefied for transport by
cryogenic tanker or converted to fuels
that are liquid at normal temperatures
and can be moved along pipelines.
For those reserves already moved by
pipeline, improvements in natural gas
production will mainly result from sub-
sea installation and improved seismic
techniques. Transport applications of
natural gas will compete with use by
the chemical industry as a highly valued
feedstock for plastics and pharmaceuticals.

energy resources, such as
wind, solar, and water, have been
estimated as adequate (regardless of
affordability) to meet the energy needs
of 10 billion people (Figure 3.2). For the
transport sector, there are two broad

options for obtaining propulsion energy
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from renewable energy sources: fuels
produced from biomass and fuels
produced using “renewable” electricity.
Each is discussed in more detail later.

Nuclear energy produces electric power
with low GHG emissions. Environmental
and economic concerns, together with
social acceptance issues, have prevented
growth of this energy pathway in many
countries. At present the IEA is projecting
a decrease in nuclear energy’s role in
electric power generation in coming
decades as some countries phase out
nuclear generation in favor of cheaper,
more publicly acceptable alternatives
such as natural gas. Nevertheless, new
developments in nuclear reactor
technology, including “intrinsically safe”
designs, may make nuclear power a
viable alternative or supplement to fossil
fuels, especially if large-scale carbon
sequestration turns out to be impractical

or unduly expensive.

In this section, a range of engine/fuel
combinations, summarized in Table 3.1,
is examined. These are presented in the
following sections together with their
potential impacts on energy use and

emissions.

Over the next 30 years ICE technology
will continue to improve, given the
availability of suitable and appropriate
cleaner enabling fuels. For gasoline
technology, downsized spark ignition
engines are expected to take a much
greater share of the gasoline engine
market in the near future. Static down-
sizing with redesigned engines can
reduce engine displacement by up to

Table 3.1 Matrix of possible fuel/propulsion system combinations
Spark Compression Fuel Reformer + Electric
Ignition Ignition Cell Fuel Cell Motor
Gasoline ° °
Diesel () [ ]
CNG ® (]
LPG [ J
Hydrogen ° ®
Methanol [ ] (] [ ] [ ]
Ethanol ] ] [ ]
Biodiesel [ )
DME ([ ] ([ ]
Electricity [
F - T Diesel ° °

30%, which in turn leads to significant

reductions in fuel consumption and CO,”’

Gasoline direct injection (DI) engines
are likely to be more important than
conventional port fuel injection engines
by 2020. Such engines could cost
10-15% more than conventional spark
ignition engines because they use
advanced injection technology and
additional nitrogen oxide after-treatment
necessitated by lean burning. Beyond
2010, DI engines will provide the option
for engine shut-off at idle without
hybridization. Spark ignition engines
with variable and electro-mechanical
valve trains and other reduced friction
technologies, displacement-on-demand,
turbocharging and multispeed
transmissions will enable improved
energy utilization with additional costs
of about 20%. The most advanced
technology discussed for gasoline
engines is controlled auto ignition
(CAI). It represents a future alternative
to DI combustion systems requiring
sophisticated De-NOx after treatment and
might be commercially available by 2030.

By 2010 the dominant diesel engine
technology will be direct injection with
high turbo-charging, inter-cooling and
downsizing. These engines will use
injection systems with increased injection

pressure (up to 2500 bar) and fully

Source: Frost & Sullivan 2002, Figure 2.2

variable injection characteristics (pilot,
post and split injection, and injection
rate shaping). Injection nozzles with
optimized injection-hole size and
exhaust gas turbochargers with variable
turbine geometry will be part of the
standard design. Electrically assisted
exhaust gas turbochargers and variable
valve train technologies will be
available by 2020. Engines with these
features may cost 20% more than

today’s diesel engines.

Although diesel engines already have a
very high efficiency, there is still a
technical potential for reduced fuel
consumption of diesel vehicles. Much
depends on the need for active
emissions controls (particulate filters,
NOx traps). The most promising
future diesel engine technology is the
homogenous charge compression
ignition combustion process (HCCI).
This advanced combustion process
reduces the complexity of exhaust gas
after treatment systems and could
become available after 2010. Partly
homogenous combustion processes are

expected earlier.

The development of lean burn gasoline
engines, especially with direct fuel
injection, reduces the fuel consumption
advantage of diesel compared to gasoline

engines. Engine downsizing, which has



a larger potential for gasoline than for
diesel engines, will further reduce the
gap. In principle, very stringent exhaust
regulations will increase fuel consumption
for all engines, but the extent of this
reduction varies with engine type. The
trade-off between very stringent exhaust
emissions and GHG emissions is least
critical for port-injection gasoline engines
and most severe for DI diesel engines.
Lean burn (DI) gasoline engines range in
between. The same order is valid for the
additional cost necessary to achieve

extremely low emissions levels.

With the development of the CAl gasoline
engine and the HCCI diesel engine,
both engine types would come much
closer to each other and share features
like direct injection, homogeneous
mixture and self-ignition. At some time
in the future, both developments might
merge into one engine type, combining
low fuel consumption with very low
engine-out emissions, especially for
nitrogen oxides and particulates. In
some regions, this might make active

exhaust after-treatment unnecessary.

The large number of influencing factors
including different technical features,

cost targets and exhaust standards, make

a precise quantitative forecast of how
diesel and gasoline engines’ consumption
figures develop impossible. It can be
anticipated that until 2010 the fuel
consumption of gasoline engines

will decline more than that of diesel
engines. Later, when homogeneous
diesels are successfully developed, this

trend will reverse.

Vehicle fuel consumption, and with it
GHG emissions, are determined not only
by engine efficiency but also by vehicle
parameters. Forecasts give a potential
for specific fuel consumption reduction
for vehicles with direct drive until 2030
of around 20%, compared to current
diesel vehicles as today’s best practice.
This assumes that all technical means
of engine, transmission and vehicle
technologies (such as aerodynamics,
lightweighting, tires and efficient

accessories) are taken together.

Another way in which the efficiency
of the ICE can be enhanced and
conventional and GHG emissions
reduced is through the use of hybrid

electric propulsion systems. The term

“hybrid electric propulsion system”
covers a wide range of possible power-
train arrangements. All combine an ICE
engine or fuel cell with a generator,
battery, and one or more electric
motors. But these components can be
arranged in a variety of ways. And the
electric motor(s) can bear a larger or
smaller share of the load in propelling
the vehicle. Generally speaking, a vehicle
is only classified as a “full hybrid” if it
can be propelled at least some of the

time solely by the electric motor(s).

Hybrid systems achieve lower fuel

consumption in a number of ways:

1) The ICE engine can be turned off
completely whenever the vehicle is
stopped. Hybrids use their battery
both to restart the ICE engine and
to power the electric motor(s) that
“launches” the vehicle when the

operator wishes to resume moving.

2) The vehicle can switch to Electric
Vehicle (EV) mode at low speeds;
the efficiency of the ICE engine is

low at low speeds.

3) Engine operation can be optimized
as a result of using a continuously
variable transmission (CVT) in

combination with the electric motor.

4) A high efficiency engine designed
to achieve optimal efficiency during
hybrid operation can be utilized.
This can be a small displacement,
high expansion ratio engine using
lean-burn technology. The battery
can deliver extra power when
required, e.g., during acceleration
when the vehicle is already traveling

at high speed.

5) The electric motor can function as a
generator to regenerate electricity.
This energy can be reused as drive
energy in 2) and 4) above.
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Regeneration efficiency can also be
improved during braking through
use of a coordinated regenerative
braking system. This reduces brake
pressure in response to regenerative
braking force, through a motor
layout which reduces energy transfer
loss, and through reduction in
engine revolution loss through
mechanisms to stop the engine
cylinders and the engine itself during
deceleration via a double clutch or

planetary gear mechanism.

The level of fuel consumption achieved
by a hybrid system depends on its
operating mode; effects will be limited
if the vehicle is run at high speed with
infrequent acceleration/deceleration and
infrequent stopping. However, reduced
fuel consumption can be achieved
through operation at optimal engine
operation [(3) above] and in conjunction
with high-efficiency engines [(4) above].
Efficiency in metropolitan and suburban
environments will also vary greatly
depending on the system design and its
specifications, with a minor reduction

in efficiency in hybrid systems that
stop their engines when the vehicle is
stationary and that employ only limited

regenerative braking.

The benefits of engine performance
optimization in diesel engines are limited,
achieving smaller reductions in fuel
consumption when compared with
gasoline engines. For this reason, diesel
hybrid engines will be best suited to
urban buses and trucks.

Although ICE and ICE hybrids will

never be “zero emission” vehicles, their
potential for CO, reduction per mile/km
driven is substantial, especially if based
on a future downsized clean gasoline-
or diesel-powered ICE. Some current
hybrid electric powertrains incorporating
the basic hybrid functions of engine

stop and go while the vehicle is not

moving and simple energy regeneration
systems achieve very significant reductions
in fuel consumption compared with a
conventional gasoline powertrain.
Combined with advanced aerodynamics,
reduction of rolling resistance (including
low rolling resistance tires) and with a
high efficiency engine (such as one
using lean burn technology and having
a high expansion cycle) able to operate
optimally, a hybrid system may show

even lower values of fuel consumption.

We foresee the continuous evolution

of technologies in each area of

hybrid components including electric
motor controllers, batteries, and
optimized engine tuning for hybrid
system. Advanced clean ICEs, advanced
aerodynamics, vehicle weight reduction
and reduction of rolling resistance

will additionally reduce the overall

fuel consumption of hybrids (as well

as of conventional vehicles.) Therefore,
in the foreseeable future, hybrid
vehicles incorporating all of these
latest technologies will show extreme
reductions in fuel consumption over
current conventional ICE and ICE hybrid
vehicles with comparable interior space.
(Well-to-Wheel comparisons are shown
below in Figure 3.3).

Although there are a wide variety of
alternative energy carriers, ICE fuels
have been synonymous with gasoline
and diesel refined from crude oil. Over
the last 30 years, reduction of vehicle
emissions, both by reducing emissions
produced by the engine and by using
exhaust catalysts and ancillary systems,
has driven improvements in these fuels.
Further change will be motivated by
the more fuel efficient future engine
technologies described in this chapter,

by reduction of the fossil carbon intensity

of ICE fuels, and by considerations of
feedstock diversity and energy security.
Fuel infrastructure will also play a key
role — either the existing ones or new,

separate networks for new fuels.

Gasoline and diesel are likely to remain
the major road transport fuels for the
ICE and its derivatives to 2030, tailored
to enable the most efficient engine
technology and vehicle emission control
systems to function effectively. Global
economies have developed around
these fuels, with significant investment
in production processes and extensive
existing supply infrastructures. Investment
in new production is incremental and
relatively low risk versus other fuel options,
given demand from existing vehicle
fleets and the widespread availability

of a distribution infrastructure.

For spark ignition engines (including
hybrids), unleaded gasoline will remain
the primary fuel. By 2010, unleaded
gasoline will be available across the
globe so permitting the use of catalytic
exhaust after treatment systems. Low
sulphur gasoline and diesel fuel (often
less than 10 ppm) will be the norm in
the developed world after 2010 and
by 2030 in most developing countries.
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Ultra-low sulphur fuels are not only
necessary for vehicles with extremely
low emissions, but also for concepts
that combine very low emissions with
sharply reduced fuel consumption — lean
burn gasoline engines with NOx storage
catalysts, and ultra clean diesel engines
are equipped with a NOx storage

catalyst, a particulate trap, or both.

Although the technology for refining
crude oil to produce gasoline and

diesel is well established, new processes
have been needed to produce the ultra-
low sulphur fuels required to enable
effective operation of current and future
vehicle exhaust clean-up technologies
and to reduce deterioration of
catalysts on older vehicles. This deep
desulphurization is energy intensive,
mainly because of the high hydrogen
consumption of the process, so
improvements in local emissions have a
cost in refinery CO, emissions. Therefore
it makes sense to coordinate the
introduction of ultra-low sulphur

fuels with vehicles that have catalytic
converters for emissions cleanup and
can exploit the fuel properties to
achieve improved local emissions and

reduced fuel consumption.

To attain optimum performance,
developing engine technologies (such
as homogeneous charge compression
ignition) may require changes to the
specification of gasoline and diesel fuels.
As a general trend, reduction of fuel
carbon intensity — lowering the carbon
to hydrogen ratio of fuels as far as
possible (eventually to zero in the case
of hydrogen) — and diversification of
energy supply will require modified

energy carriers.

In the short to medium term, it is likely
that gasoline and diesel, in addition to

being more severely refined by hydro-

genation processes in upgraded

refinery plants, will increasingly contain

(and may in certain circumstances be
replaced by) blend components that
are derived from primary sources other
than crude oil. Such components will
always be selected because they offer
sustainability benefits either from
reduced local and/or global emissions,
greater energy security and/or reduced
dependence on oil. Fuels modified

in this way will be able to use the
existing supply infrastructure without

major modification.

Several alternative fuels or components
offer reduced engine-out emissions
over conventional fuels of current

specifications. They include:

This product is a highly desirable
component or fuel for diesel engines
because it has a very high cetane number,
and is free of sulphur and aromatics,
enabling diesel concepts with very
favorable emissions characteristics and
reduced fuel consumption. Derived
from natural gas, it is produced by the
Fischer-Tropsch process (FT gasoline or

naphtha is also possible).

There are drawbacks. The FT process is
energy intensive with correspondingly
higher CO, refinery emissions. The capital
costs are high (currently around $2 billion
per project), although they may
become competitive with conventional
low sulphur diesel before long. Perhaps
more importantly, its economic success
in the current market situation, where
comparatively cheap crude oil is still
abundantly available, depends very
much on very low cost natural gas.

This is only realistic for “stranded” gas
reserves far removed from natural gas
markets. As noted earlier in this chapter,
there is an abundance of such natural
gas. But the complications and costs
of moving it, or of locating FT plants
at suitable sites for their markets, may

limit the development of FT diesel as

a major global fuel component.

Although FT diesel produced from natural
gas will not become a mainstream
fuel, the potential exists to extend its
availability through the use of other
feedstock such as coal and biomass.

In the case of coal this would need to
utilize CO, sequestration to make it

acceptable in terms of GHG emissions.

Alcohol fuels, methanol and ethanol
generated from natural gas or biomass
or other renewable sources, are
candidates as gasoline components.
For compression ignition (diesel)
engines, biodiesel, containing biomass-
derived fatty acid methyl esters, or
FAME, (such as rapeseed methyl ester,
RME) is an option.

In theory, biomass-derived energy,
which itself takes advantage of natural
processes that remove CO, from the
atmosphere as the biomass grows, has
the potential to provide 100% of the
world’s transport energy requirement.
This assumes that all biomass residues
are collected and processed. In reality
a much smaller percentage is feasible
taking into account commercial and
social considerations. Nevertheless,
biofuels are realistic contenders as a
major low carbon fuel source for the
future — one that could reduce reliance
on fossil fuels and offer independence

from sources of imported energy.

The ultimate potential of biofuels is
harder to estimate. This reflects several

factors:

The extent to which fuel cropland
use will compete with food and
other domestic or commercial crop
demand use. In some parts of the
world biofuels derived from energy
crops may be limited by land and

water resource availability.
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The difficulty of assessing accurately
true greenhouse gas reduction
potential when all counterbalancing
emissions from crop collection (using
diesel tractors etc.) and fertilizer use
(which releases nitrogenous GHGs

to atmosphere) are considered.

Lack of information about the real
costs of the variety of biofuel
production routes. Economies of
scale are unlikely to parallel those
of the oil industry because of the
logistics of biofuel production. These
favor a larger number of smaller
plants rather than fewer large ones.
For the foreseeable future actual
costs will need to be offset by
favorable fiscal support mechanisms

for many, if not all, biofuel routes.

Biomass should not be seen as separate
fuel entities in their own right, but
could be part of an evolving distribution
system for gasoline and diesel fuels that
becomes commonplace worldwide. An
important challenge will be to develop
and maintain suitable standards to

ensure a consistent high quality supply.

New methods of producing “advanced”
biofuels are being sought that increase
the yield of biofuels or decouple

their production from that of food.
Two examples are the conversion of
lignocellulosic material to fuel components
by enzymes and biomass gasification
followed by a Fischer-Tropsch process
(known as “biomass to liquid” — BTL).

All such processes have the potential
to use a range of biomass feedstocks,
including agricultural or municipal
waste. Successful commercialization of
these technologies has the potential to
lower the cost of biofuels to levels that
are closer to being competitive with
conventional gasoline and diesel.

However, the rate at which progress can

be made is highly uncertain at present.
Neither BTL (predominantly diesel) nor
lignocellulosic gasoline component
(ethanol) manufacture has yet been

proven on a commercial scale.

Another relevant factor is feedstock
logistics, which require biomass feed-
stock production on a very large scale
to be fully optimised. A world scale BTL
plant (one capable of producing 1.5
million tonnes per year) would require
woody biomass collected over an area
half the size of Belgium. Alternatively, a
world scale lignocellulosic fermentation
plant (0.2 million tonnes per year)
would consume surplus straw from a
planted area of wheat approximately

one tenth the size of Belgium.

Alternative fuels that cannot be used as
blend components — liquefied petroleum
gas (LPG), compressed natural gas
(CNQG), di-methyl ether (DME), and
hydrogen — require a significant level

of investment in delivery infrastructure.
This investment presents an economic

barrier to their widespread use.

Infrastructure costs increase significantly
as one move from liquids stored under
low pressure, such as LPG or DME, to
gaseous fuels requiring high pressure
storage, such as CNG or gaseous
hydrogen. LPG, derived from crude oil
or gas condensate, requires only a
pressurized “bottle” or “tank” in the
infrastructure, with distribution primarily
by truck or railcar. CNG and hydrogen
require a much more sophisticated

safe distribution and storage network.
Hydrogen additionally requires a
manufacturing capability.

CNG and LPG fuels can be considered
on their merits for local emission control

or for fleet use in (mainly) urban areas

where investment can be localized and
justified on the basis of local emission
reductions compared with the current
mixed vehicle fleet. ICEs and hybrids
running on gaseous fuels require expert
conversion. Almost all operate with
spark assistance. To gain optimum
performance, gaseous fuels should be
used in dedicated vehicles rather than
bi- or dual-fuelled systems, where the
compromises associated with bi-fuel
operation mean that the vehicle operates
under less than optimum conditions

on both fuels. Still, bi-fuel vehicles

offer the possibility that consumers
who are not willing to purchase vehicles
dedicated to a specific alternative fuel
may instead purchase bi-fuel vehicles
and utilize alternative fuels when that

choice is attractive.

The attraction of gaseous fuels as
regards reduced criteria pollutants is
decreasing as the ICE itself and exhaust
after-treatment technology, as well as
associated gasoline and diesel fuels,
improve. The longer-term benefit of

these fuels is therefore limited.

offers potential for reduced
dependence on petroleum and
compares well with diesel in particulate
emissions in older vehicles. But the use
of advanced exhaust treatment has
removed most of the advantage CNG
held over modern diesel-powered
vehicles. It is not as widely available as
a transport fuel as gasoline or diesel,
and infrastructure development has
been slow. Nonetheless, it is favored
over oil by many governments as
resources are more evenly spread
throughout the world, and its use may

reduce reliance on oil imports.

While CNG faces the obstacles inherent

in all gaseous fuels today, CNG engines

are able to achieve relatively low emissions
without the advanced exhaust treatment
required for diesel engines. By 2030



CNG is likely to gain in significance if
current trends and government incentives
continue. Potentially, it could meet a
large proportion of the total demand
for road transport, being already
extracted in huge volumes for stationary
power generation. The fuel’s low energy
density (compared with liquid fuels),
and hence reduced vehicle driving range
and specific power, remain consumer
issues. Operation of bi-fuel vehicles are
likely to continue for an interim period

as the gaseous infrastructure grows.

The cost of infrastructure investment
will remain a central issue. In some
places the existence of networks set up
to utilize domestic supply has promoted
CNG uses as a viable alternative fuel.
While natural gas is not a "sustainable
fuel," its infrastructure has been used

in Sweden to distribute biomethane
refined from biogas. So just as CNG-
engines can operate on hydrogen,
development of a CNG infrastructure
can provide the experience needed to
establish a new infrastructure to support

hydrogen-based mobility.

shows improvements over gasoline
for some, if not all, criteria (urban)
pollutants. It is derived from crude oil
and natural gas condensate. Its refueling
infrastructure is better established than
natural gas and it has gained some
acceptance as an alternative to diesel
and gasoline, particularly in fleet vehicles.
As a liquid fuel, consumer perception of
safety is reasonable, and it is relatively
affordable in comparison to other
alternative fuels. By 2030, it is thought
that LPG refueling infrastructure will
have expanded as new refueling points
are inexpensive to install. LPG is likely
to remain a niche fuel in most markets
though it may be more widely used in

selected national markets.

used as an ICE fuel offers

vehicle tailpipe emissions with zero CO,.

But completely CO,-free mobility — zero
CO, from both the vehicle and the
manufacture of the fuel — can only be
achieved if hydrogen is produced from
renewable sources or in conjunction
with carbon sequestration. Hydrogen
used as an ICE fuel also offers extremely
low local urban pollutant levels.

Fuel cell systems — especially fuel cell
systems using hydrogen - are attracting
growing attention. If run on hydrogen
derived from carbon-neutral sources,
fuel-cell vehicles (FCV) would offer the
highest overall propulsion system energy
efficiency (more than 40%) and the
lowest GHG and conventional emissions.
As with ICEs, their performance might
be further enhanced in designs where
batteries provide supplementary
electrical power. Although the additional
benefits of battery power are less than
in the case of ICE hybrids (because the
fuel cell itself is so efficient), some of the
same advantages such as regenerative
braking still apply. Such concepts are

now under development.

It is the fuel cell’s high efficiency and
contribution to low (maybe zero) GHGs,
along with the potential widespread
availability of hydrogen from a range of
sources, which constitutes the primary
attraction of fuel cells. The assurance
that vehicle emissions remain zero

even when the vehicle ages and is not
maintained by the owner is another
attractive feature.

Regardless of ultimate promise,
substantial obstacles must be overcome
before the fuel cell can be considered
to be a realistic commercial alternative
to conventional propulsion systems.
The most promising technology applied
at present is the proton exchange
membrane (PEM) fuel cell operating on

hydrogen, with on-board hydrogen
storage. Storing hydrogen is a
challenge as compressed hydrogen
tanks, cryogenic tanks and metal
hydride tanks are not yet suitable for
mass production vehicles. Other
major problems to be resolved include
reducing the level of high-cost precious
metals required for the fuel cell stacks,
better cell membrane technology,
and overall packaging of the fuel cell
system into a vehicle that is proven
and perceived to be safe, reliable,
attractive and affordable by the

consumer or operator.

Fuel cell concepts conceived for
vehicular use almost certainly will be
developed to operate on hydrogen as
the fuel since hydrogen is critical to
the function of the fuel cell itself (the
combination of hydrogen and oxygen
creates electrical power and water).
Hydrogen fuel cell vehicles produce
“zero” tailpipe emissions (other than
water). The GHG impact of hydrogen
and fuel cells depends on the availability
of hydrogen from processes or other
sources that are themselves low in
greenhouse gas production. If hydrogen
is derived from water by electrolysis
using electricity which has been
produced using renewable energy
(solar/hydro/wind/geothermal), the
entire system from fuel production to
end use in the vehicle has the potential
to be a truly “zero emissions” — one
that produces no emissions of either
greenhouse gases or local pollutants.

The same is almost true of hydrogen
derived from fossil sources where the
CO, produced during hydrogen
manufacture is captured by sequestration.
The only difference is the local urban

emission of pollutants during hydrogen
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manufacture in this case. Crucially,
both offer “near-zero greenhouse gas”

mobility options.”

Technologies for manufacturing hydrogen
from coal, natural gas or water
electrolysis are well known, and applied
commercially — particularly in the oil
industry where hydrogen increasingly
is required for the production of low
sulphur gasoline and diesel fuel. Almost
90% of the high-purity hydrogen
produced today is derived from steam
methane reforming of natural gas,
and this is expected to remain the
dominant and most economic route
for the foreseeable future. Technology
advances in hydrogen production and
distribution will be required to drive
down the cost and increase the energy

efficiency of these processes.

The transition to a fully developed
hydrogen infrastructure that allow a
vehicle market to develop would be a
massive undertaking, especially as
regards making the product available
safely to a mass consumer market. In
any transition phase, it is unlikely there
would be sufficient hydrogen demand
to justify investment in large-scale
production and distribution except in

some advantaged locations.

Fuel cells using liquid fuels would
greatly reduce (or even eliminate) this
problem, since they might use fuels
that are, or could be, made available
within the current fueling infrastructure.
At present only fuel cells equipped
with an on-board reformer can use
liquid fuels in this way. Developments
in reforming technology might serve
as a bridge to a longer-term future
based on centrally produced hydrogen,
although these concepts appear too
complex for market application in a
private car. If less complex reformer
systems are developed (possibly

by 2010), they are likely to require

methanol or sulphur-free, highly
paraffinic fuels, perhaps resembling
GTL (natural gas to liquid) fuels.
Rather than being deployed on board
vehicles, such systems would be

available in retail refueling stations.

These very specialized fuels would not
necessarily be compatible with the
existing ICE fuel infrastructure. They
might well require separate systems or
significant infrastructure modifications,
segregations and extensions to ensure
delivery of precisely the correct,
uncontaminated, fuel. Perhaps most
importantly, onboard reformers offer
no advantage in feedstock diversity
and little or no advantage in GHG
emissions or energy efficiency over
advanced ICE systems — although the
application of reformer-driven fuel cell
auxiliary power units in heavy-duty
vehicles could be an attractive method

of electrical power generation.

The propulsion system and fuel
combinations so far highlighted are in
very different stages of development.
Some are in commercial use today.
Others are in their early stages of
development. Given these differences,
any estimates of the future performance
or cost characteristics of possible
propulsion system/ fuel combinations
when in full-scale commercial production
are highly speculative. But such estimates
are important if only to illustrate the
nature of the challenges to be overcome
in order to make these technologies

commercially viable.

It is also important to focus on the
transition phase that is inevitable
between current vehicle propulsion
system/fuel combinations and future
systems. It is easy to conceive a situation
in the middle of this century where
large numbers of vehicles with a new
propulsion system are operated on
renewable energy fuels. But getting
from the present situation to this point
will be challenging as will moving
beyond it. Intermediate steps that bring
vehicle technologies, vehicle numbers
and required fuel qualities and quantities
in harmony and assure adequate
compatibility with technologies already

in the market are bound to be necessary.

To estimate the potential impact of
various new propulsion system/fuel
combinations on greenhouse gas
emissions, it is necessary to use a
methodology known as “Well-to-Wheel
(WTW) analysis.” This approach considers
not only the GHGs produced when a
fuel is used in the vehicle (“Tank-to-
Wheel” — TTW), but also the GHGs
emitted in the fuel’s production and
distribution (“Well-to-Tank” — WTT).
Focusing on the GHG emissions
produced by fuel consumed by a
vehicle can give a misleading impression
of the true GHG impact of the
propulsion system/fuel combination.
This is because reductions due to
improvements in the vehicle can be
counterbalanced — or exceeded - by
increases resulting from the production
and distribution of the fuel.

Figure 3.3 shows the project’s estimate
of WTW emissions for various fuel/
powertrain combinations some 10-20
years (or more) in the future, with each
combination being separated into its WTT
and TTW components. As Figure 3.3

shows, all combinations using ICE engines



and any fuel other than hydrogen have
relatively high TTW emissions. The CO,
savings from biomass- derived fuels
occurs in the WTT part of the product
chain as plants absorb CO, from

the atmosphere during growth. Only
a holistic view of CO, emissions in a
WTW analysis can show the benefits/
disadvantages of different fuel and
powertrain technologies for reducing
greenhouse gas emissions.

Figure 3.3 also demonstrates that the
total WTW GHG emissions of vehicles
powered by hydrogen depends almost
entirely on the process used to produce

Figure 3.3 Well-To-Wheel (Well-To-Tank + Tank-

and distribute the hydrogen. This
varies widely. Indeed, some hydrogen
production methods have such high WTT
emissions that the WTW emissions exceed
those of current gasoline ICE systems.

Also apparent is that biofuels/ICEs
sometimes have very low WTW emissions.
This is because CO, emissions produced
by fuel production and distribution (WTT
emissions) are negative, reflecting the
fact that plants from which the biofuels
are produced are net absorbers of carbon.
All WTT studies consulted by the SMP
emphasize the difficulty of accounting
accurately for GHG emissions generated

Wheel) greenhouse gas em

through biofuels production. They also
stress the difficulty of determining the
appropriate carbon sequestration credits
to allocate to the growing of the biomass
that is subsequently converted into biofuels.

2. VEHICLE OWNERSHIP AND
OPERATING COSTS AND THE
COST-EFFECTIVENESS OF VARIOUS
POWERTRAIN/FUEL COMBINATIONS
IN REDUCING GHG EMISSIONS

Estimating the possible cost of vehicles
and fuels that may not be available
for many decades is an extremely
challenging exercise. Moreover, the

ions for various fuel and

propulsion system combinations
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results of such an exercise are easy to
misinterpret. Assumptions must be
stated carefully, and the limitations of
the analysis need to be understood.

At the same time that the SMP was
examining vehicle powertrain and fuels
issues, the European Council for
Automotive R&D (EUCAR), Conservation
of Clean Air and Water in Europe
(CONCAWE), and the Joint Research
Center of the EU Commission (JRC) were
jointly engaged in an effort to provide
just such information. The objectives of
this joint study effort were to establish,
in a transparent and objective manner,
a consensual well-to-wheels energy use
and GHG emissions assessment of a
range of automotive fuels and power-
trains relevant to Europe in 2010 and
beyond; to consider the viability of
each fuel pathway and estimate the
associated macro-economic costs; and
to have the outcome accepted as a
reference by all relevant stakeholders.
Several reports detailing and
documenting this initiative were
released in late 2003 and early 2004.
Rather than
duplicate this effort, we decided to

use its results in our project.

The different fuel/powertrain pathways
described above involve quite different
levels of investment in vehicles and
fuels. To compare the costs of these
different pathways, it was necessary for
the EUWTW project to define a scenario
in which the level of transport services
performed by each pathway was
common. This determined the number
of vehicles that must be produced and
sold and the volume of fuel that must

be delivered.

The scenario developed in EUWTW was
intended to reflect travel conditions in

a 25-state European Union as of 2010.

The vehicles characterized by each

powertrain/fuel combination were

assumed to account for 5% of automotive
travel projected for the EU-25 during
2010 — 225 billion vehicle kilometers.
At an assumed utilization rate of 12,000
km per vehicle per year, this requires
approximately 14 million vehicles. For
those powertrain/fuel combinations
requiring a different fuel infrastructure,
it was assumed that 20% of the refueling
stations in the EU-25 (about 20,000
refueling stations) would need to offer
the fuel.

As the authors of the analysis were
careful to point out, this scenario is an
analytical exercise — not a judgment
on anyone’s part that such a level

of penetration actually would be
technologically possible or economically
practical by 2010:

“Purely in terms of availability of

the energy resource, the alternatives
considered all have, in principle, the
potential to reach the 5% substitution
level. This does not imply practical
feasibility, particularly within the
timeframe of the study. Indeed, in a
number of cases, practical and technical
limitations make this level of penetration
unlikely within the timeframe of the

study.”

Estimating the possible increase in
retail price for vehicles using each of
nearly 50 powertrain/fuel combinations
proved to be a particularly difficult
challenge. To do this, the study authors
chose a common “virtual” vehicle,
reflecting the characteristics of a typical
European compact size five-seater sedan,
comparable to a VW Golf. To obtain
an estimate of retail price, the study
authors first subtracted the price of
the original internal combustion engine
for the reference vehicle (a 1.6 liter PISI
engine) as well as other components
that would not be needed (e.g., certain
emissions controls). They then added
the price (as estimated by others) of

Table 3.2 Technology impact on
vehicle retail price

Technology/Component | Cost

ICEs
Engine + transmission 30 €/kW
DICl B - | 1500 €/kW
DISI - R - | 500 €/kW
Turbo - . -~ | 180 €/kW
Stop & go system SI 200 €/kW
Stop & go system Cl 300 €/kW
Double injection system
for CNG Bi-fuel 700 €/kW
EURO IV gasoline 300 €/kwW
EURO IV Diesel 700 €/kW
Credit for 3-way catalyst | 430 €/kW
Fuel Tanks
CNG tank | 1838 €/kW
Gasoline tank 125 €/kW
DME tank 1500 €/kw
Liquid hydrogen 2002 1150 €/kg of H,

Comp. Hydrogen 2010
@35 MPa (350 bars). | 635 €/kg of H,
Comp. Hydrogen 2010
@70 MPa (700 bars).| 575 €/kg of H,

Liquid hydrogen 2010 575 €/kg of H,
Fuel Cells
Electric Motor 8 €/kwW
Motor Controller 19 €/kW
Electric Motor
+ Motor Controller | 27 €/kW
Li-ion battery 250 €/kWh
FC + reformer E 251 €/kWnet
FC . B E— 105 €/kWnet

Note: The European WTW Analysis assumes a net tank
capacity of 4.7 kg of compressed hydrogen for its
hydrogen fuel cell vehicle. At fuel tank costs shown in
the table above (expressed in terms of €/kg of hydrogen
stored), the fuel tank for a vehicle designed to carry 4.7
kg of compressed hydrogen would cost between €2700
and €2900, depending upon the storage pressure
assumed.

Source: EUNTW 2004, p. 17.

the new powertrain components that
the “virtual” vehicle would require.
Table 3.2 shows the prices assumed for
these various components.

The estimates of the additional retail
price due solely to this powertrain
substitution are shown in Figure 3.4

below.

The authors considered the estimates
of the additional costs of vehicles
powered by fuel cells to be highly



uncertain. Today the cost of fuel cells
is much too high for fuel cells to be
used commercially. Over the next
several years, vehicle manufacturers
around the world will be working to
determine if technical issues surrounding
the use of fuel cells as a method of
vehicle propulsion can be solved and
the cost of fuel cells can be brought
down substantially.

A high degree of uncertainty also exists
concerning the cost of producing and
distributing hydrogen for powering
vehicle fuel cells. A very wide range of
estimates exists concerning what these
costs might be, especially for hydrogen
produced using processes that do not
themselves result in the emission of
significant volumes of CO,.

Table 3.3 summarizes the results of

the EUWTW 5% substitution scenario.
The first and second columns identify
the fuel and powertrain being analyzed.
Where significant, the first column
shows the process by which the fuel is
assumed to be produced. The third
column shows the total amount of fuel
that this vehicle/powertrain combination
would require (expressed in PJ/annum)
in order to provide 225 million vehicle
kilometers of transport capacity.

Column four shows changes in WTW
energy use (expressed in PJ/annum),
while column five shows changes in
WTW GHG emissions (expressed in
Mt CO, equiv/year), both with respect
to the reference vehicle. Where a
number in either column four or five
is negative, the powertrain/fuel
combination requires either more
energy than the reference vehicle or
generates more WTW GHG emissions
than the reference vehicle.

Columns six, seven, and eight show
the incremental WTT cost, vehicle cost,
and total cost, respectively, for the

Figure 3.4 Estimated incremental vehicle retail price relative to 2002

gasoline PISI vehicle
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PISI CNG

DICI Diesel

DICI + DPF Diesel

DICI DME

PISI C-H2 700 bar

PISI L-H2

Hybrids

DISI Hyb. Gasoline

PISI Hybrid CNG

DICI Hybrid Diesel

DICI Hybrid + DPF Diesel
PISI Hybrid C-H2 700 bar
PISI Hybrid L-H2

Fuel Cell Vehicles
FC C-H2 700 bar

FC L-H2

FC Hybrid C-H2 700 bar
FC Hybrid L-H2

Ref+FC Hybrid Gasoline
Ref+FC Hybrid Methanol

I T
0% 20%

T T T T 1
40® 60 80 100 120%

Price as a Percentage Increase Relative to
2002 Gasoline PISI Vehicle Price

powertrain/fuel combination, expressed
in billions of euro per year. Column
nine, the final column, shows the cost
per tonne of CO, avoided (in € per
tonne of CO, equivalent) for each
powertrain/fuel combination where

such a figure is meaningful.’

The additional total cost per year
relative to the reference case ranges
from less than €1 billion (for FT-diesel
from NG used in a vehicle with

a CIDI+DPF’ powertrain) to over
€30 billion (for indirect hydrogen
generated by an on-board reformer
using methanol produced from wood
in a vehicle using a hybrid fuel cell

powertrain.) The cost per tonne of CO,

Source: EUWTW 2004, p. 17.

equivalent avoided exhibits an equally
broad range — from about €200 to
over €6500.°

The EUWTW study helps put into
perspective the relative potential of
various powertrain/fuel combinations
to reduce transport-related GHG
emissions and the relative cost of doing
so. In the final chapter of this report,
we will return to the results of EUWTW
study as we examine approaches for
reducing transport-related GHGs in
ways that society might find acceptable
and affordable.
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Table 3.3 European WTW analysis, 5% passenger car transport distance substitution scenario
for various alternative fuels and powertrains

1 2 3 4 8 9
Fuel Powertrain Fuel Demand WTW Savings® Incremental Cost over Reference Scenario® | Cost per Tonne
Millions of Euro per Annum CO, Avoided®
PJ/a PJ/a MtCO,, ., WTT TTW WTW Euro/tonne
Conventional ... Hybrids | . 357 | 73 | 6 04 24 | 20 | 364
NG PISL . 43 | 50 | 5 .} 03 | 19 | 22 | 480
Hybrid | 331 | 72 | 12 | 01 | 33 | 31 | 256
Syn diesel fuels
FT - diesel ex NG CIDI+DPF | 405 | 508 | -5 | 07 | 0O | 07
FT - dieselexwood | CIDI+DPF | 404 | -748 | 32 | 95 | 00 | 95 | 300
DMEexNG Ccl 404 | 214 | 1 1 22 2039
DMEexwood | colr 388 | 576 | 33 | 63 | 11 | 75 | 227
Ethanol = pPist o428
Sugar beet
Pulp to fodder | | . -724 | 14 | 60 | 00 | 60 | 418
PuptoEtOH | | 591 12 | 65 | 00 | 65 | 563
Pulptoheat .. . | .| 499 | 24 | 61 | 00 | 6.1 I B 254
Exwheat | | .~ -760 | 5 | 82 | 00 | 82 | 1812
Exwood | 714 4029 | 99 | 00 | 99 | 346
FAME CIDI+DPF | 405
RME
Glycerine as chemical | | 378 | 16 | 46 | 00 | 46 | 278
Glycerineasheat ... | ... | . 399 | 14 | 50 | 00 | 50 | 345
SME
Glycerine as chemical | | . -288 | 22 | 48 | 00 | 48 | 217
Glycerineasheat ... .| .. ... | .0-309 . 20 | 52 | 00 | 52 | 260
Hydrogen (thermal processes)
Ex NG reforming ... JACePlS6 oy 377 | . -273 | . -7 | . 76 .| . 58 | 135
ICEhybrid | 33 | 187 | -2 | 71 | 70 | 141
FC o212 58 | 12 | 57 . 127 | 184 | 1539
FChybrid | 189 | 105 | 15 | 54 | 143 | 198 | 1351
Ex coal gasification .. | ICEPISI | . . 424 41 | 87 | 58 | 146
ICE hybrid | | 32t 32 78 L 70 | 147
Fc 26 | -7 | 51 | 127 | 178
FChybrid | ... 30 | -2 | 46 | 143 | . 189
Ex wood gasification | ICEPISI | 361 | 32 | M8 | 58 | 176
ICEhybrid | 265 | 33 | 109 | 70 | 179
ECRURERNNIN ... ............... 9 o} 34 0 83 127 o 210 ) 615
FChybrid | ... .61 0 34 |\ 79 |\ 143 | 222 | 645
Hydrogen (electrolysis)
Electricity ex NG ACEPISE -89 | 45 | 135 . 58 | 193
ICEhybrid | ... .-735 L0 35 b 121 b 7.0 ) 19
Fc - 288 | 9 83 127 | 209
FChybrid | 204 4 | 76 | 143 | 219
Electricity ex Coal ... | ICEPISI | 1169 | 129 | 137 | 58 | 196
ICEhybrid | .. .98 | -110 | - 124 | . 70 | . 193
Fc . -444 | 56 | 84 | 127 | . 211
FChybrid | ... .. -343 ... 46 ... 77 .} 143 ...} 220
Electricity ex Wind | ICEPISI | o192 . 33 | 189 | . 58 | . 248 | 746
ICEhybrid | ... -1 o 34 172 | 70 | . 241 | 718
ECEENRNSRNN] ... o 104 0 350 o120 127 | 248 ) 714
FChybrid | ... o145 10 35 b 112 ) 143 ) 255 730
Electricity ex Nuclear ... | ICEPISI | ... ... .~ -1868 | 33 | 226 | 58 | 284 | 857
ICEhybrid | ... -~ 1le01 ... 34 .| 207 | . 70 | . 277 | 825
EGQURRRNRNN ... .............. .. 837 ..}.... 35 ... 154 |0 127 . |... 28,0 ...}.... 808
FChybrid | | 692 |35 | 144 | 143 | 287 | 822
Indirect hydrogen Ref + FC hybrid
Gasoline ...l - ope 65 ). 50 |0 04 ... 275 ... 272 ). 5487
Naptha | ... 36 | 76 | 65 |  -04 |\ 275 | 272 | 4215
Diesel ..................... .| SESSSEE—— .. 366 .| - 58 .| 41 | . 04 | 275 | 272 | 6656
MethanolexNG ... .| ... | .- 366 -.-].-- 55 ... 40 -.}... -03 ....f.. 275 ..} 272 | ... 6828
Methanolexwood | .33 .} . -208 | 328 | 41 | 275 | . 316 | 964
333
(M a negative denotes an increase Source: EUWTW 2004, p. 22.
@ relative to the “business-as-usual” gasoline PISI + diesel CIDI scenario




Vehicle technologies other than

propulsion systems

The potential for improving the
sustainability of a transport system is
determined in part by the propulsion
system/fuel combination it employs.
But the materials used in construction,
safety technologies employed,
enhanced electronic systems made
available, characteristics of the vehicle’s
tires, and other design features can
also impact the SMP indicators of
sustainable mobility.

A. Changes in
materials use

On average, light-duty vehicle weight
in Europe has increased about 30%
over the last 30 years. During the same
period, average light-duty vehicle
weight in the US, which was (and still
is) significantly higher than in Europe,
declined 21% (from 1845 kg in 1975
to 1455 kg in 1981/82) before rising
again. By 2003 it had returned to its
1975 level, gaining 24% since 1981/82.

(USEPA 2004, Table 2, p.9)

Increases in average vehicle weight

in both the US and Europe reflect the
combined impact of two trends —

the growth in the average weight of
vehicles within individual vehicle classes
(see Figure 3.5), and increases in

the proportion of total vehicle sales
represented by larger vehicle classes.

What explains the within-class weight
increase? As vehicles have evolved,
they have added more and more
features — add-ons that increase safety,
improve driving characteristics, reduce
noise, reduce emissions, and increase
comfort. This has required adding new
components to the vehicle interior,
body and chassis. Increasingly, these
components have been structural.
They also have been electrical or
electronic — for example, the capacity
of electrical systems has had to be
increased to handle the additional
electric power demands. Heavier cars
also require additional equipment

to maintain driving performance.

Figure 3.5 Weight of European comp

The weight of some components has
been reduced through design changes
and materials substitution. But these
reductions have been more than offset
by the growth in weight due to the

increase in vehicle functionality.

There are two main ways by which
within-class vehicle weight can be
reduced: 1) by design changes related
to the vehicle appearance as well as
by changes made possible by the
geometry available for each part and
(2) by direct substitution of lighter
materials (aluminum, high-strength
steel, magnesium, plastics). Often these
are done at the same time and are
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interdependent. Moreover, weight
reduction creates the potential for
further weight reduction - for instance
through the use of smaller (and
lighter) engines while maintaining

performance.

In most cases, a lightweight solution
will be more expensive than ordinary
mild steel designs. Consequently, these
solutions will not be competitive unless
the customer is prepared to accept
some premium for reduced weight or
unless they simplify production and/or
increase safety. Different materials will
provide different potential for weight
reduction, and also different impact

on the component cost.

A rule of thumb is that a 10% reduction
in vehicle weight can produce a 5-7%
fuel saving (in mpg terms) provided

the vehicle’s powertrain or km/| is also
downsized. If the vehicle’s
weight is reduced but no change is
made in the powertrain, the fuel
savings will be less — generally about
3-4%. Actual savings depend on the
vehicle in question and the driving
cycle. Adopting the midpoint of this
range and translating percentages into
absolute numbers yields projected
savings of 0.46 liter of gasoline saved per
100 km driven for each 100 kilograms
of mass reduced.” Over the life of a
vehicle this produces savings in CO,
emissions of 25.3 kilograms for each

kilogram of reduced weight."

The net energy savings, and
consequently total GHG reduction, of
different materials used also depends on
the energy consumed in the production
of the materials. This, in turn, can be
quite sensitive to the ratio of secondary
versus primary material used. In
particular, primary aluminum requires

a great deal of energy to produce.

Only a fraction of this energy is required

when recycled aluminum is used.

If only primary aluminum is used to
accomplish weight reduction, 45% of
the potential energy saving from the
use-phase of the life of the vehicle is
“lost”. However, recycled aluminum is
likely to constitute a significant share
of aluminum used in the construction
of vehicles in the future. Indeed, the
researchers who conducted the SMP
materials analysis project that 42%
of total vehicle-related aluminum
demand in 2030 will be met by
secondary aluminum. Applying this
percentage to the estimated cited
above reduces the “loss” in use-phase
fuel savings potential from 45% to
between 10-30%.

Occupant safety is a function of vehicle
weight (mass), structural geometry,
and “crush” distance. The nature of this
relationship is complex and tradeoffs
are involved."" It has been well
established for over three decades that
when traffic crashes occur, occupants
in heavier/larger vehicles are at lower
risk than occupants in lighter/smaller
vehicles. However, in two-vehicle
crashes, an increase in mass of one
vehicle exposes the occupants of the
other vehicle to increased risk. The
increased size of a vehicle also protects
its occupants, but without any adverse
impact on occupants of vehicles into

which it crashes.

A vehicle’s mass and size are strongly
correlated, which has made it difficult
to determine the separate causative
roles of mass and size on risk. Recently,
Evans has demonstrated one way of
doing so analytically. He has developed
an equation that expresses the fatality
risk to a driver in a two-car crash as a
function of the mass and size (length)
of the driver’s car and the mass and
size (length) of the other involved car.

(The qualitative risk results in his

analysis all relate exclusively to two-car
crashes. However, Evans asserts that

it is plausible to interpret them as
reflecting principles that are transferable
to crashes in general.) He then used
this equation to explore what size
(length) increases would be required
to reduce risks to the occupants of
vehicles andto the occupants of other
vehicles into which they crash.

In short, Evans’ analysis shows how
vehicles can be made both lighter

and safer.

Evans notes that his study did not
address such important design
considerations as structural stiffness or
geometric details. It was generic and
did not offer specific design methods to
increase vehicle length while reducing
mass. Material substitution sufficient to
make a longer vehicle lighter than the
original vehicle would be required.
This likely would require increased use
of lightweight materials, which tend

to cost more than steel.

Evans also did not explore whether
the mass/size (weight/length) tradeoff
he derives might be reduced. Some
companies in the SMP strongly believe
that through the use of appropriate
structural design and materials, vehicles
can be made not only lighter and safer,

but also smaller.

Reducing vehicle weight may improve
ride and handling and reduce braking
distance. Lower weight solutions may
provide increased stiffness and so
improve handling. Reduced weight
solutions for selected components can
also be used for improved vehicle

weight distribution.

As noted above there are two main
ways in which vehicle weight can be
reduced. One is by design changes
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related to the vehicle appearance as
well as changes possible due to the
geometry available for each part.
Another is by direct substitution

of lighter for heavier materials.

A recent study sponsored by the
European Aluminium Association and
conducted by the German research
institute FKA illustrates the potential for
cumulative weight reduction.

The reference car used in this study is
a composite developed using average
values for five different European
compact class cars. A methodology
was developed to break down the car
into a useable set of components. Then,
a steel reference car was built using
average weights for steel parts. The
weight of this conventional car was
then compared to the weight of the

car using aluminum solutions.

The study’s results are illustrated in
Figure 3.6. The top bar in Figure 3.6
shows the weight of the steel reference
vehicle — 1229 kg. Using a variety of
aluminum parts, it was found possible
to reduce the weight of the vehicle by
between 226-301 kg, yielding a vehicle
weight of between 928 kg and 1003 kg
(middle bar). Following this “primary
weight reduction,” it became possible
to reduce more weight without
sacrificing vehicle performance. One
reason was that the vehicle could use

a smaller engine. This “secondary

weight reduction,” shaved an
additional 116-143 kg, producing a
final vehicle weighing between 785 kg
and 887 kg (bottom bar). Total weight
saving therefore ranged between 342-
444 kg or between 28-36%.

Different studies have identified
ranges in the potential for weight
saving for individual parts. The variation
in weight saving potential depends

in part on judgments concerning

the possible improvements in the
geometry of the replacement parts.
The more a component can be
optimised with respect to the function
and geometry it is to fill, the more

its weight can be reduced.

Lightweight materials are commonly
seen as being aluminum, magnesium,
high-strength steel, and various plastics.
Applications made of these materials
are widely available and are already
integrated in many vehicles. Intense
innovation and design development

is now taking place, which increases
the chances that the potential of
materials to improve sustainability can

be utilized.

When reducing vehicle weight by
introducing lightweight materials such

as aluminum and magnesium, the

material price per kilogram is significantly

higher than for mild steel. Although
the vehicle manufacturer may accept a
somewhat higher price for a lower
weight product, this material cost
represents a major marketing issue.

Several remedial strategies exist:

Weight reduction.
Minimizing the weight of a
component can reduce the effect

of higher material price significantly.

In addition to the specific weight
of the material itself, alternative
materials may permit more
optimized geometry and further

reduce weight.

Reduced manufacturing cost.
Different materials may allow the
use of alternative manufacturing
processes, thereby reducing
manufacturing cost. Processes such
as extrusion of aluminum alloys
and casting of magnesium are
often utilized to provide solutions
not possible with steel. In some
cases use of lightweight materials
can lead to increased manufacturing
cost. An example is the welding of
aluminum, which is generally more

costly than mild steel welding.

Optimized design.

To provide competitive solutions
based on lightweight materials,
design has to be adapted to the
material used. Opportunities for
weight optimization, integration of
functions and reduced number of
components and joints must be
fully exploited. Often this requires
adaptation of “defined boundary”
conditions such as packaging space
or attachment solution. Fully
optimized solutions are more likely
to be found when