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ABSTRACT

Future power trains will see both further developments of the internal combustion engine or generally
speaking the combustion process, as well as a diversification of fuels. Compressed natural Gas (CNG) and
ethanol are both interesting alternatives fuels for spark ignition engines due to high anti-knock-properties;
biomass-to-liquid (BTL) also already serves as a substitution product for diesel fuel. Currently there is also a
discussion about the coming hydrogen economy in connection with fuel cell technology. However, a sudden
changeover to a pure hydrogen economy will not occur in the transportation sector. The costs and availability
of competing energy converters and competing fuels as well as the different local field conditions make sure
that various technologies will share the long-term market.

In spite of a growing basis of bridging technologies such as CNG vehicles for the aspect of gas handling and
hybrid vehicles for electric drives, there are still numerous challenges facing the fuel cell vehicle
development. The presentation will briefly cover both the current state of development and remaining
challenges to bring this technology into vehicles, seeing from the automotive component supplier's

perspective. A pure electric vehicle is used here for comparison purposes.
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INTRODUCTION

The huge oil production rate of 11 million tons
daily (80 million barrels per day) for transport,
domestic and industrial use will deplete these
world-wide fossil reserves in the long run.
Additionally, environmental legislation such as the
Californian ZEV-mandate and the Kyoto protocol
aim at reducing emissions in general and
specifically green-house gases. The European
Automobile Manufacturers Association (ACEA)
committed itself to a reduction down to 140 g
CO,/km. This results in the need to continually
refine the entire power train.

On the other hand customers do have an
increasing demand for mobility and driving fun at
low fuel consumption. The dynamic economic rise
of the most populated transition countries like
China and India will further increase the global
demand for individual mobility.

In order to fulfil the contradictory demands to
reduce the carbon dioxide and pollutants emission
on the one hand and to increase mobility on the
other hand the technical solution is to develop
more efficient and environmentally friendly power
trains.

Several advanced power train technologies have
reached the maturity phase and some have even
started to penetrate the market. A variety of new
concepts is currently considered or at the
beginning of the development of new software and
hardware components.

MAIN SECTION

Technology for innovative power trains can take
many different shapes: a new combustion design,
hybrid technology or even new concepts such as
fuel cells. This paper focuses on a limited number
of approaches and their interaction with the
available fuel options.

Gasoline Direct Injection (GDI)

In spring 2006 Bosch launched series production
of the second-generation direct-injection systems.
Implementing this diversity of concepts requires a
flexible set of cost-efficient DI components; highly
variable high-pressure injection valves and pumps
represent the centrepiece of this set of compo-
nents (Leonhard et al, 2006). The applicability of
these components for the most diverse
combustion methods and packaging situations is
rounded off by a further developed electronic
control unit with increased computing power. This
admits their application on homogeneous and
spray-guided naturally aspirated gasoline engines
as well as on DI turbo-charged engines and even
on SULEV and PZEV projects.

Going beyond these current applications the
direct-injection method represents the ideal basis
for the further development of existing or entirely
new combustion methods. This includes further
development of spray-guided combustion
methods, further downsizing of the gasoline
engine as well as development of new combustion



methods such as Controlled Auto Ignition CAI /
HCCI.

Internal Combustion Engines for Alternative Fuels

Beyond the continuous refinement of the
conventional combustion engine a diversification
of fuel supplies is expected. The fuels natural gas
and ethanol are very promising due to their high
knock resistance. This is an ideal fuel property for
the use in turbo-charged engines and for the
realisation of high compression ratios. The
European Directive (2003/30/EC, “Directive on the
promotion of the use of bio fuels or other
renewable fuels for transport”) aiming to substitute
23% of the diesel and gasoline fuels by 2020 will
trigger an increased penetration of alternative
power trains.

ICAT 2006, November 17 t, 2006

EU-Directive 2003/30/EC

%
100

L Fuel Fraction till 2020:
L Bio Fuels 8%
IChmN Natural Gas  10%
Hydrogen 5%

60
50
40
30

Substitution of 23 % of Gasoline and Diesel fuel

with alternative fuels until 2020

T ) BOSCH

Figure 1: Promotion of bio and alternative fuels in
the transport sector in the European Union with
the objective of preserved mobility and reduced
environmental impact

The main component of natural gas or bio gas is
methane; but also higher hydrocarbons are
contained. At the same power output an Otto
engine fed with natural gas emits 25% less carbon
dioxide compared to gasoline. Natural gas internal
combustion engines thus have a significant
potential to decrease the local CO, emissions and
are suitable for short-term supplementation of the
fuel supply.

A renewable production of natural gas from
biomass is feasible. As it is the case with all
biogenic fuels, it has to be mentioned that the
substitution with bio fuels requires a considerable
amount of bio mass production. Realistically, the
currently fast growing bio mass markets will be
limited as well by the bio mass production as by
the available agricultural area. Thus biogenic fuels
will not be sufficient to satisfy the demand for
energy.

All gaseous fuels share the disadvantage of a
comparably low volumetric density. In order to
realise the same ranges as a gasoline driven car

large volume pressurised tanks are necessary
(see also Figure 4).

The market for ethanol-based fuels such as E5,
the knock number conditioner ETBE and E85, a
mixture consisting of 15% gasoline and 85%
ethanol, is growing. In the U.S. 6 million vehicles
with flex fuel technology were registered in 2005;
Sweden leads the European countries with 22.000
flex fuel vehicles. France intends to introduce this
fuel at public filling stations in 2007.

The necessary components have already been
developed for the Brazilian market and are now
ready for application in the three large automotive
markets (NAFTA, EU, Asia).

Fuel cell power train

All major automotive manufacturers and suppliers
have been investigated the field of fuel cell
technology. Many prototypes have demonstrated
the feasibility of the technology for automotive
purposes. However, for an introduction into the
market several components - such as fuel cell
stack components and peripheral components -
stil need to prove the readiness for series
production. This includes especially cost, reliability
and safety issues.

Fuel cells are highly efficient converters of
hydrogen to electrical energy. Combined with an
electro motor (low speed, high torque), fuel cells
vehicles show good engine flexibility and high
efficiency. The latter applies especially for urban
driving cycles with a large portion of low speed. In
the New European Driving Cycle (NEDC) fuel cell
power trains reach an efficiency of 37% and more.
(Konrad et al., 2003)

The performance (polarisation curve) of fuel cells
is strongly dependent on the operating para-
meters. Figure 2 shows several parameters and
their impact on the power output.

The right choice of the operating parameters has
a tremendous influence on efficiency and dura-
bility of the fuel cell. The operating strategy has to
deal with the trade-offs in defining the optimal
operating parameters. The fuel cell requires high
stoichiometry (gas supply) and good humidifica-
tion. High CO concentrations can diminish the
performance reversibly due to catalyst poisoning.
Also system pressure and temperature take an
important influence on the fuel cell performance.
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Figure 2: Dependence of the polarisation curve
from operating parameters such as: system pres-
sure, temperature, humidity of the gases, CO con-
centration in the anode supply and stoichiometry
of anode and cathode.

Figure 2 shows the resulting performance loss if
the optimal operating parameters are not met. If a
fuel cell is implemented into a power train, these
parameters have to be controlled by means of
balance-of-plant components in accordance with
an overall operating strategy. The operating stra-
tegy must consider the behaviour and power
consumption of peripheral components such as
the air supply compressor in a way that system
performance and dynamics are optimised.

Components needed in an automotive fuel cell
system are shown in Figure 3. Some components
for a fuel cell system have already been specified
precisely; others are strongly dependent on the
further development of the fuel cell membrane or
the hydrogen storage. Thus the specification may
undergo large changes due to strong interaction
with potential fuel cell stack and hydrogen storage
concepts.

The interaction and the optimised and integrated
control strategy of gas supply, thermal manage-
ment and electrical energy management is highly
important for an optimised and highly dynamic
operation in a fuel cell vehicle.

The design of a hybrid fuel cell system with a high-
power battery (Fuel Cell Hybrid Vehicle FCHYV)
exhibits several advantages: Whereas the
dynamics of the gas supply is limited by the air
supply compressor, a battery can (immediately)
supply the electric drive-train motor until the
compressor has taken up speed. A battery can
also help to provide for fuel cell system availability
at cold start conditions and furthermore offers the
opportunity to recuperate (regain) braking energy.
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Figure 3: Components for an automotive fuel cell
hybrid drive (FCHV)

Hydrogen is considered to be the ideal fuel for a
fuel cell power train. Reformer systems which
generate a hydrogen-rich gas on-board via
reforming of hydrocarbons such as gasoline,
diesel or methanol lack in terms of dynamics and
overall system efficiency due to the additional
chemical processes including complex control
mechanisms. Thus today the main focus lies on
the development of direct hydrogen systems for
automotive applications.

Hydrogen does not occur as a primary energy
source on earth, but it is a secondary energy
source that has to be produced by means of
electrolysis, reforming or biotechnical processes.
It thus has to be produced from primary fossil or
renewable energy sources.

As mentioned above, the comparably low
volumetric density of hydrogen gas is a major
disadvantage for the automotive application.
Figure 4 shows the gravimetric and volumetric
energy density for a variety of fuels. It
distinguishes between the density of the medium
itself and the storage system. It is obvious that
despite the high efficiency, hydrogen vehicles
need fuel storage systems with a volume that is 2
to 5 times larger than that of conventional liquid
fuel tanks for the same range, especially
considering the missing freedom of optimal
shaping. The realisation of a suitable hydrogen
storage remains a technological challenge.
Current developments aim for high pressure
vessels from 350 to 700 bar (5000 to 10000 psi).
Cryogenic liquid hydrogen storages have a better
volumetric density, but up to now are not suitable
for long-term storage due to boil-off effects.
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Figure 4: Comparison of volumetric and gravi-
metric energy storage densities for the medium
itself and the storage systems

State-of-the-art  prototypes demonstrate the
remaining challenges that have to be overcome
for a series production of fuel cell vehicles. The
issues reliability, cost, hydrogen infrastructure and
storage and last but not least the suitability for
daily use are still demanding considerable R&D
efforts.

The development of a competitive fuel cell power
train includes the development of automotive fuel
cell balance-of-plant components and system
designs to eliminate the need to purge the fuel cell
due to contamination with diffused nitrogen and
water management issues.

Another important functionality is the cold start at
temperatures below -20C (-4F). At subzero
temperatures the product water tends to freeze
and blocks the gas channels or the micro-pores in
the gas diffusion layer of the membrane electrode
assembly (MEA).

In the end the fuel cell power train is an electric
drive train that is supplied with two electrical power
sources: the hybrid battery and the fuel cell.

The interaction between hybrid battery and fuel
cell is crucial for dynamics and consumption of the
vehicle. Analogous to the internal combustion
engine or hybrid vehicles the fuel cell power train
also needs a torque coordination function. This
functional structure allows combining driver
demands and intervention from vehicle functions
like electronic stability programs (Kisell et al.,
2006). A fuel cell hybrid vehicle requires additional
functions for the complex electrical energy
management. It must be designed to avoid
overstress of the electric power supplies and it
should operate them as close as possible to the
optimal operating point.

Comparison with electric vehicles (EV)

The major advantage of an electric vehicle is its
high efficiency, high torque at low speed and still-
stand and the lack of emissions. Thus electric
vehicles are an interesting alternative with regard
to the flexibility of the power train.

In comparison to the power trains mentioned
above electric vehicles have two important
disadvantages. The batteries are extremely large
and heavy (see Figure 4) and require recharging
that takes several hours.

For a reasonable comparison between an electric
power train and competing power trains the
complete power train including storage of a
middle-class vehicle is considered. It is assumed
that the vehicle has a peak power of 70kW and a
driving range of 500 km. Figure 5 shows
gravimetric and volumetric data of the different
power trains.

Lithium-lon technology has been chosen for this
comparison since this battery type offers the best
power and energy density. In order to allow for
high current operation and the corresponding
heat rejection of the single cells the power density
of the Lithium-lon battery is limited to 100 Wh/kg
(2006) respectively 125 Wh/kg (forecast 2015).

Conventional lead-acid batteries have significantly
lower power densities. For the internal combustion
engine (ICE) a gasoline power train with tank
volume of ca. 35 litres was chosen as a reference.
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Figure 5: Comparison of size and volume of
competing 70 kW power trains for mid-class
vehicles with a range of 500 km

The comparison shows that - without a major
improvement of the battery technology - pure
electric vehicles are no viable option as medium to
long-range vehicles. The size of the battery sys-
tem, the weight and the cost are the major
hurdles. The pure electric vehicle becomes more
attractive if no local emissions are allowed or if the
vehicle is used in short-distance urban traffic.



CONCLUSION

The growing awareness of the finite availability of
fossil fuels and the political consensus on the
reduction of greenhouse gases and emissions will
provide beneficial conditions for the discussed
innovative power trains. Regional circumstances
and legislation as well as fiscal politics may
stimulate the development. The customers’
demand for mobility is expected to grow
undiminished and will thus enhance the marketing
opportunities for the discussed power trains. For
the short—term, mid—-term and long—term
perspectives three possibilities become visible on
the horizon:

The continuous improvement of existing
technology will be predominant in the short — term
(2006 — 2015). In order to limit rising operating
expenses the measures that focus on the
reduction of fuel consumption appear most
promising (combustion concepts, hybridisation of
internal combustion engine with electro motor,
mono and dual fuel combustion engines with
ethanol or natural gas together with gasoline,
system optimisation of ICE, transmission and E-
drive). Additional measures independent of the
power train are the aerodynamic drag coefficient,
reduction of the vehicle mass, low rolling-resis-
tance tires etc.

The consideration of the total cost of ownership
and short amortisation periods allow the marketing
of fuel — saving concepts at rising fuel prices.

In a further step (mid — term, 2030) an increasing
employment of renewable energies will take place
in the field of electric power generation. This
seems the most effective way to reduce CO,
emissions. Fuels for the transport sector will be
replaced by or blended to a continuously higher
degree with bio fuel such as bio diesel, ethanol
and synthetic fuels.

Hydrogen can be employed as a fuel in fuel cells
and internal combustion engines. It can evolve
from an initial niche market if a hydrogen
infrastructure network is built up starting from
urban clusters. This would allow the daily use of
hydrogen — fuelled vehicles. With a growing
market share of FCHV the scales — of — economy
will reduce the cost for fuel cells and peripheral
balance — of — plant components.

In the long — term view (ca. 2050) electrical power
from renewable sources must be available to
compensate the decreasing availability of fossil
fuels such as crude oil and natural gas.

This becomes inevitable, if synthetic fuels made
from liquefied coal cannot be produced in a CO, —
neutral way and the exploitation of oil sands

cannot be increased significantly. In the end
electric power from renewable sources will attain
the character of a primary energy source.

The hydrogen for the transport sector can be
produced from renewable electricity in sufficient
quantities. At the same time bio fuels and
synthetic fuels as well as fossil fuels will be
employed. The different power train concepts will
be competing in terms of customer benefit, total
cost of ownership and regional and global
boundary conditions.

A very illuminative and insightful analysis by the
electric power company RWE (RWE-Analyse,
1995) resulted in an energy flow chart for
Germany, which in principle is still valid. It reveals
an enormous dependency of the transport sector
on crude oil, whereas other sectors such as
industry, private consumption and trade have
already diversified the primary energy sources.
The analysis stresses the unique situation of the
transport sector and its still governing strong
dependency on a single primary energy. Therefore
the transport sector has to greatest need of action.

The respective properties and advantages of the
different power train concepts will not only lead to
a diversification of propulsion systems in mid —
term or long - term, but also to a diversification of
fuels.

The fuel cell vehicle with its highly efficient energy
converter will be one — nevertheless important -
option among many. The market penetration of
the fuel cell vehicle will be influenced by the two
bridging technologies hybrid electric vehicle (HEV)
and compressed natural gas vehicle (CNG-V).

Both technologies are important steps for the
integration of a high pressure gas handling system
and an electric propulsion system including a high
power accumulator into a vehicle. These steps will
alleviate the introduction of fuel cell systems.

The announced hydrogen economy will most likely
not be the only energy supply for transport sector.
In addition to hydrogen bio fuels and also fossil
fuels will supply the transport sector in varying
degrees.

Furthermore, a diversification of vehicle segments
in accordance to the competing power train
concepts seems to be a reasonable option.

The requirement for a vehicle range of 400 km
and more results for some potential power train
concepts in an energy storage size that in the end
makes the further development of the concept
prohibitive. A pronounced diversification, e.g.
vehicle segments for urban ranges, can be helpful
to support such fuel saving power trains.
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