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Dear readers,
As versatile as today's mobility options are, so
extensive are the associated development tasks
for automotive OEMs and suppliers.
In our customer magazine, SPECTRUM, we present
a selection of development solutions with which
we can support you in these tasks. These include,
for example, our validation options for protecting
high-voltage batteries with steadily increasing energy density as effectively as possible from the risk
of fire and explosion.
If you look at the areas of application for light commercial vehicles, it quickly becomes clear that these
are often not suitable for fully electric drivetrain
concepts; which limits their suitability for mass
production. An alternative for these applications can
be a diesel engine in combination with a partially
electric powertrain. Using a test vehicle based on
the VW Crafter as an example, we are investigating
these highly flexible and low-emission hybrid diesel
powertrains in the 48 V and high-voltage range.
In addition to the partial or complete electrification
of powertrains, low or zero-carbon fuels from renewable energy sources are also attracting increasing
attention in the public debate. FEV looks back on
many years of experience in the field of synthetic fuels. E-fuels are a mandatory complement to
e-mobility in order to achieve the climate goals
2050, especially with regard to existing fleets. An
energy mix is more important than ever. Against
the background of e-fuels, measures such as the
planned EU7 emission standard, which would
practically ban the combustion engine, are leading
in the wrong direction with regard to CO2. And they
prevent the use of technical potentials.
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Also awaiting you is the “E-roch” chassis concept,
with which FEV offers a modular electric vehicle
platform that enables vehicle manufacturers to
reduce development times and costs. At the same
time it is serving a large number of vehicle segment
applications.
In general, it can be said that the increasing legal
requirements and customer demands on modern
drive systems have gained enormously in complexity. In this SPECTRUM we will show you how
FEV's “Methods for Virtual Calibration” meet this
challenge by modeling and simulating various
vehicle components completely in the model-inthe-loop concept phase.
We hope that these and other topics in this issue
will provide you with exciting insights into our work.
News and further information can also be found on
our online channels, for example www.fev.com.

Dr.-Ing. Norbert W. Alt
Chief Operating Officer (COO) and
Executive Vice President, FEV Group
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HIGH-VOLTAGE BATTERIES

	Dip tank with
salt or fresh water

WITH FEV THE
ELECTRIC CAR
BATTERY DRIVES
EVEN SAFER

Everyone wants them, China demands them: High-voltage
batteries that, despite increasing energy density, are most
effectively protected against the risk of fire and explosion. FEV
has paved a very good validation path to this goal for its automotive customers.

W

ith the societal trend towards greater environmental
protection as well as to sustainable mobility and ever
stricter CO2 legislation, battery electric vehicles (BEV) are
increasingly moving into the focus of end consumers.

But to make BEVs just as attractive for car buyers in all relevant points
as combustion engine vehicles, central challenges in battery development must be solved: First and foremost, safety must be secured.
Moreover capacity, performance, longevity, and cost efficiency should
increase. But neither is there more space available in the vehicle for
this, nor must the battery become heavier.
Consequently, the only solution is a significantly higher energy density, starting with the individual cell, through the modules and on to
the packs. However, this makes everything thermally more unstable.
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High-voltage batteries

	Climate chambers
with 2.5 m³ test
volume, temperature
range -40 to 90 °C
and humidity range
10 to 98 % RH.

It also significantly increases the risk of thermal runaway of
the battery. This is a chain reaction: A short circuit at cell level
causes the contained electrolyte to ignite. Within milliseconds,
the fire can spread to other cells, adjacent modules, and finally
the entire battery. An explosion is possible too.

Increasing safety requirements
A potentially burning or exploding battery is dangerous for vehicle
occupants and rescuers. The safety of the environment is also
threatened. Battery fires are extremely persistent and difficult
to extinguish. Each burning cell releases between 80 and 100
liters of flue gas. Around 10,000 liters of water are needed to
smother the flames. The cells can reignite for up to 72 hours.
Therefore, legislators have adapted the rules for the homologation of batteries. According to the approval requirement GB/T
38031, which will apply in China beginning January 2021, every
electric car must have a passenger protection in advance of a
possible thermal runaway of the battery. After a warning that
indicates the beginning of the thermal runaway, the battery

must last at least 5 minutes without burning or smoke. Other
countries are likely to follow this example quickly as the market
penetration of electric vehicles increases.
But the real goal must be to prevent these fires from breaking
out as far in advance as possible. These must be optimized by
means of detailed design work and better package solutions. The
respective control levers for safety depend on the given battery
design. Since this is done individually for each application or
vehicle, battery development is a challenge. Testing during early
concept and design phases is of great importance in this context.

The FEV approach:
Frontloading in battery development
FEV's approach to the overall battery development process is
to more closely integrate all development steps; in particular,
innovative simulation methods and virtual validation with
comprehensive measurement data. FEV obtains the latter from
a unique range of real test infrastructure. Cells, modules, and
entire battery packs are tested for function, service life, misuse,
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REFRIGERATION

thermal behavior, and mechanical and environmental influences.
The newly opened eDLP facility near Leipzig (Germany) is the
world's largest and most modern test center for the development
and testing of high-voltage batteries which offers additional
capacities and options to FEV and its customers.
The decisive factor is that the knowledge and data gained in real
tests are fed back into the development process at the earliest
possible stage. Therefore, FEV has made the frontloading of
development tasks an essential part of the development process
of high-voltage batteries.

PLANT

BUILDING NO. 1
Performance- and electrical testing,
environmental testing, mechanical
testing, workshops, tear down area,
warehouse, offices

FEV was already involved in 15 projects for batteries that are
currently in series production. The portfolio ranges from 48 V
batteries for mild hybrid applications to 400 V high performance
batteries for plug-in hybrids; it also includes 800 V energy storage
systems for BEVs with power outputs of up to 600 kW. In many
cases, FEV carries overall responsibility for battery development
within the scope of turnkey projects. With more than 20 years of
experience in automotive battery development, FEV also supports
its customers as a partner for special tasks, e.g. in prototype
construction and small series production of storage systems.

Concept phase
Already in the early concept phase of battery modules and
battery packs it is important to know the complex specifics
of the cell. But cell manufacturers usually do not provide this
information. In consequence, the developers depend on data
from real tests, like those available at FEV’s battery engineering.
They provide information about the specific properties of the
cells used in standard electrical function tests, but also about
their behavior in extreme situations such as thermal runaway.
These findings can therefore be early incorporated into a safety
concept for modules and battery packs. FEV also uses these
findings to develop innovative virtual tools that further accelerate
battery development.
Safety and customer requirements can be considered early in
the battery development process. This leads to cost advantages,
as expensive experimental investigations are greatly reduced.

Design and simulation
The further development stages at FEV also aim at validating the
modules as early as possible against risks. Using a 3D model, FEV
applies both multi-physical and venting simulation methods.
The latter clarifies the question of how the particles released
within the module and pack behave in the event of thermal
propagation; and which design steps can be taken to counteract
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this. One solution, for example, can be targeted thermal barriers
or spaces between the cells. This is especially important for
compliance with the Chinese GB/T 38031 regulation: In extreme
cases of thermal propagation, the gas escaping from a single
damaged cell can include hot copper particles that can quickly
damage or destroy the insulation of the other cells.
Certification tests that follow later are also prepared by simulation. They always proceed from the smaller to the larger system.
That is from the module level to the system level of the battery
pack, even if different voltages are applied there. In the ideal case
the quality of the simulation is so good, that specific product
features no longer must be validated by real tests. Alternatively,
the test phase can be limited to the prescribed certifications
and series development to homologation tests.

Testing
Usually, real testing already begins with functional samples
(A-samples) during the development process. But the focus is on
design validation. In this process the design samples (B-samples)
are validated regarding their suitability for series production. The
final product design is already determined within the framework

High-voltage batteries

BUILDING NO. 2

Environmental and
mechanical testing

Performance- and
electrical testing

Fire hall, 4 bunkers,
preparation area,
workshop

Experience the eDLP
on a virtual tour
edlp.fev.com/tour

GAS SCRUBBER

Building 1: approx. 12,000 m2
Building 2: 3,500 m2

	Floor plan of the new
FEV battery test center eDLP

of the Product Validation (C-Samples). In this phase, the test
program aims to detect any potentially remaining anomalies
before the final homologation. Certification is carried out at the
production stage (D-Sample).
As a full-service provider for battery development, FEV also
supports its customers in the prototype construction, and thus
provides the systems required for the real tests. In its Aachen
and Munich workshops, FEV assembles prototypes based on

validated 3D models in accordance with the design instructions
of the engineers. It can also take care of standard-compliant
battery transport. During prototype assembly at FEV, the battery
construction plans can also be further optimized for both easier
assembly and process steps in subsequent series production.
With 20 skilled employees and workshop capacities of 1,400
square meters in total, FEV can also realize all work steps for
small-series battery pack production. The competences cover
the whole process: from purchasing to full assembly.

ENVIRONMENT

MECHANICS

FUNCTION

THERMO

LIFE SPAN

ABUSE

HOMOLOGATION

HV SAFETY

IP code

Vibration &
shock

Hardware and
software
functions

Cooling
capacity

Electric
life span

Short circuit

UN/ECE

Touch
protection

Temperature
shock

Acceleration
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Pressure
loss map

Thermal
life span

Overload

GB & GB/T
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Climatic
stresses

Impact

Power &
resistance

Thermal
characteristics

Mechanical
life span

Fuel fire

FMVSS

Potential
equalization

Corrosion

Simulation
parameter tests

Temperature
spread

Cell thickness
growth

Drop test

SAE

Function

Stone damage

Measurement
maps

Charging
validation

Quick charging
validation

Excess pressure

KMVSS

Vehicle battery
functions test

Laws regarding
transportation and
dangerous goods

 At the newly opened eDLP FEV bundles and expands on state-of-the-art test technologies at just one location.
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Unique in the
world: a 350 kN
Shaker enables
tests from
-40 to 90 °C

The testing infrastructure consists of 54 test chambers for electrical tests. In some of these, in addition to standard electrical
tests, climate and temperature tests can be carried out on
modules and complete battery packs. Furthermore, there are
ten chambers for special environmental tests in which batteries
can be checked for different events such as for example water
ingress and salt mist and dust. Stone-chipping of the underbody is also tested by bombarding it with granulate. Considering the possibility of open fire during misuse tests, e. g.
causing thermal propagation, special fire-proof buildings as
well as gas separation and cleaning facilities have been set up.
In battery development projects, FEV's specialists create an
appropriate test plan with the aim of achieving a prototype
suitable for series production as efficiently as possible in the
respective development process.

Importance of abuse tests
In view of batteries with higher energy density and the thermal
propagation test according to Chinese standard, misuse tests
have recently become even more important. For this largely
standardized test, at FEV´s eDLP the entire battery is set up in
a safety room. Then an artificial defect of a cell is caused at a
defined point. In prismatic cells, a nail is inserted into the cell
in a controlled manner using a linear actuator to trigger an internal short circuit. In pouch cells, the same effect is achieved
by overheating the cell with previously attached heating plates.
With the thermal chain reaction triggered by the cell short circuit,
the recording of measurement data starts. Finally, this provides
a clear picture of the temperature propagation around the damaged cell and a time axis on which the reaction of further cells
can be recorded. The emission of smoke gas and its effects on
the function of the high-voltage battery are traced as well, as
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is the functional integrity of the HV battery cover. After the test,
not only the result is determined (whether the five-minute time
limit for gas or fire to escape from the battery case was met) but
also the contributing factors.
Of course, a thermal propagation will likely not be initiated by
the physical entry of a solid object like in the test setup above,
but rather through the entry of liquid into the battery housing.
This can for example occur in the event of a leak in the coolant
system and the resulting short circuit of a cell. This risk can be
additionally assessed by a corresponding fail-safe test: The
acceleration values of a typical driving profile are simulated on
a test bench under load, i.e. the longitudinal and lateral forces
during acceleration, braking and steering movements. Fluid is
gradually introduced while the test object and the sensor data are
examined for functional capability or possible impairments – also
up to the possible failure or short circuit in the battery system.
Finally, the tendency of battery cooling devices to break (which
can also cause a short circuit and thus thermal propagation due
to the liquid entry as described) can be determined at FEV's
eDLP by mechanical testing. The "Shaker" used for this task is
currently unique among global automotive test facilities.

By
Dr. Michael Stapelbroek · stapelbroek@fev.com
Dr. Christoph Szasz · szasz@fev.com

Conclusion
FEV's test infrastructure, as available at the newly opened
eDLP, complements the company's extensive competencies as a leading battery development partner: This
applies for batteries geared to sustainable mobility while
still meeting economic and all safety targets.

eDLP − THE LARGEST
DEVELOPMENT AND TEST CENTER
FOR BATTERIES

FEV – Your development partner for e-mobility
Our resources, your advantages:
> All functional and validation tests under one roof
>	Worldwide most modern and largest test facility for high-voltage batteries
for passenger cars and commercial vehicles
> Development and test facilities for cells, modules and packs
> Testing of power electronics and electric motors as well as fuel cell systems
> Sustainable operation due to photovoltaic and flue gas scrubber

Further Information
edlp.fev.com
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BATTERY SAFETY

THE PLUS IN BATTERY
SAFETY FOR HYBRID AND
ELECTRIC VEHICLES

BATTERY SAFETY

1

FEV has developed a novel combined simulation and testing process for the optimization of the thermal propagation behavior in
automotive battery packs. This process can
help to reduce the risk of injury and damage
from battery cell thermal runaway, while also
saving development time and cost.

T

2

3

4

hermal runaway is a key safety aspect for
hybrid and electric vehicles, with battery
fires representing a threat to harm people, buildings, and the environment. The
first thermal propagation regulation is expected
in January 2021, with the GB/T 38031 standard
in China requiring a minimum of five minutes of
warning for vehicle passengers before fire from a
thermal event extends beyond the battery pack
or battery venting gas enters the cabin. Other
markets and regulatory bodies are expected to
follow soon.
With this in mind, FEV is leading the way in the
development of simulation techniques in combination with a cascaded testing approach to
optimize automotive battery pack design to prevent thermal propagation and the risk of thermal
runaway.
FEV’s simulation-based approach to optimize
for battery thermal propagation is paired with
the company’s battery design and development
capabilities as well as battery testing capabilities

 Thermal

propagation resistant housing
incl. sealing

Optimized and thermal propagation
resistant E&E-design
 Heat barrier materials between modules
 
TP venting concept incl. particle absorption
and pressure compensation
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at the world’s largest facility of its kind – the eDLP near Leipzig,
Germany. This uniquely positions FEV to support the entire
thermal propagation development process.

the design of the venting paths, dimensioning of venting valves
as well as the indication of critical busbar routing inside of the
battery pack.

The simulation-based approach begins after key CAD dimensions
and pack geometries are defined in the base development phase.
FEV has created two customizable models for this purpose. Multiphysics simulation is used to produce a model to evaluate and
optimize thermal runaway of one cell and propagation between
battery cells, as well as between battery modules. This model
and its customization for specific customer requirements allows
for design optimization and introduction of countermeasures
such as heat barriers. In parallel, a second, fluid-based venting
gas model is customized, which is used to assess and optimize

The thermal and venting gas models are developed and then
customized separately. Each model is validated further using
physical test data. This testing approach is based on a stepby-step validation of cell to module to pack whereas on pack
level different dummy packs are used to evaluate the thermal
propagation behavior. The cascaded testing approach can be
optimized if any data – e.g. cell data – are already available. The
advantage is that experimental data can be collected early in
development without requiring the build of a fully functional
battery pack, which saves time and cost.

 EV IS LEADING THE WAY IN THE DEVELOPMENT
F
OF SIMULATION APPROACHES TO ADDRESS
THERMAL PROPAGATION EARLY IN THE
DEVELOPMENT PROCESS FOR CUSTOMERS

The first thermal propagation
regulation is expected in January 2021,
with the GB/T 38031 standard in China.
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After the models are validated with physical test data, the two models are then combined
to create a comprehensive coupled model, containing the thermal battery model as well
as local heat transfer coefficients and fluid/gas temperatures from the venting gas model.
This combined model can be used for even more accurate and detailed simulation, which
allows for a performance assessment and selection of optimized design parameters and
variations. Finally, the design is tested and validated as a complete battery pack.
Thermal propagation still is a safety concern for battery packs – but with its pioneering
way in the development of simulation approaches, FEV can solve thermal propagation
challenges early in the development process of its customers.

Learn more about FEV's
battery development

fev.com/de/batterydevelopment
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HYBRIDIZATION

HYBRID POWERTRAIN CONCEPTS
FOR LIGHT COMMERCIAL VEHICLES

Hybridization

Light Commercial Vehicles (LCV) are typically employed for freight and passenger transport within urban areas,
as well as in interurban and/or motorway operations. Furthermore, they are also used for construction, mobile
workshops and camper vans. These diverse cases of operation are often not suitable for full electric powertrain concepts, limiting their large-scale introduction. Furthermore, EU7/VII emission standards are expected
to be implemented around 2025. This is expected to include a significant reduction in emission limits and the
extension of the current RDE test conditions to all realistic driving conditions, with a special focus on short haul
and cold starts. In this context, the Diesel engine, with its inherent combustion efficiency advantage in combination with a partly electrified powertrain, represents a highly flexible propulsion system with attractively low
real-world fuel consumption and the ability to achieve ultra-low, near zero impact pollutant emissions. For
this purpose, a demonstrator vehicle, based on a VW Crafter, has been set-up with a P02 hybrid topology. The
demonstrator vehicle is used to investigate both 48 V and high voltage future diesel hybrid powertrains in the
LCV segment.

Mild Hybrid Powertrain Concepts

Hybridization can significantly reduce CO2 emissions. However,
reduction of engine load due to torque assist of the electric machine(s) causes a decrease of exhaust gas temperature levels,
which delays the response of the exhaust aftertreatment system.
Here, the mild hybrid system offers further degrees of freedom
for a low emission heating of the exhaust aftertreatment system
by a balanced increase in engine load by the electric machine
or by electric catalyst heating. To exploit the potential of the
mild hybrid system for emission reduction, dedicated operating
strategies are required (see Fig. 2).

In comparison to high voltage hybrid systems, 48 V systems offer
a good cost-to-value ratio as significant CO2 emission reduction
can be achieved, while safety precautions for a high voltage
on-board network are not necessary. Additionally, mild hybrid
systems can be easily integrated into an existing powertrain
architecture without fundamental adjustments. Fig. 1 shows the
integration possibilities of the electric machine in the powertrain
and compares the different topologies qualitatively.

PO

ISG (P1)

ISG (P2)

ISG (P3)

REAR AXLE (P4)

EM
EM

Pro / Con

Effect

Topology

EM
BSG

EM

Belt-Starter Generator;
Electric Power up
to appr. 15 kW
CO2
Cost

EM

EM

+
-

 Low integration effort
 Low cost
Generator operation at

standstill
 R
educed Recuperation
(belt and ICE losses)
Limited cold
 
start capability

Integrated-StarterGenerator between ICE
and clutch up to 20 kW

+ +
-  Advanced Start/Stop
Generator operation

at standstill
 R
ed. Recuperation
(ICE losses)
 P
ackaging

Integrated-StarterGenerator between
clutch a. transmission
(parallel or coaxial)

+ + +
- -  Advanced Start/Stop
 Limited E-Drive
Generator operation

at standstill
 M
odification of
the ICE, clutch,
transmission, etc.
Packaging
 

Integrated-StarterGenerator at
transmission output

+ +
-  No mod. of the ICE
Compatible with

different transmissions
 Limited E-Drive
No Start/Stop
 
General transmission
 
mod.
No gear ratio
 

Electrical machine at
the rear axle
(with optional flywheel)

+
- No modifications

of the ICE
Independent of the front

wheel drive
 No add. overall length
Mod. of the transmission
 
and rear axle
No Start/Stop
 
No gear ratio
 

	Qualitative comparison of different mild hybrid topologies (ICE: Internal Combustion Engine)
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E-Drive/Engine-off Sailing
> Masking of low part load operation
> Avoidance of EATS cool down

Regenerative Braking
> Recuperation of
kinetic energy

Load Point Shifting
> Charge battery at low load
> Emission critical
operating areas
> EATS temperature control

Diesel Hybrid
Operating
Strategy

Transient States Support
> Improve transient response
> Reduce transient
NOx/Smoke emissions

SOC Control
> Charge / Discharge battery
to maintain target SOC

Simulation Matrix
The FEV mean value simulation toolchain
is used to evaluate different mild hybrid
powertrain concepts. The simulation
model is calibrated based on reference
data of the demonstrator vehicle as well
as benchmark data. Fig. 3 summarizes the
powertrain concepts that are investigated.
The conventional baseline vehicle has a
curb weight of 2,000 kg. All variants are
simulated with a payload of 750 kg.

The heating mode includes higher EGR
rates and the activation of a switchable
turbine bypass. The bypass is used in
combination with an exhaust throttle
that is used to increase the gas exchange
work and thereby increasing the exhaust
temperatures. In addition, late post injections are used to support the heating
mode. The heating mode is active until a
target temperature of 240 °C behind the
close coupled SDPF is reached.

All powertrain variants have a dedicated
calibration for heating mode of the engine
to quickly increase the exhaust enthalpy.

The first mild hybrid concept investigated in the simulation study is a basic P0
mild hybrid system (Standard P0) with a

Powertrain Concept
Engine

Electric machine Power (Peak)
Electric auxiliaries

P0 Plus

Conventional

P0 MHEV

P0+ MHEV

2.0 L 4 cylinder engine (120 kW), ~2200 bar injection system, friction optimized

 Simulation Matrix
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P2 Hybrid
Powertrain Concept
P2 MHEV
Beltless engine

Variable geometry turbocharger w. turbine bypass
High pressure and low pressure EGR system w. exhaust flap
Diesel Oxidation Catalyst, cc. SDPF, uf. SCR (Dual Dosing)
12 V

+ Electric Diesel Oxidation Catalyst
48 V (3 kW DC/DC)

12 V Alternator / 3 kW

48 V BSG / 13 kW

–

vacuum pump

Transmission
Battery / Type

In the mild hybrid concepts, the heating
mode of the engine is extended by a dedicated load shift strategy which supports
the heat-up of the exhaust aftertreatment

Standard P0

EGR System

Electrical system

48 V belt-starter-generator, a 3 kW DC/DC
converter and a 48 V Li-Ion battery with a
0.5 kWh capacity. In the second concept
(P0 Plus) the basic P0 system is extended
by an additional 48 V electrically heated
catalyst. As third concept, a P2 mild hybrid
system with a larger 48 V battery is investigated. In that concept, the engine water
pump and AC compressor are electrified,
and the auxiliary belt drive is removed.

Baseline (EU7)

Turbocharging

Exhaust aftertreatment system

	Hybrid operating
strategies optimized
for diesel specific
requirements

48 V motor/
generator / 25 kW
+ water pump,
AC-compressor

8-speed automatic transmission
0.25 kWh / Lead acid

0.5 kWh / Li-ion

0.5 kWh / Li-ion

1 kWh / Li-ion

Hybridization

system. When the EATS is cold, the strategy aims at
increasing the exhaust enthalpy while avoiding too excessive engine-out NOx emissions. As soon as the target
temperature of 240 °C downstream SDPF is reached, a
fuel consumption optimized load shift strategy is used.
Customer profiles and cycles
In order to investigate the potential of the different
concepts presented in Table 1, four reference driving
cycles have been selected: WLTC 120, WLCT Low, FEV
Eifel RDE and BAB 120. The vehicle speed profiles
of these cycles are shown in Fig. 4.

In addition to the results in the reference cycles,
different user profiles respectively use cases were
derived to estimate representative fuel consumption data in mixed real-world operation. For this
reason, the four reference cycles were combined
using weighting factors (see Fig. 5).
Three different customer profiles were considered
who are driving mainly in:
 Urban areas with a high weighting
of WLTC Low
 Rural areas with a high weighting of
FEV Eifel RDE
 Highways with a high weighting
of BAB120
For all cases a share of 30 percent of the WLTC 120,
corresponding to mixed operation, was considered.

	Vehicle speed and
altitude profiles of
considered cycles

Vehicle Speed / (km/h)
WLTC 120
WLTC Low

FEV Eifel RDE (Rural)
Speed
Altitude

Altitude / m

The WLTC 120 corresponds to the standard
WLTC cycle in the urban and rural parts, while in
the highway part the maximum speed is limited to
120 km/h and the speed profile is adapted to drive
the same total distance.

BAB 120

Times / s

Reference Cycles

1

> WLTC Class 3 (120 km/h)
> WLTC Class 3 Low
> FEV RDE Eifel Rural
> BAB 120

2

Use Case / Customer Profiles
Weighting of reference cycles to derive
representative operating profiles
Reference

Urban

Rural

Highway

WLTC 120

30 %

30 %

30 %

WLTC low

70 %

RDE rural
BAB 120

70 %
70 %

	Creation of representative vehicle usage profiles on
the basis of the considered reference cycles
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FUEL CONSUMPTION / NOx EMISSIONS
-7 %
NOx EngineOut
mg/km

233

Smart Generator

-8 % -15 %
217 215 199

-2 %
161
-3 %

NOx Tailpipe
mg/km

+1 %
20

20
-3 %

FC*
l/100km

8.2

-13 %-26 %
18

77

7.9

7.9

75

7.2

WLTC 120

244

9.4

-2 %
546

212 213 183

62

-2 %

58

-9 % -28 %

15
-8 %

P2 – eCat * SOC correction applied

-1 % -11 %
537 524 484

-20 %-25 %

15

-3 % -12 %

P0 – eCat

-13 % -13 %-25 %

-2 % -3 %
158 150 166

P0

-3 % -28 %
8.7

9.1

6.8

15
-6 %

7.7

14

-5 %

11

18

WLTC_low

7.2

14
-1 %

-6 % -15 %
7.2

-16 % -7 %

10.3

6.6

Eifel

15

17

-1 % -3 %
10.2 10.2 9.9

BAB 120

	Cumulated NOx emissions and fuel consumption in the four reference cycles

Simulation Results
Simulation results for cumulated NOx
emissions and fuel consumption in the
four reference cycles are shown in Fig.
6. The fuel consumption values shown
include a correction factor that considers
the change in battery State of Charge (SoC)
between the end and start of the cycle.
This correction is based on assuming an
average ICE efficiency equal to 0.4 and an
average electric line efficiency equal to 0.8.
The results show a clear trend in terms of
fuel consumption: the consumption value
decreases along with the degree of hybridization, showing the maximum benefits
for the beltless P2 MHEV concept. The
effectiveness of the mild hybridization is
high in the low load and low vehicle speed
cycle (up to -8 percent for the standard
P0 system and up to -28 percent for the
P2 system in WLTC Low), while it is quite

limited on the highway cycles (up to -1
percent for the standard P0 system and up
to -3 percent for the P2 system in BAB120).
The NOx raw and tailpipe emissions are
shown together to demonstrate the effects
of the different powertrain concepts and
strategies. All systems achieve very low
tailpipe emissions in all cycles except

for the very short WLTC Low cycle. In this
cycle, the reference base vehicle reaches
a tailpipe NOx emission level of 77 mg/
km. For this specific cycle, the use of an
electrically heated catalyst (EHC) enables
to reach tailpipe emission levels of 62
mg/km. This, however, results in a "SoC
corrected" fuel consumption increase
from 8.7 L/100 km for the standard P0

Req. Torque / Nm
70

NOx Tailpipe (mg/km)

68
66
64
62
60
58
56
54

Eng. Speed / rpm

	Variation of the hybrid strategy for
the P2 MHEV concept (WLTC Low)
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*SOC Correction Applied

 OMPARED TO HIGH VOLTAGE HYBRID
C
SYSTEMS, 48 V SYSTEMS OFFER A GOOD
COST-TO-VALUE RATIO
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6.8

8.0

Fuel Consumption* / (l/100km)

Hybridization

system to 9.1 L/100 km for the P0 system with the electrically
heated catalyst. The P2 configuration is capable of reducing
the same percentage for both the NOx tailpipe values and the
fuel consumption.
The main challenge related to the WLTC Low cycle is the short
distance combined with low engine loads which do not contribute to a fast heat-up of the exhaust aftertreatment components.
Interesting observations result from the comparison of the
most important characteristics of all considered concepts in
WLTC low. The lowest tailpipe emissions are obtained by the
P2 version with EHC, despite the highest engine raw emissions.
This can be explained by a very good NOx conversion efficiency
of the aftertreatment system as the light-off is reached earlier.
The P2 version with EHC takes advantage of a more powerful
e-machine capable of performing limited electric driving as
well as an effective load point shifting strategy, reducing the
electric power request for the EHC only to the initial phase. Also,
the P0 version with EHC achieves very low tailpipe emissions.
The energy required for the EHC reduces the fuel consumption
benefit of the P0 MHEV system in this cycle.
A detailed optimization of the hybrid strategy was performed
for each concept. Fig. 7 shows the impact of different hybrid
strategies on the heat-up of the EATS and the fuel consumption
for the P2 MHEV for two cases with start/stop from the beginning
of the cycle and with a delayed start/stop strategy. For both
cases a distinct trade-off can be observed.
When the EATS target temperature is not reached, the torque
split strategy is oriented to increase the exhaust enthalpy (by
shifting the engine load to a target minimum line) and to prevent
NOx raw emission peaks (by shifting high engine load points
to a target maximum line). The performed variation examines
different charging and discharging target torque lines for the
heating mode. Four different hybrid heating strategies have
been simulated, which are qualitatively shown on the left side

-7 %
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8.4
-5 %

Rural FC* /
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7.9

9.6

8.8

6.9
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7.4

Smart Generator
P0
P0 – eCat
P2 – eCat
* SOC correction
applied

6.8

-1 % -5 %
9.5

9.5

9.1

	Real-word fuel consumption for urban, rural and highway
customer profiles (see Fig. 5 for definition of the customer
profiles)

of Fig. 8. The most aggressive strategy reduces the engine map
area where the P2 machine is not used, while the light strategy
minimizes the support of the electric machine. The optimum
strategy represents the optimal point below a tailpipe NOx emission level of 60 mg/km, while the moderate one is in between the
aggressive and the base strategy. A second round of simulation
has been performed with the same strategies, but delayed use
of the start/stop function. The best results are obtained for the
so-called optimum strategy without delaying the start/stop function. The too aggressive hybrid strategies increase the NOx raw
emissions without sufficiently increasing the EATS temperature,
while the light approach results in a fuel consumption drawback
without reducing the tailpipe NOx emissions.
Finally, the fuel consumption results in real-world mixed operating profiles are shown in Fig. 8. The MHEV concepts achieve
the highest fuel consumption benefit for an urban operating
profile, with -7 percent for a P0 MHEV and -24 percent for the
P2 MHEV. A still substantial benefit of -5 percent for the P0
MHEV and -14 percent for the P2 MHEV can be observed in a
rural operating profile, while in the highway operating profile
the benefit is limited.

Conclusion and Outlook

By
Dr. Joschka Schaub · schaub@fev.com
Dr. Markus Ehrly · ehrly@fev.com
Giuseppe Sammito · sammito_g@fev.com
Paul Muthyala · Institute for Combustion Engines
at RWTH Aachen University, Germany

In order to meet future GHG emission limits, hybridization
technologies must also be considered for the cost-sensitive
light commercial vehicle (LCV). Thereto, FEV has set-up a
demonstrator vehicle to study the challenges and benefits
of an electrified diesel powertrain. The simulation results
show that P0 and P2 MHEV concepts can meet even the
most stringent emission requirements. At the same time,
they have the potential to contribute to achieving future
CO2 targets for fleets. Especially in combination with an
electrically heated catalyst, lowest emissions can be
achieved also in very short distance driving cycles. As a
next step, the demonstrator vehicle will be used to investigate optimized operating strategies including predictive
control approaches. In addition, further optimization
and simplification potentials of the diesel engine and
the exhaust aftertreatment system in combination with
a more strongly electrified powertrain will be analyzed.
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E-FUELS

METHANOL AND HYDROGEN –
CO2-NEUTRAL SYNTHETIC
FUELS FOR HEAVY DUTY AND
LARGE BORE APPLICATIONS

Besides partial or complete electrification of the powertrain, (new) fuels
with zero or low carbon content and potential to be produced from renewable sources come into focus. The suitability of the fuels for efficient
combustion and their storage both in fueling stations and on-board play
a decisive role for the applicability of alternative fuels. Hydrogen as a
zero-carbon fuel offers a vast potential but is quite challenging with
respect to storage and short-term availability. Methanol is the simplest
liquid synthetic fuel and one of the most promising alternative fuels for
shipping, being among the most widely used chemicals.

F

or applications with high power requirements, e.g. in shipping, internal
combustion engines remain the main propulsion system due to the
combination of high power density, high efficiency and relatively low
costs. Both methanol and hydrogen are no novelty for use in internal
combustion engines. Current examples are MAN´s two stroke methanol engines, the Stena Germanica ferry powered by Wärtsilä four stroke methanol
engines as well as KEYOU´s medium duty hydrogen engine.
Both methanol and hydrogen are jointly being investigated by FEV and VKA
(Institute for Combustion Engines at RWTH Aachen University, Germany).
While the methanol engines mentioned above realize diffusive combustion
initiated by a small pilot injection of diesel fuel, Otto cycle applications exist
as well. Therefore, major questions remain. This article summarizes the
evaluation of applications of these fuels by FEV and VKA.

Hydrogen in MD and HD applications
Hydrogen´s key feature unquestionably is its very fast combustion leading
to superior lean burn and EGR tolerance. Hence, the logical layout for a
hydrogen internal combustion engine is lean burn SI.
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 OR APPLICATIONS WITH
F
HIGH POWER REQUIREMENTS INTERNAL
COMBUSTION ENGINES
REMAIN THE MAIN
PROPULSION SYSTEM
DUE TO THE COMBINATION
OF HIGH POWER DENSITY,
HIGH EFFICIENCY AND
RELATIVELY LOW COSTS

Hydrogen has no carbon content. Thus,
HC and soot emissions can only be formed
from partial oil oxidation. For the depicted
relative AFRs, CO and HC concentrations
are ~1 ppm. Hence, those components
can be ignored for aftertreatment layout
considerations. NOx emissions, on the
other hand, are a significant challenge.
The fast and hot burn of hydrogen combined with sufficient oxygen availability
in lean conditions results in a shift of the
NOx peak to rel. AFR = ~1.4 with very high
concentrations. Furthermore, even at relative AFR = 2, significant NOx emissions can
be observed. Therefore, an SCR catalyst
with AdBlue doser is the most realistic
aftertreatment option. An additional oxidation catalyst might be implemented
to control the NO/NO2 ratio.

RS = 1,400 1/min
BMEP = 6 bar
400

Cyl. Displ. ~ 1.3l
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	Raw emissions of a lean burn
hydrogen SI engine in part load
operation and potential exhaust gas
aftertreatment layout
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Fig. 2 depicts results of a load variation
with fully closed waste gate at wide open
throttle (leanest rel. AFR possible). A SPI
medium duty engine with two-stage turbocharger and conventional valve timings
was used for the investigations. At no
point, the relative AFR was enriched to
ensure stable operation.
RS = 1,400 1/min
WOT
WG closed
3.0

Cyl. Displ. ~ 1.3l

rel. AFR / 1

NOx / ppm
Lean burn limit:
determined by TC
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	Load variation on hydrogen
SI medium duty engine with
two stage turbocharging

The effective efficiency peaks at 40 percent. During the entire load sweep, the
NOx emissions remain below 15 ppm.
Managing the tailpipe NOx emissions is
one of the major challenges for the calibration of the engine. An appropriate
tradeoff between engine out NOx emissions and exhaust gas temperatures for
the aftertreatment system is to be found.
Furthermore, due to the high back pressure, this is not the calibration with the
highest efficiency. The maximum effective
efficiency achieved on the medium duty
engine is 43 percent at 1,600 1/min. Finding the ideal trade-off between efficiency
and NOx emissions with the main parameter relative AFR adds another dimension
to the stationary calibration.
The injection system is a key parameter.
A comparison of a port fuel injection (PFI)
and a direct injection (DI) system is shown
in Fig. 3. The simulation results depicted
were obtained with GT-Power. Input of
the combustion for simulation were burn
rates determined with a detailed chemical
kinetic simulation initially developed for
natural gas and modified for hydrogen.
The kinetic model can also be used for

Torque = 1,760 Nm
3.2

p2 / bar

While for hydrogen there is no charge
cooling effect for gaseous injection, the
volumetric efficiency based on the air flow
is increased significantly. Hence, the boost
pressure required is reduced and either
leaner operation or increased specific
loads are possible.
While the shown differences in efficiency
up to relative AFR = 2.2 are minor, the
better lean operability of the DI improves
the potential regarding NOx emissions.
The potential for transient enrichment
(to a certain NOx value) increases due to
the leaner possible stationary rel. AFR.
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Methanol in lean burn large bore
high speed applications
Methanol is more conventional in terms of emissions and can
best be compared with natural gas (NG), the only alternative
fuel in large bore applications that is currently being burned
according to the Otto process.
The main emission components are unburned fuel (in this case
methanol), CO and NOx, while FSN = 0 in all conditions (see
Fig. 4). Besides unburned methanol, formaldehyde as part of
the methanol oxidation chain can also become a major challenge. Since Formaldehyde is quite toxic, the application of an
oxidation catalyst is mandatory. To avoid methanol oxidation
to formaldehyde in the catalyst, the latter must be sufficiently
large to ensure complete oxidation in the lean atmosphere.
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	Benchmark of methanol lean burn
PFI SI compared to natural gas
RS = 1,500 1/min
IMEP = 10 bar
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Considering the NOx emissions with varying rel. AFR in Fig. 8,
NOx aftertreatment for e.g. EU 2015-2193 (MCPD: Medium Size
Combustion Plant Directive) would not be required at this load
when operating with a rel. AFR of 1.7 or leaner.
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	Raw emissions in a part load operating
point of a large bore lean burn SI methanol engine
for high speed applications and potential exhaust
gas aftertreatment system layout

24

The scatterband depicted in Fig. 5 for natural gas engines with
open combustion chamber consists of manufacturer data that
includes up to 5 percent fuel tolerance according to ISO 3046/1.
This tolerance hence is also applied to the results obtained with
methanol (stars depict the range).
The effective efficiency for natural gas engines peaks at ~45
percent in the 5 liter cylinder displacement class (bore diameter ~170 mm). When comparing the resulting efficiencies with
methanol, the efficiency is at the top of the chart regardless of
the fuel tolerance (prediction based on single cylinder engine test
results without further optimization of the combustion system).

E-Fuels

For smaller heavy duty and medium duty
engines, stochiometric EGR SI combustion of methanol is attractive in terms of
the aftertreatment system layout as well
as engine efficiency (minor drawbacks
compared to lean burn). Additional tanks
for AdBlue can be avoided due to TWC
application. Cold starting on methanol is
however a major challenge that leads to
slight increases of the overall simplified
engine complexity.

Diffusive Methanol
combustion with pilot diesel
injection support
Due to the liquid state, methanol qualifies
also for high pressure direct injection.
This enables diffusive combustion. Since
methanol requires higher temperatures
for autoignition compared to diesel, either
increased compression (with drawbacks
in terms of NOx emissions and load range)
or ignition support like e.g. pilot diesel
injection are required. To ensure ignition
also in cold start conditions, pilot diesel
injection support is the most attractive option. This however requires direct injection
of two fuels – dual direct injection (DDI).
Fig. 6 depicts the phases of DDI CI methanol combustion with one possible layout
of the combustion chamber. More beneficial layouts would introduce the pilot
fuel and the methanol both in the central
position either with a dual fuel injector or
with two injectors.
Initially, a diesel pilot injection is performed shortly before TDC. Once the spray
plumes are starting the ignition process,
the main methanol injection is started.
The methanol spray plumes in the area
of the diesel combustion ignite first and
raise temperature and pressure to subsequently lead to ignition and combustion
of all methanol spray plumes.
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	Phases, raw emissions and aftertreatment layout for methanol DDI CI

As a diffusive concept, the engine behavior is very similar to a
standard diesel engine besides the increase in system complexity
(See Fig. 6). Soot emissions can be neglected with methanol
(FSN = 0). Mostly due to the evaporative cooling, the combustion
peak temperatures are reduced in methanol operation leading
to a distinct reduction of the NOx emissions, in this case up to
~50 percent. Furthermore, the maximum indicated efficiency
achieved is above 50 percent due to the overall faster heat
release and lower combustion temperatures.
Besides the different fuel injection systems, the overall engine
layout can remain mostly unchanged. Adaptions of the turbocharger, as required for spark ignition operation, are not
mandatory. The exhaust gas temperatures are slightly lower.
The aftertreatment system layout comprises an SCR catalyst
possibly with the addition of a small oxidation catalyst. The
SCR system can be taken over from the diesel engine and be
operated with less AdBlue feed.

The DDI CI concept offers the advantages of a diesel engine
in terms of load response and efficiency while improving the
drawbacks regarding soot and NOx emissions. Especially as a
retrofit for larger engines, this is an attractive alternative to the
concepts shown before.

Von
Arne Güdden, Institute for Combustion
Engines at RWTH Aachen University, Germany
Benedikt Heuser · heuser@fev.com

The methanol results shown in this study were obtained in a project which
was funded by the “Bundesministerium für Wirtschaft und Energie”, Germany.
The content of this paper is in the authors’ responsibility.
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Summarizing assessment of methanol
and hydrogen combustion systems
for heavy duty and large bore engine
applications
Fig. 7 shows a summary matrix for methanol and hydrogen
combustion systems for heavy duty and large bore engine
applications. The basis for the respective comparison is the
corresponding similarly sized diesel engine.
Methanol DDI CI offers higher efficiencies with an improved
emission characteristic. The price to pay is an increase in engine complexity especially regarding the fuel injection system. If
methanol from renewable sources is used and accounted for,
the CO2 reduction can amount to about 97 percent, the residual
fraction is due to the diesel pilot injection.

aftertreatment system relying on a TWC only. For PFI engines,
cold starting remains a major challenge. In comparison, lean
burn SI combustion enables higher peak efficiencies with further
simplified aftertreatment (due to the different sector). The
resulting CO2 reduction amounts to up to 7 percent or about
99 percent for methanol from renewable sources.
Compared to conventional diesel engines, the efficiency of
hydrogen lean SI combustion is slightly lower. The aftertreatment system with only an SCR catalyst (and a small Oxidation
catalyst for NO2/NO ratio) is less complex. CO2 reduction is by
far superior to all concepts due to the absence of carbon in the
fuel, achieving almost zero CO2 engine out. Due to the critical
infrastructural requirements, hydrogen currently qualifies best
for heavy duty applications since the EU CO2 targets are based
on tank to wheel considerations.

Premixed stochiometric methanol combustion with EGR is
slightly less efficient at worsened transient response (as for
all following premixed systems). The major advantage is the
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PFI

Hydrogen
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	Assessment of methanol and hydrogen combustion systems for
heavy duty and large bore engine applications
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PFI: Port Fuel Injection, DI: Direct Injection
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INTERVIEW

Dr. Norbert W. Alt,
Chief Operating Officer (COO)
and Executive Vice President,
FEV Group

Interview

E-CAR OR E-FUELS:
WE NEED BOTH!
IN CONVERSATION WITH
DR. NORBERT W. ALT,
CHIEF OPERATING OFFICER
(COO) AND EXECUTIVE VICE
PRESIDENT, FEV GROUP
More and more voices are being raised in the current debate on
the transport revolution, pointing out that the climate targets for
the transport sector cannot be achieved with e-mobility alone. As
a supplement, e-fuels are being brought into play, which will also
give conventional combustion engines a CO2-neutral perspective.
We have discussed this in an interview with an expert in vehicle
development: Dr. Norbert W. Alt, Chief Operating Officer (COO) and
Executive Vice President, FEV Group.

Mr. Alt, what role do you think e-fuels
can play in climate protection?
Dr. Norbert W. Alt: To achieve the climate protection targets, we need
electric mobility. This is a very important component. But we have
created simulations here and calculated everything: Even if every second newly registered car from today on were an electric car, we would
not achieve the climate protection targets of 2050. We need e-fuels to
complement that.

What about the conventional fuels we use today?
Dr. Norbert W. Alt: We have to move away from fossil fuels completely
by 2040 if we want to achieve the Paris climate protection targets for
2030 and 2050. We say: We simply leave the oil in the ground. e-fuels
must play an important complementary role to electric mobility. We
certainly see e-fuels in cars as well. There will never be an large airplane
flying with a battery, but in the automotive sector, electromobility is
now the increasingly popular drive solution, but it should be supplemented by e-fuels.
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Dr. Norbert W. Alt, Chief Operating Officer (COO)
and Executive Vice President, FEV Group.

What do you think are the
advantages of e-fuels?

Also the price is often cited by critics ...

Dr. Norbert W. Alt: Many e-fuels are backwards compatible and
can be mixed with conventional fuels. This is a huge advantage
for motorists: even people who drive an old vehicle and not
yet a modern electric or hybrid car can drive a CO2-free car.
The production and use of e-fuels is virtually greenhouse gas
neutral. However, effective nationwide deployment of e-fuels
can only be achieved if the political course is set accordingly.

And the disadvantages?
Dr. Norbert W. Alt: Critics of e-fuels often mention the efficiency. They say that a car with an internal combustion engine
and e-fuels – from fuel production to the wheel – would use
five to six times more energy than an e-car. However, it must
be remembered that even an electric car does not always drive
under ideal conditions, and the efficiency factor must be calculated more realistically: If I drive an electric car in winter with
the seat heating on, the range is quickly reduced.
In order to compare the efficiencies fairly, you
should keep that in mind. With a modern electric
car, the difference between the efficiencies is still
2 to 2.5 – on really cold and dark days, this factor
quickly drops well below 2.

Dr. Norbert W. Alt: At present, e-fuels would still be more expensive than conventional fossil fuels, but we need to get away
from them. However, the price at the fuel pump is something
that is primarily determined politically: Taxes account for the
largest share of the final price for the consumer. It is a set screw
that you can turn.

How does Germany compare
internationally in research on e-fuels?
Dr. Norbert W. Alt: Research on CO2-neutral fuels has been
conducted at RWTH Aachen University for more than 20 years.
It's all about questions such as: What properties must a fuel
have so that I can blend it? What does this mean for the engine?
The Aachen location is a central research centre in Europe for
these questions. In terms of research, we are already very far
ahead – and one of the leaders worldwide, among those who
are particularly involved with e-fuels.

 HE IDEAL SOLUTION IS TO
T
EQUIP THE ELECTRIC CAR WITH A
SO-CALLED “SERIAL-PARALLEL
HYBRID” WITH E-FUEL
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 E NEED TO GET
W
AWAY FROM FOSSILE
FUELS COMPLETELY

The interview was
conducted with
futurefuels.blog

In which other countries is interest high?
Dr. Norbert W. Alt: I'm talking to a lot of people and see a change in thinking. Saudi Arabia
has also understood that its future no longer lies in fossil fuels, but in renewable energy and
future technologies such as e-fuels.

Why can't we fill up with e-fuels yet?
Dr. Norbert W. Alt: Every time I pass a gas station in Germany, I am saddened by the fact
that it is not yet possible to fill up with e-fuels. Research is ready, demonstration plants
already exist. The ball is in the politicians' court here: in order for e-fuels to be available to
normal consumers, billions would have to be invested in production plants, but this would
be worthwhile in view of Germany's climate targets. Politics would have to, for example,
make the quotas of e-fuels mandatory or create financial incentives.

Where could the plants be located in the future and
where could e-fuels be produced?
Dr. Norbert W. Alt: There is enough sunshine in the MENA region, for example (the region
from the Middle East to North Africa), to supply the entire world with solar energy. This
would be an ideal location for e-fuels production facilities.

So, electric mobility plus e-fuels?
Dr. Norbert W. Alt: I drive an electric car myself and know the fear of every driver that the
range is not sufficient. This fear fades away with growing experience and driving an electric
car is great fun! But when it comes to long journeys, hybrid solutions come into play. For
longer distances, liquid fuels with their enormous energy density are particularly suitable.
The ideal solution is to combine the electric car with e-fuels for the long-distance motorway
journey, i.e. to equip electric cars with a so-called 'serial-parallel hybrid' with e-fuel instead
of very large batteries, which are expensive and heavy. But from fossil fuels we need to get
away completely.

Final question: How do you evaluate the current
proposals of the EU Commission on EU7?
Dr. Norbert W. Alt: Unfortunately, these proposals did not take sufficient account of the
assessments of the technical experts. The current proposal cannot be implemented, especially not the requirement of extremely low emission values under all boundary conditions,
such as short distance and cold operation. It remains to be hoped that the EU will develop a
new proposal with the involvement of experts, which is also technically feasible. In addition,
experts question whether this next step from EU6d to EU7 will have a significant effect on
real air quality. Laws for e-fuel quotas for CO2 reduction would be much more effective for
climate and environment.
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E-ROCH

MODULAR AND SCALABLE:
ELECTRIFIED ROLLING CHASSIS DELIVERS
DEVELOPMENT BENEFITS

E-ROCH

A

engineering effort or budget investment for the development
of a functionally ready platform, which accommodates several
vehicle segment applications thanks to its modular design,
customers will profit from cost savings of up to 30 percent and
a saving in time-to-market up to 40 percent when compared
to conventional vehicle development process (See figure 2).

With the idea of creating a modular electric vehicle platform
that reduces the development time and cost for vehicle manufacturers and covers most of the vehicle segment applications
FEV E-roch concept was formed. By canceling the need for

Due to the advantages stated above, the current e-mobility
industry offers several rolling chassis platforms of different
scalability and flexibility equipped with latest systems and
component technology. When establishing the core idea of
modularity in platform, comprehensive benchmark studies
among market applications and future projections have been
done in order to clearly identify the dimensional boundaries
and technical targets. The derivation of the overall competences
of the platform and the properties of FEV’s first digital concept
can be seen in figure 3.

s the global demand for clean mobility solutions
increases rapidly, the development cost and time for
electric vehicles have become of greater importance
for carmakers (See figure 1). Furthermore, the new
dynamics of market environment mandate the manufacturers
to come up with flexible and adaptable solutions rather than
fixed vehicle structures. Therefore, the trend in the automotive
world has shifted to development of vehicle platforms which
are basically the underbody structures instead of development
of full vehicles with top hats. This new strategy gives the manufacturers the flexibility to use the same platform with different
bodies according to market demands.

EFFICIENT

MODULAR

LIGHTWEIGHT

29.8

15.8

15.6

27 %
27 %
1%

EUROPE
Fuel Cell (FCEV)
Full Hybrid (HEV)

8%
1%

USA
Battery Electric (BEV)
Mild Hybrid (MHEV)

SAFE

INTELLIGENT

After alignment of platform targets with the market requirements
the resulting concept offers a scalability range from B to E segment passenger cars and also compact SUVs and compact LCVs.
This modularity is realized with the help of flexible chassis
dimensions and an innovative suspension system providing
height control ability. Another unique application made possible with this platform is the compact light commercial vehicle
option which is currently overlooked by competitor platforms
currently in the market.

2%

CHINA
Plug-In Hybrid (PHEV)
Stop/Start

	Passenger car powertrain type forecast for 2030 in million units
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2 YEARS
UPPER BODY

Top Hat Development
Vehicle Calibration &
Testing Activities

3.5 YEARS
UNDER BODY

Platform Development (Rolling chassis)
Development time
2 YEARS

Time Saved

Top Hat Development

UPPER BODY

Vehicle Calibration &
Testing Activities

3.5 YEARS
UNDER BODY (READY)

Platform Development (Rolling chassis)

Less engineering effort
+ Faster development
+ Cost reduction: ~ 30 %
+ Time to market: ~ 40 % reduced

	Motivation of FEV E-roch

A flexible approach was maintained for the design of the powertrain and battery as well, making sure that the power requirements of different segments were fulfilled and a driving range
of up to 500 km was achieved.
With this understanding, FEV E-roch can be equipped with a
single e-motor of 150 kW power output laying out a compact B
segment FWD application for intercity purposes. It can also be
configured as a compact AWD SUV equipped with two e-motors
summing up to power output of 300 kW.

E-roch platform features
PARAMETER

Specifications of FEV’s first digital concept/D segment
UNIT

Vehicle Segment
Wheelbase

Covering the state-of-the-art platform technologies and adding
unique features, the following characteristics of FEV E-roch can
be highlighted as follows:
 Modularity in ground clearance, wheelbase and trackwidth
 Ultra-flat and modular battery concept
 Integrated E/E architecture
 ADAS SAE level 3 or 4 compatibility
 Steer by wire
 Lightweight chassis
 Applicable for RWD, FWD and AWD

mm

Material
Drive System

VALUE

PARAMETER

UNIT

VALUE

B – E, SUV, LCV

Range WLTP

km

500 km (92 kWh battery)

2,650 – 3,250

Wheelbase

mm

2,950

High strength steel,
reinforced aluminum

Track width

mm

1,585

Ground clearance

mm

145

Weight

kg

2,250 [GVW: 2,850]

Frontal area

m²

1,99

kWh/100km

18,,8

m

11,7

km/h

215

s

10,5

RWD / FWD / AWD

Battery Pack Capacity

kWh

72 / 92 / 110

Electric Drive Unit
Power Output

kW

Up to 300 kW / 2* 150 kW

Energy consumption
Turning cycle
Maximum speed

	Technical data
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Acc. perf. 0-100 km/h

E-ROCH

h1
h1

h2
h2

	High degree of modularity
in platform size,
battery energy and power

As weight being one of the most important topics in the e-mobility market, an ultra-flat battery concept stands out as the
most convenient solution. Thanks to dedicated cooperation
with partners, the lightest battery packs providing more than
satisfactory driving ranges are implemented in E-roch. Detailed
power consumption analyses have determined the required
energy capacities for each targeted vehicle segments as 72
kWh, 92 kWh and 110 kWh.
The high degree of modularity in platform size and battery
energy is depicted in figure 4.
As the vehicle requirements vary from segment to segment
and between different applications, the modularity of the
xCU features is of utmost importance considering the
following aspects:
 Modular function architectures
 Easily customizable for different
xEV-applications and topologies
 AUTOSAR based software architecture
 Basic software and hardware
independence
E/E Architecture of vehicles is getting more
complex with integration and implementation of new features. Firstly, customers
request to customize their vehicles through
optional features and OEMs need to take control of optional software changes on the vehicle
without investing high amount of development
budget. Secondly, supply chains are growing larger
to support complex E/E features.

 ITH THE E-ROCH
W
CONCEPT FEV OFFERS A
MODULAR ELECTRIC
VEHICLE PLATFORM THAT
REDUCES THE DEVELOPMENT
TIME AND COST FOR
VEHICLE MANUFACTURERS
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Advanced and
bigger supply
chains need more
time to implement new
design changes. Finally,
the number of ECUs in
the vehicle increases
due to the implementation of new features.
OEMs request to consolidate ECUs to decrease
the number of control
units, but this generates
new issues such as safety
concerns and requirements for
powerful hardware.
In the E-roch project, FEV will solve customization and consolidation problems with new Integrated E/E architecture (see figure 5). One aspect is to allow OEMs
to implement optional features with minimum cost and time.
Another aspect is to consolidate functions to use the minimum
hardware with cloud computing support.

MCU

Furthermore, advanced driving assistance systems (ADAS) SAE
level 3 is targeted with FEV E-roch as a starting point supported
with compatible infrastructure for coming SAE level 4 functions.
With the requirement of ability to manipulate the driving inputs,
all-by-wire steering technology is an indispansible part of E-roch’s
key ADAS elements.
E-roch has a wide variety of functions, which include, but are not
limited to, Active Emergency Breaking (AEBS) with Vulnerable
Road User detection (VRU), Cruise Control (CC), Adaptive Cruise
Control (ACC) with Stop & Go, Energy Predictive Cruise Control
(PCC), Cross Traffic Alert (CTA, both front and rear), Type I, II, III
Blind Spot Detection (BSD), Active Lane Keep Assistant (ALKA),
Lane Change Assistant (LCA), Valet Parking and Intelligent Speed
Assist (ISA).
Full software ready for SoP will allow OEMs to quickly start-up
with ADAS systems with a wide range of actuators and sensors
already prepared for the platform. The modular software architecture, implemented on a dedicated ADAS ECU, is the key to
re-configuration; the same chassis and hardware can be used
on different models with different ADAS functions activated.

BMS

VCU

Voltage Control

Current Control

Field Orient.
Control

Cooling

Cell Supervising

I/O Handling

Electric Supply
System

Desired Charge
Power

Derating
Function

Failure Handling

Error / Failure
Manager

Protection Class

Relay Control

Torque Manager

Operational
Strategy

Driver
Interpretation

Temp. Model
(Rotor / Stator)

Active Damping

SOC, SOH

Temperature
Measurement

System
Constraints

Error / Failure
Manager

Drivability Filter

Current Measurement

Pre-Charge Contactor

Vehicle Status

Creep Torque

Cruise Control

HMI
Communication

DC/DC-Control

Thermal
Management

Regenerative
Braking

Active Damping

Desired Gears

Charger
Voltage Measurement

Current Measurement

SOH, SOC

Thermal Management

Axle Torque Split

BCU
ESC
ABS

Powertrain Torque Lim.

DC / DC
Buck Mode

Voltage Control

Current Control

Boost Mode

Error / Failure
Man.

Derating
Function

	Function partitioning for battery electric vehicle, functions and
allocation off control units (simplified example)
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E-ROCH

In addition to modular structure of
the chassis frame, lightweight design is also what makes E-roch stand
out. All platforms on the market are
manufactured either from steel or
from a combination of steel and aluminum, whereas E-roch is designed
to be manufactured from reinforced
aluminum offering similar durability
as steel but with much less weight
while having similar cost compared
to conventional aluminum.
The integrity of the chassis frame
in terms of durability and safety
requirements was ensured thanks
to specially developed CAE methodology. This methodology makes
it possible to analyze the chassis
durability performance for all possible vehicle segment applications.

Project partners
Turning such a concept into reality inevitably requires industry support,
especially when it comes to implementing state of the art system and
component solutions. With this understanding, strong relations have been
formed with leading corporations in the automotive parts supply market,
which then transformed into solid partnerships. Continental Engineering
Services, Gamma Alloys, DANA TM4, Tenneco Monroe have shared mutual
enthusiasm in the concept and agreed to participate in this project (See
figure 6).
 DANA TM4 provides the heart of E-roch’s electric powertrain. The
company’s 150 kW electric drive unit will energize the rolling chassis.
 Continental Engineering Services (CES) has joined the team with
their expertise in the areas of brake systems, ADAS & safety, body and
infotainment systems.
 Monroe Tenneco takes the responsibility of suspension systems
of E-roch with their latest technology products realizing one of the
major features of the platform; ground clearance modularity.
 Gamma Alloys works on advanced material technology and is
responsible for manufacturing the chassis frame. With our partner’s
valuable support, a 2.7 times lighter frame design has been achieved
while meeting structural integrity and NVH requirements.

Project management &
engineering

Main partner/chassis &
electrification systems

EDU, mounts &
drive shafts

Suspension system

Frame manufacturer
Boeing Horizon X investment in
advanced material technology

From my point of view, not only the modular and scalable electric rolling
chassis platform in hardware as well as software, but also the comprehensive
benchmarking and investigation of available and future technologies creating
efficient engineering methodologies for fast to market OEM solutions is crucial
for the automotive industry. We have developed these methodologies during
the FEV E-roch program and I would like to thank our enthusiastic teams
and partners for their commitment to drive future mobility solutions.
Dr. Taner Göçmez, Vice President FEV Asia GmbH, Managing Director FEV
Turkey and Global Vice President FEV Software and Testing Solutions
By
Baran Cantepe · cantepe@fev.com, Engin Çotur · cotur@fev.com
Dr. Murat Demirci · demirci_m@fev.com, Dr. Selim Yannier · yannier@fev.com
Mehmet Ali Gözüküçük · gozukucuk@fev.com
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MOBILITY CONNECTS PEOPLE.
PEOPLE SHAPE MOBILITY.
With over 6,700 employees around the globe, we develop revolutionary and efficient drive
systems, we cross-link vehicles with each other and their surroundings, and we strive to make
our lives safer using intelligent systems. We need the right people at the right place to do so.
People who turn visions into reality – who think outside the box and promote innovation.
People who are ready to push the envelope. Are you ready?

JOIN THE FEV TE AM
www.fev.com/careers
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XiL

FEV'S MODERN
X-IN-THE-LOOP-TEST BENCHES
FOR HYBRID POWERTRAINS

XiL

Road Driving
Chassis Dyno

Real Drive

The complexity of today's powertrains is so high that it
would not have been possible to design and manufacture
them 20 years ago. Due to much more efficient simulation
techniques that are available today, this technological leap
became possible at affordable costs and within acceptable
timelines. Especially for hybrid powertrains, for example,
not only the combustion engine has to be developed but
also the battery, the electric motor, and the integration of
all relevant components must be considered. This high
level of complexity also has a significant impact on the
calibration operations. These account for a majority of the
development costs which are exponentially growing. On top
of the increasing powertrain complexity, new requirements
defined by evolving emission legislations further intensify
the challenges to be accomplished within the calibration
process. The introduction of the RDE procedure as part of
the new WLTP standard significantly extends the boundary
conditions and vehicle operating areas to be tested and
validated for legal compliance. The combination of stricter
legal requirements and even more complex powertrain
topologies leads to a high number of required tests in
different scenarios and thus the need of a high number of
prototype vehicles and test resources.

T

o overcome these challenges, frontloading of development tasks in early phases of the vehicle development
process is required in order to evaluate the impact of
powertrain components on the system behavior at
the vehicle level. Therefore, dynamic component test benches,
which can be extended by real-time co-simulation platforms,
become necessary. Furthermore, the reduction of available
prototype vehicles forces the shift of test operations into a
simulative environment even more. With this approach, it is
possible to evaluate different powertrain architectures early
on, in order to select the most efficient one, carry and sort out
engine and vehicle validations without the need for a prototype
vehicle, and even simulate test conditions at high altitude and
extreme temperatures.
FEV has developed simulation methodologies supporting the
calibration process, so called “virtual calibration methods”.
They are part of a continuous process (Figure 1), ranging from
the design stages (purely virtual) to road tests (fully real). In this
process, the various components of a vehicle – combustion
engine, ECU (Engine Control Unit), transmission, TCU (Transmission Control Unit), drivetrain, vehicle, driver, road profile
and environment – are completely modelled and simulated in
the Model-in-the-Loop (MiL) design phases. Going through the
process, the actual components becoming available replace
the models, with the final validation stage on road using the
complete vehicle.

ECU + Engine + TCU + Transmission + Driveline + Vehicle + Road + Environment
ECU + Engine + TCU + Transmission + Driveline + Vehicle (+ Driver)
ECU + Engine + TCU + Transmission + Driveline

Powertrain Rig

ECU + Engine + TCU + Transmission

EiL
HiL
HiL

Simulation

Powertrain Rig

ECU + Engine
ECU

(Driver +) Road + Environment

Driveline + Vehicle + Driver + Road + Environment

TCU + Transmission + Driveline + Vehicle + Driver + Road + Environment

Engine + TCU + Transmission + Driveline + Vehicle + Driver + Road + Environment
ECU + Engine + TCU + Transmission + Driveline + Vehicle + Driver + Road + Environment
HiL

Components

Models

	Definition and differentiation of the share between real and virtual vehicle components for various XiL test scenarios
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 Example of an Engine-in-the-Loop test bench

At the junction between the design and validation processes,
the XiL test benches (X-in-the-Loop – Figure 2) are a key tool for
the deployment of virtual calibration methods. These methods
consist of highly dynamic, sophisticated test benches, testing an
actual component (engine, battery, electric motor, powertrain
etc.) connected to virtual components. This setup allows an
extensive calibration of the ‘specimen’ directly on an appropriated test bench from the early stages of development, even
if certain components of the vehicle are not yet available. With
this advantage, the resulting RDE capability of the complete
system can already be evaluated e.g. following the engine’s base
calibration phase. Especially, the identification and definition
of a suitable exhaust aftertreatment setup can be supported
by Engine-in-the-Loop (EiL) approaches, reducing the risk of
high costs resulting from required hardware changes at later
development stages in consideration of real test vehicles.
Besides the advantage of testing single components in a complete
virtual vehicle setup, the XiL test bench approaches offer the
ability to accurately and reproducibly measure the components’
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behaviour and the mutual influence with other vehicle components. The laboratory environment allows the usage of stationary,
highly accurate measurement systems and component conditioning. Therefore, detailed analyses of simulated driving cycle
impacts on battery SOC or tailpipe emissions can be conducted,
while not having to consider ambient disturbances like traffic
or inaccuracies of portable emission measurement systems.
Hence, in a XiL bench, the virtual and the real world come
together to create a collaborative system. xCAR, which is FEV’s
real-time vehicle co-simulation application based on FEV’s
xMOD framework, allows these worlds to communicate with
each other. xCAR receives the measurements from the test
bench via the automation system and transmits the simulated
instructions to the bench. For example, in the case of an EiL test
bench setup, the automation system sends the engine brake
torque measurement signal to xCAR, which then returns the
pedal and speed instructions for controlling the engine based
on the applied models.

XiL

On the bench, the specimen operates by definition in real-time.
This indicates that the virtual components must be in tune with
the unit under test. Different aspects of signal delay have to be
considered when exchanging signals via different systems. A delay
may result directly at the measurement position from a sensor
recording and processing the value of interest with a time lag.
This already delayed signal is then used for a calculation of a
control value, which might be even further delayed if the model is
not capable of computing with
a high frequency. Finally, the
control values have to be sent
back to the physical actuators,
whose effect can then again
only be registered with a time
delay. The higher the latencies
between the signal detection
and the resulting actuation, the
lower the quality of the complete control process.

Subsequently to parameterization and evaluation of the prepared
and applied models in a MiL environment, the connection to
the corresponding XiL test bench is established by activating
the corresponding XiL protocols and configurations. To achieve
this, all links for signal exchanges between automation system
and co-simulation are established. In addition to torque, speed
and pedal position signals, which are directly used as inputs
and outputs for the co-simulation, additional signals need
to be transferred to control the
residual bus simulation and test
bench automation system. Information about vehicle speed (if
using an EiL use case) and the
gear number are crucial for the
correct signal interpretation of
the ECU to achieve the expected output (e.g. pedal map). The
XiL use cases would only have
limited added value in terms of
the calibration process if the ECU
and engine did not act like in real
world conditions. In addition, signals for the test bench actuation are required to be transferred.
For example, an actuation of a physical clutch between engine
and dyno might be needed to enable a start-stop operation when
allowed by the boundary conditions set by the co-simulation.

 IGHER COMPLEXITY
H
AND STRICTER LEGAL
REQUIREMENTS LEAD TO
AN INCREASING NUMBER
OF NECESSARY DIFFERENT
TEST SCENARIOS AND
A GROWING NEED FOR
RESOURCES

For the adequate substitution
of vehicle calibration tasks on
XiL test benches, the signal latencies have to be reduced to a
minimum. For calibration of e.g. drivability topics, the system’s
reaction must be as dynamic as in the real vehicle. Low response
times for tip-in or tip-out manoeuvres would corrupt the calibration of smoothness filters as well as resulting emissions and
states of the exhaust aftertreatment system. That would require
major reworks in the test vehicle, thus reducing the benefits XiL
approaches can provide. For sufficient real-time capability, the
co-simulation platform presented has the ability to run simulation
models faster than other systems in the market.

The xCAR XiL application offers a model structure describing the
entire vehicle for any type of powertrain, with e.g. an engine block,
a battery block, an electrical block, a vehicle block, a transmission block, an energy management system block and a driver
block. The interface (Fig. 3) has been created to be used not only

	Example of interface for EiL
application scenarios

43

02 TECHNICAL DEVELOPMENT MADE BY FEV

by simulation specialists but also by calibration engineers and
test bench operators. In this user-friendly interface, the needed
architecture can be easily selected – combustion engine, hybrid
or electric motor. It enables an online modification of the parameters for each component (gearbox, brakes, wheels, vehicle
etc.) as well as importing customized RDE cycles (diagram 4).

Additionally, a vehicle speed profile preview is added to the
driver model to predict the impact of the upcoming trace. Here,
the focus of the controller shares is on the acceleration trace,
using the velocity trace only to correct slight offsets resulting
from inaccuracies while following the acceleration trajectory.
This is particularly an advantage for dynamic driving profiles.

With all communication links established and the models tuned
for the specific use case, the resulting high level of reproducibility in the laboratory environment provides a major benefit
of XiL test benches. In comparison with road tests, the results
provided from one test to another show up highest degrees of
repeatability. Diagram 5 exemplarily shows the quality of a PiL
(Powertrain-in-the-Loop) test scenario with regard to reproduction of speed profiles in contrast to the real-world behaviour.

Comparing the reproduction of the target vehicle speed trace on a
PiL test bench (red) and on a test track in the real vehicle (green),
the accuracy and the advantages of the driver model becomes
visible (diagram 5). Due to the parametrization and preview
capabilities, the driver model can follow the target vehicle speed
with a higher precision than a human driver (diagram 6). This
can be even observed with a smoother pedal actuation. Except
for the drive-off (5310 s, diagram 5) with the high influence of
the clutch and the different times of gear shifting (resulting from
the differences in the accelerator pedal actuation), the engine
speed traces of PiL and real vehicle match exactly. It is obvious
from the resulting engine torque traces that the influence of the
virtual components on the simulated driving resistances also
corresponds to the influences during a real drive.

The driver model used is based on a PID controller with preview
capabilities and has also knowledge about the vehicle architecture. It adjusts the required pedal position accordingly to a
reference vehicle speed and acceleration profile. Hence, previous
measurements of the cycle to be driven are not required for
pedal actuation. For parametrizing, the P and I shares for brake
and acceleration pedal actuation can be modified separately.

	Main interface of FEV xCAR
co-simulation platform
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XiL

Vehicle Speed / kph

Gear / -

Vehicle Speed Ref
Vehicle Speed PiL
Vehicle Speed Testtrack
Cear PiL
Gear Testtrack

Accelerator Pedal Position PiL
Accelerator Pedal Position Testtrack

Pedal / %

With the ability to reproduce real world
behaviour of single components by
simulating the residual system in a
virtual environment, a high potential
for the substitution of vehicle tests is
provided. The high level of reproduction accuracy and the high efficiency of
test bench testing offer a valuable platform for the development process. With
high computing and signal exchange
frequencies as well as low latencies,
calibration tasks can be shifted from
road to rig and thus reduce the number
of required prototype vehicles. With
the initial setup of XiL benches and
powerful tools to transfer and control
the configurations, a time and cost saving approach has been demonstrated.

Engine Speed / rpm
Engine Speed PiL
Engine Speed Testtrack

RDE Test Time / s

	Comparison of real world driving behaviour to PiL test bench environment
Vehicle Speed / kph
Testtrack
PiL
Ref

Vehicle Speed Deviation / kph
Testtrack
PiL

Accumulated Absolute Speed Error / kph
Testtrack
PiL

RDE Test Time / s

	Comparison of vehicle speed deviation of PiL
to human driver over complete RDE test
By
Régis De Bonnaventure · bonnaventure@fev.com
Walid Baroud · baroud@fev.com
Kevin Kluge · kluge_k@fev.com
Sascha Krysmon, Institute for Combustion
Engines at RWTH Aachen University, Germany
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03 NEWS

CONFERENCE

EU “GREEN DEAL” WILL FAIL TO
ACHIEVE PARIS CLIMATE TARGETS
2050 IN TRANSPORT

CONFERENCE

In order to achieve the CO2 targets of the Paris 2050
climate protection agreement, a sustainable mobility strategy should rely on three pillars of drive
solutions: battery electric drives, hydrogen in fuel
cells and internal combustion engines, and e-fuels,
especially for existing fleets in the coming decades.
FEV advocated this approach at its international
conference "Zero CO2 Mobility" in November 2020.

B

attery electric drives are considered to have a
high impact in terms of achieving the targets.
In his welcoming speech at this year's digital
"Zero CO2 Mobility” conference" of FEV, Dr.
Alt pointed out that within a period of four years the
availability of battery electric vehicles has increased
significantly. Vehicle manufacturers would make their
contribution to e-mobility and launch a variety of corresponding models on the market. At the same time,
numerous efforts are concentrating on the charging infrastructure, which is currently still considered a limiting
factor, especially in cities and urban agglomerations,
due to the number of rapid charging stations. But is
the claim to be able to complete a charging process
as quickly as a visit to the filling station justified? Dr.
Alt cited the pyramid-shaped charging concept of an
energy supplier, which distinguishes between stop-tocharge (rapid charging stations from 50 kW) as peak
demand, park-to-charge (3.7 to 11 kW) in the middle
of the range and finally charging-at-home/at-work
(from 2.3 kW) as an important contribution to charging
electric vehicles.
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On average, vehicles in Germany park for more than 23 hours a
day - so "charge as fast as necessary" has to come before "charge
as fast as possible". The EU assumes that the issue of "inner-city
charging infrastructure" will be solved by 2030 at the latest.
As a second pillar on the road to success in achieving the CO2
targets, various lectures presented the current state of development of fuel cells using regenerative hydrogen. It was argued
that the fuel cell should not only be used in heavy duty applications, but also to a large extent in passenger cars, just to make
the production quantities and thus the costs more attractive.
OEMs are already making H2 fuel cell vehicles available today,
and volume models for private transport are expected to be
available from 2030 at the latest. Other presentations reported
on the use of hydrogen in internal combustion engines, which
only produce minimal nitrogen oxide and CO2 emissions. The
hydrogen internal combustion engine can be brought to market
much faster and therefore represents a bridging technology for
CO2-free driving with hydrogen. Dr. Alt then addressed the task
to industry and politics to further accelerate and promote the
broad availability of hydrogen-powered vehicles.

Association of the Automotive Industry), also equate the EU7
Commission targets with a ban on vehicles with combustion
engines from 2025. This would lead in the wrong direction
against the background of the CO2 effect, when using e-fuels in
existing fleets and would prevent the use of all available technical potentials. Other scientific contributions reported that such
EU7 legislation would not contribute to improving air quality.
Conclusion: Electric vehicles will make up a substantial part of
mobility. This will be complemented by the use of hydrogen in
fuel cells and combustion engines. In addition, the use of e-fuels
is essential and necessary as soon as possible to reduce CO2
emissions over the existing fleets for the next decades. However,
this can only be achieved if the political course is set accordingly.
One goal-oriented scenario would be the introduction of e-fuel
quotas, including a ban on fossil fuels.

The third component for climate-neutral mobility in the future which is missing in EU policy - is the significantly increased use
of e-fuels in combustion engines. In this context, Alt emphasized
the essential effect of "backwards compatibility" as the key
argument. E-fuels can be used in existing fleets over the next
few decades and therefore make an indispensable contribution
to achieving climate targets. This is supported by a look at the
statistics: in 2019, for example, over 50 percent of vehicles in
Europe were more than eleven years old. The current global
stock of passenger cars and light commercial vehicles amounts
to approximately 1.3 billion.
Alt raised the question of appropriate EU regulations regarding
e-fuels on the one hand and emissions on the other. The recently
announced EU demands regarding EU7 would practically ban
the combustion engine as early as 2025. Representatives of
the European automotive industry, including the VDA (German

Wich powertrain do you
expect being dominat in
European car sales in 2030?

BEV
PHEV
FCEV
HEV
Conventional
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Business potential by
powertrain in passenger
cars

35.2

2040

23.0
16.7
10.9

Total business in billion Euro per year

Fuel cell

Hydrogen

Battery

We require all technical
options to achieve our

ZERO EMISSION

2050's

No pollutant and CO2
emission without range
anxiety for customers

10,000,000 TB

ambition of realizing
climate neutral mobility

of data per month is transferred between
vehicles and back-ends globally by 2025

3–4 Minutes
REFUELING TIME
A hydrogen fuel cell car needs
nearly the same amount of time
as a conventional car to refuel

EDU

1,000

H2 STATIONS

340 million units

Planned to be in operation in
California & Germany in 2030

Connected vehicles are
expected in operation
globally by 2025

18% of all new vehicles are expected to be fully electric by 2030
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