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Dear Readers,
Sustainable drive systems are becoming increasingly important 
with the tightening of emission standards. The decision as to which 
sustainable drive system is best suited for the respective application 
depends on various factors. These include costs, efficiency and 
legal requirements.

On this basis, FEV develops solutions for tomorrow's mobility for 
its customers. In this issue of SPECTRUM, we would like to present 
the latest results of our work, including under which conditions a 
climate-neutral combustion engine is possible. 

A current further development in the field of diesel engines is the 
3.0L Duramax for pickup trucks, which sets new standards with its 
low fuel consumption and impressive performance. In addition, 
we will use a concept vehicle to show how further potentials can 
be tapped for hybrid drives with predictive and automated driving 
functions with regard to their energy requirements.

For heavy-duty applications, we examine the development and  
validation of fuel cell systems from the point of view of total oper-
ating costs. 

How will future mobility develop into space? In the field of urban 
airspace transport, we show access potentials for companies in the 
automotive industry. Exciting (3D) lighting concepts and efficient 
data management round off the variety of topics covered in this 
SPECTRUM.

We hope you enjoy reading this issue. Further information and news 
about FEV can be found at www.fev.com.
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Afurther tightening of emission legislation with Euro7 
is expected. FEV’s hypothesis for the key challenges 
of the next European emission legislation consist of 
the following major topics:

 � A general reduction of the gaseous emission limits 
CO: 500 mg/km   .   HC: 50 mg/km   .   NOX: 35 mg/km

 � Non-allowance of auxiliary emission strategies that can 
lead to high emissions

 � Particle number emissions measured down to 10 nm 
instead of 23 nm

 � Incorporation of further emission 
components limits for the lab tests

 � Extension of the RDE legislation 
framework to incorporate 
further emission 
components and short 
driving trips

FEV has investigated how ul-
timately even a zero-impact 
combustion engine could be 
achieved, causing less emissions 
than those contained in the am-
bient air. In particular the following 
targets have been set:

 � Emissions in WLTC  
NOX: 40 µg/m³ (corresponds to 
approx. 0.03 mg/km) 
PM (2.5): 25 µg/m³ (corresponds to approx. 0.02 mg/km)

Compared to today's Euro 6d legislation, this means a reduc-
tion of NOX emissions by 99.9 percent and PM emissions by 
99.2 percent. 

Development methodologies
FEV has developed extensive patented and patent-pending 
development methods in the field of simulation, as well as 
testing and aging of emission-relevant components, which 
make it possible to demonstrate high robustness and forecast 
accuracy at an early stage of development.

RDE emission simulation and  
identification of worst case cycles

Emission simulation at FEV is an essential pillar in 
the frontloading of development. Presented  

for the first time in 2016 at the Vienna  
Engine Symposium, and further refined 

since then, this modular FEV simula-
tion toolchain based on the GT-Suite 
software environment is now an 
essential part of FEV development 
activities. Engine raw emissions are 
modeled based on stationary and 

transient measurement data from 
engine and roller test benches. The 

simulation models of the exhaust 
aftertreatment follow a map-based 

approach. Still, discretization of the cat-
alyst monoliths allows a good description 

of the warm-up behavior to take into account 
individual, temperature-dependent conversion rates. 

Figure 1 depicts the all relevant variables which are included in 
the calculation of the conversion. 

Knowledge of which vehicle- and powertrain-specific cycles can 
lead to the highest emissions is essential for reliable compliance 
with all emission limits under RDE conditions. FEV has realized 
an abstraction of such real driving conditions. The result is a deri-
vation of a concise number of parameters. This parameterization 
allows machine learning techniques to be applied to identify the 
worst case RDE cycles based on an analysis of a few hundreds 
of simulated cycles. This methodology has meanwhile been 
successfully applied in many development projects.

EMISSION REDUCTION

ZERO-IMPACT  
COMBUSTION ENGINE

  Calculation scheme for the efficiency 
calculation in the catalytic converter

Temperature calculation

Efficiency  
calculation

Oxygen storage model

Exhaust mass flow

Emissions 
downstream 
catalyst

ηCO = f(TCat, SV, θ)
ηHC = f(TCat, SV, θ)
ηNOx = f(TCat, SV, θ)

λ nach Cat

θ

TCat, Element i

Exhaust temperature
TCat

θ

QReaction

AFR upstr. Cat

SV

SV

TCat

TCat

Engine out emissions Reaction enthalpy 
calculation
QReaction = f  
(Converted CO,  
HC, NOx)

θ = f 
(TCat, SV, AFRu Cat)
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Exhaust aftertreatment concept  
to achieve zero-impact emissions
Five building blocks form the exhaust aftertreatment concept 
for achieving zero-impact emissions.
1.  Optimization of NOX raw emissions during cat heating
2.  Exhaust aftertreatment with readiness immediately  

after engine start
3.  HC emission adsorption 
4.  Increase of total catalyst volume
5.  GPF with improved filtration efficiency

The individual building blocks are discussed below.

NOX optimized catalyst heating
NOX aw emissions can be optimized by an adaptation of cat 
heating calibration. For very retarded ignition timings, a high 
amount of fuel is required to generate an IMEP that matches 
the FMEP. This results in dethrottling and a lower rate of internal 
EGR. The cylinder peak temperature increases and remains on 
a high level over a longer period of time. As a result, the NOX 
emissions increase. To achieve a drastic reduction in NOX emis-
sions, an optimized cat heating calibration would therefore use 
only a mild spark timing retardation. As a consequence, HC raw 
emissions would increase, and additional measures need to be 
implemented to address this.

Electrically heated catalysts
Two electrically heated catalysts are integrated upstream of the 
main catalyst (4 kW per disc, 8 kW in total). The metallic substrate 
heats up rapidly achieving light-off after a few seconds. However, 
an engine start followed by cold exhaust gas flowing across the 
electrically heated catalysts would drop their temperature below 

Catalyst and gasoline particle filter 
characterization
In the course of the development of FEV'S RDE emission sim-
ulation methodology, it was identified that initially catalysts 
could hardly be modeled with sufficient precision. The reason 
for this lies in the mostly limited measurement data available 
from catalyst manufacturers and OEMs. However, for a precise 
prediction of the emissions under RDE boundary conditions, 
knowledge of the conversion rate at highest space velocities 
and in a wide temperature range is of high importance. FEV 
there-fore developed its own equipment that can be used to 
characterize catalysts under exactly these conditions. The system 
shown in Figure 2 is designed and proven for exhaust gas mass 
flows up to those produced by turbocharged V12 engines to 
measure the conversion efficiency at high mass flows and cold 
temperatures, such as they occur in a full load acceleration 
shortly after an engine start.

Catalyst and gasoline particle filter aging
FEV has established a method for rapid aging of catalysts and 
GPFs, as well. For GPF aging, the burner test bench is modified 
allowing oil to be burned in order to generate ash. Different 
methods have been investigated and finally oil injection was 
chosen. FEV generated a cycle and oil dosing strategy that is 
able to reproduce similar aging characteristics as they are found 
during vehicle durability testing.

  Equipment for catalyst  
characterization and 
conversion efficiency  
maps of an aged  
Euro6d-TEMP three  
way catalyst

the level needed for sufficient conversion efficiency. 
Therefore, a secondary air pump is used to flow air 
across the electrically heated catalysts prior to the 
engine start in order to heat up the main catalyst as 
well. Figure 4 illustrates the heat up process of the final 
system configuration. The convective heat transfer can 
clearly be seen in the lower half of the diagram. As soon 
as the engine is started the higher exhaust mass flow 
leads to even better convective heat transfer but at 
the same time also a reduction in the temperatures.

Emissions can be further optimized by ensuring that 
the catalyst system maintains a high temperature 
level. In a hybrid engine, this can be supported by the 
operation strategy and re-activation of the electrically 
heated catalysts.

TW, out 1

Counterflow  
heat exchanger

Throttle

Three-Way  
Catalyst

TW, out 2

θ1

θ2

θ3

TW, in 1

TW, in 2

m 1

m 2
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  Raw emission results  
in steady-state cat  

heating operation mode

  Heat up process of  
the exhaust aftertreatment  

system with electrically  
heated catalysts 

  HC emissions  
with adsorption

Emission adsorption  
before catalyst light-off
One way to achieve emission adsorption is by dedicated coatings. 
In order to achieve a high adsorption efficiency, low temperatures 
are necessary. This matches with the lower incoming exhaust 
gas temperatures due to advanced ignition timings during cat 
heating. A metal substrate is considered since this allows high 
thermal inertia and thus low temperature increase in the first 
seconds of engine operation and an even distribution of the 
secondary air mass flow to the inlet face of the electrically heated 
catalyst. With a temperature limit of 850 °C the adsorption catalyst 
dictates the position of the exhaust aftertreatment system to be 
not closed coupled which in turn has benefit regarding thermal 
aging. Figure 5 shows a comparison of cat heating with and 
without HC adsorption, in this case downstream of the catalyst.

For exhaust aftertreatment systems targeting at catalyst pre-heat-
ing with a burner instead of electrically heated catalysts, the 
adsorption of the burner emissions via a small carbon canister 
positioned downstream of the catalyst might be a good solu-
tion as well.

Increased catalyst volume
The catalyst volume is increase by 30 percent 

compared to the Euro 6d-TEMP base-line 
which is already using a bigger catalyst 

volume compared to former Euro 6b/c 

levels. This includes the volume of electrically heated catalysts. 
As a consequence, the space velocity at rated power is reduced 
to values at which high conversion efficiency can be maintained 
even in aged conditions.

GPF with improved filtration efficiency
Best-in-class Euro 6c and Euro 6d-TEMP engines without GPF 
already achieve PM emissions in WLTC of only 0.12 – 0.28 mg/km.  
Compared to the zero-impact target of 25 µg/m³ (approx. 0.02 
mg/km), there is the need for a further PM emission reduction 
by 83 – 93 percent. This can well be achieved with a second 
generation GPF.

Final results and outlook
The outlined exhaust aftertreatment system is finally assessed 
in combination with a 2.0 l 4-cyl. turbocharged GDI engine in a 
plug-in hybrid configuration. Figure 6 shows the final exhaust 
aftertreatment system.

Extensive DoE investigations have been performed in order to 
achieve the zero-impact emission level while minimizing the fuel 
consumption penalty that arises from the electric pre-heating 
of the catalysts. Figure 7 depicts the correlation between the 
electrical pre-heating energy and all resulting gaseous emissions. 
Valid points fulfill the zero-impact target of NOX emissions lower 
than 40 µg/m³ as well as a balanced SOC of the battery at the 
end of the cycle. The optimum for meeting the zero-impact target 
at best possible fuel consumption is found slightly below 0.4 
kWh. HC and CO emissions remain well below FEV's anticipated 
Euro 7 limits. But, due to the concept, those emissions are not 
as drastically reduced as the NOX emissions.

The final results for the optimal oper-
ation strategy are depicted in Figure 8.  
The remaining NOX emissions –  
although hardly visible – mainly result 
from the first seconds after engine start. 
The oxygen storage capacity of the cat-
alyst is completely filled at that time 
and initial rich operation is required 
to purge the catalyst before full NOX 
conversion efficiency is achieved. In 
the remaining part of the WLTC, NOX 
emission slips remain minimal. The 
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  FEV HAS DEVELOPED 
EXTENSIVE DEVELOP-
MENT METHODS IN THE 
FIELD OF SIMULATION,  
AS WELL AS TESTING AND 
AGING OF EMISSION- 
RELEVANT COMPONENTS, 
WHICH MAKE IT POSSIBLE 
TO DEMONSTRATE HIGH 
ROBUSTNESS AND  
FORECAST ACCURACY

TWC + GPF  
TWC + GPF + Activated carbon trap  9
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 Final exhaust aftertreatment system

  DoE results showing correlations between gaseous emissions and 
fuel consumption vs. the electrical energy used for catalyst heating
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  Final results with optimized e-catalyst  
and hybrid operation strategy
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Summary

  Zero-impact emissions are possible
  To achieve them, the exhaust gas aftertreatment 

needs to operate on high conversion efficiency as soon as 
the engine is started 

>   Electrically heated catalysts in combination with  
convective heat transfer prior to the engine start is identified  

as one possible enabler for this
>   HC emission adsorption can support low NOX emissions by also 

allowing to apply an adapted catalyst heating calibration
>   Second generation GPFs enable a high filtration efficiency
     Further improvement of the system is possible with even higher 

convective heat transfer
  The exhaust aftertreatment concept can be degraded  
for purely meeting Euro 7 requirements

  FEV has established the required know-how to 
support you in the development of your next 

generation exhaust aftertreatment system

electrically heated catalysts are re-activated 
for short intervals during the cycle to ensure 
the temperatures stay on a sufficiently high 
level at all times. Fuel consumption increases 
by 4.3 percent compared to the Euro 6d-TEMP 
baseline.

The zero-impact emission concept presented 
here is extremely biased towards achieving 
minimal NOX emissions. For the fulfillment of 
"just" the Euro 7 emission limit, several concep-
tual adaptations are possible, e.g. reduction of 
the number of electrical heated catalysts from 
two to one. Moreover, the adsorption catalyst 
could be eliminated, allowing the entire cata-
lyst system to be re-located back to a closed 
coupled position.

Time / s
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The main concept was to locate 
the exhaust aftertreatment sys-
tem (EATS) directly downstream 
of the exhaust manifold, but up-

stream of the turbine as shown in Figure 
1, so that the best CO2 reduction potential 
and the best aftertreatment performances 
can be achieved simultaneously.

The engine hardware and PT-EATS were 
designed and optimized via simulation 
to identify the best layout of the catalysts 
and to quantify the potential benefits for 
CO2 and NOX emissions reduction. The 
48V system, made up of a belt starter  
generator (BSG) with the associated 
control components, an electric assisted 
turbocharger (e-TC) and the 48V battery 
as well as PT-EATS, were integrated to 
the existing engine model. The simula-
tions optimized EATS component sizes to 
achieve successfully the integration within 
the engine bay. The e-Turbo was dimen-
sioned in GT Power and moreover the 
EGR strategy was optimized to meet the 
extremely low engine-out NOx emission 
targets. Furthermore, the recuperation 
potential was established by using the 
simulation model. The original exhaust 
manifold was rotated 180 °C to enable 
the integration of the turbocharger and 
a larger EGR cooler was inserted to allow 

EGR to be used during full-load oper-
ation. Additional design modifica-

tions were made to the intercooler 
bracket, the water lines and air 

lines to allow the complete 
packaging within the engine 
bay of the chosen J-Segment 
demonstrator vehicle. 

Enthalpy impacts
Placing the aftertreatment 

system upstream of the 
turbine results in an altered 

enthalpy and thermal inertia 
profile over the turbocharger 

compared to a conventional arrange-
ment (Figure 2). The introduction of a 
48V electric system to the vehicle enables 
the incorporation of a pre-turbine after-
treatment system via the integration of 
an e-TC which compensates the loss of 
pressure and temperature caused by the 
increased thermal inertia of the PT-EATS. 

In the early phases of operation, the tem-
perature before turbine is significantly 
lower than without the PT-EATS, owing 
to the increased thermal mass, but as 

the exhaust system heats up, a thermal 
lag and overall temperature offset is seen 
as a result of the higher thermal mass 
upstream of the turbine. The heat loss 
profile over the PT-EATS leads to a cal-
culated cumulative enthalpy loss of ~ 4 
percent over a WLTC (Figure 2). In order 
to maintain the boost pressure levels in 
such low enthalpy phases, the electric 
turbocharger generates additional boost 
pressure, it is also used to recuperate 
excess energy whenever possible.

MILD-HYBRID DIESEL

MILD-HYBRID-DIESEL- 
POWERTRAIN WITH A PRE-TURBINE  
EXHAUST AFTERTREATMENT
The potential to achieve a simultaneous reduction in both NOx and CO2 emissions via  
fitting of a pre-turbine exhaust aftertreatment system (PT-EATS) in combination with a  
mild-hybrid concept was investigated via simulation. The main engine and hybrid system  
hardware were specified and thereafter, the operating strategies for recuperation and 
turbocharger control were determined to enable the system to meet a defined tail-
pipe NOX emissions value of 40 mg/km with a conformity factor (CF) of 1 over all 
real-world driving cycles. The performance and drivability of the demonstrator 
are defined to be equivalent to the  
base vehicle. 

 Temperature behavior and enthalpy input at the turbocharger
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Recuperation potential
The recuperation potential of the sys-
tem was investigated at two part load 
operating points, shown in Figure 3. The 
comparison of the brake specific fuel con-
sumption for 2 recuperation strategies 
was investigated and shown in Figure 3. 
Recuperation at the turbocharger via VGT 
is compared with the extraction of the 
same power over the BSG via an operating 
point load shift. The latter strategy shows 
a more energy-efficient path by up to 3.3 
percent, as closing the VGT increases the 

pump losses, as seen in Figure 3, right. It 
should be noted however that increasing 
recuperation increases fuel consumption 
as additional power is needed to generate 
the same effective power.

Turbocharger sizing
The sizing of the e-TC was considered, as a 
larger turbine could reduce fuel consump-
tion via optimized pumping losses, but, 
as typical passenger car driving scenarios 
are not significantly impacted by pumping 
loss based fuel consumption penalties, 

there was minimal benefit to upsizing 
the e-TC as the electrical boost required 
during transient operation would be in-
creased so a smaller turbine was chosen. 
The key criteria in determining the size 
of the e-machine used is the transient 
response behavior of the vehicle. An  
acceleration from a standstill to 100 km/h 
was simulated with different sizes of e-TC 
to see which could achieve a comparable 
acceleration behavior to the base vehicle 
(8.7 s in the sprint to 100 km/h). These 
simulations are seen in Figure 4. Illustrat-
ing that without electrical boost support, 

 Simulation of acceleration from standstill to 100 km/h

  Comparison of recuperation strategies at 2 part load points

the acceleration time increases to 13.0 s, 
confirming that an e-Turbo is required. An 
increase in the E-machine power above 
11 kW showed no significant reduction in 
response time (9.0 s to 9.4 s) as accelera-
tion was limited by the electrical machine 
speed to 180000 min-1. 

EGR strategy
Regarding the potential to reduce the 
cost and complexity of the EGR circuit, 
the use of an HP-EGR-only strategy was 
investigated which would consist of recu-
perating excess exhaust gas energy, while 
controlling the VGT position to achieve 
the required back pressure to drive higher 
EGR rates at comparable boost pressure. 
The results showed, that including the 
LP-EGR path reduces the required elec-
trical energy over the WLTC by about 30 
percent, therefore both HP- and LP- EGR 
are used. As the PT-EATS volume was 
found to show only minor impacts on 
the fuel consumption, compared to the 
EGR strategy influence, Figure 5, the EATS 
volumes were chosen to fill the available 

package space. All the above variables 
were combined to create an optimised 
air path strategy. Combining LP and HP-
EGR, with a comparatively small turbine 
and an 11 kW electric motor allows for 
the lowest possible boost requirement 
during transient driving conditions. The 
additional energy requirement for this 
configuration over a WLTC was approx. 
52 Wh when omitting recuperation at the 
BSG or e-Turbo.

Air path control
The electrical VGT turbocharger requires 
a dedicated control strategy to optimize 
the different operating states. For this con-
cept configuration, the electric machine is 
mainly used for transient support during 
boost pressure build-up and recuperation 
during deceleration or in overrun oper-
ation. The conventional boost pressure 
control for the VGT was extended with 
an advanced model-based control for the 
power, respectively torque of the electric 
machine. In this approach the torque of 
the electric machine is calculated based 

on the difference between desired and 
actual turbine torque. An additional 
e-boost control factor is introduced to 
balance and adjust the responsiveness of 
the model-calculated torque demand to 
the e-machine against the electric energy 
consumption. The fuel consumption pen-
alty and NOx engine-out emissions as a 
function of the e-boost control factor are 
shown, in Figure 6 for the WLTC.

When applying small e-boost control 
factors, the electric machine only sup-
ports during very high differences be-
tween desired and actual turbine torque, 
while for higher control factor values, the 
e-machine supports for smaller deltas 
in turbine torque. As such, the NOx en-
gine-out emissions are reduced at higher 
e-boost control factor values, whereas 
the fuel consumption increases signifi-
cantly in consequence of the increased 
electric power demand. These trends 
were combined to determine the target 
operation area. 

  THE KEY CRITERIA IN DETERMINING THE SIZE  
OF THE E-MACHINE USED IS THE TRANSIENT 
RESPONSE BEHAVIOR OF THE VEHICLE
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Overall hybrid strategy optimization
The additional benefits of the 48V mild-hybrid system architecture 
shown in Figure 7 were evaluated. A 48V belt starter generator 
replaces the conventional 12V generator, a 48V battery with a 
capacity of 0.5 kWh, and the electrically supported electrical VGT 
turbocharger were integrated with the 12V on-board power supply 
provided via a bidirectional DC/DC converter. When optimizing 
the control of the electrical VGT turbocharger, a priority manager 
governs available power for the different consumers, based on 
the current state of the electric system. The simulation model 
uses a higher-level energy management strategy to ensure re-

liable supply for the on-board 12V network under all operating 
conditions and simultaneously maximizes the potential of the 
various 48V components to balance transient support during 
boost pressure build-up and recuperation potential at engine 
overrun operation and high enthalpy flow upstream turbine.

 Fuel consumption penalty 
and NOx engine-out emissions 
as a function of the e-boost 
control factor.

  AS THE RECUPERATED  
ENERGY EXCEEDS THE  
ELECTRICAL ENERGY  
CONSUMPTION, APPROX.  
30 PERCENT IS USED TO 
CHARGE THE 48V BATTERY
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The balance of the electrical energy within the 48V system over 
the WLTC is shown in Figure 8. Recuperation takes place almost 
exclusively by the BSG, whereas the energy consumption is split in 
roughly equal parts between the supply of the consumers in the 12V 
network and to support the electrical boosting. As the recuperated
energy exceeds the electrical energy consumption, approx.  
30 percent is used to charge the 48V battery.

The second part of this paper in an upcoming SPECTRUM issue 
will detail the PT–EATS system optimization and the overall 
system performance over key RDE cycles.

  Balance of electrical energy in the 48V system

  Schematic architecture of  
the investigated concept
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Combined with the development of predictive and automat-
ed driving functions, further potentials can be tapped. The 
key factor for an actual reduction of the energy require-
ment under real driving conditions is a precise forecast 

of the future development of a traffic situation. This forecast can 
be based on a multitude of potential sources, such as sensor data, 
high-resolution maps, and vehicle communication, whereby all the 
data is fused into a comprehensive environmental model. 

Based on the information from this model, the longitudinal guid-
ance of the vehicle and the powertrain control can be optimized. 
In cooperation with the Institute for Combustion Engines of RWTH 
University Aachen, Germany, FEV has developed a function structure 
that is capable of using a multitude of potential data sources. This 
creates a solution space for predictive speed profile optimization. 
This speed profile can then be used in order to optimize the operation 
of torque distribution between the hybrid components.

The function structure was integrated in a hybrid prototype vehicle 
constructed jointly with DENSO. A robust, real-time model predic-
tive control algorithm is used in order to optimize the longitudinal 
guidance of the vehicle.

The HYBex3 concept vehicle
The HYBex3 (”HYBrid power exchange 3 modes“) vehicle was devel-
oped in order to determine the impact of a cost-effective DHT trans-
mission concept on the driveability of the vehicle and test it under 
real conditions. It was developed jointly with DENSO AUTOMOTIVE 
Germany. The base vehicle is a MINI Cooper with a turbocharged 
100 kW three-cylinder combustion engine. The serial transmission 
was replaced with the hybrid transmission to be examined, which 
was specially developed for the application case. 

EFFICIENT MOBILITY

PREDICTIVE FUNCTIONS IN  
THE HYBEX3 CONCEPT VEHICLE
The hybridization of powertrains is an important step toward efficient and clean 
mobility. In particular, the possibility of shifting the operation of the combustion 
engine to ranges with a higher efficiency level and representing purely electric  
driving modes is one of the main advantages of hybrid drives. This shifting of the 
load point can be further optimized on the basis of route data that includes the  
expected vehicle speed as well as the road gradient, and is considered to be the 
state of the art with regard to modern hybrid drives

  THE HYBEX3 VEHICLE WAS DEVELOPED IN  
ORDER TO DETERMINE THE IMPACT OF A  
COST-EFFECTIVE DHT TRANSMISSION CONCEPT 
ON THE DRIVEABILITY OF THE VEHICLE AND 
TEST IT UNDER REAL CONDITIONS
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The powertrain topology is equivalent to a mixed hybrid equipped 
with two electric engines (EE) in a P2/P3 layout. The P2 machine 
is located between the electrohydraulically powered clutch and 
the two-stage spur gear component. The synchronization ele-
ments are also actuated electrohydraulically. The P3 machine is 
positioned at the transmission output and therefore has a fixed 
transmission ratio to the wheel.

Various operating modes can be represented with this DHT 
transmission. For purely electric driving, the combustion engine 
is stopped and the clutch is opened. Electric engine P2 can 
therefore be operated in both transmission stages. In addition 
to a high starting torque in the first gear, this enables a maximum 
vehicle speed of 140 km/h in the second gear.

In hybrid operation, serial or parallel driving is possible. In parallel 
operation, one of the two gear sets is engaged. In serial operation 
mode, the transmission is shifted to neutral. The combustion 
engine is then exclusively connected to electric engine P2 while 
electric engine P3 operates the wheels. All gear changes are 
synchronized entirely electrically, so that the friction clutch can 
remain closed even in hybrid operation. The serial operation in 
the low speed range and the parallel operation at higher speeds 
enable a significant increase of the system efficiency level.

The operating strategy provides for the combustion engine 
being operated at a very low dynamic and the implementation 
of fast load changes by the electric path. The transmission ratios 
enable a significant reduction of the rotational speed of the 

combustion engine, without compromising the overall dynamic 
of the powertrain. The operating strategy was optimized with a 
Design of Experiments. For this purpose, the parameters of the 
stop-start strategy of the combustion engine were optimized 
simultaneously with the parameters of the battery charging 
strategy. For the final parameterization, a compromise between 
the layouts for different driving cycles was selected.

The distribution of the torques of the two electric engines, 
both in parallel operation and in fully electric driving, is deter-
mined by an online optimization patented by FEV. The search 
algorithm varies the torque distribution until the energetically 
optimal case is found. In doing so, both the battery limits and 
the power limits of the electric engines are taken into account 
for the current situation.

Predictive functions
The function structure developed for pre-
dictive longitudinal dynamic control is 
designed in such a way that a multitude of 
data sources, optimization routines, and 
powertrain structures can be represented 
in said function structure.

The first step is an aggregation and fusion 
of the available data into an environmen-
tal model, followed by a prediction of 
the traffic situation. This enables an op-
timization of the speed profile. On the 
basis of that, an acceleration control of 
the vehicle is carried out. The planned 
speed profile can also be used in order 
to adjust the charging status strategy. If 
the desired charging performance is de-
termined, the torque distribution between 
the powertrain components is carried out 
on the basis of said performance and the 
wheel torque requirement.

The precise forecast of the current traffic 
situation requires the aggregation of all 
available data. This includes, for instance, 
RADAR sensors, LIDAR sensors, or opti-
cal cameras that traffic participants can 
identify with the help of image recogni-
tion techniques. Usually, these sensors 
indicate the type (passenger car, truck, 
pedestrian, etc.), the relative positions 
and, potentially, the relative speed of the 
detected objects.

Further information can be obtained from 
the on-board navigation systems, which 
indicate speed limits, road gradients and 
curvatures as well as, potentially, inter- 
section data for the most probable path 
of the vehicle via an "electronic horizon". 
If the navigation system is connected to 
the internet, data on average speeds along 
the planned route and traffic jams can 
be provided.

Additional data can be obtained through 
the future connection of vehicles using 5G 
or ETSI ITS G5. This Vehicle-to-everything 
(V2X) communication should include, 
among other things, the positions, di-
rection, and speeds of other vehicles, as 
well as the layout of intersections and the 
status of traffic light systems. The vehicle 
communication can therefore provide 
data that goes beyond the horizon de-
tectable via on-board sensors.

Since the same object can therefore be 
detected multiple times by various data 
sources, the data aggregation must also 
include a functionality for data fusion. This 
is especially advantageous for hardware 
setups with different types of sensors, 
e.g. a RADAR sensor and camera sensor. 
The RADAR sensor can precisely define 
the distance to and the relative position 
of a vehicle driving ahead, but cannot 
determine the lateral position of the ve-
hicle in relation to the road markings. 

In contrast, the camera sensor can only 
provide estimates regarding the relative 
speed and the distance, but can precisely 
determine whether the detected object 
is in the same lane as the vehicle under 
consideration. After the fusion of several 
data sources, an aggregated object list 
is created, which only contains valid and 
relevant data for all detected objects, and 
generates a corresponding environmental 
model.

Before an optimization of the vehicle 
trajectory can be carried out, there must 
be a forecast of the development of the 
current situation. This forecast is based 
on the relevant objects that the environ-
mental model provides. The first step is 
the determination of the speed limit along 
the prediction horizon. Based on that and 
the current condition of detected vehicles 
driving ahead, the speed and position 
trajectory of these vehicles is forecast.

On the basis of this, a solution space is 
spread out in which the downstream op-
timization algorithm can operate. The 
function structure developed by FEV and 
the Institute for Combustion Engines  
enables the implementation of differ-
ent algorithms to this end. Depending 
on the requirement, simple, rule-based  
approaches, as well as model predictive 
control or discrete dynamic programming 
methods can be represented. 

 Function architecture for predictive functions
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Data fusion

 Experimental validation of the functions on the test track

Application in the vehicle
To test the function structure, a real time-compatible model predictive 
control (MPC) was implemented in the rapid prototyping control unit of 
the HYBex3 concept vehicle and various test scenarios were carried out. In 
a first demonstration, the functionality and real-time compatibility of these 
scenarios for a predictive adjustment of the HYBex3 concept vehicle was 
proven. With an efficient implementation of the MPC using the qpOASES 
tool, an optimization of the speed curve for a horizon of 10 s can be carried 
out within less than 100 µs.

In the future, the modular design of the function structure can be used to 
expand the forecast horizon of the vehicle – for instance, with traffic lights 
ahead – or to represent predictive, automated driving functions such as 
Predictive Cruise Control (PCC).

By
Dr. Georg Birmes . birmes@fev.com
Dr. Rene Savelsberg . savelsberg@fev.com

Marius Wegener 
Prof. Jakob Andert
Institute for Combustion Engines,  
RWTH Aachen University, Germany

Ulrich Schwarz
DENSO AUTOMOTIVE  
Deutschland GmbH

  Function architecture  
for data aggregation and  
situation prediction

Input Data aggregation Situation prediction

Fellow
prediction

Position
solution space

Relevant fellow
selection

Fellow vehicle
data

Speed limits Velocity 
solution space

Green phase
selection

Traffic light
selection

Camera

Radar, ... Road gradient
data

Traffic light
data

V2X

Electronic
horizon

POSITION VELOCITY ACCELERATION

Velocity / (km / h)

Time / s

50

40

30

20

10

0
0 5  10  15 20 25 30

Distance / m

Time / s

400

300

200

100

0
0 5  10  15 20 25 30

Acceleration / (m / s2)

Time / s

1

0.5

0

- 0.5

- 1

- 1.5

- 2
0 5  10  15 20 25 30

0.0 %
ACCELERATOR PEDAL

37.7 km / h 
VELOCITY

- 0.4 m / s2 
ACCELERATION

EFFiCiENT mOBiLiTy

2322

01 SUSTAINABLE DRIVE SOLUTIONS



Use cases for fuel cell electric vehicles
As fuel cell systems and batteries do not emit hazardous green-
house gases during their utilization, their implementation into 
passenger cars, light commercial vehicles and heavy duty ap-
plications can contribute to the reduction of CO2 emissions 
from the transport sector, if the hydrogen for their operation is 
generated with e.g. electricity from renewable energy sources. 
Compared to battery electric vehicles (BEV), fuel cell electric 
vehicles (FCEV) allow for larger driving ranges, shorter refueling 
times - comparable to the refueling process of vehicles with diesel 
or gasoline engines - as well as reduced powertrain weight, and 
therefore higher payloads.

The decision as to which powertrain is the most suitable for an 
application and use case depends on several factors such as 
costs, efficiency and durability. However, the focus must be on 
the benefit to the customer.

Considering driving range and vehicle weight, Figure 1 provides a 
general overview about suitable electric powertrains for different 
vehicles. Due to their high efficiency, but also lower power den-
sity, battery electric powertrains (BEV) are expected to be more 
suitable for light duty vehicles with small driving ranges, whose 
daily trips are primarily inner-city. For larger driving ranges and 
heavy duty applications, fuel cell electric powertrains, supple-
mented with small-size batteries for peak power and 
re-cuperation (FC-HEV) should be 
favored in partic- 

ular, also with  
regard to overall power-

train weight. A combination of a fuel 
cell system and a medium-sized battery (FC-

PHEV) is often the most promising option. The question 
about where the sweet-spot of the fuel cell system power and 
the battery power/capacity is, remains a subject of discussion 
and is still a major focus of research.

Although in the passenger car segment, higher quantities are 
generally achieved, commercial vehicles could first possibly 
experience greater market penetration of fuel cell electric pow-
ertrains. However, compared to the passenger car segment, the 
implementation of fuel cell systems in heavy duty applications 
brings new challenges. One of the major challenges is the  
required lifetime of approximately 20,000 h, which is almost 
three times higher than for passenger cars.

The 
importance of 

TCO in the commercial 
vehicle segment

A main technology driver within the commercial vehicle segment 
has always been Total Cost of Ownership (TCO). Beneath the 
vehicle price and the resell value, the operational costs represent 
the most relevant factor of TCO. An FEV study on the TCO for dif-
ferent commercial vehicle segments analyzed various use cases 
to determine whether conventional diesel powertrains, battery 
electric or fuel cell electric powertrains will have the lowest TCO 
in the future. Considering target driving profiles, as well as the 
mainstream fuel cell boosters and inhibitors, the study came 
to the result that especially for heavy duty vehicles with high 

FUEL CELL

FUEL CELL SYSTEMS FOR  
HEAVY DUTY APPLICATIONS:  
FROM CONCEPT TO  
SYSTEM VALIDATION
Since the transport sector has not seen the gradual decline of CO2 emissions as other sectors 
have, it is more than ever at the forefront of public attention, as well as priority for research.  
Particularly for the heavy duty (HD) transport with its high specific CO2 emissions, major research 
and development programs are ongoing for the implementation of low- and zero-emission  
powertrains. Not only does the reduction of the fleet’s average CO2 emissions to prevent high 
financial charges for exceeding CO2 emission limits, but also the system efficiency, durability, 
reliability and total cost of ownership (TCO) need to be considered to find competitive  
alternatives to internal combustion engines for heavy duty transport.

Exclusive usage of pure battery electric powertrains for heavy duty applications is not yet a  
viable option, as large batteries are necessary, which lead to high powertrain weight, increased 
power demand and reduced payloads. That is why proton ex-change membrane fuel cells  
(PEMFC) in combination with smaller batteries represent a promising approach for heavy duty 
vehicles with electric drives.

The Institute of Combustion Engines (VKA) of the RWTH Aachen University, Germany and FEV 
Europe GmbH investigate, inter alia, the implementation of PEMFCs in transport applications. In 
order to assess alternative powertrains for commercial vehicles, the investigation of total cost of 
ownership for different powertrains, considering different scenarios for electricity generation from 
renewable sources, is important to make decisions on the development of future HD powertrain 
systems. 

The following details FEV’s and VKA’s development and validation of fuel cell systems  
with advanced operating strategies for heavy duty applications up to 250 kWnet power 
output. Fuel cell degradation mechanisms and their mitigation strategies 
are introduced to optimize the hybrid operating strategy 
and to prove durability and reliability of the 
designed systems.

  ESPECIALLY FOR HEAVY  
DUTY VEHICLES WITH  
HIGH ANNUAL MILEAGE,  
FUEL CELL ELECTRIC  
POWERTRAINS SHOULD  
BE FAVORED
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  Use cases for battery electric vehicles (BEV), fuel cell plug-in hybrid electric vehicles (FC-PHEV)  
and fuel cell hybrid electric vehicles (FC-HEV)

Since the power demand varies with the application and use 
case, the fuel cell stacks and their BoP components need to be 
scaled. To reach cost efficiency for fuel cell electric vehicles in the 
low quantity commercial vehicle segment, synergies with fuel 
cell systems for passenger car 
applications need to be utilized. 
A modular approach is desired 
to avoid the new design of sev-
eral BoP components or even 
the whole system. On the other 
hand, production costs need to 
be considered, which are higher 
for the modular approach than 
for a scaled fuel cell system. By 
using scaled fuel cell systems, 
it is also possible to reach higher system efficiency, since the 
fuel cell system can be adapted optimally to the particular 
application. Figure 4 shows that within the commercial vehicle 
segment, these scaling methods offer a flexibility in design and 
need to be investigated in detail. However, the key arguments 
for the modular approach are the high carry-over rate from 
the passenger car segment, as well as the potential to achieve 
increased reliability and durability of the fuel cell systems. By 
using several fuel cell systems, advanced operating strategies 
can be developed to run the different fuel cell stacks each on a 
different constant load to reduce excessive voltage cycling and 
mitigate degradation.

Development of fuel cell systems  
for heavy duty applications
The V-Model for the development process of a fuel cell electric 
vehicle (FCEV) is represented in Figure 5. It is characterized by 

different phases starting with the requirements specification, and 
the concept until the first tests and the final system validation.
At first, the FCEV is decomposed into its different subsystems, 
such as the hybrid system. Then it can be further decomposed 

into the traction battery and the 
fuel cell system, fuel cell stack 
and BoP components. These 
subsystems can be further di-
vided into their individual com-
ponents, which are not shown 
in Figure 5 for the sake of clarity. 
For all the subsystems and their 
components, the requirement 
specification needs to be for-
mulated in close consultation 

with the customer. This has to be conducted not only on hard-
ware, but also on the software level. In this work, the focus will 
be on the calibration of the fuel cell system during start-up and 
shut-down, and the system validation.

System validation for  
heavy duty applications
Especially the optimization of water management on cathode, 
as well as anode side, the optimal membrane humidifier size 
and the active and/or passive recirculation of hydrogen on the 
anode side in combination with an improved purge and drain 
logic are important aspects during calibration. The software 
for the control of the entire fuel cell system (Fuel Cell Control 
Unit, FCCU) needs to be calibrated so that in various operat-
ing points and during dynamic operation stack and system 
performance, operational stability and durability are ensured. 
During calibration, the start-up and shut-down procedure of 

annual mileage and occasional trips > 400 km, fuel cell electric 
powertrains should be favored. Further-more, in zero emission 
zones, especially in cold regions, a stringent environmental policy, 
as well as a hydrogen price < 4 €/kgH2 can boost the implemen-
tation of fuel cell systems for heavy duty applications. The fuel 
prices have a large impact on the operational costs. Especially 
for hydrogen, the future cost and price remains uncertain due to 
the high dependence on the production process, energy source 
and taxation. In Figure 2, the hydrogen costs depending on the 
primary energy source and production process, as well as the 
costs of petroleum based diesel fuel and several promising 
E-fuels are shown. Currently, most of the hydrogen is produced 
via steam reforming (fossil H2) with costs of approximately  
0.6 to 2.9 €/kgH2. Aiming to establish green hydrogen, produced 
via electrolysis, leads to costs of approximately 4.5 to 7.3 €/

kgH2, if wind is used as renewable ener-
gy source. Using photovoltaics as a 

renewable energy source, leads to 
costs of approximately 7.3 to 10 
€/kgH2. Since the production of 
most E-fuels requires hydrogen 

as feedstock, their costs are a linear function of the hydrogen 
costs. Currently, only hydrogen produced via steam reforming 
can compete with the low costs of conventional diesel fuel.

To further reduce the TCO of fuel cell electric vehicles, the devel-
opment and production costs of fuel cell systems also need to 
be taken into consideration. Due to the high required lifetime of 
fuel cell systems for heavy duty applications, improving reliability 
and durability is of utmost importance to avoid the premature 
replacement of fuel cell stacks and auxiliary components, as 
well as minimize unscheduled maintenance and downtimes.

Scaling of fuel cell systems  
and synergy effects
Fuel cell systems consist of several components which ensure 
that the fuel cell stack is operated as optimally as possible. These 
so-called ‘Balance of Plant Components’ (BoP) can be assigned 
to the air path, fuel path, coolant path and high voltage system. 
An exemplary layout of a fuel cell system is shown in Figure 3.

  Hydrogen costs depending on production process/energy source  
and related E-fuel and diesel fuel costs

 Simplified system layout of a fuel cell system concept
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  THE INTEGRATION OF 
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REDUCES DEVELOPMENT 
COSTS AND ACCELERATES 
SYSTEM DEVELOPMENT
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the developed fuel cell system must be given special attention. 
This is illustrated in Figure 6. The implementation of diagnostic 
functions to detect malfunctioning components and ensure 
proper communication is as essential as the checks of cathode/
anode valves and leakproofness.

To prevent the condensation of excess water during the shut-
down procedure, after the reduction of stack power, a drying rou-
tine is conducted. In this way, the fuel cell system is well-prepared 
for longer downtimes even in cold environments. By inertizing 
the cathode and dissipating the residual potential of the cells 

evenly over a bleed resistance, fuel/air fronts and reverse current 
phenomena during following start-up procedures and related 
degradation mechanisms, especially the carbon corrosion of 
the catalyst support, can be reduced. 

After the calibration and commissioning of the fuel cell system, 
the performance and efficiency during normal operation is in-
vestigated. System efficiencies between 41 at full load and more 
than 53 percent at part load are achieved as shown in Figure 7.

Real-time network for the investigations of the 
advanced fuel cell electric powertrains
The real-time communication between different component test benches as 
shown in Figure 8, enables the further improvement of the fuel cell system 
and hybrid system already in early development phases. The integration of 
simulated components reduces development costs and accelerates system 
development. By setting up virtual powertrains, the interactions between 
different components, the dynamic behavior in varying driving cycles, and the 
advantages and disadvantages of different HV-topologies can be analyzed to 
improve the control strategies on vehicle and fuel cell system level. Powertrains 
with a fuel cell system power of up to 250 kW can be investigated, which are 
suitable not only for heavy-duty applications for road, but also for rail trans-
port. Especially for cold start studies, a climate chamber with temperatures 
reaching from -42 to 110 °C can be used within this framework.

By
Dr. Marius Walters 
walters@fev.com
FEV Europe GmbH

Johannes Buchmann 
buchmann@fev.com
FEV Consulting GmbH

Steffen Dirkes
Institute for Combustion Engines,  
RWTH Aachen University, Germany

  V-Model of the FCEV development process 
with its decomposition into sub-systems

  Simplified illustration of the most important operational 
states (left); stack voltage and normalized stack current 
during start-up (top right); stack voltage and normalized 
stack current during shutdown (bottom right); zoomed 
in view: minimum, maximum and selected cell voltages 
during cathode inertization (measured data, plotted partly 
schematically).

  Stack and  
system performance

  Functional principle of 
the real-time network 
for the fuel cell electric 
vehicle setup
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and scaling methods for fuel cell systems
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In addition, two powerful trends are at work that 
will make this commercial opportunity even more 
attractive in the next decade:

 � CAFE standards are increasing the fuel 
economy requirements significantly, and 
this challenge is even greater for the full-size 
pickup trucks and LCVs. Diesel, with a 20–25 
percent better fuel economy versus gasoline, 
is a very effective compliancy option on par 
or even better than the best gasoline-hybrids.

 � Consumer studies are showing that in the two 
vehicle categories above, there is already a 
well established demand for Diesel engines, 
that is expected to grow even more in the 
future decade thanks to the positive ownership 
experience of the many current drivers from 
medium-duty market (Figure 1).

The new 3.0L Duramax has been specifically de-
signed to address the challenges in these market 
segments.

Targets, engine architecture  
and technical data
The choice between ‘Inline’ and ‘Vee’ configura-
tions for the new 6-cylinder engine was one of 
the first milestones in the development. In order 
to achieve this in a solid and rational way, an 
initial architectural study has been carried out, 
comparing the two arrangements with regard to 
packaging, weight, fuel economy, performance, 
NVH and cost. The inline 6 variant showed ap-
preciable advantages for fuel economy, power, 
emission performance, NVH and cost (including 
modularity with 3-and 4-cylinder derivatives), 
that eventually made it a winner.

The main engine specifications are reported in 
the following table:

Engine Architecture 6-cylinder inline, 4 valves  
per cylinder wIth DOHC,  
Longitudinal installation

Displacement 2,993 cm3

Bore / Stroke 84.0 mm / 90.0 mm

Compression Ratio 15.0 : 1

Rated Power 205 kW (278 hp) @ 
3,500 – 4,000 RPM

Rated Torque 610 Nm (450 lbfl) @1,500 RPM

Peak Firing Pressure 170 bar (designed for 180 bar)

Cylinder Block Semi-dosed deck aluminum 
block (precision sand casting) 
with lower aluminum  
crankcase extension (die cast)

Cylinder Head Dual-layer aluminum

Crankshaft Forged steel

Piston Aluminum

Timing Drive 2-layer chain +  
oil-pump-driven belt

Cooling System Active thermal management 
with mechanical water pump 
and flow control valve

Lubrication System Continuous variable  
displacement oil pump

Fuel Injection System Denso G4.5S solenoid with 
2,500 bar HP5 D pump

Charging System Garrett VGT with ball bearing

EGR System HP-EGR (uncooled) +  
LP-EGR (cooled)

Charge Cooling 
System

Low-temperature water charge 
air cooler, Electrically-driven fan

Charge lntake System Variable swirt actuator

Aftertreatment 
System

CC-DOC + SCRF + UF-aSCR + 
ASC

Engine Weight 
(DIN70020GZ)

212 kg

DURAMAX

THE 3.0L DURAMAX DIESEL  
ENGINE SETS NEW STANDARDS
In 2017, the penetration of Diesel engines in the NAFTA region (USA, Canada and Mexico) has been 
roughly 4 percent of the overall light-duty market. While 4 percent is a relatively low share, given 
the magnitude of the overall NAFTA region, the actual number of Diesel vehicles sold was about 
650,000, representing a considerable opportunity. This is one of the main considerations behind the 
strategic decision taken by General Motors back in 2014 to start the development of a brand-new 
inline 6-cylinder Diesel engine (together with the substantial related investments in 
engineering and manufacturing) specifically conceived and designed 
for that characteristic market segment.

  Left: Diesel engine market penetration in NAFTA markets (USA, Canada and Mexico) as percent  
of all new light duty and LCV registered. Right: forecast for Diesel engine market penetration in 
NAFTA markets as percent of LCV, SUV and Pickup Trucks registered
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The optimization process of the combustion chamber geometry 
and charge motion and was based on an integrated approach 
combining 3D-CFD simulation and testing on single- and 
multicylinder engines and resulted in a new patented piston 
bowl design.

The analytical optimization of the combustion system maxi-
mized air utilization by the combustion end, around 90° ATDC 
at rated power conditions (3,750 – 4,000 RPM) to achieve high 
power output.

Air utilization was tracked through too lean (lambda > 2) and too rich (lambda 
< 1) volume fractions. This criterion enabled the ranking of different com-
bustion system configurations via 3D-CFD, well before any test is carried out.

The developed combustion chamber demonstrated superior air utilization 
over a wide range of engine operating conditions, and high EGR tolerance 
with the objective to reduce the engine-out NOx emissions while keeping 
HC and PM emissions, as well as a favorable BSFC. 

The most promising variants from the 3D-CFD campaign have then undergone 
experimental assessment at both Full Load and Part Load, in order to validate 
their suitability. The experimental validation confirmed a 9-hole nozzle with 
a hydraulic flow rate of 380 cc / 30s as the best compromise. 

Turbocharger and exhaust gas recirculation systems
The turbocharger and the exhaust gas recirculation system were developed 
to balance low-end torque, peak power and EGR capability. Therefore, a 
strong focus was put on the part load simulations in addition to the standard 
analysis for full load and transient maneuvers. Different turbocharger sizes 
and EGR circuit design combinations were evaluated. As a result, by means 
of combined 1-D and 3-D CFD simulations, the detailed design of the EGR 
circuit was defined in order to optimize the overall permeability.

The VGT turbocharger, supplied by Garrett, is electrically actuated and fea-
tures ball-bearing technology for maximum responsiveness under transient 
and cold temperature operation. For robustness and durability, it is water 
cooled to withstand the most demanding driving cycles. Finally, to optimize 
NVH behavior, precise balancing and resonators at compressor inlet and 
outlet were adopted.

In order to extend EGR usage to all engine and ambient conditions, the EGR 
system features both a High-Pressure (HP) route and a Low-Pressure (LP) 
route. A compact, water-cooled valve driven by a DC-motor manages the 
HP-EGR route, which is used mainly during engine and aftertreatment fast 
warm-up strategies (Figure 3).

Due to the compact layout of the intake system featuring a Water-Charge-Air-
Cooler, a particular attention was given to the HP-EGR distribution among 
the 6 cylinders, necessary to achieve the extremely low emissions for Bin160.

The overarching goal of the engine development was the achieve-
ment of maximum engine efficiency under all operating con-
ditions and reliability. Therefore, sophisticated manufacturing 
technologies for aluminium casting in combination with mod-
erate peak firing pressure and compression ratio are introduced, 
which contributed the extremely low friction of the new engine. 
The low friction design of the engine was supported by extensive 
use of FEV Virtual engine for minimization of cranktrain bear-
ing sizes. For further minimization of losses, an electronically 
controlled, continuously variable displacement oil pump and a 
cooling circuit featuring a split cooling between cylinder head 
and block have been integrated into the engine design.

Combustion system
The development of the new 3.0L Duramax Diesel started from 
the core of the engine: the combustion system. As a result, the 
key architectural features and dimensions were defined pursuing 
improved performance, fuel economy, and combustion noise, 
while complying already with stringent U. S. Tier 3 emission 
standards.

The objective of new 3.0L Duramax combustion system was to 
achieve high specific power (up to 100 hp/liter) in combination 
with maximum efficiency, while keeping high low-end torque and 
fast responsiveness to transients. The enablers were identified 
in the following sub-systems:

 � Charging system (boost level, turbine inlet temperature)
 � Base engine (peak firing pressure, compression ratio, 

combustion chamber)
 � Cylinder head (volumetric efficiency, swirl ratio)
 � Fuel injection system (nozzle geometry, injection pressure)

The completion of the combustion system development with 
these ambitious targets required extensive use of advanced 
analytical methods (Figure 2). Therefore, the combustion system 
was parameterized with respect to bore-to-stroke ratio, compres-
sion ratio, bowl profile, nozzle and intake port characteristics.

The optimization of these parameters in view of maximizing 
power density is subjected to significant constraints in terms of 
emissions, fuel consumption, durability, real-world operation 
(including low-temperature startability) and packaging. On the 
other hand, certain enablers provide the opportunity to decouple 
emission constraints from high specific power achievement, 
e.g. the high maximum fuel injection pressure of 2500 bar. All 
these parameters were tuned under representative boundary 
conditions for intake manifold pressure, peak firing pressure 
and exhaust temperature.

As boost pressure exhibits the strongest link with power density, 
a low compression ratio becomes a fundamental enabler for 
a lightweight yet high-power density engine, and at the same 
time contributes to the improvement of engine-out emissions. 
Therefore, a compression ratio of 15.0:1 was selected as best 
balance between rated power, emissions and cold startability 
down to -30°C.

The Bore-to-stroke ratio (B/S) of 0.93 was carefully selected 
to balance engine breathing and friction on one side, which 
improve as B/S increases, and thermodynamic efficiency, wall 
heat transfer and packaging on the other side, which improve 
as B/S decreases.

  THE NEW  
DURAMAX 3.0L 
DIESEL ENGINE 
COMBINES  
PERFORMANCE, 
FUN-TO-DRIVE,  
LOW EMISSIONS 
AND HIGH FUEL 
ECONOMY

 Simulation methodology for high power density combustion system development
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256 g/kWh at the low load operating point 2000 1/min, 2 bar 
BMEP, which is only 27 percent higher than the peak efficiency 
point. The 3.0L-Duramax engine sets a new benchmark at 2000 
1/min, 2 bar BMEP with an improvement of more than 11 percent 
over the most efficient engines available on the market.

The excellent fuel economy in this operating condition is enabled 
by the exceptionally low friction of the engine. As a consequence 
of very lean sizing of all components - especially the rotating 
and reciprocating ones - and usage of electronically-controlled 
accessories - like the continuous variable displacement oil pump, 
the active piston cooling jets and the coolant control valve - a 
benchmark friction level has been achieved.

Conclusions and summary 
The new Duramax 3.0L Diesel engine developed by General 
Motors with support from the FEV Group represents a state-of-art 
propulsion system specifically tailored for the new generation 
of pickup trucks, combining the performance, fun-to-drive, 
very low emissions and high fuel economy requirements of 
the next decade.

Exhaust aftertreatment system
The Diesel aftertreatment system for the 3.0L Dura-
max engine (see Figure 4) is based on an innovative 
architecture featuring a close coupled Diesel catalyst 
(DOC), a selective catalytic reduction on particulate 
filter (SCRF), an underfloor SCR and an ammonia slip 
catalyst (ASC). The DOC oxidizes hydrocarbon emis-
sions, and converts some of the NOx emissions into 
a form that is easier for the SCRF and SCR to reduce. 
Downstream DOC is the mixer section, where exhaust 
gases are mixed with injected Diesel Exhaust Fuel 
(DEF), and where DEF vaporizes and decomposes into 
ammonia. The SCRF combines particulate filtration 
and conversion of NOx-Emissions into nitrogen and 
water. The underfloor SCR ensures that conversion of 
NOx emissions into harmless byproducts is maximized, 
especially under high load conditions typical of towing. 
Following the underfloor SCR is a further catalyst which 

is meant to oxidize any ammonia that may slip past the SCR without reacting 
with NOx. This Ammonia Slip Catalyst (ASC) is the last after-treatment system 
component in the exhaust system.
 

Functional results
The combination of a high-performance combustion system with a state-of-art 
turbocharging system allowed the achievement of a compelling power and 
torque curves offering a significant improvement over the main competitors 
in the 3.0L full-size pickup truck market across the entire engine speed range.

The new 3.0L Duramax Diesel engine has been designed with efficiency as a 
main target. Therefore, engine thermodynamics and the mechanics are highly 
developed resulting in highest thermodynamic and mechanical efficiencies 
and enabling a flat BSFC map with an exceptionally large island of high ef-
ficiency. The majority of the FTP-75 and US-06 operating points fall within 
just 10 percent of peak BSFC point (assumed as 100 percent). The huge map 
width with high efficiency is highlighted, by the outstandingly low BSFC of  

  3.0L Duramax aftertreatment system  
with cross-section of major components. 

  Scatter band for BSFC @ 2,000 RPM x 2 bar BMEP  
as function of engine displacement (left) and motored  
friction scatterband (right)

 Normalized BSFC map for 3.0L Duramax
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the 3.0L Duramax Diesel  

engine with Thomas Körfer 
magazine.fev.com/en/duramax-en
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WAHASY  
development targets

In order to achieve a “closed- 
loop”-operation (e.g. on-board genera-

tion of water using exhaust gas) WAHASY 
has been developed. Its primary target is 

to provide enough water in liquid state to 
match the required amount as needed for 

intended engine operation. Available vehicle 
package is used to make sure that sufficient 

amounts of water can be generated.

The condensation requires achieving a gas tempera-
ture downstream of the WAHASY which has to be below 

the dew point of the water vapor. For simplification, the 
dew point is considered to be at around 52 °C (without 

environmental humidity, 1 bar (abs.) pressure and without 
WI – all other influencing parameters are considered in the 

development as well like water injection, ambient humidity 
and further).

Meeting this target depends on the Heat Exchanger (HEX)  
efficiencies as function of gas inlet temperature, exhaust mass 
flow, coolant temperature and coolant volume flow. The water 
separation is subject to harvester type, droplet size and gas 
velocity. Specific experiments have been run to estimate this 
aspect for inertial separators.

The original vehicle package limits the system size and was one 
boundary condition for the complete system development.

Concept presentation
Various concepts of cooling strategies and harvesters have 
been investigated and evaluated. It was the intention to use 
the existing FEV Audi TT-S demonstrator vehicle. It is already 
equipped with Port Water Injection (PWI).

Using a morphological approach multiple vapor condensation 
designs were studied, considering a variation of the heat being 
extracted by either an air-cooled heat exchanger, a High Tem-
perature (HT) coolant loop and a Low Temperature (LT) coolant 
circuit. It also respected the position of the Three-Way-Catalyst 
and the Gasoline Particle Filter in relation to the WAHASY-system. 
Criteria of the decision matrix were: 

 � Limiting system complexity
 � Increasing package compactness
 � Maximize thermal performance
 � Minimize heat dissipated through the LT coolant loop
 � Minimize costs

Finally, a concept was chosen which replaces the rear exhaust 
silencer by the WAHASY system and an exhaust gas bypass, 
controlled by an exhaust throttle. Cooling is done by a 2-stage 
cooling design (initial HT HEX followed by a second LT HEX) 
to condensate the water vapor. A third device (“Harvester”) is 
intended to separate the condensate droplets from the exhaust 
gas flow. A complete system overview can be seen in Figure 1. 

Furthermore, the vehicle is retrofitted with a Gasoline Particle 
Filter (GPF) and an additional LT coolant loop. Coolant hoses to 
the rear, additional electrical coolant pumps and an electronic 
control for all devices (incl. the exhaust bypass flap) are imple-
mented. The exhaust bypass-flap is used to by-pass the exhaust 
mass flow from the WAHASY-system, reducing the back-pressure 
at high load / high speed areas of the engine map. The vehicle 
integration of the final system can be seen in Figure 2.

WATER INJECTION

EXHAUST GAS CONDENSATE  
FOR SELF-CONTAINED  
WATER INJECTION SYSTEM
Water Injection Systems will be introduced in passenger vehicles in near future. Studies find that  
refilling the system by hand is not accepted by all customers. FEV’s demonstrator vehicle with  
water port injection shows water consumptions of about 1.0 to 1.5 l / 100 km. Target for the  
system development is to collect at least this amount of water in average. 

There are three main on-board sources for water collection: A/C condensate, surface water 
and exhaust gas condensate. Because 1 l stoichiometric burned gasoline leads to ~ 1 l water, 
exhaust gas as the only source which is mostly independent from ambient conditions and 
therefore the most promising solution. 

To show that sufficient water for injection system is available at all times,  
FEV Europe GmbH and Hanon Systems developed a simulation model to predict 
collectable exhaust gas condensate and compare this with injected water amount. 
To demonstrate the complete system functionality a demonstrator vehicle for 
automatic water recuperation from exhaust gas was built. The water recuperation 
system is called “Water Harvesting System” (WAHASY).

  VARIOUS DRIVING CYCLES 
WERE TESTED AT THE TEST 
TRACK OR PUBLIC ROADS TO 
DEMONSTRATE THE ACCURACY 
OF THE SIMULATION MODEL

 Final Concept Layout
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  THE SYSTEM SIZE CAN BE  
OPTIMIZED FOR FUTURE  
APPLICATIONS WITH REGARD  
TO OEM REQUIREMENTS  
AND WORST CASE SCENARIOS

In the near future, additional tests using climatic wind tunnel 
will allow extensive research of condensate volumes under 
various ambient conditions. The comparison of the required 
condensation efficiency with the actual efficiency of this “first 
generation” WAHASY sample revealed the possibility to sig-
nificantly reduce the size of the system without restricting its 
potential. Simplifying and downsizing the overall design will 
support applications with different engine and exhaust system 
packages and layouts.

Tail pipe emissions have not been investigated during the 
initial study, but tests are ongoing for further optimizations. 
As demonstrated in another study, WI has a positive impact 
on NOx emissions but may create some increase of unburned 
HC. This is especially a problem before the three-way catalyst 
achieved its light-off temperature. Other studies indicated that 
a partial wash-out of unburned HC can be achieved through 
water condensation. As water is not injected during cold start but 
WAHASY may be used, this could enable an emission advantage 
when using the unit.

Also, anti-freezing techniques have to be investigated to make 
the system reliable in every weather condition. Nevertheless, 
already existing solutions for other fluids (e.g. as AdBlue) may 
be re-used if necessary. 

Finally, a self-contained water harvesting enables the introduction 
of water injection as a future fuel consumption improvement 
technology without creating difficulties for final customers to 
accept it.

Methodology and results
Initial step of the project was to focus on the development 
of a numerical model, able to simulate the full vehicle model 
including:

After integration of the WAHASY in the AUDI TT-S vehicle demon-
strator, various driving cycles were tested at the test track or public 
roads to demonstrate the accuracy of the simulation model.  
In Figure 3, the upper line shows results of the simulation of 
total water mass in exhaust gas, condensed water and injected 
water in WI-system for several driving cycles considering the Audi 
TT-S vehicle. The simulation results also compare the effectively 
condensed water and the needed water at injection. 
 
It can be seen that in all operating conditions more water can 
be condensed than used. This leads to the result that WAHASY 
is currently oversized for the chosen car. Therefore several other 
vehicle input data have been simulated as well with different 
vehicles (Figure 3, lines 2–3), engines and driving profiles with 
same system size.

The figures show that this WAHASY size is bigger than necessary 
at the moment for all considered driving cycles, drivers and 
vehicles. Several boundary conditions, like hot ambient, have 
also been investigated. System size can be optimized for future 
applications with regard to OEM requirements and worst case 
scenarios. Furthermore operation strategies of bypass system 
can be optimized as well. 

One additional and 
important point is the 

condensate quality. The 
reliability issues of water  

injectors which may be caused 
by the usage of the nonfiltered 

condensate have also been con-
sidered. For this purpose, water 

condensate samples were collected 
during vehicle operation and analyzed. 

Condensate was investigated regarding 
particles and chemical quality like pH-val-

ue, conductivity and chemical components. 

In a next step, an analysis of the condensate was conducted to 
check for possible reliability issues of the water injectors caused 
by the chemical and physical composition of the condensate. 

Visual inspection demonstrated that the liquid is color-
less and clear with a slight ammoniac (alkaline) smell.

Only rare black sediments can be found. The pH-value 
is between 7 and 9. Further analysis of the condensate 
showed only small quantities of metals, a high con-
tent of acetate and small traces of benzoate ions. The 
sediments observed showed only a very small amount 
of particles. The condensate was filtered, then the 
residuals were investigated.

Conclusion and next steps
The WAHASY project has demonstrated the possibility of an 
autonomous, self-contained system, able to condensate and 
harvest sufficient amounts of water to allow a “maintenance-free” 
and “user-independent” water injection strategy.

A water condensation and harvesting system, WAHASY was 
developed and its working principle has been proved by engine 
and vehicle testing. It has been demonstrated that a sufficient 
amount of water could be condensed and harvested. Analytical 
methods and simulation models have been developed and a 
vehicle has been modified with the on-board WAHASY (FEV’s 
Audi TT-S WI Demonstrator Vehicle). This can be used in future 
for further investigations and can be adapted to all other cus-
tomer vehicles to forecast necessary system size with individual 
boundary conditions like engines, driver and ambient conditions. 
Exhaust gas condensate quality was investigated, analyzing its 
purity and chemical composition. The results of these initial 
investigations clearly demonstrate the potential of this technol-
ogy, enabling wide-spreading on water injection by eliminating 
the need for refilling an additional fluid.

  AUDI TT-S Demonstrator – before (left) and after modification (right)

INPUT PARAMETERS
 � Engine model incl.  

water injection
 � Transmission model
 � Driver model
 � Test cycle model
 � Environment conditions

SIMULATION OUTPUT
 � Fuel consumption 
 � Water consumption
 � Exhaust gas condensate  

amount collected
 � Exhaust gas temperatures
 � Necessary tank size

  Total water in exh. gas              Condensed water              Inject water
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8.56
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3.46
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3.59
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9.29

4.08
0.54

8.90

3.82
0.70

8.83

3.48
0.65

10.41

3.75
1.33

10.19

4.18
0.72

9.82

3.91
0.88

9.17

3.56
0.87

11.40
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Vehicle 1 
(1.8 t)

Vehicle 2 
(2.1 t)

Vehicle 3 
(2.5 t)

Water mass / kg
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Route FEV
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Significant reduction of CO2 emissions
Through the Paris Agreement, as well as the social policy goal 
of combating climate change, all sectors are committed to 
significantly reducing their CO2 emissions. The electric pow-
er supply sector is supposed to become entirely CO2 neutral 
by 2050. The transport sector is meant to reduce its carbon 
footprint by at least 80 percent as compared to 1990 – this 
despite an ever-increasing volume of transport. All conceivable 

climate-friendly solutions for passenger and goods transport 
also urgently need to be implemented. Some of these goals are 
reflected in the increasingly strict CO2 limits for newly registered 
vehicles in most countries. On December 17, 2018, the European 
Parliament and the Council of the European Union decided to 
reduce the fleet CO2 limits for newly registered vehicles again. 
CO2 emissions from cars are supposed to be reduced another 
37.5 percent between 2021 and 2030. This translates to 59 g/km, 
which is equivalent to about 2.5 l of fossil fuel. When it comes 
to greenhouse gas reduction in the private transport sector in 
particular, one technical solution pops up more than most in 
the public and media debate: BEVs. The number of BEVs will 
indeed rise dramatically over the next decade. The starting level 
is still relatively low, however, with BEVs, plug-in vehicles, and 
range-extender vehicles currently making up roughly 2 percent of 
newly registered cars. The market penetration of BEVs depends 
heavily on various local legal parameters and government sub-
sidies, and thus varies significantly in global terms (Figure 1).

E-FUELS

CARBON-NEUTRAL  
TRANSPORT – THE ROLE  
OF SYNTHETIC FUEL
Legislation and public debate on reducing CO2 emissions in the transport sector have 
centered almost exclusively on nationwide use of battery electric vehicles (BEVs). There 
are areas of application, however, for which pure battery electric powertrains are not 
a suitable solution, e.g. for long-distance and heavy-goods transport. Due to their high 
energy density, liquid and gas fuels will remain the fuel of choice in these areas for  
a long while yet. This is particularly true for Europe, which will still remain heavily  
dependent on importing chemical sources of energy. In the future, some of these energy 
sources will be produced in regions where renewable energy sources are consistently 
available in large quantities. E-fuels – synthetic fuels made from renewable electricity 
and carbon dioxide (CO2) – represent a very attractive option here for powering mobility 
using a closed carbon cycle.

CO2

CO2

CO2

CO2

  Anticipated shares of various powertrain technologies 
among newly registered cars and existing fleet in 2030

  Stop / start
  Mild-hybrid (MHEV)
  Full-hybrid (HEV)

   Stop / start and  
mild-hybrid (MHEV)

  Full-hybrid (HEV)

  Plug-in hybrid (PHEV)
  Battery electric (BEV)
  Fuel cell

  Plug-in-hybrid (PHEV)
  Battery electric (BEV)

Newly approved cars (millions)

32.3

16.3

29 %

2 %
China USA Europa

9 % 27 %

15.0

Existing vehicles in Europe (millions)

293 301

16.3
99 % 95 % 87 %

2018 2025 2030

1 % 
2 % 
2 %

2 % 
5 % 
6 %

309

41

E-FuELS

40

02 RESEARCH AND DEVELOPMENT



Alternative fuels
Looking at the energy situation in Europe and particularly in 
Germany, it is clear that the task of creating a system based  
100 percent on renewable electricity poses a major challenge. 
Since renewable power (especially in Europe) is highly volatile 
and is not easy to store, grid expansion and necessary re-
serve capacities could involve very high investment costs 
in the future. The goal of using 100 percent renewable 
electric energy also means Germany would have to 
increase its production of renewable energy at 
least threefold compared to today's production.

In addition to energy consumption, there is 
also significantly higher demand for energy for 
various industrial applications, the heating of 
buildings, and transport networks, currently 
total 2,600 TWh per year in Germany. In or-
der to meet these needs using energy from 
renewable sources, Germany will have to start 
importing renewable energy on a large scale 
(Figure 3). Since some of the transmission paths 
are long, directly importing electric energy is only 
technically feasible to a certain extent, however. As 
a result, electric energy harnessed overseas using 
solar and wind power will need to be converted into 
chemical sources of energy by means of power-to-fuel. For 
regions with shorter distances between the production site and 

consumers, hydrogen or substitute natural gas could also be 
used as a carrier and transported via pipeline. Conversion into 
methanol or even Fischer-Tropsch products is a more sensible 
approach for more remote production facilities. Overall, Germany 
needs to import up to 29 percent of its energy requirement in 
the form of power-to-X (PtX) by 2050.

Using CO2-neutral sources of energy is the most efficient way 
to reduce its carbon footprint. As drop-in fuels, they can also 
reduce the carbon footprint of existing vehicle fleets. Due to their 
molecular structures, many prospective PtX fuels have different 
chemical and physical properties. The candidates that best meet 
the key criteria (energy density, fuel availability and established 
production paths, compatibility with the existing fleet) are  
Fischer-Tropsch fuels and longer-chain alcohols for diesel en-
gines, as well as methanol-to-gasoline (MTG) and methanol for 
gasoline engines. It is possible to use hydroformylated Fisch-
er-Tropsch fuels containing long and medium-chain alcohols 
to produce an e-fuel for diesel engines that is compatible with 
the current EN 590 standard and can thus be mixed into the 
existing fleet at any ratio. As shown in Figure 4, these fuels also 
allow for a significant reduction of soot and/or NOx. 

Ethanol could be a highly promising candidate for gasoline 
e n g i n e s . In 2018, some  

The majority of all cars sold in 2030 (close 
to 90 percent) will still have a combustion 
engine for various reasons. The most fre-
quent reasons cited for deciding not to 
buy an electric vehicle are the purchase 
price, the limited range, long charging 
times, and inadequate development of 
the charging infrastructure. In addition to 
this, only 2.5 – 5 percent of Europe’s vehicle 
fleet is replaced each year. As such, it will 
take several more years for BEVs and fuel 
cell vehicles to have significant market 
penetration. Relying solely on the growth 
of the electric fleet to achieve the ambi-
tious CO2 targets is thus not an option. 
Instead, other effective technologies also 
need to be used. Using CO2-neutral syn-
thetic fuels (e-fuels) can help in addition 
to electrifying powertrains and improving 
the efficiency of combustion engines.
 

It can be presumed that electrification will 
provide the largest contribution to CO2 
reduction. In this context, electrification 
means not only pure electric vehicles, but 
also fuel cell vehicles, hybridizing combus-
tion-powered powertrains, and power-
trains with range extenders. An additional 
24 percent reduction can be achieved 
by increasing efficiency through weight, 
friction, and enhanced aerodynamics as 
well as changing the modal split (shifting 
goods to rail). The remaining 31 percent 
needs to be covered by CO2-neutral fuels, 
as seen in Figure 2.

  ALL TECHNICALLY 
FEASIBLE OPTIONS 
WILL NEED TO BE 
USED TO ACHIEVE  
A QUICK REDUCTION 
IN CO2 EMISSIONS

  Energy situation in Germany in 2018 and projections for 2050

  Scenarios for achieving the 2050 CO2 targets in the road traffic sector

   Development halted 

   Modal split

   Electrification

   Efficiency increase

   Result

CO2 emissions 
in million tons

Year

1990 level

2050 target
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0
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 - 31 % Energy carriers    Diesel fuel
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  Soot/NOx trade-off for various fuels  
at n = 1,500 min-1, pmi = 6.8 bar 

  Renewable
  Hard coal and soft coal
  Nuclear energy

  Natural gas
  Petroleum
  Power-to-fuel

Primary energy sources in petrojoule (PJ)

13,730

2018

34 %

23 %

6 %

22 %

15 %

9,520

Imports

14,400 in 2008

~ 7,200

- 50 %

2050

32 %
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  Electricity
  CO2

  Service and maintenance
  Other
  Investment costs
  Proceeds from by-products

0.97 €

- 0.12 €

0.12 €

0.04 €

0.72 €

0.07 €

0.09 €

In many countries, e.g. in the Middle East and North Africa (MENA), 
the costs of synthesis will drop to below 1 euro/l diesel equivalent 
by 2030 due to low electricity rates. Although the potential for 
e-fuels has also been discussed outside of Europe, no large-scale 
PtX plan is currently in the works since legislation still does not 
acknowledge any CO2 reduction through e-fuels. As a result, 
market players still do not see a substantial enough business 
case to invest in e-fuels. A quick market introduction would 
be possible if one stakeholder were to profit from producing, 
marketing, or using e-fuels. A certificate trading system could 
also be introduced to allow carmakers to purchase CO2-neutral 
fuel and the corresponding certificates. By mixing it into the 
existing infrastructure, the fuel would be used by all customers. 

The CO2 savings resulting from the use of e-fuels would then 
be counted towards the CO2 emissions of the manufacturer’s 
vehicle fleet. Another option would be to redesign the energy 
tax by lowering it on renewable sources of energy and gradually 
increasing the costs for CO2 emissions from fossil fuel combustion. 
The stakeholders addressed could be the petroleum industry 
or carmakers. This would yield a sustainable business model 
with the urgently needed investment security.

Outlook
All technically feasible options will need to 
be used to achieve a quick reduction in CO2 
emissions. However, the powertrain systems 
for heavy-load and long-distance vehicles 
cannot be electrified to the same extent as 
those for light commercial vehicles and cars.

Goods transport will still need to rely on liquid 
or gas chemical sources of energy. As such, 
Europe will also rely on substantial imports 
of chemical sources of energy. The tank-to-
wheel accounting currently gives a strong 
preference to electromobility – which will 
contribute enormously to lowering fleet CO2 
emissions – over alternative technologies. 

E-fuels have not been counted toward fleet 
emissions yet. Legislation thus requires urgent 
revision. There are various ways to make syn-
thetic fuels more attractive, e.g. a tax on CO2 or 
carbon from fossil sources. Another option is 
to count e-fuels toward fleet emissions using 
a certificate trading system. Regardless of 
the political instrument used, synthetic fuel 
absolutely must be compatible with the ex-
isting fleet in order to quickly achieve market 
penetration. 

110 million tons were synthesized and traded, primarily for the 
chemical industry. Due its very high knock resistance and good 
lean-burn characteristics, methanol can be used to significantly 
improve the efficiency of gasoline engines. As a result, e-fuels 
can be used to achieve similar tank-to-wheel efficiencies as in 
fuel cell vehicles. Figure 5 shows the increase in efficiency for 
engine measures implemented thus far and how the efficiency 

target of 50 percent could be achieved in the future. 

Some countries, such as China, are massively promoting 
the use of methanol. In Europe, the methanol content 

in gasoline is currently limited to 3 percent v/v in 
EN 228, even though most fuel system materials 

are already certified up to 15 percent v/v. In 
addition to its direct use as fuel, methanol is 
also very well suited as a starting material for 
other fuels. For instance, the methanol-to-gas-
oline (MTG) process can be used to produce 
a gasoline-equivalent synthetic fuel that can 
also be mixed with conventional fuel in large 
quantities.

Areas of application for e-fuels
In the future, Germany will need to depend heavily 

on PtX imports. Cost will be the primary factor for 
the expansion of various technologies, however. 

Since local circumstances have a critical impact on the 
availability of renewable energies, the costs of synthesis 

also vary quite dramatically around the world. Figure 6 shows 
how greatly fuel production costs depend on the costs of power.

  Efficiency 
increase through 
engine measures 
and the use of 
e-fuels

  Cost breakdown for e-fuel production 
in the MENA region through 2030
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The integration of a new technology in existing engine 
designs and manufacturing structures is the key to 
providing an efficient and cost effective solution. The 
Stepcom® system (Figure 1) fulfills those requirements 

very successfully and its implementation into various engine 
designs was demonstrated.

A Stepcom® system comprehends the following new engine 
components:

 � VCR con rod
 � Actuation unit incl. position sensing

As the VCR con rod fits within the design space of a conventional 
con rod there is no requirement to modify the con rod bearing 
or main crankshaft dimensions. A small modification on the 
underside of the piston might be required to provide space for 
the slightly wider eccentric unit. Specific attention has to 
be paid to the oil supply from the crank to the con 
rod which should be confirmed through oil supply 
simulations. The balance masses need to be 
slightly adapted.

The actuation rack is fitted in the lower 
crank housing. Depending on the base engine 
design, i. e. in-line engine, V-engine, position of balance 
shaft unit, etc. it can be placed directly below the crankshaft or, 
alternatively, upwards beside the crankshaft.

For the actuation system a pair of guide plates for each cylinder 
is connected to a metal bar (Figure 2). For switching, the actua-
tion unit is moved parallel to the crank axis and the switch valve 
on the bottom of the con rod is guided to the desired position.

A double acting linear solenoid provides the required 
force and enables a fail-safe function as the movable 
unit has a locking feature.

The actuation unit also includes the indirect position sensing. 
On demand, cylinder selective position sensing incorporating a 
proximity sensor could be integrated in the piston cooling jets. 
For this feature, no change on the piston design is required.

Based on the moderate changes to the main engine components 
an existing engine assembly line and end-of-line test will not be 
largely affected. VCR system components can be supplied to the 
assembly line in the same way as standard components and a 
flexible assembly line where both, standard and VCR engines 
are being assembled is possible.

With little impact on the design of existing engines the Stepcom® 
VCR system has the excellent prerequisite to be combined with 
other technologies.

Compatibility
Increased electrification of conventional powertrains is one of 
the major development trends currently and 48 V hybrids are 
expected to become a technology standard in the near future. 
Thus, it is crucial to look at how conventional technologies that 
improve the ICE affect the overall efficiency in more and more 
electrified powertrains.

VARIABLE COMPRESSION RATIO

STEPCOM® - 2 STEP VARIABLE  
COMPRESSION RATIO SYSTEM  
INTEGRATION & INDUSTRIALIZATION
The integration of a new technology into an existing base engine design is a major challenge.  
This is even more valid when new engine designs are in limited number due to the future transition  
to electrified propulsion. The Hilite Stepcom® system provides a design solution of the Variable  
Compression Ratio (VCR) technology with minimal impact on the existing base engine design.  
This also allows utilization of existing machining and engine assembly lines to build VCR engines  
side by side with conventional engines.

This acticle describes the Stepcom® system integration, its compatibility with powertrain  
electrification, system validation, design for cost optimization and production readiness.

  System Integration –  
comparing a conventional  
(left) and the Stepcom®  
VCR design (right)

  VCR SYSTEM COMPONENTS CAN BE  
SUPPLIED TO THE ASSEMBLY LINE IN THE SAME  
WAY AS STANDARD COMPONENTS
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The CO2-saving of VCR con rods depends 
on the powertrain electrification level form 
of the electric power of the e-machine, 
or alternatively the battery capacity, see 
Figure 3.

Baseline for this evaluation is a D-segment 
vehicle with a weight of 1550 kg powered 
by a 1.5 L 3-cylinder TC DI engine with a 
7-speed DCT. In the WLTP, this vehicle 
shows a CO2 emission of 137 g/km. Such 
a powertrain can be considered as a re-
alistic main stream high volume scenario 
in the next years.

It can be seen that without electrification, 
VCR gives a CO2 saving of 7.3 g/km or 5.3 
percent in WLTP. Through electrification 
and using 48V technology, up to 20 kW 
can be achieved and the CO2-savings by 
VCR is reduced to 5.6 g/km or 4.1 percent. 
Here, electric driving at low load or electric 
boosting at high load are possible and 
thus avoid of most unfavorable combus-
tion engine operation points.

The absolute saving in g/km depends on 
the base engine. Typically, larger displace-
ment engines benefit more from VCR with 
regards to absolute g/km.

In the area of medium electrification for 
high voltage hybrids, the electrification 
decreas is visible in the curves lowered 
gradient. Here, the engine operation 

points with worse efficiency are fully 
removed, which reduces the impact of 
further electrification on the overall pow-
ertrain efficiency and thus the potential 
of VCR. On the other hand, there is still a 
significant benefit of VCR in the area of 
best ICE efficiency.

With PHEVs the potential depends on the 
battery SOC and application. The possibil-
ity of fully electric driving for a significant 
amount reduces the time share of ICE 
usage and thus the relevance of the ICE 
efficiency even more. In charge sustaining 
mode, the gradient remains similar to the 
gradient at medium electrification levels.

For long range driving at vehicle speeds 
of 100 km/h and 130 km/h, VCR shows a 
CO2-saving of 7.4 g/km, respectively 8.5 g/
km, nearly independent of the electrifica-
tion level. Here, the effect of electrification 
is strongly limited due to the amount of 
energy storable in the battery.

Beside the effect on CO2-saving VCR is an 
enabler to meet future emission legisla-
tions in terms of Lambda = 1 capability in 
the entire engine map. VCR can be applied 
to compensate the specific power losses 
at lambda = 1 with a gain of up to 20 kW/L.
 

System validation
As a significant share of engine components remains unchanged, 
it can be considered to perform a reduced validation test pro-
gram which concentrates on the base engine components only.

The Stepcom® VCR system validation takes place at component 
level, as well as in the fired engine. Resonance pulser tests with 
focus on fatigue behavior are conducted according to customer 
specifications.

The switch valve is endurance tested mounted on a rotating disc 
and supplied with oil pressure. The support piston including 
piston sealing is validated at a special test rig which creates the 
same boundary conditions like real engine operation.

The wear pattern from fired engine testing could be reproduced 
on component level testing for several projects, allowing new 
applications with a very high confidence level.

The main validation is conducted in fired engine test, Figure 
4. Particular focus has been applied to long term durability at 
high engine speeds and full load including high oil temperature 
exposure. An overspeed test has been added to ensure system 
robustness at engine speeds > 7000 rpm.

A specific switching durability test has been developed to assess 
the reliability of the switching itself and the wear pattern on the 
switch valve and actuation unit. Low temperature testing down 
to - 20 °C has been successfully completed.

Design for cost
Besides its function, a new technology has to prove cost-com-
petitiveness. Design for cost has been performed starting from 
a mature prototype status with intensive investigations on 
smarter design alternatives, material properties and tolerance 
requirements.

Significant cost reductions have been achieved on the main con 
rod body by changes of the hydraulic bore scheme, increased 
bore diameters and material property. The eccentric has been 
modified for a single lever design reducing the machining effort. 
Also, a material change and improvements on coating have 
been introduced.

On the lever subassembly, the machined 2-piece lever is re-
placed by an off-tool single lever. The support rods have been 
improved with ball end connections instead of machined parts 
and pin fixation.

The hydraulic system has been improved by integration of the 
check valves in the switch valve unit. The design modifications 
have been accompanied by significant component and fired 
engine level testing to meet the validation requirements. Based 
on a comparable volume scenario a material cost reduction of 
40 percent has been achieved, see Figure 5

 
  Fired engine validation

  Actuation unit

Movable bar

Locking  
mechanism

Double acting 
linear solenoid

Guide plates
TEST TARGET/DEFINITION STATUS

Full load at high  
engine speed

900 h of engine tests at rated 
power in different projects 

Switching durability 600 / 300.000  
switching events 

Low temperature Switching functionality  
at - 20 0C 

Overspeed
Robustness and position  
stability prover at motored 
engine test > 7.000 rpm



MATERIAL COST

ADVANCED DESIGN
OPTIMIZED FOR 
 HIGH VOLUMES

 Main body
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 Subassy lever
 Valves

60 %

100 %

Design-to-cost

   Fuel consumption benefit of StepCom® as a function of the level of electrification
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Industrialization
The main assembly concept of con rods is identical for all applica-
tions. It is based on the assembly experience of various prototype 
assemblies and lessons learned out of these assemblies has been 
applied to develop the series production process.

For a high volume assembly process, a fully automated assembly 
line is utilized and placed in a clean room environment due to high 
quality requirements. Material handling, assembly processes and 
component checks are fully automated. The assembly process 
consists of:

 � Sub-assembly lever group, i.e. support rods, pistons and 
sealing systems: Both support rods have ball shaped ends. On 
the piston side, the rods are fitted to the pistons and are fixed 
each by a ring which is laser welded into the piston. On the 
lever side the rod is fitted to the lever by a crimping process.

 � One of the most challenging assembly process is the so-called 
„marriage“ of the lever group assembly and the eccentric 
with the main con rod body, Figure 6. It comprehends the 
lever, support rods, piston and calibrated seal rings. The main 
con rod body is positioned in a fixture which also provides the 
assembly aids to allow an easy gliding motion of the pistons 
into the support chambers. Finally the eccentric is placed into 
the con rod main body and lever assembly by a robot.

 � Laser welding, has been the chosen to ensure a high strength 
and high quality connection between eccentric and lever. 
Hilite has developed the welding process towards production 
readiness. The production welding machine is also utilized to 
build prototype assemblies for various projects at a very high 
standard. The laser welding consists of the welding process itself 
and the simultaneously conducted monitoring.

 � The switch valve press fit operation is completing the assembly 
process. It also contains the check valves and is delivered as a 
subassembly to the main assembly line.

At the end of the assembly line an End-of-line test will check the 
main functions of the con rod. The assessment is based on hydraulic 
and mechanical tests.

Conclusion
The Stepcom® VCR system has been integrated into various engine configurations. 
The integration effort and impact on already existing manufacturing lines is low 
compared to other VCR systems. There is no impact on engine packaging.

Besides the effect on CO2 savings, VCR is an enabler to meet future emission 
legislations in terms of Lambda 1 capability in the entire engine map. Depending 
on the level of electrification the CO2 savings under real driving conditions can be 
up to 8.5 g/km (1.5 L engine, D-segment vehicle). For larger vehicles with bigger 
displacement powertrains, the gain will increase significantly.

The Stepcom® VCR system has been optimized for functionality, material specifi-
cation and manufacturability. Manufacturing processes like the welding process 
and end-of-line test have been developed, and assembly line layouts for various 
volume scenarios are available.

  BESIDE THE EFFECT ON CO2-SAVING VCR IS AN  
ENABLER TO MEET FUTURE EMISSION LEGISLATIONS

 Lever group and eccentric assembly

By 
Daniel Henaux . henaux@fev.com
Knut Habermann . habermann@fev.com
Tolga Uhlmann . uhlmann@fev.com
FEV Europe GmbH

Sebastian Schilling 
Manfred Pöpperl 
Dietmar Schulze 
Hilite Germany GmbH
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The potential to combine SCR and DPF technologies 
has been known for many years, but until recently, all 
developments in this area have been predominantly 
applied to the passenger car sector, owing to the 

colder duty cycles and need for very low NOX and PM emissions. 
The introduction of real-world driving conditions (RDE) as a 
requirement for certification, has pushed the need for SCRoF 
to be applied to almost all Diesel passenger car applications 
certified to the latest emissions legislations.

All new applications need to meet EU stage V or the US Tier 4 
Final emission standards, where the introduction of a particulate 
number limitation means the use 
of filter technologies is effectively 
required. However, limits on NOX 
emissions have also become strict-
er, meaning SCR technologies are 
needed, increasing system complex-
ity, size and cost. There is also the 
increased potential to incorporate 
engine heating measures to ensure 
emissions compliance over all duty 
cycles. This is pushing OEMs to seek 
a modular approach to their after-
treatment systems, which allows each engine to be applied to 
a number of different application variants. This does not come 
without some engineering challenges, and these can vary in 
their complexity and importance depending on the previously 
applied exhaust aftertreatment (EATS) technologies.

Incorporating a urea mixing section within the exhaust system 
upstream of the DPF for systems which previously did not include 
SCR technology can be complex for packaging, as the mixing 
section needs to be designed for optimal flow distribution to 
minimize ammonia (NH3) slip potential. However, this also needs 
to be balanced against the backpressure increase caused by the 
mixer itself. An illustrative example of this process is shown in 
Figure 2 below, detailing how backpressure and system perfor-
mance can be optimized. 
 
An optimized SCR mixer design can be combined with accu-
rate SCR control functions for optimal SCRoF operation. As 

NOX emissions are key in both the SCR chemistry and passive 
soot oxidation, the control of such behaviors can be difficult to 
quantify, elucidate and calibrate. Therefore, the introduction of 
new physical and chemical based controls, such as kinetic based 
approaches for both SCR dosing and passive soot regeneration 
are the preferred solution for more accurate control. Such models 
also provide improved accuracy regarding NH3 loading and NH3 
slip prediction. As SCRoF and SCR bricks can have significantly 
different properties, such as SCR coating quantities, NH3 stor-
age capacities and substrate thermal properties, inaccuracies 
are added during calibration by averaging and weighting the 
parameters for the combined SCRoF/SCR system.

The graph in Figure 3 shows the 
potential improvements in NH3 slip 
control by implementing a 2-brick 
control logic. The use of the sin-
gle brick model shows the highest 
NH3 slip in the mid-phase of the 
cycle owing to the previously dis-
cussed inaccuracies. Changing to 
the dual brick control optimized 
for maximum NOx conversion ef-
ficiency demonstrates the strong 

improvements, as the peak values of NH3 slip are reduced by 
up to 60 percent. A tuning of the control parameter dataset 
towards minimum NH3 slip was applied in a second step. This 
modification drives the NH3 slip again to less than 50 percent 
of the initial dual brick calibration. Of course, the overall NOX 
conversion is slightly decreased as the minimized slip applied 
results in limitations for overdosing.

Considering the system improvements above, the application 
of SCRoF for Off-Highway applications was investigated via 
simulation. The key factors influencing passive soot oxidation 
were determined and approximate soot balance points were 
determined for steady state operation as well as for key Non-
Road duty cycles. Furthermore, the NOX emissions potential of 
a SCRoF system was considered for 4 different applications. 
Finally the potential improvements in control options for such 
systems were highlighted and discussed.

SELECTIVE CATALYTIC REDUCTION

SCR ON FILTER TECHNOLOGY  
FOR OFF-HIGHWAY APPLICATIONS
The application of a Selective Catalytic Reduction (SCR) coating on a Diesel Particulate Filter  
(DPF) has the potential to enable the Off-Highway sector to meet the increasingly strict future  
emissions legislations, whilst allowing more flexibility with regards to packaging space for the  
overall powertrain design and system architectures over a wide range of duty cycles. Optimizing  
the layout and control of these systems also allows engine manufacturers to certify systems,  
either passively or actively, over multiple markets with varying legislation types.

Detailed here is an overview of the engineering challenges involved in creating  
an optimized Selective Catalytic reduction catalyst on a diesel particulate  
filter (SCRoF) system, Figure 1, and the results of the optimized system  
for NOX emissions compliance and passive regeneration  
certification potential. 

  THE INTRODUCTION 
OF A PARTICULATE 
NUMBER LIMITATION 
MEANS THE USE OF 
FILTER TECHNOLO- 
GIES IS EFFECTIVELY  
REQUIRED

  Schematic of an  
exhaust system  
containing SCRoF DOC SCRoF SCR ASC

NOx T NOx
(NH3)

T T AdBlue  P
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Based on the learnings from passenger car systems, 
SCRoF can be successfully applied to the NRMM 
markets, and has the potential to cause a shift 
towards this kind of solution for the Heavy Duty 
On-Road sector in future applications.

Four EPA non-regulatory, non-road duty-cycles 
were simulated to show if the same SCRoF could 
be applied to meet emissions limits over a wide 
range of applications. The normalized Speed-Load 
profiles for these cycles are shown in Figure 4. Each 
of these cycles was run with an assumed NO2/NOX 
of 30 percent post DOC. The simulation results are 
shown in Figure 5. It can be observed that there is a 
wide range of engine out NOX emissions observed, 
however all cycles comply with the Stage V NOX 
emissions target of 0.4 g/kWh.

Additionally, a large number of steady-state balance 
point scenarios were simulated to determine which 
key factors influence the potential for achieving a 
balance point in a SCRoF component. This is critical 
for determining if a SCRoF system can be certified 
as passively regenerating, or if it requires active 
regeneration based certification, as show in Figure 6.

Finally, the passive soot oxidation potential was 
evaluated by overlaying the NOX to PM ratio and 
the average SCRoF temperature for each of the 
duty cycles on the simulated soot levels within the 
SCRoF. In Figure 6, the Backhoe cycle is shown as a 
square, the Crawler cycle as a circle, the Excavator 
cycle as a diamond and the Tractor cycle is shown 
by a triangle.

cycle, despite having a significantly better 
temperature profile, also has a higher overall 
soot mass owing to the lower NOX to PM ratio.

This is further reinforced by an overall lower 
soot mass being observed on the Crawler 
cycle, despite it having overall lower operat-
ing temperatures. This is compensated for 
by the higher NOX to PM ratio. This indicates 
that there is potential for lower temperature 
cycles to successfully achieve the required 
soot balance points within the soot mass 
limits of the SCRoF substrates, via careful 
tuning of the combustion settings. Further-
more, higher temperature duty cycles also 
require sufficient NOX to PM ratio to exploit 
the potential for passive soot oxidation. 

Overall it can be seen that for the simulat-
ed system, all duty cycles can achieve both 
their tailpipe NOX emissions targets whilst 
meeting the soot mass limits and balance 
point requirements for passive certification 
of the SCRoF. This shows the potential for 
modular SCRoF systems to be applied over 
multiple applications for Stage V emissions 
compliance. 

The cycles are plotted based on the NOX to PM ratio in mol/mol and the 
temperature plotted is the average wall temperature of the SCRoF. The 
contours and color scale represent the expected balance point for passive 
oxidation for each duty cycle in g/L of soot, based on an expected NO2 
inlet condition of 30 percent. The soot input to the balance point system 
was low in order to differentiate the behaviours of the other effects more 
clearly, so the values shown are more indicative. However, this can be 
realized more accurately by combining the method described with an 
engine plant model.

The plot shows that the Backhoe cycle would be the most challenging 
application with regards to an acceptable soot mass limit, based on passive 
regeneration. The average temperature is lower than 250 degrees celsius 
which makes the cycle challenging and there is therefore, an increased 
potential for this type of application to require the implementation of 
an assisted passive mode. However, it can also be noted that the Tractor 

By
Dr. Lynzi Robb . robb@fev.com

  Comparison of SCR Dosing Control with  
Single and Dual Brick Control

  Where the expected balance point for the FEV optimized 
system would be for each duty cycle in g/L
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Mobility is a determining factor for the quality 
of life in urban areas. The expected doubling 
of the urban passenger mobility demand by 
2050 will push conventional ground based 

transportation to their limits. Moreover, their enhance-
ment is limited due to large investments, footprints, and 
lead-times required. Metropolitan areas and cities will 
consequently face significant challenges with regards 
to pollution, noise, and congestion. 

The sky however, has been successfully used for safe 
and time-efficient long-haul transportation for decades. 
Already today, conventional helicopters operate as air 
taxis in cities like New York City. An 8-minute flight from 
JFK Airport to Lower Manhattan costs around $200 USD 

per passenger using the Uber Copter Air Taxi Service. 
Also, Blade offers an Airport Pass for an annual 

fee of $295 USD, with which each flight between 
Manhattan and NYC airports costing $145 USD. 
Comparing this with ground transportation, the 
same trip costs $55 USD for a regular taxi and 
$120 to $180 USD for a more comfortable Uber 

Black Service, but takes 55 to 100 minutes. 

Recent technological developments  
allow breakthrough of eVTOL aircraft 

The high (operational) costs of a helicopter are the key 
driver behind the high fares. Next to this, noise emissions 
limit the uptake of current air taxi services. In the recent 
past, start-ups and established aviation companies 
developed new disruptive aircraft concepts: electric 
Vertical Take-Off and Landing (eVTOL) capable aircraft 
equipped with Distributed Electric Propulsion (DEP). The 
number of eVTOL related patents has vastly increased 
in the last years, with USA, China, and Germany being 
at the forefront. The enabler for eVTOL technology 
is based on the recent technology improvements in 
battery technology, electric motors, and automation 
technology, leading to several advantages compared 
to conventional helicopters: They promise a safer, qui-
eter, and significantly less expensive operation. With 
the availability of eVTOL technology, Uber forecasts 
significantly less than $5 USD per passenger mile for 
their Uber Air Service in the near term. 
 
Due to the advantages of eVTOL aircraft, a high growth 
of the eVTOL market is expected. With FEV Consulting's 
background from a major near-term Urban Air Mobility 
(UAM) program for a megacity’s transport authority 

and their deep eVTOL industry insights, the company 
forecasted the global eVTOL fleet size through 2040. 
The projection takes several parameters such as the 
economic attractiveness of eVTOL air taxis, environmental 
conditions, underlying regulations, policies, and infra-
structure into account. Furthermore, cultural probability 
of technology adaption and the number of expected, 
credible eVTOL manufacturers were considered.

The market of eVTOL concepts is broadly  
diversified, with a common set of technologies 
such as electric propulsion
More than 80 start-ups and established aircraft man-
ufacturers are currently developing over one hundred 
eVTOL aircraft concepts. Having extensively reviewed 
these concepts, FEV Consulting expects that less than 
20 percent are suitable for aerial ride sharing and are 
developed by credible players which have the capabi-
lity to drive its concept through full development and 
certification into operation. Different use-cases are a key 
driver behind the broad conceptual diversification of the 
eVTOL aircraft landscape. The main differentiator is the 
aircraft architecture with the related propulsion concept: 

ALTERNATIVE TRANSPORTATION

URBAN AIR MOBILITY –  
A NEW MARKET FOR  
AUTOMOTIVE PLAYERS
FEV expects a high growth potential for the Urban Air Mobility market  
and sees the opportunity for automotive players to make business  
in this multi-billion-dollar market and diversify their product portfolio.

  Traffic situation in New York City during evening peak hours

JFK Airport  
New York City

Lower  
Manhattan

TIME 
55 – 100 min
FARE 
55 – 180 $

TIME 
23 min*

FARE 
200 $

* 8 min flight time, 15 min boarding and deboarding (estimated)
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It can be distinguished between the multi- 
rotor, the lift & cruise and the tilt rotor/
wing architecture. While there are also 
differences in the energy source, i.e. pure 
electric and hybrid systems, the following 
paragraphs focus on the electric motor.
 
Performance related requirements differ 
between the architecture concepts due 
to different cruise speeds and Maximum 
Take-Off Weight (MTOW) requirements, 
but also due to the number of electric 
motors. Power and torque densities along 
with the e-motors’ efficiencies are very 
important to aircraft due to their direct 
effect on the overall efficiency, range, 
and consequently on the overall mission 
suitability. Figure 5 provides an overview 
of the power density of electric motor 
concepts from suppliers with aviation 
activities compared to aviation certified 
piston engine or turbine applications. It 
shows why distributed electric propulsion 
becomes so popular for eVTOL, but is 

also attractive for small general aviation 
applications, since state-of-the-art elec-
tric motors can achieve weight savings 
compared to piston engines. 
 
In addition, electric motors for aviation ap-
plications must be highly reliable because 
malfunctions can directly lead to flight 
critical emergency situations. Against the 
background of the operational concept, 
high availability and long maintenance 
intervals are required. Since the aircraft 
are lightweight designs mainly based on 
composites, the Noise Vibration Harsh-
ness (NVH) of electric motors should 
be at a minimum to avoid transferred  
vibrations to the fuselage and structural 
components. Using electric motors for 
these kinds of new aircraft concepts in-
stead of complex turbines, could offer 
an opportunity for automotive players 
with activities in the electrification of 
powertrains.

competition which demands for a cost-ef-
ficient mass production and lean orga-
nization and development processes. 
The effort for obtaining a type approval 
for a car is different to aviation, but the 
new eVTOL aircraft are also less complex 
compared to commercial civil aviation 
aircraft like the A320. Consequently, the 
capabilities of the automotive industry 
can help to reduce the costs, make air 
taxi fares more affordable for a broader 
public and can contribute to the expected 
market growth of the eVTOL industry.

At first, automotive players might perceive 
the requirements for certification as a 
high entry barrier. However, the supplier 
base for technologies, such as batteries 
and electric motors is less established 
compared to conventional aviation prod-
ucts. The profound experience automotive 
players already have from their products 
being used by end-customers on the road 
should not be underestimated since they 
provide real-world durability data. The ac-
quired knowledge might help to establish 
a high level of confidence for respective 
authorities to certify products from new 
players. In addition, automotive players 
develop their products according to (auto-
motive) ISO and SAE standards, which are 
similar to related standards of the aviation 
industry. Furthermore, the automotive 

industry is well experienced re-
garding supply chain, lo-

gistics, and produc-
tion processes 

which will 
be re-

quired for a higher output compared to 
today’s conventional aviation industry. 
Consequently, there might be a gap, but 
not a cold start to bring automotive prod-
ucts into the aviation market. 

By
Denis Heckmann . heckmann@fev.com
Alexander Nase . nase@fev.com
Maximilian Fischer . fischer_max@fev.com
FEV Consulting GmbH

 FEV eVTOL fleet market growth projection

 Comparison of eVTOL aircraft architectures
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Urban Air Mobility is an attractive 
pathway to enter the aviation  
industry for automotive players 
The aerospace industry is characterized 
by low quantities and low economies of 
scale compared to the automotive indus-
try with its cost-efficient mass production. 
The top-selling Airbus A320 was sold 417 
times in 2018, which is less than a tenth of 
the sales volume a BMW 3 series has per 
week with 366,475 units in 2018.

Key components such as the propulsion 
system are flight critical and can lead 
to emergency situations, catastrophic 
events, and high liability claims. Therefore, 
such products must comply to the certifi-
cation specifications defined by regulatory 
authorities such as the Federal Aviation 
Administration (FAA) of the United States 
of America or the European Aviation 
Safety Agency (EASA). The certification 
requires among others, extensive testing, 
validation, and related detailed docu-
mentation and reports. Furthermore, a 
certificate approving the manufacturing 
of the type certified product is required 
and all produced components must be 
highly traceable. These certification and 
compliance requirements lead to the high 
development and industrialization effort 
which needs to be allocated to the low 
quantities.

On the contrary, the au-
tomotive market is 
characterized by 
its high sales 
numbers 
and the 
high 
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Due to the variety of information, it makes sense to divide 
information into domains (Figure 1). Then, the flow of 
information between the domains and an adequate 
tool chain can be specified and set up.

FEVFLEX™ enables the configuration of project data, such as 
team definitions and availability, time frames and budgetary 
conditions, and allows for the transfer of this data from the 
ERP system and machine data acquisition systems to the first 
information domain – the testing assignment database. The 
powerful, graphical user interfaces in FEVFLEX™ enable a reliable 
planning and coupling of test programs and resources (test beds, 
measuring instruments, personnel).

 A tied-in, digital order management system allows instructions 
prepared in writing to be issued to laboratories and workshops 
along with the master data so the necessary measuring tools 

can be prepared and 
the test setup be ini-
tiated. Information 
about the subject of 
testing and the test-
ing program as well 
as the control unit 
data sets are supplied 
by the respective spe-
cialist department.

It is clear that reli-
ably functioning in-
formation tools also 
need to promote 
collaboration and 
the exchange of in-
formation between 
process partners 

during testing assignment planning so the information can be 
combined efficiently and without any loss. 

At FEV, our specialist departments and testing facilities do 
this by using the identical front end of the testing assignment 
database seen in Figure 2.

The inspection order data is automatically transmitted to the 
second information domain. FLEX Lab™ creates the configura-
tion of the test bench automation system, MORPHEE™, where 
it serves as the basis for performing the tests.

POWERTRAIN TEST FIELD

WORKFLOW-BASED  
INFORMATION MANAGEMENT 
FOR POWERTRAIN TESTING  
FACILITIES
Compared to the amount of raw measurement data generated 
and processed by self-driving vehicles, the amount produced 
during powertrain testing is quite easily manageable. How-
ever, the sheer variety of information encountered with 
powertrain tests and how the pieces interact place 
high demands on the tools used to process that 
information. An efficiently organized testing 
facility therefore needs that informa-
tion to be structured and 
standardized sensibly 
and its information 
management 
tools to be net-
worked intelli-
gently. That is 
the only way to 
speed up infor-
mation process-
ing during the 
testing process 
and maximize the 
knowledge gains.
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In the testing database, individual test steps, such as engine 
characteristic map measurement, full-load curve, or an emis-
sion cycle, are specified, depending on the test types required 
(Figure 2). Because the information is inherited, only deviations 
from the planned testing requirements need to be recorded for 
the subsequent steps and documentation purposes. The test 
bench operator selects the appropriate step from the testing 
database via the automation system’s interface, thus creating 
a connection to the measurement data.

Linking the test assignment data with associated rules, the set 
points actually achieved during the test, and the time-synchro-
nous measurement data from the various measuring systems 
produces a complete set of data for calculating test results and 
for further analyses. Computations are performed as needed. 
The automation system calculates control deviations or signif-
icant quality criteria, e.g. measuring point stability, in real time 

during measurement. Once the system processes them, they 
are transferred to the database. Additional calculations based 
on a standardized list of formulas are performed after the mea-
surement results are imported into the testing database. The 
results of those calculations are stored separately.

Upon conclusion of each step in testing, we have a pool of 
informative data available for quality assurance by the testing 
facility or for additional analyses, even for multiple projects, by 
the specialist department.

In the third domain – the operational database – the logbook 
functionality in FEVFLEX™, enables the logging of code-based 
operating states and error messages of the automation systems 
and measuring devices in the test field. This makes additional 
information available.

The test bench operator supplements that information with 
reports on the error patterns and root causes. If need be, the 
personnel also prepares 8D reports, as seen in Figure 3, which are 
forwarded directly to the responsible workshops or laboratories 
via a messaging system for further follow-up.

This makes the operational database an important tool for 
supporting operations in addition to the automated produc-
tivity analysis of individual projects or entire testing facilities. 
In the testing facility’s organization, this is handled by various 
equipment managers, each of whom receives reports about 
error codes within their purview as well as the anomalies, er-
rors, and the root causes contained in the reports. A powerful 
interface provides them with extensive information, and they 
can intervene quickly and selectively if a risk is encountered.

Inheriting the test assignment data links together all information 
from the test steps and operations. All the information can still 
be traced, and the preparation of component histories, i.e. load 
spectra, measurements, and anomalies experienced during the 
test phase, is simplified considerably.

Quality assurance using  
online plausibility checks
To verify and examine the plausibility of measurement results 
while testing is being conducted, the interface between the 
test bench and testing database offers a data transfer tool with 
enhanced features, as seen in Figure 5. It successively imports 
raw data into the testing database during the current measure-
ment process, performing automatic analyses as it does. The 
test bench operator receives continuous information about the 
test results via the on-screen visualization (Figure 4) and can, if 
necessary, intervene to make manual corrections, unless they 
are already made automatically.

  Information domains and flow in the testing process
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Besides confirming adherence to the testing rules, the plausibility 
checks involve ensuring the measurement results are complete 
and comparing the measurements to an expected but not yet 
critical range of values. They enable early detection of changes 
or malfunctions in the test item or even the testing equipment. 
Furthermore, the transfer tool can perform a data-driven analysis 
of gas travel times when measuring emissions and perform a 
regression analysis in order to promptly calculate and examine 
the plausibility of specific emission values. The results of the 
plausibility check are also stored in the testing database.

Online plausibility checks during data import thus contribute 
significantly to the quality assurance of testing operations. 

Post-processing and reporting
Automated reporting is based on machine-readable report 
definition, plus standardized report templates and naming.  
A typical quality measure used by testing facilities is regular, at 
least daily, taking of reference measurements based on charac-
teristic operating points. The status of the data on the test item 
and the testing conditions are kept constant at all times. This 
allows changes or shifting measurements over long periods of 
testing or after modifications or repairs to be detected quickly. 
The analysis feature built into the data transfer tool calls up 
the automated generation of a report in the evaluation tool, 
UNIPLOT™.

 The feature supplements data currently being measured with 
reference measurements already stored since the beginning 
of the test.

In addition to the quality reports, other project-specific testing 
reports have been defined. They are available shortly following 
completion of each test thanks to automatic processing of the 
test results to be presented. Calculations for individual projects 
are stored in the database as supplemental computing rules, 
thereby expanding the contents of the automated testing reports.

Global networking of testing facilities
If test runs are organized across locations, for instance, whenever 
complicated logistics for test items and components are to be 
avoided, but a different facility possesses the subject matter 
expertise, it becomes essential to have rapid and secure ex-
change of information within the worldwide corporate network.

It is not mandatory for the databases to be situated in the same 
location as the test execution site or the specialist departments. 
To ensure efficient testing operations while meeting quality 
standards, a part of the testing results must be available locally 
after a short time. This is made possible by replicating the data 
transfer tool at the local facility. The tool then performs the 
online plausibility checks and prepares the quality reports. At 
the same time, the local data transfer tool organizes the data 

transfer to the central database, where it starts additional cal-
culations and preparation of the project reports, as illustrated 
in Figure 6. The testing facility, therefore, has a comprehensive 
report on quality assurance and initial analysis available to it 
in just a few minutes.

The testing assignment database and testing database are ac-
cessed directly using a virtual desktop infrastructure. With it, the 
expert team can specify new testing assignments or individual 
test steps, which are made available to the test bench operator 
as orders on the books in the central testing database. To aid 
communication and global collaboration, FEV also uses virtual 
control stations. Comparable to the central control room at a 
testing facility (Figure 4), a virtual control station is also used to 
transfer information on online plausibility checks and the status 
of the automation and the application tool.

Test steps can be continuously assigned and complete test 
results then promptly communicated between an expert team 
and a remote testing facility via the testing database. In a series 
of internationally organized projects conducted at FEV, it was 

shown that the entire set of test results, including all automated 
calculations and reports for a test step, can be available world-
wide in no more than 15 minutes. 

FEV’s shared testing database is thus the central platform for 
the group’s global network of testing activities.

The necessary standardizations and information management 
tools were developed by FEV and are being continuously per-
fected. On that basis, our customers have an attractive range 
of products available to them – from the automation system 
MORPHEETM through data management in FEVFLEXTM and 
FLEX Lab™ to the evaluation in UNIPLOT™ for the information 
management in testing facilities.

  RELIABLE TOOLS ENSURE EFFICIENT AND  
LOSSLESS AGGREGATION OF INFORMATION
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The expectation for interior noise content from ICE-based 
vehicles (i.e., “powertrain presence”) depends highly on 
the vehicle class and target demographic; while luxury 
cars target low interior noise content, performance 

vehicles demand some level of powertrain noise feedback (with 
an emphasis on development of the desired “brand character”). 
Conversely, the tonal noise typically associated with EDUs is 
universally considered annoying; hence the goal is to minimize 
perception of this content in the vehicle. This becomes chal-
lenging, given that the reduced overall noise content available 
to hide (mask) this tonal noise content is lower on electric 
vehicles than ICE-based vehicles. Figure 1 below illustrates the 
difference in typical noise levels observed in ICE-powered vs. 
electric vehicles (EV) in the form of FEV scatterbands. Clearly, 
significant reduction in overall noise levels on EV are evident, 
especially at low-to-mid vehicle speeds. 

To predict the perceptibility of tonal noise content in-vehicle, 
masking band analysis can be used. As shown in the figure 
below, the order content can be compared to surrounding 
3rd octave levels to determine how much noise is available in 
adjacent frequencies to mask the tonal noise. If the order level 
(of whine noise) is high relative to the corresponding 3rd octave 
band noise levels, this is an indication that there is insufficient 
background noise to mask the order, resulting in a perceptible, 
and hence, objectionable whine noise.

Also shown below is a masking surface which illustrates the 
masking content for various orders over the operating range 
of an example vehicle. At higher vehicle speeds, wind noise is 
more prominent; this results in more masking content and an 
associated reduction in perception of whine noise.

NVH issue root-cause analysis & mitigation
Increased trends in electrification and associated technologies 
have posed new challenges in NVH development. In addition 
to minimizing tonal noise content in the vehicle’s interior, there 
are multiple potential NVH issues related to transient instabil-
ities (e.g., gear rattle or other driveline issues). FEV utilizes a 
structured approach, with extensive experience in 8D analysis 
and Design-of-Experiments (DoE) to address such problems. As 
part of this root-cause analysis, FEV utilizes a combination of 
industry-standard methods (e.g., Ishikawa diagrams), as well as 
FEV developed tools and processes. FEV’s Vehicle Interior Noise 
Simulation (VINS) is an example of a unique methodology that 
can be effectively utilized in the support of root cause analysis 
with complex noise issues. The VINS process is a unique time-do-
main transfer path analysis which provides insights into noise 
sources and transfer paths which contribute to sound quality 
issues under steady-state or transient conditions. Any noise 
issues identified at the vehicle’s interior can be broken down to 
identify contributions of various structureborne and airborne 
noise paths. The critical noise paths can be further decomposed 
to identify any potential opportunities for improvement (mount 
isolation, attachment point stiffness, vibroacoustic sensitivity, 

NVH

NVH-REQUIREMENTS OF  
ELECTRIC DRIVE UNITS  
IN THE VEHICLE INTERIOR
Legislative requirements for emissions and fuel consumption reduction are driving OEMs to develop 
innovative powertrain and vehicle technologies. In addition to continued development of new  
technologies with conventional internal combustion engines (ICE), there is an increasing trend  
toward electrification. These trends make it essential to develop relevant means of assessing the  
NVH performance of electric drive tunits (EDUs). These components do not generate the amplitudes 
of noise and vibration observed from internal combustion engines (ICE). As such, the methods used 
for NVH assessment and target development of IC engines are not sufficient for electric machines: 
While the objectives of ICE-based NVH development are reduction and refinement of source  
excitations, EDU-based NVH development focuses on the elimination of potential objectionable  
noise behavior in the context of ever-changing or missing masking noise content. For example,  
there is a reduced background noise for masking tonal noise in the absence of a running internal 
combustion engine.

  INCREASED TRENDS IN ELECTRIFICATION  
AND ASSOCIATED TECHNOLOGIES HAVE POSED 
NEW CHALLENGES IN NVH DEVELOPMENT

  Vehicle interior noise assessments for electric vehicles
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those observed from ICE powertrains. As such, assessment 
of individual orders excited by the electric machines and/or 
gear meshing frequencies is more relevant (than overall noise 
levels) for quantification of EDU NVH performance. An example 
of order content relative to overall radiated noise levels is illus-
trated below. This comparison provides information regarding 
the contribution of orders to overall noise levels. Additional 
investigation of the frequency content of the component noise 
levels can provide insights into perceptibility of this noise in a 
test cell environment. However, component level data analysis 
alone does little to predict the perceptibility of these orders by 
the customer in-vehicle. For this, a vehicle-centric data analysis 
approach is required, as described below.
 

Vehicle-centric EDU NVH target development
Derived from the VINS methodology, FEV has developed an addi-
tional process for interior noise prediction, called dBVINS. Unlike 
VINS (which utilizes vehicle-specific noise transfer functions), the 
dBVINS process predicts interior noise based on a combination 
of source data (noise and vibration, as measured in the test 
cell) and standardized vehicle noise transfer functions. These 

“standardized” noise transfer functions are based on median 
vehicle noise sensitivity performance, derived from the exten-
sive database of vehicles assessed by FEV. By standardizing the 
transfer functions, the interior noise relevant NVH performance 
of a given component (e.g., EDU) can be judged based on com-
ponent-level tests from a NVH test bench. This allows for direct 
comparison of the expected interior noise performance of differ-
ent EDUs or design variants of a development EDU. Specific to 
EDU development, this process allows for prediction of relevant 
order content at the vehicle interior. Comparison of this order 
content to the masking noise levels discussed above provides 
insights into the potential perceptibility of tonal noise issues by 
the customer. Appropriate design changes using a combination 
of CAE (e.g., MBS/FEA) and test-based approaches (e.g., calibra-
tion changes, NVH countermeasure development) can be em-
ployed to improve the component-level NVH 
performance of the EDU, utilizing 
such a vehi- cle-centric ap-
proach. 

acoustic attenuation, etc.). Because the results generated are 
in the time-domain, advanced analysis methods or subjective 
evaluations (listening studies) can be used for assessment of the 
overall simulated noise or individual path contributions. Figure 
2 schematically shows the integration of the VINS methodology 
in a structured 8D root-cause analysis process.

Component-level EDU NVH assessments
FEV has established standard testing procedures for quantifying 
radiated noise, sound power, and vibration at the component-lev-
el to facilitate assessment of source-level inputs to support 
electric vehicle NVH development. Analogous to ICE-based 

powertrain NVH testing, overall EDU radiated noise levels are 
typically assessed based on average radiated noise, measured at 
a distance of 1 m from the EDU (e.g., using SAE J074 standard). 
Additionally, it is common practice for electric machines and 
EDUs to augment these assessments with measurement of 
sound power, utilizing a hemispherical or parallelepiped array 
(e.g., IS0 3744 or 3745 standards). Structureborne excitations can 
be assessed by measurement of vibration at the EDU mounting 
locations (i.e., interface points between the EDU and vehicle).

Comparison of average overall sound pressure levels between 
ICE-based powertrains and EDUs in the figure below illustrates 
that noise levels radiated from EDUs are significantly lower than 

  Vehicle interior noise simulation integrated into the 8D process for root-cause analysis  dBVINS process for interior noise simulation utilizing FEV virtual vehicle

Von 
Jeffrey Pruetz
pruetz@fev.com
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By today's estimates, test scopes of 240 million to 16 
billion kilometers of road* are needed to validate 
an automated driving function. However, it is not 
the quantity of tests that determines the maturity 

of a system, but the number of road traffic situations “ex-
perienced” in which the algorithms have to actively make 
a decision – for example, during an overtaking maneuver 
on the highway.

In this regard, the V2I (Vehicle-to-Infrastructure) data man-
agement system established by FEV is an efficient solution 
for the development and validation of such driving functions. 
This is because aside from the duration and number of test 
drives, the quantities of data obtained are also a major chal-
lenge with regard to the validation. The sensor set installed in 
the vehicle, consisting of cameras, lidar (light detection and 
ranging), and radar (radio detection and ranging), quickly 
generates up to 40 terabytes of data in a single day.

That is precisely what the data management solution from 
FEV deals with. First, a networked data logger developed 
in-house takes over the collection of selected vehicle signals 
and sends them to a back-end in real time during the test 
drive. FEV once again cooperated successfully with Micro-
soft for this. With the combination of Azure Cloud Microsoft 
products and the IOT hub responsible for the data transfer, 
FEV was able to count on an established, high-performance 
tool chain. The sent vehicle data is consolidated in the cloud, 
while algorithms analyze these signals in regards to relevant 
scenarios. It is therefore possible to send feedback to the 
relevant engineers even during test drives, and to flexibly 
coordinate entire fleets according to a predefined plan. 

A standardized time stamp also significantly 
simplifies the cleaning and preparation of 

all vehicle data. Not least, this scenar-
io-based pre-filtering also enables 

cost-efficient data storage in the 
cloud. Only previously-detected 

data packets or scenarios are load-
ed into the cloud hot storage, which is the 

layer with the highest available computing power and 
access management. Less important sections are saved 
in lower performance cloud areas that are consequently 
more affordable.

COOPERATION

LIGHT IN SIGHT: FEV SUBSIDIARY  
DEVELOPS MICRO-LENS ARRAY  
FOR AUTOMOTIVE APPLICATIONS
Automated driving functions and autonomous driving fundamentally influence the way we will  
move in future. Validating these functions require systems that recognize the various scenarios  
in road traffic during test drives, evaluate them, and prepare them for the developers. FEV is  
overcoming this central challenge with a data management and assessment system developed  
in house, which uses the computing power of the Microsoft Azure, a cloud computing platform.

FEV’s efficient data management  
for autonomous driving

The German Chancellor visits  
Microsoft and FEV at IAA 2019
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As an integration and develop-
ment partner in series produc-
tion projects of various auto-
motive manufacturers, the 
efficient assessment and 
validation of sensor data 
quickly proved its worth 
for FEV and its clients. 
To minimize the gen-
eral testing time on 
real streets and the 
associated costs, 
the development 
service provider is 
increasingly trans-
ferring significant 
test scopes to simu-
lation and laboratory 
environments. 

The data-logger solu-
tion, in combination 
with FEV’s own cloud-
based labeling software, 
is a significant milestone for 
the construction of a holistic 
development environment for 
ADAS/AD environments. The effi-
cient preparation of the data using 
automated recognition and classifica-
tion according to driving situation is the 
basis for all other process steps in this regard.

While the driver assistance systems in series production today 
are still based on predefined rules, in the future, FEV believes that 
this will also be possible with the use of machine learning. FEV’s 

goal is to let artificial intelligence 
handle even the most complex 

of situations and accurately 
anticipate the behavior of 

road users.

The cooperation with 
Microsoft is an im-

portant component 
of this. Interdisci-
plinary collabo-
ration between 
sections of the au-
tomotive industry 
and IT is enabling 
groundbreaking, 
cross-company 
innovations to be 
established, which 

offer critical develop-
ment benefits. At this 

year’s IAA in Frankfurt, 
the German Chancel-

lor and visitors had the 
chance to view the results 

of the cooperation at the  
Microsoft booth.

JOIN THE FEV TEAM
WWW.FEV.COM/KARRIERE

The validation of automated driving  
functions generates large amounts of data

*Source 
Driving to Safety: How Many Miles of Driving Would It Take to Demonstrate Autonomous Vehicle Reliability? Nidhi Kalra, Susan Paddock
Prof. Hermann Winner, Head of Vehicle Technology, Project Leader Pegasus

Contact 
Jan-Philipp Hake . hake@fev.com
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EFFICIENT DATA  
MANAGEMENT:  
COOPERATION  

BETWEEN FEV  
AND MICROSOFT 

LIGHT CONCEPT

In addition to environmentally friendly drive concepts 
and automated driving, progress is also being made in 
other areas of the automotive industry. Lighting design 
is gaining importance with regard to safety applications 
and brand differentiation. EDL Rethschulte from Osna-
brück, Germany – a subsidiary of FEV – has specialized 
in this discipline. With this expertise, the FEV Group offers 
solutions that have a direct influence on the perception, 
safety, and operation of future cars. 

These solutions are based on many years of experience, 
for example in the development of innovative lighting 
systems for headlights or transparent OLEDs for rear 
light applications. The latest development also has the 

potential to permanently change the view of (and from) the car. 
The REALEYES Micro-Lens Array (MLA), a further development 
of the MLA wafer technology, allows for the production of extre-
mely compact and light LED projectors out of plastic the size of 
a thimble. With their help, images or graphics, for example, can 
be projected from almost any angle onto any surface, without 
distorting. Even extremely flat angles of incidence are no problem 
for the MLA, which in combination with the compact structure 
allows for high flexibility during installation and reduces costs. 
Previous solutions mostly consist of projects with just a single lens 
and cannot execute diagonal projections with sharp contours.

FEV’s development is effective even with high contrast and  
homogeneous illumination. This opens up entirely new possible 
uses. On the one hand, these new graphics projections provide an 
innovative design effect, for example in the form of light carpets, 
which can already be seen in practice in precursors and offer 
the driver guidance and a pleasant environment. In mobility 
concepts, such as the fully-electric, 3-seater, SVEN, which FEV 
presented as a car-sharing mobility concept at this year’s IAA in 
Frankfurt am Main (Germany), the new MLA technology offers 
the possibility of further informative uses. For example, the user 
can be greeted by an external projection next to the rental car, 
or receive more information. 

This new lighting technology not only offers advantages in terms 
of additional design aspects but also provides high functional 
benefits and increased safety, which will become standard 
in future, especially in electric vehicles. These move almost 
silently and therefore are hardly acoustically noticeable in their 
environment and can make other road users notice them with 
projections on the road surface ahead.

More safety with 3D brake lights,  
based on the Micro Lens Technology

LiGHT CONCEpT
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Scenarios are also conceivable in which projecting a pedestrian 
crossing in front of the vehicle informs pedestrians that the 
vehicle is stopping and that they can cross the road. Warnings 
transferred onto the road can notify cyclists that the door of a 
car parked on the roadside is opening. Also, when reversing or 
getting out of a parking space, similar visual information for 
road users could be possible. 

Another focal point in the context of MLA technology is the 3D 
area. Whereas previous 3D processes for displays mostly relied 
on holography and auto stereoscopy, EDL’s patent is based on 
light field technology. It can be used to produce high-quality 
three-dimensional images that can be seen without the need 
for glasses or other aids. 

With autostereoscopic technologies, the 3D effect disappears 
when you close one eye, because an individual image is pro-
jected in front of each eye and it is therefore only a 3D illusion. 
Another challenge is that the lens of the human eye does not 

have to be focused on the perceived depth of an object shown 
but on the distance of the display. This often leads to the view-
er experiencing irritations and headaches. Such unpleasant 
effects do not occur with the light-field technology from EDL. 
Even with one eye closed, the viewer still perceives a physical, 
three-dimensional image, since the image points are projected 
into the space through rays of light, resulting in a real three-di-
mensional image.

The basis for this patented technology is also the MLA, which 
consists of numerous micro-lenses the size of a match head; on 
the surface of a square meter that is 253,000 lenses. These lenses 
are manufactured with an accuracy of under one micrometer, 
which is key to producing high-quality 3D displays. This man-
ufacturing process is also part of EDL’s know-how. A special 
film is used as a storage medium, which is located behind the 
micro-lenses and is capable of storing large quantities of data. 
This is necessary, because each of the 253,000 lenses shows the 
full image, which deviates by a few thousandths from its neigh-

boring lens, and each of these individual images is made up of 
65,000 pixels. During manufacturing, the image information for 
the optic is delivered by an LED exposure unit patented by EDL, 
which ensures precise orientation. Color errors and distortions 
do not occur with this method. 

The technology gives the viewer the feeling that the objects 
project up to a meter out of the display.This results in exciting 
fields of application for the automotive sector. In the vehicle 
cockpit of the future, it will be possible to create holographic 
operation elements such as a three-dimensional controller or 
switch projected virtually from the center console, which the 
driver can comfortably operate by hand and are captured by 
sensors.

Also, outside of the vehicle, this 3D development can prove 
advantageous – for example, integrated in the headlights. In 
this application case, the use of plastic optics produced by 
injection molding with the quality of glass optics resulted in 
entirely new design freedoms, leading to a headlight height 

of just 11 mm and therefore contributing to significant weight 
saving. In addition, at dusk the so-called “light-dark limit” could 
be illuminated on the film material behind the lenses, eliminat-
ing the need for visors, which such a narrow design would have 
made impossible anyway. 

This 3D light know-how has already been used to develop vehicle 
tail lights for prototypes, in which the rear light optically projects 
from the tail light of the vehicle and is therefore perceived more 
quickly than with conventional tail lights. In the past, vehicle 
manufacturers have for example had to work with mirrors to 
achieve a similar depth effect, which is however nowhere near 
as pronounced. As a result, with this 3D light technology there 
is a clear safety benefit for road users with a significantly smaller 
installation space.

FEV's technology allows new lighting concepts,  
e.g. ultra-narrow and light headlights

Intelligent lighting solutions for safe mobility

Cont 
Lutz Heyser . heyser@fev.com
Philipp von Trotha . philipp.trotha@edlrethschulte.de
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