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Abstract:
represent an important building block for achieving

Electricity-based synthetic fuels (E-Fuels)

ambitious environmental and climate targets. The Cl1
group oxygenates are due to clean combustion properties
particularly attractive,
(OME) , dimethyl carbonate (DMC) and methyl formate

(MeFo). In order to fully explore the potential of new

including oxymethylene ether

fuels in internal combustion engines, the gasoline and
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diesel combustion and emission models were optimized
and extended. After successful implementation, validation
and calibration of the models, investigations are carried
out on virtual test vehicles. These focus on efficiency
potential, emission formation and economy. In the first
step, different engine concepts of OME and DMC/MeFo
are developed, each based on modern gasoline, diesel
and CNG engines. In the second step, these engine
concepts are evaluated for an E-Class passenger car and a
40-ton truck in virtual real driving cycles (RDE). It can be
shown that the OME engine realizes the best efficiency
and at the same time minimal emissions through adapted
injection strategy and intelligent exhaust gas recirculation
(EGR). The blended fuel DMC/MeFo represents great
efficiency potential thanks to high knock resistance with
state-of-the-art engine technologies. The dedicated DMC/
MeFo engines approaches the efficiency of diesel engine
concepts with significantly less engine complexity,
making DMC/MeFo a promising prospect for heavy-duty
application.

Key words: electricity-based synthetic fuel (E-Fuel);real
driving cycle (RDE); OD/1D simulation; oxymethylene
ether (OME) ; dimethyl carbonate (DMC) ; methyl formate
(MeFo)

The strict CO, reduction targets worldwide
require the continuous further development of drive
systems. In the future, the aim is to achieve complete
elimination of CO, emissions in the transportation
sector. The increasing requirements for limiting
pollutant emissions of vehicles in real driving
conditions (RDE) also calls for efficient emission
The

neutral, synthetically produced fuels is expected to

reduction solutions. introduction of climate-
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make an essential contribution on the road to climate-
neutral mobility. If fuel is produced based on
renewable energies during synthesis, an internal
combustion engine can be operated in a CO,-neutral
manner. In addition, fuels can be produced with
properties tailored to the application. As a result,
synthetic fuels can realize low-emission combustion
and help reduce pollutant emissions in the
transportation sector.

The development of sustainable synthetic fuels is
associated with the requirement of optimum use in
this

includes the prevention of undesirable emissions such

internal combustion engines. In particular,

as particles, unburned organic components and
nitrogen oxides. A dedicated low-emission fuel thus
optimally complements the internal engine measures
and modern exhaust gas aftertreatment systems.
Furthermore, functionality requirements are to be
met, such as high energy density, safe handling, and
good combustion behavior.

: that
oxygenated fuels burn with particularly low soot
The so-called C1 fuels, which do not

contain C-C bonds, are characterized by even lower

Various preliminary ~ studies™  show

emissions.

soot formation to hardly any than other oxygenates
with the same oxygen content and thus offer a high
potential as alternative diesel and gasoline fuels. This
property enables the previously unattainable engine
operating modes (high exhaust gas recirculation, high
dynamics, extreme ambient conditions) for low
emissions of other pollutant components such as
nitrogen oxides.

In order to make statements regarding the

suitability in the combustion engine of these fuels and

0
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to be able to assess their engine potentials, simulation
models must be adjusted and extended with regard to
new fuel properties. Investigations have shown that
the use of Cl oxygenates results in significant
differences with regard to emissions, combustion
properties and material properties. Their effects on
the combustion engine have so far only been
experimentally investigated at individual operating
points. There are thus large gaps in predictive
simulation models for the combustion process and
emission formation. A comprehensive statement on
engine design for the synthetic fuels is not yet
feasible.

In the next chapter, the investigated synthetic
fuels and virtual test carriers are presented first.
Subsequently, the fundamental model development
and validation will be discussed in more detail. Based
on the established simulation methodology, engine
concepts of synthetic fuels are designed for different
scenarios of passenger car and truck applications and
their potentials regarding efficiency and emission
formations are discussed in the last chapters based on

engine maps as well as in real driving cycles.

1 Research object and method

From the large number of chemical compounds
potentially suitable as fuels, a selection was made in
the course of the study on the basis of existing data or
analogies, which showed the following substances
from the family of Cl-oxigenates to be particularly
promising: O oxymethylene ether (OME) ; @
methyl formate (MeFo) ; @ dimethyl carbonate
(DMC). See Fig.1.

O

DMC

Fig.1 Investigated compound classes

For diesel engines, OMEs have already been
identified as potentially sustainable and low-emission

5-6]

fuels™. This fuel group has very similar properties

to conventional diesel fuel, especially with regard to

handling.
In the area of gasoline fuels, DMC and MeFo
are considered. Both fuels are characterized by high

knock resistance properties. For this reason, DMC
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has already been discussed as an additive for gasoline
in the past”. Practical tests® have shown that an
improvement of HC and CO emissions can be
expected, while hardly any influence on NOx was
observed. With the exception of a patent on blending
gasoline with MeFo to improve knock resistance”’,
there is no evidence in the literature for using this
particularly volatile oxygenate as an engine fuel
beyond basic combustion studies. Since MeFo and
DMC have an identical
(CH,0O,, n=2 and 3) ,

gravimetric calorific value and are also similarly knock

elemental composition

thus have the same

resistant, their direct comparison in terms of engine
combustion and emissions appears interesting. The
main difference is in the boiling behavior (boiling
point of DMC: 90 ‘C, MeFo: 32 °C), which is of
great importance in the gasoline direct injection

process for sufficient homogenization of the mixture.

DMC and MeFo have emission advantages over non-
C1 fuels and the advantage of lower health hazards
over the C1 oxygenate methanol, which means that
optimum acceptance in mobile applications can be
expected.

Appropriate fuel properties such as vapour
pressure and evaporating behavior must be made for
the sake of safe use in both summer and winter.
Therefore, reasonable fuel mixtures and blends
instead of pure fuels are composed: a liquid mixture
of mainly OME,, OME, and OME; volumetrically at
57.9% / 28.87% / 10.07% (OME,;) , a binary
mixture of DMC and MeFo volumetrically at 65% /
35% (C65F35) and a gasoline blend fuel with 85%
of gasoline and 15% of MeFo (G85F15). Tab. 1
shows the properties of the synthetic fuels compared

to conventional fuels.

Tab.1 Substance properties of investigated fuels

Unit Diesel OME,; Gasoline G85F15 C65F35
H/C — 1.87 2.35Y 1.94 1.95 2.08
0/C — 0 0.82" 0.03 0.08 1
Spec. evaporation enthalpy kJ/kg 250 350 350 362 433
Spec. heat capacity liquid J/(kg'K) 2400 2400 2400 1939 1485
Stoichiometric air/fuel ratio — 14.5 5.91Y 13.91 13.01 4.65
Lower heating value H, MJ/kg 42.8 19. 21" 42.20 38.05 15. 20
Density (15 °C) kg/m’ 830 1057. 1" 744 789 1041

1) Values determined in laboratory report.

Although the use of a particular fuel is not limited
by the engine class, this study preconceives the primary
use of gasoline and diesel alternatives respectively in
small engines for passenger car segment and in large
engines for heavy-duty sector. A reference passenger car
gasoline engine and a heavy-duty diesel engine are
chosen: VW EA211evo'™; MAN D2676"*,

These two engines serve as a basis for the design
of engine concepts for the synthetic fuels. In order to
further evaluate the engine performance in real driving
conditions, representative vehicles in both segments
are chosen: Mercedes E-Klasse™ ; MAN TGX
18. 440,

The whole engine design and evaluation was
carried out with the aid of 0D/1D simulation, where
simulation models are a

reliable,  predictive

mandatory prerequisite. These models must not only

capture the physical influences of the changed fuel
properties and possible operating modes on the in-
cylinder processes and calorics, but the reaction
kinetic influences of the fuels on the combustion
process, knock behavior and emission generation
must also be reproduced predictively. For this
reason, the existing models for conventional diesel
and gasoline fuels were optimized and extended for

the investigated synthetic fuels in the first place.

2 Modeling synthetic fuels in 0D/1D
simulation

The study of the interaction between fuel and
engine requires intensive simulation work, which can
provide a deep understanding of the system and thus

enable cost-effective further developments. The basis



5 S13

LB, 45 LI RER P i) K S LR R AR T AL 221

for this 1s the simulation models. Due to the different
operating principles of compression ignition (CI)
engines and spark ignition (SI) engines, two sets of
The
development and validation are discussed in this

simulation models are required. model
section respectively for the diesel and gasoline-
alternatives.
2.1 OME;;

A diesel equivalent combustion is composed of a
series of sub-processes: fuel injection, evaporation,
ignition delay, mixture formation, heat release and
emission formation. Due to a number of differences
that OMEs exbibit from diesel fuel,

processes will change. For example, the heating

these sub-

value of OME is gravimetrically only about half. The

start and end of boiling points are at significantly
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(a) Original model for diesel

lower temperatures, the flash point and cetane
number are somewhat higher-especially in the case of
longer-chain OMEs. OMEs also tend to be less
viscous and more diffusive. Last but not least, they
have different C/H/O atom ratios and exhibit
completely different reaction kinetics. As a result,
the fuel injection, mixture preparation, ignition delay
and burnout behavior are different between diesel and
OME.

The quasi-dimensional combustion model uses a
series of sub-models to describe these processes,
whose interaction is shown in Fig. 2. The sub-models
are studied one by one and adapted to OME. A brief
model conception and important model adaptions will
be described below.

Injechonﬁ
Evaporation —ﬂ‘":‘f" "';:"-

During After
Ignition Delay 1 Ignition Delay
Fremixec-Fool

Zone B Zone C

»
Ef}% Faaiﬁiiii#iiii!!i J y
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““Mixture Cloud” “Fuel Disk”

(b) Extended model for OME

Fig.2 Schematic representation of diesel-equivalent combustion modeling

The

combustion is based on the injection process. Within

modeling  of a  mixture-controlled
the scope of the study, the injection process is
modeled with a common rail system via a polygon
course according to Barba'. An OME operation
requires almost twice the mass for the same power
output as diesel. The vaporization of the fuel
following the injection is modeled via a characteristic

vaporization time'"”

and describes the time delay
between the introduction of liquid fuel and the
availability of vaporized fuel for combustion. The
of OME s

automatically taken into account in the vaporization

higher enthalpy of vaporization

model.

In the original model conception'® , each

injection, namely evaporated fuel, is assigned a
premixed pool and a diffusion pool. During the
ignition delay, the main part of injection is introduced
into the premixed pool and forms a fuel-air mixture
cloud. The ignition delay is determined here by the
the

Magnussen approach, and by the chemical reaction

turbulent mixing processes according to
kinetics according to the Arrhenius approach'".
Since the investigated OME mix has a cetane number
of 68.6, which is higher than that of diesel with a
value of 53. 1", this also means a shorter ignition
delay from a reaction kinetics point of view'”". This
property of OME is well represented with a reduction
of activation temperature in the Arrhenius term.

Furthermore, an adjustment is made that not only the
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oxygen from the environment into the air-fuel-mixture
is considered, but also the oxygen content of the fuel.
At the same time, the fuel concentration only
includes the carbon and hydrogen content in the fuel.
The oxygen content in the fuel is thus subtracted.
These adjustments result in a new formula of the

Arrhenius term:
. kT
_ ~ Tot QeKny
e = Kip1'Kan*Cric, 11°Co,sir+ e *€ @k

After ignition delay is reached and ignition takes

(D

place, the afterwards injected fuel only flows into
diffusion pool and burns diffusively. For modeling
diffusion combustion, injection spray is temporally
and axially locally discretized to multiple fuel disks.
Each fuel disk consists of 3 zones, namely: an
extremely rich zone A, non-ignitable; a lambda
favorable zone B, which burns relatively fast; and a
lean zone C, which is mixture controlled and burns
relatively slowly. To subdivide these 3 zones, an
empirical lambda distribution in the radial direction is
specified, which is dependent on the diffusion rate of
the fuel-air mixture. This model conception works
well for diesel. Adjustments are yet needed for
OME. Since OME brings oxygen with it into the
combustion chamber, OME can be seen as partially
pre-mixed. Out of this consideration, part of OME is
assigned to the premixed pool.

OME has a higher diffusion

coefficient in the air Dy... than diesel,

Furthermore,
a more

homogeneous lambda distribution can be expected in

IMEP: 3 bar IMEP: 5 bar
MFB50: 12°CA MFB50: 12°CA
—PTA —PTA
— 8o —Model <  — go|—Model =3
6 —--Injection e 5 —--Injection -
= B < k=)
=30 E 230 E
m — m —
o 3.5 g 3 =
® 0 % 25 ® o 2§
il 1 1
h} i A} 0 0
50 26 iTDC 25 50 50 25 iTDC 25 50

Crank Angle [°CA] Crank Angle [°CA]

the OME spray. Both the higher lambda value in the
middle of spray and the more homogenous lambda
distribution within spray result in more fuel into the
diffusion I pool (zone B) that burns quickly.

Using measurement data of diesel and OME on a
single-cylinder research engine with a displacement of
533 cm’ and a standard passenger car diesel injection
system, pressure trace analysis was performed and
the model validated. Tab. 2 shows the variation range

of the measured operating points.

Tab.2 Operating range of measurement data for
validating the combustion model for diesel
and OME

Value Variation range
Engine speed 1500 1/min
Load 3 bis 10 bar
Combustion center 4—16 °CA after TDC
EGR ratio 0—50%

The results of the combustion modeling can be
seen in Fig. 3 and Fig. 4. In the reference diesel cases
without EGR, the heat release rates from PTA can
be reproduced well by the simulation. Fig. 4 shows
the comparison between PTA and the simulated heat
release rate with OME. The PTA results are
reproduced as well. Even lateral influences such as
changed EGR, combustion center and load can be
predicted with the model with sufficient quality.
Finally, it should be emphasized that the model
represents the combustion of diesel and OME with a
predominantly identical set of model parameters. The

model thus proves to be predictive.

IMEP: 7 bar IMEP: 5 bar
MFB50: 12°CA -~ MFB50: 8°CA
—PTA —PTA
- —Model T —Model <
60 60
i) ~--Injection € & | -Injection o
< D =
3 30 E 3 E
] — o =
<] 3.5 g 3 E
© 0 2E ® o I 25
i
] i AL ]
50 26 iTDC 25 50 -50 26 iTDC 25 50

Crank Angle [°CA] Crank Angle [°CA]

Fig.3 Validation results combustion modeling of diesel

Since the emission behavior is of decisive
importance in the diesel engine, the corresponding
emission models must be adapted to the changed
boundary conditions of an OME combustion in

addition to the combustion model. The exiting NOx

and soot emission model ™" proved to be generally
applicable to OME. This model is based on the
combustion model and the thermodynamic modeling
the
The combustion

of the combustion chamber into two zones,

unburned and the burned zone.
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Fig.4 Validation results of combustion modeling of OME

Crank Angle [°CA]

model provides the amount of heat attributed to the
burned zone via an adiabatic isobaric change of state.
Taking into account the gas caloric, the temperature
of the burned zone is thus determined. This serves as
input variable of the Zeldovich mechanism, via which
the NO emission is calculated. It was shown that the
original parameter set of the Zeldovich mechanism
predicts NO emissions that are too low, especially at
low temperatures.

Due to the higher mass of fuel to be evaporated
as well as the possible operation with high EGR ratio

for OME, a lower combustion temperature is to be

provide more accurate NO calculation in wider
boundary conditions of lambda, temperature and
pressure.

Fig. 5 and Fig. 6 shows respectively the
validation results regarding soot and NO emissions
using the measurements as mentioned above. A load
variation without EGR, a combustion center variation
without EGR, and a combustion center variation with
50% No

measurement data is available for the diesel load

of EGR are shown for each fuel.

variation due to test equipment failure. For the other

operating points, soot and NOx emissions of diesel and

expected, which is why an enhancement of the OME were met simultaneously by adjusting a limited
Zeldovich mechanism became necessary. A new  number of model parameters. A single parameter set
parameter set is therefore found on the basis of was used for diesel and OME respectively. The
detailed reaction kinetic calculations, which can  emission model is thus considered validated.
- -4 - -- Mzasursment it
® Simulation 0,016
15 g*g;; 16
- L= ] =] o 2
z 14 | i eta oo |2 =
& 121 T EL BOE L B
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Fig.5 Validation results of soot emission modeling
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Fig.6 Validation results NO emission modeling

2.2 C65F35 and G85F15

A quasi-dimensional approach”*' is also used
for modeling combustion in SI engine. It assumes a
hemispherical flame propagation from the spark plug.
The combustion chamber is divided into three areas:
unburned zone, burned zone and flame front which
separates these two zones (Fig. 7). The model first
describes a physical process whereby unburned
material is carried by flame propagation through the
flame zone into the burned zone (flame suction). The
flame propagation velocity is positively related to the
laminar flame speed and turbulence intensity. A
turbulence model is used to determine the charge
motion (tumble) , its conversion to turbulence as well
as the turbulence generation out of fuel injection™. A
laminar flame speed model is responsible for the

21 These two

calculation of the laminar flame speed’
sub-models must be able to cope with the investigated
fuels C65F35 and G85F15. Due to the similarity in
the model adjustments for both fuels, C65F35 is used

for further explanation.

Spark plug

Burnt zone —

Flame front |

A

Unburnt | ]
Zone | |

Fig.7 Schematic representation of combustion

modeling of SI engine

For the charge motion and turbulence model, it is
important to consider the influence of the changed
injection mass due to the different calorific value of the

fuels. It could be shown that the tumble behavior can be

changed by the injection in the case of a lateral injector
position. Since the tumble is converted into turbulence
in the course of the piston movement, the injection
strategy plays a decisive role for the subsequent
The model
reproduce theses influences and validated with 3D CFD

combustion process. is enhanced to
simulations. Fig. 8 shows a comparison between 3D
CFD and model calculations regarding turbulence kinetic
energy (TKE) and tumble value when changing the
injection timing (SOI) and the engine speed (RPM) for
C65F35. It can be clearly observed that late injection
leads to tumble buildup, which makes the level of TKE
in the near-combustion region much higher than for the
other variants. In the speed variation, the influence of
injection with increasing speed does not affect the tumble
as much as at low speeds. The model can well reproduce
the influence of fuel injection on tumble and turbulence,
thus providing a reliable statement about the turbulence
level during combustion.

In addition to turbulence, the laminar flame
speed plays a decisive role for the burning process.
The applied model™ follows the approach that the
laminar flame speed is defined fuel-specifically and
represent itself as functions of pressure, temperature,
The
model provides a number of tuning parameters to
These

parameters were derived from the reaction kinetic

air-fuel ratio, EGR rate and water content.
depict these influences on specific fuel.

simulations based on the specific reaction mechanisms
for C65F35 and G85F15™. Fig. 9 shows the
deviation of the model calculation from the reaction
kinetics simulation for C65F35. As an example,
engine cycles of two different load points at A=1 are

shown in the upper part of Fig. 9. The deviations are
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Fig.8 Comparison of TKE and the tumble between 3D CFD and model calculation (WPC)

below 5% in the engine-relevant conditions. A
lambda and an EGR variation are shown in the
bottom part of Fig. 9. The model yields generally
accurate laminar flame speeds in the lambda and EGR
variations. The error increases only on the outer
edges with a higher EGR and A, where the conditions

are subordinate to the engine application.

s Model Frror [%]
2 4 6 8 10 12 14 16 18 20

20 40 60 80 100 120 140
Pressure [bar]
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1.4
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|
200

140
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Fig.9 Comparison of TKE and the tumble between
3D CFD and model calculation (WPC)

With the model enhancements for C65F35, the

combustion model is now validated with the

measurements on a single-cylinder research engine"””

128! Validations on the
load,

torque and full load are shown in Fig. 10 for the full

and a series 4-cylinder engine
characteristic points including idle, corner
engine. In general, the combustion processes from
PTA are very well matched with the calibrated model
with a single parameter set for each engine.

The deviation of the indicated mean pressure
between simulation and measurement is less than 5%

at all points.

Besides combustion modeling, a reliable
knocking prediction is required for the design of
virtual engine concepts. This behavior can be
simulated by modeling the auto-ignition behavior and
further by means of knock prediction through a knock
criterium.  Since C65F35 1s an extremely knock
resistant fuel, there is no broad database of knock
measurements available. It could be shown on the

test bench that with an increase of the intake
temperature the engine can be brought to the knock
limit. These measurements were used for the
calibration and validation of the auto-ignition model.
In addition, the knock model was tuned so that a
further increase in intake temperature or intake
pressure from the knock limit leads to a shift of the
combustion center by the knock control toward late.
The extreme potential in terms of NO emission
of C65F35 was observed on the test bench™’. An
emission model is required for the subsequent
assessment of NO emissions in engine concept
studies. The same NO modeling approach for diesel
and OME was used here and validated using test
bench data.

selected load points for a lambda and load variation is

The agreement of the model with

shown in Fig. 11. The measurements were carried
out on the single-cylinder engine with C65F35. The

model agrees very well with the measurements.

3 Design of engine concepts for
synthetic fuels

Now that the simulation has been made capable
of predicting the behavior of OME, C65F35 and

G85F15, engine concepts for practical applications
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are developed.
3.1 Passenger car engine concepts with G85F15
and C65F35
The base engine is VW EA211 TSI evo, which
is equipped with gasoline direct injection, variable-
geometry turbocharger (VGT), variable valve timing

with Miller process, a high compression ratio and

cylinder deactivation in part-load. This engine 1s
characterized by a high efficiency over a wide range of
the characteristic map and represents the state of the
art. Starting from this, different concepts are
conceived for the synthetic fuel C65F35 and the
gasoline blend fuel G85F15.

overview of the passenger car engine concepts.

Tab. 2 gives an

Tab.2 Passenger car engine concepts with key technologies

Parameter/Engine type Base Cost Optimized High Efficiency

Fuel G100, G85F15, C65F35 G85F15, C65F35 G85F15, C65F35
Displacement volume 1500 cem 1000 ccm 1000 cem

Compression ratio 12.5 12, 17 11—19, 16.5—19

Lambda 1 1 1—1.4
Valve timing Variable (Miller) static Variable (Miller)
Turbocharger VGT VGT VGT+eBooster
Cylinder deactivation Yes No Yes
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In the first step C65F35 and G85F15 replacing
gasoline are directly used in the base engine without
changing the engine design. Fig. 12 shows how the
change in fuel affects the brake efficiency in the
characteristic map for the base engine. With an
admixture of 15% MeFo, the knock behavior
improves significantly. In the high load range, this
leads to an earlier combustion center MFB50 and
thus to better efficiency. The same applies to

C65F35, with significantly brake efficiency increase

including the low-end-torque area. Meanwhile, the
change in fuel brings moderate efficiency losses in
lower part-load. This is on the one hand due to the
slower laminar flame speed of DMC and MeFo
compared to gasoline and thus the longer burn
duration, on the other hand due to the higher mixture
heating value of G85F15 and C65F35 with air
compare to gasoline-air mixture and thus a stronger
throttling needed. This fact already suggests the high

potential of downsizing.

Torque [Nm]
Torque | Nm|

€=P Brake Liliciency [%]

0 L L
1000 2000 3000 4000 5000 G000 1000 2000 3000
Lingine Speed [RPM]

(b) G85F15

Engine Speed [RPM]

(a) gasoline

4000 5000 6000 1000 2000 30000 4000 5000 6000
Lngine Specd [RPM]

(c) C65F35

Fig.12 Comparison of characteristic maps of gasoline, G85F15and C65F35 for base engine

In the second step, a cost-optimized concept and
a high-efficiency concept are designed respectively for
C65F35 and G85F15.
displacement volume is reduced by 500 ml to 1000

In the former case, the

ml. At the same time, technologies that make the
propulsion system more complex are omitted. This
concerns cylinder deactivation and variable valve
train. The compression ratio is reduced for G85F15

to operate the engine over wide ranges in the

200

150

Torque [Nm]
2
(=

50

&= Brake Efficiency [%]

3000 4000 5000 6000

Engine Speed [RPM]
(a) G85F15

0 .
1000 2000

characteristic map with an optimum combustion
center. It is necessary to sacrifice torque in the low-
end torque range because the turbocharger does not
have enough exhaust gas enthalpy to increase
pressure, despite the late combustion center (20°
CA) due to knock avoidance. Further retardation of
the combustion center can remedy this but at
efficiency costs. The area of best efficiencies moves

towards the middle of the map, as shown in Fig. 13.

200
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&€=P Brake Efficiency [%]

3000 4000 5000 6000

Engine Speed [RPM]
(b) C65F35

0 .
1000 2000

Fig.13 Characteristic map of cost-optimized concepts for G85F15 and C65F35

The peak efficiencies drop slightly due to the
tradeoff in valve timing. Nevertheless, a comparison
with the gasoline base engine shows that a similar
level of efficiency can be maintained using the cost-

optimized concept of G85F15 with significantly less
In the C65F35 case, the
compression ratio can be increased significantly to 17.

system complexity.

Again, there are torque losses at low engine speeds
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(Fig. 13 (b) ).
insufficient to build up the charging pressure since it is

The exhaust gas enthalpy is

possible to operate with an optimum center of
combustion in the low-end torque area. The best
efficiency of the C65F35 concept reaches a value of
41.1%. This results in a peak pressure of 177 bar at
a BMEP of 25 bar. The area of high efficiency
extends over the large parts of full-load region down
to the medium part-load.

For the high-efficiency concepts, all available
technologies are used to achieve the highest possible
efficiency. This includes lean combustion strategy,
variable compression ratio, variable valve train as
well as cylinder deactivation. Due to the low exhaust
gas enthalpy in the low-end-torque area caused by
the

It was

downsizing, it is necessary to support
turbocharger e. g. with an e-machine.
determined in Ref. [35] that measures such as
optimized diffuser geometry, bearing resistance
reduction, and advanced manufacturing processes will
lead to efficiency improvements of turbochargers.

In the G85F15 dedicated high-efficiency
concept, a lean combustion with lambda=1.4 is
applied to the low load range to benefit from the de-

throttling of the engine, see Fig. 14. The rest range
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of the characteristic map maintains stoichiometric
operation for two reasons. Firstly, the turbocharger
reaches its performance limit for higher lambdas at
high loads.

Although the boost demand can be compensated
by the e-turbo, the e-turbo is because of its negative
impact on efficiency not overused, but only applied
for low-end-torque. Secondly, the G85F15 engine
with lean operation becomes prone to knocking at
higher loads™" , leading to a limited range of lean
The
displayed at the top right. At moderate to high engine

operation. variable compression ratio is
speeds and low loads, a compression ratio of 19 is
applied. A higher compression ratio would be
conceivable, but due to geometry limitations, the
compression volume gets too small and leaves no
space for the spark plug if a flat piston is maintained.
At high loads, the compression ratio is successively
reduced to 11 due to the increasing knock tendency.
At low speeds, a high compression ratio harms brake
efficiency. A significantly increased frictional power
causes this at high compression ratios. The NO
emission is kept below 50 ppm in lean operation.
With increasing load and stoichiometric operation,

the NO emissions increase strongly.

Compression Ratio |-]
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17
150
100 15
50 13
0 11
1000 3500 6000
NO [ppm] 560
200
2500
150 2000
100 [ — 1500
/ 1000
7 500
0 0
1000 3500 6000

Engine Speed [RPM]

Fig.14 Maps of the G85F15 high-efficiency engine for A/F equivalence ratio (top, lef), compression ratio

(top, right), e-turbo power (bottom, left), and NO emissions (bottom, right)
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In the C65F 35 dedicated high-efficiency engine,
the lean concept is applied in a considerably wider
map range, except for the rated power area where the
the
turbocharger. A similar compression ratio strategy is
adopted here as the G85F15 engine but with a much
higher value at high loads (CR=16.5). It would also

be possible to use higher compression ratios in this

available  boost pressure is limited by

Air-Fuel Eq. Ratio |-]
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area since the combustion center can remain optimal
thanks to the high knock resistance of C65F35.
However, due to the mechanical limitation of peak
pressure in the combustion chamber, the compression
ratio is not further increased. A significant benefit of
raw NO emission can be observed. The emission
value is well below 300 ppm where the lean

combustion operates.
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Fig.15 Maps of C65F35 high-efficiency engine for A/F equivalence ratio (top, left), compression ratio (top,
right), e-turbo power (bottom, left), and NO emissions (bottom, right)

Both synthetic fuel engines represent now a wide
range of high efficiency in the map, extending from
lower part-load to full load. The engine design with
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C65F35 shows the greatest efficiency potential. A
peak efficiency over 42. 5% is reached.
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Fig.16 Characteristic map of the high-efficiency concepts for G85F15 (left) and C65F35 (right)

3.1 Commercial vehicle engine concepts with
OME and C65F35
Particular attention is now being paid to
applications in the commercial vehicle sector, where

electrification of the powertrain will obviously quickly

reach its limits. A total of 4 engines for 4 fuels are
An  OME-powered engine
developed from a diesel engine, and a C65F35-

investigated. was

powered engine from a CNG engine. Tab. 3 lists the
engine concepts for comparison.
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Tab.3 Truck engine concepts
Parameter / Engine type Base engine New concept
Fuel CNG Diesel C65F35 OME
Mixture formation Intake manifold injection Direct injection Direct injection Direct injection
Displacement 12.9L 12.42 L 11.5L 12.42 L
Compression ratio 12 17.5 14 17.5
Lambda 1 1.2-5.5 1 1.2-5.5
Exhaust gas recirculation internal external (HP) internal external (HP-+1.P)
Turbocharger number 2 2 1 2

The six-cylinder diesel base engine refers to the
MAN engine of series D2676 (displacement: 12. 41,
353 kW at 1 900 r'min™') , which is
characterized by a two-stage turbocharging, high-

power:

pressure common-rail injection up to 1 800 bar, A
-regulated high pressure EGR (HP-EGR) and a
The

dimensions and specifications of the engine and

modern  exhaust after-treatment — system.
exhaust gas aftertreatment were determined from Ref.
[14-15] corresponding to the Euro VI emission
In the engine design for OME, the

following boundary conditions

standards.
were taken into
account for the purpose of a fair comparison with
diesel operation:

« The combustion center position is kept the
same as for diesel application.

+ The maximum cylinder pressure is limited to
193 bar due to component mechanical protection.

« Boost pressure control remains unchanged as
with diesel application

+ The friction power of the injection system is
determined according to injection requirements.

Due to the lower volumetric energy of OME
than diesel, more fuel mass is required through the
injector for the same power output. The increased
pumping power of the fuel system is considered in the
simulation, under the simple assumption that an
additional friction power of 8 kW is needed to supply
OME at the rated-power point. The friction power is
modeled to be reduced depending on the fuel mass
flow at lower loads and speeds.

The engine design was carried out in 5 stages. In
Stage 1, the OME engine has the same hardware as
the diesel engine. Due to the lower heating value of
OME, longer injection is required at higher loads,
which increases the burn duration. This leads to

thermodynamic disadvantages and thus to lower

At
operating points with low to medium loads, the

efficiency compared with the diesel engine.

efficiency advantage of faster combustion of OME is
counteracted by the increased fuel pumping power
consumption. To compensate for the longer bumn
duration, in Stage 2, the injector is replaced by one
with double hydraulic flow. As a result, the burn
duration is reduced by a factor of 2 at almost all
operating points, thereby increasing efficiency. The
faster combustion slightly increases the temperature
in the combustion chamber and also increases NO
emissions, which are still at the level of the diesel
engine. Thanks to the much lower particulate
emissions from OME, the EGR rate is increased in
Stage 3. Even without geometric changes to the high-
pressure EGR path, NO emissions can be greatly
reduced across the entire map. The lower charge
exchange work also increases the effective efficiency,
especially at higher engine speeds. At low speeds,
the necessary mass flow can no longer be generated
via the turbine, so efficiency decreases here. Using
low-pressure EGR instead of high-pressure EGR in
Stage 4 shows the opposite behavior. Efficiency
increases at low speeds compared to Stage 2, but
decreases at higher speeds due to the increased charge
exchange work. A combination of high-pressure and
low-pressure EGR in Stage 5 results in the OME
concept engine. As in Ref. [30], low-pressure EGR
is used at low speeds and high-pressure EGR at
higher speeds.

Fig. 17 and Fig. 18 compare the diesel and OME
engines regarding efficiency and emissions. The
lower NO and

particulate emissions, the higher peak efficiency over

OME engine has significantly

45% and a wide high-efficient area. It is also to be
noted that the diesel efficiency drops sharply with

increasing engine speed at high loads due to the
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increasing combustion duration of longer injection.
This is where the OME has advantages thanks to the
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faster diffusive combustion, benefiting the real driving

application that will be discussed in the next section.
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Fig.17 Effective efficiency of diesel (left) and OME engine (right)
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Fig.18 Specific NO and particulate emissions from diesel (left) and OME engine (right)

Since the synthetic fuel C65F35 offers enormous
potential for high-efficient engine concepts, as shown
in the previous section, it is also brought into play for
heavy-duty applications. To estimate the potential of
C65F 35 for heavy-duty vehicles, a base CNG engine
from Ref. [31] is used. Ref. [25] has shown that the
combustion model used can represent the fuel
conversion from CNG to liquid fuels with high
quality. The turbulence level in the combustion
The
changes to the base CNG model regarding the new

chamber is adopted from the base engine.

fuel C65F35 are fuel properties, laminar flame
speed, ignition delay calculation and knock model and
injection concept.

Considering the price sensitivity of the truck
segment a cost-optimized concept of C65F35 is
developed, which has a moderate downsizing level
from the base CNG engine, an increased compression
ratio and simple stochiometric operation. The boost
pressure is provided by only one turbocharger, since,
compared with the diesel engine, no excess air needs
to be ensured in the combustion chamber due to

stoichiometric operation. In addition, compared with

the CNG concept, the fuel is injected directly into the
combustion chamber, which means that no fuel-air
mixture needs to be introduced into the combustion
chamber by the turbocharger (See Fig. 19).

The C65F35 engine has significant efficiency
Further

engine would be

advantages over the CNG base engine.
C65F35
the

controller counteracts this due to knock detection.

downsizing of the

conceivable.  However, combustion center
Since no reliable knock measurements have yet been
carried out for this engine class and application, the
model keeps the conservative assumption regarding

the knock behavior of C65F 35.

4  Potential evaluation of synthetic
fuels in real driving conditions

The evaluation of the engine concepts was
carried out in the previous section on individual load
points or on the entire engine map. Furthermore,
virtual driving cycles can be used to infer the real
power and load requirements that the engine must

provide in real drive operation and thus to assess the
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Fig.19 Effective efficiency of CNG engine (left) and C65F35 engine (right)

efficiency and emission potential in real driving
conditions. This is to be performed with longitudinal
1D simulations, where the engine models are
integrated into powertrain and vehicle models. The

air resistance, rolling friction of the tires, vehicle

weight, altitude difference on the track, gear ratio, as
well as shifting strategy are all considered in the
The

corresponding driving cycles are listed in Tab. 4.

vehicle model. selected vehicles and the

Tab.4 Vehicle and driving cycle

Parameter Unit Passenger car Heavy—duty truck
Vehicle — Mercedes Benz E—Class MAN TGX 18440
Total mass kg 1680 40 000
Gearbox (-] 9 12
Max. torque Nem 200 2317
Max. power kW 96 354
Driving cycle course — Renningen Stuttgart-Ulm
Distance kem 92.8 111
Duration min 102.8 100
Average velocity km/h 54. 1 66.6
It can be derived from the time portions of  durations, compared with G85F15 or C65F35.

operation in Fig. 20 the which load points are of
particular significance during the investigated driving
cycles. For the passenger car, the area of low to
medium speeds at moderate loads are most
requested. The full-load portions play a subordinate
role here. In the case of long-haul truck, a narrow
speed band is frequently run through at varying loads.
This results from the mostly stationary speed during
highway driving. It is noticeable that full load points
with varying speeds are frequently wused for
acceleration or hill climbing.

The real drive effective efficiency and the NO
emissions in mg/km are shown in Fig. 21 for the
different fuels and passenger car engine concepts.
The gasoline fuel performs best for the base engine
concept with approx. 34% effective efficiency. This
is due to its higher brake efficiency at part-load thanks

to the less throttle losses and shorter combustion

Nevertheless, the efficiency disadvantages of both
synthetic fuels for the base engine are only moderate
and NO emissions have become significantly lower.
A NO reduction of 60% is quantified with C65F35.
In the case of cost-optimized engine concepts, an
efficiency advantage for C65F35 is already achieved
with downsizing despite the lack of technologies for
higher efficiency. The efficiency level for G85F15
can be maintained with the cost-optimized concept
compared to its base variant. For the high-efficiency
concepts (HE) , the efficiency increases significantly
with both synthetic fuels (37.3% for C65F35). The
effect of lean combustion can be observed through
NO emissions. Especially for C65F35, the NO raw
emissions drop to 550 mg/km, correlating to the
level of a diesel engine in this segment. A common
exhaust aftertreatment concept (NOwx storage catalyst
or SCR) makes it possible to keep NO emissions well
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Fig.20 Vehicle speed and altitude of driving cycle and time profile in engine map for passenger car (top) and

heavy-duty truck (bottom)

below the Euro 6 limit™'. As a bold estimation a pre-
chamber spark-plug engine is set up based on the high-
efficiency concept of C65F35. The active pre-
chamber spark plug serves to increase turbulence and
generate combustion

multiple ignitions in the

chamber, thus reducing burn duration, stabilizing

These

effects were modeled in the simulation by raising the

lean combustion and depressing knock .

flame speed for about a 35% reduction of burn
duration over a wide range of the characteristic map.
With this engine concept, an effective efficiency of

over 39 % is achieved in the virtual driving cycle.
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Fig.21 Effective efficiency of passenger car engine concepts in driving cycle with associated NO emissions

Further assessment is made for the four heavy-
duty engine concepts. Fig. 22 shows the effective
efficiency of the real driving cycle for the four
different fuels. While the CNG engine has the lowest

efficiency of 35.5%, the C65F35 cost-optimized
concept with an overall efficiency of 37.6 % has
come close to the level of the diesel engine
(37.7%). The efficiency of C65F35 is achieved with
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The

stoichiometric operation avoids complex exhaust

a significantly less system complexity.
aftertreatment system and also leads to lower
requirements for boost pressure. The one-stage
turbocharging can well meet the boost demand. The
highest effective efficiency is realized with OME.
The effective average efficiency increases by 3.7 %
compared to diesel, while at the same time integral
NO-raw emissions decrease by 88% and integral
by 99.98%. The

adjustments to the injection system as well as the

particulate raw  emissions
extended low-pressure EGR path guarantee the best
possible efficiencies at real-drive relevant operating
points. The low NO and particulate emissions
achieved in this way, which are below the EU6 limit
value, could be used in the next step to investigate
how far the exhaust gas aftertreatment components
can be reduced in size and whether part of the exhaust
gas aftertreatment can be omitted. This could lower

the exhaust backpressure and thus further increase
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Fig.22 Effective efficiency of heavy-duty truck

efficiency.

w w w i
~ [s2] © o
T T T

Real Drive Effective Efficiency [%]
w
[=2]

w
4]

engine concepts in driving cycle

5 Summary

E-Fuels offer a solution to climate-neutral and

low-emission mobility with internal combustion
engines. It is possible to adapt the fuels through
synthesis to the final applications. This can be done
by C1 oxygenates, which have a high potential as
alternative diesel and gasoline fuels. The focus of this
paper is on the development of 0D/1D simulation

models for virtual engine design for synthetic fuels

and to exploit the promising potentials.

In the first step, simulation models were
developed for the investigated fuels. For OME fuel,
the ignition delay, premixed combustion, and
diffusive combustion sub-models were optimized
based on the existing diesel combustion model. The
NOx emission model parameters were also optimized
to improve the simulation accuracy for low-
combustion and high exhaust gas
Both
emission models are validated with measurement data
of diesel and OME. For DMC, MeFo, as well as

their blends, the models for calculating charge motion

temperature

recirculation conditions. combustion and

and turbulence, laminar flame speed, knock and NO
emission were adapted and validated using 3D-CFD
simulations and test bench measurements.

In the second step, adjustments to engine design
and operating strategy were made to the synthetic
fuels. With OME, higher EGR rates are possible due
to the lack of soot-NOx trade off, which significantly
reduces NO emissions. At the same time, lower
charge exchange work leads to increased efficiencies.
With the aid of additional low-pressure EGR, this
efficiency advantage can be demonstrated throughout
the entire engine map. At the same time, the
injection system must be adapted to compensate for
the low calorific value of OME. An

injection rate through large injector flow can make

increased

good use of the rapid mixture preparation and fast
burnout of OME to increase efficiency. An OME-
fueled engine is designed based on a diesel
commercial vehicle engine. For C65F35 as well as
G85F15, the necessary engine modifications are on
the one hand due to the larger mixture heating value,
as a result of which the displacement of the engine can
be reduced. Furthermore, the significantly higher
knock resistant properties allow more extreme
process designs, which also offers great potential for
increasing efficiency. In addition, the negative effect
of lower laminar flame speeds of DMC und MeFo can
be compensated by the concepts for increasing the
combustion speed (active pre-chamber ignition, high-
turbulence concepts). A cost-optimized and a high-
efficiency concept are built for C65F35 and G85F15
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respectively, based on a state-of-the-art passenger car
gasoline engine.

In the third step, the engine concepts are
evaluated in real driving cycles. With G85F15 for
passenger car applications, increases in efficiency
with lower engine complexity can already be
observed. For C65F35,
efficiency of up to 10% are possible in real drive for

an increase in effective

the high-efficiency concept compared with the
conventional gasoline engine. The NO emissions in
this lean-burn engine concept can be kept below the
emission standard with a conventional exhaust
aftertreatment system of diesel engine. The great
potential of C65F 35 is further demonstrated by a cost-
optimized engine concept for heavy-duty commercial
vehicles. Modified process control makes the spark-
ignition engine competitive with conventional diesel
concepts while significantly reducing the complexity
of exhaust gas aftertreatment and turbocharging. The
OME engine shows the highest effective efficiency of
over 39% in the real driving cycle and at the same
time a reduction of NO raw emissions by 88% and a

soot emissions by 99. 98%.
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