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A B S T R A C T   

Dimethyl Ether (DME, H3C-O-CH3) is regarded as a meaningful alternative fuel as it has a comparably high 
energy density, can easily be stored on vehicles, can be produced via different renewable pathways, has a high 
Cetane number and is therefore suitable for use in efficient and durable compression ignition engines. Moreover, 
the DME molecule lacks carbon bonds and due to the inbuilt oxygen atom enables low-sooting diffusion com-
bustion. This study reports on the performance and emission characteristics of a state-of-the-art heavy-duty 
compression ignition engine with 11 L displacement which was optimized specifically for DME combustion. This 
includes the adaptation of the fuel supply and injection system as well as the combustion chamber geometry. In 
addition, the engine is equipped with an electrically driven volumetric pump in the exhaust gas recirculation 
(EGR) path which gives the freedom to set any desired EGR rate, independently from the pressure ratios across 
the turbocharger. The experimental results show that DME operation retains the performance on the base Diesel 
engine (338 kW peak power) while significantly reducing the engine out emissions. The NOx-soot tradeoff, 
typical of Diesel applications, basically does not exist anymore so that a desired NOx level can basically be set 
without the restrictions of sooting combustion. In addition, the combustion is very complete and very low levels 
of regulated and non-regulated pollutant emissions can be detected (e.g. for carbon monoxide, DME, methane, 
benzene, toluene, acetaldehyde, formaldehyde, formic acid). Transient operation is unproblematic and very low 
emissions can be achieved using the same exhaust gas treatment system as for diesel. Actually, total hydrocarbon, 
carbon monoxide and particle emission levels of the actual Euro VI and possibly even for the proposed Euro VII 
on-road legislation could be met without any exhaust gas purification. In terms of tailpipe CO2 emissions, a 
reduction of around 11% is possible compared with a diesel-fueled engine.   

1. Introduction 

In most regions of the world, increasingly stricter greenhouse gas 
emission limits are imposed across many sectors. Whereas direct elec-
trification is seen as a viable way to increase end-conversion efficiency 
of duty-cycles with low-power or low-range requirements, chemical 
energy carriers are very likely to stay dominant for high continuous 

power and long-range applications. This is mainly because of their su-
perior volumetric and gravimetric energy densities, excellent storability 
and transportability as well as the potential for fast refueling. 

Considerable efforts are underway to bring drop-in replacements for 
the classical fossil fuels to technical and economical maturity. However, 
alternative fuels such as hydrogen, ammonia or alternative hydrocar-
bons are likely to gain importance as they offer certain advantages: 
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• Hydrogen as the easiest chemical energy carrier which can be sus-
tainably produced e.g. from surplus or stranded electricity but there 
is recent evidence that hydrogen has an surprisingly high indirect 
short-term global warming potential [1]. This calls for a very careful 
design of production, transport, storage and conversion technologies 
to minimize hydrogen emissions.  

• Ammonia as a fuel which is straightforward to produce from 
hydrogen and N2 abundant in the atmosphere. It has a high toxicity, 
poor combustion behavior and no global warming potential [2]. 
Hydrogen addition, e.g. by partial ammonia reforming, may be a way 
to enhance the poor combustion behavior [3]. Limiting NOx and 
especially N2O emissions remains a major challenge [4]. Ammonia is 
mainly discussed as a potential fuel for maritime applications [5].  

• Alternative hydrocarbons such as synthetic methane, methanol or 
DME as the simplest hydrocarbons which can be synthesized from H2 
and CO2, or via direct pathways from biomass or waste [6,7,8].  

• More complex fuels with drop-in potential, usually produced by 
Fischer-Tropsch processes, with deteriorating efficiency for longer 
chain-length; or by hydrotreatment of bio-oils. 

Among the above-mentioned simple chemical energy carriers, DME 
is the only one with a high cetane number and a low auto-ignition 
temperature and thus well suited for compression ignition concepts. 

Compression ignition internal combustion engines have the advantage 
of favorable efficiency, the possibility of combining lean combustion, 
high specific engine power by turbocharging and low pollutant emission 
levels by using state-of-the-art exhaust gas after treatment. An addi-
tional advantage of DME is that it is non-toxic, non-mutagenic, non- 
carcinogenic, has a very short atmospheric lifetime of less than a 
week, a low global warming potential of around 1 and is not an ozone- 
depleting substance [9,10,11]. 

Especially important for continuous high-power operation such as 
heavy-duty on– and off-road applications, maritime transport or even 
for stationary power production is an overall lean operation, which 
limits thermal load of engine components and guarantees a long engine 
lifetime. In addition, the volume and mass of the fuel including its 
storage system is an essential criterion, especially for long-range or long 
operating-hours applications. Long-haul heavy-duty vehicles are for 
example typically designed for a range of 1,000 km between refueling. 
With a classical diesel-based powertrain, around 270 L of fuel are 
necessary for such a range. Using DME as a diesel replacement fuel, 
about double the volume is necessary for the same mission. This is 
feasible for vehicles of this class and much easier and more cost-efficient 
to place on a vehicle compared to other alternative technologies such as 
Compressed Natural Gas (CNG) or hydrogen. 

DME has several pathways to be produced renewably and it is 
therefore among the most attractive candidates for renewable fuels in 
the heavy-duty sector [12]. The suitability of DME as a diesel- 
replacement fuel was investigated and reported in the past 
[10,13–15]. Generally speaking, the studies point out the following.  

• Compared to Diesel, DME has low lubricity, low viscosity, high 
compressibility and low volumetric energy density. These points, as 
well as material compatibility issues of DME, necessitate adaptations 
of the fuel supply system. The most important modifications include:  
o The use of an externally lubricated common rail pump or the use of 

lubricity additives [16,17].  
o The re-design of the injectors and the common rail pump to 

guarantee a volumetric flow-rate of about twice the diesel values 
[18,19,20]. Special attention has to be paid to avoid cavitation.  

o The reduction of rail pressure levels to minimize compression 
work. 

Fig. 1. EGR system consisting of an EGR cooler, an electrically driven EGR 
pump and respective piping. 

Table 1 
Main parameters of the engine under consideration.  

Base engine FPT Cursor 11 
Bore × stroke 128 mm × 144 mm 
Cylinders 6 in line 
Nominal peak power 

(diesel version) 
338 kW @ 1900 min− 1 

Nominal peak torque 
(diesel version) 

2300 Nm @ 970 min− 1 

Compression ratio 20.5 
Piston H-bowl (see [7]) 
Common rail pump Bosch CPN6, oil lubricated, adapted to deliver DME 

between about 300 and 1300 bar pressure. 
Injectors Bosch CRIN25-L-HD, 145◦ umbrella angle, 8 orifices 

with 0.3399 mm diameter 
Turbocharger BorgWarner, VTG 
Engine control unit Bosch MD1 with a calibration link to ETAS INCA 
Exhaust gas after 

treatment 
Modular system containing DOC, SCR, CUC and DPF 

Exhaust gas recirculation 
system 

Eaton 48 V TVS EGR pump (electrically driven positive 
displacement pump) 

Lubricant Motorex SAE 0 W/20  

Table 2 
Main parameters of the engine test bench and engine instrumentation.  

AC dynamometer Horiba Dynas3 HD600 (600 kW / 3,957 Nm peak 
absorbing power / torque) 

Automation system Horiba STARS Engine 
Low-level test bench control Horiba SPARC 
Gaseous emission 

measurement system 1 
Horiba Mexa 7500 DEGR (two emission measurement 
lines, one EGR measurement line) 

Gaseous emission 
measurement system 2 

Gasmet FTIR (calibrated for DME) 

Gaseous emission 
measurement system 3 

Siemens LDS (NH3 measurement) 

Particle measurement 
system 1 

AVL Micro Soot Sensor (photoacoustic) 

Particle measurement 
system 2 

PMP compliant particle number measurement system 
with a volatile particle remover, counting all particles 
above 23 nm 

Combustion air Conditioned (T = 22 ◦C, rH = 58%) 
Air mass flow measurement ABB Sensyflow P 
Fuel flow measurement Two Coriolis mass flow sensors (Endress + Hauser 

Cubemass 300) 
DME supply Feed at 26 barabs, backflow at tank pressure level 
Intake channel pressure 

indication 
Keller M5HB sensor 

Cylinder pressure 
indication 

Kistler 6045B sensor 

Exhaust channel pressure 
indication 

Kistler 4075A sensor (in cooling adapter) 

Fuel DME (purity 99.99 mass%), no additives  
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o The re-design of sealing materials to be compatible with DME 
[17,21–23].  

o The re-design of the tank and fueling infrastructure which, luckily, 
is very similar to the well-established and cost-efficient systems for 
Liquefied Petroleum Gas (LPG).  

• A reduced rail pressure level does not lead to problems in terms of 
mixture preparation since the atomization- as well as the evaporation 
behavior of DME does not require such high rail pressures [24]. 
However, the DME spray stays liquid for a while at the pressure 

conditions present in the combustion chamber so that the fuel 
breakup scheme is very similar to the one of diesel [25,26].  

• DME burns practically soot-free in a diffusion-controlled mode. This 
is not only the case for particle mass emissions, but also for particle 
number counts. Even in the sub-23 nm range, DME combustion 
shows extremely low levels, largely independent of EGR [27]. 

• DME combustion can lead to elevated emissions of unburned hy-
drocarbons, if the injectors are not properly adapted [28]. 

Fig. 2. Schematic of the experimental setup (not shown: ammonia measurement post-ATS).  

Fig. 3. Configuration of the engine, mounted on the test bench.  
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• THC emissions are generally low [30] but an increase is reported in 
some cases at high EGR settings approaching values of 40% [20] 
where the lack of oxygen starts to play an important role.  

• CO levels are lower than for diesel, even at lean conditions [29] but 
some authors report also increased CO levels [30] and associate this 
behavior with the lack of boost pressure, if the turbocharger is not 
adapted the lower exhaust gas enthalpy levels for DME. This is 
particularly the case when low raw NOx levels have to be achieved 
using high amounts of EGR with a classical turbocharger setup.  

• Formaldehyde emissions could potentially be higher than for diesel 
combustion due to the dominant effect of formaldehyde in the 
combustion process and the oxygen content in DME, especially at 
low-temperature combustion such as promoted by EGR [31].  

• To the authors’ best knowledge no studies in the open literature 
report on the long-term stability of lubricants for DME-operated 
engines.  

• DME is soluble in diesel or biodiesel and such blends can potentially 
be used in engines [18,32–34]. However, the change of viscosity and 
lubricity with DME addition remains a challenge. DME can be 
blended with methanol, which may show slight advantages in terms 
of engine efficiency [35] in both diffusion-controlled and partially 
premixed combustion modes. This effect is mainly attributed to a 
shift of the combustion phasing, if the injection phasing is not 
adapted. Also, DME may be used as a co-firing fuel to premixed 
ammonia combustion to overcome the low reactivity of ammonia 
[36,37].  

• The production costs as well as the environmental performance of 
renewable DME are favorable among other alternatives [38,39,40]. 

This study presents the optimization of a modern heavy duty full- 
metal engine specifically for DME and reports thermodynamic and 
emission measurements for a wide range of operating conditions. Spe-
cial focus is given to quantify the potential and limitation of DME for 
reaching the most challenging upcoming pollutant emissions limits such 
as Euro VII [41] with for example hot emission limits of only 0.09 g/ 
kWh for NOx in the warm Worldwide Harmonized Transient Cycle. 
Published studies, specifically looking at engines for commercial use, 
did not focus on such low emissions levels up to now (e.g. 
[42,43,44,45]). 

2. Methods 

This study is based on an FPT Cursor 11 serial-production-engine 
with specific modifications to run on DME. These modifications 
include a DME-adapted high-pressure common rail pump, adapted in-
jectors as well as a low-pressure fuel-supply system which is able to 
deliver DME at 10 bar and return the injectors’- as well as the common 
rail pump backflows accordingly. The fuel used in all experiments 
described here is pure DME with a purity of 99.99 mass-% and without 
any additives. The common rail pump is externally lubricated by engine 
oil so that it can handle the low fuel lubricity. 

In order to have the full freedom to set the exhaust gas recirculation 
rate independently from the pressure boundary conditions, the engine is 
equipped with an electrically driven volumetric EGR pump on the high- 
pressure sides of the turbocharger (see Fig. 1). The high-pressure side is 

Fig. 4. Configuration of the exhaust gas after treatment system (the system was 
insulated for the experiments). 

Fig. 5. Effect of start of injection (SOI) and rail pressure variation on combustion (n = 1200 min− 1, BMEP = 9.8 bar), no EGR.  
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chosen to keep the volume flow for the pump small, to not increase the 
volume flows through the turbocharger and to enable a faster transient 
control. Table 1 lists the main parameters of the engine. 

A state-of-the-art transient engine test bench is used for the experi-
ments. Table 2 lists its main parameters, Fig. 2 shows a schematic of the 
setup and Fig. 3 shows a picture of the experimental setup. 

In order to achieve reproducible conditions the combustion air is 
conditioned regarding temperature as well as humidity. Fuel mass flow 
is measured with a double-Coriolis-system which measures the flow to 
the common rail pump as well as the fuel return to the DME storage tank. 

EGR is quantified by measuring the CO2 concentration in the intake 
manifold. Regulated emissions are measured with a certification-grade 
emission bench which samples both the engine’s raw emissions as 
well as the emissions after the exhaust gas after treatment system. In 
addition, a Fourier-Transform-Infrared-Spectrometer is used to measure 
gaseous emissions. Typically, automotive FTIR spectrometers are cali-
brated for Alcohols, Acids and Aldehydes. However, a DME-dedicated 
spectral emission evaluation method is implemented by the device 
manufacturer for this project. Not shown in Fig. 2 is the ammonia 
measurement system which is a non-sampling laser diode spectrometer 

(i.e. the laser diode and the respective receiver are directly placed in the 
exhaust gas stream after the exhaust gas after treatment system). 

Particle emissions are quantified prior any exhaust gas treatment 
using a photoacoustic sensor to estimate soot mass as well as a particle 
number counting system is installed for some experiments. 

Thermocouples (type K) and pressure sensors (Keller 33X series) are 
placed at several points but the full instrumentation is not described 
here. 

The test bench facilitates steady-state as well as dynamic operation of 
the engine. All time-based data is recorded with a sample rate of 10 Hz 
using adequate low-pass filtering to meet the Nyquist criterion. For 
steady-state measurements, the 10 Hz data is averaged over 75 s in post 
processing. 

A modular exhaust gas treatment system (ATS), typically used for 
diesel exhaust treatment, is used (see Fig. 4). It consists of a Diesel 
Oxidation Catalyst (DOC) with platinum:palladium coating (2:1), a Se-
lective Catalytic Reduction system (SCR) with Cu- and Fe-zeolite bricks 
for maximized deNOx performance with minimal N2O emissions, a dual 
layer Clean Up Catalyst (CUC) based on Cu-zeolite/platinum and a 
porous wall Diesel Particle Filter (DPF). The DPF is deliberately placed 

Fig. 6. Effect of start of injection (SOI) and rail pressure variation on efficiency and pollutant emissions pre ATS (n = 1200 min− 1, BMEP = 9.8 bar), no EGR.  

Fig. 7. Effect of start of injection (SOI) and rail pressure variation on combustion (n = 1200 min− 1, BMEP = 9.8 bar), EGR adjusted to keep a NOx level of 4 g/kWh.  
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at the very end of the system as it is not expected to collect a lot of soot 
and does therefore not need high exhaust gas temperatures levels for 
regeneration. In addition, this placement reduces the thermal inertia 
before the SCR and collects particles caused by urea dosing, which is 
crucial for the proposed Euro VII particle number emission limits. 

3. Results and discussion 

Both, steady state as well as transient operation is studied. In a first 
step, variations of injection phasing, injection pressure and EGR are 
discussed for a relevant steady-state operating point. Using the findings 
of this first step, the engine control unit is calibrated accordingly across 
the entire engine operating map. Finally, the engine is operated in 
transient conditions. 

3.1. Steady state operation 

For a 40 tons tractor-semitrailer, the typical engine power demand 
for driving with 85 km/h on a flat road (i.e. cruising) is around 109 kW. 

The typical gearbox of such vehicles using this type of engine is laid out 
such that the engine speed for cruising is 1,200 min− 1. This leads to an 
engine brake torque of 863 Nm for the cruising point or to a Brake Mean 
Effective Pressure (BMEP) of 9.8 bar for a 11 L engine. Therefore, the 
variation of parameters in the operating point n = 1200 rpm / BMEP =
9.8 bar is discussed here in detail as this is a very dominant operating 
point in real life engine operation. Parameter variation experiments 
were done for a number of other operating points across the engine map 
as well. The trends were similar so that we omit the detailed discussion 
of other operating points. 

3.2. Injection pressure influence without EGR 

In order to evaluate the influence of combustion, efficiency and 
pollutant emissions on the fuel rail pressure and the injection phasing, a 
sweep of start of injection (SOI) between − 11.5 and − 5.5 ◦CAaTDC and a 
sweep of rail pressure between 300 and 700 bar is performed for the said 
operating point. This is done without any exhaust gas recirculation. 

Fig. 5 shows the results for combustion parameters as well as for the 

Fig. 8. Effect of start of injection (SOI) and rail pressure variation on efficiency, pollutant emissions pre ATS, EGR pump electrical power and EGR cooler power (n =
1200 min− 1, BMEP = 9.8 bar), EGR adjusted to keep a NOx level of 4 g/kWh. 

Fig. 9. Start of injection (left) fuel rail pressure settings (right).  
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air–fuel equivalence ratio λ and the intake manifold pressure. The boost 
was set such that a λ of around 2.5 is present. Increasing rail pressure, 
however, strongly shortens the ignition delay as the crank angle be-
tween SOI and the point of 10% fuel mass burned (MFB10) shows. Not 
only the ignition delay is influenced by the injection pressure but also 
the overall combustion duration as the crank angle between 10% and 
90% fuel mass burned shows (MFB90-MFB10). As a result, the sweep of 
SOI between − 11.5 and − 5.5 ◦CAaTDC does not lead to a symmetrical 
sweep in terms of center of combustion (MFB50) for all the investigated 
rail pressures. It can generally be said that the rail pressure demand is 
much lower than for a typical diesel case as DME shows a very favorable 
spray breakup and mixing behavior [7]. 

Fig. 6 shows the effects on brake thermal efficiency (ɳeff) as well as 
on NOx, total hydrocarbon (THC), particle mass (PM) and particle 
number (PN) emissions prior any exhaust gas after treatment system. 

The results show that increasing the injection pressure reduces CO and 
THC emissions which is an indication for an enhanced spray breakup 
and mixing process. Increasing the injection pressure increases NOx 
slightly which can be explained by a decreasing combustion duration. 
All in all, an optimal rail pressure can be chosen as a compromise in 
minimizing CO and THC emissions without sacrificing NOx levels too 
much. 

Particle mass (PM) as well as particle number (PN) emissions are 
extremely low and hardly any tendency can be seen. Such low particle 
emissions are expected as the DME molecule contains oxygen and has no 
carbon- carbon bonds. The actual European limit values (Euro VI) in the 
steady-state certification cycle (WHSC) is 0.01 g/kWh for PM and 
8e11 1/kWh for PN. For diesel combustion, such limits are only met 
with highly efficient particle filtration. With DME, the PM and PN 
emissions are far below the limit values and particle filtration is very 

Fig. 10. Engine NOx emissions map for 8 g/kWh calibration target (left) and resulting NOx emissions after the exhaust gas after treatment system - the yellow area 
marks water/urea solution dosing reduction. 

Fig. 11. Urea/water consumption (left) and ammonia emissions after the exhaust gas after treatment system (right) - the yellow area marks part load conditions 
where the water/urea solution dosing falls below 15 g/kWh. 
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likely to not be needed to meet even stricter particle limits. 
An efficiency-optimal situation can be achieved with NOx levels of 

around 8 g/kWh. This means, that the difference between around 8 g/ 
kWh and the requested tailpipe NOx emission level has to be tackled by a 
de-NOx system. A de-NOx system with 99% efficiency is needed to meet 
the most stringent standards which are under discussion. Such de-NOx 
efficiency levels are reasonable with a modern single stage SCR system 
as it is used in this project (see Fig. 4). A no-EGR concept has also the 
advantage that no EGR cooling is needed which reduces the vehicle’s 
radiator size and, as a consequence, has a positive effect on the vehicle’s 
air drag coefficient. 

3.3. Injection pressure influence with EGR 

Although EGR is not necessarily needed to achieve very low NOx 
levels using a highly-efficient deNOx system, EGR might give advantages 
in certain situations. If the NOx emissions have to be cut in half (i.e., 

from 8 g/kWh to 4 g/kWh), this can only be achieved by delaying 
combustion when no EGR is applied. With EGR, combustion phasing can 
be kept at an efficiency-optimal value. To quantify the effect of EGR, a 
sweep of start of injection (SOI) between − 11.5 and − 5.5 ◦CAaTDC and a 
sweep of rail pressure between 400 and 700 bar is performed for the 
discussed operating point. The NOx level is kept at 4 g/kWh by adjusting 
the amount of EGR. 

As Fig. 7 shows, the amount of EGR necessary increases the earlier 
the combustion is phased and the EGR amount does depend only weakly 
on the rail pressure level. The combustion intervals between SOI, MFB10 
and MFB90 are very similar to the cases without any EGR (Fig. 5): 
adding EGR does not significantly change the heat release characteris-
tics, albeit the global air excess is reduced. This is presumably due to the 
oxygen content of the fuel which reduces the deteriorating effect of EGR 
on diffusion-controlled combustion. 

Fig. 8 shows the effects of EGR on brake thermal efficiency (ɳeff), on 
NOx, on total hydrocarbons (THC), on particle mass (PM), on particle 

Fig. 12. Temperature levels after turbine (left) and after the exhaust gas after treatment system - the yellow area marks water/urea solution dosing reduction.  

Fig. 13. Total hydrocarbon emissions pre- (left) and post the exhaust gas after treatment system (right).  
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number (PN) as well as on EGR cooling power and the EGR pump’s 
electric power demand. The results indicate that increasing EGR in 
combination with increasing rail pressure leads to a reduction in THC 
and CO emissions but with the obvious disadvantage of EGR cooling 
power and EGR pump power demands. PM and PN emissions are prac-
tically unaffected from EGR and at the same very low levels as discussed 
earlier for the case without EGR. This means that, unlike for diesel 
combustion, EGR can be chosen freely without considering negative 
effects on particle emissions. Brake thermal efficiency levels are only 
slightly affected by EGR and rail pressure variations and the efficiency 
values are very similar to the efficiency of the case without any EGR at 
NOx levels of 4 g/kWh. 

From a technical point of view, it can therefore be concluded that 

using EGR permanently to reduce engine-out NOx levels may not be 
advantageous for the engine configuration considered here as EGR in-
creases the system complexity as well as the engine’s cooling power 
demand. However, depending on the cost of the NOx reducing agent 
(known as SCR fluid, AdBlue, DEF or AUS 32), EGR may be an 
economically feasible solution. Also, EGR is advantageous in situations 
where the SCR system is not fully functional, e.g. after cold start or at 
low engine load operation. The EGR layout used here using an electri-
cally driven EGR pump is very beneficial as the EGR rate can be freely 
set, independently from the pressure boundary conditions around the 
turbocharger and without the need to modify pressures using a throttle. 

Fig. 14. Carbon monoxide emissions pre- (left) and post the exhaust gas after treatment system (right).  

Fig. 15. Brake thermal efficiency.  

P. Soltic et al.                                                                                                                                                                                                                                    



Fuel 355 (2024) 129357

10

3.4. Engine map calibration for a NOx level of 8 g/kWh without external 
EGR 

As discussed earlier, an engine-out NOx level of 8 g/kWh is a 
reasonable approach as very low tailpipe NOx levels can be achieved by 
established deNOx systems, the engine’s brake thermal efficiency is close 
to its optimal level and no external EGR is needed. Therefore, the engine 
is calibrated to a NOx level of around 8 g/kWh across the entire engine 
map by adjusting SOI timing and the fuel rail pressure level accordingly 
while closing the exhaust gas path to set the EGR rate to zero. 

Fig. 9 shows the SOI settings for efficiency optimal combustion 
phasing as well as the fuel rail pressure settings across the engine map. 
The fuel rail pressure level is chosen as a compromise for low THC and 
CO emissions, without increasing NOx emissions too much, and keeping 
the efficiency as high as possible. This leads to rail pressure levels in the 
range of 500 bar at low engine power regimes and 1,200 bar around full 
power conditions. 

The resulting cylinder peak pressure levels (not graphically shown) 
are around 250 bar at peak BMEP conditions which is a result of the 

comparably high compression ratio of 20.5. 
Fig. 10 show the resulting NOx emissions pre- and post the exhaust 

gas after treatment system (ATS). Dosing of the urea/water solution is 
done with the model based FPT control algorithms as used in series 
production for Diesel applications, but with a specific calibration ac-
cording the modular system. The ammonia-storage-based control strat-
egy allows high deNOx efficiency over a single-dosing SCR system. The 
calibration target of 8 g/kWh raw NOx emissions is met quite well with 
the exception of very low load operation where slightly higher NOx 
levels are tolerated. After the ATS, very low NOx levels below 0.1 g/kWh 
can be measured with the exception of the area marked yellow. This area 
shows where the dosing of the urea/water solution is reduced in order 
not to create ammonia emissions and to prevent deposits. 

Fig. 11 shows the dosing of the urea/water solution as well as the 
ammonia slip. The reduction in dosing can clearly be seen, the typical 
dosing of around 16 g/kWh is gradually reduced to zero at zero load. 
Doing so, the ammonia emissions after ATS stay at levels around the 
detection limit of the analyzer across the whole engine map. 

The reason why the urea/water dosing has to be reduced is the 
reduced conversion capability of the ATS with decreasing temperature. 
As Fig. 12 shows, the capability of the SCR system starts to drop at 
temperature levels of around 250 ◦C at turbine exit. 

In order to comply with emission regulations, the engine’s raw 
emission levels have to be reduced in such operating regimes, e.g. by 
applying EGR, late injection, alternative combustion modes such as 
PCCI, or a combination thereof. Alternatively or additionally, the 
exhaust gas temperature can be increased by reducing the air excess e.g. 
by intake airflow or exhaust gas throttling, by fuel dosing to the exhaust 
or other ATS heating measures. Most of these methods lead to a 
considerable drop in engine efficiency. Appropriate methods for this 
specific engine, tailored to the properties of DME, have been investi-
gated and will be reported in a separate publication. 

Total hydrocarbon emission levels pre- and post-ATS are shown in 
Fig. 13. Also here, a reduction in the conversion efficiency can be seen at 
BMEP levels below around 5 bar. In these regions, the oxidation catalyst 
has not reached its light off temperature and the engine’s HC emissions 
are not catalytically oxidized. At higher loads, the engine’s HC emissions 
are low anyway and the oxidation catalyst efficiency is good so that very 
low HC emission levels are detected after the ATS. Similar to the situ-
ation with the NOx emissions, temperature-increasing measures at part 
load would help increase the oxidation catalyst efficiency. It has to be 
kept in mind, that the oxidation catalyst employed was developed for 
diesel and not for DME HC emissions. So, an adapted catalyst formula-
tion might be more efficient. However, the general HC emission level is 
so low that a highly efficient oxidation catalyst may not be required even 
for future HC or NMOG emission limits. 

Carbon monoxide emissions are usually not an issue in well-designed 
compression ignition engines. As shown in Fig. 14, this is observed here 
as well for DME operation: The CO emissions are low across the entire 
engine map for operation without EGR. The oxidation catalyst is capable 
of reducing the CO levels even at low load conditions. 

Particle mass or particle number emissions in engine map measure-
ments are not reported here as the levels were extremely low and a 
discussion would not give much insights. However, particle mas- data is 
given and discusses in section 3.6 which describes transient 
experiments. 

As Fig. 15 shows, the engine’s brake thermal efficiency map looks as 
one would expect for a compression-ignition engine: best efficiency 
levels at cruising speed and medium-to-high load and a reduction in 
efficiency at lower load conditions. Above around 6–7 bar bmep, the 
engine’s efficiency is above 40% and the maximum efficiency is slightly 
above 45%. However, the absolute values are not representative for the 
engine generation used in this study, as the test engine did not have the 
most recent friction reduction package. With the most recent design, an 
increase of the efficiency level of around 1–2 percent-points can be 
expected. 

Fig. 16. Operating points for the non-regulated pollutants measure-
ment campaign. 

Fig. 17. Pre- and post-ATS levels of oxides of nitrogen oxides for the 7 oper-
ating points of Fig. 16. 
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3.5. Non-Regulated pollutants 

Up to now, only regulated pollutant emissions were discussed. In an 
additional measurement campaign, non-regulated species were 
measured for seven selected steady-state operating points, including 
idling conditions. As in the engine map campaign discussed in the pre-
vious section, no exhaust gas temperature increasing measures are 
applied also here and the combustion is calibrated for a NOx level of 8 g/ 
kWh without EGR. An FTIR analyzer is used for this task (see Fig. 2) 
which is set up to sample either pre- or post ATS. Concentrations instead 
of mass-emissions are deliberately discussed in this section as this pro-
vides better insight concerning the order of magnitude of the raw values 
the FTIR instrument detects. As there is no clear precision for FTIR 
measurements in exhaust gases, mainly because of interference phe-
nomena [46], the measured concentrations allow for a better judgement 
of the values by the reader. 

Fig. 17 shows the pre- and post-ATS results for NO, NO2 and N2O 
concentrations. As expected, the majority of NOx emissions leaving the 
engine consist of NO, only about 3…6 vol-% are NO2. The SCR system is 
able to reduce a large amount of the NO and the NO2 emissions with the 
exception, as previously discussed, when the dosing of the reducing 
agent has to be reduced because of temperature reasons. 

As Fig. 17 shows as well, no N2O emissions are created by combus-
tion but this greenhouse gas is formed as a side reaction in the ATS. The 
N2O formation is expected to increase with temperature for a variety of 

active catalyst materials ([47,48,49]). This effect is counterbalanced 
with the used iron-containing catalyst coating [50], as described in 
section 2. As a net effect, Fig. 17 shows that the N2O emissions post ATS 
are very low, independent from the temperature level. 

Fig. 18 shows the pre-and post ATS concentrations of specific carbon- 
containing species. When comparing these results to total hydrocarbon 
levels one has to keep in mind, that THC is measured with a propane- 
calibrated flame ionization detector and the concentrations are con-
verted to C1. So, for example 1 ppm propane (C3H8) gives a 3 ppm THC 
signal. FTIR measurements give the true concentration of a measured 
species, so for example 1 ppm benzene (C6H6) is measured as 1 ppm. 

The main findings can be summarized as follows:  

• Methane (CH4) pre ATS concentrations are very low and almost 
completely removed by the ATS.  

• DME (C2H6O) emissions are very low and no clear effect of the ATS 
can be seen.  

• Benzene (C6H6) is created in very small amount in the ATS.  
• Toluene (C7H8) is neither detected pre- nor post ATS.  
• DME combustion creates a certain amount of Isocyanic acid (HNCO) 

and the level of these emissions is only slightly affected by the ATS. 
This indicates, that the net effect of hydrolysis of the engine’s HNCO 
levels and the HNCO levels created from thermolysis of urea [51] 
have about a net zero effect. Since in diesel combustion, HNCO 
creation is usually not detected, this seems to be a particular 

Fig. 18. Pre- and post-ATS emissions for various carbon-containing species for the operating points of Fig. 16.  
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phenomenon in the DME reaction scheme. Further research to un-
derstand how HNCO creation in combustion can be reduced may be 
needed.  

• Acetaldehyde (C2H4O) are on a rather low level with an unclear pre-/ 
post ATS trend. The highest pre ATS concentration is measured in the 
high-speed and low-load operating point #6 where combustion is 
expected to be the most difficult due to short time for the mixing 
processes. However, acetaldehyde creation does not seem to be 
enhanced with DME as it can be observed when alcohols are added to 
a diffusion-controlled combustion process [52].  

• For the combustion without EGR, Formaldehyde (CH2O) levels are 
very low, again with the highest pre ATS level at operating point #6. 
The ATS is able to reduce formaldehyde efficiently, so that post ATS 
levels are insignificant.  

• Formic acid (CH₂O₂) levels are insignificant as well. 

3.6. Transient operation 

In order to assess how the results from steady-state optimizations 
transfer to transient engine operation, the Woldwide Harmonized Tra-
sient Cycle (WHTC) is driven on the engine dynamometer. For certifi-
cation, a WHTC is driven with a cold start, followed by a soak time of 10 
min and then a second WHTC is performed. The cold-started cycle 
contributes 14% to the end results for the actual Euro VI legislation 
while the proposal for Euro VII foresees that certain limits have to be 
fulfilled in both the cold and well as the warm cycle. 

The effort to perform a full transient engine calibration for DME is 
too time-consuming for the research project described here where the 
main goal is to evaluate the general potential of DME. Therefore, the 
proper steady-state calibration as described in the previous section is 
adopted but no specific transient or thermal management functions are 
implemented. Such functions are taken over 1:1 from the engine’s diesel 
calibration instead. As a consequence, the transient results do not 
represent the best-case scenario for DME but provide valuable evidence 
of the fuel’s performance, anyway. 

Fig. 19 shows the engine speed and torque of the driven WHTC 
versus time as well as the pre- and post ATS temperature levels for the 

cold- and warm-started cycle. The WHTC represents urban, rural and 
motorway driving. During the first (urban) part of the cycle, the cold- 
started WHTC has rather low temperature levels so that the ATS is not 
fully functional in this section. 

Fig. 20 shows work specific pre- and post ATS emissions as well as 
urea/water dosing versus cycle time. The work-specific emission m̃ of a 
species x at time τ is defined as 

m̃x(τ) =
∫ τ

t=0 ṁx(t)dt
∫ τ

t=0 P+
e (t)dt 

With ṁx being the mass flow of species x and P+
e being the me-

chanical power at the engine’s flywheel (set to 0 during motoring 
phases). 

The results show the following.  

• Pre ATS NOx emissions of the cold started cycle are slightly lower 
than for the warm cycle but both levels are close to the steady-state 
engine calibration value of 8 g/kWh. The ATS is able to very effi-
ciently reduce the NOx levels, once the ATS temperature level is 
sufficient for dosing of the reducing agent. This leads to work- 
specific NOx emissions of 0.68 g/kWh for the cold-started and 
0.16 g/kWh for the warm cycle. The actual NOx emission limit for 
Euro VI is 0.46 g/kWh in the combined cold/hot cycle. This limit can 
only be met with a de-NOx system. Both proposed Euro VII NOx limits 
of 0.35 g/kWh for the cold cycle and 0.09 g/kWh for the warm cycle 
are exceeded by a factor of about two. This means that a low-NOx 
combustion strategy would have to be chosen at least for the cold- 
start phase of the system and that the SCR system efficiency would 
have to be slightly increased by thermal management measures. 
Given that the transient operation is taken from the engine’s diesel 
calibration it is quite likely, that an increase of SCR efficiency is 
within reach with software measures only. 

• Looking at the THC emissions for the cold-started WHTC, an inter-
esting behaviour can be observed: in the first period up to about two 
minutes cycle time, the emissions post ATS are lower than pre ATS. 
After this time period, the emissions post ATS exceed the pre ATS 
levels. This indicates that the ATS has a THC storage effect at low 

Fig. 19. Engine speed and brake torque (upper plot) and temperature levels after turbine and after ATS (lower plot) for the cold- and the warm-started WHTC.  
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temperature levels. After a certain temperature level is reached, THC 
is released and once the oxidation catalyst’s light-off temperature is 
met, the catalytic THC oxidation takes place. Overall, as also seen in 
the engine map experiments (Fig. 13), the THC conversion efficiency 
of this particular oxidation catalyst is not particularly high at around 
50%. However, this still leads to low work-specific THC emissions of 
0.06 g/kWh for the cold-started and 0.03 g/kWh for the warm cycle. 
The acutal THC emission limit for Euro VI is 0.16 g/kWh in the 
combined cold/hot cycle. These THC limits are met even pre ATS. 
Also the proposed Euro VII limits for Non-Methane Organic Gases 
(NMOG) of 0.2 mg/kWh for the cold and 0.05 g/kWh for the warm 
cycle are met pre ATS.  

• CO emissions levels are below 1 g/kWh pre ATS and 0.08 g/kWh post 
ATS for the cold-started and 0.02 g/kWh for the warm cycle. The 
catalytic oxidation is very efficient. The acutal CO emission limit for 
Euro VI is 4 g/kWh in the combined cold/hot cycle. As Fig. 20 shows, 
the Euro VI CO limits are met even pre ATS. Also the proposed 
Euro VII CO limits of 3.5 g/kWh for the cold and 0.2 g/kWh for the 
hot are easily met pre ATS.  

• Pre-ATS particle mass (PM) emissions, measured with a Micro Soot 
Sensor, are on an extremely low level. The PM measurements are 
practically identical for the warm- and for the cold cycle and at 0.13 
mg/kWh. The tailpipe PM emission limit for Euro VI is 10 mg/kWh 
in the combined cold/hot cycle. As for THC and CO, the Euro VI PM 

Fig. 20. Pre- and post ATS NOx, THC, CO emission, injected urea/water mass and pre ATS particle mass for the cold- and the warm-started WHTC.  
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emission limits are met pre ATS. Also the proposed Euro VII PM limit 
of 8 mg/kWh (both for the cold and the warm cycle) is easily met. 

Fig. 21 shows the evolution of CO2 produced for the cold- as well as 
for the warm-started WHTC. Besides the results for DME, Fig. 21 shows 
the results for the serial-production Euro VI certified Diesel version of 
this engine. DME shows a reduction of tank-to-tailpipe CO2 emissions of 
about 12% in the cold-started and of about 10% in the warm-stared 
WLTC. This reduction in tailpipe CO2 emissions can of course be 
further expanded by using renewable DME, as discussed in the intro-
duction. However, already a reduction of tailpipe CO2 emissions by 11% 
may be attractive for heavy duty applications as the potential to increase 
engine efficiency further is rather limited because of thermodynamic 
reasons. Therefore, the use of a clean-burning low-carbon high-cetane 
fuel is certainly attractive. 

4. Conclusions 

DME proves to be an ideal fuel for heavy-duty compression ignition 
engines at it offers practically particle-free combustion by effectively 
eliminating the soot/NOx trade-off inherent to Diesel combustion. This 
gives the freedom to set the NOx level the engine emits depending on the 
conversion efficiency of the ATS, cost considerations taking into account 
the price of the SCR fluid and the required tailpipe emission levels. The 
electrically driven volumetric EGR pump proves to be a valuable 
approach to set the EGR rate at any desired level, independent from the 
pressure boundary conditions across the turbocharger. THC, CO as well 
as levels of non-regulated emissions are very low for a proper combus-
tion system layout. Particle emissions are far below any existing emis-
sion limits so that particles basically need not be considered when the 
combustion strategy is optimized. 

The excellent results achieved at steady-state operation are fully 
transferred to transient operation. Looking at current Euro VI emission 
limits, CO, THC and particle emission limits are met without the need for 
exhaust gas after treatment, only a de-NOx system is needed. Even the 

very strict Euro VII limits proposed for CO, NMOG, CH4 and PM are met 
with the comparably simple engine calibration used in this project. A 
reduction of the pre ATS emission level or a better calibration of the SCR 
functions may however be required to meet the proposed Euro VII NOx 
limits of 0.35 g/kWh (cold WHTC) and 0.09 g/kWh (warm WHTC). 

In terms of CO2 emissions, DME offers an advantage of at least 10% 
over Diesel with the potential of extending the ecological potential even 
further by using renewable DME, which can be produced in simpler 
processes than renewable Diesel-substitutes. 

The fair energy density of DME in combination with the numerous 
pathways for sustainable production, the diesel-like high conversion 
efficiency together with the possibility to meet extremely strict emission 
regulations with a comparably low technical effort for exhaust gas pu-
rification render DME a very attractive fuel for a number of applications 
in the future. The authors therefore recommend that DME should be 
considered seriously as a sustainable future fuel for the heavy-duty on– 
and off-road sector. DME has the technical, economic and ecological 
potential to ideally complement other sustainable fuels such as 
hydrogen, methanol, methane or ammonia. During the experiments 
described in this paper, no issues were found with the externally lubri-
cated DME pump. However, a thorough assessment of the durability of 
such a pump over the desired lifetime has to be made before this tech-
nology can be industrialized. 
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