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Abstract: This study presents numerical and experimental results
of a heavy-duty compression ignition engine of 11 liters displace-
ment that is optimized specifically for DME combustion. The exper-
imental results show that DME operation retains the performance
on the base Diesel engine (338 kW peak power in this case) while
significantly reducing engine out emissions.

The NOx-Soot tradeoff typical of Diesel applications, basically does
not exist anymore so that a desired NOy level can basically be set
without the restrictions of sooting combustion. In addition, the
combustion is very complete and extremely low levels of regulated
as well as non-regulated pollutant emissions are detected.



In low-load operating points, where the exhaust gas temperature
levels are too low for the exhaust gas aftertreatment components,
high exhaust gas recirculation in combination with (partially) pre-
mixed charge compression ignition (PCCI) turn out to be a good ap-
proach to lower NOy emissions to extremely low levels.

All'in all, DME turns out to be an ideal fuel for very efficient engines
with the potential to achieve extremely low pollutant emission lev-
els with a comparably low technical effort.

1 Introduction

Dimethyl Ether (DME) is an alternative fuel, which does not attract a lot of attention
in the current discussion about future renewable energy carriers for demanding ap-
plications. However, its comparably high energy density, high Cetane number and
the potential for very clean combustion make DME an ideal fuel for efficient and
durable long-range or high-power machinery powertrains. DME can be produced ef-
ficiently from methanol [1] or via alternative renewable pathways [2]. The on-board
storage as well the re-fuelling infrastructures are, compared to alternatives such as
CNG or Hy, much simpler and therefore more cost-efficient. This renders DME a prob-
ably underrated fuel in the current discussions about future fuel for demanding on-
and off-road heavy-duty powertrains.

It is widely believed that hydrogen will be a major pillar role of future renewable
energy systems. One reason is that hydrogen can be produced cost-efficiently in sun-
and wind-rich regions. A major issue is the transportation of hydrogen from producer
to consumer regions. Besides demanding pipeline or liquefied transport solutions,
hydrogen carriers such as ammonia, methanol or liquid organic hydrogen carriers
(LOHC) are being discussed. However, DME has been proposed as an alternative ef-
ficient to transport hydrogen over long distances in a closed carbon cycle [3]. In this
regard, DME is attractive as can be stored with very similar technologies as liquid
CO;. This makes it possible to reform DME to hydrogen at a destination port and
transport CO; back to the producer with the same transport mean (e.g. a carrier
ship), which could be an economically more feasible way than purely relying on di-
rect air capture solutions at producer regions.



DME production (source region): 2 CO2+ 6 Hy—> C;HsO + 3 H0
same ship

DME reforming (destination region): C;He¢O + 3 H,0 - 2 CO, + 6 H;

It is important to note that the density of liquid hydrogen is 70 g/l at a temperature
of 20 K. Liquid DME contains 87 g of hydrogen per liter. In other words: 1 liter of DME
contains 25% more hydrogen than one liter of liquid hydrogen. If renewable DME
will turn out to become an important molecule for chemical energy transportation
over long distances, the direct use of renewable DME will naturally gain much more
attention than today.

The charm of DME is that it is the simplest high-reactivity fuel that can be used in
compression ignition engines. This means that DME is compatible with proven
powertrain concepts which are robust, cost-efficient, energy-efficient and easily re-
cyclable.

Some relevant parameters of DME (and Diesel) are listed in Table 1. Most relevant
for DME storage on vehicles is the fact that DME has to be stored in pressure tanks.
Luckily, the vapour pressure characteristics of DME is very similar to LPG so that es-
tablished and cost-efficient storage and re-fuelling infrastructure can be used. The
energy density per volume is about half of Diesel which means, that a) the DME stor-
age tank volume has to be doubled to achieve equal autonomy as Diesel and that b)
the volumetric fuel injection rate has to be doubled as well to maintain the engine
performance.

Table 1: Comparison of some relevant parameters of Diesel and DME

Diesel DME
Molecular mass [kg/kmol] around 200 46
Density at 293K [kg/m3] around 830 670 (@5.1 bar)
Boiling point [°C] 180...360 -25
Cetane number typically 40...55 55-60
Carbon content [kgc/Kgsuel] around 0.86 0.52
LHV [MJ/kg] around 43 28.4
LHV [MJ/1] around 36 18.7
Vapour pressure at 293K [bar] - 5.1

One challenge is that DME has a very poor lubricity. Therefore, Diesel common-rail
pumps have to be re-designed to work properly, which is actually a major challenge
in terms of component availability.



The goal of the project described here is to identify/demonstrate the potential of
DME on a modern heavy-duty engine, typically used for long-range on-road goods
transport or in mobile machinery. A special focus lies on the pollutant emission per-
formance in view of potentially extremely strict future pollutant emission limits.

2 Engine and experimental setup

Table 2 lists the main engine parameters. The main adaptations of the serial-produc-
tion Diesel engine were the injection- as well the EGR system. In order to achieve
equal injection durations as for Diesel operation, the area of the injector holes is
roughly doubled to compensate for half the volumetric energy density of DME. In
order to achieve full flexibility for EGR across the entire engine operating regime, an
electrically driven volumetric EGR pump is added to the EGR path.

Table 2: Main engine and test bench parameters

Base engine FPT Cursor 11

Bore x stroke, cylinders | 128 mm x 144 mm, 6 cylinders in line

Peak power / torque 338 kW /2300 Nm

Compression ratio 20.5

Common rail pump Bosch CPNS6, oil lubricated, DME delivery 300..1300 bar
Injectors Bosch CRIN25-L-HD, 8 orifices with 0.3399 mm diameter
Turbocharger BorgWarner, VTG

Engine control unit Bosch MD1

Exhaust gas ATS Modular system containing DOC, SCR, CUC and DPF

EGR system Electrically driven EGR pump (Eaton TVS)

Lubricant Motorex SAE OW/20

Engine dyno Horiba Dynas3 HD600, STARS engine automation system
Emission bench Horiba Mexa 7500 DEGR (two lines plus EGR)

Additional equipment | Gasmet FTIR (DME calibrated), Siemens LDS (NHs measurement),
AVL Micro Soot sensor, PMP compliant particle counting system,
ABB Sensyflow P air flow measurement

Fuel supply Pure DME

Figure 1 shows a picture of the test bench installation. DME is pumped to the test
bench at 26 bar (+/- 2bar) pressure. A low-pressure DME circuit reduced the pressure
to feed the DME pump and took care of cooling and re-mixing the injectors backflow.
The EGR pump has an integrated e-motor / inverter system and is connected to an
external 48 VDC supply.
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Figure 1: Picture of the engine on the test bench

3 Experimental results

Experiments were performed across the entire engine map. However, we discuss
here for clarity reasons the optimization of only one operating point: 1200 min™* at
9.8 bar BMEP. This operating point corresponds to a brake power of 109 kW and is
typical for a fully loaded 40-ton tractor-semitrailer at 85 km/h on a flat road.

Without EGR

Figure 2 show the effect of a systematic rail pressure variation between 300 and 700
bar and a start of injection (SOI) variation. The boost pressure is set for a A of around
2.5. As the results indicate, increasing rail pressure shortens the ignition delay as the
crank angle between SOl 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 systematic sweep of SOl between -11.5 and
-5.5 °CAaTDC did not lead to a symmetrical sweep in terms of centre 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 favourable spray breakup and mixing behaviour.
This is beneficial in terms of the power demand of the common rail pump as DME is
considerably more compressible than Diesel.
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Figure 2: Rail pressure and SOl variation (no EGR) — effect on combustion

Figure 3 shows the effect of the same rail pressure and SOI variations on efficiency
and raw emissions. 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 NOy 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 sacri-
ficing NOy levels too much.

Particle mass (PM) as well as particle number (PN) emissions, prior to any aftertreat-
ment, 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 certifi-
cation cycle (WHSC) is 0.01 g/kWh for PM and 8e11 1/kWh for PN. For diesel com-
bustion, such limits are only met with highly efficient particle filtration. With DME,
the PM and PN emissions are far below the limit values.

An efficiency-optimal situation can be achieved with NOy levels of around 8 g/kWh.
This means, that the difference between around 8 g/kWh and the requested tailpipe
NOy emission level has to be tackled by a de-NOy system.
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Figure 3: Rail pressure and SOl variation (no EGR) — effect on n and emissions
With EGR

If the engine’s raw emission levels have to be reduced, e.g. in cold start phases, EGR
might give advantages. Here, we show the situation for a 4 g/kWh raw NOy level,
which is set by adjusting the EGR rate — again in a matrix of rail pressure and SOI
variations.

As Figure 4 shows, the amount of necessary EGR 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 (Figure 2): adding EGR does not significantly change the heat
release characteristics, 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.
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Figure 4: Rail pressure and SOl variation with EGR to maintain 4 k/kWh NOx

Figure 5 shows the effects of EGR on brake thermal efficiency, NOx, THC, PM and PN.
The results indicate that increasing EGR in combination with increasing rail pressure
leads to a reduction in CO and THC emissions. PM and PN emissions are practically
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 NOy levels of
4 g/kWh.

From a technical point of view, it can therefore be concluded that using EGR perma-
nently to reduce engine-out NOy levels may not be advantageous for the engine con-
figuration considered here as EGR increases the system complexity as well as the
engine’s cooling power demand. However, this decision may depend also on the cost
of the deNOy system (i.e. investment and running costs).



%1074

10 50 2
O 400 bar b—6—& O B Aoy
= 8 500 bar 40 —15
= 2\ 800 bar s
z ¢ % 700 bar w30 g, B
= = = : ﬁéﬂ%%
g4 e S S ) 20 =
4 o
2 10 05
0 0 0
0O 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
MFB50 [*CA_; ] EGR (%) EGR (%)
9
0.1 06 10 (19
Eo.oaM _ 9\6—@/8/@ }Xf 8
= =
0.4
2 0.06 e 2 T o Z 6
=2 ot 2 = =
0.04 FRPee 4
= S o2 £ Bgr P
(= =2
0.02 2
0 0 0
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
EGR (%) EGR (%) EGR (%)

Figure 5: Rail pressure and SOl variation (EGR for 4 g/kWh NOy) — effect on n and
emissions

Engine maps with efficiency-optimal settings

The strategy of setting the engine’s raw NOx emissions to 8 g/kWh, omitting external
EGR and setting the parameters for maximum efficiency is applied across the whole
engine map. Figure 9 shows the resulting SOl 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 NOyx 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.

SOl [*CA after TDC] P, bar]

30 30

BMEP [bar]
o
BMEP [bar]
&

=

o

0 0
800 1000 1200 1400 1600 1800 2000 2200 800 1000 1200 1400 1600 1800 2000 2200

n [min™") nmin™")

Figure 6: SOl and fuel rail pressure settings



The engine is equipped with a full Diesel-derived exhaust gas aftertreatment system.
It consists of a Diesel Oxidation Catalyst (DOC), a Selective Catalytic Reduction sys-
tem (SCR), a dual layer Clean Up Catalyst and a porous wall Diesel Particle Filter
(DPF). The DPF is deliberately placed at the very end of the system as it is not ex-
pected to collect a lot of soot and does therefore not need high exhaust gas temper-
atures levels for regeneration. In addition, this placement reduces the thermal iner-
tia before the SCR and collects particles caused by urea dosing, which may be crucial
for future number emission limits.

Figure 7 shows the resulting NOx emissions pre- and post the exhaust gas after treat-
ment system (ATS). The ammonia-storage-based control strategy allows high deNOy
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 NOy levels are tolerated.

After the ATS, very low NOx levels below 0.1 g/kWh can be measured with the ex-
ception of the area marked yellow. This area shows where the dosing of the urea/wa-
ter solution is reduced in order not to create ammonia emissions and to prevent
deposits. The reason why the AdBlue dosing has to be reduced is the reduced con-
version capability of the ATS with decreasing temperature.

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, alter-
native combustion modes such as PCCI, or a combination thereof. Alternatively, 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.

NDI level pre ATS [g/kWh] NOx level post ATS [g/kWh]
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Figure 7: NOx emissions maps - the yellow area marks AdBlue dosing reduction.



Total hydrocarbon emission levels pre- and post-ATS are shown in Figure 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
situation 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 formulation might be
more efficient. However, the general HC emission level is so low that a highly effi-
cient oxidation catalyst may not be required even for future HC or NMOG emission
limits.

total HC level pre ATS [g/kWh]
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30 30

251 a5

®
S
»
S

BMEP [bar]
&

BMEP [bar]
]

o

——rs— 1 —

0 0 .
800 1000 1200 1400 1600 1800 2000 2200 800 1000 1200 1400 1600 1800 2000 2200
n [min'1] n [mir\"]

Figure 8: Total hydrocarbon emissions pre- and post the exhaust gas after treat-
ment system.

Figure 9 shows the engine’s brake thermal efficiency and it looks as one would ex-
pect 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 effi-
ciency is slightly above 45%.
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Figure 9: Brake thermal efficiency

We omit the presentation of CO emissions as well as of non-regulated pollutants.
Readers, who are interests in NO, NO,, N;0O, methane, DME, benzene, toluene, Iso-
cyanic acid, acetaldehyde, formaldehyde or formic acid emissions are kindly asked
to study a comprehensive open access publication by the authors [4], where these
details are described. However, it can be concluded that none of these emissions
showed critical levels.

Low load strategies

One strategy to control NOx emissions at part load conditions is to burn a part of
the fuel in premixed mode. To enter this so-called PCCI mode, injection can be de-
layed in order to premix a (large) part of the injected fuel. The reason is that injec-
tion phasing after TDC increases the chemical ignition delay (precombustion reac-
tions). In addition to late combustion phasing, the reactivity can be controlled by
adjusting air excess or EGR.

To compare these possibilities, systematic variations of standard and late injection
in combination with no EGR, EGR, reduced boost pressure and exhaust flap activa-
tion (after turbine) have been performed.

Figure 10 show an example for the 10% load operating point at an engine speed of
1050 minL. The plots show the heat release rates and the measured needle lifts for
"normal” SOI at 4.6 °CA before TDC as well as for late SOl at 6 °CA after TDC. The
area below the needle lift curves can be a proxy for the injected fuel mass. Areas
marked in green show the "injected fuel mass" until the 5% MFB point. It can
clearly be seen that the portion of premixed combustion increases with delaying
SOl.



The most extreme case is when 50% EGR is applied as the 5% MFB point is reached
after needle closing. This means, that 50% EGR is able to reduce the reactivity such
that all fuel is combusted in a partially premixed mode.
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Figure 10: Injection and combustion for 1050 min! / 2.6 bar BMEP

Table 3 lists the brake thermal efficiencies, the temperatures after turbine, the in-
take- and exhaust manifold pressures as well as the emissions before and after the
exhaust gas aftertreatment system for the operating modes discussed above and

for fully warmed-up (steady-state) conditions.

Table 3: Efficiencies, temperatures, pressures for the discussed operating modes at
1050 min / 2.6 bar BMEP, best settings framed in red

"NORMAL SOI" eta |T a.turb.|p intake[p b.turb.| raw NOx |NOx tailp.| raw THC |THC tailp.| raw CO | CO tailp.
SOl 4.6 °CA bTDC (-) |[[g/kWh] | [mbar] [ [mbar] | [g/kWh] [ [g/kWh] | [g/kWh] | [g/kWh] | [g/kWh] | [g/kWh]
no EGR 28.8 152 573 1123 8.4 8.5 0.61 0.56 0.9 0.02
50% EGR 27.5 213 308 1012 0.72 0.10 0.79 0.74 3.6 0.01
no EGR / boostred.| 31.6 158 380 635 8.0 6.4 0.41 0.33 0.8 0.02
no EGR / exh. Flap 23.8 263 362 1910 8.9 0.02 0.72 0.46 1.2 0.01
"PCCI" eta |T a.turb.|p intake|p b.turb.| raw NOx |NOx tailp.| raw THC |THC tailp.| raw CO | CO tailp.
SOl 6 °CA aTDC () |lg/kwh] | [mbar] | [mbar] | [g/kwh] | [g/kWh] | [g/kwh] | [g/kwWh] | [g/kWh] | [g/KWh]
no EGR 27.6 172 572 998 4.2 4.2 0.73 0.66 1.6 0.01
50% EGR 25.6 235 340 937 0.3 0.00 2.63 1.21 1.1 0.01
no EGR / boostred.| 29.8 181 380 568 4.7 2.8 0.60 0.45 2.4 0.02
no EGR / exh. Flap 23.6 283 361 1533 4.9 0.00 0.78 0.45 1.7 0.02




Looking at the "normal" SOl operation, i.e. 4.6 °CA before TDC, only two parameter
sets can guarantee low tailpipe NOx emissions: the 50% EGR case and the classical
Diesel-derived approach of closing an exhaust flap to increase backpressure and in-
fluence the engine's pumping loop. These two modes are able guarantee high
enough temperature levels after the turbine, which makes the SCR system opera-
tional. The 50% EGR approach is favourable because it has an about 13% lower fuel
consumption and provides very low NOx emissions prior SCR. This gives the possi-
bility to achieve low NOx emissions even in cold start conditions, when the SCR is
still warming up.

Late injection (PCCI) is able to increase the gas temperature levels and to decrease
NOy emissions. However, the exhaust gas temperature increases are not enough to
enable SCR functioning for the "no EGR" modes without using the exhaust flap —
the same as for the "normal" SOI modes. However, the 50% EGR settings are able
to further decrease the raw NOx emissions to a very low level (0.3 g/kWh). There-
fore it can be concluded, an engine with the capability of high EGR rates is an ideal
setup for a DME engine which provides extremely low pollutant emissions, even at
cold start conditions. It is very likely, that a properly set-up DME engine would not
need any complex aftertreatment system (such as double-dosing SCR or reformer
solutions) to meet even very strict pollutant emissions limits.

4 Conclusion

DME turns out to be an ideal fuel for efficient and very clean heavy-duty internal
combustion engines. At higher loads, diesel-like efficiency levels can be achieved
but with absolutely no limitations from the classical particle-NOy trade-off. At low
load conditions, where the classical solution is to increase exhaust gas temperature
levels with exhaust flow throttling, DME offers the possibility for low emission op-
eration with high EGR rates. Even very low NOy emissions before any exhaust gas
treatment system are possible by applying late injection and thus switching to a
PCCl combustion mode.
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