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s of a heavy-duty engine fueled
with polyoxymethylene dimethyl ethers (OME)†
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Polyoxymethylene dimethyl ethers (OME) are promising substitutes for fossil diesel fuel. Besides the

possibility of closing the carbon cycle, OME also feature soot-free combustion. Although this has been

demonstrated sufficiently, nanoparticle emission in OME exhaust is mainly unknown. Many studies

provide information about the particle size distribution (PSD) in the exhaust of OME-fueled diesel

engines, but lack a distinction between solid particles and particles of a volatile nature. This distinction is

necessary in order to evaluate the potential of OME regarding Euro VI and the Euro VII exhaust gas

legislation being discussed. This study investigates the PSD of fossil diesel and the OME exhaust of

a heavy-duty engine with and without removal of the volatile fraction via a catalytic stripper, by means of

a purpose-built sampling system based on proposals from the Particle Measurement Programme (PMP).

The experiments showed that most of the nuclei mode investigated in OME operation is of a volatile

nature and that the solid particle number (PN) emission is below that of Euro VI diesel operation.

Moreover, the results indicate that a state-of-the-art aftertreatment system removes most of the particle

emission, regardless of whether it is volatile or solid. Selective catalytic reduction using aqueous urea

dosing increases solid particle emission, especially in the sub-23 nm range. However, a PMP-conformant

measurement of PN23 and PN10 during WHSC and WHTC runs demonstrated that the PN emission of an

OME-fueled engine falls below the average immission level of urban and regional background in Germany.
Environmental signicance

OME as sustainable e-fuel helps to reduce the impact of diesel engines on the environment regarding climate change and air pollution due to black carbon
emission. Although the soot-free combustion of OME is well demonstrated, the emission of nanoparticles in the exhaust of an OME-fueled engine has been
poorly characterized. This study investigates the particle size distribution of OME exhaust with respect to good practices in aerosol measurement technology.
The results help to evaluate the environmental impact of OME-fueled compression ignition engines and demonstrate the importance of exhaust measurement
standards regarding sampling systems for particle measurement.
Introduction

It is widely accepted that in order to better mitigate climate
change, anthropogenic greenhouse gas emissions must be
reduced, primarily carbon dioxide (CO2).1 Although there has
been a push for mobile applications used to migrate to battery-
electric vehicles operated with renewable power, substituting
fossil fuels with renewable, synthetic, electricity-based fuels is
Schragenhofstraße 31, 80992 Munich,

, Nuremberg, Germany

hen, Germany

Zellerhornstraße 7, 83026 Rosenheim,

tion (ESI) available. See DOI:

the Royal Society of Chemistry
a benecial short-term and target-oriented approach that can be
performed with relative ease alongside the move towards elec-
trication. These so-called e-fuels offer the possibility of
diminishing the CO2 impact of existing and future internal
combustion engines; the present fuel distribution infrastruc-
ture can mostly be used.2 In the case of diesel engines, long-
chain polyoxymethylene dimethyl ethers (OME) have physico-
chemical properties similar to that of fossil diesel and are
among the most promising of e-fuels.3 The synthesis process of
renewable OME-fuel over formaldehyde and methanol starts
with hydrogen and CO2,4 hence offering the potential for
a closed carbon cycle. The prerequisite for this process is
hydrogen from renewable sources, such as electrolysis by solar
or wind power. Furthermore, CO2 must be obtained by post-
combustion capture or direct air capture,5 and the synthesis
process must not lead to additional CO2 emissions. In addition
to the possibility of renewable production, OME also provides
Environ. Sci.: Atmos., 2022, 2, 291–304 | 291
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the advantage of soot-free combustion.6–10 The reason for this is
the intramolecular lack of C–C-bonds, which suppresses the
formation of soot precursors such as polyaromatic hydrocar-
bons.11 This resolves the trade-off between soot and nitrogen
oxide (NOx) emissions from diesel engines6 and opens up the
opportunity for massive NOx reduction in the raw exhaust by
measures such as high exhaust gas recirculation (EGR) rates or
decreased injection pressure.12,13 Soot and nitrogen oxide
emissions are both harmful to the human body14,15 and the
environment.16,17 Therefore, the resolution of this trade-off
supports the efforts for air pollution control being imple-
mented by governmental regulations of emission legislation.

However, although many studies have demonstrated the
soot-free combustion of OMEs, the extent of nanoparticle
emissions in the exhaust has been poorly characterized.
According to Kittelson, particles form a trimodal size distribu-
tion in the exhaust of a diesel engine.18 The nuclei mode with
particles of electrical mobility diameter from typically 5 to
50 nm consists of mostly volatile organic and sulfur compounds
formed during exhaust dilution and cooling, as well as solid
carbon and metal compounds. The accumulation mode with
particles between 100 nm and 300 nm contains carbonaceous
agglomerates and associated adsorbed materials and makes up
most of the particle mass. The coarse mode consists of accu-
mulation mode particles, which re-entrain to the exhaust aer
growth during deposition on surfaces in the exhaust system.
The current legislation considers only solid particles with
a diameter of 23 nm and larger, although future legislative
proposals are pushing this to <23 nm with a 10 nm-cut-
point.19,20 The Particle Measurement Programme (PMP) by UN/
ECE recommends the removal of volatile particles by means of
evaporation or catalytic conversion.21 Although many studies
have examined this topic, the composition of the particle size
distribution (PSD) in OME exhaust remains unknown. Lin et al.
and Liu et al. studied the PSD of diesel exhaust and blends with
OME up to a volumetric mixing ratio of 30% and varying
different effects on the accumulation mode, depending on the
injection pressure22 and the operating point.23 Ferraro et al.
investigated the effect of OME3 on soot particle formation in
a premixed ethylene burner and observed a shi of the maxima
towards smaller particle diameters.24 Popp et al. also observed
this effect with OME-diesel-blends on a heavy-duty engine.25

Investigations with an OME3–5 mix in a single-cylinder research
engine demonstrated particle emissions in the so-called sub-
23 nm range with a peak around a size of 10 nm.26,27 Neither
study included a description of the sampling system, so it is
unknown whether or not the results contained volatile particles.
Preuß et al. observed an increase of this sub-23 nm mode with
increasing mixing ratios of OME3–5 in blends with hydroge-
nated vegetable oil (HVO) and rapeseed methyl ester used as
diesel reference fuels, but also without specifying the sampling
system.28 Barro et al. observed a similar peak in OME exhaust,
located at the nuclei mode of diesel exhaust.29 An additional
investigation in that study using transmission electron
microscopy (TEM) indicated that some of the observed particles
below 20 nm consisted of soot and metal particles. They
therefore assumed that the measured particles in this range
292 | Environ. Sci.: Atmos., 2022, 2, 291–304
were solid in nature, although the particle measurement device
did not include a volatile particle remover. Dworschak et al.
compared the PSD of neat OME3, OME4 and OME5 30 as well as
a mix of OME2–6

31 to the PSD of HVO as a diesel reference fuel.
The sampling system used in these studies contained an evap-
oration tube for volatile particle removal. Neither of these
studies had results demonstrating a particle emission peak
around 10 nm. In order to distinguish between volatile and
solid particles in the PSD of OME, a systematic observation
within the scope of the present work investigated the exhaust of
a state-of-the-art heavy-duty engine with a modular exhaust
aertreatment system (ATS), by means of several sampling
systems, which differ in dilution. The systems for solid particle
measurement only, contain a catalytic stripper for the removal
of volatile particles according to Abdul-Khalek & Kittelson32 and
Swanson & Kittelson.33 A two-stage dilution sampling system
enables a comparison of the PSD in raw exhaust in diesel and
OME operation. Removing the second dilution stage makes the
investigation of the volatile and nonvolatile PSD of OME more
accurate and enables an investigation of the difference between
raw exhaust and tailpipe particle emissions. Moreover, this
work contains an investigation on the effect of urea dosing on
the particle emissions of an OME engine with a twin-dosing
system for selective catalytic reduction (SCR). Another series
of experiments indicates the effect of a diesel particulate lter
(DPF) and urea dosing on the solid particle number (PN)
emission in the legislative test cycles “World harmonised
steady-state cycle” (WHSC) and “World harmonised transient
cycle” (WHTC) with a PMP-conform exhaust measurement and
an additional sampling of sub-23 nm particles. An outlook
evaluates the potential of OME as a carbon-neutral and low-
emission alternative diesel fuel.

Materials and methods
Tested fuels

Polyoxymethylene dimethyl ethers (OME) are oligomers from
the group of C1 oxygenates. They have the chemical structure of
CH3–O–(CH2O)n–CH3, while n as the number of oxymethylene
groups is oen used as an index to specify the respective OMEn.
In this work, the abbreviation OME refers to a mixture with
major percentages of n ¼ 3–6 (OME3: 58%, OME4: 29%, OME5:
10%, OME6: 2%), which fullls theMDIN TS 51699 standard for
OME-fuel.34 The mixture also contains 300 mg kg�1 each of
butylated hydroxytoluene (BHT) for oxidation stabilization, and
a ow improver as additives. Fossil diesel according to the EN
590 standard with a maximum content of 7% (v/v) fatty acid
methyl esters (FAME) sets the reference fuel for comparing the
particle emission behavior. ASG Analytik-Service AG provided
the OME-fuel and determined the values of the physical prop-
erties. The ESI† contains the respective standard of the
measurement method used for providing the substance values.
Table 1 compares these values with the EN 590 standard. The
oxygen content of OME is around 45% (w/w). This reduces the
lower heating value (LHV) of the fuel to about 2.2 times lower
than that of fossil diesel. The higher density of OME compen-
sates this marginally, resulting in a volumetric diesel equivalent
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Properties of the tested fuels. ASG Analytik-Service AG determined the values of OME; the values of diesel come from Lautenschütz
et al.36 if not specified in the standard EN 590.35 The calculation of the gravimetric oxygen content of diesel is based on the values fromHoekman
et al.,37 with the assumption that the FAME proportion is made of oleic acid

Diesel OME

Cetane number >51 69
Lower heating value in MJ kg�1 42.6 36 19.2
Oxygen content in % (w/w) 0–1 37 (with max. 7% (v/v) FAME) 45
Density in kg m�3 820–845 1057
Boiling range in �C 170–390 36 145–242
Flash point in �C >55 65
Sulfur content in ppm <10 <5
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ratio of around 1.7 liters of OME for 1 liter of diesel. The ash
point of the OME mixture investigated exceeds the require-
ments of the EN 590 standard,35 which enables storage and
distribution systems similar to fossil diesel. Values of the
boiling range of diesel come from Lautenschütz et al.,36 who
have determined characteristic values of diesel according to EN
590. The calculation of the volumetric diesel equivalent ratio
also uses the LHV of diesel from this publication. The sulfur
content of OME is lower than 5 ppm according to DIN EN ISO
20884:2011, so it reaches the lower limit of the determination
standard for this value. Because of the sulfur-free educts and
synthesis of OME, the sulfur content is furthermore assumed to
be less than 1 ppm.
Test engine and operating points

The test engine used was a MAN D2676LF51 six-cylinder heavy-
duty diesel. Apart from the high-pressure fuel pump seals, the
engine was not specially adapted for OME operation. Therefore,
the engine components, such as the piston geometry and
cylinder head, were optimized for operation with conventional
fossil diesel. In order to avoid long and inefficient combustion
durations due to the lower-level heating value,38 the solenoid
injectors for OME operation had higher nozzle ow rates.
Besides the effect of decreasing efficiency during longer
combustion durations, interactions of the fuel jet with the
lubricant oil lm are undesirable. Therefore, higher nozzle ow
rates enabled a shorter injection process which stops before the
piston reveals the liner during the downward movement. The
ESI† displays the properties of the test engine.

The test engine had a modular aertreatment system
provided by VT Vitesco Technologies Emitec GmbH, which
enabled removal or exchange of the components. The system
had a twin-dosing design, which means that there were two
positions, in which urea dosers provide the reducing agent for
the selective catalytic reduction in the form of aqueous urea
solution according to ISO 22241-1:2019, abbreviated as
AdBlue®.39 The injection and conversion of the aqueous urea
solution to ammonia (NH3) happens in a so-called Universal
Decomposition Pipe (UDP) equipped with a titanium dioxide
(TiO2)-coated hydrolysis catalyst (Hyd).40 The copper-zeolite
(CuZe) SCR catalysts reduce NOx with the reducing agent
NH3.41 An ammonia slip catalyst (ASC) oxidizes excess ammonia
aer the SCR system selectively in order to avoid an unselective
© 2022 The Author(s). Published by the Royal Society of Chemistry
oxidation to nitrous oxide (N2O) in the diesel oxidation catalyst
(DOC) placed downstream.42 The DPF was an uncoated Cordi-
erite wall ow lter. A second SCR stage ideally converted any
remaining NOx emissions. The second stage had no ASC
installed. The ESI† displays the properties of the ATS
components.

The investigation of the PSD focused on two stationary
operating points: L1 represents a high-load point with
comparatively high exhaust gas temperatures; L2 represents
a low-load point with high engine speed, resulting in lower
exhaust gas temperatures and higher space velocities than L1.
Table 2 describes the parameter settings of the operating points
in diesel and OME operation.
Measuring setup

The Scanning Mobility Particle Sizer (SMPS, TSI Model 3938)
ascertained the PSD in the exhaust gas and contained the
following components: the model 3082 classier selected the
exhaust gas by electrical mobility classication into a mono-
disperse aerosol via the following steps: a Model 3088 so X-ray
neutralizer ionized the aerosol carrier gas, leading to a bipolar
charge distribution.43 The model 3081A differential mobility
analyzer (abbreviated as “longDMA”) selected particles in the
aerosol according to their electrical mobility diameter. The
ultrane condensation particle counter (TSI Model 3776, with
a 50% cut-off at 2.5 nm) determined the particle number of the
respective particle size range. Upstream of the aerosol inlet of
the classier, an impactor separated large particles above the
set SMPS measurement range in order to minimize the devia-
tion of the multiple charge correction44 in the TSI “Aerosol
Instrument Manager” evaluation soware. The measurement
range of the SMPS in this work was set to 6.38 nm to 224.7 nm.
The sampling duration of every run was 72 seconds, including
the automatic purging process of the SMPS.

The equipment for particle number measurements during
the test cycles consisted of an AVL Advanced Particle Counter
489, standard equipped with a condensation particle counter
(CPC) with a 50% cut-off at 23 nm. This measurement device
fullled the specications of PMP.21 It contained a PN23-
compliant volatile particle remover (VPR), consisting of three
elements according to the PMP in this chronological order:
a hot dilution with a minimum dilution ratio of one to ten
stabilized the aerosol and reduced the particle concentration;
Environ. Sci.: Atmos., 2022, 2, 291–304 | 293
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Table 2 Operating points for measurement of the PSD. The pressure indication system AVL Indimodul 621 and an optical encoder determined
the respective point in time with 50% mass fraction burnt (MFB50) in degrees of crank angle (CA) after the top dead center (TDC). The engine's
lambda probe determined the air–fuel-ratio (l)

Diesel OME

Load point L1 L2 L1 L2
Engine speed in RPM 1100 2000 1100 2000
Brake mean effective pressure in bar 18 6 18 6
Rail pressure in bar 1200 1800 1000 1600
MFB50 in �C aer TDC 9 6 15 6
EGR rate in % (w/w) 20 33 18 43
Air-fuel ratio l 1.35 2.30 1.45 1.90
Exhaust temperature downstream of the second turbocharger in
�C

410 260 370 250
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an evaporation tube heated to 350 � 50 �C vaporized volatile
material like the condensed fuel drops mentioned by Kittel-
son;18 a cool dilution with a minimum dilution ratio of one to
ten decreased the temperature of the aerosol and reduced the
particle concentration and avoided re-nucleation of the evapo-
rated substances. Furthermore, an additional CPC with a 50%
cut-off at 10 nm (TSI Model 3772, calibrated by the Federal
Institute of Metrology METAS), connected with the secondary
outlet of the APC, enabled a synchronous PN measurement,
including the sub-23 nm range. In this additional measurement
setup, an auxiliary pump enabled a ow rate of 1.0 l min�1

through the CPC, controlled by an internal critical orice.
While the APC had an integrated sampling system which was

connectable to the respective location at the exhaust pipe, the
measurement setup for PSD determination with the SMPS
required a purpose-built sampling system. In this work, this
sampling system contained the following elements, which were
based on the PMP proposals: the exhaust gas owed through an
ejector diluter (DEKATI diluter with a dilution ratio of one to
ten). A heating cover with a set temperature of 200 �C reduced
the cooling of the aerosol. In addition, the ltered and dried
dilution air owed through a heater set to 150 �C. A “Catalytic
Stripper CS10” (hereinaer abbreviated as CS) according to
Abdul-Khalek & Kittelson32 and Swanson & Kittelson,33 provided
by Catalytic Instruments GmbH & Co. KG enabled removal of
volatile particles with an operational set temperature of 350 �C.
The operational performance of the CS is well documented in
the literature.45–52 A diluted aerosol ow enters the device whose
temperature is elevated to the operational setpoint of 350 �C.
The aerosol ow then enters the catalyst monolith, where, in the
presence of oxygen, hydrocarbon (HC) particles evaporate and
HC vapors are converted into the gaseous water (H2O) and CO2.
The residence time within the monolith is a function of the ow
rate and the design value chosen to balance between HC
conversion efficiency and particle penetration. The CS is opti-
mized for this balance, ensuring that even the most stringent
legislative tests pose no problem for the performance of this
device. Some sulfur present in the aerosol is adsorbed to the
catalyst itself, which directly acts as a sulfur trap, minimizing
artifacts caused by sulfuric acid.33 If high-sulfur fuels are used,
then the CS requires servicing, but this was not the case for
these experiments. The CS also oxidizes organic substances
294 | Environ. Sci.: Atmos., 2022, 2, 291–304
adhering to solid particle cores, which suppresses an increase
in the size of the particles due to this phenomenon.18 It is
possible to directly compare solid and non-solid fractions of
aerosol in the sampling system by alternating the use of the CS.
Sampling without the CS results in a “total particle” concen-
tration, and with the CS the “solid particle concentration”.
Subtracting the solid from the total gives an approximation of
the volatile fraction. An integrated cooler inside the CS resulted
in an outlet temperature of approximately 30 �C. In order to
avoid overwhelming the measurement equipment by exceed-
ingly high particle concentrations, a second ejector diluter
(DEKATI Diluter with a dilution ratio of one to eight) reduced
the particle concentration downstream of the CS. Due to the
integrated cooler inside the CS, the cooling function of this
dilution was obsolete in the setup with the CS. The removal of
this second dilution stage enabled a higher measurement
accuracy due to a higher particle concentration upstream of the
measurement device in an operation with a lower level of
particle emission. The CPC connected to the SMPS system had
a ow rate of 1.5 l min�1. The “Catalytic Stripper CS10” is
designed for a nominal aerosol ow of 10 standard liter per
minute (SLPM). In order to use the device at this ow, an
auxiliary vacuum pump connected with a tee at the inlet of the
SMPS increased the total ow in the sampling system to the
respective nominal ow of the CS. The tubing to the auxiliary
pump used the specic connection to the tee, which had an
offset of 90� to the aerosol ow from the sampling system
towards the impactor of the SMPS. Fig. 1 depicts a scheme of the
sampling systems for the determination of the PSD using the
SMPS and the PN emission in the test cycles using the AVL APC.

The purpose-built sampling system requires calculating the
respective particle concentration reduction factor (PCRF) due to
transport losses depending on the particle size. Von der Weiden
et al. developed a “Particle Loss Calculator”53 according to
mechanisms described by Hinds54 and Willeke & Baron.55

Although the estimation of the transport losses in this work did
not use this specic calculator, it was based on the mechanisms
mentioned in ref. 53. The calculation of losses due to gravita-
tional settling in the inlet, sedimentation, bent tubing and
coagulation55 resulted in a transportation efficiency of more
than 99.9% for a minimal particle diameter of 6 nm and
a maximal particle diameter of 0.23 mm. They are therefore
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Scheme of the sampling systems.
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neglected in the following. This is due to the isokinetic
sampling, the tube inner diameter of 6 mm and the mean ow
velocity of approximately 5.9 m s�1. The Reynolds number
inside the tubing was about 2350, which allows an estimation of
a laminar ow. Thermophoretic losses according to ref. 54–56
were neglected except for the CS, because the calculation of the
thermophoretic velocity results in less than 0.001 m s�1 for the
sampling system in this work. Moreover, transport losses due to
electrostatic elds were neglected due to the usage of stainless
steel wherever possible and an intermediate connection using
Tygon tubing. This polymer is known as a tubing material
having lower electrostatic losses than other kinds of tubing.57–59

However, the manufacturer of the catalytic stripper (Catalytic
Instruments GmbH & Co. KG) provides in the manual, pene-
tration efficiency data at nominal ow (10 l min�1) due to
diffusional and thermophoretic losses. The loss calculation
Fig. 2 Calculated particle losses. The losses due to Brownian diffusion
are based on calculations according to Hinds54 with the assumption of
a laminar flow inside the tubing. The losses of each ejector diluter were
assumed to be 5% according to Giechaskiel et al.60 The manufacturer
of the catalytic stripper determined the respective penetration effi-
ciency at a nominal flow rate of 10 l min�1.

© 2022 The Author(s). Published by the Royal Society of Chemistry
uses this penetration efficiency, supplemented by a calculation
of the transportation losses due to Brownian diffusion accord-
ing to Hinds.54 Additionally, the transportation losses of the
ejector diluters were assumed to be 5% for each diluter and for
any particle diameter, according to the measurements of Gie-
chaskiel et al.60 Fig. 2 shows the calculated penetration effi-
ciencies of the purpose-built sampling systems with and
without the CS or the second dilution stage. The ESI† shows
a detailed calculation of the mentioned losses. The results of
the PSD in this work use the PCRF of these calculations.
Furthermore, the TSI “Aerosol Instrument Manager” soware
includes the option of considering the diffusion losses inside
the SMPS and a multiple charge correction. The evaluations in
this study include these considerations.

Since the setup for PN measurement contained a commer-
cial device in the form of the AVL APC 489, the manufacturer
species a respective value of the PCRF in this setup. The
evaluation in this study uses this PCRF for the correction of the
particle number emission determined by the CPCs during the
test cycles. Particle losses in the Tygon tubing from the
secondary outlet to the CPC with a 50% cut-off at 10 nm were
disregarded due to a tubing length of 300 mm, resulting in an
overall penetration rate of more than 95% for particles with
a diameter larger than 10 nm regarding the losses considered in
the purpose-built sampling system.

Test procedure

The ESI† shows the chronological order of the experiments for
measuring the PSD on the stationary operating points pre-
sented in Table 2. In order to avoid artifacts in the form of
adsorbed organic substances during the operation without the
CS, the test run with the consideration of volatile particles took
place aer the test run using the CS. Aer the operation without
the CS, a cleaning procedure using the CS and the auxiliary
pump with a duration of 60 minutes for the removal of adhering
Environ. Sci.: Atmos., 2022, 2, 291–304 | 295
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particles inside the sampling system was performed. Further-
more, a cleaning of the impactor of the SMPS in an ultrasonic
bath enabled the same for this element before the rst run and
aer the change from diesel to OME. Aer the fuel change, the
engine ran several test cycles to remove remaining diesel resi-
dues in the fuel system or adhering soot in the engine or
exhaust system. During this cleaning process, the sampling
system ran with two-stage dilution and the CS with a set
temperature of 350 �C and operated auxiliary pump.

Since the test runs could not take place on the same day
under identical ambient conditions, a monitoring of the air
temperature, ambient pressure, and humidity enabled an
assumption regarding the comparability of the volatile particle
measurement results. Nevertheless, the respective test runs
with and without the CS happened on the same day, while the
change of the fuel or the sampling position prevented a same-
day-measurement. However, the ambient conditions for the
test runs without removal of volatile particles differ by 1 �C in
ambient temperature, 5% in humidity, and 6 mbar in ambient
pressure. Three measurement recordings mapped the PSD in
the exhaust gas at every stationary operation point.

For the tailpipe PN measurement of OME operation during
the WHSC andWHTC based on the regulation No. 49 of the UN/
ECE,61 the chronological order of the test runs was as follows.
Before every test cycle, the engine was pre-conditioned to the
respective operating point of the WHSC according to the regu-
lation. This study does not consider cold start operation in
WHTC. This is due to the modular aertreatment system, which
has a poorer thermal behavior than a state-of-the art system.
The rst run consisted of a WHSC without DPF but with urea
dosing, followed by WHTC with the same setup. Since the DPF
was able to build up a soot layer in diesel operation, a regener-
ation of the DPF in an oven at 500 �C for six hours took place
before reinstallation of the DPF in the ATS. The experiment
continued with a run of a WHSC with DPF and urea dosing,
followed by a run without urea dosing. Between these two runs,
the engine ran in a regeneration mode without dosing,
providing a cleaning of the SCR catalysts. A WHTC followed
with the same order, beginning with urea dosing.
Fig. 3 Particle size distribution of OME and diesel raw exhaust without
volatile particle remover and two-stage dilution: filtered average
(arithmetic mean) of three recordings and indication of the standard
deviation.
Results and discussion

The following chapter compares the PSD of diesel and OME at
two engine operation points with different sampling points and
different sampling systems. In order to compare the respective
size distributions, the scale of the gures is the same in diesel
and OME operation. The gures plot the data using normalized
concentration according to the following formula:

dN

d log10 Dp

¼ dN

log10 Dp;u � log10 Dp;l

(1)

dN describes the number of particles in the total concentration
and Dp,u and Dp,l are the upper and lower bin boundaries,
respectively. Therefore, the particle concentration is divided by
the bin width. This gives a normalization which is independent
of the specic bin width. This normalization enables compar-
ison of particle concentrations between different measurement
296 | Environ. Sci.: Atmos., 2022, 2, 291–304
devices with different resolutions. The gures contain the
average (arithmetic mean, abbreviated as avg) of three samples
and the respective standard deviation (std). The average was
ltered using a Savitzky–Golay lter of polynomial order 3 and
frame length 21.

Fig. 3 shows the raw exhaust PSD for diesel and OME oper-
ation at the load points L1 and L2 without the catalytic stripper.
Therefore, the PSD contains both volatile and solid particles.

The PSD in diesel operation showed a clear nucleation mode
around 10 nm for both points, which originates mainly from
volatile organic and sulfur compounds.18 This mode also
appeared in OME operation, with a similar level at L2 and with
lower amplitude at L1. For both fuels, a signicant part of the
nucleation mode might be derived from the lube oil, since
several studies demonstrated sub-23 nm particles even during
engine motoring.62–65 Diesel operation shows a bimodal distri-
bution similar to the results of Abdul-Khalek et al.,66 with
a separate accumulation mode that describes its maximum at
40 nm in the same order of magnitude as the nucleation mode
at L2. According to the relevant literature, this mode contains
predominantly solid soot particles.18 This accumulation mode
also appeared at L1, but to a lesser degree than the respective
nucleation mode. The exhaust in OME operation showed no
accumulation mode on the same scale as in diesel operation.

In order to distinguish between volatile and solid particles in
the exhaust, Fig. 4 shows the raw exhaust PSD for diesel and
OME operation with the CS.

In diesel operation, both operating points show a broad
accumulation mode of solid particles that is assumed to consist
of soot particles. In contrast to the presentation of Fig. 3, this
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Particle size distributions of OME and diesel raw exhaust with
volatile particle remover and two-stage dilution: filtered average
(arithmetic mean) of three recordings and indication of the standard
deviation.

Fig. 5 Particle size distributions of OME raw exhaust with and without
volatile particle remover and one-stage dilution: filtered average
(arithmetic mean) of three recordings and indication of the standard
deviation.
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mode is clearly visible at L1, since the removal of the dominant
mode of volatile particles by the CS enables the adjustment of
the axis scale maximum to a lower value. At L2, the mode with
a maximum at 40 nm remains unchanged and shows the same
order of magnitude as without CS, which conrms the
hypothesis that the observed mode in Fig. 3 consists of solid
particles and builds the typical accumulation mode in diesel
exhaust. In OME operation, the nucleation mode at L1 observed
in Fig. 3 decreases in the same ratio as in diesel operation with
usage of the CS. From this observation it follows that the
majority of the nucleation mode around 10 nm is of a volatile
nature. Since several studies conrm the soot-free combustion
of OME, the remaining solid particles might consist mainly of
engine oil ash or metallic abrasion.18 At L2, no particle mode is
visible with the same scaling of particulate emissions as in
diesel operation. The comparison of the two fuels regarding
solid particle size distributions shows lower particulate emis-
sion in OME operation, irrespective of the particle size range.

In order to investigate the size distribution in OME operation
in more detail, the measurements are carried out with a one-
stage dilution system as well. Fig. 5 depicts the PSD of OME
using this sampling system with and without CS for the two
operating points.

Without CS, the exhaust contained a strong nucleation mode
similar to that observed in Fig. 3 at both operating points. While
the maximum of this mode was at 10 nm at L2, the maximum
moved in the direction of a larger diameter at L1. This might
have been due to an increase in the particle growth rate due to
the lower dilution ratio and subsequent cooling upstream of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
SMPS.67,68 With CS, the nucleation mode decreased, corre-
sponding well to Fig. 4. The maximum was at less than 10 nm,
in contrast to the curve without CS. This led to the assumption
that these nonvolatile particle cores consisting of ash or
metallic abrasion29 form a shell with condensed hydrocarbons
during cooling, leading to particle growth. Rönkkö et al.
discovered this phenomenon in the exhaust of a heavy-duty
diesel engine.69 Furthermore, the nucleation mode observed
without CS may have also contained condensed water droplets,
since the concentration of water in the exhaust in OME opera-
tion was higher than 10% for the operating points investigated.
Another possibility is the binary homogeneous nucleation of
sulfuric acid and water.70 Since OME is assumed to have a sulfur
content of less than 1 ppm, this phenomenon is limited to
sulfur originating from the engine oil, but it might still be
present.71 The PSD of Fig. 5 with CS did not contain these
particle cores consisting of sulfuric acid, as sulfur is adsorbed in
the Catalytic Stripper. Given the lower dilution ratio than in
Fig. 5, an accumulation mode became visible at L2. This mode
may consist of a small amount of soot particles. However, the
observations in Fig. 5 refute the assumption of Barro et al.,29 i.e.,
that the particles forming the nucleation mode in OME exhaust
are mostly of a solid nature. Based on the observations in Fig. 3–
5, the authors propose that, in the case of a comparison with
pollutant emission legislation such as Euro VI or upcoming
regulations, the volatile fraction in OME exhaust must be
removed, as it is the case for diesel exhaust according to the
PMP.21 The effect of an evaporation tube on OME exhaust will
have to be studied in further investigations.
Environ. Sci.: Atmos., 2022, 2, 291–304 | 297
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Modern commercial heavy-duty engines that comply with
today's emissions legislation, e.g. Euro VI, are equipped with
a complex exhaust gas aertreatment system. This system
usually contains a diesel oxidation catalyst, a system for selec-
tive catalytic reduction and a diesel particulate lter. In order to
evaluate the effectivity of these components regarding the
particle removal efficiency, Fig. 6 presents the PSD at the tail-
pipe sampling point. The ltration efficiency (FE) was calcu-
lated according to the following formula and the values
depicted in Fig. 4 and 5 were used:

FE ¼ PNraw � PNtailpipe

PNraw

(2)

The particle concentration at the tailpipe sampling position
was near the detection limit of the SMPS, since it was in the
range of 1–5 particles per cm3 in every step interval of the
classier at both operating points. No clear difference between
the PSD with and w/o CS was visible, so the volatile material that
was detected in Fig. 5 might be oxidized in the aertreatment
system, predominantly in the DOC, as observed by Gren et al.65

The particle concentrations at load point L2 were lower than
those at L1. Rothe et al. discovered that some ash particles can
penetrate the DPF at elevated temperatures.72 Since L1 had
higher exhaust gas temperatures than L2, this might be one
reason. In addition, the friction between the piston and the
liner is higher at L1 due to a higher load, with an associated
higher piston side force and the lower engine speed resulting in
higher proportions of solid and mixed friction.73 Therefore,
Fig. 6 Filtration efficiency FE of the aftertreatment system and particle
size distributions of OME tailpipe exhaust with and without volatile
particle remover and one-stage dilution: filtered average (arithmetic
mean) of three recordings and indication of the standard deviation.

298 | Environ. Sci.: Atmos., 2022, 2, 291–304
metallic abrasion might have been another reason for the
higher particle concentrations at L1. Nevertheless, the FE curves
in Fig. 6 conrmed that the aertreatment system also ensured
a reduction in solid particles even with a nearly empty DPF,
which is assumed not to build up a soot layer in OME operation.
This observation refutes the assumption by Omari et al.27 They
assumed that OME exhaust might become challenging for
conventional particulate lters. The well-known ltration gap
around 100 nm, which marks the transition between diffusive
and impactive deposition,54 also appeared in OME operation.
Moreover, the results showed that the tailpipe level of total PN
emissions in OME operation was signicantly lower than the
level in the raw exhaust, irrespective of sampling conditions.

Fig. 7 depicts the results of the investigation on the effect of
urea dosing on nanoparticle emission. During the operation
with urea dosing, both dosers provided AdBlue for SCR, with
a reduction target of 100% for the nitrogen oxide emissions.

The operating points with active urea dosing formed
a distinct nucleation mode. The particles survive the CS, which
indicates that they were non-volatile. Several studies have
observed increasing particle number emissions due to pure
ammonia or urea solution dosing.74,75 Mamakos et al. observed
a formation of non-volatile particles due to urea injection,
which spans from less than 10 nm to above 200 nm but with
mode peaks below 20 nm.76 Amanatidis et al. suggested that
these particles consist of ammonium sulphate and ammonium
bisulphate particles.77 Since they observed the particle emis-
sions even with pure ammonia, they ruled out impurities in the
urea solution as the main reason. Schaber et al. observed the
Fig. 7 Particle size distribution of OME tailpipe exhaust with and
without urea dosing and one-stage dilution with volatile particle
remover: filtered average (arithmetic mean) of three recordings and
indication of the standard deviation.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Effect of DPF and urea dosing on particle number emissions during a stationary and transient test cycle fueled with OME. All test cycles
result in PN emissions below the Euro VI legislation limit and furthermore below the discussed limit for Euro VII with a switch of the CPC setup
towards a 50% cut-off at 10 nm. The simulated background evaluations of the test cycles use particle concentrations of Sun et al.,80 who
measured environmental particle concentrations from 10 to 800 nm Germany-wide.
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formation of ammelides, ammelines and melamines via pyrol-
ysis of urea in an open reaction vessel.78 Börnhorst & Deutsch-
mann attribute the formation of solid urea deposits to
incomplete spray evaporation.79 Regardless of what the solid
particles are made of, Fig. 7 claries that they originated from
the urea dosage and not from OME combustion. However,
further research regarding their formation mechanisms and
impact on human health and environment will be necessary.

Pre-conditioned WHSC and WHTC runs enabled an evalua-
tion of the efficiency of the DPF in OME operation and the
impact of urea dosing on particle number emission under
stationary and transient driving conditions. The investigation
on solid particle number (PN) emission in these test cycles used
the PMP-conformant PN measurement system. In order to
compare the PN emission with the Euro VII regulations dis-
cussed and in consideration of sub-23 nm particles,19,20 a CPC
with a 50% cut-off at 10 nm complemented the system. Fig. 8
depicts the PN emissions of the test cycles with different
congurations on a logarithmic scale. PN23 describes the
emission determined by the CPC inside the AVL APC 489, and
PN10 describes the emission determined by the additional CPC.

In every conguration, the value of PN10 was higher than that
of PN23. Therefore, the solid particles in the form of ash origi-
nating from engine lube oil or in form of metallic abrasion
originating from engine wear observed in Fig. 5 contributed
more to the value of PN10 than to PN23. The effect of the DPF is
clear: the difference between PN10 and PN23 decreased during
WHSC and WHTC, while the overall level of PN emission
decreased as well. The ltration efficiency was similar to that
shown in Fig. 6, conrming that the DPF was able to signi-
cantly reduce particle emissions in OME operation, regardless
of whether the scope is for PN23 or PN10. The PN increase due to
urea dosing appears again in Fig. 8 comparison. In both test
© 2022 The Author(s). Published by the Royal Society of Chemistry
cycles, the reduction factor of PN by DPF was higher than the
impact of urea dosing. Since the observed nucleation modes of
urea-originated particles have their maxima below 10 nm in
Fig. 7, this source of PN emissions may have been under-
estimated in Fig. 8. However, the PN emissions in the stationary
and transient test cycle in OME operation were far below the
limit values of Euro VI and the Euro VII values discussed, even
without DPF and with urea dosing.

The bars on the right side of Fig. 8 represent the simulated
cycle evaluation using the particle concentration of represen-
tative urban and regional backgrounds in Germany. These
values of 6381 1 cm�3 and 3519 1 cm�3, respectively, were
derived from an estimation using the arithmetic mean of the
medians of the measurements of Sun et al.,80 who considered
solid nanoparticles from 10 to 800 nm Germany-wide in 2018.
This comparison demonstrates the ultra-low level of PN emis-
sions of an OME heavy-duty engine equipped with an exhaust
aertreatment system. Nevertheless, the particles in the OME
exhaust are assumed to consist of ash, metallic abrasion and
soot, so their impact on human health and environment might
be more serious than the urban background level.

Conclusions and outlook

The present work contains a comparison of particle size
distributions in the raw exhaust of a heavy-duty engine in diesel
and OME operations at two stationary operating points. Two
sampling systems with a two-stage dilution were used in order
to distinguish between PSD containing volatile material and
PSD aer removing volatile material via a catalytic stripper in
general accordance with PMP specications. In order to inves-
tigate the PSD in OME operation, a second dilution stage was
removed in additional measurements. With this sampling
Environ. Sci.: Atmos., 2022, 2, 291–304 | 299
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system, the comparison between raw exhaust and tailpipe
sampling showed the particle reduction efficiency of a modern
aertreatment system, containing oxidizing catalysts, a twin-
dosing SCR system and a DPF. The effect of urea dosing on
the PSD was investigated at the tailpipe sampling position. Test
runs of the regulated test cycles WHSC and WHTC with and
without DPF and with and without urea dosing demonstrated
the ultra-low level of PN emissions in OME operation.

The results are summed up by the following conclusions:
The nucleation mode with a maximum at 10 nm in OME raw

exhaust mainly consisted of volatile material. This is in contrast
to assumptions made in previous studies.27,29

Because of the mostly soot-free combustion, OME exhaust
shows smaller solid PN emissions than diesel, even in the sub-
23 nm range. In this range, the solid particles are assumed to
mainly consist of ash from engine lube oil and metallic abra-
sion. However, it cannot be ruled out that small soot particles
also occur, because Barro et al. observed them in OME exhaust
using TEM.29

The aertreatment system reduced the particle concentra-
tion in OME exhaust. No difference between the PSD with and
without removing volatile particles was visible at the tailpipe
sampling position. The observed volatile material in the raw
exhaust was therefore oxidized in the DOC and ASC.

An uncoated DPF showed a signicant ltration efficiency in
OME operation, in contrast to the assumption by Omari et al.27

Even given PN10 legislation with the current limit values, the
OME still falls below the limits whether in stationary or tran-
sient operation, with and without DPF. However, the direct
comparison with the limit value is only valid for the WHSC
because this study used a pre-conditioned WHTC without cold
start operation.

During these test cycles, the particle concentration in OME
exhaust was lower than the concentration in a representative
background of urban and regional areas in Germany. Never-
theless, the environmental impact of particles from OME
exhaust is not clear.

Urea dosing leads to an increase of solid PN emissions,
especially in the sub-23 nm range. Therefore, improvement of
the SCR system is a target-oriented way of reducing PN emis-
sions in an OME engine.

The conclusions are based on the observations in this study
and are therefore limited to the methodology used.

Nevertheless, the following research will be necessary in the
future:

The necessity of regenerating a DPF in OME combustion
must be investigated. Similar effects to those observed by Rothe
et al.72 and Dimopoulos Eggenschwiler et al.81 may occur, since
they observed that the soot oxidation velocity decreases with
a higher proportion of organic material on the particle surface.

Furthermore, an open channel lter may be a good approach
for OME engines, since this offers a compromise between
ltration efficiency and exhaust backpressure, leading to higher
thermodynamic efficiency.82

A validation of the observed behavior using different
sampling systems will be necessary. For example, Su et al.
300 | Environ. Sci.: Atmos., 2022, 2, 291–304
demonstrated a difference of on average 20% using a catalytic
stripper and a dilution tunnel with an evaporation tube.83

In the context of future exhaust gas legislation, the impact of
cold start operation on pollutant emissions may increase in
importance. Therefore, further investigation in this area is
essential.

In order to evaluate the sooting tendency of OME regardless
of the parameters effecting soot formation in an engine, e.g.
injection, exhaust gas recirculation and oxygen availability,
investigations using a laminar burner as in Palazzo et al.84 or
McEnally et al.85 will be necessary.

Furthermore, Bartholet et al. demonstrated that different
molecular structures of OME and derivatives affect the nano-
particle behavior during combustion in a laminar burner.86 This
must be investigated in the inner-engine combustion
environment.
Definitions and abbreviations
ASC
© 2022
Ammonia slip catalyst

ATS
 Aertreatment system

avg
 Average (arithmetic mean)

BHT
 Butylated hydroxytoluene

CPC
 Condensation particle counter

CS
 Catalytic stripper CS10

DIL
 Dilution

DOC
 Diesel oxidation catalyst

Dp,l
 Lower bin boundary

Dp,u
 Upper bin boundary

dN
 Number of particles

DPF
 Diesel particulate lter

EGR
 Exhaust gas recirculation

ET
 Evaporation tube

FAME
 Fatty acid methyl esters

FE
 Filtration efficiency

HC
 Hydrocarbon

HVO
 Hydrogenated vegetable oil

Hyd
 Hydrolysis catalyst

LHV
 Lower heating value

MFB50
 50% mass fraction burnt

OFA
 Open frontal area

OME
 Polyoxymethylene dimethyl ethers (with the specic

mixture fractions used in this study)

OME(n)
 Polyoxymethylene dimethyl ethers (of the chain-

length n)

PCRF
 Particle concentration reduction factor

PGM
 Platinum group metals

PMP
 Particle measurement programme

PN
 Particle number

PN23
 Particle number emission, determined via CPC with

a 50% cut-off at 23 nm

PN10
 Particle number emission, determined via CPC with

a 50% cut-off at 10 nm

PNraw
 Particle number, determined at raw exhaust

sampling position

PNtailpipe
 Particle number, determined at tailpipe exhaust

sampling position
The Author(s). Published by the Royal Society of Chemistry
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PSD
© 2022 Th
Particle size distribution

SCR
 Selective catalytic reduction

SLPM
 Standard liter per minute

SMPS
 Scanning mobility particle sizer

std
 Standard deviation

TDC
 Top dead center

TEM
 Transmission electron microscopy

UDP
 Universal decomposition pipe

VPR
 Volatile particle remover

WHSC
 World harmonised steady-state cycle

WHTC
 World harmonised transient cycle

l
 Air–fuel ratio
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Nitrogen Oxide Reduction Potentials Using Dimethyl Ether
and Oxymethylene Ether in a Heavy-Duty Diesel Engine, in
SAE Technical Paper Series. SAE International400
Commonwealth Drive, SAE Technical Paper Series,
Warrendale, PA, United States, 2020.

14 B. Gaston, J. M. Drazen, J. Loscalzo and J. S. Stamler, The
biology of nitrogen oxides in the airways, Am. J. Respir.
Crit. Care Med., 1994, 149(2 Pt 1), 538–551.

15 C. J. L. Murray, A. Y. Aravkin, P. Zheng, C. Abbafati,
K. M. Abbas, M. Abbasi-Kangevari, et al., Global burden of
87 risk factors in 204 countries and territories, 1990–2019:
a systematic analysis for the Global Burden of Disease
Study 2019, The Lancet, 2020, 396(10258), 1223–1249.

16 K. Li, L. Chen, S. J. White, K. Han, B. Lv, K. Bao, et al., Effect
of nitrogen oxides (NO and NO2) and toluene on SO 2
photooxidation, nucleation and growth: A smog chamber
study, Atmos. Res., 2017, 192, 38–47.

17 T. C. Bond, S. J. Doherty, D. W. Fahey, P. M. Forster,
T. Berntsen, B. J. DeAngelo, et al., Bounding the role of
black carbon in the climate system: A scientic
assessment, J. Geophys. Res.: Atmos., 2013, 118(11), 5380–
5552.

18 D. B. Kittelson, Engines and nanoparticles, J. Aerosol Sci.,
1998, 29(5–6), 575–588.

19 B. Giechaskiel, J. Vanhanen, M. Väkevä and G. Martini,
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