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Abstract. The transition, in extent and characteristics, of
atmospheric emissions caused by the modernization of the
heavy-duty on-road fleet was studied utilizing roadside mea-
surements. Emissions of particle number (PN), particle mass
(PM), black carbon (BC), nitrogen oxides (NO,), carbon
monoxide (CO), hydrocarbon (HC), particle size distribu-
tions, and particle volatility were measured from 556 individ-
ual heavy-duty trucks (HDTs). Substantial reductions in PM,
BC, NO,, CO, and to a lesser extent PN were observed from
Euro III to Euro VI HDTs by 99 %, 98 %, 93 %, and 57 % for
the average emission factors of PM, BC, NO,, and CO, re-
spectively. Despite significant total reductions in NO, emis-
sions, the fraction of NO; in the NO, emissions increased
continuously from Euro IV to Euro VI HDTs. Larger data
scattering was evident for PN emissions in comparison to
solid particle number (SPN) for Euro VI HDTs, indicating a
highly variable fraction of volatile particle components. Par-
ticle size distributions of Euro III to enhanced environmen-
tally friendly vehicle (EEV) HDTs were bimodal, whereas
those of Euro VI HDTs were nucleation mode dominated.
High emitters disproportionately contributed to a large frac-
tion of the total emissions with the highest-emitting 10 % of
HDTs in each pollutant category being responsible for 65 %
of total PM, 70 % of total PN, and 44 % of total NO, emis-
sions. Euro VI HDTs, which accounted for 53 % of total kilo-
metres driven by Swedish HDTs, were estimated to only con-
tribute to 2 %, 6 %, 12 %, and 47 % of PM, BC, NO,, and PN
emissions, respectively. A shift to a fleet dominated by Euro

VI HDTs would promote a transition of atmospheric emis-
sions towards low PM, BC, NO,, and CO levels. Nonethe-
less, reducing PN, SPN, and NO; emissions from Euro VI
HDTs is still important to improve air quality in urban envi-
ronments.

1 Introduction

Vehicular emissions contribute significantly to gaseous and
particle pollutants in the urban atmosphere, and descriptions
of their extent and characteristics are key input components
for urban air quality modelling. As technology and traffic de-
mands change, so do the characteristics of the emissions.
In Europe, the introduction of new legislation, especially
Euro VI, has aimed to reduce emissions of many pollutants.
Legislation exists for particles (mass and number) and se-
lected gases; however, there are also many components of the
emissions that are not directly regulated but are potentially
detrimental to human health. The most notable example of
a non-regulated pollutant is the abundance of ultrafine par-
ticles (UFP) (Campagnolo et al., 2019), defined as particles
with a diameter less than 100 nm (Zhu et al., 2002). UFPs
can cause lung disease, an increase of blood coagulability,
and cardiovascular disease and related mortality (Du et al.,
2016). In the most recent European emission standard (Euro
class), this has partly been covered by introducing a limit on
the solid particle number (SPN), while volatile particles and
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particles less than 23 nm are not considered. Furthermore, the
legislation has mainly been based on test cycles performed
before introducing a new engine into the market but only re-
cently also off-cycle and in-service conformity testing has
been introduced; hence, the actual performance in real traf-
fic is less constrained, where driving pattern, maintenance,
and age of the engine will vary. Here real-traffic studies may
capture variability between vehicles and also put the effect
of new legislation and parallel phaseout of older technology
into perspective for the abatement of urban air pollution.

Heavy-duty vehicles (HDVs) usually account for a smaller
number fraction of on-road vehicles than light-duty vehicles,
but they tend to contribute to a disproportionately high frac-
tion of mobile source particulate matter emissions (Gertler,
2005; Cui et al., 2017). Emissions from HDVs, often diesel,
are significantly affected by the engine type, exhaust after-
treatment system (ATS), and driving conditions. The main
purpose of an ATS is the reduction of particulate and gaseous
pollutants. Diesel oxidation catalysts (DOCs) are used for
reducing hydrocarbon emissions, selective catalytic reduc-
tion (SCR) systems or exhaust gas recirculation (EGR) is
employed to mitigate NO, emissions, and diesel particulate
filters (DPFs) can reduce particulate matter mass emissions.
The use of an ATS can, however, bring undesired side ef-
fects. For example, conversion of SO, to SO3 and increased
gaseous sulfuric acid formation have been reported from
DOCs (Arnold et al., 2012). DPFs potentially enhance the
formation of UFPs (Herner et al., 2011; Preble et al., 2017).
Retrofitted DPFs can slightly reduce the NO, emissions but
significantly increase the direct emission of NO, by as much
as a factor of 8 (Smit et al., 2019). Failure of the temperature-
dependent SCR in eliminating the excess NO; leads to an el-
evated NO,-to-NO, ratio (Herner et al., 2009; Bishop et al.,
2010; He et al., 2015).

The Euro standard regulates vehicle emission limits in Eu-
rope. The Euro III standard was established in 1999, and
more stringent Euro IV and Euro V standards were imple-
mented in 2005 and 2008, respectively. The enhanced envi-
ronmentally friendly vehicle (EEV) is a voluntary environ-
mental standard which lies between the levels of Euro V and
Euro VI. The currently enforced Euro VI standard has been
implemented since 2013-2014 and introduced SPN limits
into the regulation for the first time. Generally, newer engines
are expected to perform better in controlling pollutant emis-
sions. Guo et al. (2014) reported that Euro V diesel buses
performed better than Euro IV and Euro III diesel buses in
the emissions of all the pollutants, except for the generation
of more nucleation mode particles. The latest 2018 European
Environmental Agency (EEA) report confirms an overall im-
provement in the European air quality, while the road trans-
port sector remains one of the major contributors to pollutant
emissions and the largest contributor to the total NO, emis-
sion (Grigoratos et al., 2019; EEA, 2018). A recent study
based on an on-board sensor pointed out that HDVs emit-
ted more than 3 times the NO, certification standard dur-
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ing real-world hot-engine driving and idling operations (Tan
et al., 2019). Published data regarding particle and gaseous
pollutant emissions from real-world on-road Euro VI heavy-
duty vehicles are scarce and often limited by the small sam-
ple size (Giechaskiel et al., 2018; Grigoratos et al., 2019;
Moody and Tate, 2017). Remote sensing sampling can mea-
sure a large sample size of vehicles but is usually restricted
to gaseous pollutant emissions (Burgard and Provinsal, 2009;
Burgard et al., 2006; Carslaw et al., 2011). From an air qual-
ity perspective, the particle emissions are crucial. The com-
plexity and dynamics of atmospheric particles require de-
tailed information of its emission for atmospheric modelling
and for descriptions of their health impacts. For example,
particle size is important to determine the effects on respi-
ratory deposition in humans (Manigrasso et al., 2017; Lv et
al., 2016).

Diesel exhaust particles are a complex mixture of numer-
ous semi-volatile and non-volatile species, and the semi-
volatile compounds will experience gas-to-particle partition-
ing in the atmosphere (Robinson et al., 2007; Donahue et al.,
2006). Biswas et al. (2009) reported that the semi-volatile
fraction in HDV emissions is more oxidative than the re-
fractory particles, which may change the redox state in cells
and cause oxidative stress. Semi-volatile organic compounds,
such as polycyclic aromatic hydrocarbons (PAHs) and their
derivatives may possess genotoxic and carcinogenic char-
acteristics (Bocchi et al., 2016; Vojtisek-Lom et al., 2015).
Giechaskiel et al. (2009) suggested using the volatile mass
fraction as a metric to assess health effects, as the volatile
mass dissolves in the lung fluid and thereby interacts with
epithelial cells. Deploying a volatility tandem differential
mobility analyser in suburban Guangzhou, China, Cheung
et al. (2016) found that 57 %—71 % of ambient particles be-
tween 40 and 300 nm contain volatile components. Further-
more, the evaporated semi-volatile compounds from the par-
ticle phase can be further oxidized to form secondary organic
aerosols (SOAs) (Hallquist et al., 2009; Gentner et al., 2017,
Liu et al., 2019). To better quantify the health effects and
global and regional contributions of road traffic to the total
particle burden in the atmosphere, information on the volatil-
ity properties of vehicle particulate emissions is needed.

Different approaches have been applied to study the emis-
sions from heavy-duty trucks (HDTs; Franco et al., 2013).
Chassis dynamometer tests provide relatively comprehensive
emission characteristics of individual vehicles (Jiang et al.,
2018; Chen et al., 2018; Thiruvengadam et al., 2015), but
the artificial driving cycles make it difficult to simulate the
full range of real-world driving conditions. Portable emission
measurement systems (PEMSs) (Grigoratos et al., 2019; Pir-
jolaetal., 2017) and plume-chasing studies (Lau et al., 2015;
Pirjola et al., 2016) have been conducted in real-world envi-
ronments, but they are often limited by small sample sizes.
Tunnel studies (Li et al., 2018) measure the average emis-
sion of all vehicles passing through the tunnel without spe-
cific emission information on vehicle types. Roadside mea-
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surements, as presented in this study, provide an opportunity
to study real-world on-road traffic emissions on large sam-
ple sizes with individual-vehicle information (e.g. Hallquist
et al., 2013; Dallmann et al., 2012; Carslaw and Rhys-Tyler,
2013; Watne et al., 2018).

In this work, we measured the gaseous and particle
emissions from 556 on-road HDTs and quantified changes
in emissions and the potential transition of characteristics
caused by the reduction achieved by the introduction of more
stringent Euro standards. Particle size distributions and par-
ticle volatilities were investigated with respect to Euro class,
and pollutant emission characteristics were studied with re-
spect to year of registration. Cumulative pollutant distribu-
tions were established to demonstrate the importance of con-
trolling high emitters in reducing total emissions. The typ-
ical contribution of air pollution emissions from each Euro
class HDTs was estimated based on total vehicle kilometres
driven. Results of the presented pollutant emission factors in
our study will be useful for both emission models and emis-
sion inventories. A clear transition of atmospheric pollutant
emission trends was evident, and it can provide useful guid-
ance for policies regarding the regulation of existing fleets.

2  Methods
2.1 Field sampling site

Pollutant emissions from HDTs were measured at a roadside
location in Gothenburg, Sweden (Fig. 1). The HDTs passed
the sampling location with an average speed of 27 kmh™!
and acceleration of 0.7kmh~!s~! on a slight uphill slope
(~ 2°). Under such uphill driving conditions, vehicles are ex-
pected to emit higher levels of pollutants than during down-
hill and cruise driving. This will be further examined in
Sect. 3.3.

2.2 Air sampling

The sampling of the emissions was conducted in line with
Hallquist et al. (2013), i.e. extractive sampling of passing
HDT plumes. Air was continuously drawn through a flex-
ible copper tube to the instruments inside a container. A
similar experimental set-up was previously applied to on-
road bus emission measurements (Liu et al., 2019). Parti-
cles were measured by an EEPS (Engine Exhaust Particle
Sizer™, model 3090, TSI Inc.) in the size range of 5.6—
560 nm with high time resolution (10 Hz), while total par-
ticle number was measured by a butanol-based condensation
particle counter (CPC, model 3775, TSI Inc., 50 % cut-off
diameter of 4 nm). Particle numbers measured by the two in-
struments showed a good correlation (R? = 0.73) (Fig. S1 in
the Supplement). A second EEPS measured the outflow of
a TD (thermodenuder, Dekati Ltd.), enabling estimations of
particle volatility. The data were corrected for size-dependent
losses in the TD. The temperature inside the TD heating zone
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was set to 250°C with a residence time of ~ 0.6s, which
is generally sufficient to evaporate nearly all the organics
and sulfates from the particles (Huffman et al., 2008). How-
ever, organics with extremely low volatility (organic satura-
tion mass concentration, C* < 107> ugm™3 at 298 K) may
still be retained even at this high temperature (Gkatzelis et
al., 2016). Thus, in this study, we define the “non-volatile
components” as particle components that remain after pass-
ing through the TD operating at 250 °C. Differences in count-
ing efficiencies between the two EEPS were accounted for by
size-dependent correction factors (typically less than 10 %),
which were retrieved by simultaneous sampling of ammo-
nium sulfate particles by both EEPS instruments and direct
comparison of their measured size distributions (Fig. S2).
Black carbon (BC) and the mixture of BC and brown carbon
(BrC) were measured by an Aethalometer at 880 and 370 nm,
respectively (model AE33, Magee Scientific Inc.). The de-
termination of particle mass concentrations by the integrated
particle size distribution (IPSD) method requires information
on particle density. Particle sphericity and unit density were
assumed due to a lack of detailed knowledge about the chem-
ical composition of the emitted particles. Figure S3 shows
that there is a good linear relationship at EFpyy values larger
than 1 mg (kg fuel) ™! between the BC mass measured by the
Aethalometer and the non-volatile particle mass measured
by the EEPS, but, assuming sphericity and unit density, the
EEPS mass is lower, which indicates a potential underesti-
mation of the effective non-volatile particle density. Com-
pared to the EEPS, the detection limit of the Aethalometer is
5 times higher, which may influence the correlation between
BC and particle mass (PM) at low mass loading conditions
(Fig. S3). There have been several studies on the morphol-
ogy and density of combustion-generated particles and its
detailed dependence on combustion and dilution condition
(e.g. Maricq and Ning, 2004; Ristimaki et al., 2007; Liu et
al., 2009; Zheng et al., 2011; Quiros et al., 2015). However,
to be consistent, and to compare with a majority of previously
reported data, unity density was used for further discussion
and comparisons. CO, was measured by a non-dispersive
infrared gas analyser (LI-840, LI-COR Inc.). NO, and NO
were measured simultaneously by two separate chemilumi-
nescent analysers (model 42i, Thermo Scientific Inc.), and
the NO; concentration was calculated from the difference be-
tween the NO, and NO concentrations. SO, was measured
by a pulsed fluorescence gas analyser (model 43c, Thermo
Scientific Inc.). A remote sensing device (RSD) (OPUS In-
spection Inc.) was used to measure the gaseous emission fac-
tors of CO, NO,, and hydrocarbon (HC). Briefly, the instru-
ment was set up with a transmitter and a receiver on the same
side of the truck lane and a reflector on the opposite side. Co-
linear beams of infrared (IR) and ultraviolet (UV) light are
emitted and cross-reflected through the plume, and light at-
tenuation data related to respective pollutant concentrations
are measured. Gas pollutant concentrations were determined
relative to CO; as measured by the RSD. NO, and NO mea-
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Figure 1. (a) Sampling site at the roadside in Gothenburg, Sweden, (b) schematic of the experimental set-up. HDT (heavy-duty truck),
RSD (remote sensing device), CPC (condensation particle counter), EEPS (Engine Exhaust Particle Sizer™ spectrometer), TD (thermod-
enuder), and HR-ToF-CIMS* (high-resolution time-of-flight chemical ionization mass spectrometer, the data from the HR-ToF-CIMS will
be presented elsewhere) as well as examples of signals from three passing HDTs are shown. Concentrations of CO», particle number (PN),
non-volatile PN (black line), particle mass (PM), non-volatile PM (black line), and NO, from (c) a typical Euro III HDT, (d) a typical Euro

VI HDT, and (e) a Euro VI HDT with low PN emission are shown.

sured by the gas analysers and the RSD were in agreement
(R? =0.53 and 0.66, respectively; Figs. S4, S8a). The high-
resolution time-of-flight chemical ionization mass spectrom-
eter (HR-ToF-CIMS) shown in Fig. 1 was used to charac-
terize the chemical composition of organic and inorganic
compounds in the gas and particle phases (emitted from the
HDTs). However, the extensive chemical characterization is
beyond the scope of this work and will be presented else-
where.

A schematic of the experimental set-up is given in Fig. 1
along with some examples of typical temporal profiles of pol-
lutant concentrations in the plumes from Euro III and Euro
VI HDTs. A camera at the roadside recorded the HDT plate
numbers, which were used for identification and to obtain
engine Euro type information. All the instruments were at
least operated at 1 Hz sampling frequency to capture rapidly
changing concentrations during the passage of a HDT, which
is sufficiently fast to measure pollutant concentration peaks
(typically 5 to 20 s in duration) as shown in Fig. 1c—e. In gen-
eral, the duration of a peak was around 5s. It was slightly
longer for NO, (around 20s), which limits measurements
of high-frequency passages. Euro III HDTs typically emit-
ted a significant PN, PM, NO,, and non-volatile components
(Fig. 1c). More than 95 % of Euro III, Euro IV, Euro V, and
EEV HDTs had measurable particle emission signals. Signif-
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icant differences in low particle and gaseous emissions were
evident for Euro VI HDTs (Fig. 1d and e).

2.3 Data analysis

The exact time of individual HDTs passing the sampling inlet
was determined from the camera recordings, and the associ-
ated plume pollutant concentrations were integrated to cal-
culate corresponding pollutant emission factors of individ-
ual HDTs as described by Hallquist et al. (2013). Emissions
of gases and particles from individual HDTs were normal-
ized by the CO, concentration to compensate for different
degrees of dilution during sampling (Janhill and Hallquist,
2005). CO, peak concentrations exceeding 4 times the stan-
dard deviation of the background signal were used as the base
criterion for successful plume capture. Peaks in NO,, PN,
PM, and BC concentrations concurrent with that of CO; sig-
nify the presence of co-emitted pollutants in a HDT plume.
Emission factors (EFs) of gaseous and particle emissions for
individual HDTs can then be expressed in units of amount
of pollutant emitted per kilogram fuel burned based on the
carbon balance method (Ban-Weiss et al., 2009; Hak et al.,
2009):

ftt]z ([pollutant], — [pollutant] ,)d
J2(ICOs]; — [COy, )t

EFpollutant = x EFco,, (D
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where EFpolnutant is the emission factor of the respective pol-
lutant. The time interval of #; to #; represents the period when
the instruments measured the concentration of an entire pol-
lutant peak from an individual HDT (see Fig. 1c—e). Dall-
mann et al. (2012) and Preble et al. (2015) used the con-
cepts of inflection points to identify #; and #,. In our study,
1 and f, were determined similarly: #; is the point before
the pollutant concentration intensity increases abruptly and
> is when the intensity becomes relatively flat and undis-
tinguishable compared to background levels. It is noted that
the integrated peak intensity is insensitive to the exact lo-
cation of 7, since the added integrated signals at or beyond
this point are fluctuating around zero. #; and f, were deter-
mined independently of each pollutant peak to account for
differences in the time response of individual instruments
to the exhaust plume. fttlz([pollutant], — [pollutant] tl)dt and

1'12 ([CO2]; — [CO2];,)dt are the changes in concentration of
a pollutant and CO», respectively, during this time interval.
EFco, of 3158 g (kg diesel fuel)~! was used as the emission
factor of CO,, assuming complete combustion and a carbon
content of 86.1 % as given in Edwards et al. (2014). Emis-
sion factors for plumes with pollutant concentrations lower
than our set detection limit (4 times the standard deviation
of the pollutant background signal) were replaced by the
minimum value among all recorded emission factors (EFpin)
rather than being omitted to avoid inflating emissions from
low-emitting HDTs.

3 Results and discussion
3.1 Fleet compositions

A total of 675 resolved plumes from 556 individual HDTs
for the carriage of goods with weights exceeding 12t were
identified. There were 330 Swedish HDTs with Euro type
information, 46 Swedish HDTs from which Euro type in-
formation was not available, and 180 foreign-licensed non-
Swedish HDTs. Among the 330 Swedish trucks, Euro III,
Euro IV, Euro V, EEV, and Euro VI HDTs accounted for 3 %,
5%, 30 %, 5 %, and 57 %, respectively (Fig. S5).

3.2 Emissions variability

Differences in operating and ambient conditions may lead to
differences in pollutant emission factors for the same HDT.
In this study, we utilized measurement data from 55 HDTs
which passed the sampling location repeatedly, yielding a
total of 137 plumes. The average pollutant emission factors
of each HDT plotted against the individual plume measure-
ments of the corresponding HDT are shown in Fig. S6. In
general, the emission factors of PM, non-volatile PN, and
NO, showed little variation (R > 0.77) among multiple pas-
sages of the same HDT; however, higher variability was ob-
served in the PN emissions. This is likely related to variations
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in the formation of nucleation mode particles from volatile
compounds, which are more sensitive to driving (Zheng et
al., 2014) and dilution conditions. In the following discus-
sion, for HDTs with multiple passages, the average pollutant
emission factors of all the detected plumes were used for that
individual HDT.

3.3 Emissions factors (EFs) of particles and gaseous
pollutants

Figure 2a and b show the box-and-whisker plots of PM and
PN emission factors (EFs) for different Euro classes. Gener-
ally, both PM and PN emissions decreased with more strin-
gent Euro emission standards, and especially for Euro VI
where larger changes in emission characteristics were ev-
ident. These decreasing trends are statistically significant
at the 95 % confidence interval (CI) using the Jonckheere—
Terpstra test, a non-parametric test for trends in ordered
groups. In addition to PM and PN, the emission trends of
BC, NO,, CO, and HC with respect to the level of strin-
gency of Euro standards were statistically examined. Us-
ing Euro IIT HDTs (median EFpy = 586 mg (kg fuel)™!) as
a baseline, the median EFpy; for Euro IV, Euro V, EEV, and
Euro VI HDTs have been reduced by 78.1 %, 86.1 %, 88.9 %,
and 99.8 %, respectively. In particular, Euro VI HDTs have
a median EFpy; of only 1.4 mg (kg fuel)™! (Fig. 2a). While
it is noted that Euro III to Euro VI standard certifications are
based on chassis dynamometer cycle measurements, the Euro
VI regulations have started to include additional off-cycle
and in-service conformity testing. The Euro emission stan-
dard of transient testing for heavy-duty engines gives emis-
sion limits as brake-specific emission factors, as mass (g) of
a specific pollutant or number (particles) per kilowatt-hour
(kWh). In order to enable a comparison with the Euro emis-
sion standard, the EFs in grams (or particles) per kilograms
fuel were converted using a brake-specific fuel consumption
(BSFC) of 231.5 gkWh™!. This is the average value for the
long-haul and regional delivery cycles of chassis dynamome-
ter tests of a typical Euro VI truck (Rexeis et al., 2018). The
uncertainty of the BSFC for different Euro class HDTs op-
erating over a wide range of engine conditions is generally
within 25 % (Mahmoudzadeh Andwari et al., 2017; He et al.,
2017; Dreher and Harley, 1998; Heywood, 1988). Note that
our measurements represent points of time similar to those in
a cycle where the particle emissions can be most prominent.
Looking at a whole cycle, this value will be averaged; hence,
the results from our instantaneous plume measurements may
represent an upper limit of the emissions. In Fig. 2a, the right
y axis gives the EFs converted into units of gkWh~! and the
Euro standards are shown as blue crosses.

In general, the measured median EFpy; values are lower
than the Euro standards for all HDT types. In particular, the
median EFpy; for Euro VIHDTs is more than 1 order of mag-
nitude lower than the Euro standard regulation value since
diesel particulate filters (DPFs) are required for these Euro

Atmos. Chem. Phys., 20, 1701-1722, 2020
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Figure 2. (a) EFpy, (b) EFpn, (¢) EFgc, (d) EFNo, and EFNQ, for Euro III to Euro VI and non-Swedish HDTs. Non-detectable pollutant
emission signals for captured plumes have been replaced by EF,,;,. For box-and-whisker plots, the top and the bottom line of the box are
75th and 25th percentiles of the data, the red line inside the box is the median, and the top and bottom whiskers are 90th and 10th percentiles.
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with either EFNQ, or EFNQ, lower than the detection limits of the instruments were removed in (d) for illustration purposes. Note that the
comparison with the emission standard is only indicative as they are based on test cycle performance.

VI HDTs to comply with PM and PN standards (Williams
and Minjares, 2016). No information about potential retrofits
of tested HDTs was available for the vehicles measured in
this study. The effectiveness of DPFs in reducing particle
emissions has been confirmed by various studies (Martinet et
al., 2017; May et al., 2014; Mendoza-Villafuerte et al., 2017;
Moody and Tate, 2017; Preble et al., 2015). For example,
Bergmann et al. (2009) illustrated that post-DPF PM concen-
trations decreased by 99.5 % compared with pre-DPF for the
New European Driving Cycle (NEDC). In real-world mea-
surements, at least ~ 90 % reductions in PM emissions com-
pared to typical pre-DPF levels have been reported (Bishop
et al., 2015). Euro emission standards for PM of Euro IV
and Euro V heavy-duty diesel engines are the same, while
the measured median EFpy; of the Euro V fleet was around
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1.5 times lower than that of the Euro IV fleet. The con-
trol of diesel engine emissions typically requires a compro-
mise between NO, and particle emission reduction (Clark
et al., 1999). The NO, emission standard is more stringent
for Euro V compared to Euro IV (a factor of 43 % lower),
and hence Euro V HDTs are generally equipped with SCR or
EGR to reduce NO,. In contrast, Euro IV engines are rarely
equipped with NO, after-treatment systems, and thus they
must achieve the NO, emission limits by tuning the engine
performance parameters at the expense of higher PM emis-
sions (Preble et al., 2018; Van Setten et al., 2001). In each of
the Euro II1, Euro IV, Euro V, and EEV classes, 25 %—50 % of
all the measured HDTs had an EFpys higher than their corre-
sponding Euro standards. As described previously, this com-
parison with the Euro standard is relative and indicative. The

www.atmos-chem-phys.net/20/1701/2020/
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higher emissions from individual HDTs may indicate deteri-
oration of engine performance due to wear caused by ageing,
mileage accumulation, or inadequate maintenance. Our study
shows that Euro VI HDTs generally have low PM emissions,
but HDTs from older Euro classes frequently exceeded their
PM emission limits, suggesting that improved maintenance
and suitable retrofitting of older engines are needed.

For PN emissions, EFpy shows an overall trend similar to
EFpym. However, a large data scatter was evident for Euro
VI HDTs, likely due to the sensitivity of nucleation mode
particle formation to changes in driving conditions (Fig. 2b).
Zheng et al. (2014) reported high concentrations of nucle-
ation mode particles under uphill driving conditions but low
concentrations under cruise and downhill driving conditions.
It is important to note that the median EFpn of Euro VIHDTs
was significantly lower than those from the other Euro type
HDTs, which indicates efficient PM removal by the DPF
without compromising on total PN emission. Nonetheless,
the decrease in particle number in the accumulation mode
removes particle surface area available for condensation, and
therefore it favours nucleation of organics from fuel and lu-
brication oil. Le Breton et al. (2019) confirmed the contri-
bution of lubrication oil in bus emissions. Besides, DPFs
can act as a sulfur reservoir, and, when excess sulfur is re-
leased, SO,-to-SO3 conversion can take place once the after-
treatment temperature reaches a critical level (Herner et al.,
2011). In this case, total particle number emissions can in-
crease due to nucleation from gas-phase sulfuric acid. Since
the fuel sulfur content is low, more than 90 % of Euro VI
HDTs had an EFso, value lower than the threshold; in this
study, organics would play a more important role in the for-
mation of nucleation mode particles.

Figure 2c shows that the median EFgc was reduced by
more than 99 % for Euro VI HDTs compared to Euro III
HDTs, and the median EFgc of Euro VI HDTs was even
at the threshold (0.2 mg (kg fuel)~!). The BC emissions gen-
erally showed a decrease from Euro III to Euro VI HDTs
(Jonckheere—Terpstra test, p < 0.01), which is similar to the
EFpy trend with the exception of Euro IV HDTs. Compared
with Euro V HDTs, the median EFgc of Euro IV HDTs
is 35 % lower; however, the emission of the mixture of BC
and BrC from Euro IV HDTs is higher (Fig. S7a). Euro IV
HDTs had the highest BrC contribution to the total light-
absorbing substances among all the Euro classes (Fig. S7b).

Figure 2d compares the emissions of NO; and NO, from
different Euro class HDTs. The vertical lines represent the
different Euro standards. HDTs with either EFno, or EFno,
values lower than the detection limits of the instruments were
removed in Fig. 2d for illustration purposes, while all the
presented statistical analyses include all the data as outlined
above. In general, Euro VI HDTs exhibit a more than 90 %
reduction in both median and average EFno, compared to
Euro III HDTs. This is consistent with Carslaw et al. (2011),
who estimated a 93 % NO, reduction from Euro III to Euro
VI for heavy goods vehicles (HGVs) in the United Kingdom.
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Relatively, the Euro V HDTs had a larger fraction exceeding
their Euro standard, which may be due to the combined ef-
fects of poor engine tuning and the inactivity (low temper-
ature) or deterioration of SCR systems. Newer engines tend
to exhibit a higher NO, emission fraction at a similar NO,
level, and the Euro VI HDTs show a relatively low median
EFno, with a large range of data scatter and several high
emitters. A continuous increase in EFno,/EFno, was evi-
dent from Euro IV to Euro VI HDTs (Fig. S8b). This trend
is consistent with Kozawa et al. (2014), who reported an in-
crease in the share of NO; to total NO,, from Euro III to Euro
V vehicles. Euro VI HDTs have a higher NO, fraction, be-
cause the DOC upstream of the filter is used to convert NO
to NO; to control the soot loading in the DPF and facilitate
the passive regeneration (Van Setten et al., 2001). A failure
of the NO; reduction due to the inactivity of the SCR, result-
ing from low exhaust gas temperature, may yield a higher
NO; emission (Bishop et al., 2010; Heeb et al., 2010; Herner
et al., 2009; May et al., 2014; Thiruvengadam et al., 2015).
A more significant decrease in NO, than NO, emissions of
Euro VI HDTs may cause an increase in EFno,/EFNo, -

Table 1 compares the average emission data of PM and
PN of the current work with previous studies according to
the HDT type and gives information on measurement meth-
ods used and driving conditions. Generally, the EFpy and
EFpN in this study are within the reported ranges of HDV
emissions in the literature. Our estimated EFpy; values of
Euro III HDTs are comparable to those of Euro III buses in
Hallquist et al. (2013) and Pirjola et al. (2016). HDTs and
buses within the same Euro class emit similar amounts of
PM. Watne et al. (2018) show that DPF-retrofitted Euro III
buses have much lower particle EFs. While EFpy is highly
dependent on driving conditions such as speed and accelera-
tion, the average EFpy of Euro IV, Euro V, and EEV HDTs of
this study (172, 146, and 78 mg (kg fuel) ™!, respectively) are
comparable to previous studies (Hallquist et al., 2013; Pirjola
et al., 2016; Watne et al., 2018). The average EFpy of Euro
VI HDTs (5mg (kg fuel)~!/1.1 mgkm™") is within the range
of emissions from HDVs with DPFs, e.g. 0.6-20.5 mg km™!,
for a recent chassis dynamometer test (Jiang et al., 2018)
and 2.5-8.7mgkm~! for road measurements in California
(Quiros et al., 2016). Note that size ranges and measurement
methodologies may differ among the studies as listed in Ta-
ble 1. Since most of the particle emissions related to road
traffic combustion are below 560 nm (Fig. 4), the size range
in our study is comparable to most other wider-range PM
measurements. Larger particles from road measurements of
total PM may include non-combustion-related particles, e.g.
resuspended road dust, tire particles, and brake-wear parti-
cles, and they should be interpreted with caution. In contrast
to EFpy, @ much less obvious decrease in average EFpy was
observed across different Euro classes. The reason for the
high average particle emission for EEV and Euro VI is likely
due to high emissions of nucleation mode particles from a
number of HDTs.
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Table 1. Comparison of the average emission data? for PM and PN from the present study with literature data. Bold font was used for better
illustration of different Euro classes.

Vehicle type Speed Dp range Method Instrument EFpMm EFpn
kmh™! nm mg (kg fuel)*l 104 particles
(kg fuel)~!
Euro IIT HDT in this study 26+ 60 5.6-560 roadside EEPS 684 £ 365 203+11.7
Euro III bus acceleration 5.6-560 roadside EEPS 6.7-2074 0.11-45
(Hallquist et al., 2013) constant speed  5.6-560 roadside EEPS 151-273 0.12-4.2
Euro IIT bus with DPF acceleration 5.6-560 roadside EEPS 62-2465 1.9-23
(Hallquist et al., 2013) constant speed  5.6-560 roadside EEPS 41-142 1.1-9.7
Euro II bus <25 PM, plume chasing ~ ELPIC 12404220 20.6+3.2b
(Pirjola et al., 2016) (bus depot) Dp>25 CPC
<45 PM; plume chasing ELPI® 500 17.7

(bus line) Dp=>25 CPC
Euro IIT bus with DPF + SCR acceleration 5.6-560 roadside EEPS 8.9+0.2 0.12+0.12
(Watne et al., 2018)
Euro III bus with DPF + SCR stop and go 5.6-560 roadside EEPS 30 4 26° 14.0£3.0°
(Liu et al., 2019) (bus stop)
Euro III diesel bus and truck driving cycle  35-1000  plume chasing  SP-AMS/ 4300 -
(Zavala et al., 2017) and roadside
Euro IV HDT in this study 23 £8P 5.6-560 roadside EEPS 172 £ 68 8.7+3.0
Euro IV bus with EGR acceleration 5.6-560 roadside EEPS 562-3089 13-44
(Hallquist et al., 2013) constant speed  5.6-560 roadside EEPS 91-489 5.8-47
Euro IV bus with EGR + DPF acceleration 5.6-560 roadside EEPS 177-650 5.1-13
(Hallquist et al., 2013) constant speed  5.6-560 roadside EEPS 58-61 2.6-3.1
Euro IV bus with EGR + DPF <25 PM; plume chasing ELPI¢ 1190 + 520° 8.9+1.6"
(Pirjola et al., 2016) (bus depot) Dp >2.5 CPC
Euro IV bus with SCR acceleration 5.6-560 roadside EEPS 145-560 3-13
(Watne et al., 2018)
Euro IV diesel bus and truck driving cycle 35-1000  plume chasing SP-AMS/ 1800 -
(Zavala et al., 2017) and roadside
Euro V HDT in this study 27+£7° 5.6-560 roadside EEPS 146 £49 9.7+£2.7
Euro V bus + SCR acceleration 5.6-560 roadside EEPS 125-766 4.4-92
(Hallquist et al., 2013) constant speed  5.6-560 roadside EEPS 41-509 2.7-33
Euro V bus (Watne et al., 2018) acceleration 5.6-560 roadside EEPS 145+70 30+£1.7
Euro V HDV with SCR average at 45 PM/ PEMS MSSe 18404 0.094
(Rymaniak et al., 2017) 5.6-560 EEPS
Euro V bus with SCR stopand go  5.6-560 roadside EEPS 180+ 15P 6.54+2.9°
(Liu et al., 2019) (bus stop)
Euro V diesel bus and truck driving cycle 35-1000  plume chasing SP-AMSF 720 -
(Zavala et al., 2017) and roadside
EEV HDT in this study 25+ 8b 5.6-560 roadside EEPS 78 +35 16.5+23.6
EEV bus with EGR + DPF <25 PM,/ plume chasing ELPI® 400 + 280° 2.140.1°
(Pirjola et al., 2016) (bus depot) Dp >2.5 CPC
EEV bus with SCR <25 PM;/  plumechasing  ELPI° 280+ 170P 7.0+£3.8"
(Pirjola et al., 2016) (bus depot) Dp=>25 CPC
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Table 1. Continued.

Vehicle type Speed Dy range Method Instrument EFpm EFpN
kmh™! nm mg (kg fuel)™ LT particles

(kg fuel) ™!

EEV with DOC + DPF+SCR  average at 45 PM/ PEMS MSS® 2364 0.024

(Rymaniak et al., 2017) 5.6-560 EEPS

EEV bus stop and go PM,/ plume chasing ELPI¢ 200 8.6

(Jarvinen et al., 2019) Dp=>3 CPC

Euro VI HDT in this study 29 +8b 5.6-560 roadside EEPS 542 8.5+4.6

Euro VI bus stop and go PM;/ plume chasing ELPI¢ 70 5

(Jarvinen et al., 2019) Dp=>3 CPC

Euro VI HDV 13-86 - PEMS - 28-334 -

(Moody and Tate, 2017)

Euro VI HDT 65-74 - PEMS - - 0.002-0.014

(Grigoratos et al., 2019)

HDT without available Euro 27+7° 5.6-560 roadside EEPS 47423 7.5+7.3

type information

Total Swedish HDT 28+ 7 5.6-560 roadside EEPS 96+ 36 9.6+2.7

Total non-Swedish HDT 26 + 8P 5.6-560 roadside EEPS 117+£42 11.1£42

Non-European HDV with

different ATSs

HDV with DPF 13-80 PM PEMS gravimetric 12-414 0.006-13.2

(Wang et al., 2017; Dp =5 CPC

Quiros et al., 2016)

Heavy-duty HDV driving cycle PM chassis gravimetric 6-294 -

with DPF + SCR dynamometer

(Thiruvengadam et al., 2015)

HDV with DPF + SCR driving cycle PM5 5 chassis gravimetric 3-974 -

(Jiang et al., 2018) dynamometer

HDT (model year 2004-2006)  acceleratingor  Dp > 2.5 roadside CPC - 472+£9.7

(Preble et al., 2015) cruise at 48

HDT with SCR + DPF Dp=>25 roadside CPC - 159+11.5

(model year 2010-2013)
(Preble et al., 2015)

HDV (mean model year 2005) 15.7-16.8 PMi» OHMSE digital mass 650 -
(Bishop et al., 2015) monitor

HDV (mean model year 2009) 7.7-9.3 PM; » OHMS2E digital mass 31 -
(Bishop et al., 2015) monitor

HDV without after treatment driving cycle PM, 5 chassis gravimetric 19804 -
(Quiros et al., 2018) dynamometer

HDV + DPF driving cycle PM> 5 chassis gravimetric 6-94 -
(Quiros et al., 2018) dynamometer

2 Given errors are at 95 % CI. P Standard deviation. © ELPI, electrical low-pressure impactor. d Average fuel consumption of 0.26 Lkm~! for HDV during long-haul and
regional delivery tests (Rexeis et al., 2018); the density of 0.815kg dm™3 (Hallquist et al., 2013) for diesel particles was assumed for unit conversion. € MSS, micro soot
sensor. I SP-AMS, soot particle aerosol mass spectrometer. &8 OHMS, on-road heavy-duty vehicle emissions monitoring system.
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Figure 3. (a) EFpy and EFpy of individual HDTs in this study and previous studies and (b) the relationship between EFpy; and EFgpy of
Euro VI HDTs. Dashed red lines represent Euro emission standards (horizontal: PM emission standard; vertical: SPN emission standard).
HDTs with either EFpyg or EFpy values lower than the detection limits of the instruments were removed in (a) for illustration purposes. Note
that the comparison with the emission standard is only indicative as they are based on test cycle performance.

In Fig. 3a, EFpy and EFpn of individual HDTs in this
study and selected previous studies are plotted. HDTs with
either EFpy or EFpyn lower than 0.07 mg (kg fuel)_1 or2.8 x
10! particles (kg fuel) ™!, respectively, were removed from
the figure (24 % of the data) for illustration purposes. Their
corresponding measurements were below the detection lim-
its of the instruments, while the presented statistical analy-
ses include all the data as outlined above. Generally, both
EFpMm and EFpn exhibited a decreasing trend from Euro III
to Euro IV and from Euro V to EEV HDTs (Jonckheere—
Terpstra test, p < 0.01). Overall, Euro VI HDTs had drasti-
cally lower PM emissions but highly scattered PN emissions.
Older Euro type buses retrofitted with DPF were shown to
have reduced particle emissions, and some retrofitted Euro III
buses (black open triangles in Fig. 3a) may perform as well
as Euro VI HDTs, indicating the effectiveness of retrofitting
older HDTs.

In more recent European standards, PN regulation has
been introduced. The SPN as defined by the European Parti-
cle Measurement Programme (PMP) is the number of par-
ticles which remains after passing through an evaporation
tube with a wall temperature of 300—400 °C (Zheng et al.,
2011). The PMP only measures and regulates solid particles
with a diameter larger than 23 nm, because measurements of

Atmos. Chem. Phys., 20, 1701-1722, 2020

smaller particles in the nucleation mode have poor repeata-
bility (Martini et al., 2009). SPN larger than 23 nm was in-
tegrated into the European emission regulation in 2013 for
Euro VI heavy-duty engines (Giechaskiel et al., 2012). A po-
tential issue of evaporation measurements is that a fraction
of the less than 23 nm particles can also be formed down-
stream of the European PMP methodology through renucle-
ation of semi-volatile precursors (Zheng et al., 2012, 2011).
In our study, the TD temperature of 250 °C is lower than the
maximum temperature used by the PMP (300-400 °C) and
does not follow the exact operation specifications of the PMP.
However, Amanatidis et al. (2018) summarized that TD is a
suitable alternative approach for the removal of volatile parti-
cles. Particles larger than 23 nm downstream of the TD were
measured by the EEPS, and we integrated the size bins from
23.5 to 560 nm to represent the SPN. Figure 3b compares
the EFpy and EFspy of Euro VI HDTs. Generally, after-
treatment control systems could not reduce SPN emissions
as effectively as PM emissions, indicating that more control
of SPN emission of Euro VI HDTs may be necessary.
Shown in Table 2 are the average EFs of gaseous
pollutants (NO,, CO, HC) in this study compared with
other studies. EFno, generally decreased from the Euro III
(43.3 g (kg fuel)™!) to Euro VI (3.1 g (kg fuel)~!) class, and

www.atmos-chem-phys.net/20/1701/2020/
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they are in good agreement with reported values for HDTs
in the literature. The EFno, of Euro III HDTs is moderately
higher in this study. Note that the EFNo, and EFpym values
of EEV were much higher in Pirjola et al. (2016), in which
only a limited number (3—4) of vehicles were tested and hard
braking was common in approaching a 90° turn before accel-
erating again. The ratio of EFno, to EFno, generally agrees
with the projection in Kousoulidou et al. (2008), on-road
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plume chasing measurements in Lau et al. (2015), and re-
mote sensing studies in the UK (Carslaw and Rhys-Tyler,
2013). Carslaw et al. (2019) reported a decreasing trend of
EFno,/EFNo, with vehicle mileage for Euro 6 light-duty
diesel vehicles, while no significant trend was identified for
Euro VI HDTs in this study. There may be other parameters
influencing the NO, emission. For example, Ko et al. (2019)
reported that the NO, emissions from Euro VI diesel vehi-
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cles were 29 % higher in a traffic jam than in smooth traffic
conditions. The temperature of the exhaust and DPF regen-
eration may also influence the EFno, .

Compared with EFNo,, EFco decreased less pronounced
from Euro IIl to Euro VI HDTs (57 %). Compared with
newer Euro class HDTs, a larger fraction of HDTs in older
Euro classes have an EFco exceeding the Euro standards,
which indicates that engine deterioration may have a serious
effect on the CO emissions (Fig. S8c). Hallquist et al. (2013)
reported a positive relationship between EFco and EFpy,
i.e. high CO indicates incomplete combustion which favours
soot formation. DPFs may also reduce CO in addition to
PM (Hallquist et al., 2013), which is in agreement with the
lowest CO emission of 15.5 g (kg fuel)™! observed for DPF
equipped Euro VI HDTs in this study. HC emission was
relatively low for all HDT types, and no obvious decreas-
ing trend was evident for EFyc from Euro III to Euro VI
HDTs (Jonckheere—Terpstra test, p = 0.895) (Fig. S8d and
Table 2), for which the Euro VI limit is more than a factor of
3 lower than the preceding Euro V/IV standards.

The 46 Swedish HDTs without available Euro informa-
tion emitted similar levels of particle and gaseous pollutants
to Euro VI HDTs, and they were thus likely equipped with
newer Euro class engines.

Compared with the fleet of non-Swedish HDTs, the
Swedish HDT fleet generally have a lower median and av-
erage EFNo,, but there are no significant differences in the
EF of other pollutants (Fig. 2 and Tables 1 and 2). The differ-
ences in EFNo, are significant at the statistical 95 % CI using
the Kolmogorov—Smirnov test, used in favour of the typical
Student’s t test to account for non-normality of the EF dis-
tributions. As information of Euro class, engine types, and
treatment technologies of non-Swedish HDTs is not avail-
able, we cannot further explore why there is a difference be-
tween the two fleets.

In addition to engine Euro type, pollutant emission trends
were also investigated with respect to five different vehicle
manufacturers (M1, M2, M3, M4, and M5). EFpym, EFpn,
EFpc, and EFno, of HDTs under the same Euro class but
from different manufacturers are compared in Fig. S9. Since
EF data were not normally distributed, statistical significance
is assessed with a Kruskal-Wallis test. It is a non-parametric
analogue of the one-way ANOVA test. The p values are cal-
culated at the statistical 95 % confidence level. No significant
group difference (p > 0.05) was observed in EFpy;, EFpn,
EFgc, or EFNo, for Euro V HDTs, i.e. HDTs (from five dif-
ferent manufacturers) show comparable emission character-
istics. EFpm, EFpN, and EFno, of Euro VIHDTs show no de-
pendency on manufacturers, but a significant difference was
observed between M2 and M5 in EFgc of Euro VI HDTs
(p =0.016). (No analysis on Euro III, Euro IV, and EEV
HDTs was conducted due to the limited number of vehicles
from each manufacturer).
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3.4 Size-resolved EFpy of volatile and non-volatile
particles

Figure 4a—e show the average size-resolved number emission
factors (solid lines) simultaneously measured via the bypass
and TD lines for different Euro class HDTs. The EFpy of the
volatile components is calculated as the difference of EFpyn
measured after the bypass line and the non-volatile compo-
nent EFpN measured after the TD line. To differentiate be-
tween nucleation and accumulation mode particles, a cut-off
particle diameter of 30 nm was used as defined by Kittelson
et al. (2002). In general, all Euro III, Euro IV, Euro V, and
EEV HDTs showed a bimodal particle number size distribu-
tion, with one mode peaking at ~ 6—10 nm (nucleation mode)
and another at ~ 50-80 nm (accumulation/soot mode) (Mar-
icq, 2007). For Euro VI HDTs, the particle number size dis-
tributions were dominated by the nucleation mode. The EFpyn
of the accumulation mode particles shows a decreasing trend
from Euro III to EEV HDTs. The accumulation mode of the
Euro VI HDTs was insignificant. For heavy-duty diesel en-
gines without a particulate filter, nucleation mode particles
are mainly formed from organics. For vehicles with DPF,
both organics and the fuel sulfur content might influence
the formation of nucleation mode particles (Vaaraslahti et
al., 2004). Thiruvengadam et al. (2012) found a direct re-
lationship between exhaust nanoparticles in the nucleation
mode and the exhaust temperature of the DPF-SCR-equipped
diesel engine. These factors lead to high variability in the nu-
cleation mode fraction of EFpn. Figure 4f shows that HDVs
with DPF (dashed lines) exhibited lower emissions of ac-
cumulation mode particles, with no significant reduction in
nucleation mode particles when compared to HDVs with-
out DPF (solid lines). In general, the absence of significant
accumulation mode particles from Euro VI HDTs was con-
sistent with observations made from DPF-equipped HDVs.
High emissions of accumulation mode particles from Euro IIT
HDTs were consistent with measurements from HDVs with-
out DPF in previous studies (Liu et al., 2019; Hallquist et al.,
2013; Preble et al., 2015).

Most particles in the nucleation mode evaporate after pass-
ing through the TD. Sakurai et al. (2003b) reported that
volatile compounds in diesel particles are mainly comprised
of unburned lubrication oil. The non-volatile components in
the nucleation mode may consist of metallic ash, from lubri-
cation oil or fuel additives (Sakurai et al., 2003a), or some
organic compounds of extremely low volatility (Gkatzelis
et al., 2016). In the accumulation mode, the particle mode
diameter shifted towards lower sizes after passing the TD.
In Fig. 4a—e, we also present the median size distribution
(dashed lines). There is a small difference between mean and
median size distributions in the accumulation mode, while a
bigger difference occurs in the nucleation mode. The latter
mode is more dynamic, and there are larger possibilities for
extreme values skewing the averages.
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Table 2. Comparison of the average emission data® for NO,, NO»/NO,, CO, and HC from the present study with literature data. Bold font
was used for better illustration of different Euro classes.

Vehicle type Speed Method EFno,° EFno,/EFNo,° EFco° EFpc®
kmh~! g (kg fuel)~! mass ratio g(kgfuel)~!  g(kgfuel)~!
%

Euro III HDT in this study 26 + 64 roadside 43.3+31.5 7.5+4.1 36.0+13.2 0.8+1.3
Euro III bus acceleration roadside 16.1£9.7 - 16.1£16.1 <13
(Hallquist et al., 2013)
Euro III bus <25 plume chasing 1274+1.84 - - -
(Pirjola et al., 2016) (bus depot)

<45 plume chasing 20.5 - - -

(bus line)

Euro III bus acceleration roadside - - 13£10 0.02
with DPF 4+ SCR
(Watne et al., 2018)
Euro III HDV 64+ 134 plume chasing - 24+4 - -
(Lau et al., 2015)
Euro IIT and IV HDV - model - 14 - -
(Kousoulidou et al., 2008)
Euro II HGV average at 31  remote sensing  16.2+ 1.0f - - -
(Carslaw et al., 2011)
Euro Il HGV 28-60 remote sensing - 24.1+4.7 - -
(Carslaw and Rhys-Tyler, 2013)
Euro IV HDT in this study 23 +8d roadside 19.8 +10.1 27429 22.1+10.3 0.7+1.1
Euro IV bus acceleration roadside 129£6.5 - 16.1£16.1 <13
(Hallquist et al., 2013)
Euro IV bus <25 plume chasing ~ 23.4+£6. 14 - - -
with EGR 4 DPF (bus depot)
(Pirjola et al., 2016)
Euro IV bus with SCR roadside acceleration - - 220-230 0.3-0.6
(Watne et al., 2018)
Euro IV HDV 64 4 134 plume chasing - 28+5 - -
(Lau et al., 2015)
Euro IV HGV average at 31  remote sensing 10.3 + 1.4 - - -
(Carslaw et al., 2011)
Euro IV HGV 28-60 remote sensing - 3.1+0.7 - -
(Carslaw and Rhys-Tyler, 2013)
Euro V HDT in this study 27474 roadside 222438 6.0+2.8 22.8+5.1 09+04
Euro V bus acceleration roadside 355+£9.7 - 9.7+£3.2 <13
(Hallquist et al., 2013)
Euro V bus with SCR stop and go roadside 9.8+3.54 3.7+1.54 28°¢ 2.2¢
(Liu et al., 2019) (bus stop)
Euro V HDV 64 4 134 plume chasing - 40+ 14 - -
(Lau et al., 2015)
Euro V HDV - model - 18 - -
(Kousoulidou et al., 2008)
Euro V HGV average at 31  remote sensing  13.3+ 5.8 - - -

(Carslaw et al., 2011)
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Table 2. Continued.

L. Zhou et al.: A transition of atmospheric emissions from HDT's

Vehicle type Speed Method EFno, ” EFxno,/EFno, ° EFco® EFyc®
kmh~! g (kg fuel)~! mass ratio g(kgfuel)~! g (kgfuel)~!
%

Euro V HGV 28-60 remote sensing - 3.7+0.7 - -

(Carslaw and Rhys-Tyler, 2013)

EEV HDT in this study 25484 roadside 13.6£6.7 6.3+3.7 18.0+10.1 02404

EEV bus with EGR + DPF <25 plume chasing 32.9+7.64 - - -

(Pirjola et al., 2016) (bus depot)

EEV bus with SCR <25 plume chasing  39.8 £ 424 - - -

(Pirjola et al., 2016) (bus depot)

Euro VI HDT in this study 29 +8d roadside 3.1£1.0 225442 155422 1.0£0.5

Euro VIHDT 65-74 PEMS 0.3-31.3 - 2.8-22.3 0.3-3.1

(Grigoratos et al., 2019)

Euro VI HDV - model - 35 - -

(Kousoulidou et al., 2008)

Euro VIHDV driving cycle PEMS 2.2f - - -

(Moody and Tate, 2017)

HDT without available Euro 27+74 roadside 7.8+4.5 13.9+6.3 20.7+5.6 0.8+0.6

type information

Total Swedish HDT 28 +74 roadside 10.7+1.8 159425 18.6+1.9 0.9+0.3

Total non-Swedish HDT 26+ 84 roadside 13.0+2.5 12.7+£3.0 19.1£3.0 0.9+0.6

Non-European HDV with different ATSs

Heavy-duty HDV driving cycle chassis 3.8-27.8f - 0.1-13.4f < 0.64F

with DPF + SCR dynamometer

(Thiruvengadam et al., 2015)

HDV with DPF + SCR driving cycle chassis 0.2-66.4F - 0.006-14.9F <1.3f

(Jiang et al., 2018) dynamometer

HDV with DOC + DPF + SCR 12.7-85.6 mobile 1.7-11.8 - 0.9-2.8¢ 0.1-0.4°

(Quiros et al., 2016) laboratory

HDV (May et al., 2014) driving cycle chassis 30-43 - - -
dynamometer

HDV with SCR chassis 11 - - -

(May et al., 2014) dynamometer

HDV fleet average 22.5+09 remote sensing 12.4+0.6 8.9 59409 22+£04

(Haugen et al., 2018)

HDT (model year 2004—2006) accelerating or roadside 16.5£1.7 34+£1.8 - -

(Preble et al., 2015) cruise at 48

HDT with SCR + DPF roadside 51£1.2 22.1+8.4 - -

(model year 2010-2013)

(Preble et al., 2015)

HDT (model year 2001) 5-25 roadside - 9.14+0.5 26.0+2.1 1.81+0.6

(Burgard et al., 2006)

HDT (model year 2000) 20-40 roadside - 6.1+0.1 379+1.6 33+04

(Burgard et al., 2006)

Fleet average in 2006 28-36 roadside 2-5 - 1724 1.9-23

(Bishop and Stedman, 2008)

Atmos. Chem. Phys., 20, 1701-1722, 2020

www.atmos-chem-phys.net/20/1701/2020/



L. Zhou et al.: A transition of atmospheric emissions from HDTs 1715
Table 2. Continued.

Vehicle type Speed Method EFno,° EFno,/EFNo,° EFco® EFyc®

kmh~! g (kg fuel)~! mass ratio g(kgfuel)~!  g(kgfuel) ™!
%

HDT fleet average 65 roadside 28+1.5 7.0 8.0£1.2 -

(Dallmann et al., 2012)

HDT (mean model year 2004) 222404 remote sensing  20.6 4 0.64 9.7 8.2+0.64 3.7+0.14

(Bishop et al., 2013)

HDT (mean model year 2009) 7.840.1 remote sensing  19.9 +0.34 9.0 734054 0.6+0.64

(Bishop et al., 2013)

4 Given errors are at 95 % CI P In NO; equivalents. © RSD data. For the RSD data sets

of multiple individuals, negative values were replaced by zero when calculating the

averages. d Standard deviation. © Median. { Average fuel consumption of 0.26LL km~! for HDV during long-haul and regional delivery tests (Rexeis et al., 2018); the density of

0.815kg dm™3 (Hallquist et al., 2013) for diesel particles was assumed.
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Figure 5. Cumulative emission factor distribution for (a) PM, (b) PN
ranked from the highest to lowest in terms of emission factors.

To be consistent with previous studies, which overwhelm-
ingly report average size distributions, we choose to utilize
the average size distributions for the discussions below. The
volatilities of particle emissions in the accumulation and nu-
cleation modes have been evaluated by calculating the av-
erage EFpy and EFpy fraction remaining (after heating) of
particles emitted from Euro III-VI HDTs (Fig. S10). In gen-
eral, the EFpy fraction remaining in the nucleation mode was
lower than that in the accumulation mode across all HDTs
in all Euro classes. In terms of particle mass, the nucleation
mode and accumulation mode showed similar EFpy; frac-
tions remaining from Euro III to EEV HDTs, while Euro
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VI HDTs had a much lower EFpy; fraction remaining in the
nucleation mode than in the accumulation mode. Compared
with other Euro class HDTs, Euro VI HDTs had the lowest
EFpn and EFpy fraction remaining in both nucleation and
accumulation mode. Around 94 % of the particles by number
and 55 % of the particles by mass (or volume) in total were
evaporated. Alfoldy et al. (2009) reported that if the same
amount of volatile mass in the nucleation mode and accumu-
lation mode were inhaled, 48 % and 29 % of the mass would
deposit in the lung, respectively, implying that volatile mass
in the nucleation mode would exert a 1.5 times stronger ef-
fect.
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3.5 Emissions from high emitters

Figure 5 shows the cumulative emission distributions for PM,
PN, NO,, and NO; emissions, with HDTs ranked in order
from dirtiest to cleanest. The plots show a significant skew-
ness towards a small fraction of HDTs with a high fraction of
total emissions (deviation from 1 : 1 line) for each pollutant,
indicating the importance of “high emitters”. The dispropor-
tionate skewed distribution of pollutants is a common fea-
ture of on-road emission measurements (Preble et al., 2018,
2015; Dallmann et al., 2012). The highest-emitting 10 % of
HDTs in each pollutant were responsible for 65 % of total
PM, 70 % of total PN, 44 % of total NO, emissions, and 69 %
of total NO,. The distribution of NO, has the least skew-
ness compared with the other pollutants. If the 10 % highest
emitters for each pollutant were removed, the correspond-
ing average EF for PM, PN, NO,, and NO, would decrease
by 62 %, 67 %, 38 %, and 66 %, respectively. However, the
high emitters for each pollutant are different. For example,
Euro III HDTs account for 70 % and 67 % of the top 3 %
emitters for PM and BC emissions, respectively, while Euro
VI HDTs account for 80 % and 56 % of the top 3 % emit-
ters for PN and NO; emissions, respectively. Here, top 3 %
emitters were chosen as the reference because Euro IIIl HDTs
only accounted for 3 % of the total number of HDTs. Lau et
al. (2015) similarly reported that not all high emitters were
members of the lower Euro classes and that high emitters for
a particular pollutant may not simultaneously be high emit-
ters for other pollutants.

3.6 Fleet characteristics

Figure 6a—d show the average EFs of PM, PN, BC, and
NO, with respect to the registration year of the HDTs. Tri-
ennial average EFs were calculated, with truck registration
years divided into 5 bins (2002-2005, 2006-2008, 2009—
2011, 2012-2014, and 2015-2017). The arrows in Fig. 6d
show the years that the particular type of HDTs examined
in this study was first registered. Coupled with the possible
phaseout of older fleets, the HDTs with more advanced en-
gines gradually accounted for a higher proportion of the total
fleet. There is a significant improvement during the last years
and the transition to widespread adoption of Euro VI will
take real-world on-road emissions into a new era of much
lower contributions to air pollution.

To estimate, for each Euro class, the typical contribution
of air pollution emissions, we utilized the number of kilo-
metres driven by HDTs on Swedish roads. During 2018,
4.1 x 10° and 9.2 x 10® km were driven by Swedish and non-
Swedish diesel HDTs on Swedish roads, contributing to 82 %
and 18 % to the total distances travelled by diesel HDTs, re-
spectively (Fig. 7a). The numbers of kilometres driven by
Swedish Euro 0, Euro I, Euro II, Euro III, Euro IV, Euro V,
and Euro VI diesel HDTs were 2.8 x 107,5.0x 105, 5.4x 107,
2.0 x 108, 3.1 % 108, 1.3 x 109, and 2.2 x 109, respectively

Atmos. Chem. Phys., 20, 1701-1722, 2020
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Figure 6. The average EFs of (a) PM, (b) PN, (¢) BC, and (d) NO,
with respect to the registration year of HDTs. Error bars represent
the statistical 95 % confidence interval. Black arrows mark the years
that the particular type of HDT examined in this study was first
registered.

(HBEFA 3.3, 2019). In Fig. 7b, the relative contributions of
kilometres driven by Swedish Euro 0 to Euro VI HDTs are
shown. Zhang et al. (2014) reported no statistically signifi-
cant difference in fuel consumption among Euro II to Euro
IV buses under a real-world typical bus driving cycle in Bei-
jing. In this study, we assume the fuel consumption per kilo-
metre and fuel density are the same across the different Euro
class HDTs, and, adopting the average fuel-based EFs cal-
culated in this study (Tables 1 and 2), the approximations
of contributions of pollutants emitted from Swedish HDTs
in each Euro class to the total PM, PN, BC, and NO, emis-
sions are depicted in Fig. 7c—f. Due to a lack of correspond-
ing emission information, pollutant average EFs of Euro O,
Euro I, and Euro II HDTs were assumed to be at the same
level as those of Euro III HDTs representing lower bound
estimates. Euro O—II HDTs accounted for less than 2.2 % of
the grand total distance driven but totally contributed to 16 %,
13 %, 6 %, and 4 % of BC, PM, NO,;, and PN emissions. Euro
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IIT HDTs only accounted for 5 % (Fig. 7b) of the total fleet
but disproportionally contributed to 37 %, 30 %, 16 %, and
10 % of BC, PM, NO,, and PN emissions. Euro IV HDTs
also exhibited disproportionally high PM and NO, emis-
sions. A fraction of 32 % of HDTs belonged to the Euro V
category, they contributed to 53 %, 42 %, 34 %, and 32 % of
NO,, PM, BC, and PN emissions, respectively. Upgrading,
replacing, or making Euro O to Euro V HDTs obsolete would
be necessary for mitigating a large part of the PM, PN, BC,
and NO, emissions. Euro VI HDTs accounted for the highest
fraction of the total fleet (53 %), but only contributed to 2 %,
6%, 12% and 47 % of PM, BC, NO,, and PN emissions,
indicating successful overall pollution reduction with the in-
troduction of more Euro VI HDTs. Using the median EFs as
references, the emission contributions from Euro VI HDTs to
the total pollutant emissions would be even lower (Fig. S11).
These data provide useful information to predict future pollu-
tant emission trends and to guide policy analysis and imple-
mentation. Since the predicted transition in emissions from
road transport would be significant, chemical transport model
or cost-assessment models need to gain fast access to emis-
sion factors for new generation HDTs to be able to provide a
better estimation of near-future air pollution levels.

4 Atmospheric implications and conclusions

The transition in the atmospheric emission of particles and
gases from on-road HDTs caused by the modernization of

www.atmos-chem-phys.net/20/1701/2020/

the fleet is reported in this study. Particle emissions of PM,
BC, and to a lesser extent PN exhibited substantial reduc-
tions from Euro III to Euro VI HDTs (Jonckheere—Terpstra
test, p < 0.01). The gaseous emissions of NO, and CO also
showed a significant decrease with respect to Euro class
(Jonckheere—Terpstra test, p < 0.01), while the HC emission
was relatively low for all the HDT Euro class types. Com-
pared with Euro III HDTs, Euro VI HDTs showed 99 %,
98 %, 93 %, and 57 % reductions of the average emission
factors of PM, BC, NO,, and CO, respectively. Although a
significant reduction in NO, emissions and a lower median
EFno, were evident, the fraction of NO; in the NO, emis-
sions increased continuously from Euro IV to Euro VI HDTs,
and Euro VI HDTs were the dominant class of the top 3 %
emitters for NO;. PN showed the largest data scattering for
Euro VI HDTs, though after evaporation of the volatile frac-
tion SPN became less scattered. A plausible reason for this
large variability in PN but not PM is the formation of nu-
cleation mode particles containing more volatile compounds,
which are more sensitive to individual driving and plume di-
lution conditions. Reducing particle mass by DPF is clearly
important, but the consequence of doing so removes parti-
cle surface area available for condensation and may there-
fore favour nucleation mode particle formation if the precur-
sors of these particles are not also reduced. Furthermore, due
to the absence of larger particles, the coagulation rate is de-
creased and the nucleation mode particles formed can retain
for a longer time in the atmosphere, which has a direct influ-
ence on the evaluation of near-road human exposure.
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Driving condition and engine technology affected the size
distribution of particle number emissions. The average par-
ticle number size distributions of Euro III to EEV HDTs
were bimodal with nucleation modes at ~6-10nm and ac-
cumulation modes at ~ 50-80 nm. Euro VI HDTs displayed
nucleation-mode-dominant size distributions. Measurements
of particle volatility revealed that Euro VI HDTs had the
highest volatile fraction in both nucleation mode and accu-
mulation mode compared to the other Euro classes. More de-
tailed chemical composition information of this volatile frac-
tion is needed to assess their potential impacts for health and
formation of SOA.

We also found that a small number of high emitters con-
tributed to a large fraction of the total emissions. The top
10 % emitters in each pollutant category were responsible for
65 % of total PM, 70 % of total PN, 44 % of total NO,, and
69 % of total NO, emissions, respectively. Euro III HDTs
were the dominant top 3 % emitters for PM and BC emis-
sions, and Euro VI HDTs were the dominant top 3 % emitters
for PN and NO; emissions.

In general, an overall pollution reduction has been
achieved during the last years, and the transition to Euro VI
adoption will take real-world on-road emissions into a new
era of much lower contributions to air pollution. The emis-
sions of PM, BC, and NO, are predicted to further decrease
in the future, while PN emissions may be subject to greater
fluctuation and therefore be more challenging to control. Up-
grading or phasing-out existing Euro 0 to Euro V vehicles
and introducing more Euro VI HDTs would result in large
pollution reductions. More intensive attention needs to be
focused on SPN controls for Euro VI HDTs. A careful and
more detailed examination of the impacts of fleet upgrades
in terms of ambient pollutant levels and emission reduction
targets for individual pollutants may be needed for further
evaluation.
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