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ARTICLE INFO ABSTRACT

Editor: Pavlos Kassomenos The real-world emissions of almost 5000 heavy-duty vehicles (HDVs), determined by the Plume Chasing

method in different European countries from 2016 to 2023, are presented. NO, emission factors are provided

Keywords:
Re{:;te emission sensing for all assessed vehicles, while solid particle number (PN) and black carbon (BC) emission factors are reported
Plume Chasing for over 1100 HDVs. A real-time processing software, used in most campaigns, classified vehicles as suspect

or high emitters according to Euro emission standards, usually in less than a minute. Several of the identified
suspicious and high emitters were stopped and inspected by authorities, revealing causes of the high emissions
such as tampering, defects, or cold SCR. The inspections provided further evidence of the merits of the Plume
Chasing method to authorities for a reliable pre-identification of malfunctions of the emission systems. We
found that average emissions are highly dependent on the country, the national emissions enforcement and the
year of measurement. In 2023, in Slovakia and Czechia the share of suspicious and high emitters was substantial
at 34% and 41 % respectively, while in Germany, only 8% of HDVs were identified as such. Looking back to
2019, around 28 % of HDVs measured on German highways were identified as suspicious or high emitters. In
countries with strict regulations and more inspections, such as Denmark, the proportion is lower than in other
countries over the same period (16 % in 2020). The impact of high emitters on the overall fleet performance
was assessed and we show that high emitters are responsible for more than a doubling of the average HDV
NO, emissions, while for particulate matter emissions the impact of high emitters is even greater. 4-14 % of
the dirtiest vehicles are responsible for 50 % of the BC and PN emissions.

High-emitter detection

Real world driving emissions
Vehicle emission screening
Air pollution

1. Introduction Union directives that provide for the gradual introduction of increas-
ingly stringent standards. Euro VI is currently in force for new heavy
duty vehicle (HDV) registrations. For example, the type approval limits

for Euro V and Euro VI HDVs are 2000 mgkWh™' and 460 mgkWh™!

Nitrogen Oxides (NO,) and Particulate Matter (PM) emissions from
vehicles are still a major cause of poor air quality in urban areas. Both

pollutants are known to have adverse effects on human health (World
Health Organization, 2021; Oberdorster et al., 2005; Brook et al.,
2010). In order to improve air quality, vehicles around the world must
comply with increasingly stringent emission regulations.

The emissions per vehicle are regulated in Europe by the Euro
emission standard, which is updated at regular intervals by European

for NO, respectively. To comply with emission standards, vehicles
are equipped with emission abatement technologies such as Exhaust
Gas Re-circulation (EGR), Selective Catalytic Reduction (SCR), Lean
NO, Traps (LNTs), Diesel Particulate Filters (DPFs), Diesel Oxidation
Catalysts (DOC) and ammonia slip catalysts. Throughout their lifespan,
the vehicle emission system may not be properly maintained, defective
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parts are not correctly repaired/left unrepaired, or may be intentionally
tampered with, resulting in significantly higher emissions than allowed.

Different tampering strategies are known and affect the concen-
trations of pollutants emitted from the tailpipe. One tampering type
targets to stop AdBlue® usage by means of an AdBlue® emulator.
AdBlue®, also called Diesel Exhaust Fluid, is injected before the SCR
to reduce NO,. Some tampering strategies target complete shutdown
of EGR and SCR and even removal of SCR and DPF (van den Meiracker
and Vermeulen, 2020a,b). For the scenario with an AdBlue® emula-
tor, EGR would still reduce NO,. Vermeulen et al. (2021), van den
Meiracker and Vermeulen (2020b) observed for two tested HDVs a
range between 5000 and 6000 mgkWh™'. However, 3500 mgkWh™! are
also achievable with EGR-only systems, as is the case for Euro IV HDVs.
NO, emissions can become somewhat higher about 7000 mg kWh™!
according to Majewski (2023) in case of the ‘SCR only’ concept where
no EGR is used (Scania and Iveco). For the scenario of ECU (Elec-
tronic Control Unit) flashing, where aside from SCR also EGR can be
deactivated, NO, levels could reach level of engine out, typically over
12000 mg kWh™! (Majewski, 2023; van den Meiracker and Vermeulen,
2020b). These defective vehicles therefore have emissions that are often
several times higher than those of vehicles with properly functioning
emission reduction systems and, while representing a small fraction of
the fleet, produce a major share of the total fleet emissions (Vojtisek-
Lom et al., 2020; Boveroux et al., 2019). The detection and subsequent
repair or de-registration of these vehicles should be a main goal of
efforts to significantly improve air quality.

Conventional methods of measuring compliance over the lifetime of
a vehicle during the Periodical Technical Inspection (PTI) do not yet
cover the NO, emissions due to difficulties in achieving operational
temperature of the SCR at standstill and realizing a sufficient engine
load in a garage test (Franzetti et al., 2023, 2024). For particles,
solid particle number (PN) inspections during PTI for HDV’s have been
introduced in three European countries in the last two years and high
emitting vehicles have been successfully identified, but PTI is mostly
applied annually and can potentially be circumvented. Additional mon-
itoring of emissions during normal driving is required to gain insight
into the emission patterns of the fleet. Other methods, such as real
driving emission tests (RDE) with a portable emission measurement
system (PEMS), are too time consuming and expensive to be applied
to many vehicles.

A more efficient and cost-effective way to measure emissions over
the lifetime of a large number of vehicles is through Remote Emission
Sensing (RES). RES offers the ability to measure vehicle emissions
without direct installation on the target vehicle and even without being
noticed by the persons inside the target vehicle. RES techniques in-
clude open-path spectroscopy measuring across the road (Bishop et al.,
1989), the Point Sampling (PS) technique, where the diluted exhaust
of the passing vehicles is sampled and analyzed by stationary instru-
ments (Hansen and Rosen, 1990; Hak et al., 2009), and the here applied
Plume Chasing technique, where an instrumented vehicle chases a
target vehicle and analyses its diluted exhaust (Vogt et al., 2003; Pirjola
et al,, 2004; Canagaratna et al., 2004). These techniques and tools
have been further developed in recent years. Examples include projects
such as the EU project CARES (City Air Remote Emission Sensing) (EU
Horizon, 2020; Farren et al., 2023; Knoll et al., 2024a; Schmidt et al.,
2025) and contributions from different research groups all over the
world during the last three decades (Leinonen et al., 2023; Tong et al.,
2022; Voijtisek-Lom et al., 2020; Jezek et al., 2015; Lau et al., 2015;
Kwak et al., 2014; Dallmann et al., 2013; Wang et al., 2012; Liggio
et al., 2012; Ban-Weiss et al., 2009; Zavala et al., 2006).

Plume Chasing has a smaller sample size compared to other RES
techniques and requires additional resources, such as a vehicle. How-
ever, its ability to collect measurements from individual vehicles over
an extended period of time is what sets Plume Chasing apart. The
longer and more accurate measurement makes the identification of high
emitters more precise and reliable (avoiding false positives), which is
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highly relevant for authority use. Plume Chasing captures emissions
under typical driving conditions with a warm engine, largely avoiding
problematic emission scenarios that occur at low speeds or during
acceleration. Additionally, unlike cross-road RES, Plume Chasing func-
tions effectively in almost all weather conditions, including rain. The
Plume Chasing system can be easily integrated into an inspection vehi-
cle operated by a trained police officer/authority, minimizing the need
for extra resources beyond the measurement instruments. Furthermore,
unlike stationary RES techniques, Plume Chasing is mobile and can be
quickly relocated, making it difficult for drivers to evade detection by
e.g. altering their route or slowing down at the measurement point. A
number of validation studies (Janssen and Hagberg, 2020; Roth, 2018;
Farren et al., 2022; Schmidt et al., 2025) have demonstrated the high
accuracy and reliability of Plume Chasing through excellent agreement
with PEMS and SEMS (Smart Emission Measurement System).

Using the Plume Chasing method, we determined on-road emission
factors for 4969 HDVs. The introduced system features an automated
measurement setup with a short preparation time (< 10 min), enabling
rapid deployment. Its simple hardware design can be installed in any
vehicle and powered from the vehicle’s 12V system, ensuring ease of
use. The accompanying software performs real-time automatic emission
calculation and classification, eliminating the need for post-processing.
This setup is capable of measuring emissions from typically up to 200
HDVs per day, making the Plume Chasing method a practical and
effective solution for large-scale, real-world emission studies. We also
compare our results with the RES techniques PS (Knoll et al., 2024a;
Zhou et al., 2020) and open-path RES (OPUS RSE) (Hooftman et al.,
2020; Cha and Sjodin, 2022; Bernard et al., 2023) as well as with other
Plume Chasing studies (Olin et al., 2023; Vojtisek-Lom et al., 2020; Lau
et al., 2015).

2. Methods
2.1. Measurement setup

The Plume Chasing method uses a measurement vehicle equipped
with instruments that can include different gas and particle analyzers
in addition to CO, to measure the emissions from vehicles (Fig. 1). Two
different Plume Chasing setups were used in the campaigns.

For most campaigns, a simple setup with only an ICAD (Itera-
tive CAvity enhanced DOAS (Differential Optical Absorption Spec-
troscopy, Platt and Stutz 2008)) instrument in Plume Chasing configu-
ration was used for NO, high-emitter identification of HDVs (Fig. 1).
The ICAD measures NO,, NO,, CO, as well as a GPS for locational
information (Airyx GmbH) (Horbanski et al., 2019). This simple setup
has the advantage of being easy for authorities to use.

In recent campaigns (Table S2), the simple measurement system was
extended to measure the particle metrics solid PN,; and black carbon
(BQ). Solid PN,; includes only non-volatile particles larger than 23 nm.
Only the solid fraction of PN,; is measured under the Euro emissions
legislation to improve the reproducibility and repeatability of the mea-
surement (Giechaskiel et al., 2018). For solid PN,; measurement, a
Counter (AVL DIiTEST GmbH) (Schriefl et al., 2019) based on advanced
diffusion charging was used in order to relate the calculated emissions
to official limits of the Euro emission standard. BC was measured
using a custom developed Black Carbon Tracker (Graz University of
Technology) (Knoll, 2024).

The exhaust was sampled via two inlets, one at the left and one at
the right front (about 150 cm apart), typically about 25 cm above the
ground. Both sampling lines are merged into a central sampling line
before reaching the instruments. Teflon tubing was used to transport
the sample gas to the ICAD to measure CO, and NO, without observable
losses. Tygon or stainless-steel tubing was used to transport the sample
gas to the PM instruments. The tubing was installed through the vehicle
to the measuring instruments without any sharp bends to minimize
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Fig. 1. Setup of Plume Chasing. The tablet is used to display real-time data and is connected to the ICAD instrument via WIFL

particle losses. Diffusional particle losses were less than 3 % at 23 nm
(higher losses for smaller particles).

Prior to the campaigns, the instruments were calibrated. The ICAD is
intrinsically calibrated using internal absorption spectra and a quanti-
fied light path resulting in an accuracy of ~ 2%. The BCT was calibrated
against a factory calibrated Aethalometer AE33 (Magee Scientific) (R?
> 0.98; sensitivity < 2 pg m~3) using soot generated by a miniCAST
(Jing Ltd., Model 6204 Type B). The Counter was calibrated against
a condensation particle counter (Model 3775, TSI Incorporated) that
has a counting efficiency of one in the size range of interest with NaCl
generated by an atomizer (ATM220, Topas GmbH) in the size range
between 23 and 200 nm (linearity (polydisperse): R?> > 0.97; sensitivity
(polydisperse): < 1.000# cm™3). During the campaigns, the instruments
were regularly checked for functionality by means of typical operat-
ing parameters (BCT: flow, optical power; Counter: flow, corona and
electrometer self-tests, zero air self-test).

During the campaign in Czechia in 2022 a more complex scientific
setup was used, which had different instruments for particle and gas
measurements installed in a measurement van from TNO (Appendix,
Figure S1 and Table S1). This setup was optimized in the EU Horizon
2020 project CARES and used in several validation studies (e.g. Schmidt
et al., 2025).

After 2019, a new emission software from Airyx GmbH was used
to indicate with a traffic light system (see Fig. 1, top center) in real-
time whether the vehicle under examination was a low (green light),
suspicious (yellow light) or high (red light) NO, emitter (Airyx GmbH,
2022; Schmidt and Pohler, 2023). This allowed simple recommen-
dations to the authority for further inspections. The thresholds for
low/suspicious/high emitters are listed in Table 1 and further discussed
in Section 3.2.

2.2. Measurement surveys

The data were collected in 11 different measurement campaigns
from 2016 to 2023 in 6 different European countries. In 2016 in
Germany (G2016), in 2018 in Austria (A2018), in 2019 in Germany
(G2019), in 2020 in Denmark (DK2020), in 2021 in Belgium (B2021),
in 2022 in Germany (G2022) and Czechia (CZ2022) and Austria
(A2022) and in 2023 in Germany (G2023), Czechia (CZ2023) and
Slovakia (SK2023) (Table S2 in Appendix A). The measurements were
mainly taken on highways (Fig. 2). The duration of the campaigns
ranged from 2 to 18 days. Up to 163 HDVs were measured per day
by a Plume Chasing vehicle. Only measurements with more than
5-10 valid data points (10 s of emission data) and where the Euro

emission standard was specified (98.5 %) were included in the dataset.
In total 4969 chases of HDVs are used in this study (Table S2). A
detailed description of the individual measurement campaigns as well
as the number of investigated vehicles and pollutants can be found in
Appendix A.

2.3. Data analysis

The Airyx Plume Chasing data analysis software determined NO,
and NO, emission factors in real-time. For the Slovakian campaign the
software was extended to additionally measure PN,; and BC emission
factors in real-time (Schmidt et al., 2023; Schmidt and Pohler, 2023).
The data of the different pollutants was time aligned. To account for the
different response functions of the instruments compared to the ICAD
CO, sensor, the time series data (e.g. NO,, BC) were smoothed with
Gaussian filters so that the response functions were similar in time.
The emission ratio Ry for a target vehicle measurement is calculated
according to Eq. (1) with the average emitted concentration Eyx of
pollutant X (e.g. NO,, NO,, PNy;, BC) and the average emitted CO,
concentration E,.

Bx _ X (IXO] - [Xpg(0)])
z:xT:O (ICO,(0)] = [CO, G (1])

CO, is measured in ppm, NO, and NO, in ppb, PN in #/cm® and BC
in pg/m3. The background (BG) values are determined as the small-
est CO, value within a time interval of 120s before each individual
measurement point at time ¢ and its associated pollutant value X, with
X € (NO,, NO,, PN,3, BC). For further descriptions and analysis of the
used Plume Chasing technique, see Schmidt et al. (2025).

To ensure that only emissions from the plume of the chased target
vehicle are taken into account, only those data points of the time
series were considered valid where the CO, concentration was more
than 30 ppm (campaign CZ2022, 20 ppm) above the BG. When HDVs
were driving close together, a possible contamination from the HDV in
front of the currently measured HDV is possible. Therefore, both HDVs
were measured one after the other. If an HDV in front of another had
significantly higher emissions, the HDV in the rear was discarded as
contaminated and not used for further analysis (Schmidt et al., 2025).

The fuel-based emission factors of pollutant X can be calculated via

Ry €y

Eco,

Oy -
EFy p(X) = Ry - 2. 2)

6, is dependent on the pollutant type X: 6, = M(X) for X € (NO,,NO,)
and 6, = T?R for X €(PN, PM) with M (X) the molar mass of pollutant
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Fig. 2. Measurement locations of Plume Chasing campaigns in Germany, Czechia, Slovakia, Austria, Belgium and Denmark between 2016 and 2023.

Table 1
Different thresholds for NO, and BC in mgkWh™' and for PN,; in #kWh™' for Euro V and Euro VI HDVs.

NO, BC PN,,

Euro V Euro VI Euro V Euro VI Euro V Euro VI
low (up to) < 2500 < 1200 < 54 <18 <26-108
suspicious (up to) < 3500 < 2200 <72 <24 <35-108
high (above) > 3500 > 2200 >72 > 24 >3.5-108
Euro emission limit 2000 460 PM: 30 PM: 10 0.6-10'2

(BC: 18) (BC: 6)
RDE conformity factor 1.5 1.63

X, T the instrument specific standard temperature, p the standard
pressure and R the ideal gas constant. M (C) is the molar mass of carbon
and w, is the carbon mass fraction in fuel (Tong et al., 2022) and
depends on the type of fuel. For petrol and diesel, a w, of 0.86 is used
in this study, for CNG, 0.71 and for LPG, 0.82 (Prussi et al., 2020). To
compare emission factors to the Euro standards, the fuel-based emission
factors are converted to an energy-specific emission factor via

EFgyn(X) = EFg p(X) - FCco, 1o 3

with the WHTC (World Harmonized Transient Cycle) fuel consumption
FCco, yure dependent on the engine displacement (Kazemi Bakhsh-
mand et al., 2022). If the engine displacement is not given, a FCco, ..
of 0.211kg fuelkWh™! was assumed (corresponding to a 40% motor
efficiency). This is close to the optimal motor efficiency and may result
in slightly underestimated emission values.

2.4. Thresholds for suspicious and high emitter

The emission thresholds for the classification of high and suspicious
emitters are summarized in Table 1 and vary between the Euro emission
standard of the HDV. The NO, thresholds were derived and optimized
from Plume Chasing emission measurements on highways combined
with inspections (Pohler, 2021). The thresholds are based on type-
approval limits with safety margins, including the variability of the
emission system and uncertainties due to the measurement approach,
such as the influence of interfering plumes.

In order to check the compliance of PN,; and BC measurements with
the Euro emission standards, we introduced thresholds for suspicious
and high emitters similar to those for NO,. There is no Euro emission
limit for BC, only for PM mass. We introduced a threshold for BC
which is 3 (suspicous) and 4 (high) times the Euro emission limit
for PM mass (Table 1), assuming a BC fraction of PM mass of 60 %
for HDVs. Typical average BC/PM mass ratios for HDVs vehicles are
between 0.4 and 0.6 (Bishop et al., 2015; Zheng et al., 2016), with
higher BC/PM ratios measured when HD vehicles are under higher
load, e.g. on highways (Zheng et al.,, 2016; Dallmann et al., 2014).
For PN,; emissions, we chose thresholds for suspicious and high PN,;
of approximately 27 (suspicous) and 36 (high) times the RDE Euro
emission limit, respectively. In Section 3.2 the rationale behind the
chosen thresholds is discussed.

2.5. Inspections

Inspections were carried out by authorities with varying levels of
training. The type of authority involved depended on each country’s
regulations — specifically, who is responsible for traffic enforcement
— such as police officers or traffic control authorities. The inspections
distinguished between defects or faults, tampering (manipulation), soft-
ware issues, cold SCR or no error. If the inspection did not distinguish
between a defect/error and tampering (A2022 campaign), it is marked
as ‘Error (not specified)’. It is often difficult to differentiate between the
two as the control electronics are often tampered with due to a defect
in order to continue operating the truck without actually repairing the
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Fig. 3. Overview of Euro emission standards of investigated HDVs in the different Plume Chasing campaigns between 2016 and 2023.

defect (Pohler, 2022a). In the other campaigns, if a defect/error and
tampering were found, it was counted as tampering.

If an emulator could be found, it was evident that the truck was
tampered. An emulator can be a hardware unit or software that is
used to manipulate the original emission control system. It replaces or
overrides signals from sensors or control units, to emulate a functioning
emission control system when it is actually deactivated. For example,
an AdBlue® emulator can be used to deactivate the SCR and bypass
the emission control systems, resulting in increased NO, emissions.
Finding an emulator requires a lot of training and knowledge of a
truck’s software parameters or where a hardware emulator might be
hidden (e.g. under the trailer). Sometimes it takes a lot of time and
a complete dismantling of the truck. This meant that it was highly
dependent on the campaign, the people performing the inspection, the
inspection tools used and the time available to investigate the cause
of the high emissions. Therefore, the HDVs that were found to be
defective/erroneous may also have been tampered and the percentage
of tampered HDVs may be higher.

2.6. HDV fleet characteristic

In most of the campaigns, the majority of the HDVs analyzed are
of the Euro VI category (>70 %), followed by Euro V HDVs (Fig. 3,
Table S3). The proportion of Euro VI HDVs has been increasing since
2016 in the different countries. For instance, in Germany, the fraction
of Euro VI vehicles encountered rose from 39 % in 2016 (G2016) to
92 % in 2023 (G2023). In Germany and Austria, the fraction of Euro VI
HDVs encountered in 2023 (about 90 %) was higher than in the Czech
Republic in 2022 and 2023 (81 %). The high proportion of Euro VIHDVs
in the A2018, G2022 and G2023 campaigns is probably due to lower
tolls that apply to these vehicles and sectoral driving bans for Euro
V and older vehicles that apply e.g. temporally on the route Brenner
and Inntal highway. The significantly higher number of Euro V HDVs
in the G2016 campaign compared to the G2019 campaign could be
attributed not only to the normal replacement of vehicles over time, but
also to the way Euro emission standards were assigned in the G2016
campaign. For 26 % of the 174 HDVs, a Euro emission standard was
assigned to the lowest possible Euro emission standard under the visible
signs (e.g. HDVs with AdBlue® tanks were assigned to Euro V). As a
result, Euro VI HDVs may therefore be incorrectly classified as Euro V.

The main brands of the investigated HDVs are Mercedes, Volvo,
Scania, DAF and MAN, which make up more than 80 % of the HDVs

(Figure S2). These brands have a relatively similar share. In Germany,
Mercedes has the largest share of HDVs on the road (34 % in 2023). In
Denmark, the largest shares are held by Volvo and Scania (around 25 %
each in 2020).

The distribution of the country of origin of the HDVs investigated
depends mainly on the country of investigation (Figure S3). For exam-
ple, for the campaigns taking place in Germany, most of the trucks were
registered in Germany (up to 50%) and surrounding countries such
as Czechia or Poland; or in Czechia they were mainly Czech (about
36%), followed by trucks from surrounding countries such as Poland,
Slovakia, Romania and Hungary.

3. Results and discussion
3.1. Emission statistics

An overview of the measured median and average NO,, NO,/NO,,
BC and PN,; emissions from all the campaigns presented is given
in Table 2. BC and PN,; were measured only in the most recent
campaigns.

3.1.1. NO, emissions

Median NO, emissions were found to decrease with increasing
Euro emission standard in each campaign (Fig. 4). Emissions de-
crease significantly from a range of 1600-3600mgkWh~! for Euro V
to 400-900mgkWh~! for Euro VI HDVs (Table 2). This represents a
reduction of approximately 50-75 %.

In three countries (Germany, Austria, Czechia) at least two cam-
paigns were carried out over the years. For these countries it is in-
teresting to take a closer look at the emission trend. A decline in
emissions is observed for Euro VI HDVs in Germany from 2016 to
2023 (852 to 442mgkWh™!, see Table 2). Conversely, the median NO,
emissions of Euro V HDVs exhibited an increase until 2022, followed by
a decline. A comparable situation is evident in Austria between 2018
and 2022, characterized by a decline in Euro VI emissions accompanied
by an increase in Euro V emissions (Table 2). This could be due to an
increasing tampering rate, as well as due to deterioration of exhaust gas
cleaning devices as Euro V vehicles get older. For Euro VI, the decrease
seems counterintuitive at first glance, as in 2016 or 2018 all Euro VI
HDVs are newer on average than in later campaigns. However, this
could be explained by the fact that the Euro VI standard was made more
stringent in 2019. None of the Euro VI HDVs in the G2016 or A2018
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Fig. 4. Distribution of NO, emission factors (top) of all campaigns and NO, /NO, ratios (bottom) of different Plume Chasing campaigns per Euro emission standard. The NO, Euro
IV to VI emission standards are marked with dashed blue lines. The thresholds for suspicious emitters are marked with dashed orange lines and the thresholds for high emitters
are shown as dashed red lines. Below the Euro emission standard, the number of HDVs measured by the different campaigns is given in brackets (order as in the legend). Top
whisker: 75th percentile + 1.5 interquartile range (IQR); bottom whisker: 25th percentile - 1.5 IQR; the diamonds represent the outliers.

campaign were Euro VI-D (in force from 2019). Euro VI-D HDVs have
significantly lower emissions compared to Euro VI HDVs (Bernard et al.,
2023) and their share has increased since 2019. The observed trends in
Germany and Austria are different from those in Czechia. In Czechia,
median Euro VI NO, emissions are about the same in 2022 and 2023,
while Euro V emissions are higher in 2023.

We compared NO, emissions of HDVs between the different coun-
tries. In Denmark the average NO, emission values for Euro V and Euro
VI HDVs were among the lowest of all campaigns at 1795 mgkWh™!
and 529 mgkWh™! in 2020, respectively. By contrast, the campaigns in
Czechia found higher emission factors of Euro V HDVs compared to
those in all the other countries that were investigated. NO, Euro VI
emissions are in Czechia in 2022 as high as Austria’s or Germany’s
levels before 2019. In 2022, the median NO, emissions on highways
in Czechia are 27 % (Euro V) and 74 % (Euro VI), and in Austria 17 %
(Euro V) and 23 % (Euro VI) higher than in Germany. In 2023, the dif-
ference is even greater when comparing emissions with measurements
in Germany. The median NO, emissions on highways in Czechia are
99 % (Euro V) and 103 % (Euro VI), and in Slovakia 34 % (Euro V) and
75 % (Euro VI) higher than in Germany.

The difference in emission levels between countries is particularly
evident in the average values and less strongly pronounced in the
median values. This illustrates the impact of a few high emitters,
which can significantly raise the average emissions (see also Fig. 4,
especially outliers of Euro VI). Thus, the different number of high
emitters between the countries is probably responsible for the different
averages. The number of very high emitters is particularly striking in
the Slovakian campaign, where many HDVs with > 10000 mgkWh™!

were measured. These are NO, values at the level of engine out, which
are an indication of ECU flashing, where EGR can also be affected in
addition to SCR.

3.1.2. NO,/NO, emission ratios

The ratio of NO,/NO, (Fig. 4, bottom) was found to increase with
higher Euro emission standard from on average 9.4 % NO, for Euro IV
and 13.1 % for Euro V to about 23.5% for Euro VI HDVs. The increase
is comparable with the findings in other studies (Lau et al., 2015;
Hooftman et al., 2020; Zhou et al., 2020) (see Table 3). This develop-
ment is presumably due to more effective aftertreatment systems under
the newer emission standards, suggesting that they reduce NO more
effectively than NO, (Zhou et al., 2020; Rodriguez et al., 2019). This
shift has been a cause for concern in recent years, as NO, is reduced less
than NO, (see also Table 2) and therefore direct exposure to noxious
NO,, as well as to ground-level ozone concentrations, is reduced less.

3.1.3. PM emissions

Average and median PM emissions were found to decrease with
increasing Euro emission standard (Fig. 5, Table 2). The median BC
emissions show a 80 % reduction in emissions from Euro V to Euro
VI HDVs in the CZ2022 and SK2023 campaigns. Similarly, a 65%
reduction in PN,; emissions was observed in the G2023 and CZ2023
campaigns. Similar to the findings for NO, emissions, PM emissions
in Germany are significantly lower than in Czechia or Slovakia (PN,;:
15-55% for Euro V and 50-67 % for Euro VI; BC: 53 % for Euro V and
67 % for Euro VI). The reduction in BC and PN emissions from Euro V
to Euro VI is due to the widespread introduction of DPFs to meet the
newly introduced Euro VI PN limit.



C. Schmidt et al.

2.0

1.5

1.0

BC [mg kWh™1]
PNys[# kWh=1]

0.5

0.0

Euro IV
(n=9/56/0/0)

Euro V
(n=66/185/1/0)

Euro VI
(n=338/633/21/0)

Science of the Total Environment 994 (2025) 179844

1e14 PN23
(2

O Mean

Euro IV-VI
emission
stand.

threshold
high
threshold
susp.
CZ2022
SK2023
G2023
CZ2023

|
1
> W 000w © © o
<
<
1
1
1

Euro IV
(n=13/32/1/0)

Euro V

Euro VI
(n=68/101/6/7) (n=357/391/75/43)

Fig. 5. BC and PN,; emissions of HDVs measured by Plume Chasing for different Euro emission standards in the CZ2022, SK2023, G2023 and CZ2023 campaign. The PM mass
(not BC) Euro V and VI and the PN Euro VI emission standard are marked with dashed blue lines. The thresholds for suspicious emitters are marked with dashed orange lines.
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Table 2
Overview of the median and average emission factors (in mg or # per kWh) of HDV
Plume Chasing measurements segregated by Euro emissions standards and measurement
campaign.
Pollutant X

Campaign EF,y,,

Euro IV Euro V Euro VI

Median Average Median Average Median Average

NO, SK2023 4087 4511 2396 3312 772 1185
[mgkWh™'] 72023 3557 4232 941 1174
G2023 5851 5851 1787 2386 442 567
A2022 3213 3213 2579 3835 640 903
CZ2022 4193 4156 2782 3484 904 1109
G2022 2198 2641 519 657
B2021 2703 3521 2142 3094 583 703
DK2020 4423 4212 1795 2044 529 654
G2019 2079 2444 786 1039
A2018 3887 3887 2328 3069 913 1201
G2016 2006 2134 1635 1952 852 924
NO, SK2023 328 385 310 405 179 269
[mgkWh™'] CZ2023 286 326 227 269
G2023 448 448 203 258 113 149
A2022 367 367 106 179 51 96
CZ2022 249 249 181 220 144 194
G2022 146 215 90 119
B2021 292 384 165 203 98 109
DK2020 340 390 150 190 110 140
BC SK2023 28 87 15 14 3 6
[mgkWh™'] G2023 7 7 1 0
Cz2022 32 35 15 30 3 6
PNy, SK2023 44 72 26 33 9 15
[#-10"2kWh™!] C€z2023 49 49 8 13
G2023 140 140 22 27 4 8
CZ2022 76 68 33 46 12 19

3.2. High-emitter identification with Plume Chasing

It was found that between 8 % (G2023) and 41 % (CZ2023) of the
measured HDVs had high or suspicious NO, emissions (Fig. 6).

However, the percentage of high or suspicious emissions increased
for Euro V HDVs (Figure S5, Appendix), indicating that this Euro
emission standard had a larger share of high emitters compared to
Euro VI (e.g. 33% (G2023) or 75% (CZ2023) for Euro V compared
to 4% (G2023) or 33% (CZ2023) for Euro VI). The percentage of
high and suspicious NO, emitters for Euro VI HDVs varied strongly
between different countries and years. The campaigns in Germany,
Belgium and Denmark found a smaller share for Euro VI HDVs after

Table 3
Comparison of average NO, /NO, ratio of this study with selected Remote Emission
Sensing and Plume Chasing literature data for different Euro emission standards.

Study NO, /NO, [%]

Euro IV Euro V Euro VI
SK2023 10 17 28
CZ2023 9 26
G2023 12 29
A2022 11 7 19
CZ2022 7 8 19
G2022 10 21
B2021 12 9 21
DK2020 10 13 25
Lau et al. (2015) 28 40
Hooftman et al. (2020) 10.2 10.3 36.4
Zhou et al. (2020) 2.7 6.0 22.5

2020 compared to the pre-2020 campaigns in Austria and Germany and
also to the more recent campaigns in Czechia and Slovakia (Figure S5,
top, Appendix). A substantial decrease was observed in the number of
high emitters in Germany. In 2019, 22 % of Euro VI HDVs were high
emitters, but this went down to 11% in 2022 and 4% in 2023. For
Euro V HDVs, the proportion remained relatively stable across different
years: approx. 29-41 % for Germany, Belgium and Denmark and approx.
48-52 % for Austria and Slovakia. Czechia stands out with a relatively
high proportion of high and suspicious Euro V emitters of 59 % in 2022
and 75 % in 2023.

We also found that the share of high NO, emitters depends strongly
on the country of origin of the vehicle (Appendix, Figure S6, only
countries with n > 10 are shown). For Euro VI HDVs, a rate of 30 % or
more of high and suspicious emitters was found for vehicles originating
from the countries Slovakia (SK), Romania (RO), Bulgaria (BG), Serbia
(SRB), Ukraine (UA), Italy (I), Bosnia and Herzegovina (BIH) and North
Macedonia (NMK). For Euro V HDVs, a rate of 50% or more was
found for the countries Poland (PL), Romania (RO), Serbia (SRB) and
Ukraine (UA). Notably, there was thus a larger share of suspicious and
high emitters for HDVs from some countries in the southeast region of
Europe.

We did only find a small dependence of high and suspicious NO,
emitters on the brand of the HDV (Appendix, Figure S7). The share
was between 23 % (Mercedes) and 39 % (Iveco).

Thresholds for high PN,; and BC emitters have been introduced in
this study (Section 2.4). The safety margins for the set thresholds used
to identify suspicious and high emitters are larger for BC and PNy, than
for NO,. This is because, unlike NO,, there have been no technical
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Fig. 6. Percentage of low (green), suspicious (yellow) and high (red) NO, emitters of investigated HDVs for the different measurement campaigns.

inspections to validate the BC and PN,; thresholds, including aspects
of high deterioration of the DPF over the life-cycle. Additionally, the
Euro emission standards for PN,; are significantly tighter than those
for PM mass, necessitating higher safety margins for PN,; compared to
BC to achieve a similar threshold. To establish PN,; thresholds based
on the set BC thresholds, we analyzed BC and PN,; emission data from
hundreds of HDVs in our campaigns (Fig. 12). The derived conversion
factor of 1.46 x 10"2#mg~! is within the range of the BC-to-PNy;
relationship found by Arndt (2013) (1 x 10'2-6x 10'2 #mg~'). Applying
this conversion factor, the e.g. Euro VI BC threshold of 18 mgkWh™'
gives a PN,; threshold for suspicious emitters of 2.6 x 103 #kWh™!.

With the chosen thresholds for BC and PN,; (see Section 2.4), we
found about 14-26 % of suspicious and high PN,; emitters in the cam-
paigns in Slovakia and Czechia, as well as 11 % in Germany (Fig. 7, top).
For BC, the share of suspicious and high emitters was around 15-18 %
for Slovakia and Czechia and 0% in Germany (Fig. 7, bottom). The
differentiation by Euro emission standard is shown for BC in Figure S8
in the Appendix. As there are more suspicious and high BC emitters for
Euro VI HDVs compared to Euro V, this could also be due to the choice
of threshold. Perhaps the Euro V thresholds of 54 and 72 mgkWh™' are
too high, or the Euro VI thresholds of 18 and 24 mgkWh™! are too low.
Whether high emitters of PN correlate with high emitters of BC or NO,
is investigated in Section 3.4. It should be noted that for PN,; and BC
emissions, the introduced thresholds for high and suspicious emitters
are only assumptions. They should be further optimized with technical
inspections of the measured vehicles, as has already been done for NO,
emissions.

3.3. Authority inspections

From the suspicious and high NO, emitting HDVs a total of 141
vehicles were inspected by the authorities within the campaigns per-
formed in the different countries (Slovakia 2023, Austria 2022, Czechia
2022, Belgium 2021 and Denmark 2020) (Fig. 8, left). Approximately
40 % of the inspected vehicles in Slovakia, Austria and Czechia were
Euro V and 60 % Euro VI HDVs. In Belgium and Denmark the inspected
HDVs were around 60% Euro V and 40% Euro VI (Figure S9). The
results of the inspections to determine the cause of the high emissions
are shown in Fig. 9.

For the DK2020, the CZ2022 and SK2023 campaign, a reason for
the high emissions was identified for all inspected vehicles (see Fig. 9).

PN>3
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Fig. 7. Percentage of low (green), suspicious (yellow) and high (red) PN,; (top) and
BC (bottom) emitters of investigated HDVs for the different measurement campaigns.

A

Fig. 8. Inspections of HDVs by Czech police identified as high NO, emitters using the
Plume Chasing method (left); example of a commercially available emulator found in
the cable tree during the inspection of high NO, emitters (right).
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Fig. 9. Results of HDV inspections together with the authorities. The colors indicate
whether ‘no error’ (green), a specified defect or error (‘Defect/Error’; yellow), ‘Software
issues’ (gray) such as missing mandatory software updates, a ‘Cold SCR’ (blue), a
tampering such as an emulator (‘Tampered’; red) or an unspecified error (‘Error (not
specified)’; orange) was found.

The inspections in CZ2022 were carried out by the Police of Czechia
and by the Czech Road Transport Inspection. Martin Kristensen, a NO,
Consulting staff representative and a specialist in this field, provided
expert technical guidance during the inspections, especially in identi-
fying causes of high NO, emissions and locating emissions tampering
devices. Martin Kristensen was also involved in the DK2020 campaign.

Both the A2022 and B2021 campaigns with less experienced in-
spectors highlight the need for well-trained specialists for emission
inspections with specialized technical equipment: In A2022, 5 HDVs
showed constantly very high emissions, most probably originating from
a non-functioning SCR system, but inspections could not identify any
defect. In B2021, most suspicious and high emitters were categorized
by the inspectors as ‘Cold SCR’, meaning the SCR system was below
its working temperature and therefore not reducing NO, emissions
sufficiently (Majewski, 2023). This is unlikely to be the case here,
especially for Euro VI (Figure S9), since the time to reach the high-
way measurement locations should have allowed sufficient warm-up
time (Pohler, 2022b). A significant number of HDVs classified as ‘Cold
SCR’ had continuously high emissions, which would imply the unlikely
situation that the SCR did not warm-up at all over time. This is in
contrast to a cold SCR, which warms up and reduces NO, emissions
over time. A more likely explanation is misclassifications during inspec-
tion, as tampering can pretend a cold SCR simply by manipulating the
temperature sensor — one of the easiest tampering methods — causing
a non-functioning SCR system. Inspectors require extensive experience
to identify these false temperature values as tampering and not wrongly
as ‘Cold SCR’. Also, some of the HDVs classified as ‘Cold SCR’ in the
B2021 campaign showed a clear warm-up period in the data. The
clearly decreasing emissions can easily be observed by a trained person
on the Plume Chasing time series data displayed in the chasing vehicle’s
cockpit. In future, it would be worth trying to use thermal cameras to
independently check cold SCR systems. In B2021 two high emitting
HDVs were classified as ‘No error’ where one had a diesel powered
refrigeration unit with high emissions (not regulated), the other also
showed a clear SCR warm-up where measurements were misinterpreted
due to insufficient experience of inspectors. For more details on SCR
function and the influence of driving conditions on its efficiency, see
Appendix A (Section 6).

Overall, several emulators (i.e. tampering devices) could be found
throughout the campaigns (see e.g. Fig. 8, right). A software issue
was found in Volvo Euro VI trucks in the CZ2022 campaign due to
a missing mandatory update of OEM software, which reveals a lack
of legislation on mandatory updates if trucks are not maintained at a
manufacturer workshop. It was observed that vehicles classified as high
emitters were more likely to be tampered (CZ2022: 38 % and DK2020:
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27 %) compared to those with only suspicious emissions (CZ2022: 0 %
and DK2020: 10 %) (Appendix, Figure S10). It was also found that the
number of trucks and the proportion of high emitters were lower when
fixed inspection points were used. Truck drivers are well connected
and likely avoid inspections or activate the emission control system
in this area. The use of Plume Chasing measurements on different
roads with varying inspection locations makes it more difficult to evade
controls and police inspections. It was found in the campaign in Czechia
(CZ2022) that the share of HDVs with high or suspicious emissions is
during the night (between 6pm and 6am) (70 %) higher than during the
day (39 %). Police checks took place as usual during the day. This may
indicate that defective or tampered HDVs are used more during night
travel to avoid controls.

3.4. Impact of high-emitters

As inspections have demonstrated that Plume Chasing is reliable in
identifying illegally defective and tampered NO, systems of HDVs, the
impact of these vehicles on total emissions was statistically analyzed.
Example histograms of occurrence together with the cumulative distri-
bution for the CZ2022 campaign can be found in the Appendix (Figure
S11 and S12).

The increase of HDV NO, emissions due to high and suspicious
emitters is shown in Fig. 10 (Appendix, Table S4). It is assumed that
these vehicles would normally have the same emission level as the
average low emitters in the same Euro class. For Euro V this results
in an increase of the average fleet emissions by +52 % to +149 %. Euro
VI emissions increase by +23 % to +121%. This shows that defective
and tampered HDVs cause in many countries more than a doubling
of HDV NO, emissions. Fig. 11 shows that 50% of the total NO,
emissions are caused by only 13 to 24 % of the most polluting HDVs.
The share of emissions caused by a small proportion of HDVs is even
more pronounced for PM (BC, PN,3), where 4 to 14 % cause 50 % of the
emissions. These findings are consistent with the study by Olin et al.
(2023). They found that the most emitting 20 % of vehicles contribute
to over 80 % of total PN (>23 nm, including volatile particles) emissions
(in our study: 56-68 %). Zhou et al. (2020) found that the highest 10 %
of HDVs were responsible for 65 % of total PM, 70 % of total PN (larger
than 5.6nm) and 44 % of total NO, (in our study: 44-66 %, 35-50 % and
28-45 %, respectively).

To see whether high emissions of one pollutant correlate with high
emissions of another metric, we plot BC against PN,; emission factors
(Fig. 12). The color bar indicates whether the HDV is a low, suspicious
or high NO, emitter. High PN,; or BC emissions do not correlate
strongly with high NO, emissions (see also Appendix, Figure S13), but
high BC emission factors are well correlated with high PN,; emissions
(Fig. 12). We found that 75% of the suspicious and high BC emitters
are also high PN,; emitters, but only 43% are high NO, emitters.
Only 47 % of the suspicious and high PN,; emitters are also high BC
emitters. This is generally expected. If BC emissions are high, PN
emissions, if measured in the size range of BC, must also be significant.
However, high PN emissions are not necessarily associated with high
BC emissions, as the emissions may be dominated by organic aerosols
or feature a different size distribution, e.g. cracked channels in the
DPF can lead to high PN, but still relatively low PM mass (Park et al.,
2023; Borken-Kleefeld et al., 2023; Bernard et al., 2021). As mentioned
above, the share of BC in PM is also highly dependent on the load of
the HDV (Zheng et al., 2016), resulting in a lower correlation between
BC and PN, as well as in the need to consider the engine load for the
BC threshold. In the case of NO,, only 32 % and 21 % of the suspicious
or high NO, emitters are suspicious or high BC and PN,; emitters,
respectively (Appendix, Figure S13).
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Table 4

Comparison of average emission factors of this study with selected Remote Emission
Sensing and Plume Chasing literature data for different Euro emission standards of
diesel HDVs. Either BC or PM mass is shown (see footnotes). For the calculation from
per kg fuel to per kWh a WHTC fuel consumption of 0.211kg fuelkWh™' is used.

Study Pollutant EF gy

Euro IV Euro V Euro VI
This study 2134-5851 1952-4232  567-1201
Plume Chasing studies’® NO, 5106-6503  4418-4663 1987
PS studies'” [mgkWh™']  4178-5402  3249-4684  654-1350
Open-path RES studies®*® 4184-6210 2802-4994  574-1667
This study 64-140°¢ 27-49¢ 8-19¢
Plume Chasing studies® PN (-10'2) 80¢, 650° 45¢, 200¢ 5.5¢, 25¢
PS studies'” [#kWh™'] 97¢ -1844  110¢ -205¢  18¢ -179¢
Open-path RES studies - - -
This study 37-872 7-302 0-62
Plume Chasing studies® BC, PM 2532 2112
PS studies'’ [mgkWh™'] 36" - 812 31> - 612 1b - 92
Open-path RES studies*f 45-262P 8-44P —-15-2

! Knoll et al. (2024a), 2 Olin et al. (2023), * Bernard et al. (2023), * Cha and Sjédin
(2022), ° Zhou et al. (2020), ¢ Hooftman et al. (2020), 7 Hooftman et al. (2020),
8 Lau et al. (2015)

2 BC, ® PM, ¢ PN > 23nm, ¢ PN > 5.6 nm, ¢ Median value.

3.5. Comparison with other remote emission sensing studies

Table 4 compares the average emissions of selected Euro emission
standards from this study with previous Plume Chasing, PS and open-
path RES studies. Average BC emission factors are compared with BC
emission factors (Knoll et al., 2024a; Lau et al., 2015) and with PM
mass emission factors (Hooftman et al., 2020; Cha and Sjodin, 2022;
Zhou et al., 2020). Average PN,; emission factors are compared either
with PN,; (Knoll et al., 2024a; Olin et al., 2023) or with PN5 ¢ (particles
larger than 5.6nm) (Zhou et al., 2020). PN values from open-path RES
studies are not used for the comparison as only rough estimates can be
obtained from this technique (Knoll et al., 2024b). The emission values
of the (Vojtisek-Lom et al., 2020) study were corrected to take into
account different calculation factors (see Appendix, Section 8).

We found that the NO, emissions of our study are in good agreement
with the results of other Plume Chasing (Vojtisek-Lom et al., 2020; Lau
et al., 2015), PS (Knoll et al., 2024a; Zhou et al., 2020) and open-path
RES (Bernard et al., 2023; Cha and Sjodin, 2022; Hooftman et al., 2020)
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studies. The wide range of emissions in this study is due to the different
years and countries in which the campaigns were conducted. There is
only one exception, the 2016 campaign in Germany, which shows the
lowest average NO, values shown in this study for Euro IV and Euro
V HDVs. The discrepancy is likely due to the Euro classification in this
campaign, where trucks were visually classified as the lowest expected
Euro class. For Euro VI HDVs, the average is highly dependent on the
proportion of Euro VI-D HDVs in the fleet. These vehicles have lower
emissions, close to the Euro VI standard (Bernard et al., 2023).

PN emissions for HDVs found in other Plume Chasing (Olin et al.,
2023) and PS (Knoll et al., 2024a; Zhou et al., 2020) studies are higher
than those from our study. One reason for this is the different particle
cut-off diameters and characteristics (with/without volatile particle
remover) of the PN setup used. Zhou et al. (2020) measured both,
solid and total (includes both solid and volatile fraction) PN larger
than 5.6nm and is therefore expected to measure higher emissions.
While the average PN,; emissions found by Olin et al. (2023) were
much higher than our values, the median emissions for Euro IV and
Euro V are in a similar range. This is mainly due to the fact that Olin
et al. (2023) measured total PN including volatile particles, and the
statistics are limited by the small number of HDVs measured (5 HDVs
for the Euro IV statistics, 6 for Euro V and 13 for Euro VI). One
problem with volatile or total PN measurement, particularly in Plume
Chasing, is the high uncertainty of the measurement. The high dilution
and temperature change after the exhaust leaves the tailpipe causes
various processes such as nucleation and condensation, where high
concentrations of nanoparticles are formed (Kittelson, 1998; Uhrner
et al.,, 2007). Especially in the sub 50nm range the volatile particles
often significantly exceed the solid particle fraction. This can also be
particularly pronounced in highly polluted areas, such as highways,
where exhaust gas concentrations are elevated (Wehner et al., 2004).
Plume Chasing setups used to measure regulated emissions or to per-
form high emitter identification should use solid (non-volatile) PN
measurement setups. Not only because of regulation, but also because
the reproducibility is significantly improved.

The BC emission factors in our study compare well with the PM
mass and BC emission factors of the PS technique for Euro IV and Euro
VI. For Euro V HDVs, we found about 50 % lower average emission
factors compared to PS studies. This may be due to differences in fleet
characteristics, such as the date of first registration of the HDVs or
the mileage (deterioration of the exhaust aftertreatment system). Lau
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Fig. 11. Cumulative distributions — fraction of total emissions in dependence of the
fraction of the vehicles ordered by emissions from highest to lowest. Negative emission
values are set to zero (for a plot with negative values see Figure S14). Negative values
may arise due to the methodology, especially the BG determination of the pollutants.
Elevated pollution levels in the BG interval (e.g. due to other emission sources in the
environment) can occasionally cause negative emission values.

et al. (2015) found much higher (3 to 15 times) BC emission factors for
Euro IV and V using the Plume Chasing technique in China compared
to our data. This is probably due to differences in the vehicle fleets,
instruments and data analysis used in the different studies. Open-path
RES studies found on average higher PM emission factors for Euro IV
and V HDVs compared to our findings. Since BC is a subset of PM, this
is expected. For Euro VI, the PM emissions of the open-path RES studies
are lower than our findings, in parts even negative. The technique
(smoke is measured by opacity and is a proxy for PM) may be too
imprecise at low emission levels (Knoll, 2024; Knoll et al., 2024b).

4. Conclusions

This study presents the results of almost 5000 Plume Chasing mea-
surements of HDVs from 2016 to 2023, by far the most extensive
Plume Chasing study of its kind. While most previous studies on Plume
Chasing looked at method improvement and on validation studies we
have demonstrated the applicability of the Plume Chasing method for
authorities to use with the focus on identifying non-compliant NO,
emissions due to defects or tampering. This was implemented using
an automated and user-friendly software solution which identifies high
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Fig. 12. The scatter plot shows a direct comparison between the NO,, PN,; and BC
emission factors. The color bar indicates whether the HDV is a low, suspicious or high
NO, emitter.

emitters in real-time. The study provides an overview of HDV emissions
on highways mainly for NO,, but also PN,; and BC emissions, in
different European countries and for different Euro emission standards.
The average emission data from this study for NO,, BC and PN,; are
in good agreement with other HDV emission studies. Key findings and
suggestions for the future use of Plume Chasing are as follows.

o A small fraction of HDVs is responsible for a large share of
emissions: 50% of the total BC, PN,; and NO, emissions are
caused by 4 to 8 %, 10 to 14 % and 13 to 24 % of the most polluting
HDVs.

Average emissions are highly dependent on the country and the
year of measurement. The share of HDVs with high NO, emissions
varies from 8% to 41 %. We found that Denmark already had a
relatively low share of suspicious and high emitters in 2020 (34 %
and 9% for Euro V and VI, respectively). Denmark is one of the
few countries with strong enforcement rules, high fines and many
inspections. In contrast, most other European countries still lack
legislation that enables the authorities to take effective action
against illegal tampering. Countries without any enforcement
(Slovakia or Czechia) have the highest rate of suspicious and high
emitters (48-75 % and 29-34 % for Euro V and VI, respectively).
Economic factors can also play a role in the rate of suspicious and
high emitters. It is likely that old or malfunctioning vehicles in
economically more affluent areas are sold to organizations in less
well-off areas resulting in a higher share of these vehicles e.g. in
southeastern Europe.

Inspections proved that a cause could be found for the majority
of the identified high or suspicious NO, emitters. Most of these
HDVs were found to drive illegally with a defective SCR system
or with tampering. The latter often motivated by the desire to
keep a defective truck in service.

Identifying and fining high emitters more effectively would be
a simple way to reduce air pollution without the need to fur-
ther tighten emission standards, which can be costly for vehicle
manufacturers and operators. Further it would avoid competitive
advantages of non-compliant HDV operators.
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At the moment there is still a lack of NO, and PN inspection
during PTI for trucks at the EU level to identify high emitters.
For NO, this is difficult to achieve. The Plume Chasing method
presented in this work is a potential solution.

It was shown that there are gaps in the enforcement of manda-
tory HDV software updates when vehicles are not serviced in
manufacturer-licensed workshops. A better system is needed that
forces all vehicles to receive mandatory updates.

We suggest thresholds for suspicious and high Euro V and Euro
VI non-volatile PN,; (above 27 and 36 times the RDE Euro
emission limit) and BC emitters (above 3 and 4 times the Euro
emission limit for PM mass). As has already been done for NO,,
these thresholds need to be further optimized through technical
inspections of the vehicles measured.

Plume Chasing setups used to measure regulated PN emissions
should use non-volatile (solid) PN measurement. For high emitter
PM identification, either BC or PN can be used as the metric.

This study demonstrates that Plume Chasing is a well suited, simple
tool for authorities to reliably and efficiently identify tampered and
defective HDV SCR systems. This pre-selection of HDVs avoids the need
for complex technical evidence of a defect or tampering on randomly
selected HDVs. If suitable measurement criteria can be established to
e.g. avoid false positives due to cold SCR and setting adequate emission
thresholds and measurement times, Plume Chasing could achieve a
100 % hit rate in real-time high-emitter identification. This technology
has the potential to become a standard screening tool, installed in the
road inspection vehicles already in use, to identify HDVs with excess
emissions without the need for further on-board diagnostics. This can
ensure that excessive emitters are removed from the roads, e.g. through
fines and subsequent repair or removal from the vehicle fleet, which has
a direct impact on improving our air quality.
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