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Preface

This project has only been possible due to cooperation with a series of key
participants who has invested substantial time and resources in order to ob-
tain a valuable collection of data and best possible results.

In particular, we would like to acknowledge the crucial contributions from
the following key participants and organizations:

Volvo Group Trucks Denmark A/S, Niels Lykkestrgm, Product Quality Engineer,
who contributed with extensive knowledge regarding the functionality of the
SCR-systems on Volvo trucks in general, but in particular on Euro IV trucks.
Volvo Group Trucks Denmark A/S supplied us with one Euro VI Volvo truck for
the initial testing, and kindly hosted for the project to set up our Remote Sens-
ing Device and perform measurements at the Volvo facility in Taastrup.

Scania Danmark A/S, Johnny Pedersen, Technical Manager and Morten Voss, Ser-
vice Technician, who contributed with extensive knowledge regarding the
functionality of the SCR-systems on Scania trucks in general, but in particular
regarding the Euro VI engines. Scania Danmark A/S supplied us with several
Scania Euro VI and Euro V trucks for initial testing, and they kindly provided
the location to set up our Remote Sensing Device and perform measurements
at the facility in Ishgij.

CSP Trucks Danmark, Mercedes-Benz Danmark A/S, Morten @stergaard-Hansen,
Technical Specialist Trucks. Who contributed with extensive knowledge regard-
ing the functionality of the SCR-system on Mercedes trucks in general, and in
particular on Euro VI trucks.CSP Trucks Danmark supplied us with several
Mercedes Euro VI and Euro V trucks for initial testing and made it possible to
set up our Remote Sensing Device and perform measurements at the Mer-
cedes facility in Greve.

Sund & Belt Holding A/S, Jens Kjaer Nielsen, Manager Toll Station at Great Belt
who hosted the campaign at the Great Belt Bridge in different lanes at the Toll
Station for more than a week. This was of particular value for the project, since
the Toll Station is considered one of the most important measuring sites in
Denmark. The high activity at the bridge, and the fact that The Great Belt
Bridge was implementing a new payment system exactly during the cam-
paign period, which complicated the measurement campaign. The new pay-
ment system made it even more critical that the lanes were undisturbed by
outside factors such as the RSD.

Rigspolitiet/ferdselspolitiet, Freddy Enge Agerskov and Martin Kristensen. The ex-
traordinary effort from the Danish Police, regarding the understanding of the
SCR-systems on modern trucks, and how these can be manipulated using em-
ulators, has been crucial for the project. We are very grateful that the Danish
Police contributed with their extensive field knowledge, and supplied us with
substantial resources. Their road site control of heavy-duty trucks provided
crucial first-hand knowledge about the correlation between the various re-
sults from RSD measurements, and malfunctioning of the SCR-system.



Ake Sjadin, IVL Sverige worked with RSD in Europe for the past 25 years. Ake
Sjodin has been extremely helpful, and he has advised us with respect to aris-
ing matters during the Remote Sensing project.

TJW Fragt contributed with several Euro V trucks and drivers for several days
during in the initial testing period.

The current report has been edited by Ole Hertel, Thomas Ellermann and Ja-
cob Kleng Ngjgaard DCE and Christian Rud Ingvardsen NEQ Aps. This
group of editors have also written the extended summaries and conclusions
in Danish and English, as well as the preface.

The following authors have contributed to various chapters in the report. For
each of the chapters the specific contributing authors have been listed. Chris-
tian Rud Ingvardsen, NEQ ApS, Professor Ole Hertel, DCE, Senior researcher
Thomas Ellermann, DCE, Senior researcher Jacob Kleng Ngjgaard, DCE, Sen-
ior advisor Morten Winther, DCE, Professor Jgrgen Brandt, DCE, Senior sci-
entist Lise Marie Frohn, DCE, Journalist Michael Strangholt, DCE.

In a few cases NEQ ApS have expressed specific opions/recommendations of
their own. In these cases this has been explicitly stated in the text.

The report has received comments from the Danish Environmental Protec-
tions Agency and the Danish Road Traffic Authority. These comments have
been taken into account by the four editors in the editing for the final version
of the report.



1 Summary and conclusion

The company NEQ ApS and Danish Centre for Environment and Energy
(DCE) have conducted a project on control of Selective Catalytic Reduction
Systems (in the following referred as SCR-systems) and diesel particle filters
(DPF), which was initiated in September 2019 and finalized in January 2020.
The project was proposed by The Danish Environmental Protection Agency,
Ministry of Environment and Food, the Danish Road Traffic Authority, and
the Danish National Police. The project focuses on control of SCR cleaning
systems for removal of nitrogen oxides (NOy) in the exhaust from heavy-duty
trucks and methods for identification of manipulated and defect SCR-systems
(in the following we will use the term malfunctioning as covering both ma-
nipulated and defect SCR-systems). The project furthermore focuses on as-
sessing the additional effects on environment and health related to the extra
emissions from malfunctioning SCR-systems. The project is a follow up on a
previous project which NEQ and DCE likewise conducted for the Danish En-
vironmental Protection Agency, Ministry of Environment and Food, and in
cooperation with the Danish Road Traffic Authority, and the Danish National
Police (Ellermann et al.,, 2018, and http://www.ft.dk/samling/20171/-
almdel/MOF/bilag/565/index.htm).

In the following, the main conclusions from the project are presented, and
subsequently we present the many activities and results that form the basis
for these conclusions.

1.1 Main conclusions

Manipulated and defect SCR-systems on Euro V and VI heavy-duty trucks
lead to enhanced emissions of nitrogen oxides from the road traffic. The en-
hanced emissions from road traffic in Denmark lead to about 10 premature
deaths in Denmark, as well as it enhances a number of other illnesses includ-
ing cardiovascular and respiratory illnesses, diabetes and lung cancer. The to-
tal external costs in Denmark have been estimated to 1.3 billion DKK per year,
which are related to enhanced emissions from road traffic in Denmark related
to malfunctioning SCR-systems. These results are findings based on the many
measurements conducted in the project forming the basis for model calcula-
tions with air quality models at DCE.

The project has furthermore demonstrated that using the remote sensing
method is an efficient method for identifying heavy-duty trucks for subse-
quent roadside control by the police. Combining measurements and roadside
control makes it possible to focus the police resources towards controlling
heavy-duty trucks with the highest likelihood of malfunctioning SCR-sys-
tems. Simultaneously, the combination of measurements and roadside control
will have a preventive effect, since the measurements will make it possible to
identify a much larger number of heavy-duty trucks with malfunctioning
SCR-system than the police is able to find by control based on random selec-
tion for roadside control.

The police conducted extensive roadside control involving 52 heavy-duty
trucks in parallel with the measurement campaigns at Padborg and the Great
Belt Bridge. In total, 44 Euro V and Euro VI heavy-duty trucks with emissions



exceeding 800 ppm (comparable to 17 g NO2/kg fuel) were selected. The po-
lice identified malfunctioning SCR-systems among 61% of the selected heavy-
duty trucks. As described in detail in the report it is assumed that the remain-
ing 39% showing high emissions are due to cold engines leading to inactive
SCR-systems (in the main report this assumption is elaborated further). These
observations document that remote sensing in combination with roadside
control is an efficient way to target control of malfunctioning SCR-systems
within the fleet of heavy-duty trucks.

In total 2,942 heavy-duty trucks and 3,306 passenger cars were measured in
the campaigns at the Great Belt Bridge and Padborg. Based on these measure-
ments, we have estimated that about 10% of the Euro V and Euro VI heavy-
duty trucks are equipped with malfunctioning SCR-systems. This estimate
has been applied for the calculations of health effects related to enhanced
emissions from malfunctioning SCR-systems. It should be noted that this es-
timate (10%) is highly uncertain, since the measurements do not demonstrate
a major jump in emissions between well-functioning and non-functioning
SCR-systems, but also because the results demonstrate that the heavy-duty
trucks with cold engine may have similarly high emissions as heavy-duty
trucks with malfunctioning SCR-systems.

The measurements on heavy-duty trucks and passenger cars show that the
most recent Euro Norms have significantly lowered emissions from road traf-
fic. For heavy-duty trucks, the emissions of nitrogen monoxide and particle
mass are reduced by about 85% when going from Euro V to Euro VI. For pas-
senger cars, the reduction from Euro 5 to Euro 6 is 84% and 50% for nitrogen
monoxide and particle mass, respectively. The fraction of Euro VI heavy-duty
trucks and passenger cars was 76% and 62%, respectively. These figures are
in accordance with the general development concerning substitution rate of
the Danish vehicle fleet, where an increasing fraction is constituted by the
most recent Euro Norms. The Danish inventories show a significant decrease
in emissions (DCE, 2020, not yet published), which for a large part is related
to a still increasing fraction of Euro VI heavy-duty trucks and Euro 6 passen-
ger cars, and the associated much lower emissions from these most recent
Euro Norms.

In the project, a series of tests with deliberately manipulated SCR-system were
performed inside a closed area. The most important conclusions from these
tests are:

e When the SCR-systems on Euro VI heavy-duty trucks are switched
off, the emissions of nitrogen monoxide are increased by about a fac-
tor of 20. This assessment is based on tests of Euro VI heavy-duty
trucks where measured emissions are compared to SCR-systems
turned on and off, respectively.

e Measurements on six Euro V heavy-duty trucks showed that the av-
erage emissions from Euro V heavy-duty trucks with malfunctioning
SCR-systems were twice as high as Euro VI heavy-duty trucks with
SCR-systems switched off.

e Emissions from Euro VI heavy-duty trucks with cold engines were
similar to Euro VI heavy-duty trucks with the SCR-systems switched
off. SCR-systems can only operate properly at high temperature, and
they only gain high temperature when the engine is warm. A similar



behaviour is expected for Euro V heavy-duty trucks equipped with
SCR-systems.

e The tests showed that emissions of nitrogen monoxide increased by a
factor of ten after only four minutes idling of the tested heavy-duty
truck. This demonstrates that four minutes idling is sufficient for the
temperature to drop below the needed temperature range for the
SCR-systems to operate properly.

e For Euro VI heavy-duty trucks, the tests indicate that emissions be-
yond 7 g NO./kg fuel (equivalent with 330 ppm NO) can be used as
a threshold beyond which there is a large likelihood of malfunction-
ing SCR-systems. The similar threshold for Euro V heavy-duty trucks
has been estimated to 14 g NOx/kg fuel (equivalent with 660 ppm
NO). However, we recommend a flexible approach in connection
with future routine controls, where a threshold of 1000 ppm is used
initially (see section 8.1).

e Emissions of particulate matter in exhaust from heavy-duty diesel
trucks decreased from Euro V to Euro VI. For passenger cars, this was
even clearer from Euro norms 3 to 6, where particles filters assure that
only 0.1 g PM is emitted per kg fuel. While Euro 3 diesel fuelled pas-
senger cars emits 17 times more PM than petrol fuelled cars of identi-
cal Euro norm, Euro 5 and 6 passenger cars have similar PM emission
irrespectively of fuel.

1.2 Background and purpose

The most recent Euro Norms for heavy-duty trucks form strict legislative de-
mands for emissions of nitrogen oxides. To comply with these demands, Euro
VI heavy-duty trucks are required to use so-called SCR-systems (selective cat-
alytic reduction) to reduce the emissions of nitrogen oxides in the exhaust.

SCR-systems are advanced cleaning systems coupled to the exhaust pipe,
which are capable of removing more than 90% of the health hazardous nitro-
gen oxides from the exhaust fumes. For Euro V heavy-duty trucks, it is not
required to use SCR-systems, but most of these are using SCR-systems, while
a smaller fraction apply other cleaning technologies.

In recent years, a series of police roadside control in Denmark and other Eu-
ropean countries have revealed that a non-negligible fraction of the heavy-
duty trucks were equipped with manipulated SCR-systems. At the same time,
it turned out that technical errors on the SCR-systems are not uncommon. This
tendency has previously been documented in a Danish context by NEQ ApS
and DCE, who conducted a pilot project with focus on manipulation of SCR-
systems in 2018. The pilot project was funded by the Danish EPA, the Road
Traffic Authority, and the Danish National Police (http://www.ft.dk/sam-
ling/20171/almdel/MOF/bilag/565/index.htm).

Malfunctioning SCR-systems lead to enhanced emissions of nitrogen oxides,
which deteriorate air quality and thereby lead to increased health effects in
the population. On this basis, the Government, as part of the Climate and Air
Quiality Strategy from 2018, initiated a series of initiatives for developing and
applying a control method. The control method should help ensuring compli-
ance with legislation concerning emissions of air pollutants with particular
focus on emissions from heavy-duty trucks.
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The project has the following aims:

e To conduct measurements of emissions from the driving car fleet on
Danish roads.

e Assess the extent of malfunctioning of SCR-systems on heavy-duty
trucks in Denmark on basis of emission measurements.

e To conduct test measurements inside a closed area, where emissions
are measured from deliberately manipulated and defect SCR-systems
and compared to similar measurements of emissions from well-func-
tioning SCR-systems.

e On the basis of the measurements, assess the enhanced health effects
in Denmark, which are ascribed to enhanced emissions from malfunc-
tioning SCR-systems.

e Investigate whether remote sensing devices are suitable for measure-
ments of pollutants and useful for targeted police control of individ-
ual vehicles (primarily heavy-duty trucks).

¢ Investigate which remote sensing device method that is most suited
for routine control of SCR-systems.

e Develop a method for performing routine control of SCR-systems on
heavy-duty trucks based on remote sensing devices in combination
with subsequent targeted roadside control by the police.

Measurements have to be performed using the RSD method (remote sensing
devices), which is a method where the content of nitrogen oxides are meas-
ured under real-world conditions on a large number of vehicles (this method
is described in more detail in later sections).

1.3 Activities

The project is sub-divided into a series of activities:

1. Assessment of which stationary RSD method that will be most suitable
for control of SCR-systems on heavy-duty trucks in Denmark, and under
which driving conditions the method can be applied.

2. Perform tests in a closed area with the aim of validating measurement
methods, and determining emission levels beyond which heavy-duty
trucks are most likely equipped with malfunctioning SCR-systems or par-
ticle filters. These emission levels are in the following termed emission
thresholds. The tests include measuring emissions from heavy-duty
trucks with well-functioning SCR-systems and particle filters followed by
measurements on the same heavy-duty trucks where the SCR-systems
and particle filters are deliberately switched off or removed. The reason
for removing particle filters in some of the tests is that for some of the
manipulation methods this is a necessity. In these situations, emissions
will be enhanced for both nitrogen oxides and particles.

3. Selection of 1-3 field sites suitable for carrying out measurements with the
RSD method in combination with subsequent police control of heavy-
duty trucks suspected to be equipped with malfunctioning SCR-systems.
The focus of the campaigns is to measure a large number of heavy-duty
trucks, and subsequently to perform police roadside control of heavy-
duty trucks with emissions exceeding the emission threshold. In addition,



emissions from all passenger cars that pass the measurement site are
measured, which allows a large number of samples to be obtained from
the Danish car fleet.

4. On basis of the above mentioned, the enhanced emissions of nitrogen ox-
ides related to malfunctioning SCR-systems are estimated. This estimate
is used for calculations of the increase in health effects related to enhanced
emissions of nitrogen oxides.

5. Develop an outline for a method for routine control of SCR-systems based
on measurements of the RSD method in combination with police roadside
control of heavy-duty trucks for which the measurements show emissions
exceeding the emission threshold indicative of malfunctioning SCR-sys-
tems.

In the following we summarize results of these activities, but first we provide
a short description of the RSD method.

1.4 The RSD method

The measurement device itself (Figure 1.1) consists of a detector part and an
advanced mirror system placed across the road where the measurements are
taking place. The detector part sends harmless laser beams across the road to
a mirror system, which returns the beam to the detector. The detector subse-
quently measures the intensity of the laser beam. The intensity in the emitted
beam is known, and based on this knowledge and the measurements, the sys-
tem calculates how much light has been absorbed during the path forth and
back across the road. The wave length of the laser beam is selected in a range
where it is known that light will be absorbed by air pollution from the exhaust
of the passing vehicles. From determining the reduction in light intensity and
based on knowledge about the physical characteristics of the pollutants, it is
possible to calculate the concentrations of the air pollutant components in the
exhaust fumes behind the vehicles. Such calculations are carried out auto-
matic by the RSD system.

In this way, the equipment can measure instant concentrations of the most
important air pollutants in the exhaust fumes from passing vehicles. This pro-
ject has focus on measurements of nitrogen monoxide (NO) and the mass of
particles in the air (termed PM for particulate matter). In order to convert the
instant concentration measurements to values for the emissions of nitrogen
monoxide and PM, the instrument is also measuring carbon dioxide, carbon
monoxide and unburned fuel. These are the most important products from
the combustion of fuel in engines. Nitrogen monoxide and carbon dioxide as
well as all the other parameters are diluted by the same rate when they leave
the exhaust pipe. From the instant measurement of the fume behind the ex-
haust pipe, it is possible to calculate the relationship between the measured
parameters, and thereby to determine how many grams of nitrogen monoxide
there has been emitted per kg fuel burned in the engine.
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1. Lateral transfer mirror l S S

2. Source and detector module .
3. Speed and acceleration detector \
4. Data preessing and video display

5. Video camera and license plate reader \\

Figure 1.1. Photo top: Measurement of emissions of air pollution components (mainly nitrogen ox-
ides and particles) on the heavy-duty truck with the red trailer. The measurement device is seen on
both sides of the roadway immediately after the heavy-duty truck; Sketch bottom: Schematic repre-
sentation of the RSD set-up (NEQ ApS).

In order to account for air pollution contributions from other sources than the targeted
vehicle, two identical sets of measurements are carried out. One measurement is per-
formed immediately before the vehicle is passing and another measurement is per-
formed just after the vehicle has passed. The difference between the two measure-
ments is taken as the contribution from the vehicle passing the instrument. There may,
however, be situations where the first measurement is contaminated by emissions
from e.g. an old heavy-duty vehicle that has just passed the measurement site imme-
diately before the targeted vehicle. In case the targeted vehicle is a Euro VI heavy-duty
truck, there is a risk that the measured concentration before passage is higher than the
concentration just after passage of the investigated vehicle. This is the explanation why



itis not possible to avoid totally to have some situations where negative concentrations
are found in connection with measurements in densely trafficked areas.

The measurements take only few seconds to carry out, and the results are available
immediately after these are completed. The equipment can therefore be used to deter-
mine emissions from a large number of heavy-duty trucks in short time at roadsides
when measured in accordance with certain technical guidelines. Measurements are
thus ideal as basis for a fast selection of heavy-duty trucks with potentially manipu-
lated or defect SCR-systems.

The equipment is furthermore supplemented with measurements of the driving speed
and acceleration of the vehicle, since the driving speed need to be in the range of 30 to
60 km/h and furthermore include a slight acceleration to obtain optimal measure-
ments. However, experience from this project has shown that the method is relatively
robust to these parameters, and that sufficiently good measurements may also be ob-
tained for other driving pattern.

Measurements with the RSD method are automatic and controlled by software that
perform the necessary calculations and store the results on the fly. The software en-
sures coupling of measurements from individual vehicles to photos from a camera in-
cluded in the equipment that is automatically taking these photos for subsequent iden-
tification of the vehicles. Identification is made from digital recognition of the number
plate and performing automatic lookup in the Danish Motor Registry. This identifica-
tion in the motor registry also means identification of the Euro Norm of the vehicle,
and also this information is therefore stored on the computer. The described procedure
was applied in connection with measurements on passenger cars that therefore only
include Danish vehicles. Whenever the quality of the images allowed it, the licence
plates were looked up in the Danish Motor Registry for identification of the Euro norm.
If not possible, visual identification was applied. Based on guidance from the police, it
was possible to identify Euro V and Euro VI purely from the look of the vehicles.
Therefore, the project includes results from both Danish and foreign heavy-duty
trucks, where identification of the Euro norm of foreign heavy-duty trucks were made
solely based on visual identification. The identification of the heavy-duty trucks is of
course associated with some uncertainty. However, during subsequent double checks
only few deviations from the assignments of Euro norms have been identified.

1.5 Evaluation of the most suitable RSD method

This assessment has been carried out by NEQ.

There are two types of RSD systems available on the market of today. Both
systems are developed in USA, and both systems are currently applied on
routinely for operational measurements in both USA and Europe. The pro-
ducers of the two systems are respectively OPUS and EDAR. There are ad-
vantages and disadvantages about both systems, but overall, we find that the
RSD system from OPUS have some advantages related to the flexibility. The
OPUS system can relatively easily be installed (takes less than an hour), and
it can therefore be applied at several sites with a time frame of one week or if
necessary even within one day. In difference from this system, the RSD system
from EDAR need a part of the equipment either to be fixed on top of or to be
submerged into the road surface at the measurement site. This means that the
equipment in praxis only can be used at relatively permanent measurement
sites.
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1.6 Test experiments in closed areas

An important part of the project was to conduct a series of test measurements
with the RSD system under controlled conditions to compare emissions meas-
ured on heavy-duty trucks with well-functioning SCR-systems and particle
filters with emissions measured on the same heavy-duty trucks when the
SCR-system and the particle filters were switched off. Controlled conditions
makes it possible to test the performance of the measurement device and
thereby collect data that can be used to assess how external factors affect the
emission measurements.

The following situations and conditions were tested in the experiments in the
closed areas:

e Measurements of the increased emission of nitrogen monoxide from SCR-
systems that are switched off. For this purpose, various equipment for ma-
nipulation was purchased, but it turned out to be sufficient to turn off the
SCR-systems in a more simple way.

e Measurements of the increased emission of PM from heavy-duty trucks
with dismantled particle filters. The background for this is that certain
types of manipulation of the SCR-system requires that the particle filter is
removed. In such cases, manipulation of the SCR-systems will therefore
affect emissions of both nitrogen oxides and PM.

e Studies of how the engine temperature affects emissions from heavy-duty
trucks.

e Studies of how weather conditions affect the measurements on heavy-duty
trucks.

e Studies of how varying velocity and acceleration affect the measurements
on heavy-duty trucks.

e Studies of how the presence of a trailer affect the measurements and meas-
ured emissions from heavy-duty trucks.

Measurements with well-functioning and decoupled SCR-system has two im-
portant purposes:

- First of all, the emission threshold should be based on the measurements
of nitrogen monoxide emissions. The application of this emission thresh-
old is to identify heavy-duty trucks, which are likely to be equipped with
malfunctioning SCR-system. The emission threshold is thus intended to
be used as a criterion for manual control of heavy-duty trucks in a subse-
guent roadside control by the Danish Police.

- Secondly, the increase in nitrogen monoxide emissions from the malfunc-
tioning SCR-systems is estimated from these measurements. The en-
hanced health effects in the population, which can be ascribed to in-
creased emissions from malfunctioning SCR-systems are based on the in-
crease in nitrogen monoxide emissions.

Furthermore, the practical experience obtained in the tests will benefit the es-
tablishment of a routine control method for identification of heavy-duty
trucks equipped with malfunctioning SCR-systems.

During the two weeks starting with 16th and 23rd September (weeks 38 and 39)
in September 2019, we performed 216 tests on Euro VI heavy-duty trucks



equipped with active, inactive and decoupled SCR-systems. The tests were
performed on four different heavy-duty trucks provided by Mercedes, Scania
and Volvo.

For the Euro V heavy-duty trucks, only 26 tests were carried out. Conse-
quently, only a small part of the test program was completed for this Euro
Norm. Unfortunately, all tested Euro V heavy-duty trucks turned out to fea-
ture malfunctioning SCR-systems. While the original plans scheduled tests for
two Euro V heavy-duty trucks, four additional Euro V heavy-duty trucks
were provided due to malfunctioning SCR-systems. Implication are, that a to-
tal of six Euro V heavy-duty trucks were tested. Despite the extra effort, all six
heavy-duty trucks turned out to have malfunctioning SCR-systems contrary
to the owners believe.

1.7 NO and PM test results from experiments in closed areas

Figure 1.2, and Tables 1.1 and 1.2 summarise the results from the tests per-
formed in the closed area. The results are subdivided into three categories:

e Active SCR-system. This is characterized by active supply of AdBlue to
the SCR-system. This requires that the engine is hot, and that the SCR-sys-
tem has reached a sufficient temperature.

¢ Inactive SCR-system. This is characterized by no supply of AdBlue to the
SCR-system. In connection with the tests, the SCR-system is inactive be-
cause the SCR-system is too cold.

e SCR-system switched off. Heavy-duty trucks were deliberately manipu-
lated to prevent the SCR-systems from working.

Resulting average emissions of nitrogen monoxide for EURO VI equate 0.8 g
NO./kg fuel for active SCR-systems, 24 g NO2/kg fuel for inactive SCR-
systems and 8 g NO2/kg fuel, when the SCR-systems were switched off.
Thus, a non-functioning SCR-system emits about 20 times more NO than a
well-functioning SCR-system. The somewhat higher emission from an
inactive SCR-system compared with a switched off SCR-system is within the
uncertainty of the measurements.

The average emission of nitrogen monoxide from the tested Euro V heavy-
duty trucks with inactive SCR-system was 32 g NO./kg fuel (Table 2.2). This
is 35% higher than for Euro VI heavy-duty trucks measured under the same
conditions, and about a factor of two higher than for a Euro VI heavy-duty
truck with the SCR-system switched off. Unfortunately, in this project it was
not possible to perform tests af Euro V heavy-duty truck with well-
functioning SCR-system, and it is therefore not possible on the basis of these
studies to make a direct comparison between Euro V and Euro VI with the
SCR-system switched off. However, a recent study of the fleet of heavy-duty
trucks measured in the Gothenburg area, Sweden, shows that the ratio of NOx
(derived from measurements of nitrogen monoxide (NO)) from Euro V to that
from Euro VI is about 5 (Sjodin et al., 2017).
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Figure 1.2. Average emission of nitrogen monoxide (NO) from Euro VI heavy-duty trucks
with SCR-systems that are respectively active, inactive and switched off. The results are
furthermore divided into results for heavy-duty trucks with and without trailer. Emissions
are in this and the following figures and tables given in equivalents of nitrogen dioxide (g
NO2/kg fuel), which is standard in connection with emission inventories.

Table 1.1. Average emissions of nitrogen monoxide (NO) and particles (PM) for the various tests of Euro VI heavy-duty trucks.
The variation is calculated as the standard deviation on the results within a category. This indicates the span of the results
within each category.

Status of SCR Trailer Particle filter  Number of NO PM
tests gNO2/kg fuel gPM/kg fuel
Average Variation Average Variation

Active YES Yes 37 0.59 0.82 1.0 1.6
Active No Yes 15 1.2 1.0 1.1 1.2
Active Yes/No Yes 52 0.76 1.4 1.1 1.5
Inactive Yes Yes 9 11.8 2.1 1.0 1.2
Inactive No Yes 45 26.3 71 1.4 1.5
Inactive Yes/No Yes 54 23.8 7.5 1.3 1.5
Switched off Yes Yes/No 59 18.5 71 1.1 1.4
Switched off No Yes/No 44 18.0 4.3 0.63 0.43
Switched off Yes/No Yes/No 103 18.3 6.1 0.91 1.1
Switched off Yes/No Yes 69 15.9 4.6 0.87 1.2
Switched off Yes/No No 34 24.2 7.8 0.97 0.77

Table 1.2. Average emissions of nitrogen monoxide (NO) and particles (PM) for tests of Euro V heavy-duty trucks. The variation
has been calculated as the standard deviation on the results within a category indicating the span of the results within each cat-

egory
Status of SCR Trailer Particle filter = Number of NO PM
tests gNO2/kg fuel gPM/kg fuel
Average Variation Average Variation
Inactive Yes No 18 36 8.5 1.2 1.1
Inactive No No 7 23 41 0.67 0.12
Inactive Yes/No No 25 32 9.6 1.1 0.98
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Figure 1.3. Distribution nitrogen monoxide (NO) emissions from Euro VI heavy-duty trucks
with the SCR-systems active, inactive (cold engine) and switched off. Results have been
sorted according to increasing emissions within the three categories. X-axis shows the
percentage of results with an emission below y-value at a given point.

Figure 1.3 shows the distribution of measured emissions from Euro VI heavy-
duty trucks subdivided into three different categories. All emissions meas-
ured for heavy-duty trucks with the SCR-system switched off are above the
similar measurements of emissions from heavy-duty trucks with an active
SCR-system. Based on the tests, a threshold of about 7 gNO2/kg fuel (330 ppm
NO) is proposed. This threshold is equivalent to the lowest measured emis-
sion when the SCR-system is switched off. Another important conclusion
from the tests is that emissions from a heavy-duty truck with an inactive SCR-
system is on the same level as emissions from a heavy-duty truck with the
SCR-system switched off. In connection with the test, an inactive SCR-system
was a result of a too cold engine. Therefore, measured emissions exceeding
the threshold concentration may just as well be due to cold engines as it can
be the result of malfunctioning SCR-systems.

The tests on Euro V heavy-duty trucks suggest a higher thresholds concentra-
tion than the one for Euro VI heavy-duty trucks. This is based on the fact that
average emissions from Euro V heavy-duty trucks with inactive SCR-system
are about two times higher than for Euro VI heavy-duty trucks with SCR-sys-
tems switched off. These tests thus point at a threshold concentration of about
14 g NOx/kg fuel (660 ppm NO).

1.8 Investigating impact of brand

The three brands of heavy-duty trucks indicated relatively large differences
in emissions of both nitrogen monoxide and particles. Likewise, the effect of
removing the particle filter indicated large differences between the different
brands of heavy-duty trucks (Figures 1.4 and 1.5). It is not known whether
this is due to differences between the brands, or if it is just related to the spe-
cific heavy-duty trucks that were tested. It is thus not known whether the pro-
posed threshold values are representative for all brands of heavy-duty trucks.
This furthermore means that the threshold values must be seen as a starting
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point for control actions, and subsequently an adjustment should be applied
when more knowledge has been collected from control actions.
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Figure 1.4. Average emission of nitrogen monoxide (NO) from Euro VI heavy-duty trucks
with SCR-systems that are respectively active, inactive and switched off. The results are
distributed on three different brands of heavy-duty trucks.

For two of the three brands of Euro VI heavy-duty trucks, a doubling in PM
emission is observed when the SCR-system is switched off at the same time
as the particle filter is removed (Figure 1.5). The reason for this difference be-
tween brands is not known, and it is furthermore not known whether the dif-
ferences are due to differences between brands or if they are just related to the
specific heavy-duty trucks that were tested.
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Figure 1.5. Average emissions of particles from Euro VI heavy-duty trucks with SCR-sys-
tem switched off, as well as with and without particle filter. The averages are distributed
according to the three brands of heavy-duty trucks.

In conclusion, we observed different levels of NO and PM emissions from dif-
ferent brands or vehicles which indicates the variation among the fleet of



heavy-duty trucks. Moreover, the PM emission from one of the brands was
the same with particle filter mounted or dismounted whereas the PM emis-
sion from the two other brands was doubled. The variation in the measure-
ments with different brands are relatively high and this has to be taken into
account and more test are therefore suggested.

1.9 Tests of other parameters

The measured emissions of nitrogen monoxide have shown to be relatively
robust towards variations in driving speed and acceleration during the meas-
urements. This means higher flexibility in relation to choices of measurement
site and makes it possible to use shorter roadways than expected.

The same heavy-duty truck was tested twice in order to investigate how the
weather conditions affect the measurements. Weather conditions changed
only moderately between the two measurement days, however, and this
means that only limited information was collected regarding influence of
weather on measurements. As a starting point, it is expected that weather con-
ditions affect measurements only moderately. A significant result was, how-
ever, that it is not possible to measure during rain, since the rain drops dis-
perse the light beam from the RSD instrument and makes it impossible to con-
duct the measurements.

The Euro VI heavy-duty trucks were furthermore tested with and without
trailer (Figure 1.2). This lead to some changes for the emissions measured with
inactive SCR-system but did not change the results when the SCR-system was
active or switched off. An explanation for the higher emissions found for
trucks without trailer with inactive SCR compared to trucks with trailer could
be that the engine are more likely to be cold for a truck without trailer since
the load on the engine is lower without trailer. However, this finding has lim-
ited impact for the traffic on the Danish road systems were only a minor frac-
tion of heavy-duty trucks drives without trailers. Finally, in connection with
the tests on closed area, a series of more practical tests were conducted (one
example was a test of how often it is necessary to calibrate the RSD instru-
ment). These practical tests will show useful in connection with the design of
the routine control of malfunctioning SCR-systems.

1.10 Measurements at Padborg and the Great Belt Bridge

In September and October 2019, two measurement campaigns were carried
out at Padborg and at the Great Belt Bridge. In total measurements were per-
formed on 2,942 heavy-duty trucks and 3,306 passenger cars. 12% of the meas-
ured heavy-duty trucks were Danish, and 88% were of foreign origin, whereas
all the measured passenger cars were Danish. Euro 5 and Euro 6 passenger
cars added up to 87% of the measured passenger cars (Table 1.4). The large
share of vehicles with the most recent norm (Euro 5 and Euro 6) are in com-
pliance with the general development for the vehicle fleet on the Danish road
network. The foreign heavy-duty trucks constitute the by far largest fraction
of the measured heavy-duty trucks, and this is related to the selection of meas-
urement sites at Padborg and the Great Belt Bridge (for a significant part of
the time, measurements were performed in the payment roadway where the
main fraction of foreign heavy-duty trucks pass). Furthermore, diesel passen-
ger cars constitute 61% of all passenger cars.



Table 1.3. The absolute and relative distribution with respect to Euro Norms of heavy-duty trucks measured at Padborg and the
Great Belt Bridge. The total number of measured heavy-duty trucks was 2,942.

v \'J \'Al Total
Number Percentage = Number Percentage Number Percentage Number Percentage
Danish 0 0 44 1 303 10 347 11
Foreign 3 0.1 654 22 1938 66 2595 88
Total 3 0.1 698 24 2241 76 2942 100

Table 1.4. The distribution with respect to Euro Norms of passenger cars measured at Padborg and the Great Belt Bridge. The
total number of measured passenger cars was 3,306.

2 3 4 5 6 Total
Number Percentage Number Percentage NumberPercentage Number PercentageNumberPercentageNumberPercentage
Gasoline 1 0.002 23 0.7 197 6 318 10 724 22 1263 38
Diesel 0 0 32 1 167 5 511 15 1334 40 2044 61
Total 1 0.02 55 1.7 364 11 829 25 2058 62 3307 100

1.11 Results from heavy-duty trucks

Figure 1.6 shows the average emissions of nitrogen monoxide and particles
measured on heavy-duty trucks distributed according to Euro Norm. The re-
sults show that the emissions of nitrogen monoxide in average are 88% lower
for Euro VI heavy-duty trucks compared with Euro V heavy-duty trucks. The
similar decrease for particles is 84%. The emissions of PM from Euro V and
Euro VI Heavy-duty trucks were two times higher and similar to, respec-
tively, emissions from comparable trucks reported by Sjodin et al., 2017. The
relatively large emission of PM from Danish heavy-duty trucks is due to a
small number of heavy-duty trucks with large emissions, and the results is
therefore considered to have large uncertainty. In fact, a sensitivity analysis
shows that only 7 Euro VI heavy-duty trucks cause the PM emission from
Danish trucks (0.60 g/kg) to exceed that of foreign trucks (0.05 g/kg). Upon
removal of these trucks, the emission from Danish Euro VI is comparable to
foreign Euro VI (0.04 g/kg). A similarly large decrease in emissions of nitro-
gen monoxide from Euro V to VI was observed in a previous project with
Danish measurements with the RSD method in 2017 (Ellermann et al., 2018)
although the difference between the two Euro Norms is smaller in the meas-
urements in 2019 compared with the 2017 measurements. The results are not
generally representative for Euro IV heavy-duty trucks, since measurements
were only performed on three heavy-duty trucks under this Euro Norm.
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Figure 1.6. Average emission of nitrogen monoxide (left) and particles (right) for Danish and foreign Euro IV, V and VI heavy-
duty trucks.
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1.12 Results from passenger cars

Figure 1.7 shows the similar results for the average emissions from Danish
passenger cars distributed on respectively diesel and petrol fuelled vehicles.
For all passenger cars, a significant decrease in emissions are observed be-
tween the oldest Euro Norms and the most recent Euro 6 Norm. In general,
considerably lower emissions are seen from petrol driven vehicles compared
with diesel vehicles. The differences are, however, considerably smaller for
Euro 6 passenger cars. This is due to the use of SCR-systems on diesel vehicles,
which have given a considerable improvement for emissions of nitrogen mon-
oxide. Diesel fuelled passenger cars account for 76% of emitted PM, while the
remaining 24% is emitted by petrol fuelled passenger cars. For Euro 5 and 6
there is almost no difference between emissions of particles from diesel vehi-
cles and petrol driven vehicles, which is caused by the use of particle filters
on diesel vehicles. Emissions of PM from passenger cars were somewhat
higher than recent results previously published by a Swedish project (Sjédin
et al., 2017). Emissions of nitrogen monoxide are in compliance with results
from similar measurements in a Swedish investigation (Sjgdin, 2017).
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Figure 1.7. Average emissions of nitrogen monoxide (left) and particles (right) for Danish passenger cars distributed in petrol
and diesel fueled vehicles and Euro Norm.

1.13 Distribution of emissions

Figures 1.8 and 1.9 show the distribution of emissions of nitrogen monoxide
measured for Euro V and Euro VI heavy-duty trucks, respectively. For both
Euro Norms, an S shaped curve is seen, where the negative values for the
lowest emissions are mainly due to unavoidable artefacts in the measurement
method (contamination from other vehicles in the measurement area). The
significant increase in the high end of the scale is due to heavy-duty trucks
where the SCR-systems are not operating as intended due to malfunctioning
SCR-systems. Another fraction of the high emissions may, however, be due to
too cold SCR-systems at the time of the measurements. This fraction is not
possible to estimate due to the nature of the measurement setup, and it has
not been an objective to determine this fraction. Since the results were meas-
ured while driving on highway, the share of vehicles with cold SCR-system is
assumed to be small, although those at the Great Belt Bridge may be idling,
while waiting in line for the payment system. Furthermore, results show a
somewhat equal distribution between Danish and foreign heavy-duty trucks.
Emissions of NO from Danish Euro V and Euro VI heavy-duty trucks are,
however, somewhat lower than those from foreign vehicles (figure 1.6).

It is furthermore noticed, that no real jump is observed in emissions, which

would have indicated a marked difference between emissions from heavy-
duty trucks with active SCR-systems and SCR-systems that are not working
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properly. It is thus not possible to determine the exact share of heavy-duty
trucks that do not have well-functioning SCR-systems. Data show, however,
that for the about 10% highest emissions, there is a significant increase in emis-
sions. For Euro V the 90% percentile is about 20 pg/m3 which is somewhat
higher than the lowest emission measured for a heavy-duty trucks with a de-
fect SCR-system (14 ug/NO:/kg fuel) during the tests at the closed area. For
Euro VI the 90% percentile is at the same level as measured during the tests

(7 ng/NO2/kg fuel)

Due to the large uncertainties, we have taken a simple approach and have
therefore estimated that about 10% of Euro V and Euro VI heavy-duty trucks
have malfunctioning SCR-systems. This estimate has been used in connection
with the calculations of health effects related to malfunctioning SCR-systems.
It should be noted that this estimate is constrained by high uncertainties.
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Figure 1.8. The distribution of nitrogen monoxide (NO) emissions. Emissions have
been sorted according to increasing emissions for Danish and foreign Euro V heavy-
duty trucks, respectively.
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Figure 1.9. The distribution of nitrogen monoxide (NO) emissions. Emissions have
been sorted according to increasing emissions for Danish and foreign Euro VI heavy-

duty trucks, respectively.



1.14 The police’s roadside control

The Danish Police participated in the measurement campaigns at Padborg
and the Great Belt Bridge. The police contributed with roadside controls of a
number of heavy-duty trucks, where the measurements showed emissions of
nitrogen monoxide at a level indicating malfunctioning SCR-systems.

During the seven days where the Danish Police participated, the measure-
ments were focussed on measuring as many heavy-duty trucks as possible. It
was furthermore crucial that a relatively large fraction of foreign heavy-duty
trucks was included, since experience showed that the extent of manipulation
is higher among foreign that among Danish heavy-duty trucks. Many meas-
urements were therefore conducted in the manual payment laines at the Great
Belt connection, since this is where most foreign heavy-duty trucks pass.

In total 52 heavy-duty trucks were manually inspected. Only one vehicle was
selected based on a too high PM emissions, while the remaining 51 vehicles
exceeded the nitrogen monoxide threshold concentrations. A threshold con-
centration of 1,000 ppm nitrogen monoxide was applied for the main part of
the seven days of roadside control. Since the tests at the closed areas were not
analysed at that time, this threshold concentration was selected on the basis
of tests in Spain. On the first day, a threshold of 800 ppm was applied partly.

Tables 2.5 and 2.6 show an overview of the results from the police roadside
control. A total of 36 inspected heavy-duty trucks were Euro V, eight were
Euro VI, while two of the Euro Norms could not be assigned. Still, they were
either Euro V or Euro VI. Furthermore, it turned out that six of the 52 heavy-
duty trucks were Euro IV without SCR-system, and one of the Euro V heavy-
duty trucks had another cleaning system. Heavy-duty trucks without SCR-
systems are not included in the further presentation of the results.

Four of the 52 heavy-duty trucks were Danish. Two vehicles were Euro V and
another two were Euro VI. The main part of the investigated heavy-duty
trucks was of foreign origin.

Table 1.5. Results from the police roadside control at the Great Belt Bridge and Padborg. Euro IV and Euro V heavy-duty trucks
without SCR-system are not included in columns for well-functioning SCR, malfunctioning SCR-systems.

Euro Inspected heavy-duty trucks Well- functioning SCR Manipulated Defects

norm Total Danish Foreign Total® Danish Foreign Total Danish Foreign Total Danish Foreign
v 6” 0 6” - - - - - - - - -

\ 36 2 34§ 12 0 12 5% 0 5% 20* 2 18*
\ 8 2 6 4 1 3 0 0 0 4 1 3
Unknown 2 0 2 1 0 0 - 0 1 - 1
Total 52 4 48 17 1 16 5% 0 5% 25% 3 224

* Euro IV heavy-duty vehicles without SCR

§ En Euro V havde ingen SCR

a Euro IV and Euro V without SCR is excluded

# Two Euro V had both manipulation and defects

In total, 62% of all investigated heavy-duty trucks with SCR have either ma-
nipulated or defect SCR-systems (two heavy-duty trucks had both). It turned
out, that among the 83% heavy-duty trucks with malfunctioning SCR-sys-
tems, only 17% were manipulated. Malfunction included e.g. errors on the
AdBIlue, vehicle in error mode, shortcuts, and errors on NOx sensors. Only for
Euro V, manipulated SCR-systems was identified, while no manipulated ve-
hicles were identified among the other Euro norms.
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Table 1.6. The percentage distribution of Euro Norms and the percentage distribution of heavy-duty trucks with well-functioning
SCR and with manipulated or defect SCR-systems. Furthermore, the share (%) of the heavy-duty trucks with manipulated and
with defect SCR-systems of the sum of either manipulated or defect SCR-systems.

Euro norm Inspected heavy- Well-functioning Manipulation + Share manipula-  Share defects, %
duty trucs SCR defects tion, %

\Y 78 27 51 20 80

Vi 18 9 9 0 100

Unknown 4 2 2 0 100

Total 100 38 62 17 83

Furthermore, 38% of the inspected heavy-duty trucks were equipped with ap-
parently well-functioning SCR-systems despite the emissions exceeded 800
ppm. The reason for this is assumed to be due to too cold engines and there-
fore not malfunctioning SCR-systems. The relatively high share of vehicles
with cold engines is assumed to be related to the measurement conditions. It
is e.g. unavoidable that the heavy-duty trucks stop for a while at the tollbooth
at the Great Belt Bridge, and this can be sufficient to lower the temperature of
the engine. Tests in the closed areas document that four minutes of idling is
sufficient for the engine to cool below temperatures where the SCR-systems
operate properly. There was a delay between the measurements and the road-
side inspection, between which the temperature of the SCR-system may have
increased, and hence it is not possible to determine the fraction of vehicles
with cold SCR-systems.

The applied NO threshold concentrations of 800 ppm and 1,000 ppm is be-
yond the threshold suggested from the tests. From the tests, NO threshold
concentrations of 660 ppm and 330 ppm were suggested for respectively Euro
V and Euro VI heavy-duty trucks.

Looking solely at the results from the police roadside control based on a
threshold concentration of 800 ppm, only nine were performed. Of these, none
of the five Euro V and four Euro VI heavy-duty trucks were identified with
malfunctioning SCR-systems. A total of 42 heavy-duty trucks were selected
for police roadside control, because they exceeded a threshold concentration
of 1,000 ppm. Of these, 35 were Euro V and Euro VI heavy-duty trucks fitted
with SCR-systems of which 77% were identified with malfunctioning SCR-
systems.

It is therefore concluded that the low thresholds applied in the performed
tests will be too low, since the share of selected heavy-duty trucks with mal-
functioning SCR-systems will be relatively low for heavy-duty trucks with
emissions below 1,000 ppm. This would be an inefficient use of the resources
of the police. Furthermore, the present data material is still relatively limited,
and the above conclusion is therefore relatively uncertain.

We thus recommend a flexible approach in connection with future routine
controls, where the threshold is adjusted to the practical situation. This means
that a threshold of 1,000 ppm is used initially, but in case of vacant capacity
in the police, heavy-duty trucks with emissions beyond 660 ppm are selected.
Finally, it is important to gather experience from performed routine controls
and evaluate the threshold concentrations on basis of this.
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1.15 Consequences for the health of the population

An important goal of the project was to assess health consequences of the en-
hanced emissions resulting from malfunctioning of SCR-systems. This assess-
ment was carried out in the following way:

e Based on the tests in the closed areas, heavy-duty trucks equipped with
malfunctioning SCR-systems emitted 20 times more nitrogen monoxide
than vehicles with well-functioning SCR-systems. For Euro V heavy-duty
trucks, it is estimated that emissions from malfunctioning SCR-systems are
twice as high as for Euro VI heavy-duty trucks.

e From the measurements at Padborg and the Great Belt Bridge it has been
estimated that 10% of the Euro V and Euro VI heavy-duty trucks on the
Danish road network are equipped with malfunctioning SCR-systems. It
should be noted that this estimate is highly uncertain. There are no SCR-
systems on heavy-duty trucks with Euro Norms below V.

e On basis of the findings above, we have calculated the emissions of nitro-
gen oxides from all heavy-duty trucks on the Danish road network. These
calculations are consistent with the approach that DCE uses for the na-
tional emission inventories from road traffic.

e DCE’s model systems have been applied to calculate health effects in Den-
mark that are related to enhanced emissions from malfunctioning SCR-
systems. Two sets of calculations have been performed. The first set of cal-
culations are performed for the situation of no malfunctioning SCR-sys-
tems. In the second set of calculations there is accounted for malfunction-
ing SCR-systems. From comparing the two sets of calculations, it is possi-
ble to estimate the enhanced health effects related to malfunctioning SCR-
systems. Calculations are performed with the UBM (Urban Background
Model) and the EVA-model (Economic Valuation of Air pollution).

Malfunctioning SCR-systems on heavy-duty trucks are estimated to increase
the number of premature deaths by about 10 (Table 1.7). This is equivalent to
about 0.2% of the total number of premature deaths related to air pollution in
Denmark. In addition to premature deaths, a series of other health effects are
related to air pollution and thus also enhanced emissions that were related to
malfunctioning SCR-systems on heavy-duty trucks (see Chapter 9).

Assuming that the extent of malfunctioning SCR-systems in the rest of Europe
is similar to those in Denmark, the total number of premature deaths will in-
crease to 33 in Denmark, due to long range transport of air pollution from the
rest of Europe to Denmark. This is equivalent to 1% of the total number of
premature deaths related to air pollution in Denmark.

The extra external costs related to malfunctioning SCR-systems on heavy-
duty trucks in Denmark and the rest of Europe is on the order of 1,000 million
DKK, of which about 100 million DKK are related to malfunctioning SCR-sys-
tems of heavy-duty trucks in Denmark.

The enhanced emissions of nitrogen oxides from heavy-duty trucks in Den-
mark will also lead to external costs in the rest of Europe, as a result of long-
range transport of air pollution from Denmark to the rest of Europe. These
extra external costs amount to about 260 million DKK.
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Table 1.7. Number of premature deaths and associated externalities in Denmark resulting from enhanced emissions of nitrogen
oxides from heavy-duty trucks with malfunctioning SCR-systems in Denmark and the rest of Europe. ) sum does not fit due to
rounding of figures.

Premature deaths” External costs
Million DKK
Heavy-duty trucks in Denmark 10 102
Heavy-duty trucks in other European countries 24 898
Total costs in Denmark 33 1000

The estimated health effects and external costs are associated with substantial
uncertainties, which is related to the estimate of the extent of malfunctioning
SCR-systems, but also to the uncertainties on the calculations of pollutant lev-
els and external costs. The total uncertainty is estimated to be a little more
than +50%.

1.16 Description of a method for routine control for malfunc-
tioning of SCR-system:s.

The method for routine control needs to be mobile and fast to both setup and
take down. Currently, the OPUS remote sensing system is the most flexible
on the market. After an initial phase, the team behind this investigation has
obtained good experience with the previous version of the OPUS remote sens-
ing system. Colleagues abroad have furthermore positive experience with the
most recent generation of OPUS remote sensing system RSD 5000. It is there-
fore recommended to base the control system on this equipment.

It is crucial to choose a suitable threshold value for selecting heavy-duty
trucks for roadside control. A too low threshold would lead to waste of police
resources for controlling well-functioning heavy-duty trucks, and too many
chauffeurs will waste time while the heavy-duty truck is controlled. One the
other hand, a too high threshold would make the control inefficient with re-
spect to capturing heavy-duty trucks with malfunctioning SCR-systems. The
experience from this project shows that a threshold of 1,000 ppm nitrogen
monoxide for Euro V lead to identification of 77% heavy-duty trucks with
malfunctioning SCR-systems. A threshold of 1,000 ppm is therefore suggested
for Euro V heavy-duty trucks. For a threshold value of 800 ppm nitrogen mon-
oxide for Euro VI heavy-duty trucks no malfunctioning was identified on the
SCR-systems. It should be noted, that only four Euro VI heavy-duty trucks
were observed at a threshold of 800 ppm. With such few observations, it is not
possible to judge whether or not the threshold value of 800 ppm is too low.
Tests in closed area showed that the lowest emission from malfunctioning
SCR-system from a Euro VI heavy-duty trucks was 330 ppm nitrogen monox-
ide. We recommend the threshold is adjusted during the future routine con-
trols. This means that they should initially be set to 1,000 ppm for Euro VI, but
in case of excess capacity from the police, heavy-duty trucks should be se-
lected already at a threshold of 660 ppm. It is important that experience is
collected from the performed routine controls and the threshold is routinely
evaluated on this basis.

It is suggested to perform control actions distributed over all seasons and at
randomly selected time of day. Such a procedure should ensure that there are
no safe periods where it is possible to drive on the Danish road network with
malfunctioning SCR-systems. Experience from the current study shows, how-
ever, that it is not possible to measure during fog or rain, but except for this
condition, measurement campaigns should be distributed over any time of
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year. It is furthermore suggested that between four and eight campaigns of
one to two days duration are performed, but the final extent of the program
should of course be determined by the deciding authorities. The present pro-
ject has demonstrated that it is possible to perform measurements for selecting
both heavy-duty trucks and passenger cars for control. Experience from the
project shows, however, that it is challenging to measure on both heavy-duty
trucks and passenger cars with the same setup. The latter is due to e.g. chal-
lenges with respect to camera angel in relation to number plate recognition.
Effort should be dedicated to solve these challenges or alternatively, the con-
trol action should alter between the two groups of vehicles.

It is crucial for the efficiency of the control actions that the selection of cam-
paign sites is made with care. Experience from this project show that it is cru-
cial that the engine of the heavy-duty trucks is sufficiently warm that the SCR-
systems work properly. This means that sites should mainly be selected
among places where the traffic on the road have been driving for a while. Al-
ternatively, too many resources will be dedicated to control of heavy-duty
trucks that show high nitrogen monoxide emissions due to cold engines. Ex-
perience from this project shows furthermore that the measurements should
be carried out over a single lane to avoid influence from traffic on neighbour-
ing lanes. Sites should therefore be selected so that these are close to highways
and where lanes are fairly isolated from other lanes and roads. The project has
furthermore shown that it takes time to established experience with a field
site, and therefore also to determine the optimal setup for the site. It is recom-
mended that conditions for the selected site is taken into account such as up-
stream sources like neighbouring lanes and road in prevailing wind directions
that might affect measurements. Another experience from the project is that
drivers are highly observing with respect to activities around the road and
that camera and equipment should be placed in such a way that they are not
visible before the measurements are taken. This has to be organised individ-
ually for the single sites but might e.g. include the use of a smaller tent. It is
suggested that measurements are performed at twenty sites distributed over
the country, and that campaigns are altering between these sites in changing
order. It is furthermore suggested that experience from these sites is docu-
mented with respect to optimisation of future campaigns. In this connection
it is furthermore recommended based on experience from campaigns in the
current project that Padborg and the Great Belt Bridge are included as sites in
the future.

Handling of the remote sensing equipment demands at least one person, but
in praxis it will likely demand at least two persons, and similarly there will be
a need for at least one and in praxis two persons to perform the road site con-
trols. It is recommended that intensive training courses are performed every
four years and shorter follow up courses every second year to train the team
that has to handle the remote sensing equipment and perform road site con-
trols. It is recommended that at least six persons are trained for each of these
functions. It should be expected that new technology and new devices will be
available in the coming years. It is therefore recommended to carry out work-
shops with participation of researchers as well as people with practical expe-
rience with new devices and techniques within this area.

Every year DCE at Aarhus University is compiling the Danish emissions from

road traffic within the Danish national emission inventories. The inventories
for road traffic are based on emission factors for the individual vehicle cate-
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gories and accounting for aging. Emission factors are determined by labora-
tory studies performed on driving stand where the individual vehicle is con-
ducting a driving cycles — this means drive at varying velocity and including
acceleration and deceleration to simulate real world driving conditions. These
emission factors are used together with information about sale of petrol and
diesel, various traffic data from routine counting and traffic models etc. In
relation to these national emission inventories, data from remote sensing
would be a valuable supplement. It is therefore recommended to investigate
the possibilities for establishing a database with measurement data from re-
mote sensing campaigns for this purpose. In this connection, it is of course
crucial that data security is in compliance with rules to ensure anonymization
and protection of personal data etc.

The routine controls will be resource demanding and it is recommended that
evaluation of the entire control system is performed on routine basis to ensure
both quality and efficiency. This includes also routine analyses of whether the
control system has a positive effect on the number of vehicles with malfunc-
tioning SCR-systems.

Expenses related to the routine control program for emissions from road traf-
fic with focus on heavy-duty trucks will depend totally on the selected setup.
As previously stated, it can be necessary with a separate setup for passenger
cars. As previously mentioned, for the measurement campaigns there will be
a need for at least two persons to handle the remote sensing system and sim-
ilarly at least two persons for the road site control on the selected vehicles.
The latter is of course for the police to decide and will be adjusted when more
experience is obtained. To ensure routine operation over longer time periods,
it may be meaningful to have training on the site during the campaigns.

Data treatment will include analyses to determine emissions, coupling to cen-
tral motor registers, selection of vehicles for control in combination with the
result of the police’s roadside controls.

It is recommended to establish a database for the measurements of nitrogen
monoxide emissions from the driving car park on the Danish road network.
This will demand resources but also deliver valuable data.

A routine control program will include expenses for rent of equipment, logis-
tics at the campaigns as well as a site for the team to stay and the equipment
to be stored. Alternatively, a measurement van may be used for this purpose.

The total expenses for an efficient control program are difficult to determine.
NEQ has crudely estimated these expenses to between five and ten million
DKK per year for a continuous measurement program over the entire year.
For a more limited program with four to sixteen measurement days per year,
the expenses will of course be less.
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2 Udvidet dansk sammenfatning og konklu-
sion

NEQ ApS og DCE - Nationalt center for milje og energi har i efteraret 2019 og
januar 2020 gennemfart et projekt for Miljgstyrelsen. Projektet er udbudt med
baggrund i den dedikerede indsats mod snyd med NOx-begreensende udstyr
pa lastbiler. Arbejdsgruppen der er nedsat i forbindelse med den dedikerede
indsats mod snyd med NOx-begraensende udstyr pa lastbiler er et samarbejde
mellem Rigspolitiet, Miljg- og Fadevareministeriet samt Miljagstyrelsen og
Feerdselsstyrelsen. Projektet har fokus p& manipulation og fejl pa de rensesy-
stemer, Selective Catalytic Reduction (SCR-systemerne), som fjerner kvealstof-
oxider (NOy) fra de nyeste store lastbilers udstadning. Det skal bemzerkes, at
der i denne undersggelse fokuseres pa kategorierne ’Stor lastbil’ (sterre end
3500 kg) og 'Personbil’ (pa engelsk hhv. '"Heavy-duty truck’ and ’Passenger
car’). Projektet har endvidere fokus pa den ekstra belastning af miljg og folke-
sundhed fra de ekstra udledninger, som skabes i forbindelse med manipula-
tionen og fejlene pad SCR-systemerne. Projektet er en opfalgning pa et tidligere
projekt, som NEQ og DCE har gennemfgrt for Miljgstyrelsen, og i samarbejde
med  Feerdselsstyrelsen og  Rigspolitiet  (http://www.ft.dk/sam-
ling/20171/almdel/MOF/bilag/565/index.htm).

I det falgende praesenteres farst hovedkonklusionerne fra projektet, hvorefter
vi beskriver de mange aktiviteter og resultater, som ligger til grund for disse
hovedkonklusioner.

2.1 Hovedkonklusioner

Manipulation og fejl pa SCR-systemerne pa lastbiler med Euro V og VI norm
store lasthiler, som giver anledning til forggede udledninger af kveelstofoxi-
der fra vejtrafikken. De forggede udledninger fra vejtrafik i Danmark medfg-
rer omkring 10 for tidlige dgdsfald i Danmark samtidig med en forggelse af
en langt reekke sygdomme og sygdomsudfald blandt andet hjerte-kar- og luft-
vejssygdomme, sukkersyge og lungekreeft. De samlede eksterne omkostnin-
ger i Danmark er vurderet til omkring 1,3 milliarder kr. arligt, som fglge af
luftforurening relateret til de forggede udledninger fra vejtrafik i Danmark.
Disse resultater er fremkommet pa basis af resultater fra de mange malinger i
projektet, som har dannet baggrund for modelberegninger med DCE’s luft-
kvalitetsmodeller.

Projektet har endvidere vist, at malinger af udledninger fra store lastbiler ved
hjeelp af remote sensing-metoden er et effektivt veerktg;j til udveelgelse af store
lastbiler til en efterfglgende vejsidekontrol gennemfgrt af politiet. Ved at kom-
binere malinger og vejsidekontrol er det muligt at fokusere politiets ressour-
cer mod undersggelser af netop de store lastbiler, hvor der er starst sandsyn-
lighed for manipulation af eller fejl p& SCR-systemerne. Samtidigt vil kombi-
nationen af malinger og vejsidekontrol potentielt have stor praeventiv effekt,
da der via méalingerne kan foretages en screening til fokuseret kontrol af store
lastbiler, som vil gare det muligt for politiet at finde langt flere store lastbiler
med SCR-systemer, som er enten manipulerede eller fejlbehaftede, end det
vil vaere muligt gennem tilfaldig udvelgelse til kontrol.

Politiet gennemfgrte omfattende vejsidekontroller af 52 lastbiler parallelt med
projektets malekampagner ved Padborg og Storebzlt. Der blev udvalgt 44
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Euro V og Euro VI store lastbiler, som havde udledninger over 800 ppm NO
(svarende til 17 g NOy/kg braendstof). Pa 61% af de udvalgte store lastbiler
fandt politiet, at der var tale om enten manipulation eller fejl pa SCR-syste-
merne. Det formodes, at de sidste 39% havde hgje udledninger som fglge af
kold motor og dermed inaktivt SCR-system. Disse observationer dokumente-
rede, at malinger med remote sensing i kombination med vejsidekontrol vil
veere en effektiv made at fare kontrol med manipulation og fejl pa SCR-syste-
mer i store lastbiler i den karende vognpark.

| forbindelse med malekampagnerne ved Storebzlt og Padborg blev der sam-
let gennemfart succesfulde malinger af udledninger fra 2,942 store lastbiler og
3,306 personbiler. Ud fra disse malinger har vi estimeret, at der for omkring
10% af Euro V og Euro VI lastvognene, er der tale om store lastbiler med SCR-
systemer, som er manipulerede eller har tekniske fejl. Dette estimat er an-
vendt til beregninger af helbredseffekter relateret til de ggede udledninger fra
store lastbiler med manipulerede eller fejlbehzeftede SCR-systemer. Der er
stor usikkerhed pa dette estimat, da malingerne ikke viser et spring i udled-
ninger mellem velfungerende og ikke fungerende SCR-systemer i store last-
biler. Det sidste skyldes, at store lasthiler med kold motor kan have samme
hgje udledning, som en lastvogn, der har manipuleret eller fejlbehzftet SCR-
system.

Malingerne pa savel store lastbiler som personbiler viste, at de nyeste euro-
normer har givet en markant seenkning af udledningerne. For store lastbiler
er udledningerne af kvalstofmonooxid (NO) og partikler (PM) faldet med
omkring 85% fra Euro V til Euro VI. For personbiler er faldet fra Euro 5 til
Euro 6 pa omkring 84 % for kveelstofmonooxid og 50% for partikler. Euro VI
store lastbiler og Euro VI personbiler udgjorde henholdsvis 76% og 62% af de
malte store lastbiler og personbiler, hvilket er i overensstemmelse med for-
ventningen i forhold til den generelle udskiftning af karetgjsparken i Dan-
mark, hvor en stadig starre andel udggres af de nyeste euronormer. De dan-
ske opgarelser over udledninger fra vejtrafik viser et stort fald (DCE, 2020),
hvilket for en stor del kan forklares med den stadig sterre andel af Euro VI
store lastbiler og Euro VI personbiler.

| projektet blev der gennemfart en lang raekke test pa et lukket omrade med
bevidst manipulation af SCR-systemerne pa store lastbiler. De veaesentligste
konklusioner fra disse tests er:

e Nar SCR-systemerne pa Euro VI store lastbiler slas fra, sa forgges udled-
ningerne af kveaelstofmonooxid med omkring en faktor 20. Denne vurde-
ring baseres pa testmalinger pa Euro VI store lastbiler pa lukket omréde,
hvor SCR-systemerne var henholdsvis slaet til og fra under méalingerne.

e Malingerne pa seks Euro V store lastbiler viste, at udledningerne fra Euro
V store lastbiler med fejlbehaeftede SCR-systemer i gennemsnit 14 omkring
en faktor 2 hgjere end gennemsnit for de testede Euro VI store lastbiler
med SCR-systemer slaet fra.

e Euro VI store lastbiler med kold motor gav udledninger pa stort set samme
niveau, som for Euro VI store lastbiler med SCR-systemerne sléet fra. Ar-
sagen til dette er, at SCR-systemerne kun fungerer, som de skal, ved en
relativt hgj temperatur, og at denne temperatur kun opnas ved varm kata-
lysator i SCR-systemet som fordrer en varm motor. Tilsvarende forventes
for Euro V store lastbiler med SCR-systemer.



e Testene viste, at udledningerne af kvalstofmonooxid steg med en faktor
10 pa kun fire minutter, nar den testede lastvogn stod i tomgang. | Igbet af
de fire minutter faldt temperaturen i katalysatoren i SCR-systemerne sa
meget, at disse ikke leengere havde tilstreekkelig hgj temperatur til at fun-
gere.

e Testene indikerer, at udledninger over 7 gNO,/kg braendstof (svarende til
330 ppm NO) medfarer stor sandsynlighed for, at der er tale enten mani-
pulation eller fejl pd SCR-systemerne for Euro VI store lastbiler. Den til-
svarende graense er vurderet til 14 gNO,/kg fuel (660 ppm NO) for Euro
V store lastbiler. Dog anbefaler vi en fleksibel tilgang ifm. politiets vejside-
kontroller, hvor udgangspunktet er en graense pa 1,000 ppm NO (se afsnit
8.1).

e Emission af PM fra diesel lastbiler aftog fra Euro V til Euro VI. For person-
biler var dette billede endnu tydeligere gennem Euro 3 til Euro 6, hvor til-
stedevearelsen af partikelfilter for sidstnaevnte euronorm gjorde, at udled-
ningen var kun 0.1 g PM/kg brendstof. Hvor emissionen af PM fra Euro
3 dieselbiler var 17 gange hgjere end fra benzinbiler med samme euro-
norm, udviste Euro 5 og Euro 6 personbiler samme PM-emission uanset
breendstoftype.

2.2 Baggrund og formadl

De seneste Euro-normer for store lastbiler stiller store lovgivningskrav til last-
vognes udledninger af kvalstofoxider. For at overholde disse krav, er der for
Euro-VI-store lastbiler krav om anvendelse af sdkaldte SCR-systemer (selektiv
katalytisk reduktion). SCR-systemer er avancerede rensesystemer koblet til
udstagdningen, som sgrger for at fierne mere end 90% af de sundhedsskadelige
kveelstofoxider fra udstgdningsgassen. For stgrstedelen af Euro-V-lastvog-
nene anvendes ligeledes SCR-systemer, mens en mindre del af lastvognene
anvender anden renseteknologi.

Igennem de seneste ar har der veaeret gennemfart en reekke kontrolaktioner i
Danmark og andre europeaiske lande, som har vist, at der sker en ikke ubety-
delig manipulation med SCR-systemerne pa store lastbiler, der kgrer i Dan-
mark. Samtidigt har det vist sig, at der er en del store lastbiler, som har tekni-
ske fejl pa SCR-systemerne. Denne tendens blev ogsa tidligere dokumenteret
af NEQ APS og DCE - Nationalt Center for Miljg og Energi, da man i 2018
gennemfgrte et pilotprojekt for Miljgstyrelsen, Faerdselsstyrelsen og Rigspoli-
tiet med fokus pa manipulation af SCR-systemerne i Danmark
(http://www.ft.dk/samling/20171/almdel/MOF/bilag/565/index.htm).

Manipulation og fejl pa SCR-systemer farer til ekstra udledning af kveelstof-
oxider, hvilket forringer luftkvaliteten og dermed medfarer ggede helbreds-
effekter i befolkningen. Derfor har regeringen, som led i Klima- og luftkvali-
tetsstrategien fra 2018, vedtaget at ivaerkseette en reekke initiativer for at ud-
vikle og implementere en kontrolmetode, som kan sikre overholdelse af reg-
lerne for karetgjers udledning af luftforurening med serlig fokus pa udled-
ninger fra store lastbiler.

Projektet har falgende formal:

o Der skal foretages malinger af udledninger fra fliden af karetgjer, som kg-
rer pa det danske vejnet.
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e Omfanget af manipulation og fejl pd SCR-systemer pa store lastbiler i Dan-
mark skal vurderes pa basis af malinger af udledningerne.

¢ Der skal gennemfgres testmalinger pa lukkede omrader, hvor blandt andet
udledninger fra manipulerede og fejlbehaeftede SCR-systemer sammenlig-
nes med udledninger fra velfungerende SCR-systemer.

e P& basis af malingerne vurderes de forggede helbredseffekter, som mani-
pulation og fejl p& SCR-systemerne giver i Danmark.

e Det skal undersgges, om malinger kan anvendes som mistankegrundlag
for en efterfglgende malrettet politikontrol af udvalgte karetgjer (primeert
store lastbiler).

e Det skal vurderes hvilken RSD-metode (Remote Sensing Devices), der er
bedst egnet til rutinekontrol af SCR-systemer.

e Der skal udarbejdes en metode til gennemfgrelse af rutinekontrol af SCR-
systemer pa store lastbiler baseret pd RSD-malinger i kombination med ef-
terfglgende vejsidekontrol gennemfart af politiet.

Malinger skal gennemfgres med RSD-metoden, som er en malemetode, hvor
udstadningens indhold af blandt andet kveelstofoxider kan males under vir-
kelighedstro forhold pé et stort antal karetgjer (Maleteknikken uddybes yder-
ligere i senere afsnit).

2.3 Aktiviteter

Projektet er opdelt i en reekke aktiviteter:

1. Vurdering af hvilken stationser RSD-metode der vil veere bedst egnet til
kontrol af SCR-systemer i Danmark, og under hvilke kgrselsforhold metoden
kan anvendes.

2. Gennemfgrelse af test pa lukkede omrader med henblik pé at validere ma-
lemetoden, og fastsaette udledningsniveauer, over hvilke lastbiler med stor
sandsynlighed er manipulerede eller har fejl p4 SCR-system eller partikelfil-
ter. Disse udledningsniveauer omtales i det fglgende som udpegningsgraen-
ser. Testene involverer malinger af udledninger fra store lastbiler med velfun-
gerende SCR-systemer og partikelfiltre efterfulgt af malinger pa de selvs-
amme store lastbiler, hvor SCR-systemerne og partikelfilter bevidst er sat ud
af funktion/fjernet. At partikelfiltret bliver fiernet i nogle test skyldes, at en
del af manipulationsmetoderne netop kraever, at partikelfiltret decideret fjer-
nes. | sddanne tilfelde vil der siledes vere forggede udledninger af savel
kveelstofoxider som partikler.

3. Udveelgelse af 1-3 malesteder, som er egnet til gennemfarelse af malinger
med RSD-metoden i kombination med efterfglgende politikontrol af store
lastbiler misteenkt for manipulation eller fejl i SCR-systemerne. Malingerne
har fokus pa maling af udledninger fra et stort antal store lastbiler, og i til-
knytning til disse malinger gennemfares efterfelgende politikontrol for ud-
valgte store lastbiler med malte udledninger over den valgte udpegnings-
graense. Endvidere males p4 alle personbiler, der passerer malestedet, sa der
opnas et stort antal stikprgver af udledninger fra kgretgjsfladen pa det danske
vejnet.

4. Pa basis af ovenstaende udarbejdes et estimat over de forggede udledninger
af kvaelstofoxider, der skyldes manipulation eller fejl pa SCR-systemer. Ud fra



dette estimat beregnes de forggede helbredseffekter, som er en fglge af de eks-
tra udledninger af kveelstofoxider.

5. Udarbejdelse af forslag til metode til rutinekontrol af SCR-systemer baseret
pa malinger med RSD-metoden i kombination med politikontrol af store last-
biler, hvor malingerne har vist udledninger over udpegningsgraensen, og der-
ved giver grundlag for mistanke om manipulation eller fejl pa SCR-systemet.

I det fglgende giver vi en sammenfatning af resultaterne af disse aktiviteter,
men forinden gives en kort beskrivelse af, hvordan RSD-metoden fungerer.

2.4 RSD-metoden

Selve maleudstyret (Figur 2.1) bestar af en detektordel og et avanceret spejl-
system, som placeres pa hver side af vejbanen, hvor malingerne foretages. De-
tektordelen sender uskadelige straler af laserlys tvers over vejen til spejlsy-
stemet, som returnerer laserstralerne til detektoren. Detektoren maler herefter
lysstyrken i de reflekterede laserstraler. Lysstyrken i den udsendte laserstrale
kendes og ud fra malingerne bestemmes det, hvor meget lys, der er absorberet
(tabt) pa vejen frem og tilbage over vejbanen. Laserstralens bglgeleengder er
udvalgt i et omrade, hvor man ved, at lys vil bliver absorberet af luftforure-
ning stammende fra vejtrafikkens udstedning. Ved at male, hvor meget laser-
stralens styrke formindskes pa rejsen frem og tilbage over vejbanen, og pa
baggrund af kendskab til luftforureningskomponenternes fysiske egenskaber,
beregnes koncentrationerne af de enkelte luftforureningskomponenter i ud-
stedningsskyen bag karetgjerne.

Pa denne made kan udstyret male gjeblikskoncentrationer af de vigtigste luft-
forureningskomponenter i udstadning fra passerende kgretgjer. Dette projekt
har fokus p& maling af kvaelstofmonooxid (NO) og massen af partikler i luften
(kaldet PM = particulate matter). For at omsaette de malte gjeblikskoncentra-
tioner til en veerdi for udledningen af kveaelstofmonooxid og PM, sa males ogsa
koncentrationen af kuldioxid (CO3), kulstofmonooxid og uforbraendt breend-
stof. Disse forbindelser er i denne sammenhgang de vigtigste produkter, som
dannes ved forbrandingen af breendstof i motorer. Kvalstofmonooxid og
kuldioxid samt de gvrige parametre fortyndes lige hurtigt, nar de forlader
udstadningsraret. Ud fra gjebliksmalingen i skyen bag udstadningsraret kan
man beregne forholdet mellem de malte parametre og ud fra dette bestemme,
hvor mange gram kveelstofmonooxid, der er udledt per kg forbreendt braend-
stof.

Da luftforureningen kan komme fra andre kilder end det malte karetgj, sa fo-
retages der i realiteten to sat af malinger. Et seet méalinger foretages lige inden
karetgjet passerer udstyret, og et ny seet malinger foretages umiddelbart efter
karetgjet har passeret. Forskellen mellem de to set af malinger giver det bi-
drag, som stammer fra kgretgjet, der har passeret instrumentet. Der kan imid-
lertid veere situationer, hvor den fagrste maling er ”kontamineret” af udled-
ninger fra for eksempel en gammel lastvogn, der lige har passeret malestedet.
Hvis det malte karetgj for eksempel er en Euro VI lastvogn, sa vil man kunne
risikere, at malingen fagr passage viser stgrre koncentrationer end malingen
efter. Dette er forklaringen pa, at det ikke er muligt helt at undga situationer,
hvor der males negative koncentrationer ved fx malinger i teet befeerdede om-
rader.
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Malingerne tager fa sekunder at gennemfgre, og resultaterne er tilgaengelige
umiddelbart herefter. Udstyret kan derfor bruges til at bestemme udledninger
fra et meget stort antal store lastbiler p& kort tid og under aktuelle forhold i
trafikken (dog er der en begraensning for hvor hurtigt karetgjerne ma passere
instrumenterne i forbindelse med malingerne). Malingerne er tiltenkt som
grundlag for en hurtig udvelgelse af store lastbiler, hvor der potentielt er tale
om manipulation med eller fejl pd SCR-systemerne.

1. Lateral transfer mirror l

2. Source and detector module

3. Speed and acceleration detector

4. Data prcessing and video display

5. Video camera and license plate reader

Figur 2.1. Qverst: Foto af en maleopstilling. Udledning af luftforureningskomponenterne (navnlig
kveelstofoxider og partikler) er lige netop blevet malt pa lastvognen med den rade container. Male-
udstyret ses pa begge sider af vejbanen umiddelbart efter lastvognen. Nederst: Principskitse (kilde:
NEQ ApS)

Udstyret suppleres endvidere med maling af karetgjernes hastighed og acce-
leration, da kgrselshastigheden i henhold til udstyrets guidelines skal ligge
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mellem 30 og 60 km/t med en let acceleration for at f4 de mest optimale ma-
linger. Erfaringerne fra projektet har dog vist, at metoden er relativt robust,
og at gode malinger ogsé kan opnés under andre karselsforhold.

Malingerne med RSD-metoden er automatiserede og styres af software, som
lgbende foretager de ngdvendige beregninger, og ligeledes automatisk gem-
mer resultaterne. Softwaret sgrger endvidere for at koble malingerne fra de
enkelte kgretgjer med tilhgrende fotos, der automatisk tages af et kamera
knyttet til instrumentet med henblik pa efterfalgende identifikation karetg-
jerne. ldentifikationen foretages ud fra manuel eller automatisk afleesning af
nummerplader og efterfglgende opkobling til Det Danske Motorregister.
Gennem identifikationen bestemmes samtidig hvilken euronorm kgretgjet til-
harer. Denne fremgangmetode blev anvendt i forbindelse med malinger pa
personbiler, som derfor alene omfatter danske personbiler. For lastvognene er
fastleeggelsen af euronormer foretaget ud fra lastvognenes udseende. Hvor
billedkvaliteten tillod det, blev nummerpladerne sldet op i Motorregistret
med henblik pa at identificere euronormen. | modsat fald blev euronormen
fastlagt ud fra visuel genkendelse. P4 baggrund politiets erfaring er det muligt
at identificere Euro V og VI store lastbiler alene ud fra udseendet. Derfor om-
fatter projektet resultater fra bade danske og udenlandske store lastbiler. Fast-
leeggelse af euronorm er formodentlig behaeftet med en lille fejl. | forbindelse
med dobbeltcheckene, er der dog kun registreret fa afvigelser.

2.5 Vurdering af bedst anvendelige RSD-metode
Den falgende vurdering er udarbejdet af NEQ.

Der er to forskellige typer RSD pa markedet i dag. Begge systemer er udviklet
i USA, og begge systemer anvendes i dag operationelt til malinger i bade USA
og Europa. Producenterne af de to forskellige typer RSD er henholdsvis OPUS
og EDAR. Der er fordele og ulemper ved begge systemer, men overordnet set
vurderer vi, at systemet fra OPUS har en vasentlig fordel, som er knyttet til
systemets fleksibilitet og handterbarhed. Systemet fra OPUS kan opsettes re-
lativt hurtigt (mindre end en time), og det kan derfor anvendes pa forskellige
malesteder inden for et tidsrum af en uge, eller endda inden for en enkelt dag.
Samtidig er OPUS-system relativt let at skjule for trafikanterne i trafikken. Til
forskel fra dette system, s& kraever systemet fra EDAR, at en del af udstyret
freeses ned i eller pa anden vis fastgeres pa overfladen af asfalten pa maleste-
det, sa udstyret i praksis kun kan anvendes pa faste malesteder.

2.6 Test pa lukkede omrader

En vigtig del af projektet var gennemfarelsen af en raekke test med RSD-mé-
linger pa et lukket omrade, fordi det giver mulighed for at sammenligne ma-
linger pa store lastbiler med velfungerende SCR-systemer og partikelfiltre
med malinger foretaget pa de samme store lastbiler, hvor SCR-systemet og
partikelfilter er frakoblet. De kontrollerede forhold ger det muligt at teste ma-
lesystemet og indsamle data, som kan bruges til at vurdere, hvordan diverse
ydre forhold pavirker malingerne af udledninger.
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De situationer og forhold, der blev testet, var fglgende:

e Maling af forggelsen af udledning af kvaelstofmonooxid, nar SCR-systemet
frakobles. Der blev til dette indkgbt en reekke forskellige manipulations-
udstyr, men det viste sig tilstraekkeligt af afkoble SCR-systemerne pa mere
simpel vis.

e Maling af forggelsen af udledning af PM ved fiernelse af partikelfilter. Bag-
grunden er, at visse former for manipulation af SCR-systemerne kraever
fiernelse af partikelfiltret. Manipulation af SCR-systemerne kan dermed
have konsekvenser for udledningerne af bade kvelstofoxider og PM.

e Studier af betydningen af temperaturen af katalysatoren for SCR-syste-
mets indflydelse pa udledningerne.

e Studier af vejrets indflydelse p& malinger og udledninger.
o Studier af effekt af varierende hastighed og acceleration under malingerne.

e Studier af effekten af trailer p& malinger og udledning.

Malinger med bade velfungerende og frakoblet SCR-system har to vigtige
mal.

- For det forste skal resultaterne bruges til at fastleegge en udpegnings-
graense for udledning af kvalstofmonooxid. Denne udpegningsgraense
skal anvendes til at udvealge store lastbiler, som potentielt set kan vere
manipulerede eller have fejl pd SCR-systemet. Udpegningsgraensen taen-
kes benyttet som udgangspunkt, nar Dansk Politi skal udveelge store last-
biler til efterfglgende vejsidekontrol.

- For det andet skal malingerne anvendes til at estimere, hvor meget udled-
ningerne af kvalstofmonooxid gges ved manipulation eller fejl pa SCR-
systemerne. Denne information bruges i forbindelse med beregninger af,
hvor meget helbredseffekter i den danske befolkning gges som falge af
forggede udledninger relateret til manipulation og fejl pa SCR-systemer.

Endvidere skal de mange praktiske erfaringer, som erhverves ved testene, an-
vendes som baggrund for udarbejdelse af en plan for metode til rutinekontrol
for manipulation og fejl pa SCR-systemer.

I ugerne 38 og 39 i september 2019 blev der udfart 216 test pa Euro VI store
lastbiler med aktive, inaktive og helt frakoblede SCR-systemer. Testene blev
udfagrt med fire forskellige store lastbiler stillet til radighed af Mercedes, Sca-
nia og Volvo.

For Euro V store lastbiler blev der kun udfgrt 26 test. Derfor blev kun en lille
del af testprogrammet gennemfart for Euro V store lastbiler. Arsagen til dette
var, at alle de testede Euro V store lastbiler viste sig at have fejl pad SCR-syste-
merne. Som udgangspunkt skulle der testes to store lastbiler, men grundet
fejlene blev der skaffet yderligere store lastbiler, sa der i alt blev testet seks
forskellige Euro V store lastbiler. Alle de testede store lastbiler havde fejl pa
SCR-systemerne, selv om ejerne troede, at de var velfungerende.



2.7 NO og PM testresultater fra lukkede omrader

Figur 2.2, og Tabellerne 2.1 og 2.2 sammenfatter resultaterne fra testene. Re-
sultaterne er opdelt i tre kategorier:

e Aktivt SCR-system. Dette er kendetegnet ved aktiv tilfarsel af AdBlue til
SCR-systemet. Det kraever, at motoren er varm, og at SCR-katalysatoren
har ndet en tilstreekkelig hgj temperatur.

¢ Inaktivt SCR-system. Dette er kendetegnet ved, at der ikke sker aktiv til-
forsel af AdBlue til SCR-systemet. | forbindelse med testene, skyldes det
inaktive SCR-system, at SCR-katalysatoren er for kold.

e SCR-system slaet fra. | dette tilfeelde var lastvognene bevidst manipule-
rede, sd SCR-systemet ikke virkede.

Resultaterne for Euro VI store lastbiler viste en gennemsnitlige udledning af
kveelstofmonooxid a&kvivalent med 0,8 g NO,/kg braendstof for aktive SCR-
systemer, 24 g NO,/kg braendstof for inaktive SCR-systemer og 18 g NO»/kg
braendstof, nar SCR-systemet var slaet fra (Tabel 2.1). Der var derfor omkring
en faktor 20 mellem udledningerne fra et velfungerende SCR-system og fra et
ikke fungerende SCR-system. Arsagen til den lidt hgjere udledning fra et
inaktivt SCR-system i forhold til et SCR-system, som er sldet fra, kan
formodentlig tilskrives maleusikkerhed.
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Figur 2.2. Gennemsnitlig udledning af kvaelstofmonooxid (NO) fra Euro VI store lastbiler
med SCR-systemer, som er henholdsvis aktive, inaktive og slaet fra. Resultaterne er end-
videre opdelt efter om lastvognene korte med eller uden trailer. Udledningerne er i denne,
og i de falgende figurer og tabeller angivet i akvivalenter af kveelstofdioxid (gNOx/kg
braendstof), hvilket er standard i forbindelse med udledningsopggrelser.

Den gennemsnitlige udledning af kvelstofmonooxid fra de testede Euro V
lastbiler med inaktivt SCR-system var &kvivalent med 32 g NO2/kg
braendstof (Tabel 2.2). Dette er 35% hgjere end for Euro VI lastbiler malt under
de samme betingelser, og omkring en faktor to hgjere end for en Euro VI
lastvogn med SCR-systemet slaet fra. Desveerre var det i forbindelse med
dette projekt ikke muligt at teste en Euro V lastvogn med velfungerende SCR,
og det er derfor ikke muligt pa baggrund af disse undersggelser at lave en
direkte sammenligning mellem Euro V og Euro VI med SCR-systemet slaet
fra. Dog viser et nyligt studie af lastbilemissioner i Goéteborg, Sverige, at
forholdet mellem udledningerne af NO fra Euro V og Euro VI er omkring 5
(Sjodin et al., 2017).
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Tabel 2.1. Gennemsnitlige udledninger af kvaelstofmonooxid (NO) og partikler (PM) for de forskellige test af Euro VI store lastbi-
ler. Variationen er beregnet som standardafvigelsen pa resultaterne inden for en kategori. Dermed angiver den, hvor stor spred-
ningen er pa resultaterne inden for den enkelte kategori.

Status for SCR Trailer Partikelfilter Antal test NO PM
gNO2/kg braendstof gPM/kg breendstof
Middel Variation Middel Variation
Aktiv Ja Ja 37 0,59 0,82 1,0 1,6
Aktiv Nej Ja 15 1,2 1,0 1,1 1,2
Aktiv Ja/Nej Ja 52 0,76 1,4 1,1 1,5
Ja
Inaktive Yes Ja 9 11,8 2,1 1,0 1,2
Inaktive No Ja 45 26,3 71 1,4 1,5
Inaktive Yes/No Ja 54 23,8 7,5 1,3 1,5
Slaet fra Yes Ja/Nej 59 18,5 7.1 1,1 1,4
Slaet fra Nej Ja/Nej 44 18,0 4.3 0,63 0,43
Slaet fra Ja/Nej Ja/Nej 103 18,3 6,1 0,91 1,1
Slaet fra
Slaet fra Ja/Nej Ja 69 15,9 4,6 0,87 1,2
Slaet fra Ja/Nej Nej 34 24,2 7,8 0,97 0,77

Tabel 2.2. Gennemsnitlige udledninger af kvaelstofmonooxid (NO) og partikler (PM) for test af Euro V store lastbiler. Variationen
er beregnet som standardafvigelsen pa resultaterne inden for en kategori. Dermed angiver den, hvor stor spredningen er pa
resultaterne inden for den enkelte kategori.

Status for SCR Trailer Partikelfilter Antal test NO PM
gNO2/kg braendstof gPM/kg breendstof
Middel Variation Middel Variation
Inaktiv ja Nej 18 36 8,5 1,2 1,1
Inaktiv Nej Nej 7 23 41 0,67 0,12
Inaktiv Ja/nej Nej 25 32 9,6 1,1 0,98

PM og NO emissionerne fra Euro VI lastbiler var dermed ikke pavirket af til-
stedeveerelsen af trailer med SCR slaet fra eller partikelfilter for lastbilerne
med inaktiv SCR. Faktisk gav ingen af modifikationerne anledning til an-
drede PM- og NO-emissioner. Derimod var NO-emissionen, som forventet,
serdeles pavirket af, om SCR-systemet var aktivt eller ej.

De samme konklusioner kunne ikke drages for Euro V lastbiler, da det ikke
var muligt at fremskaffe et aktivt SCR-system hertil. Tilstedeverelsen af trai-
ler &ndrede hverken PM- og NO-emissionerne. NO-emissioner var omtrent
dobbelt s& hgje fra Euro V med inaktiv SCR (32 g NO2/kg, n= 25) sammenlig-
net med Euro VI med inaktiv SCR (18 g NO»/kg, n = 103).

Figur 2.3 viser fordelingen af de malte udledninger fra Euro VI store lastbiler
opdelt i de tre forskellige kategorier. Alle udledninger malt for store lastbiler
med SCR-systemet slaet fra ligger over de tilsvarende malinger af udlednin-
gerne for store lastbiler med et aktivt SCR-system. P& basis af testene foreslas
derfor en udpegningsgraense pd omkring 7 g NOy/kg braendstof (330 ppm
NO), hvilket svarer til den laveste malte udledning, nar SCR-systemet er slaet
fra. En anden vigtig konklusion fra testene er, at udledningerne fra et inaktivt
SCR-system ligger pa niveau med udledningerne fra et SCR-system, som er
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slaet fra. | forbindelse med testene, sa skyldes det inaktive SCR-system, at mo-
toren er for kold. Arsagen til en malt udledning over udpegningskriteriet kan
derfor lige sa godt veere en kold motor, som det kan skyldes manipulation
eller fejl pd SCR-systemerne.
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Figur 2.3. Fordeling af udledningerne af kveelstofmonooxid (NO) fra Euro VI store lastbiler
med SCR-systemer, som er aktive, inaktive og helt sldet fra. Resultaterne er sorteret efter
stigene udledning inden for de tre kategorier. X-aksen angiver procentdelen af resultater
med en udledning lavere end y-veerdien for et givet punkt.

Testene med Euro V store lastbiler peger p4, at udpegningsgraensen skal ligge
hgjere end for Euro VI. Dette er begrundet i, at Euro V store lastbiler med
inaktivt SCR-system i gennemsnit har en udledning, som ligger to gange hg-
jere end gennemsnittet for Euro VI store lastbiler med SCR-systemerne slaet
fra. Testene peger derfor pa en udpegningsgraense pa omkring 14 gNO/kg
braendstof (660 ppm NO).

2.8 Betydning af lastbilmcerke

De tre forskellige lastvognsmaerker viste relativt store forskelle i udlednin-
gerne af bade kvalstofmonooxid og partikelmasse. Tilsvarende viste de for-
skellige lastvognsmeerker store forskelle i effekten af at fijerne partikelfilteret
(Figurerne 2.4 og 2.5). Det vides ikke om arsagen skal findes i forskelle mellem
de tre forskellige lastvognsmaerker, eller om det er relateret til de specifikke
store lastbiler, der er blevet testet. Det vides saledes ikke, om de foreslaede
udpegningsgranser er reprasentative for alle lastvognsmaerker. Derfor skal
udpegningsgraenser ses som udgangspunkt for kontrolaktioner, og der bar
efterfalgende ske en tilpasning af udpegningsgrenserne i takt med, at der
indsamles erfaringer fra kontrolaktionerne.
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Figur 2.4. Gennemsnitlig udledning af kvaelstofmonooxid (NO) fra Euro VI store lastbiler
med SCR-system, som er henholdsvis aktivt, inaktivt og sléet fra. Resultaterne er fordelt
pa de tre forskellige lastbilmaerker.

For to af de tre lastvognsmeerker ses en fordobling i udledningerne af PM, nar
SCR-systemet er slaet fra samtidig med at partikelfiltret er fiernet (Figur 2.5).
Arsagen til denne forskel mellem lastvognsmeerkerne kendes ikke, og det vi-
des heller ikke, om forskellen skyldes forskelle mellem lastvognsmaerkerne,
eller er relateret til de specifikke store lastbiler, som er blevet testet.
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Figur 2.5. Gennemsnitlig udledning af partikler (PM) fra Euro VI store lastbiler med SCR-
systemet sldet fra, og med og uden partikelfilter. Gennemsnittene er opdelt for de tre for-
skellige lastbilsmeaerker.

Vi observerede dermed forskellige niveauer af PM- og NO-emissioner fra for-
skellige lastbilmaerker eller individuelle karetgjer, hvilket formodentligt vil
give anledning til en vis variation i emissionerne blandt fladen af lastbiler.
Desuden fandt vi, at PM-emissionen fra ét marke var uendret med og uden
monteret partikelfilter. For de to andre merker blev emissionen af PM om-
trent fordoblet, nar partikelfiltret blev afmonteret. Variationen i malingerne
for forskellige bilmarker er relativt stor, og det ma tages i betragtning frem-
adrettet, hvor det anbefales, at flere tests bliver gennemfart.



2.9 Supplerende tests

Malingerne af udledningerne af kveaelstofmonooxid viste sig relativt robuste
over for variationer i hastighed og acceleration under méalingerne. Dette giver
en hgjere fleksibilitet i forhold til valg af maleomrader, og det ggr det muligt
at anvende kortere kgrebaner end forventet.

Den samme lastvogn blev testet to gange for at undersgge, hvordan vejrfor-
holdene pavirkede malingerne. Vejrforholdene andrede sig dog kun svagt
mellem de to dage, og derfor blev der kun indsamlet meget begranset infor-
mation om vejrforholdenes indflydelse pa resultaterne. Som udgangspunkt
forventes vejforholdene dog kun at have begranset indflydelse pa malin-
gerne. Et tydeligt resultat var dog, at det ikke er muligt at male i forbindelse
med kraftig regn, da regndraberne spreder RSD-instrumentets lysstréle og
ger det umuligt at gennemfgre malinger.

Euro VI lastbilerne blev endvidere testet med og uden trailer (Figur 2.1). Dette
farte til nogen a&ndringer i udledningerne malt for inaktive SCR-systemer,
men gav ingen @ndringer, nar SCR-systemet var aktivt eller slukket. En mulig
forklaring pa forskellen for inaktiv SCR-system kunne vere at en motoren i
lastvogn uden trailer hurtigere bliver kold, da motoren udseettes for mindre
belastning. Imidlertid skal det bemaerkes, at dette resultatet har begraenset
indflydelse pa trafikken pa det danske vejnet, hvor kun en mindre andel af
tunge lastbiler kgrer uden trailer. | forbindelse med testene pa lukket omrade
blev en serie tests af mere praktisk karakter gennemfgrt (et eksempel var test
af, hvor ofte det var ngdvendigt at kalibrere RSD-instrumentet). Disse prakti-
ske tests kan vise sig nyttige i forbindelse med design af system til rutinemaes-
sigt kontrol af manipulerede eller fejlbehzeftet SCR-systemer.

2.10 Mdlinger ved Padborg og Storebcelt

| september og oktober 2019 blev der gennemfart malekampagner ved Pad-
borg og Storebaeltsbroen, hvor der samlet blev gennemfgrt valide méalinger pa
2,942 store lastbiler og 3,306 personbiler. 12% af de malte store lastbiler stam-
mende fra Danmark, og 88% var udenlandske, mens alle personbiler var dan-
ske. Euro 5 personbiler og Euro 6 personbiler udgjorde samlet 87% af de ka-
retgjer, der blev malt pa (Tabellerne 2.3 og 2.4). Den store andel af karetgjer
med den nyeste norm (Euro 5 og Euro 6) er i overensstemmelse med det ge-
nerelle billede for udvikling af karetgjsparken pa de danske vejnet. De uden-
landske store lastbiler udger langt hovedparten af de malte store lastbiler,
hvilket heenger sammen med, at malingerne er foretaget i Padborg og pa Sto-
rebaeltsbroen (der blev i en stor del af tiden malt i den betalingsbane, som har
det stgrste antal udenlandske store lastbiler). Endvidere udggr dieselperson-
biler omkring 60% af de malte personbiler.

Tabel 2.3. Den relative og absolutte fordelingen af store lastbiler malt ved Padborg og Storebaeltsbroen. Det samlede antal
malte personbiler var 2,942.

v Vv Vi Total
Antal Procent Antal Procent Antal Procent Antal Procent
Danske 0 0 44 1 303 10 347 11
Udenlandske 3 0,1 654 22 1938 66 2595 88
Samlet 3 0,1 698 24 2241 76 2942 100
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Tabel 2.4. Fordelingen af personbiler malt ved Padborg og Storebaeltsbroen. Det samlede antal méalte personbiler var 3306.

3 4 5 6 Total
Benzin 1 23 0,7 197 6 318 10 724 22 1263 38
Diesel 0 32 1 167 5 511 15 1334 40 2044 61
Samlet 1 55 1,7 364 11 829 25 2058 62 3307 100

2.11 Resultater fra lastbiler

Figur 2.6 viser de gennemsnitlige udledninger af kveelstofmonooxid og par-
tikler pa de malte store lastbiler fordelt efter euronorm. Da der kun er malt pa
tre Euro IV store lastbiler, sa er resultaterne ikke repreaesentative for udlednin-
gerne fra denne type store lastbiler. Resultaterne viser, at udledningerne af
kveelstofmonooxid i gennemsnit er 88% lavere for Euro VI store lastbiler sam-
menlignet med Euro V store lastbiler. Tilsvarende ses et gennemsnitligt fald
pa 84% for udledningerne af partikler. PM-emissionen fra Euro V og Euro VI
lastbiler var hhv. dobbelt s& hgj og ens med emissionerne rapporteret fra sam-
menlignelige lastbiler i et nyligt svensk studie (Sjodin et al., 2017). Den relativt
hgje udledning af PM fra danske store lastbiler skyldes et lille antal store last-
biler med store udledninger, og det vurderes derfor, at resultatet er behaftet
med stor usikkerhed. En sensitivitetsanalyse viser, at de 7 Euro VI lastbiler
med hgjest NO-emission afggr, om PM-emissionen fra danske store lastbiler
(0.60 g/kg) overstiger den fra de udenlandske (0.05 g/kg). Fjernes de 7 om-
talte lastbiler fra dataseettet, bliver emissionen fra de danske lastbiler sam-
menlignelig med de udenlandske (0.04 g/kg). Derfor kan resultatet ikke kon-
kluderes at veere reprasentativt for udledningerne af partikler fra danske
Euro VI store lastbiler. Et tilsvarende stort fald i udledningerne af kveelstof-
monooxid fra Euro V til VI blev observeret i det tidligere projekt med danske
malinger med RSD-metoden i 2017 (Ellermann et al., 2018) om end forskellen
mellem de to euro-normer ikke er helt sa stor ved malingerne i 2019, som ob-
serveret i 2017. Malingerne for Euro IV lastbiler vurderes til ikke at veere re-
praesentative for euronormen, da kun tre lastbiler blev malt.
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Figur 2.6. Gennemsnitlig udledning af kveelstofmonooxid (venstre) og partikler (hgjre) for danske og udenlandske Euro IV, V og

VI store lastbiler.
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2.12 Resultater fra passagerbiler

Figur 2.7 viser de tilsvarende resultater for de gennemsnitlige udledninger fra
danske personbiler fordelt pa henholdsvis diesel- og benzindrevne karetgier.
For alle personbiler ses et vaesentligt fald i udledningerne fra de aldste euro-
normer og frem til de nyeste Euro 6 normer. Generelt ses vaesentligt lavere
udledninger fra benzinbiler end dieselbiler. Forskellen er dog betydeligt min-
dre for Euro 6 personbiler. Det skyldes anvendelsen af SCR-katalysatorer pa
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Udledning, gNO,/kg braendstof

dieselkaretgjer, som har givet en vasentlig forbedring i forhold til udlednin-
gerne af kveelstofmonooxid. PM-emissionen fra dieselbiler udgjorde 76%,
mens benzinbilerne stod for de resterende 24%. For Euro 5 og 6 er der ingen
forskel pa udledningerne af partikler for dieselbiler og benzinbiler, hvilket
hanger sammen med brug af partikelfiltre pa dieselbilerne. Udledningerne af
kveelstofmonooxid er i god overensstemmelse med resultaterne fra tilsva-
rende malinger fra en svensk undersggelse (Sjgdin, 2017). PM-emissionerne
fra personbiler var noget hgjere end rapporteret i et nyere svenske studie (Sjo-
dinetal., 2017).
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Figur 2.7. Gennemsnitlig udledning af kveelstofmonooxid (venstre) og partikler (hgjre) for danske personbiler opdelt i benzin- og

dieselpersonbiler og efter euronorm.

2.13 Fordeling af emissioner

Figurerne 2.8 og 2.9 viser fordelingen af udledningerne af kvalstofmonooxid
malt for henholdsvis Euro V og Euro VI store lastbiler. For begge euronormer
ses en S-formet kurve, hvor de negative vaerdier malt for de laveste udlednin-
ger hovedsageligt skyldes et uundgaeligt artefakt ved selve malemetoden
(kontaminering fra andre kgretgjer i maleomradet). Den kraftige stigning i
den hgje ende af skalaen skyldes store lasthiler, hvor SCR-systemerne ikke
fungerer efter hensigten grundet enten manipulation eller fejl pa SCR-syste-
merne. En ukendt andel af de hgje udledninger kan imidlertid skyldes, at
SCR-systemerne har veret for kolde pa det tidspunkt, hvor malingerne bliver
foretaget. Denne andel kan ikke bestemmes med den pagzeldende opsatning,
ligesom det har ikke veeret intensionen at bestemme denne. Da malingerne er
foretaget i forbindelse med karsel pd motorvej forventes andelen af karetgjer
med koldt SCR-system dog at vere lille, selv om de ved Storebeltsbroen kan
komme til at holde stille i forbindelse med betalingsanlaegget. Endvidere ses
nogenlunde den samme fordeling af NO-emissioner for danske og udenland-
ske Euro V og Euro VI store lastbiler, hvor de danske store lastbiler dog gene-
relt ligger noget under de udenlandske (Se figur 2.6).
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Figur 2.8. Fordeling af udledningerne af kveelstofmonooxid (NO). Udledningerne er sorte-
ret efter stigende udledninger for henholdsvis danske og udenlandske Euro V store lastbi-
ler

Resultaterne viser ikke er et egentligt “hop” i udledningerne svarende til den
markante forskel, der er mellem udledningerne fra aktive SCR-systemer og
SCR-systemer, som ikke fungerer. Det er derfor ikke muligt preecist at fast-
legge andelen af lastvognene, som kgrer med ikke-fungerende SCR-syste-
mer. Data viser dog, at der for de 10%, som omfatter de hgjeste udledninger,
er en markant stigning i udledningerne. For Euro V er 90%-fraktilen omkring
20 pg/m3, hvilket er noget hgjere end de laveste udledninger mélt for tunge
kegretgjer med defekt SCR-system (14 pg/NO,/kg braendstof) under tests pa
lukket omrade. For Euro VI er 90 %-fraktilen pa samme niveau som malt un-
der tests (7 pg/NO2/kg brazendstof).

Som fglge af de store usikkerheder har vi anvendt en simpel tilgang og har
derfor skansmaessigt vurderet, at omkring 10% af Euro V og Euro VI lastvog-
nene har manipulerede eller fejlbehaeftede SCR-systemer. Dette skgn er an-
vendt i forbindelse med beregningerne af de helbredsmaessige konsekvenser
af manipulation og fejl pa SCR-systemerne. Det skal bemaerkes, at der stor
usikkerhed pé dette skan.
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Figur 2.9. Fordeling af udledningerne af kvaelstofmonooxid (NO). Udledningerne er
sorteret efter stigende udledninger for henholdsvis danske og udenlandske Euro VI
store lastbiler.



2.14 Politiets vejsidekontrol

Dansk Politi deltog i malekampagnerne ved Padborg og Storebelt. Politiet
bidrog med vejsidekontrol af en reekke af de store lastbiler, hvor mélingerne
viste udledninger af kveelstofmonooxid pa et niveau, som gav anledning til
mistanke om manipulation eller fejl pa lastvognenes SCR-systemer.

I de syv dage hvor politiet deltog, var malingerne fokuseret pa at male udled-
ningerne pa s mange store lastbiler som muligt. Det var endvidere vigtigt, at
en relativt stor andel udenlandske store lastbiler indgik i malingerne, da erfa-
ringer har vist, at omfanget af manipulation ofte er stgrre pa udenlandske
store lastbiler end danske. Derfor blev mange af malingerne ved Storebeelts-
broen foretaget i en af de manuelle betalingsbaner, da det er i denne bane, at
langt hovedparten af de udenlandske store lastbiler karer.

Der blev i alt kontrolleret 52 store lastbiler. En enkelt blev udvalgt ud fra en
maling af en hgj PM-udledning, mens resten blev udvalgt, fordi malingerne
af udledningerne af kveelstofmonooxid overskred udpegningsgreenserne. Der
blev anvendt en udpegningsgreense pa 1,000 ppm kvelstofmonooxid for
langt hovedparten af de syv dage med vejsidekontrol. Da evalueringen af re-
sultaterne fra testene endnu ikke var ferdigbehandlet, s& blev udpegnings-
graensen sat til 1,000 ppm, hvilket var et valg pa baggrund af tests i Spanien.
Den forste dag blev der dog for en del af dagen anvendt en udpegningsgraense
pé 800 ppm.

Tabel 2.5 viser en oversigt over resultaterne fra politiets vejsidekontrol. 36 ud
af de kontrollerede store lastbiler var Euro V store lastbiler, otte var Euro VI
store lastbiler og der var to, hvor euronormen ikke blev fastlagt, men hvor de
var enten Euro V eller Euro VI. Endvidere viste det sig, at seks ud af de 52
store lastbiler var Euro IV lasvogne, som ikke har SCR-system, og en af Euro
V lastvognene havde en anden type rensesystem. Lastvogne uden SCR-sy-
stem er ikke inkluderet i den videre omtale af resultaterne.

Fire ud af de 52 store lastbiler var danske, heraf to Euro V og to Euro VI. Langt
hovedparten af de undersggte store lastbiler var séledes udenlandske.

Tabel 2.5. Resultater fra politiets vejsidekontrol ved Storebaelt og Padborg. Euro IV og Euro V store lastbiler uden SCR er ikke
medtaget i kolonnerne for velfungerende SCR, og for manipulerede eller fejlbehaeftede SCR-systemer.

Euronorm Kontrollerede lastvogne
Samlet Dansk Uden-

Velfungerende SCR Manipulation Fejl
Samlet* Dansk Uden- Samlet Dansk Uden- Samlet Dansk Uden-

landsk landsk landsk landsk
I\ 6 0 6
Vv 36 2 348 12 0 12 5# 0 5# 20* 2 18#
Vi 8 2 6 4 1 3 0 0 0 4 1 3
Ukendt 2 0 2 1 0 1 0 - 0 1 - 1
Samlet 52 4 48 17 1 16 5# 0 5# 25# 3 20#
* Euro IV lastvogne uden SCR
§ En Euro V havde ingen SCR
a Euro IV og Euro mV uden SCR er ikke inkluderet

# To Euro V have bade manipulation og fejl

Samlet set havde 62 % af alle de undersggte store lastbiler SCR-systemer, som
var enten manipulerede eller fejlbehaeftede (to store lasthiler havde begge
dele). Det viste sig, at for store lastbiler med manipulerede eller fejlbehaftede
SCR-systemer, sd udgjorde fejlene hovedparten (83%), mens manipulation
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kun udgjorde en relativt lille andel (17%). Fejlene omfattede bla. fejl pa Ad-
Blue, karetgj i fejltilstand, kortsluttet elektronik samt fejl pdA NOx-sensorer.
Det var kun for Euro V, at der blev fundet manipulation, mens der for Euro
VI og de to store lastbiler med ukendt euronorm, ikke blev fundet manipule-
rede store lastbiler.

Endvidere havde 38% af de kontrollerede store lastbiler velfungerende SCR-
systemer pd trods af, at udledningerne i alle tilfeelde 1& over 800 ppm. Arsagen
til dette formodes at veaere kolde motorer, og dermed ikke fungerende SCR-
systemer. Den relativt hgje andel med kolde motorer formodes at haenge sam-
men med selve malesituationen. For eksempel kan det ikke undgas, at last-
vognene holder i kg ved betalingsanlaegget ved Storebzlt, og dette kan i visse
tilfeelde vaere nok til at senke motorens temperatur under graensen for, hvor
SCR-systemerne fungerer. Testene pa lukket bane dokumenterede, at fire mi-
nutters tomgang kan vere nok til, at motoren bliver sa kold, at SCR-syste-
merne ikke fungerer, som de skal. Eftersom der var en forsinkelse mellem
selve malingerne og vejsidekontrollen, kunne SCR-systemets temperatur
veere gget pa kontroltidspunktet, hvorfor det ikke er muligt at bestemme an-
delen af karetgjer med kolde SCR-systemer.

Tabel 2.6. Den procentvise fordeling af euronormer, og den procentvise fordeling af store lastbiler med velfungerende SCR og
SCR som er manipulerede eller fejlbehaeftede. Endvidere vises andelen (%) af store lastbiler med manipulerede og andelen
med fejlbehaeftede SCR-systemer set i forhold til det samlede antal store lastbiler med enten manipulerede eller fejlbeheaeftede
SCR-systemer.

Euronorm Kontrollerede Velfungerende SCR Manipulation + fejl Anden manipula- Andel fejl
lastvogne tion

\" 78 27 51 20 80

Vi 18 9 9 0 100

Ukendt 4 2 2 0 100

Samlet 100 38 62 17 83

De anvendte udpegningsgraenser pa 800 ppm og 1000 ppm ligger over de ud-
pegningsgranser, som blev foreslaet pa basis af testene. Ud fra testene blev
graenser pa 660 ppm og 330 ppm foreslaet for henholdsvis Euro V og Euro VI
store lastbiler.

Hvis man alene ser pa resultaterne af kontrollerne, der blev udfart med ud-
pegningsgraense over 800 ppm, sd blev der kun udfart ni af disse. Heraf havde
ingen af de 4 Euro VI og 5 Euro V store lastbiler manipulerede eller fejlbeheef-
tede SCR-systemer. 42 store lastbiler blev udvalgt med en udpegningsgraense
pa 1000 ppm, hvoraf 35 var Euro V og Euro VI med SCR-system, og heraf
udgjorde 77% store lastbiler med manipulerede eller fejlbehaftede SCR-syste-
mer.

Det konkluderes derfor, at de lave udpegningsgranser fra testene i praksis vil
veere for lave, idet andelen af udvalgte store lastbiler med manipulerede eller
fejlbehaeftede SCR-systemer vil vare relativt lille for store lastbiler med ud-
ledninger under 1,000 ppm. En sa lav udpegningsgreense ville séledes fare til
ineffektiv anvendelse af politiets ressourcer. Dog er det nuvaerende datama-
teriale stadig relativt lille, s& derfor er der relativt stor usikkerhed pa ovensta-
ende konklusion.

Vi anbefaler derfor, at man i forbindelse med kommende rutinekontroller an-
vender en fleksibel tilgang, hvor man tilpasser udpegningsgraenserne i for-
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hold til den praktiske situation. Dette skal forstds pa den made, at udpeg-
ningsgraensen som udgangspunkt seettes til 1,000 ppm, men at der i tilfeelde
med ledig kapacitet hos politiet udveelges store lastbiler i forhold til en udled-
ningsgraense pa 660 ppm. Endeligt er det vigtigt med indsamling af erfaringer
fra udfarte rutinekontroller og lgbende evaluering af udpegningsgranserne
pa basis af disse.

2.15 Konsekvenser for befolkningens helbred

Et vigtigt mal for projektet var at vurdere, hvilken konsekvens manipulation
og fejl p& SCR-systemerne har for befolkningens helbred. Denne vurdering er
blevet udarbejdet pa fglgende made:

e Ud fra testene pa lukket omrade er det vist, at manipulation eller fejl pa
SCR-systemerne pa Euro VI store lastbiler giver en 20 gange hgjere udled-
ning af kveelstofmonooxid. For Euro V store lastbiler er det vurderet, at
udledningerne fra manipulerede eller fejlbehaftede store lastbiler ligger
dobbelt s& hgijt, som for Euro VI store lastbiler.

e Ud fra malingerne ved Padborg og Storebaltsbroen er det estimeret, at
10% af Euro V og Euro VI lastvognene pa det danske vejnet kearer med
manipuleret eller fejlbehaftede SCR-systemer. Der er ikke SCR-systemer
pa store lastbiler med eldre euronormer. Der er stor usikkerhed pa dette
estimat.

e Pa basis af ovenstdende har vi genberegnet udledningerne af kvalstofoxi-
der fra alle store lastbiler, som kgrer pa det danske vejnet. Disse beregnin-
ger af udledningerne fglger den samme metode, som anvendes af DCE til
de nationale opggrelser af udledningerne fra trafik.

e Ved hjaelp af DCE’s modelsystemer er det beregnet, hvor meget manipu-
lation og fejl pa SCR-systemerne pa store lastbiler gger helbredseffekterne
fra luftforureningen i Danmark. Der er gennemfgrt to seet beregninger.
Farst er der lavet beregner uden antagelser om manipulation og fejl, og
derefter er der lavet beregninger, hvor manipulation og fejl er inddraget.
Ved at se pa forskellen mellem de to set beregninger kan vi vurdere hel-
bredseffekterne fra manipulation og fejl pad SCR-systemerne. Beregninger
er gennemfgrt med UBM-modellen (Urban Background Model) og EVA-
modellen (Economic Valuation of Air pollution).

Manipulation og fejl p&d SCR-systemer pa store lastbiler p& det danske vejnet

er estimeret til at forgge antallet af for tidlige dgdsfald med omkring 10 (Tabel

3.7), hvilket svarer til omkring 0,2% af det samlede antal for tidlige dgdsfald

fra luftforureningen i Danmark. Udover for tidlig ded, sa er der ogsa en lang

reekke andre helbredseffekter, hvilket er angivet i kapitel 9.

Hvis vi antager, at omfanget af manipulation og fejl p4 SCR-systemerne har
samme omfang i de gvrige EU-lande, sa vil det samlede antal for tidligt dede
i Danmark stige til 33, som fglge af langtransport af luftforurening til Dan-
mark fra de gvrige EU-lande. Dette svarer til lidt under 1% af det samlede
antal for tidlige dgdsfald fra luftforureningen i Danmark.

De ekstra omkostninger fra manipulation og fejl pa SCR-systemerne pa last-
vognstrafikken i Danmark og det gvrige EU ligger pa omkring 1 milliard kro-
ner, hvoraf de omkring 100 millioner kr. stammer fra manipulation og fejl pa
lastvognstrafikken i Danmark.
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Den forggede udledning af kveelstofoxider fra lastvognstrafikken vil ogsa
give helbredsomkostninger i de gvrige EU, som fglge af transport af luftforu-
rening fra Danmark til de gvrige EU-lande. Denne omkostning belgber sig til
omkring 260 millioner kroner.

Tabel 2.7. Antallet af for tidlig dod og de eksterne omkostninger i Danmark, som felge af manipulation og fejl pa SCR-
systemerne pa store lastbiler i Danmark og store lastbiler i de @vrige EU-lande. ) summen stemmer ikke p& grund

afrunding af tallene.

For tidlig dod” Eksterne omkostninger
millioner kroner
Lastvogne i Danmark 10 102
Lastvogne i gvrige Eu-lande 24 898
Samlet omkostninger i Danmark 33 1000
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Der er serdeles stor usikkerhed pé estimaterne af helbredseffekterne og de
eksterne omkostninger forbundet med manipulation og fejl pa SCR-syste-
merne, hvilket skyldes usikkerhederne forbundet til estimering af omfanget
af manipulation og fejl samt usikkerheder pa selve beregningerne af helbreds-
effekterne og de dertil knyttede eksterne omkostninger. Det skannes, at den
samlede usikkerhed er pa lidt over +50%.

2.16 Metode til rutinemcessig kontrol af SCR pa store lastbiler i
Danmark

Kontrolsystemet skal vaere mobilt og hurtigt bade at opsatte og nedtage. |
gjeblikket er OPUS remote sensing-system det mest fleksible pa markedet. Ef-
ter en indkgringsfase har teamet bag denne undersggelse hgstet gode erfarin-
ger med den tidligere version af OPUS remote sensing-systemet. Kolleger i
udlandet har endvidere gode erfaringer med seneste generation af OPUS re-
mote sensing-system RSD 5000. Det anbefales derfor at basere kontrolsyste-
met pa dette udstyr.

Det er afggrende, at der veelges en passende udpegningsgranse for at udtage
store lastbiler til vejsidekontrol. Vealges en for lav udpegningsgrense, sa vil
politiet spilde for mange ressourcer pa at kontrollere velfungerende store last-
biler, og ungdigt mange chauffgrer vil tabe tid mens lastvognen kontrolleres.
Pa den anden side vil en for hgj udpegningsgranse betyde, at der kontrolleres
for fa store lastbiler, og at kontrollen bliver ineffektiv i forhold til at fange store
lastbiler med manipulerede eller fejlbehaftede SCR-systemer. Erfaringerne
fra dette projekt viste, at en udpegningsgraense pa 1,000 ppm kveelstofmono-
oxid for Euro V resulterede i identifikation af 77% store lastbiler med mani-
pulerede eller fejlbehaeftede SCR-systemer. Derfor foreslas en udpegnings-
graense pa 1,000 ppm kveelstofmonooxid for Euro V store lastbiler. Med en
udpegningsgrense pa 800 ppm kvealstofmonooxid for Euro VI lastvognene
blev der ikke identificeret fejl pa eller manipulation med SCR-systemer. Det
skal bemaerkes, at der kun blev observeret 4 Euro VI lastbiler med en udpeg-
ningsgraense pa 800 ppm. Med sa fa observationer er det ikke muligt at vur-
dere, om en udpegningsgranse pa 800 ppm er for lav eller ikke. Tests pa luk-
ket bane viste, at den laveste udledning med manipulerede eller fejlbehaeftede
SCR-systemer fra en Euro VI lastvogn 1a pa 330 ppm kvelstofmonooxid. Vi
anbefaler til kommende rutinekontroller, at udpegningsgreenserne tilpasses.
Saledes skal de i udgangspunktet szttes til 1,000 ppm for Euro VI, men i til-
feelde med ledig kapacitet hos politiet udveelges store lastbiler i forhold til en
udledningsgraense pa 660 ppm. Det er vigtigt at indsamle af erfaringer fra de



udfaerte rutinekontroller og lgbende evaluere udpegningsgraenserne pa bag-
grund heraf.

Det foreslas, at der gennemfgres kontrolaktioner spredt i alle seesoner og pa
vilkarlige tidspunkter af dagen. Denne fremgangsmade skal sikre, at der ikke
er sikre perioder, hvor man kan kgre pa det danske vejnet med manipulerede
eller fejlbehaeftede SCR-systemer. Erfaringerne fra dette studie viser dog, at
det ikke er muligt at male i regnvejr, men derudover begr malekampagner for-
deles pa vilkarlige tidspunkter af aret. Det foreslas saledes, at der gennemfg-
res mellem fire og otte arlige malekampagner af en til to dages varighed, men
det endelige omfang ma naturligvis fastleegges af de besluttende myndighe-
der. Det foreliggende projekt har vist, at det er muligt at foretage malinger til
udveelgelse for kontrol af bade store lastbiler og personbiler. Det foreslas der-
for, at der udferes kontrolaktioner rettet mod bade store lastbiler og person-
biler. Erfaringerne fra dette projekt viser dog, at det giver udfordringer at gen-
nemfgre malinger for store lastbiler og personbiler i samme setup. Det skyldes
bl.a. udfordringer i forhold kameravinkel i forbindelse med identifikation af
nummerplade. Der bgr arbejdes med at Igse disse udfordringer eller alterna-
tivt skiftes mellem kontrol for de to grupper af karetgijer.

Det er afggrende for kontrolaktionernes effektivitet, at udveelgelsen af lokali-
teter for kampagnemalingerne foretages med velovervejet omhu. Erfarin-
gerne fra dette projekt viser, at det er helt afggrende, at lastvognenes motorer
er tilstreekkeligt varme til, at SCR-systemerne fungerer. Det betyder, at der
primeert skal sigtes mod lokaliteter, hvor en overvejende del af trafikken har
kart nogen tid inden karetgjer udtages til kontrol. Alternativt vil der spildes
mange ressourcer med kontrol af store lastbiler, som viser hgje udledninger
af kveelstofmonooxid pga. kold motor. Erfaringerne fra projektet viser ligele-
des, at méalingerne skal udfares over en enkelt vejbane for at undga pavirk-
ning fra trafik pé tilstedende vejbaner. Lokaliteterne bar derfor udveelges sa-
ledes, at de er teet ved motorvej, og pa vejbaner som er rimeligt isolerede fra
andre vejbaner og veje. Projektet har endvidere vist, at det tager nogen tid at
opbygge erfaringer med en malelokalitet, og derfor ogsa med at finde det op-
timale setup for lokaliteten. Det anbefales, at der ved valget af lokalitet tages
hgjde for fremherskende vindretning, og hvorledes det kan influere pa malin-
gerne i forhold til pavirkning fra andre vejbaner og veje. En anden erfaring
fra projektet er, at chauffarerne er meget opmarksomme pa aktiviteter om-
kring vejen, og at kamera og maleinstrumenter gerne skal placeres saledes, at
udstyret ikke er synligt far malingen foretages. Dette ma tilrettelzegges for den
enkelte lokalitet, men kan fx omfatte brug af et mindre telt. Det foreslas, at der
udpeges tyve lokaliteter ud over landet, og at der skiftes mellem disse lokali-
teter fra kampagne til kampagne i skiftende raekkefalge. Det foreslas endvi-
dere, at erfaringer fra disse lokaliteter dokumenteres med henblik pa at opti-
mere kommende kampagner. | denne forbindelse anbefales det ligeledes at
treekke pa dette projekts erfaringer fra kampagnerne ved Padborg og Store-
bzeltsbroen, malelokaliteter som det anbefales ogsa at benytte fremover, nar
flere malelokaliteter udveelges.

Betjening af remote sensing udstyret fordrer mindst en person, men i praksis
vil det nok fordre to personer, og tilsvarende vil der veere behov for mindst
en og i praksis to personer til at gennemfare vejsidekontrollerne. Det anbefa-
les, at der gennemfgres intensive treeningskurser hvert fjerde ar og kortereva-
rende opfalgningskurser hver andet ar til at uddanne det mandskab, som skal
betjene remote sensing-udstyret samt gennemfare vejsidekontroller. Det an-
befales, at mindst seks personer uddannes til hver af disse funktioner. Det méa
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forventes, at ny teknologi og nye instrumenter vil blive tilgeengelige pa mar-
kedet i de kommende &r. Det anbefales derfor at gennemfgre workshops med
deltagelse af forskere og folk med praktisk erfaring med nyt udstyr og nye
teknikker inden for omradet med henblik pa udveksling af erfaringer og vi-
den.

Hvert ar opgegr DCE ved Aarhus Universitet de danske udledninger af luft-
forureningskomponenter fra vejtrafik i forbindelse med de nationale udled-
ningsopgerelser for luftforurening. Opgarelserne for vejtrafik baseres pa ud-
ledningsfaktorer for de enkelte kgretgjskategorier og under hensyntagen til
forzldelsesfaktorer. Udledningsfaktorerne er bestemt ved laboratoriestudier
foretaget pa en sdkaldt kgrestand, hvor det enkelte karetgj gennemfarer en
sakaldt karecyklus — karsel ved forskellige hastigheder og inklusive accelera-
tion og deceleration for at simulere karsel pa vejnettet. Disse udledningsfak-
torer anvendes sammen med diverse andre informationer sa som salg af ben-
zin og diesel, diverse trafikdata bl.a. fra rutinemaessige teellinger og trafikmo-
deller etc. | relation til disse nationale udledningsopgarelser ville data fra re-
mote sensing potentielt vare et vaerdifuldt supplement. Det anbefales derfor,
at man undersgger mulighederne for at udarbejde en database med méledata
fra remote sensing-kampagnerne til dette formal. | denne forbindelse vil det
naturligvis veere afggrende, at der sikres en handtering af data, saledes at alle
regler handhaeves i forhold til anonymisering og beskyttelse af persondata etc.

De rutinemaessige kontroller vil vaere omkostningstunge, og det anbefales at
foretage regelmaessige evalueringer af hele kontrolsystemet i forhold til bade
kvalitet og effektivitet. Det omfatter ligeledes regelmaessige analyser af, om
kontrolsystemet har en positiv effekt i forhold til at reducere omfanget af store
lastbiler med manipulerede eller fejlbehaftede SCR-systemer.

Udgifterne forbundet med et rutinemaessigt kontrolprogram for udledninger
fra vejtrafik med fokus pa store lastbiler vil afhaenge fuldstaendig af det setup,
som velges. Det kan som tidligere naevnt veere ngdvendig med et separat
setup for personbiler. Til malekampagnerne, som tidligere neaevnt, vil der
veere behov for minimum to personer til at betjene remote sensing udstyret,
og tilsvarende minimum to personer til den efterfalgende vejsidekontrol pa
udvalgte karetgjer. Det sidste méa politiet naturligvis beslutte og justeres i takt
med nye erfaringer. For at sikre kontinuerlig drift af denne aktivitet over en
leengere tidshorisont kan det veere aktuelt med sidemandsopleering under
kampagnerne.

Databehandling omfatter analysen til bestemmelse af udledninger, koblingen
til det centrale motorregister, udvealgelse af karetgjer til kontrol, samt resul-
tatet af politiets vejsidekontroller.

Det anbefales, at der etableres en database til malingerne af kvelstofmono-
oxidudledningerne fra den kgrende vognpark pa de danske veje. Det vil i gi-
vet fald have nogle omkostninger men ogsa levere veerdifulde data.

Et rutinemaessigt kontrolprogram vil omfatte udgifter til leje af instrumenter,
logistik ved kampagnerne samt et sted, hvor mandskabet kan opholde sig og
udstyr opbevares. Alternativt kan der anvendes en malevogn til dette formal.

De samlede udgifter til et effektivt lgbende kontrolprogram er vanskelige at
fastseette. NEQ har lgseligt estimeret disse udgifter til mellem fem og ti milli-
oner DKK per ar for et program, som kgrer kontinuerligt over hele aret. For



et program med 4 til 16 maledage arligt vil denne udgift naturligvis veere min-
dre.

2.17 Taksigelser

CSP Trucks Danmark, Mercedes-Benz Danmark A/S, Scania Danmark A/S,
TJW Fragt, Volvo Group Trucks Denmark A/S, Sund & Bealt Holding A/S,
og det danske Politi er alle takket for deres vardifulde bidrag til dette projekt.
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3 Introduction

This report presents results from a project that has focussed on the problems
related to malfunctioning of SCR-systems on heavy-duty trucks in Denmark,
and furthermore on the effects this has on air pollution and related health ef-
fects. The project has been carried out in 2019 and 2020 by NEQ ApS and the
Danish Center for Environment and Energi (DCE) for the Danish Environ-
mental Protection Agency (EPA), and in cooperation for the Danish Road
Safety and Transport Agency, and the Danish Police.

3.1 Background and aim of project

In recent years SCR-systems (Selective Catalytic Reduction) on modern vehi-
cles have led to substantial reductions in emissions from road traffic. This has
e.g. been one of the major reasons for the substantial decrease measured in
nitrogen dioxide in busy streets in Denmark. However, recent Danish and
other European control actions have revealed an extensive frequency of cheat-
ing with the SCR-system (manipulation with the functioning of the NOy after
treatment system). This tendency has also been documented in a previous
project carried out by NEQ and DCE in 2017 and 2018 for the Danish EPA
(http://www.ft.dk/samling/20171/almdel/MOF/bilag/565/index.htm).

The current project is part of the follow up on the Danish Governments strat-
egy on Climate and Air Quality from 2018. In this strategy, it was decided to
initiate activities to develop and implement control methods for enforcing the
rules concerning vehicles emissions of air pollutants with specific focus on
emissions from heavy-duty trucks.

The main aim of the project is to investigate to what extent measurements
with remote sensing techniques can be used as basis for selecting mainly
heavy-duty trucks suspected for manipulation of the SCR-systems. The se-
lected heavy-duty trucks shall subsequently be subject to road site control by
the Danish Police. Another intension with the project is to obtain more de-
tailed knowledge on the status of the emissions from the fleet of vehicles driv-
ing on Danish roads, and a more consolidated knowledge about the impact of
malfunctioning SCR-systems on air pollution levels and associated health ef-
fect in Denmark.

The focus on the problems related to the SCR-systems on heavy-duty trucks
was initiated by the findings of deliberate manipulation of the SCR-systems
on heavy-duty trucks. It has later been clear, that in addition to those manip-
ulated, a large number of heavy-duty trucks has technical problems with the
SCR. This project has focus on both these types of problems with the SCR-
systems and throughout this report, we will refer to malfunctioning and de-
liberate manipulation collectively as malfunctioning of the SCR-systems.

3.2 Activities
The project is divided in the following activities:

e Assessment of the most suitable remote sensing technique for control of
emissions, and furthermore evaluating the conditions under which the
technique can be applied.



Testing and characterizing vehicle emissions in a closed area with the aim
of validating the measurement method. The objective is to determine
thresholds of NO above which there is a high probability that the SCR-
system of the vehicle is malfunctioning.

Selection of one to three locations for measurement campaigns of mainly
NO and PM at close to normal driving conditions.

Evaluation of the impact of malfunctioning SCR-systems on air pollution
levels and associated health effects in Denmark.

Description of a method for routine control of malfunctioning SCR-sys-
tem. This method has to be based on measurements with the remote sens-
ing technique and be suitable for selecting heavy-duty trucks with high
probability of malfunctioning of the SCR-systems.

3.3 Organization

The project is carried out in a cooperation between NEQ ApS and DCE and
involving the following key employees:

Christian Rud Ingvardsen, NEQ ApS, Overall project leader

Professor Ole Hertel, DCE, Project leader for DCE’s activities

Senior researcher Thomas Ellermann, DCE

Senior researcher Jacob Kleng Ngjgaard, DCE

Senior advisor Morten Winther, DCE

Professor Jgrgen Brandt, DCE

Senior scientist Lise Marie Frohn, DCE

Journalist Michael Strangholt, DCE

In addition, a number of other experts from NEQ ApS and DCE has been in-
volved in the project.

Finally, NEQ ApS has the following subcontractors for their part of the activ-
ities:

Josefina de la Fuente, Managing Director OPUS RSE

Javier Buhigas, Director of Technical Consultancy, OPUS RSE

David A. Lizarazo Fernandez, RSD Head of Operation, OPUS RSE.

NEQ ApS was responsible for organizing the measurement campaigns and
for carrying out both the measurements and the quality control of the results.
In addition, NEQ has the responsibility for assessing the two remote sensing
techniques. Finally, NEQ has the responsibility for the suggested method for
routine control of malfunctioning of SCR-systems.

DCE has the responsibility for the further evaluation of the data and for the
assessment of the impact that malfunctioning of SCR-system has on air pollu-
tion levels and associated health effects in Denmark.

53



54

4 Evaluation of different methods for per-
forming remote sensing measurements

Christian Rud Ingvardsen and Jesper Risager Nielsen

Remote sensing is a method designed for measuring emissions from a driving
vehicle without interfering with the vehicle itself. Thus, Remote Sensing
measures Real Driving Emissions (RDE) from individual vehicles at selected
locations during real-life driving. Thereby, this type of measurements differ
substantially from measurements carried out on vehicles during a driving cy-
cle on a stand in a test laboratory or a workshop. Among the benefits of using
Remote Sensing Devices (RSD) is that the measurements are made under
work load of the vehicle engine, which is a prerequisite for being able to de-
termine, among other things, the emission of nitrogen monoxide. It should be
emphasized, that the RSD only measures the emission at the exact moment
when the vehicle passes the equipment/device, and not over a longer distance
of travelling. Thus, it represents a snapshot where many factors can affect the
individual measurement. This applies, among other things to the temperature
of the engine/catalytic converter, the acceleration of the vehicle, the weather
conditions, the type of engine, etc. On the other hand, with the RSD, it is pos-
sible to measure a very large number of vehicles within a short period of time.
In the summer of 2019, a field experiment was carried out in Krakow, Poland.
In this field experiment, the project team managed to measure emissions from
more than 10,000 vehicles within a single day. This demonstrates that with the
right setup and during optimal conditions, it is possible to conduct vast num-
ber of measurements with RSDs.

RSD is thus not directly comparable to measuring equipment mounted di-
rectly on a vehicle. The latter is called PEMS (Portable Emissions Measure-
ment System). However, RSD is considered to be an important supplement to
PEMS, as the two measurement techniques complement each other, and the
combination can offset some of the weaknesses of each other.

4.1 Types of measuring equipment

There are currently two types of RSD systems for measuring emissions avail-
able on the market. Both systems have been developed in the United States,
and both systems are currently used both in the United States and in Europe.
The manufacturers of these systems are respectively OPUS and EDAR.

Over the past 30 years, OPUS has developed a mobile emissions measurement
system that can easily be set up without physical interference at the selected
measurement site. The measuring equipment from OPUS measures horizon-
tally, which means that it measures across the road when a vehicle passes the
measuring equipment. The equipment itself consists of a speedometer, a
measuring box that transmits light across the distance, a mirror that reflects
the light back to the measuring box, a weather station that measures temper-
ature, pressure and humidity, and a camera that takes a picture of the vehicle
passing by.

The equipment developed by OPUS is very well documented and has been
used both by various authorities and researchers for mange years. It takes ap-
prox. 20 - 30 minutes to set up and calibrate the equipment. The fact that it can



quickly be brought into operation is a great advantage. The equipment can be
operated via a battery, which greatly increases the mobility of the equipment.
This means that it is easy both to adjust and reposition the equipment.

Figure 4.1. Photo showing the OPUS Remote Sensing Device.

A relatively new remote sensing product on the market has been developed
by Hager Environmental and Atmospheric Technologies. Unlike the OPUS
device, the EDAR device measures vertically. This means that measurements
are carried out as the vehicle passes under the measuring device. Just like the
OPUS device, the EDAR device sends out a light beam, but in this case the
light is reflected by reflector placed on the surface of the road. The intension
from the manufacturer is that the reflector is recessed into the top asphalt
layer of the road, but it also possible to operate the system with the reflector
placed on top of the road surface. The EDAR RSD is equipped with a weather
station and a camera for taking pictures of the measured vehicles.
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Figure 4.2. Sketch and photo showing the EDAR Remote Sensing Device. The sketch
and the photo of EDAR in operation have been made available by the producer Hager
Environmental and Atmospheric Technologies.
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The EDAR equipment is not as mobile as the OPUS RSD, and the preparation
of operation for this device thus demands a more permanent character of the
measurement site. It is not possible to directly move the EDAR equipment to
another site or at the site in case this would be appropriate. So far, the equip-
ment requires 230V power connection via cable. However, a solution where a
battery can be used as a power supply is in preparation.

4.2 Conditions for optimal measurements

For both types of RSDs, there are various conditions that need to be met in
order to yield optimum results. Firstly, the RSDs must be set up in a road lane
where the vehicles can be under acceleration and have reached a certain speed
when passing the RSD. When measuring emissions from a vehicle at RDE
(Real Driving Emissions), it is important that the engine is under a certain
work load. The ideal setting is therefore to perform the measurements where
the road has a positive slope causing a strain on the engine and at the same
time making it unlikely that the driver will disengage or even slow down the
vehicle.

Furthermore, it is important to ensure that both engine and catalyst is hot
when the emission measurements are carried out. Cold engines have a signif-
icantly higher emission of gasses compared with hot engines. Euro V and
Euro VI engines are equipped with SCR-system that supply AdBlue to the
exhaust gases. However, this system is not active before the catalyst achieves
a suitably high temperature. For most vehicles, it is our experience that the
supply of AdBlue is initiated only when the catalysts reach temperatures
above 200 °C.

The third condition is that the weather does not prevent the measurements
from being carried out. Both systems use light rays to detect the various gases
in the exhaust, so it is important that the light has unobstructed passage



through the exhaust. This means that if the air is full of precipitation, it will
be very difficult to perform the measurements, and thereby also to obtain a
satisfactory number of valid measurements. Raindrops and snowflakes will
act as prisms in the air, and therefore, the light rays will be reflected away
from the device. Thus, it is not possible to obtain the desired strength of light
rays reflected back from the mirror or reflector.

Fourth condition, it should be noted that both types of RSDs achieve the best
results by measuring on a road with a single lane. For both types of devices,
it is in principle possible to measure on roads with several lanes side by side.
However, as far as we know, no method has yet been found a good way to
compensate for pollution contributions from the adjacent roads. Measure-
ments taken on roads with several lanes will therefore be associated with con-
siderable uncertainty.

Strength of UV light beam in dry condi- Strength of UV light beam in heavy rain Measuring at Padborg in heavy rain
tions (orange column, value 1007) (orange column, value 101)

Figure 4.3. Photo’s illustrating the RSD measurements during dry and wet conditions.

4.3 Remote Sensing for Use in Control Measurements

Control measurements can both aim at creating a broad data base for all types
of vehicles or be more specifically targeted at specific vehicles and specific
violations of applicable law. In this project, we develop control methods to
counter manipulation of SCR-systems on Heavy-duty trucks.

The project takes outset in the similar project from 2017/2018 in Denmark, as
well as in a project from Spain, where the local authorities used RSDs to reveal
manipulation with the SCR-systems on Heavy-duty trucks. The experience
gained from these projects will therefore form a basis for our assessment of
the suitability of the RSDs for use in such control measurements.

For the selection of measurement sites in Denmark, it was important to find
measurement sites that meet the criteria described above. Based on a scanning
of various options, it was decided to select the border crossing at Padborg,
and the toll station on the Great Belt Bridge as the two measurement sites. In
both cases, it was necessary to choose a RSD system that was flexible and mo-
bile, as we could not expect to perform the measurements in the same way
day after day. This was due to several factors:

- InPadborg, a large number of trucks crosses the border every day. In gen-
eral, drivers are highly aware of interferences on the roadway, and any
interference may cause changes in driving pattern. During the practical
measurements, it became evident that the presence of many employees
near the roadway, and clearly erected cameras etc., made the drivers slow
down and avoid accelerations. As described above, this is inappropriate
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in relation to obtaining the desired measurement results, and it was there-
fore important with mobile equipment and ability to experiment with dif-
ferent setups.

- Inaddition to the fact that the drivers are paying attention to the roadway,
the police are aware that many truck drivers communicate in various
ways about police controls. In the Spanish project, there was a correlation
between the number of measured vehicles with elevated NO values and
the number of hours the measurements were going on. The longer the
time with measurements, the fewer violations were found. It is thus de-
sirable that you can change your RSD measuring strategy relatively
quickly. In Padborg, it was evident that the truck drivers became aware
of the camera taking pictures of the license plates. The driving pattern
changed, and only when the camera was hidden behind a car, the drivers
returned to the original driving pattern.

- Atthe Great Belt Bridge, there are 10 different lanes through the payment
facility, and different types of vehicles are passing in the various lanes.
Furthermore, not all lanes are available continuously, as lanes are opened
and closed depending on the traffic activity on the bridge. During weeks
when we performed measurements, there was furthermore an ongoing
renovation of lanes. This meant that we had to move the equipment con-
tinuously, in order to measure the desired trucks. Often the changes were
advised at 10 minutes notice, and it was crucial that we were able to take
down equipment quickly and quickly setup in a new lane.

In relation to performing control measurements on trucks, it is our assessment
that mobility is the most important parameter for the choice of equipment. In
this regard, there is no doubt that OPUS RSD has a clear advantage over the
EDAR RSD. Of course, we make the reservation that control measurements
can have many different purposes, and it cannot be excluded that the EDAR
RSD will be more appropriate in other contexts.

4.4 Physical requirements for the system setup

As described above, it is crucial to select an optimal measurement sites to ob-
tain the optimal results. The criteria for selecting locations provide a limited
number of possible geographical locations. The physical requirements for the
measuring equipment thus play an important role in the execution of the
measurements themselves.

Based on previous experience with vehicle measurements in Denmark and
abroad, there will often be a limited space to operate when performing the
desired measurements. Whether measured by approach roads in the cities, at
traffic hubs within the cities themselves, or at traffic junctions at highways
such as the border crossing in Padborg or at the toll station at the Great Belt
Bridge, the opportunity to place the equipment is limited by the physical con-
ditions of the metrics such as general access conditions, the consideration of
other drivers, or the consideration of other operators in the area such as, for
example, the customs authorities at the border crossing or the staff at the pay-
ment facility on the Great Belt Bridge.

Therefore, it is important for the selection of equipment to make sure that it
fits the purpose. In relation to the performance of control measurements
throughout Denmark, it is not immediately possible to accurately describe the



Measuring site with Danish customs authorities working at

the same time

measurement locations in advance, and therefore, it is not possible to set spe-
cific requirements for the physical equipment of the measuring equipment.
However, one can optimize the selection of sites by having an equipment that
fits into most purposes and sites, and with the current setup this currently
applies to the OPUS RSD.

Narrow access conditions at Great Belt bridge

Figure 4.4. Photo’s from the measurement sites at the Danish — German boarder and at the Great Belt Bridge.

Regarding measurements at fixed measurement sites, the EDAR RSD may
serve most useful, as it has less requirements with respect to calibration and
control of devices during the actual measurement period. However, we have
until now not found impartial descriptions of how valid the measurements
are when using such a setup. In this context, it will be interesting to examine
ongoing experiments in Belgium, where the Belgian authorities are using such
a system to control emissions from heavy-duty trucks.

Both manufacturers are, of course, aware of the above limitations in their de-
vices and therefore, according to their presentations of the devices at a con-
ference in Brussels in November 2019 on the use of remote sensing, both are
currently improving the devices to make them more useful for authorities that
wish to use remote sensing as a method to measure vehicle emissions.
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5 Experimental set-up using road-side re-
mote sensing

Thomas Ellermann, Ole Hertel and Jacob Kleng Ngjgaard

Remote Sensing Devices (RSD) are in this context specially designed emission
analyzers that are placed along the roadside and that are capable of measuring
individual vehicle exhaust emissions as the vehicles are passing the remote
sensing devices (Figure 5.1). The remote sensing devises take a “snap shot” of
the emissions from the exhaust tailpipe during less than a second. They can
therefore be used to carry out measurements of emissions close to normal
driving conditions.

5.1 Introduction

The remote sensing devise (AccuScan™ RSD 4600) was delivered from the
Spanish company OPUS RSE. It is the same type of instrument that were used
during the previous project on malfunctioning of SCR on heavy-duty trucks
in Denmark. The remote sensing devises consist of a source and detector mod-
ule and a mirror (Lateral Transfer Mirror). The source and detector module
sends two parallel light beams of infrared (IR) and ultra violet (UV) light
across to the other side of the road where the light beams hit the mirror and
is send back to the detector in the source and detector module. The light
beams are adjusted in such a way that they approximately are in the height of
the tailpipes. This is done to ensure that the light beams traverses the center
of the vehicles exhaust plume (for heavy-duty trucks with exhaust tailpipe
above the roof of the drivers cap this will of course not be the case). The IR
and UV light is absorbed by the gasses in the exhaust plume and by detection
of the magnitude of the absorbance it is possible to determine the ratio be-
tween various gasses and carbon dioxide (CO,). From these ratios, the emis-
sions of the gasses per kg fuel can be determined (see next chapter). The RSD
4600 can be used to determine the emissions of carbon monoxide (CO), hy-
drocarbons (HC), nitrogen monoxide (NO) and Particulate Matter (PM). In
this study, where the focus is on determining malfunctioning of the SCR, fo-
cus is on measurements of NO and PM.

Speed bars were applied alongside the remote sensing devices in order to
measure the velocity and acceleration of the heavy-duty trucks simultane-
ously with the emission measurements. The local meteorology (temperature,
wind speed, wind direction, pressure and humidity) was measured on site
with a weather station. All this data is used in connection with the interpreta-
tion and validation of the results. Especially humidity is important since the
water vapour interfere with the concentration measurements. The remote
sensing devices can therefore not be used during rain and snow. Moreover,
the remote sensing devices cannot be operated at too low temperatures.

A camera (one for each remote sensing device) was used to take pictures of
the heavy-duty trucks simultaneously with passage of the remote sensing de-
vices. The cameras are placed in front of the remote sensing devices in order
to take pictures from the front of the heavy-duty trucks.



A sophisticated software ensures correct connection of all measurements
(emissions, sped, meteorology) with the picture and number plate infor-
mation for the heavy-duty trucks. The software presents near real time results
together with the pictures of heavy-duty trucks (Figure 5.1).

In the beginning of the campaigns the Spanish team operated the remote sens-
ing devises, speed measurements and meteorology while NEQ operated the
equipment during the late stages of the measurement campaigns. The remote
sensing devises were calibrated regularly with certified calibration gasses in
order to ensure accurate measurements (Figure 5.3). The Spanish team took
care of the data handling and was responsible for the subsequent validation
and quality control of the results. Subsequently NEQ and DCE received data
for all validated measurements of exhaust from heavy-duty trucks and carried
out the final quality control and evaluation of the results from the many meas-
urements.
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Figure 5.1. The setup for the remote sensing measurements with parallel measurements
using RSD 4600 and RSD 5000 operated in the 2017 and 2018 campaigns. The meas-
ured heavy-duty trucks passes between the source and detector units and the mirror units.
As can been seen there are about 1.5 m between the two instruments and the instruments
are therefore not measuring on the exact same exhaust from the heavy-duty truck. Two
cameras, one for each instrument, are placed about 10 m further up the road in order to
take pictures of the heavy-duty trucks from the front. There are also two set of speed bars,
one for each instrument, that measures velocity and acceleration as close as possible to
the emission measurements. The computers controlling and storing the measurement re-
sults are placed in the white van. Note that this picture was taken under the previous cam-
paigns in Kage where two instruments were used in parallel and only the RSD 4600 was
used during the measurement campaigns carried out during this project.
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Figure 5.2. An example of the PC screen that shows the near real time results from the
measurements. The large picture shows the vehicle that just has been measured while the
smaller picture shows the four previous measured vehicles. The screen shows the meas-
ured concentrations, the ratios between the compounds and CO,, speed - and meteoro-
logical data.

Figure 5.3. Calibration of the remote sensing devices using reference gasses.
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5.2 Measurements principle

Two automatic measurements are carried out with the instrument. The first is
a measurement of the background concentrations. This measurement is car-
ried out just before the vehicle passes the measurement instrument. The sec-
ond measurement is carried out immediately after the passage of the meas-
urements instruments and measures a “snap shot” of the concentrations in the
exhaust plume. The difference between the two measurements give the con-
centration of the compounds inside the exhaust plume.

In some cases the calculated results are negative. There are two reasons for
this:

e At very low emissions the uncertainty of the measurements might be so
high that the subtraction of the two measurement ends up with a negative
result simply due to the random uncertainty of the measurements.

¢ Inthe situation where there is short distance between the measured vehicle
and other vehicles there might be “contamination” of the background
measurements from the other vehicles. If the emissions from the other ve-
hicles are high (for example an old heavy-duty truck) then the background
concentration erroneously become higher than the exhaust emissions and
the final results can be negative emissions from the measured vehicle. Dur-
ing the measurement campaigns a number of negative emissions were
measured that clearly can be explained in this way. To an example, at the
Great Belt Bridge the traffic can be quite dense and a number of vehicles
can que up for the payment making it difficult to avoid contamination in
such situations.

The basic measurements are absorption measurements for NO, CO,, CO and
HC (hydrocarbons) and opacity measurements for PM. These measurements
give the instant concentrations of the compound in the more or less diluted
exhaust plume. The dilution occurs due to the wind in the area and due to the
turbulence in the wake behind the moving vehicle. In order to get information
on the actual emissions it is necessary to take this dilution in to account i.e. to
calculate back from the diluted concentrations to the actual concentrations in
the undiluted exhaust.

The method for correction for the dilution of the exhaust plume is based on
the ratios between the compounds. The basic idea is that all compounds in the
exhaust are diluted in the same way and to the same extend. The ratio be-
tween NO and the carbon containing products from the combustion of the
fuel can therefore be used to calculate back from the concentration of NO in
the plume to the amount of emitted NO per unit fuel combusted.

If we for a moment assume that a perfect combustion has taken place, then all
the fuel has been converted to CO,. The ratio of NO and CO; can therefore
easily be used to calculate back to the amount of emitted NO per kg fuel:

NO (ppm)/CO: (%) = X

NO (g/kg fuel) = x- (0.0001- 30)/(14/1000)

Where 30 is the molar weight of NO and 14 is the molar weight of CH,. The
assumption of a ratio of one C to two H atoms is commonly used for standard
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fuel (diesel and petrol). This assumption is widely used by scientist working
with remote sensing measurements.

In praxis, the combustion of fuel is not complete and therefore minor fractions
of CO and unburnt hydrocarbons (HC) are emitted together with CO,. The
ratios of CO/CO; and HC/CO:; are also determined by the remote sensing
instrument. The software used for the subsequent handling of the data has
equations implemented that automatically carries out the conversion of the
ratio of NO/CO; to the emissions of NO in g/kg fuel used. These equations
take also the formation of CO and hydrocarbons into account by used of the
above mentioned ratios.

The calculation of PM follows the same principles.

Throughout the report we have mainly given the emissions of NO in equiva-
lents of NO,. This is because all emission inventories by convention report
emissions of nitrogen oxides in equivalents of NO,. The conversion from NO
(g/kg fuel) to equivalents of NO- is carried out by multiplication with 1.53 (46
g NO,/mole divided by 30 g NO/mole).



6 Controlled tests of malfunctions of SCR-
systems and particle filters

Thomas Ellermann, Ole Hertel, Jacob Kleng Ngjgaard, Christian Rud Ingvardsen and
Jesper Risager Nielsen

6.1 Aim of tests

One of the major tasks in the project was to carry out a series of tests of RSD
measurements within a closed area. Emission measurements from at least
four heavy-duty trucks should be measured under controlled conditions. The
overall aims of this part were to:

e Characterize NO emissions from vehicles with SCR-systems deliberately
switched off using manipulation devices.

e Characterize PM emissions from vehicles with dismantled particle filter.

e Characterize other parameters and their effects on emissions.

The reason for testing PM emission with dismantled particle filter is that the
particle filter normally needs to be removed when the SCR-system is manip-
ulated.

Other parameters that should be tested included:
o engine temperature
o weather
o speed
o acceleration

o the presence of a trailer

The main outcome of the investigations in the closed areas was to establish
threshold concentrations of pollutants. The intension was to apply these at a
later stage to discriminate between normal functioning SCR-systems and mal-
functioning SCR-systems for roadside inspections.

Moreover, characterization of nitrogen monoxide (NO) from malfunctioning
SCR-systems is applied to evaluate emissions and how these affect pollution
levels and associated health effects in Denmark (chapter 9).

In addition, a number of minor practical trials and tests are conducted in the
closed areas and serve as input to establish a method for routine control of
manipulations with SCR-systems (chapter 10).

6.2 Description of the test

Euro V (n=3) and Euro VI (n=3) heavy-duty trucks were tested in close coop-
eration with Mercedes, Scania and Volvo from 17.09.2019 — 23.09.2019. Closed
areas including vehicles, technical experts and drivers were kindly provided
by the companies. Moreover, they allowed us to switch off the SCR-systems
and remove the particle filters whenever needed. In addition, TIW Freight
provided a heavy-duty truck and a trailer at their facility in Karlslunde.
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6.2.1 Selection of test areas

Choices of closed areas for testing were based on practical considerations.
Originally, the plan was to use the facilities at T)W Freight in Karlslunde since
this area had a sufficiently long road with a slight slope that would fulfill re-
quirements for the measurements. Furthermore, warming up of the engines
could be achieved after 15 minutes’ drive on a highway nearby. The only
drawback was that the manipulated and hence illegal heavy-duty trucks
should drive on public road, and it was not possible to get a dispensation for
this.

The solution was therefore to use the facilities at Mercedes, Scania and Volvo,
which were quite large, and it was feasible to make a sufficiently long route
to ensure sufficient speed and acceleration at the measurement point. Moreo-
ver, particle filters could be dismantled in workshops within the facilities.

6.2.2 Speed and acceleration

The RSD is recommended to measure at speeds between 30 and 60 km/hr
while accelerating, which may be difficult to achieve in some closed areas.
Therefore, tests were performed to evaluate how sensitive the measurements
are to speed and acceleration. Different choices of speed, acceleration and
lengths of test route were investigated. This information is also needed for the
quality control of the measurements.

6.2.3 Influence of weather conditions

The weather conditions may impact the measurements, for which reason tests
were performed on different weekdays during the weeks starting with 16t
and 23rd September 2019 (weeks 38 and 39). However, it is important to em-
phasize that this particular parameter is inherently difficult to control, and
therefore measurements over longer periods of time are needed to character-
ize the influence of weather conditions.

Rain has been found to disturb the measurements, which relies on the trans-
mission of different wave lengths through the exhaust plumes of the vehicles
being measured. That is, the intensity of the light at particular wave lengths
determined by absorption from pollutants in ambient air is used to calculate
concentrations of e.g. NO. Liquid water droplets in the air may reflect light at
these wave lengths and thus disturb the measurements. During the actual
testing phase, we did not experience rain. On the contrary, conditions of un-
stable weather and rain influenced the measurements campaigns at Padborg
and Great Belt Bridge resulting in invalid data.

6.2.4 Active or inactive SCR, warm and cold engine

A well-functioning SCR-system on a heavy-duty truck adds the agent AdBlue
to the exhaust, which removes most of the NOx gas in a chemical process in
the catalyst. A sufficiently high temperature of the SCR-system is required
(over 200 °C). No AdBlue is added below working temperature and thus the
SCR-system does not work properly, according to the technicians at Scania,
Volvo and Mercedes who assisted us during the tests. This state is termed
inactive SCR throughout this report.

We could not verify when the individual truck's control systems activated this
supply during the tests and therefore it was necessary to monitor the vehicles



own data to ensure that the SCR was active and injected AdBlue. In practice,
this was achieved by manually driving the vehicle during the various tests
with a passenger next to the driver. The passenger monitored the diagnostic
output to assure whether the SCR-system was active or inactive and whether
AdBIlue was supplied.

To achieve a temperature at which AdBlue was supplied, it was necessary to
warm up the engine by driving for 15 minutes outside the closed area. Tests
showed that it was possible to achieve a SCR-system temperature at which
AdBIlue was injected with and without a trailer attached to the vehicle. How-
ever, it was difficult to maintain a high SCR-system temperature for a long
time when driving inside the closed area. This is an important observation
also regarding the roadside inspections (Chapter 8). Furthermore, Ake Sjédin
(IVL Swedish Environmental Research Institute, Gothenburg) made a similar
observation for busses that went from a driving pattern on authentic road to
a closed area (Ake Sjodin, personal communication).

6.2.5 Manipulation of SCR and particle filter

Various types of equipment were purchased to manipulate the SCR-system
on the tested heavy-duty trucks. A number of websites within EU and outside
the European marked sell so-called emulators. In several cases, the websites
actually point out that tampering with SCR-systems could be illegal in indi-
vidual countries. Apparently, this did not prevent customers from purchasing
the equipment. The websites put emphasis on the applicability of the emula-
tors: whether a particular emulator fits Euro V and Euro VI engines, or if it
can be mounted on any given Euro norm. In this project, Scania, Volvo and
Mercedes provided heavy-duty trucks for testing. We purchased different
types of equipment, from the simplest versions to more advanced products
previously applied by the Danish Technological Institute. Emulator prices
ranged from about 100 Euro to 800 Euro - all came with mounting instruc-
tions.

In the beginning of the test process, only the simple versions were available,
and they only fitted Euro V engines contrary to the information at the web-
sites. At the same time, the staff at Scania, Volvo and Mercedes were con-
cerned whether the emulators could irreversibly affect the control systems
making it difficult to revert to factory settings.

After having consulted the technicians at Scania, Volvo and Mercedes, Martin
Kristensen from the Danish Police and Sune Elkjer from Christonik, who is
an expert in engine management control and diagnostics on vehicles, we de-
cided not to install the emulators, but rather uninstall a fuse in the SCR-sys-
tem. Removing the fuse should produce the same result as an installed emu-
lator, which is to prevent addition of AdBlue. Inspections of trucks in collab-
oration with the police partly confirmed this theory, though it is not possible
on the basis of the tests performed to exclude the possibility that other
changes may have occurred. There is a very rapid development in this field
and a mapping of the manipulation equipment itself would require a more
thorough examination, which is beyond the scope of this project.

It has been assumed that manipulating the SCR-system on Euro VI heavy-
duty trucks required dismantling of the particle filter. Since all Euro VI en-
gines are equipped with a particle filter, there is also a need for regeneration
to ensure that the filter does not clog. By installing emulators that prevent
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addition of AdBlue, the regeneration of the filter is thus cancelled for which
reason it will be necessary to remove the entire particle filter to avoid clog-
ging. However, during the course of the project, we became aware that there
are now methods, which manipulates the truck's software itself. This method
is not well described and neither the Danish experts, which we consulted, nor
the Danish Police have in-depth knowledge in the area. It is therefore im-
portant to emphasize that more knowledge is needed in this area before we
can comment on the need to remove the particle filter. However, there will
always be a higher emission of NOx gases when the supply of AdBlue stops.

We tested Euro VI heavy-duty trucks with dismantled particle filter to verify
if remote sensing could detect this. Removal of a particle filter is not trivial,
and was performed by the staff at the workshops within the closed areas.

The final tests concerned vehicles with emulators installed and dismantled
particulate filters. In practice, it is not possible to have a functioning SCR-sys-
tem and a disassembled particle filter at the same time, since the disassembly
itself requires deactivation of the SCR-system. Otherwise the system will send
an error message to the control system, and consequently the truck will not
be able to run in normal mode. Measurements with dismantled particulate
filter/active SCR-system, and dismantled patrticle filter/inactive SCR-system
were therefore merged in the test.

6.2.6 With or without trailer

In order to validate the measurement equipment, it was tested whether the
presence of a trailer influenced the results.

A trailer may impact the measurements in two ways. First, the presence of a
trailer may physically disturb the light beam from the instrument to pass
through the exhaust plume. Some trailer designs allow the light beam to re-
turn immediately after the exhaust pipe, while other trailers are designed in a
way, that the measurements take place at some distance to the exhaust pipe.
Second, the presence of a trailer may simply increase the engine load and con-
sequently increase the engine temperature faster than without a trailer at-
tached. In order to evaluate this, measurements with active SCR-system ver-
sus inactive and SCR-system switched off were performed with and without
trailer.

2

Figure 6.1. Photo and results from test of Euro VI heavy-duty trucks with and without trailer. Emissions of NO were low in both
measurements, but about twice as high with trailer than without trailer.
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6.2.7 Recording test conditions

All information from the tests were recorded in a scheme, which could be ac-
cessed by the NEQ's technicians on their smartphones. The scheme included
information about VDF number (a unique identification code of an observa-
tion), Euro norm, measured NOx concentration corresponding to the one dis-
played on the instrument display, time of measurement etc. After completing
the scheduled tests, all data was reviewed to check for consistency between
images, measurements etc.

6.3 Results of the tests in closed areas

During a period from 18.09.2019 — 24.09.2019, 242 test measurements were
performed in the closed areas of Mercedes, Scania and Volvo. The majority of
the tests involved Euro VI heavy-duty trucks (n= 216), while only 26 tests in-
volved Euro V. A number of initiatives were taken to provide measurements
on Euro V heavy-duty trucks with correctly functioning SCR-systems. Despite
all efforts, the measurements revealed that none of the Euro V heavy-duty
trucks featured correctly functioning SCR-systems. This explains the few tests
involving Euro V and consequently differences between active and manipu-
lated SCR-system on Euro V heavy-duty trucks.

Tables 6.1 and 6.2 summarize the test results divided into three categories:
e SCR active. AdBlue is supplied to the exhaust, which requires that the

temperature of the SCR-system has reached working conditions.

e SCR inactive. AdBlue is not supplied to the SCR-system, which implies
that the temperature of the inactive catalyst is insufficient.

e SCR switched off. The heavy-duty truck is deliberately manipulated and
consequently the SCR-system is not working.

Table 6.1. Average emissions of NO and PM for different test of Euro VI heavy-duty trucks. The variation is calculated as the
standard deviation of replicate measurements, which indicate the span of the results.

Status of SCR Trailer Particle filter Number of NO PM
tests gNO2/kg fuel gPM/kg fuel

Active Yes Yes 37 0.59 0.82 1.0 1.6
Active No Yes 15 1.2 1.0 1.1 1.6
Active Yes/No Yes 52 0.76 1.4 1.1 15
Inactive Yes Yes 9 11.8 21 1.0 1.2
Inactive No Yes 45 26.3 71 1.4 1.5
Inactive Yes/No Yes 54 23.8 7.5 1.3 1.5
Switched of Yes Yes/No 59 18.5 71 1.1 1.4
Switched of No Yes/No 44 18.0 4.3 0.63 0.43
Switched of Yes/No Yes/No 103 18.3 6.1 0.91 1.1
Switched of Yes/No Yes 69 15.9 4.6 0.87 1.2
Switched of Yes/No No 34 24.2 7.8 0.97 0.77
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Table 6.2. Average emissions of NO and PM for different tests of Euro V heavy-duty trucks. The variation is calculated as the
standard deviation of replicate measurements, which indicate the span of the results.

Status of SCR Trailer Particle filter = Number of NO PM

tests gNO2/kg fuel gPM/kg fuel
Inactive Yes No 18 36 8.5 1.2 1.1
Inactive No No 7 23 41 0.67 0.12
Inactive Yes/No NO 25 32 9.6 1.1 0.98
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In the following, the parameters which influence the test results are discussed.

6.3.1 Speed, acceleration and length of test road in the closed areas

Varying speed and acceleration of the heavy-duty trucks were tested in the
closed areas. Figure 6.2 shows measured NO emission for three different cat-
egories of the SCR-system as function of speed. No correlation is observed
between emissions of NO and speed in the range 5 - 45 km/hr for any state of
the SCR-system. Similarly, Figure 6.3 shows measured NO emission as func-
tion of acceleration. Again, there is no significant correlation between emis-
sions of NO and acceleration.
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Figure 6.2. Emissions of NO from heavy-duty Euro VI trucks with active SCR, inactive
SCR and SCR-system switched off as function of speed. Emissions are calculated as NO-
equivalents (g NO/kg fuel).
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Figure 6.3. Emissions of NO from heavy-duty Euro VI trucks with active SCR, inactive
SCR and SCR-system switched off as function of acceleration. Emissions are calculated
as NO; equivalents (gNO./kg fuel).

The tests show that measurements of NO are quite robust and apparently in-
dependent of speed and acceleration for the studied velocity and acceleration
ranges. Other test parameters (i.e. supply of AdBlue or engine temperature)
are probably more important and the variation in these determine the plots in
Figures 6.2 and 6.3. However, the findings obtained in the closed areas are not
necessarily identical to the observations on authentic roads, where parameters
cannot be controlled as in closed areas.

During the tests, different lengths of test roads were evaluated (appendix for
chapter 6). Findings showed that only relatively short lengths of test road
were needed to achieve acceptable results, and furthermore speeds down to
20 km/hr were sufficient. These findings are supported by the results pre-
sented in Figure 6.2. Moreover, at the preliminary tests in Karlslunde
(17.09.2019), it was determined that the test road had to be sufficiently long to
ensure that a heavy-duty truck including trailer is able to pass the measure-
ments equipment at a minimum velocity of 20 km/hr prior to braking or turn-

ing.

6.3.2 Impact from alternating weather conditions

It is generally believed that weather conditions do not significant impact
measurements, except for rainy conditions which makes measurements im-
possible due to scattering of the light beams from the instrument.

Part of the objective was to verify whether or not weather conditions impact
the measurement results. Due to practical issues, it was necessary to perform
the tests at the Mercedes, Scania and Volvo facilities, where each brand should
be tested separately. Due to these constraints, it was only possible to test the
Scania truck on two different days (18.09.2019 and 23.09.2019). The weather
was very similar on the two days showing differences in temperature and
wind speed of only 2°C and 1 m/s, respectively (https.//www.dmi.dk/-
vejrarkiv/). These small differences made it impossible to test the influence of
weather conditions on the results.

71



72

6.3.3 Impact of status of the SCR-system

Figure 6.4 shows the average results of measured emissions of NO from Euro
VI heavy-duty trucks divided into three different categories of SCR-systems
(Active, inactive, switched off). In addition, the results are subdivided accord-
ing to trailer on/trailer off. This might be important since a heavy-duty truck
with a trailer is more likely to have a warm engine and SCR-system.

Average NO emissions equaled 0.8 g NO./kg fuel for active SCR, 24 g
NO./kg fuel for inactive SCR and 18 g NO»/kg fuel for active when SCR is
switched off (Table 7.1). Thus, NO concentrations differ by a factor of 20
between a wellfunctioning SCR and an SCR that does not work. The
difference between an inactive SCR and an active, but switched of SCR is not
systematic apparent from the variation in Table 6.1.

For active and inactive SCR-systems, lower emissions are observed with
trailer than without trailer. This might simply be because the engines has to
work harder with load than without load. As a consequence the engines are
warmer with trailer than without trailer and the warmer the engines the
higher chance for a an active SCR. In the case where the SCR deliberately has
been switched off, there is no difference between the results with and without
trailer. In this case, the temperature of the engine has no influence on the
activity of the SCR and therefore the results do not depend on trailer or no
trailer.
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Figure 6.4. Average emissions of NO from heavy-duty Euro VI trucks with active SCR, in-
active SCR and SCR-system switched off. The results are subdivided into measurements
with and without trailer. The emissions are calculated as NO; equivalents (g NO./kg fuel).

Figure 6.5 shows the distribution of measured NO emissions ranked accord-
ing to increasing emissions. All emissions from active SCR-systems are much
lower than emissions from inactive SCR and SCR-systems switched off. The
lowest emissions with inactive SCR and SCR switched off are around 7 g
NO./kg fuel, which corresponds to around 460 ppm NO, which is clearly
higher than the highest emissions measured with active SCR. These findings
suggest a threshold concentration, at which the SCR-system is probably mal-
functioning, at around 7 g NOx/kg fuel (330 ppm NO). However, the results
clearly show that high NO emissions could just as well be ascribed to an inac-
tive SCR, e.g. arising from a cold engine.
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Figure 6.5. Distribution of NO emissions from heavy-duty Euro VI trucks with active SCR, in-
active SCR and SCR-system switched off. Results are ranked according to increasing emis-
sions. The x-axis represents the percentage of results with an emission lower than the NO
emission at a given point. The emissions are calculated as NO, equivalents (g NO2/kg fuel).

Average NO emissions from tested Euro V heavy-duty trucks with inactive
SCR are 32 g NOy/kg fuel (Table 6.2). This is 35% higher than for Euro VI
measured under similar conditions and about a factor of two higher than for
Euro VI with SCR switched off. Unfortunately it was not possible to test a
Euro V with wellfunctioning SCR and it has therefore not been possible to
make a comparison between Euro V and Euro VI with SCR-system switched
off.

The distribution of NO emissions for Euro V heavy-duty trucks with inactive
SCR are shown in Figure 6.6. The highest emissions are only slightly higher
than the emissions from the Euro VI with inactive SCR but the lowest
emissions are about at factor 3 higher than for the Euro VI. This may be
explained by the fact that Euro VI are generally better than Euro V engines.
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Figure 6.6. Distribution of NO emissions from heavy-duty Euro V trucks with inactive
SCR-system. Results are ranked according to increasing NO emissions. The x-axis repre-
sents the percentage of results with an emission lower than the NO emission at a given
point. The emissions are calculated as NO. equivalents (g NOx/kg fuel).

6.3.4 Impact of brand

The results indicate difference between the brands of Euro VI heavy-duty
trucks from Mercedes, Scania and Volvo. Figure 6.7 shows average NO emis-
sions for each brand for active SCR, inactive SCR and SCR-system switched
off. Clearly, brand 1 performs better than the other brands. Since we have only
tested one or two heavy-duty trucks from each brand it is not possible to con-
clude whether the difference is due to actual differences between the heavy-
duty trucks tested or whether one brand generally performs better than the
other.
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Figure 6.7. Average NO emissions from heavy-duty Euro VI trucks with active SCR, inac-
tive SCR and SCR-system switched off for three different brands. The emissions are cal-
culated as NO. equivalents (g NO2/kg fuel).

6.3.5 Impact of particle emissions

PM emissions were measured with remote sensing equipment simultane-
ously with NO. Figure 6.8 and 6.9 show the results from the exact same tests
as those used for NO measurements (Figure 6.5 and 6.6). Results are ranked
in the same order as for NO. The plots for PM show no clear trend. Evidently,
there is no correlation between high emissions of NO and PM. Moreover, PM
emissions are apparently not related to the functioning of the SCR-system,
except for cases where the particle filter has been removed (see paragraph be-
low). High PM emissions do therefore not indicate manipulation with the
SCR-system, though manipulation of the SCR-system could be one of the rea-
sons.
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Figure 6.8. Distribution of PM emissions from heavy-duty Euro VI trucks with active SCR,
inactive SCR and SCR-system switched off. Results are ranked according to increasing
NO emissions (Figure 6.5). The x-axis represents the percentage of results with emissions
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Figure 6.9. Distribution of PM emissions from heavy-duty Euro V trucks with inactive
SCR-system. Results are ranked according to increasing emissions of NO (Figure 6.6).
The x-axis represents the percentage of results with an emission lower than the PM emis-
sion at a given point.

In some tests, the objective was to measure the impact on PM emissions fol-
lowing a removal of the particle filter. This is because some manipulations of
the SCR-system involve the removal of the particle filter. In fact, detailed eval-
uations revealed an expected increase in PM emissions in cases where the par-
ticle filter was removed.

Figure 6.10 shows average PM emissions from Euro VI heavy-duty trucks
with SCR-system switched of, either with or without particle filter. For prac-
tical reasons, the tests were only performed with SCR-system switched off,
since it is the combined manipulation of the SCR-system and particle filter,
which is investigated. No change in particle emissions with or without parti-
cle filter was observed for brand 1. On the contrary, brand 2 and 3 nearly dou-
bled the PM emissions, when the particle filter was removed. In average for
all three brands, an increase in PM emissions was observed after removal of
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the particle filter. Again, itis not possible to assign these differences to specific
heavy-duty trucks or general differences between the brands.
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Figure 6.10. Average PM emissions from heavy-duty Euro VI trucks with active SCR, in-
active SCR and SCR-system switched off for brands 1, 2 and 3.

6.4 Conclusion

During weeks 38 and 39 in September 2019, a large number of test measure-
ments were performed in closed areas. Heavy-duty trucks that were deliber-
ately manipulated with respect to SCR-system function and particle filter
were tested against fully functional heavy-duty trucks.

A total of 216 tests were performed on Euro VI heavy-duty trucks with active
SCR, inactive SCR and SCR-system switched off, with and without particle
filter as well as with and without trailer. The tests were conducted under a
number of different conditions to test the impact of speed and acceleration. In
total, 4 Euro VI heavy-duty trucks from Mercedes, Scania and Volvo were
tested.

A total of 26 tests were performed on Euro V heavy-duty trucks, and as a con-
sequence only a small part of the test program could be realized. It turned out
that the tested Euro V heavy-duty trucks all experienced errors on the SCR-
system. Originally the plan was to test two Euro V heavy-duty trucks, but due
to the faulty SCR-systems, we managed to test six different Euro V heavy-
duty trucks. Unfortunately, all of them experienced errors on the SCR-system.
This was contrary to the owners believe that the vehicles functioned properly.

In the following, the main conclusions from the test are summarized:

e Average NO emissions equaled 0.8 g NO2/kg fuel for active SCR, 24 ¢
NO./kg fuel for inactive SCR and 18 g NO./kg fuel for active SCR-system
with the SCR switched off. Thus, NO emissions differ by a factor of 20
between wellfunctioning SCR and malfunctioning SCR-systems. The
difference between the malfunctioning SCR-systems is within the
uncertainty of the measurements.

¢ NO emissions from Euro V heavy-duty trucks featuring an inactive SCR-
system averaged 32 g NOy/kg fuel (Table 7.2). This is 35% higher than for
Euro VI measured under similar conditions and about a factor of 2 higher



than for Euro VI with the SCR-system switched off. Unfortunately it was
not possible to test Euro V with wellfunctioning SCR-system for which
reason it has not been possible to make a comparison between Euro V and
Euro VI with SCR switched off.

For Euro VI heavy-duty trucks, the present findings suggest a threshold
concentration, at which the SCR-system is probably malfunctioning, at
around 7 gNOy/kg fuel (330 ppm NO). However, the results clearly show
that a high NO emission could just as well be ascribed to an inactive SCR,
e.g arising from a cold engine.

For Euro V heavy-duty trucks, the tests results suggest a threshold concen-
tration, at which the SCR-system is probably malfunctioning, which is
higher than for Euro VI. This is based on the fact, that Euro V heavy-duty
trucks with inactive SCR in average has 2 times higher NO emissions com-
pared to the average for Euro VI heavy-duty trucks with SCR switched off.
The test themselves therefor point at a threshold of about 14 g NO,/kg fuel
(660 ppm NO).

The three different brands showed relatively large differences with respect
to emissions of NO and impact of NO following removal of the particle
filters. It is not known whether these differences can be ascribed to general
differences between the brands or whether it is due to differences between
the specific heavy-duty trucks under test.

Removal of the particle filter in connection with switching off the SCR-
system increased the PM emissions about a factor of 2 for two of the tested
brands, while the third brand was unaffected. The reason for this is not
known at the moment, and it may be ascribed to problems with a specific
heavy-duty truck under test.

A supplementary test of a Euro V heavy-duty trucks based on the onboard
diagnostic equipment showed low emissions of NO in the exhaust. More-
over, these tests showed that onboard diagnostic equipment may provide
interesting information that could be used for further projects on malfunc-
tioning SCR-systems on heavy-duty trucks.

The measurements of NO during the tests were very robust towards vari-
ations in speed and acceleration. This means higher flexibility with respect
to testing at closed areas and makes it possible to use shorter testing roads
as previously thought.

The weather conditions did not change significantly between the two days
of testing the same heavy-duty trucks for which reason it was not possible
to test to what extend weather conditions influenced the measurements.
However, it is clearly not possible to measure during rain since the drop-
lets scatter the light beam and thus influence the measurements.

A number of other practical test were carried out (for example test of the
requirements for calibrations) that enables us to make a more consolidated
suggestion for a routine control method to identify malfunctioning SCR-
system in heavy-duty trucks.
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7 Measurements at Padborg and at the
Great Belt

Jacob Kleng Ngjgaard, Ole Hertel, Thomas Ellermann, Christian Rud Ingvardsen and
Jesper Risager Nielsen

7.1 Objective of the measurement campaigns

The main purpose of the measurements at the test facilities was to develop a
procedure by which heavy-duty trucks with malfunctioning SCR-systems can
be identified in collaboration with the police. In this context, a malfunctioning
SCR-system can be manipulated deliberately or having technical errors. Dif-
ferent heavy-duty trucks brands, Euro norms, engine load etc. were measured
with well-functioning and malfunctioning SCR-systems as well as particle fil-
ters. The resulting data provided valuable insight about the range of NO emis-
sions from well-functioning and malfunctioning SCR-systems, particle filters
as well as other parameters that affect emissions. The Danish Police were rep-
resented during the initial tests (section 8.2) of the equipment and demon-
strated good understanding of the setup and measurement procedures on lo-
cation.

During the measurement campaigns at Padborg and the Great Belt Bridge, the
experience learned at the test facilities was applied to real locations at realistic
conditions, which provided measurements of sufficient quality from a total of
2,942 heavy-duty trucks and 3,306 passenger cars. The objective of these cam-
paigns was to estimate the fraction of heavy-duty trucks with a malfunction-
ing SCR-system. This estimate is subsequently extrapolated to the entire coun-
try in order to estimate the additional emission of NO from malfunctioning
SCR-systems on a national level and estimate the impact of this extra emission
on air pollution levels and associated health effects (Chapter 9).

PM and NO were measured simultaneously from heavy-duty trucks and pas-
senger cars. These measurements provided important new knowledge on the
present status of the Danish vehicle.

Figure 7.1. Example of the measurement setup in collaboration with Danish Police.
The camera is hidden in a tent behind the dark car.



7.2 Police inspection at Padborg and the Great Belt Bridges

Appendix for chapter 7 presents a detailed description of the measurement
campaigns including the applied activities and test. In the following, a brief
overview is extracted.

Padborg at the Danish-German border and the Easterly located toll-booth at
the Great Belt Bridge served as locations for vehicle measurements during the
weeks 39 - 43 2019. At these sites, up to 3,000 vehicles were registered daily
from 9.00 — 17.00. Either passenger cars or heavy-duty trucks were measured,
since it was not possible to measure both types of vehicles at the same time.

On campaign days were the police was present for manual inspection of
heavy-duty trucks based on NOx measurements, the objective was to select
vehicles based on exceedance of a threshold NOx concentration and identifi-
cation of the cause. The focus was to establish a method for detecting heavy-
duty trucks with malfunctioning SCR-systems in close cooperation with the
police. Except for two days, the focus was on heavy-duty trucks, only, based
on the instrument setup applied during the measurements at the test facilities
(see Chapter 7). The instrument operator and the police, who identified the
Euro norm of the vehicle in question, communicated by radio or telephone,
since automatic identification of vehicles turned out to be inefficient. Based
on experiences from a previous project, we expected a majority of foreign ve-
hicles among vehicles with abnormal NO emissions, which indicates a mal-
functioning SCR-system. This was confirmed in the present project. By far, the
majority of vehicles passing were Euro V and VI, for which a general thresh-
old concentration of 1,000 ppm NO was applied. A threshold of 800 ppm was
applied for a limited period of time, only, since no malfunctioning SCR-sys-
tems were detected using this threshold.

Heavy-duty trucks were inspected from 24.09.2019 - 26.09.2019 and 09.10.2019
- 10.10.2019 at Padborg. The procedure was changed from visible inspection
by the police from 24.09.2019 - 26.09.2019 to non-visible inspection from
26.09.2019. The motivation was that visible inspection could induce anxiety
among the chauffeurs, which consequently could change their driving pat-
tern.

Malfunctioning equipment affected the number of registered vehicles, which
resulted in missing data records, and exchange of equipment at Padborg
24.09.2019 - 25.09.2019. Different camera setups were tested to see if one setup
could be applied to both passenger cars and heavy-duty trucks. However, this
was not possible for which reason the two types of vehicles were tested on
different days. On 26.09.19 the camera was hidden behind a passenger car,
which caused the heavy-duty trucks to accelerate faster with a more natural
driving pattern. Another test at the facilities in Ishgj was performed on the
equipment hereafter, involving the police, NEQ and RSE. Calibrations were
improved and the equipment worked as expected. Measurements and in-
spections continued from 09.10.2019, only with the modification that the cam-
era was hidden in a tent, and vehicles selected for inspection were confronted
somewhat after the measurement site.

Heavy-duty trucks were inspected from 01.10.2019 - 03.10.2019 at the Great
Belt Bridge using a threshold of 1,000 ppm NO. The first day, instruments
were setup in Brobizz lanes 2 and 3, while the police was located at the other
side of the bridge to handle vehicles selected for manual inspection. Instru-
mentation was moved to lanes 6-9 on 01.10.2019, where foreign heavy-duty
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trucks were primarily passing through. However, the time spend waiting in
line for the payment facility in these lanes could have cooled the SCR-systems
resulting in high emissions of NO while the SCR-system is intact.

o ol ; s
Figure 7.3. Great Belt Bridge, lane 2. Camera position (left) and data acquisition on-site (right)

7.3 Measurement campaigns at Padborg and the Great Belt
Bridge

On the remaining campaign days without police inspection, the objective was
to measure as many vehicles as possible. The setup of instrumentation was
modified from the one with police inspection, but still visible to the vehicles.
Two days were spent in Padborg with focus on heavy-duty trucks from
22.10.2019 - 23.10.2019. The setup was modified from the previous setup by
the fact that the camera was hidden in a tent.
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At the Great Belt Bridge, measurements on passenger cars were conducted on
04.10.2019 and 07.10.2019. License plates were manually identified and vehi-
cle specifications subsequently obtained from registries. Description of activ-
ities and results from police roadside inspections.

Part of the heavy-duty trucks measured at Padborg and the Great Belt Bridge
on 24.09.2019 - 26.09.2019, 02.10.2019 - 03.10.2019 and 10.10.2019 were visually
inspected by the police. A total of 46 Euro V and Euro VI trucks were in-
spected. Heavy-duty trucks of foreign nationality with ambient NO measure-
ments exceeding 800 ppm were mainly selected for inspection. Most measure-
ments from 24.09.2019 — 26.09.2019 were not properly recorded, implying that
the actual NO emission is not known. However, it is known that the concen-
tration equalled or exceeded 800 ppm part of 24.09.2019), while being equal
to or higher than 1,000 ppm during the remaining period.

Based on the measurement campaigns and testing at the test facilities, a rela-
tionship between NO emissions in NO; equivalents (g NOx/kg fuel con-
sumed) could be derived. From the DCE emission factors of NO in the same
unit (Table 8.2), threshold ambient concentration in ppm were calculated for
Euro 1V (19 g NO./kg, 855 ppm), Euro V (17 g NOy/kg, 765 ppm) and Euro
VI (1.2g NO2/kg, 54 ppm).

On the remaining days, two Euro IV heavy-duty trucks exceeding the emis-
sion factor used by DCE in official reporting up to 1.5 times, were found to
have a well-functioning SCR-system. For Euro V, 3 heavy-duty trucks ex-
ceeded the DCE emissions factor 1.6 — 2.0 times, yet the SCR-systems were ok.
Ten Euro V heavy-duty trucks exceeding the DCE emission factor 1.3 — 2.5
times, were found to have malfunctioning SCR. Finally, 4 Euro VI heavy-duty
trucks exceeding the DCE emission factor 2.3 — 35.1 times did all have a well-
functioning SCR-system. One parameter which is crucial for the operation of
the SCR-system is the temperature. Thus, one possible explanation for latter
finding could be cold SCR-systems due to insufficient warm-up time, e.g.
from resting or fuelling the vehicle immediately prior to the measurements.

The difference in NO emission factors for Euro V and Euro VI heavy-duty
trucks, and different NO emissions for malfunctioning SCR-systems for the
two Euro norms, suggest that different criteria for police control of heavy-
duty trucks should be applied. Based on the inspection reports from the po-
lice, a relationship between ambient NO concentration in ppm and fraction of
well-functioning and malfunctioning SCR-system can be derived for Euro V.
Use of 1,000 ppm NO as a criterion for police control of Euro V, resulted in 23
malfunctioning SCR-systems out of 30 vehicles. That is, malfunctioning SCR-
systems were identified in 77% of the police controls by application of a
threshold concentration of 1,000 ppm. In the same way, 23% of the inspected
SCR-systems were neither manipulated nor showed sign of technical errors.
By use of a threshold concentration of 800 ppm, 4 Euro VI heavy-duty trucks
were selected for police control, though no malfunctioning SCR-systems were
identified. Conversely, 3 Euro VI heavy-duty trucks showed malfunctioning
SCR-system by use of a threshold concentration of 1,000 ppm. Moreover, one
Euro VI was inspected by the police with an emission of NO on 147 ppm. This
Euro VI was selected based on a high PM emission - not from exceeding a NO
threshold concentration - and it turned out that the SCR was malfunctioning.
Please notice that given the number of Euro VI heavy-duty trucks is very low,
the statistical uncertainty is high. Thus, a threshold concentration of 800 ppm
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is not necessarily a too low criterion even though no malfunctioning SCR-sys-
tem were detected.

A vehicle may exceed the NO threshold concentration, even though its SCR-
system shows no indication of malfunctioning, in cases where the SCR-sys-
tem operates under insufficient temperature or has undetected malfunctions.
Whereas 1,000 ppm NO appears to be a reasonable criterion for police control
of Euro V, a lower criterion can probably be justified for Euro VI (see Chapter
6), though this was not justified during the campaigns.

7.4 Measurements on heavy-duty trucks in Denmark

NO and PM were measured during the measurement campaigns at the Great
Belt bridge (30.09.2019 - 03.10.2019) and at the Danish-German border in Pad-
borg (24.09.2019 - 26.09.2019, 09.10.2019 - 10.10.2019 and 22.10.2019 - 23.10
2019). NO and PM emissions from 2,942 heavy-duty trucks and 3,306 passen-
ger cars were measured using the remote sensing equipment. Passenger cars
and heavy-duty trucks were measured on different days, since the two types
of vehicles required different instrumental setups (section 8.2). The vast ma-
jority of heavy-duty trucks were registered in other countries than Denmark,
i.e. 1% of all vehicles were Danish Euro V and 10% of all vehicles were Danish
Euro VI (Table 7.1).

Euro IV accounted for only 0.1% of the heavy-duty trucks, whereas foreign
Euro VI accounted for 66% of the heavy-duty trucks. Part of the Euro V and
all Euro VI use SCR-systems. It was not possible to distinguish Euro V with
and without SCR in this project. As apparent from Table 8.1, Euro VI domi-
nates the investigated Euro norms (76%). Euro V accounts for the remaining
24%. Only 11% of all heavy-duty trucks were registered in Denmark.

Euro 1V showed negligible contributions to both measured pollutants (Table
7.1). Furthermore, only 3 Euro IV trucks equal to 0.1 % of the total number
were measured, and therefore the results are highly uncertain for this Euro
norm.

In this project we measured NO emission factors for Euro IV, V and VI to be
12, 27 and 3.3 g NO2/kg fuel consumed (Table 8.2). In Ellermann et al. (2018),
we measured NO emissions from Euro 1V, V and VI heavy-duty trucks to be
41,18 and 1.5 g NO»/kg. The corresponding DCE emissions factors are 19, 17
and 1.2 g NO2/kg.

The ratio of NO from Euro VI to Euro V in this project is 8, which is lower
than expected from the DCE emission factors (ratio = 14), which are based on
the European COPERT 5 road transport emissions model documented by the
EMEP/EEA air pollutant emission inventory guide book and used by Danish
Centre for Environment and Energy. A ratio = 12 for NO emissions from Euro
V/Euro VI was obtained from our precious work presented in Ellermann et
al. (2018).

In order to calculate the contribution from the combination of a given Euro
norm and nationality (e.g. Euro V DK) to the total emission of a pollutant in
this project, the following approach was applied: for every combination of
Euro norm and nationality, the average pollutant emission was multiplied by
the number of trucks to find the emission from this combination of Euro norm
and nationality. Emissions for all combinations of Euro norm and nationality



were then added to yield a total emission, from which the relative contribu-
tions from combinations of Euro norm and nationality could be calculated
(Table 7.1). As an example, the abundance of Danish Euro VI trucks accounted
for 10% of all measured heavy-duty trucks, but contributed only to 3% of emit-
ted NO. In the same way, although the abundance of Euro V was only 24% of
all heavy-duty trucks, they accounted for 72% of emitted NO and 66% of emit-
ted PM. Euro VI accounted for the remaining 28% of NO and 34% of PM.

Table 7.1. Emitted NO and PM from heavy-duty truck according to Euro norm and nationality. Emitted nitrogen oxide
(NO) as parts per million (ppm) in air and gram per kilo consumed fuel (as equivalent nitrogen dioxide (NOz2)), and
emitted particulate matter (PM) as gram per kilo consumed fuel based on 2,942 heavy-duty trucks (heavy-duty trucks)
measured at the German-Danish border in Padborg and the Great Belt Bridge. Shares denote the fraction of heavy-
duty trucks of a particular Euro norm and nationality relative to the total number of heavy-duty trucks measured. NO
and PM are averages of pollutants measured for heavy-duty trucks differentiated by Euro norm and nationality. The
percentage of NO and PM in brackets is calculated as the product of number of vehicles and average NO or PM from
a particular Euro norm and nationality relative to the total emission.

Nationality

Euro IV DK
Euro IV Foreign
Euro IV Total

Euro V DK
Euro V Foreign
Euro V Total

Euro VI DK
Euro VI Foreign
Euro VI Total

Number

44
654
698

303
1938
2241

Share NO NO PM
(ppm) (g NO2/kg fuel) (9/kg fuel)
0.1% 566 (0.1%) 12 (0.1%) 0.80 (0.3%)
0.1% 566 (0.1%) 12 (0.1%) 0.80 (0.3%)

1% 964 (3%) 21 (3%) 0.10 (1%)

22% 1267 (68%) 28 (68%) 0.82 (66%)
24% 1248 (72%) 27 (72%) 0.78 (66%)
10% 114 (3%) 2.5 (3%) 0.60 (22%)
66% 158 (25%) 3.4 (25%) 0.05 (11%)
76% 152 (28%) 3.3 (28%) 0.12 (34%)

The very low emissions of PM from Danish Euro V compared to foreign Euro
V heavy-duty trucks may be because the number of Danish Euro V is low and
therefore not representative. For Euro VI the PM emissions of Danish heavy-
duty trucks are much higher than the foreign Euro VI. This high average emis-
sion of PM from Danish Euro VI is because of very high emissions from the
5% highest emitting Danish Euro VI heavy-duty trucks. In fact, from the data
set it is apparent that only 7 Euro VI heavy-duty trucks causes the PM emis-
sion from Danish vehicles (0.60 gZkg) to exceed that of foreign vehicles (0.05
g/kg). Upon removal of these vehicles, the emission from Danish Euro VI
heavy-duty trucks is comparable to foreign Euro VI (0.04 g/kg). The appar-
ently inconsistent differences between Danish and foreign Euro V and Euro
VI heavy-duty trucks may therefore be due to the sample size and PM being
more sensitive than NO to high emitting vehicles.

PM emissions in Table 8.1 can be compared to a recently published report
from the Swedish Environmental Research Institute (Sjodin et al., 2017). For
example, PM emitted from Euro V heavy-duty trucks (0.78 gZ/kg) is two times
higher than those obtained from Sjodin et al. (0.4 g/kg). For Euro VI heavy-
duty trucks (0.12 gZkg) the results from this project match those of Sjodin et
al. (0.1 g/kg).
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Table 7.2. Danish Centre for Environment and Energy (DCE) emission factors and measured emissions of NO from
heavy-duty trucks. DCE emission factors for NO based on the European COPERT 5 road transport emissions model and
emissions measured in the Environmental project 2021 (Ministry of Environment and Food of Denmark, 2018) based on
874 heavy-duty trucks are compared to the findings in this project.

DCE emission factor NO Environmental project 2021 This project
(g NO2/kg fuel) (g NO2/kg fuel) (g NO2/kg fuel)
Euro IV 19 41 12
Euro V 17 18 27
Euro VI 1.2 1.5 3.3

The distribution of NO emissions ranked according to increasing emissions
for Danish and foreign Euro V heavy-duty trucks are shown along with the
DCE emission factor in Figure 7.7. The two curves are not coinciding, rather
the emissions from foreign vehicles are elevated relative to the emissions from
Danish vehicles. However, there are 15 times more foreign vehicles in the data
set for which this curve is also smoother for foreign vehicles. A minor jump
on this curve appears at 88% corresponding to emissions 50-60% higher than
the DCE emissions factor, implying that there could be two populations of
foreign Euro V heavy-duty trucks. However, the jump is subtle and could
possibly be ascribed to other factors than malfunctioning SCR-systems.
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Figure 7.4. Distribution of NO emissions ranked according to increasing emissions for
Danish and foreign Euro V heavy-duty trucks. The emissions are calculated as NO, equiv-

alents. Also shown is the DCE emission factor.

Figure 7.8 illustrates the same relationship for Euro VI heavy-duty trucks. In
contrast to the Euro V standard, the subtle jump appears at 85% correspond-
ing to a NO emission from foreign Euro VI heavy-duty trucks about 3 times
higher than the DCE emission factor. Again, the jump is subtle and could be
ascribed to other factors than malfunctioning SCR-systems. There are more
Danish Euro VI heavy-duty trucks than Euro V heavy-duty trucks. However,
a jump in the curve illustrating Danish Euro VI heavy-duty trucks cannot be
identified.
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Figure 7.5. Distribution of NO emissions ranked according to increasing emissions for
Danish and foreign Euro VI heavy-duty trucks. Emissions are calculated as NO, equiva-
lents. Also shown is the DCE emission factor.

Figures 7.7 and 7.8 show weak indications of a jump in the distribution of
emissions of NO but it is also apparent from the data, that there is no clear
way to separate those heavy-duty trucks with well-functioning SCR from
those with malfunctioning SCR-systems. However, based on the “small
jumps” and the tendency for a steeper increase in emission from about 90% of
the heavy-duty trucks and onwards, we have estimated that about 10% of the
vehicles are likely to have malfunctioning SCR-systems. It is clear that this
estimate is very uncertain.
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Figure 7.6. Distribution of PM emissions ranked according to increasing emissions for
Danish and foreign Euro VI heavy-duty trucks.
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Figure 7.7. Distribution of PM emissions ranked according to increasing emissions for
Danish and foreign Euro VI heavy-duty trucks.

The distribution of PM emissions ranked according to increasing emissions
are comparable to those for NO and are shown in Figures 7.9 and Figure 7.10.

8.1.5 Measurements on passenger cars in Denmark

Only passenger cars with Danish registration humbers were selected for
measurements at the Great Belt Bridge (04.10 and 07.10 2019), which provided
information about Euro norm fuel type etc. Emission standards spanned Euro
norms 2 to 6, though the former included only one petrol fuelled vehicle (Ta-
ble 8.3). Euro norm 6 accounted for 62% of all vehicles followed by Euro 5
(25%), Euro 4 (11%) and Euro 3 (1.7%). Except for Euro 4 with 54% petrol ve-
hicles, a majority of diesel vehicles was observed for Euro norms 3 to 6, most
pronounced for Euro 6 (65%). Vans of total weight less than 3500 kg were in-
cluded in this category, but accounted for less than 3% of the vehicles.

Measured NO emissions from diesel vehicles were comparable for Euro 3 (23
g NO2/kg), Euro 4 (18 g NO2/kg) and Euro 5 (20 g NO2/kg). However, emis-
sions from Euro 6 were only 7 g NO./kg. The effect of Euro norm appears to
be more pronounced for PM (Table 8.3). NO emissions from petrol cars
showed a less consistent trend, i.e. from Euro 3 (1.3 g NO»/kg) to Euro 4 (3.9
g NO2/kg) and Euro 5 (1.6 g NO2/kg) to Euro 6 (2.5 g NO2/kg). Emitted PM
from diesel vehicles decreases from Euro 3 (1.7 g/kg) to Euro 4 (1.0 g/kg).
Euro 5 and Euro 6 emissions were only 0.2 and 0.1 g/kg, respectively, which
equals a factor of 17 from Euro 3 to Euro 6. PM emissions from petrol vehicles
were 0.1 - 0.2 g/kg for Euro norms 3 to 6.

As for heavy-duty trucks, the contribution to a pollutant’s emission can be
calculated from the average emission by a Euro norm and fuel type multiplied
by the number of vehicles in that category relative to the total emission of a
particular pollutant. Using this approach, it becomes evident that Euro 5 die-
sel vehicles, which accounted for 16% of the measured vehicles, emit 39% of
all NO (Table 8.3). This is slightly more than Euro 6 diesel vehicles, which
account for 40% of all measured vehicles and emitting 36% of all NO. With
respect to PM, 26% of all PM is emitted by Euro 4 diesel vehicles though they
make up only 5% of all measured vehicles. This PM emission is slightly larger



than that from Euro 6 diesel vehicles, which make up 40% of all measured
vehicles and emitting 23% of all PM.

Table 7.3. Emitted NO and PM from passenger cars according to Euro norm and fuel. Emitted nitrogen oxide (NO) as
parts per million (ppm) in air and gram per kilo consumed fuel calculated as nitrogen dioxide (NOz), and emitted particu-
late matter (PM) as gram per kilo consumed fuel based on 3,306 passenger cars measured at the German/Danish bor-
der in Padborg and at the Great Belt Bridge. Shares denote fraction of passenger cars in a particular Euro norm and fuel
type relative to total number of passenger cars measured. NO and PM are averages of pollutants measured for passen-
ger cars differentiated by Euro norm and fuel type. The percentage of NO and PM in brackets has been calculated as the
product of number of vehicles and average NO and PM for a particular Euro norm and fuel type relative to the total emis-

sion.
Nationality Number Share Ratio diesel NO ppm NO PM
Ipetrol g/kg fuel g/kg fuel
Euro 2 petrol 1 0.02% 1463 (0.1%) 32 (0.1%) 0.5 (0.1%)
Euro 2 diesel
Euro 2 total 1 0.02% 1463 (0.1%) 32 (0.1%) 0.5 (0.1%)
Euro 3 petrol 23 0.7% 62 (0.1%) 1.3 (0.1%) 0.1 (0.4%)
Euro 3 diesel 32 1.0% 1035 (2.7%) 23 (2.7%) 1.7 (8.4%)
Euro 3 total 55 1.7% 58% 628 (2.8%) 9 (2.8%) 1.0 (8.8%)
Euro 4 petrol 197 6.0% 179 (2.9%) 3.9 (2.8%) 0.2 (5.6%)
Euro 4 diesel 167 5.1% 846 (11%) 18 (11%) 1.0 (26%)
Euro 4 total 364 11% 46% 486 (14%) 6.9 (14%) 0.6 (31%)
Euro 5 petrol 318 9.6% 74 (1.9%) 1.6 (1.9%) 0.2 (10%)
Euro 5 diesel 511 16% 932 (39%) 20 (39%) 0.2 (19%)
Euro 5 total 829 25% 62% 603 (41%) 8.6 (41%) 0.2 (29%)
Euro VI petrol 724 22% 113 (6.6%) 2.5 (6.6%) 0.1 (8.8%)
Euro VI die-sel 1334 40% 331 (36%) 7.2 (36%) 0.1 (23%)
Euro VI total 2058 62% 65% 254 (42%) 3.6 (42%) 0.1 (31%)

Measured NO emissions from passenger cars in Gothenburg differentiated by
Euro norm and fuel type have recently been published in a report from the
Swedish Environmental Research institute (Sjodin et al., 2017). The majority
of the reported NO emissions agree with those in Table 8.3 within 27%. How-
ever, PM emissions in this project (Table 8.3) exceed those obtained by Sjodin
et al. For example, PM emitted from Euro 4 (1.0 g/kg), Euro 5 (0.2 g/kg) and
Euro 6 (0.1 g/kg) exceed those reported by Sjodin et al., i.e. about 0.15 g/kg,
0.05 g/kg and 0.05 g/kg. The reason for this is not known, but could be related
to differences in the vehicles fleet, including composition of brands, type of
particle filters and their age and condition.

The distribution of NO and PM emissions ranked according to increasing
emissions for petrol and diesel passenger vehicles according to Euro norm are
different from those of heavy-duty trucks in Figures 7.4 to 7.7. Contrary to
heavy-duty trucks, NO emissions from diesel vehicles do not show a steep
increase in emissions, but increases more steadily (Figure 7.8). However, NO
emissions from Euro 6 petrol passenger cars show a closer resemblance with
that of heavy-duty trucks. Euro 3 and 4 passenger cars show differences in
PM emission with diesel vehicles having much higher PM emissions. On the
contrary, PM emissions from Euro 5 and Euro 6 passenger cars are highly
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comparable showing almost coinciding PM emission curves. Examples of
Euro 6 passenger cars are shown in Figures 7.8 and 7.9.
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Figure 7.8. Distribution of NO emissions as NO; equivalents ranked according to increas-
ing emissions for Euro 6 petrol and diesel passenger vehicles.

3.0
Euro 6
2.0 A
Petrol
- Diesel
1.0 | |
Qo }
< /
a0 .4«“”/
s e s
P EPOR—
0.0 R e —— . .
0 === 20 40 60 80 100 (%)
-1.0 1
2.0

Figure 7.9. Distribution of PM emissions ranked according to increasing emissions for
Euro 6 petrol and diesel passenger vehicles.

7.5 Conclusions

Emissions from 2,942 heavy-duty trucks and 3,306 passenger cars were meas-
ured during two measurement campaigns at Padborg and at the Great Belt
Bridge in September — October 2019. Among the heavy-duty trucks, 11% were
registered in Denmark and 89% were of foreign origin. Euro norm 5 accounted
for 24%, while the remaining heavy-duty trucks were Euro 6 (76%). The fleet
of passenger cars were composed of Euro 3 (2%), Euro 4 (11%), Euro 5 (25%),
and Euro 6 (62%). The fraction of diesel cars spanned 46 (Euro 4) - 65% (Euro
6) of all measured vehicles.

The Danish Police was present on location in parts of the campaign, where
measurements focused on heavy-duty trucks. On these occasions, heavy-duty
trucks were selected for police control of SCR-systems, where NO emissions
exceeded a particular threshold concentration. With a threshold concentration
of 1,000 ppm NO, 77% of the inspected Euro V heavy-duty trucks showed
evidence of a malfunctioning SCR-systems. Whereas 1,000 ppm NO appears



to be a reasonable criterion for police control of Euro V heavy-duty trucks, a
lower criterion can probably be justified for Euro VI heavy-duty trucks
though this could not be verified experimentally during the measurement
campaigns.

Emissions of NO and PM were obtained for Euro norm V and VI diesel heavy-
duty trucks differentiated by nationality, and Danish Euro 2, 3, 4, 5 and 6 pas-
senger cars differentiated by fuel type. By comparison with NO and PM emis-
sions obtained using similar equipment in Environmental Project 2021 (Min-
istry of Environment and Food of Denmark, 2018) as well as DCE emission
factors, the emissions in this project was found to be higher for both NO and
PM. Furthermore, the ratio of NO emissions from Euro V to Euro VI heavy-
duty trucks were lower in this project (ratio=8) compared to those derived
from Environmental Project 2021 as well as DCE emission factors (ratio=14
and 12, respectively). The emissions of PM from Euro V and Euro VI Heavy-
duty trucks were two times higher and similar to, respectively, emissions
from comparable vehicles reported by Sjodin et al., 2017. An inconsistency in
PM emissions from Danish and foreign heavy-duty trucks of same Euro norm
may be due to the sample size and PM being more sensitive than NO to high
emitting vehicles. Diesel fuelled passenger cars account for 76% of emitted
PM, while the remaining 24% is emitted by petrol fuelled passenger cars. Of
all PM, 26% is emitted by Euro 4 diesel passenger cars though they make up
only 5% of all measured vehicles. This PM emission is slightly larger than that
from Euro 6 diesel vehicles, which make up 40% of all measured vehicles.
Emissions of PM from passenger cars were somewhat higher than recent re-
sults previously published by a Swedish project (Sjodin et al., 2017). We ob-
served a consistent decrease in PM from Euro 3 to Euro 6 with a decreasing
ratio of PM emitted by diesel vehicles relatively to petrol vehicles. For Euro
norms 5 and 6, the PM emissions from petrol vehicles and diesel vehicles were
similar.

Emissions of NO from passenger cars generally agreed with results previ-
ously published by a Swedish project. Euro V made up only 24% of the heavy-
duty trucks, but accounted for 72% of the total NO emission. On the contrary,
Euro VI made up 76% of all heavy-duty trucks, but accounted for only 28% of
NO. Of the passenger cars, Euro 5 diesel made up only 25% of the vehicles,
but accounted for 39% of the total NO emission. On the contrary, Euro 6 diesel
made up 40% of all vehicles and accounted for 39% of NO.

Emission data for NO for 2,942 heavy-duty trucks did not show clear separa-
tion between Euro V and VI heavy-duty trucks with well-functioning and
malfunctioning SCR. However, based on the available data is was estimated
that about 10% of the Euro V heavy-duty trucks and 10% of the Euro VI heavy-
duty trucks had malfunctioning SCR-systems. This result is used for the fur-
ther evaluation of the health effects from the extra emissions that is made by
the malfunctioning SCR-systems. The estimate of the percentage of heavy-
duty trucks with malfunctioning of the SCR is very uncertain and this has to
be kept in mind in connection with further interpretation of the data.

The data clearly showed that Euro norms IV and lower for heavy-duty trucks,
as well as Euro norms 2 and lower for passenger cars were scare. For this rea-
son, the measurement uncertainty is very high for heavy-duty truck Euro 1V
(0.1% abundance), and passenger cars of Euro norm 3 (1.7% abundance) and
Euro 2 (0.02% abundance).
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8 Impact of malfunction of SCR-systems and
particle filters on air quality and human
health

Jorgen Brandt, Lise Marie Frohn, Morten Winther, and Ole Hertel

8.1 Methods

In this chapter we present calculations of the impact on air quality in Denmark
and the associated health impact in the Danish population. Based on the meas-
urements, we have estimated the extent of malfunctioning SCR-systems, and
the impact that the malfunctioning has on emissions from malfunctioning
heavy-duty trucks. In the performed calculations, it is thus assumed that 10%
of the heavy-duty trucks have malfunctioning SCR-systems. Furthermore, it
is assumed that a malfunctioning Euro VI heavy-duty truck emits six times as
much as a truck with well-functioning SCR-system. For the Euro V heavy-
duty trucks, it is assumed that a malfunctioning heavy-duty truck emits twice
as much as a truck with well-functioning SCR-system. A new emission inven-
tory has been derived on basis of these assumptions.

Impact on air quality and associated health effects is assessed by carrying out
calculations for the year 2017 with the original (baseline) emission inventory
and the new emission inventory accounting for malfunctioning SCR-systems.
The contribution from malfunctioning is then determined by subtracting the
results from the two calculations from each other.

The calculations are performed with two models: The Urban Background
Model (UBM v11.0, in the following just referred to as UBM) is applied for
mapping air pollution concentrations, and the Economic Valuation of Air pol-
lution (EVA v5.2, in the following just referred to as EVA). The same versions
of UBM and EVA are applied in the NOVANA report for 2018 (Ellermann et
al., 2020). This version of the EVA model system is furthermore documented
in Andersen et al. (2019). UBM is a local scale model operating on a 1km x
1km grid for the entire Danish domain. Concentrations on the boundaries for
the UBM are provided by the long-range transport model DEHM (Danish Eu-
lerian Hemispheric Model). All the applied models and model systems are
developed and applied by Department of Environmental Science, Aarhus
University.

As already stated, two model runs are performed with the UBM for Denmark
for the year 2017. The first is a basis model run with all emissions included,
and the second is a scenario run where the NOx emission from SNAP0703
(heavy-duty vehicles including both trucks and buses) is multiplied with
1.1345 to simulate the increased emission of NOx as a consequence of mal-
functioning SCR-systems. The factor 1.1345 is obtained from the earlier men-
tioned assumptions of 10% heavy-duty trucks with malfunctioning SCR-sys-
tems with six times higher emissions for Euro VI heavy-duty trucks and two
times higher emissions for Euro V heavy-duty trucks.

Following the calculations with UBM, the EVA model system has been ap-
plied to calculate the health effects and related external costs in Denmark,



Table 8.1. Additional health effects in
ing SCR-systems.

which can be attributed to the additional NOx emissions from heavy-duty
trucks in the scenario run.

The estimates of health effects and related external costs for Europe are
loosely based on emissions for the whole of EU28 on basis of total NOx emis-
sions for SNAP0O7 and SNAPO0703. In these calculations, it has crudely been
assumed that the same fraction of heavy-duty trucks have malfunctioning
SCR-systems and that the impact on the emissions is also the same as found
in the current study.

8.2 Results

In the following we present the calculated health effects in Denmark as a con-
sequence of the estimated increased NOx emissions related to heavy-duty
trucks having malfunctioning SCR-systems. It is assumed that the emissions
related to the heavy-duty trucks with malfunctioning SCR-systems corre-
spond to an increase of 13.45% (which is the reason for the previous presented
factor 1.1345 to be multiplied to the total emission) of the total emission of the
transport sector SNAP0703, including both heavy-duty trucks and busses
(20.71% for the heavy-duty trucks alone). These figures are again generated
on basis of the previously mentioned figures for the fraction with malfunc-
tioning SCR-systems.

Table 8.1 shows the calculated number of cases of different health effects on
the regional scale, which is based on calculations with the DEHM and EVA
performed in a previous project (Andersen et al., 2019). On the regional scale,
changes in nitrate, nitrogen-dioxide and ozone are accounted for in the calcu-
lations. Furthermore, the table presents number of cases of different health
effects on the local scale, which is based on calculations with UBM and EVA
performed within the present project. On the local scale, changes in nitrogen-
dioxide and ozone are accounted for in the calculations.

Denmark related to increased NOx emissions due to heavy-duty trucks with malfunction-

Health impact

Regional Local Sum DK Contribution from EU28 Sum Denmark

(DEHM) (UBM) sources + EU28

Premature deaths from short term exposure 3.0 3.2 6.2 15.1 21.2
Premature deaths from long term exposure 3.5 0 3.5 8.6 12.2
Total number of premature deaths 6.5 3.2 9.7 23.7 33.4
Respiratory hospital admissions 11.4 12.9 24 59.5 83.7
Cerebro-vascular hospital admissions 0.0 -0.4 -0.4 -1.0 -1.4
Episodes with asthma among children 0.5 0 0.5 1.1 1.6
Episodes with bronchitis 3.5 0 3.5 8.6 12.2
Episodes with bronchitis among children 121 0 12.1 29.5 41.6
Work loss days 1.5 0 1.5 3.6 5.1
Restricted activity days 4343 0 4343 10633 14976
Minor restricted activity days -2.7 -1.1 -3.8 -9.4 -13.2
Lung cancer 0.1 0 0.1 0.3 0.4
Infant mortality 0.0 0 0.0 0.0 0.0

For comparison, the table presents also the contribution from foreign coun-
tries (EU28 minus Denmark), and these results have been estimated from the
most recent results that have previously been published in Ellermann et al.
(2020). These results show that 29% of the health effects in Denmark can be
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attributed to Danish sources, whereas 71% of the health effects in Denmark
arises from sources abroad. Finally, the overall health effects, calculated as a
sum of the contribution from Danish and EU28 (minus Denmark) sources, is
presented for the assumed scenario with heavy-duty trucks with malfunction-
ing SCR-systems.

Table 8.2 shows the total health related external costs arising from heavy-duty
trucks with malfunctioning SCR-systems in Denmark and EU28 (minus Den-
mark). The local contribution from Danish sources is calculated within the
present project with UBM and EVA. The regional contribution in Denmark
from Danish sources is calculated based on a unit cost of 205 DKK/kg-NO,
which has been calculated for SNAPQ7 in a previous project (Andersen et al.,
2019). It has furthermore been assumed that the total emission of NOx related
to heavy-duty trucks with malfunctioning SCR-systems is 1,290 tonnes per
year in Denmark. The regional contribution from foreign sources to the exter-
nal costs has been estimated from the share of the contribution from foreign
sources to health effects relative to the total health effects in Denmark (Eller-
mann et al., 2020).

Table 8.2. Total external costs (million DKK) in Denmark from Danish and foreign sources related to heavy-duty trucks with mal-

functioning SCR-systems.

External costs from heavy-duty trucks with Nitrogen dioxide Ozone (Os) Nitrate, ozone and nitrogen Sum
malfunctioning SCR-catalysts (million DKK) (NO2) dioxide (NO3/O3/NO-)

Regional contribution from foreign sources - - 898 898
Regional contribution from Danish sources - - 264 264
Local contribution from Danish sources 105 -3 - 102

Total (million DKK) per year

1,265
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The total health effects from heavy-duty trucks with malfunctioning SCR-sys-
tems in Europe are estimated using the following approach. The total NOx
emission in EU28 from SNAP7 is 2832.9 ktonnes-NO; for 2017. Out of this to-
tal, 954.6 ktonnes-NO; originate from heavy-duty trucks and busses (together
for Europe labelled SNAP0703). We assume that 65% of the emission from the
European SNAPOQ703 is related to heavy-duty trucks. We then assume that the
SNAPQ0703 emission is 13.45% higher due to heavy-duty trucks with malfunc-
tioning SCR-systems. The resulting emission from heavy-duty trucks with
malfunctioning SCR-systems on a European scale is then 83.5 ktonnes-NOy,
which corresponds to approximately 3% of the total SNAP7 emissions in Eu-
rope.

In Brandt et al. (2013), the contribution from SNAP7 in Europe to the total
health impacts in Europe has been calculated to 18%. The total number of
premature deaths related to air pollution in EU28 is approximately 400,000
per year. From this, we can estimate that approximately 72,000 premature
deaths in EU28 are related to SNAP7 emissions, and approximately 2,100
premature deaths (2.9%) are related to emissions from heavy-duty trucks with
malfunctioning SCR-systems.

8.3 Conclusions concerning health impact related to mal-
functioning SCR-system on heavy-duty trucks

Based on the results from the field campaigns, it was concluded that about
10% of the heavy-duty trucks have malfunctioning SCR-systems with six
times higher emissions for Euro VI and two times higher emissions for Euro



V. These figures were then used to produce an updated emission inventory
that account for the extra emission related to heavy-duty trucks with malfunc-
tioning SCR-systems. As a crude assumption, the same figures were used for
correcting emission from heavy-duty trucks in other European countries. The
resulting emission from heavy-duty trucks with malfunctioning SCR-systems
on a European scale is estimated to 83.5 ktonnes-NO, which corresponds to
approximately 3% of the total SNAP7 emissions in Europe.

For determining impact on air pollution levels and associated health effects
(and costs related to the latter), two sets of calculations were performed with
the Urban Background Model (UBM) and the Economic Valuation of Air pol-
lution (EVA) system both developed and applied by Department of Environ-
mental Science, Aarhus University.

The calculations show that about 10 premature deaths in Denmark are related
to emissions from heavy-duty trucks with malfunctioning SCR-systems. The
total number of premature deaths related to air pollution in EU28 has previ-
ously been estimated to approximately 400,000 per year. From this, we have
estimated that approximately 72,000 premature deaths in EU28 are related to
road traffic emissions, and approximately 2,100 premature deaths (2.9%) are
related to emissions from heavy-duty trucks with malfunctioning SCR-sys-
tems. Total external costs (million DKK) in Denmark from Danish and foreign
sources related to heavy-duty trucks with malfunctioning SCR-systems have
been estimated to 1,265 million DKK per year.
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9 Method for routine control of SCR-systems
on heavy-duty trucks using remote sensing

Ole Hertel, Christian Ingvardsen, Jacob Kleng Ngjgaard, Thomas Ellermann and
Jesper Risager Nielsen

9.1 Choice of remote sensing device

The remote sensing device for a control system needs to be mobile and fast to
setup and take down. The OPUS systems are more flexible compared to the
alternative systems from EDAR that have a fixed setup and hence are more
demanding to move around at the site and between sites. On basis of the anal-
yses in this project it is recommended to base the control method on remote sensing
equipment from OPUS RSD. Preferably the latest version (OPUS RSD 5000) that
is next generation of the OPUS remote sensing device from the one used in
the present project.

9.2 Threshold for selection of heavy-duty trucks

The choice of threshold concentration as criterion for selection of heavy-duty
trucks for police roadside control makes a tremendous difference with respect
to how many vehicles that potentially need to be inspected. A too low thresh-
old will most likely be inefficient, since it is labour demanding to make road-
side control for the police and the risk will be that too many well-functioning
heavy-duty trucks is inspected thereby disturbing many drivers unneces-
sarily and wasting police resources. On the other hand, a too high threshold
might have the consequence that too few heavy-duty trucks are inspected,
and that the police control becomes inefficient with respect to catching the
heavy-duty trucks with malfunctioning SCR-systems. Using 1,000 ppm NO
as a criterion for control of Euro V heavy-duty trucks resulted in identification
of 77% malfunctioning SCR-systems. It is therefore suggested to use 1,000 ppm as
criterion for Euro V heavy-duty trucks. By use of 800 ppm NO as a criterion for
control of Euro VI heavy-duty trucks resulted in no malfunctioning SCR-sys-
tems. The tests at the closed area showed that looking at the population of
malfunctioning SCR-systems, the minimum emission was 330 ppm NO,
which exceeds the highest emission of NO from well-functioning SCR-sys-
tems. Furthermore, the emission of NO from the 10% highest emitting Euro
VI heavy-duty trucks during the campaigns at Padborg and the Great Belt
Bridge actually corresponded to 330-2,408 ppm. It is therefore recommended
to apply a flexible approach in connection with future routine controls, where
the threshold is adjusted to the practical situation. A threshold of 1,000 ppm
should be applied initially, but in case of vacant capacity in the police, heavy-
duty trucks with emissions beyond 660 ppm are selected. Finally, it is im-
portant to gather experience from performed routine controls and evaluate
the threshold concentrations on basis of this.

9.3 Number and extent of campaigns

It is suggested to perform control randomly throughout the year in all seasons
and at any time of day. It is important that there is no periods where it is com-
monly known never to be controls on the Danish road network with malfunc-
tioning SCR-systems. Experience show, however, that it is not possible to
carry out controls during rain, snow and fog. It is suggested to carry out four to



eight campaigns per year of one to two days duration, however the final extent of the
controls has to be decided by the authorities. The experience from the field cam-
paigns show that care has to be taken in order to perform measurements on
both heavy-duty trucks and passenger car in the same measuring setup due
to issues concerning camera angles etc. Furthermore, combining measure-
ments of emissions with roadside control of heavy-duty trucks involve an ad-
ditional location, where the actual inspections could take place. Itis a require-
ment that there is a certain distance between the measurement location and
the site of inspection in order to be able to take the heavy-duty trucks in for a
roadside control by the police.

9.4 Selection of sites

The experience from the current project shows that it is crucial that the engines
and the catalysts of the heavy-duty trucks are sufficiently warm for the SCR-
systems to work properly. The measurements need to be carried out on single
lane road to avoid influence from emissions from traffic in neighbouring
lanes. Moreover, the instruments do not allow more than one traffic lane be-
tween the detector module and mirrors. The sites need therefore to be placed
close to highways to ensure warm engines and catalysts on the heavy-duty
trucks and on road segments that are somewhat separated from other lanes
and roads. The field campaigns revealed furthermore that it takes time to es-
tablish experience about the site and find the optimal setup and that the setup
often need to be modified several times during a campaign. In the selection of
sites, it is recommended to take into account prevailing wind directions when
evaluating potential influence from traffic emissions on other lanes and roads
surrounding the site. Another experience from the field campaigns in this pro-
ject is that drivers are highly aware of activities nearby the road, and cameras,
equipment and personnel shall preferable not be visible before the measure-
ments have been taken. This can be achieved in different ways, and have in
the field campaigns in this project included use of tents. It is suggested to select
eight to ten sites distributed over Denmark to ensure that all parts of the main road
network is included. However, it is recommended to alter between sites and
time for campaigns and to consider adding new sites over the years, in order
to avoid predictability of where and when campaigns will take place. It is fur-
thermore recommended to document experience from these sites to ensure that future
campaigns take advantage of experience from previous campaigns at these sites. Fi-
nally, it is suggested to initiate the control at Padborg and the Great Belt Bridge where
experience already have been gained on the best suitable set-up.

9.5 Resources and quadlifications to operate the system

Operating the system demands as a minimum two persons at the remote sens-
ing device and two persons for the manual control. It is recommended to run
intensive training courses every four years, and short upgrade courses every
second year, to educate the necessary staff in operating the remote sensing
devices and the roadside control. It is recommended that as a minimum six
persons are educated to operate the remote sensing device and six people to
handle the manual control. It is assumed that new techniques and devices to
alter SCR-systems may enter the market over the years. It is therefore recom-
mended to organise workshops including researchers and people with prac-
tical experience concerning new devices and techniques in this area to ex-
change knowledge.
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9.6 Data handling

Emissions from traffic on the Danish road network are derived every year by
DCE at Aarhus University on basis of emission factors. These emission inven-
tories are based on emission factors from national and especially international
laboratory tests of vehicles on a stand running through driving cycles. Infor-
mation from these tests are combined with information about the vehicle fleet,
petrol sales, and traffic data on road network etc. Data from the remote sens-
ing campaigns could serve as a valuable supplement to the work with these
inventories, and it is recommended to investigate the possibilities for creating a da-
tabase with measurement data for this purpose. In this context, it is naturally
necessary to handle issues around anonymization and necessary protection of
personal data etc.

9.7 Regular evaluations

It will be costly to carry out effective routine controls combined with roadside
control. It is therefore suggested to make regular evaluations of the results
from the controls. This includes also exploiting the many data collected in or-
der to examine whether the controls lead to a reduction on the number of mal-
functioning heavy-duty trucks driving in Denmark.

9.8 Costs

The costs of a program dedicated for quantification of NO emissions from ve-
hicles in Denmark is highly dependent on the actual setup. Different setups
might be required for passenger cars and heavy-duty trucks and an additional
site is required for roadside control of the latter, when these are relevant.

For field campaigns involving both the police and measurement staff, there
will be a need for a team of two operators of the measurement equipment. The
resources needed from the police have to be decided by the police but a guess-
timate will be that two to four police officers is needed for the manual road
site control. In addition comes education of staff in four days for a basic and
two days for an upgrade course. In order to make the campaigns work
smoothly over a longer time horizon, additional staff should be educated us-
ing on-site training.

Data evaluation is divided into preliminary data evaluation, and a merge of
this data with information in the Central Motor Data Registry and police in-
spections.

The establishment of a database containing data from the coming project with
the measurements of NO emissions from driving vehicle fleet should be con-
sidered, and in this case, associated running costs need to be included.

Costs related to purchase or leasing of instrumentation, logistics related to
campaigns and housing for equipment and staff need also be included. Alter-
native to a housing, equipment might be stored in a van dedicated to the pur-
pose.

Currently it is hard to estimate actual total costs for an effective control system
running over the years. NEQ has crudely estimated the total costs to between
five and ten million DKK per year.
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11 Appendix for Chapter 7

Christian Rud Ingvardsen and Jesper Risager Nielsen

11.1 Description of tests and test sites in closed areas

In this chapter the test sites are described in more detail. In addition, detailed
information is provided about activities on specific test days.

The first four test sites were all closed areas connected with TJW Freight, Sca-
nia Denmark A/S, Volvo Trucks and Mercedes Trucks workshops, respec-
tively. These parties provided heavy-duty trucks, mechanics and facilities to
carry out the required tests.

11.1.1 Pre-test of Euro V heavy-duty truck in Karlslunde on 17.09.2019

We performed the first pre-test at TIW Freight on Silovej in Karlslunde. The
test was carried out on a Volvo heavy-duty truck with Euro V engine and it
took place in the parking lot of the shipping company area. There were no
optimal conditions as the heavy-duty truck had to turn sharply to the right
immediately after the measuring equipment and thus the driver had to slow
down immediately after the measurement, which is not optimal. The conclu-
sion was that in the upcoming tests there should be a lane where the heavy-
duty trucks could continue their acceleration through the measuring range.
Partly to get usable data, and partly to replicate a measurement setup on the
roads. Unfortunately, data from the test could not be validated according to
the applicable standards as the calibration gas could not be connected to the
equipment.

Figure 11.1. Test of Euro V at TUW Freight in Karslunde.

However, it was possible to see the variations in the emission of NOx and the
test was therefore still interesting for the project as we tested different setups
in relation to different driving patterns.

We started by measuring on a heavy-duty truck with cold engine and catalytic
converter to later send the truck out on the highway to obtain a hot engine



and catalytic converter. When the truck subsequently returned, we found that
the SCR-systems did not add AdBlue to the exhaust. The system was malfunc-
tioning without this causing any problems for the heavy-duty truck itself.

It would later prove to be a general problem to find a Euro V heavy-duty truck
with a working SCR-system despite several tests with this type of engine.

11.1.2 Testing at Scania in Ishgj on 18.09.2019

The test performed at Scania in Ishgj took place at the back of their workshop.
There is a roadway of over 100 meters where the heavy-duty trucks could pass
the measuring equipment at varying speeds and with varying acceleration.
During the day we achieved speeds in excess of 50 km/h. Furthermore, the
proximity to the workshop meant that it was easy to make the desired adjust-
ments on the heavy-duty truck. The truck was driven by Morten Voss, service
technician at Scania Trucks.

Figure 11.2. Test site at Scania in Ishgj and Scania Euro V heavy-duty trucks with high exhaust pipe.

Scania made both a heavy-duty truck with Euro V and Euro VI engine avail-
able. We were informed in advance that the Euro V truck had an error on the
SCR-system but that Scania would try to rectify this error during the meas-
urements. Unfortunately, it was found that the truck with Euro V engine was
equipped with high exhaust exit, which means that the exhaust exits above
the cab. This meant that it was not possible to measure the emissions from this
truck regardless of the state of the SCR-system and we then concentrated on
the heavy-duty truck with Euro VI engine.

We started with measurements of the heavy-duty truck with cold engine. The
truck made several runs through the measuring equipment and these showed
a discharge of NOx that was clearly above what was expected for a heavy-
duty truck with an active SCR-system. After that, the truck was driven to op-
erating temperature with a trailer behind it. It took approx. 15 minutes to
drive the truck hot enough that the catalyst reached a temperature of 250 de-
grees Celsius. This is necessary if the truck's management system is to activate
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the SCR-system and thus add AdBlue to the exhaust and thus reduce the emis-
sion of NOXx.

During runs of the measuring equipment with hot engine and catalytic con-
verter, there was a slight reduction of NOXx, but not a reduction that met our
expectations of the NOx values of a well-functioning SCR-system with the
supply of AdBlue for the exhaust. The truck's management system reported
an active SCR-system, but it is doubtful whether AdBlue was added to the
system. With the help of Scania, we were able to get a print of the data pro-
duced by the management system of the truck. However, the quality of these
data is not adequate to explain the differences we were seeing at the measure-
ments.

Another explanation might be that, despite driving the truck for over 15
minutes, the catalyst had not reached a sufficiently high temperature for the
system to supply AdBlue. This is an important insight into the operation of
the SCR, and especially in relation to police control heavy-duty trucks It is not
yet sufficiently clear how long a truck should have driven and under what
circumstances (speeds, cargo, obstacles in the form of traffic lights or other
traffic etc.) the truck has driven before the SCR-system starts and stops the
supply of AdBlue to exhaust. This insight later became valuable through the
checks carried out with the police on the roads. We made further measure-
ments on the same truck five days later and here there was a clear reduction
of the NO gases in the measurements.

Runs with different speeds and accelerations were performed and this did not
affect emissions. Also, Scania made a fully loaded trailer available to increase
the load on the truck. However, this did not affect the measured data.

As previously described, the purchased emulators turned out not to fit a Euro
VI engine, so we, in collaboration with Scania's technicians, chose to do an-
other form of manipulation of the SCR-system. We removed the fuse on the
truck that checks the signal for the SCR-system. Thus, by removing this fuse,
the SCR-system was deactivated regardless of the catalyst temperature. The
subsequent measurements gave the same result as when running with cold
catalyst, which was a clear indication of the effect of AdBlue in relation to
NOx emissions.

In the last tests with the dismantled particle filter, no significant changes in
the emission of particles from the truck were measured. On the other hand,
we noticed an interesting difference in the emission of NO at respectively full
load of the engine and partial load of the engine. Contrary to what was imme-
diately expected, NOx emissions decreased at full load compared to partial
load engine operation. Several different possible explanations for these results
were discussed but no conclusion could be drawn based on the tests per-
formed.

It became clear already after this test that the general knowledge about how
the SCR-system works and about the relationship between different driving
patterns as well as temperatures of respectively engine and catalyst are very
limited. Although we performed measurements in collaboration with work-
shops that should have the most comprehensive knowledge in the field, it is
clear that this area remains fairly undescribed. Throughout the entire project,
new theories and conjectures have been constantly emerging, which we have
subsequently tried to prove through measurements on primarily heavy-duty



trucks. However, there is a basis for far more in-depth studies in this area,
which would likely give a clearer understanding of how these systems work
on trucks, especially the advanced Euro VI engines.

In relation to the need for a calibration of the equipment during the day, this
test day showed that one calibration is possible. A calibration was performed
during the day, but this was to train NEQ's technicians to perform the calibra-
tion and not because there was a technical need.

11.1.3 Testing at Volvo in Taastrup on 19.09.2019

The test at Volvo in Taastrup took place at the back of their workshop, where
there is a distance of over 100 meters, where the heavy-duty trucks could
reach acceptable speeds of up to 35 km/hr and continue the acceleration
through the measuring range. Volvo made a truck with Euro VI engine avail-
able which was driven by Niels Lykkestram, Product Quality Engineer at
Volvo trucks. TIW Freight later came with a Volvo heavy-duty truck with
Euro V engine. TIW also brought a trailer that was filled with concrete blocks
to put a greater load on the truck.

Figure 11.3. Test site at Volvo in Taastrup and exhaust pipe on a Volvo Euro VI heavy-duty trucks.

The actual installation of the measuring equipment was done this time by
NEQ and this resulted in a few recalibrations, as the equipment was not com-
pletely level. The preliminary tests showed that the set-up and calibration of
the equipment requires careful consideration of the selection of the measure-
ment location and that the operator is constantly critical towards the equip-
ment and measurements that is made.

The calibration of the equipment was further postponed due to the fact that
an older truck was standing in the area and was idling. This was because some
necessary tests had to be carried out on the truck so that it would run at idle
for at least 10 minutes. As the exhaust from this truck drove over the measur-
ing equipment, it was not possible to make a calibration as the test gas used
was disturbed by these exhaust gases. This showed that the equipment is
quite sensitive to the influence of other vehicles if they operate in the imme-
diate vicinity of the measuring equipment. Compared to vehicle measure-
ments on the roads, this is a minor problem, but it should be taken into ac-
count in the selection of measurement areas. In relation to the calibration of
the equipment, this became important in both Padborg and the Great Belt
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Bridge. Having obtained this experience from the test days, we were able to
handle this as the measurements took place elsewhere.

The Volvo heavy-duty truck with Euro VI engine had an exhaust pipe sitting
opposite the Scania heavy-duty truck tested the day before. As the truck was
started to travel the route at different speeds and different acceleration, we
could see that this did not affect the results. This was fully in line with expec-
tations as the equipment transmits light rays across the roadway and returns
via a mirror. Therefore, it should not matter if the exhaust pipe points one
way or the other. The truck was initially tested with cold engine and cold cat-
alyst. It was estimated that we could achieve satisfactory results with even
short runs and at speeds above 20 km/hr. When the next truck with Euro V
engine arrived from TJW Freight, after an inspection of the truck's operating
system, we found that it was a heavy-duty truck that was upgraded to run
with Euro VI software. In relation to the test, we therefore chose not to use
this truck but to procure another Euro V heavy-duty truck. This was made
available by Volvo but upon closer inspection it appeared that the SCR-sys-
tem did not work on this truck. However, we chose to include this truck in
the test as we wanted to see how high the emissions were from a Euro V
heavy-duty truck when the SCR-system was not active. This corresponds to a
manipulation of the SCR-system.

As with Scania the day before, in collaboration with Niels Lykkestrgm from
Volvo and Martin Kristensen from the Traffic Police, we decided not to mount
the purchased emulators but instead manipulate the SCR-system by remov-
ing the fuse that controls the system. Again, it was agreed that this would give
the same result as the emulator assembly, though of course with the same
reservations as at Scania.

Another significant observation can be seen in Table 12.1. The table shows
measurements of NO values in ppm for a period of approx. half an hour. On
the first four measurements, the SCR-system is active in relation to adding
AdBIlue to the exhaust, which gives a significant reduction in NO values com-
pared to the subsequent measurements. If you look at the time of the meas-
urements you can see that the change will happen very shortly. At the first
measurement at 10:48:14 the engine and catalytic converter have just run
warm and therefore AdBlue is supplied. In the actual test at Volvo the heavy-
duty truck drove around the test area and therefore it was not possible to
maintain the required temperature of the catalyst. This is clearly seen in the
three measurements, where the values suddenly increase by a factor of ten.
We could see from the diagnostic parameters from the truck that the supply
of AdBlue had stopped at this point.

As seen from the last measurement from 11:16:33 the truck has a trailer
mounted and has now been driven warm again. And now the NO value has
dropped to an even lower level than before. This observation is crucial in re-
lation to police control of heavy-duty trucks. If the trucks are allowed to stand
for too long or drive around an area where it will not be possible to maintain
the required temperatures, it will be difficult to assess whether the truck's
SCR-system supplies AdBlue as expected. It has not been possible to obtain
useful information on how fast the catalyst is losing temperature, but it will
be interesting to investigate further if you want to make the police's efforts
more effective in this area.



Table 11.1. Data from a series of test that illustrated how quickly the emission of NO can change due to changes in the temper-

ature of the SCR.

Euronorm Regn.no.

Load

SCR active Trailer Emulator Particalfilter VdfTime ppmNO

CA93593
CA93593
CA93593
CA93593
CA93593
CA93593
CA93593
CA93593

(o) o) Be ) B I« BN © ) @ @ )

Yes No No Yes 10:48:14 43,0439
Yes No No Yes 10:49:13  -4,1985998
Yes No No Yes 10:51:16 30,5781
Yes No No Yes 10:52:10 40,3853
No No No Yes 10:53:10 477,25049
No No No Yes 10:54:08 368,9938
No No No Yes 10:54:55 537,7757
Yes Yes No Yes 11:16:33 7,4654999

In conclusion, it was found that both test area and equipment worked as in-
tended. After the initial challenges with the calibration, it was not necessary
to calibrate the equipment and it can therefore be found once again that there
is no need for more than one daily calibration if the conditions are otherwise
optimal for carrying out the measurements.

11.1.4 Testing at Mercedes in Greve on 20.09.2019

The third test of trucks took place at Mercedes trucks in Greve. The area was,
as in previous days, in connection with Mercedes' truck workshop and as we
had learned from the experience of Volvo, a shorter distance was selected than
the previous days, as this had proved sufficient.

Figure 11.4. Two photos from the test site at Mercedes Trucks in Greve.

Mercedes made two heavy-duty trucks available with Euro VI engine, which
was a good opportunity to have two identical trucks tested against each other.
Mercedes also provided two fully loaded trailers as well as two drivers, one
of which was Morten Jstergaard-Hansen, technical specialist on Mercedes
trucks. The other driver was an experienced Mercedes technician.

At Mercedes, we started by driving both trucks warm by mounting a trailer
and then letting the trucks run for 15 - 20 minutes out on the nearby highway.
Thus the engine was warmed up when the measuring equipment was set up
and calibrated and the measurements then also showed a very low emission
of NOx gases. Inside the test area, the trucks drove around the workshop and
back to the measuring area. This meant that just like the previous day, there
was a cooling of the engine and catalyst. Similar to the measurements the day
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before at Volvo, we could observe that the values of NOx gases suddenly in-
creased and after consulting the drivers we were able to find that the supply
of AdBlue had been shut off for the exhaust. Figure 11.5 shows the develop-
ment over four measurements on the same Mercedes truck.

In approx. four minutes, the emission of NOx increases from 6 to 496 ppm; an
increase of a factor of 83 in such a short time. The immediate explanation is
that the catalyst drops in temperature and thus shuts off the supply of AdBlue
supply, but it is important to emphasize that there may be other strategies for
the SCR-system that may have an effect on the injection.

Figure 11.5. For pictures documenting the sharp increase in emissions of NO as a consequence of a drop in the temperature of
the SCR and hence stop of the AdBlue supply. The emission of NO increased from 6 ppm (upper left corner) to 496 ppm (lower
right) corner within four minutes.

The Euro VI heavy-duty trucks underwent all the described scenarios with
the same modification regarding the emulators as in previous days. Since the
replacement of particle filters on the tested trucks was a very difficult process,
a third truck was chosen for the scenario of driving without a particle filter.
The truck was tested both with and without particle filter and immediately
there was a significant difference between the two measurements. However,
whether this can be used as a parameter for police in selecting vehicles for
control is questionable as during the test runs, significantly higher values for

104



PM were not measured on the trucks without particle filter compared to
trucks driven with particle filter.

Finally, an opportunity arose to measure on a heavy-duty truck with Euro V
engine. Prior to the test, the mechanic who drove one of the trucks expressed
scepticism about the possibility of measuring on a well-functioning SCR-sys-
tem as his experience was that many Euro V trucks had defects in this system
and that maintenance of the system did not necessarily have a high priority at
the owners.

Unfortunately, it turned out that the mechanic was right in his scepticism. De-
spite a longer trip on the road with the truck which provided a catalyst that
should be sufficiently warm to activate the SCR-system, this was not the case.
This was thus the 5th truck with Euro V engine which did not have a func-
tioning SCR-system or which had a different control system.

During our measurements at Mercedes, we also measured other trucks to in-
vestigate variability between different types of trucks. As can be seen clearly
in Figure 11.6, with the same set of measuring equipment we could take pic-
tures of both trucks, vans and passenger cars with a clear view of the license
plate. This proved that the equipment can handle several different types of
vehicles. In the measurements that were later carried out in collaboration with
the police and to collect larger amounts of data this was not an option and the
consequences of course became a much smaller number of measurements
than we first thought possible. A more detailed description of this problem
will appear in the description of the measurements made on the Great Belt
Bridge and in Padborg.
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Figure 11.6. Pictures documenting that the camera is capable of taking pictures of the
number plates of different vehicles types with sufficient quality in order to make automatic
recognition of the number plates. The number plate of the Euro VI heavy-duty trucks was
covered but the other test illustrate that it is possible to read the number plate.

11.1.5 Testing at Scania in Ishgj on 23.09.2019

Since on the first day at Scania, we had registered measurements that did not
match our expectations in relation to the emission of NO. We therefore chose
to take another day with measurements at Scania. On the first day, we fur-
thermore became aware of a possible difference in emissions depending on
load on the engine when passing through the measuring range.

We measured on the same heavy-duty truck with Euro VI engine as on the
first day at Scania and on exactly the same route. However, for these tests we
did not drive with a trailer, as this had proved to be of no significance to the
emissions of NO. On this day, we obtained significantly smaller values for
NO, when the truck was running warm. As for the measurements on the truck
at different loads, the results did not give a clear answer as to whether this
affects the emissions in a significant way. However, also this is an area that
needs further investigation, if the police aim for optimizing their control ef-
forts.

The measurements at Scania in Ishgj showed that even in the test runs there
is a need for an experience that can only be obtained by performing more
measurements. There are obviously some variables that are not well described



in relation to the SCR-systems and how they handle the injection of AdBlue.
There is no doubt that continuous work in this area will enable police to iden-
tify heavy-duty trucks that tamper with the SCR-system far more accurately
than is currently the case.

11.1.6 Testing at Christonik in Ishaj on 23.09.2019

As described above, it was very difficult to find a Euro V heavy-duty truck
with a well-functioning SCR-system. One of the challenges was that our part-
ners did not have these types of vehicles in the workshop very often. And
many Danish shipping companies driving long distances have already re-
placed these vehicles with newer versions with Euro VI engines.

TJW freight could, however, make available a Euro V truck which was meas-
ured at Christonik, Industrigrenen 21 in Ishgj. The measurement area was
similar to the other areas a stretch behind an industrial building where the
truck could reach the desired speeds.

After several measurements and driving on the highway, we once again
found that the SCR-system did not work. Unfortunately, this was the last op-
portunity to test a Euro V engine with a well-functioning SCR-system with
Remote Sensing equipped, so we chose to try another Euro V engine test
drive, but this time without RSD measurements.

11.1.7 Testing at Volvo Trucks in Aarhus on 19.12.2019

Finally, and as a supplement we drove a Volvo truck with Euro V engine at
Volvo in Aarhus. In this last test we did not have RSD equipment available
but looked solely at data from the diagnostic equipment that was connected
to the truck's engine management system.

At the end of December, Volvo was able to make a heavy-duty truck with
Euro V engine available in Aarhus. Sune Elkjeer arranged a tour with a VVolvo
technician who brought original diagnostic equipment. As in the case of Sca-
nia, we could see that the data from the diagnostics is very complex and dif-
ficult to interpret in relation to the strategy for injecting AdBlue. However, we
found that the sensors measured values between 0 and just below 1,000 ppm
for the NOx while the SCR-system was active. The emission of NOx on this
truck was obviously affected by both driving pattern, engine load, EGR acti-
vation, SCR-system strategy etc. Our assessment is that if you want more clar-
ity on how to utilize the vehicle's own diagnostics, you should initiate a sep-
arate project for this which includes synchronous measurements of the ex-
haust with remote sensing and the readings from the vehicles engine manage-
ment while driving. In relation to this project, it can be noted that NOx values
above 1,000 ppm should raise suspicion of a malfunctioning SCR-system.
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12 Appendix for Chapter 8

Christian Rud Ingvardsen and Jesper Risager Nielsen

12.1 Objective of the measurement campaigns

The main purpose of the measurements in the closed areas was in collabora-
tion with the Danish Police to develop a procedure by which heavy-duty
trucks with malfunctioning SCR-systems can be identified. In this context, a
malfunctioning SCR-system can be manipulated deliberately or having tech-
nical errors. Replicate emission measurements on different suppliers of
heavy-duty trucks, Euro norm, engine load etc. were conducted with well-
functioning and malfunctioning SCR-systems as well as particle filters. The
resulting data provided valuable insight about the range of NO emissions
from well-functioning and malfunctioning SCR-systems, particle filters as
well as other parameters influencing emissions. The police were represented
during the initial tests (section 7.2) of the equipment and showed a good un-
derstanding of the setup procedure and how to carry out the measurements
on location.

During the measurement campaigns at Padborg and the Great Belt Bridge, the
experience obtained from the test fields was applied at authentic locations un-
der realistic conditions, which provided measurements of sufficient quality
from a total of 2,942 heavy-duty trucks and 3,306 passenger cars. The objective
of these campaigns was to estimate the fraction of heavy-duty trucks with a
malfunctioning SCR-system. This estimate is subsequently extrapolated to the
entire country in order to estimate the extra emissions of NO from malfunc-
tion of the SCR on a national level and estimate the impact of this extra emis-
sion on air pollution levels and associated health effects (Chapter 8).

At the same time, the emissions of PM from heavy-duty trucks were measured
and together with NO and PM emissions from a relatively large number of
passenger cars. The measurements provided important new knowledge on
the present status of the Danish vehicle fleet with respect to NO and PM emis-
sions.

12.2 Description of measurement campaigns and measure-
ment sites

Chapter 7.2 - 7.6 gives a description of the measurement campaigns and de-
scribes the activities and test that were carried out during these.

The original plan for the project was to select three to five sites for the meas-
urement campaigns. However, after consultancy with the police, the number
of measurement sites was narrowed down to two: at the Danish-German bor-
der at Padborg, and at the toll booth at the Great Belt Bridge in a westbound
direction. The originally scheduled two weeks of measurement campaigns at
these sites, had at the Great Belt Bridge to be reduced to only 6 days due to
roadwork. Thus, the remaining days were spent at Padborg where the cam-
paign was extended accordingly. Initially, NEQ was responsible for the meas-
urements, but for technical reasons it became necessary to request assistance
from RSE.



The westbound direction at the Great Belt Bridge was chosen, because meas-
urements on heavy-duty trucks traveling eastbound would disrupt traffic un-
necessarily. The sites were constructed in a way, which imposed a natural
pause in traffic, where the measurements took place. Thus, the police had suf-
ficient time to select vehicles for roadside control without building up a long
queue. Following, passing vehicles had to accelerate to continue their journey,
and measurements were conducted without bothering the traffic.

It was assumed that the heavy-duty trucks of interest were sufficiently abun-
dant at these two locations. More than 5,000 vehicles were expected to pass
the locations daily. However, an upper limit of only 3,000 vehicles were reg-
istered from nine am to five pm on campaign days. The campaign days were
grouped into two categories: those performed on days when the police was
present to manually inspect heavy-duty trucks based on NOx emission meas-
urements, and those which focused on measuring as many vehicles as possi-
ble, though with emphasis on heavy-duty trucks. In the former category, the
focus was in close cooperation with the police to establish a method for de-
tecting heavy-duty trucks with malfunctioning SCR-systems and without fo-
cus on the number of vehicles passing. This is reflected in the measurements
at the Great Belt Bridge from 01.10.2019 — 03.10.2019, where we selected a lane
with a high proportion of foreign heavy-duty trucks, but measured on only
few vehicles passing in terms of total number. Based on test measurements,
we expected to be able to measure all types of vehicles, but in practice this
was not possible. We therefore focused on heavy-duty trucks and used the
same instrument setup during the measurements with the police. The impli-
cation was a reduction in the total number of measurements.

As a starting point, we wanted to automate the process of identifying the
heavy-duty trucks selected for roadside control. Based on our experience with
well-functioning and malfunctioning SCR-systems at the closed areas, and af-
ter having reviewed the procedure with the police on location, however, we
realized that this procedure was neither possible nor desirable. Communica-
tion between the operator of the measurement equipment and the police had
to be fast.

Figure 12.1. Example of the measurement setup in collaboration with Danish Police. The
camera is hidden in a tent behind the dark car.

Therefore, there was not sufficient time for the systems to identify Euro norm
of the measured vehicle, and for this reason it was done manually. In practice,
communication by radio or telephone worked fine.

From the experience learned during the previous project on remote sensing
and in other projects in Europe, there was expected an overweight of foreign
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European heavy-duty trucks with high emissions of NO indicating a malfunc-
tioning SCR-system. Since we do not have access to information about foreign
vehicles in our databases, these vehicles had to be manually inspected. How-
ever, measurements at the Great Belt Bridge and at Padborg confirmed this
assumption. Measurement data revealed that the majority of heavy-duty
trucks passing was Euro norm V or VI. We chose the same threshold concen-
trations of NO as criteria for police roadside control of both Euro norms.

12.2.1 Padborg 24.09.2019

The measurements started at the border crossing in Padborg on Tuesday
24.09.2019 immediately after the completion of the initial tests in the Copen-
hagen area. Already on the first day of measurement, it was planned for the
police to participate with a number of officers who could take heavy-duty
trucks in for inspection.

The measuring equipment was set up immediately after the border check on
a section of road where the vehicles had to turn briefly to the left and then
straighten to continue on the highway. This would lead to a minor accelera-
tion and the speed would not be too fast. As described below, it was not pos-
sible to store data from this day, but we estimate that the heavy-duty trucks
were driving 10 - 20 km/h on the selected route. We concluded on the basis
of the test measurements and driving patterns that the site was suitable for
measurements.

The police chose to inspect the selected heavy-duty trucks immediately after
the survey was completed. This might have caused some anxiety in the area
and may also affected the chauffeurs’ driving pattern. As the measurements
continued with the police in Padborg on 26.09.2019, this procedure was
changed. Accordingly, the police selected heavy-duty trucks for control on the
highway and then guided them into the police control area.

i x|\

Figure 12.2. Measurement site at Padborg 24.09 2019. The measurement van can be seen on the right site of the read heavy-
duty truck.

Unlike the test measurements, the measurements on location were hampered
this day by technical issues with the instrumentation. There were problems
with calibrations and communication with the camera. The measurements
started at 10 am and heavy-duty trucks were quickly identified, which seemed
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suspicious based on an increased emission of NO. Initially a threshold con-
centration of 1,000 ppm was applied. Tentatively, the threshold concentration
was reduced to 800 ppm later on, but only in a short period of time since no
malfunctioning SCR-systems were identified at this concentration. During the
first part of the day, measurements of NO emissions agreed with findings
from the roadside control by the police. On the contrary, the remaining part
of the day gave nothing but frustrations due to lack of correlation between
measurements and what was observed at roadside control.

However, the police managed to select 14 heavy-duty trucks based on the se-
lection criteria of which five had malfunctioning SCR and nine were ok. The
time of control was not noted, for which reason it is not possible check
whether the malfunctioning SCR-systems were selected in the morning or in
the afternoon. However, according to police they were most likely detected
during the morning.

The primary result of these measurements was to establish a contact between
the measuring equipment operator and the police. During the day it was de-
cided that the operator should provide information about VDF number (VDF
number is the unique number for the measurement in the measuring equip-
ment), colour of the heavy-duty truck, brand, NO emission on the measure-
ment and information about S/F factor (Smoke factor, which is a parameter
for the emissions of particles). Subsequently, the VDF number would act as a
key to data so that the measurements could be linked to police reports.

Due to the problems with the measuring equipment, it was also not possible
to store the measurements for this day, and therefore it was not possible to
link the measured data with the police reports. Therefore, it was also not pos-
sible either to use this data to determine whether there was any measurable
explanation for the good results in the morning and the poor results in the
afternoon.

There was some concern that speed and acceleration might not be sufficient
at the specific destination. For this reason, it was decided in collaboration with
the police to move the equipment for the following days. It was also discussed
whether the setup was too visible for the drivers, resulting in changed driving
pattern that might affect the results. Finally, a new set of equipment was or-
dered for delivery the next day, since applied equipment did not work as ex-
pected.

12.3 Padborg 25.09.2019

The new measuring equipment arrived at noon and was completely installed
at 3 pm. In about two hours, 501 vehicles were measured of which 218 were
heavy-duty trucks.

When the police was not present, various arrangements of the equipment
were used instead. Instead of standing at the border checkpoint, the equip-
ment was moved further away so that the cars were now measured on a
straight line. The measuring equipment and camera were still visible to the
drivers of the vehicles but speed and acceleration were increased.
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Figure 12.4. Photos from 25.09.2019 of passenger car (left) and heavy-duty trucks (right) prior to adjustment of the camera an-
gel.
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Figure 12.5. Photos from 25.09.2019 of passenger car (left) and heavy-duty trucks (right) after adjustment of the camera angel.

At the same time, it was tested how the camera could take the best possible
pictures when measuring both heavy-duty trucks and passenger cars. As can
be seen from the following, with this setup it was still possible to take usable
pictures of both types of vehicles, although there was a challenge with heavy-
duty trucks that were too far away from the camera. Consequently, part of the
license plate was not visible and therefore a new set up was tested, to make
the license plates visible. Implications were wider angles of the camera and
this subsequently caused a poorer quality of the images of passenger cars. It
was decided to test these setups in the following days, but as will be seen, this
was not possible as a visible camera was concluded to have a disruptive effect
on the heavy-duty truck's driving pattern.

12.3.1 Padborg 26.09.2019

The police participated from early morning, and a setup identical to the day
before was established. However, the camera was now hidden behind a pas-
senger car. As a result, the heavy-duty trucks accelerated faster yielding a
more natural driving pattern. Usable images of both heavy-duty trucks and
passenger cars also benefitted from this modification. However, since one of
the primary priorities of the project was to develop a new method for screen-
ing and control of vehicles by the police, we chose to keep the new set-up for
the remaining measurement period in Padborg.

The various arrangements of the measurement equipment gave a negative re-
sult. Thus, it was impossible to detect a correlation between controls and
measurements in the first half of the day while there was good correlation in
the latter part of the day. This, of course, caused some frustration on the par-
ties involved, but the explanation was possibly the change in equipment
setup.

Despite the above, eight heavy-duty trucks were selected for control, of which
seven were selected based on the measurements. Out of the seven, two were
ok, whereas one was a model without SCR-system. Another two SCR-systems
were malfunctioning and the remaining two featured an engineered SCR-sys-
tem, including one, which was software manipulated.
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Figure 12.6. Measurement site at Padborg 26.09.2019
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Despite the above results, NEQ, in collaboration with the police, chose to take
the equipment back to the NEQ site in Ishgj to review the equipment again.
At the same time, it was decided to get assistance from specialists at RSE (Re-
mote Sensing Europe), who assisted NEQ during the previous tests.

12.4 Conclusion after the first week of measurements with the
Danish Police

After the first week of measurements, we found that there were challenges in
measuring on authentic locations compared to the test facilities in closed areas
under controlled conditions. In addition to the technical problems with the
equipment itself, it was clear that cooperation between the operator of the
equipment and the police was a challenge that could be improved. In addi-
tion, the experience of the operators was still limited and therefore it required
an evaluation of this process in order for the future measurements to yield
better results.

At the same time, it was clear that despite the tests, there was still some lack
of knowledge about the vehicles' control of AdBlue supply and thus the re-
duction of NO emissions. In addition, in the past week it was not possible to
comment on possible limit values for the emission of particles as these figures
did not give clear indications of the manipulations of the heavy-duty trucks.
The lack of knowledge gave rise to many different theories about the mode of
operation and thus also some uncertainty about the connection between the
measurements and the reasons for this on the heavy-duty trucks themselves.

In relation to the actual installation of the equipment and the police set-up of
officers in the immediate vicinity of the measuring equipment, many im-
provements had been found. The position of the camera, the position of the
measuring equipment, the visibility of the operator as well as the visibility of



the police were all factors that seemed to have a negative impact on the driv-
ing, because, among other things, speed changes of the heavy-duty trucks. At
the same time, there will of course always be some variation in identifying
malfunctioning SCR-systems resulting from the fact that different staff mem-
bers in the police are performing the controls.

12.4.1 Great Belt Bridge 30.09.2019

Prior to the measurements 30.09.2019, NEQ and the RSE specialist tested the
equipment 27.09.2019 and 29.09.2019. The conclusion was that the calibration
could be somewhat improved, but overall the equipment worked as expected.
In order to optimize the efforts with the police, NEQ chose to use the specialist
from RSE during the first 3 days of the campaign on the Great Belt. Also, pro-
ject manager Christian Rud Ingvardsen became a permanent operator of the
equipment until all parties had confidence in the measurements again.

From 30.09.2019, NEQ initiated measurements on the Great Belt. Based on the
experience of the first week's measurements in Padborg, the police chose not
to arrive until the equipment and set-up had been tested by NEQ at the pay-
ment facility in a westbound direction on the Great Belt Bridge. The first day
was allocated to setup and testing. Basically, we wanted to measure in the
lanes, where most heavy-duty trucks were passing. According to the control
room on the Great Belt Bridge, this was track 2 and 3 which are equipped with
Brobizz.

Figure 12.7. Instrument setup at Great Belt Bridge, lane 2 with camera in close position to
passing vehicles.

The equipment was setup in track 2 after several tests of the equipment. Due
to safety precautions, the equipment could only be placed in restricted areas
making it difficult to position the camera optimally. At the same time, the ar-
eas between the tracks are restricted to ensure that no staff enters to lanes by
mistake. The vehicles passing these tracks can have a speed of up to 60 km/h.
At locations where the camera could be placed in the confined areas, it was
actually an advantage due to the shelter from the roof. It will enable any fu-
ture measurements even in rainy weather. However, in case of heavy rain, it
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will still be doubtful whether a satisfactory result can be obtained, regardless
of whether the area is covered, as rain from the roadway in this case can dis-
turb the signals from the measuring equipment.

Figure 12.8. Pictures of heavy-duty trucks at the Great Belt Bridge, lane 2 with camera located inside the safety area (left) and
outside the safety area (right).

The experience from the different setups indicated a need for placing the cam-
era outside the screened area, in order to obtain actionable photos of heavy-
duty trucks. This required a separate permit from the Great Belt. For space
reasons, we ended up with a set up that provided photos of heavy-duty trucks
but not of cars due to the angle of the camera.

Compared to the measurements in Padborg, the heavy-duty trucks came at a
significantly higher speed and therefore the camera had to be positioned fur-
ther away in relation to the measuring equipment itself.

As can be seen from the pictures above, it was necessary to set up the camera
outside the security areas where the staff of the Great Belt normally operates.
In order not to bother the traffic, it was necessary to angle the camera in such
a way that it could only take pictures of heavy-duty trucks and not of cars.

The police did not attend that day, and we measured 511 vehicles, including
69 heavy-duty trucks. However, due to the various tests of arrangements,
these measurements were not useful.

12.4.2 Great Belt Bridge 01.10.2019

We installed the equipment in lane two and the police installed themselves on
the other side of the bridge where heavy-duty trucks could be selected for
police control. Based on previous tests as well as measurements at Padborg,
the criterion for police control was 1,000 ppm NO. Less attention was payed
to particles (PM), but it was decided to note particularly high PM concentra-
tions during measurements.

The fact that lane two is intended for Brobizz, discriminates the nationality of
the vehicles to primarily Danish ones. It was realized, that actually more
heavy-duty trucks were passing lane three, which had access to a payment
facility. Only few vehicles met the criterion for police control. In total, we
measured 1,245 vehicles, of which 64 were heavy-duty trucks.

116



During the measurements 01.10.2019, we communicated with the police about
this problem, and discussed how this challenge could be solved. The police
were pleased with their location, as it was far away from the measuring area,
and thus did not lead to unnecessary and unwanted attention from the driv-
ers. At the same time, they had very good opportunities to inspect several
heavy-duty trucks at the same pull-up, which provided a unique opportunity
to exchange experience between the officers. The challenge was to identify
tracks with most foreign heavy-duty trucks.

Upon closer examination, mainly foreign-registered heavy-duty trucks were
passing lanes six to nine. This was because these lanes have only manual pay-
ment and not Brobizz. We therefore explored the possibility of switching to
measuring in these lanes. The staff at Great Belt Bridge was simultaneously
testing new equipment for automatic license plate registration. We could
therefore only obtain such a permit, if we could guarantee to be able to pack
the equipment down within less than 10 minutes. This is possible, and we
therefore started measuring in these lanes the following days. On this day, the
police selected one heavy-duty truck for control featuring a manipulated SCR-
system.

12.4.3 Great Belt Bridge 02.10.2019

In lanes six to nine, we measured significantly more heavy-duty trucks from
abroad. The picture was completely different from the previous days. In one
hour, four heavy-duty trucks were selected for control. However, the police
only identified the cause of the elevated NO emission in one of these vehicles.
A possible explanation may be difficulties in identifying the causes of mal-
functioning SCR-systems.

Figure 12.9. Instrument setup at the Great Belt Bridge, lanes 6-9.

In relation to the installation of the measuring equipment, a setup was chosen
which had previously been used by the Spanish Guardia Civil in a similar
campaign in Spain. As the heavy-duty trucks stopped, it was a concern that
speed and acceleration would not be sufficient to achieve usable results, but
this did not prove to be the case. Due to safety and not to arouse unnecessary
suspicion, the camera was set up well away from the measuring equipment.
As a consequence, it was not possible to identify the license plates of the ve-
hicles passing. However, it was found that the arrangement of equipment in
relation to the vehicles was crucial. In these measurement days, we saw how
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an arrangement just 50 cm closer to the roadway made the drivers more cau-
tious and thus changing the driving pattern. As a result, the measurements
were not usable, and we had to move the equipment again. It is an important
conclusion that the layout of the equipment has to be very mobile. The drivers
of the vehicles appear to be very cautious, and if they perceive disruptive el-
ements near the roadway both speed and acceleration are reduced. At the
same time, it is often necessary to adjust the layout to optimize the results.
Finally, we would not have had the opportunity to measure in different lanes
on the Great Belt Bridge without the ability to move the setup in a very short
time.

During the day, nine heavy-duty trucks were selected for control. Only one
SCR functioned properly and another one was too old to be equipped with
one. The remaining seven SCR-systems were deliberately malfunctioning.
Communication with the police was now in place, and the setup of the inspec-
tion area implied that there was enough time to notify the police in advance.

The fact that measurements were now conducted in other lanes implied that
much fewer vehicles were now measured. In total, only 353 vehicles were
measured on 02.10.2019 and 523 vehicles on 03.10.2019.

12.4.4 Great Belt Bridge 03.10.2019

Measurements continued in lanes six to nine, and the results were very similar
to the day before. The communication and cooperation with the police were
again impeccable, and the police selected eight heavy-duty trucks for control
of which six SCR-systems were malfunctioning and the remaining two
worked fine. Based on the ongoing campaign and the experience of the test
measurements, the police also checked the km history of the heavy-duty
trucks. Both heavy-duty trucks with well-functioning SCR-system were sus-
pected to have been driving too short time, implying that the catalyst was
simply not hot enough to activate the injection of AdBlue. At the same time,
there was a delay in the transit of the payment system, and this may also have
contributed to the cooling of the catalysts.

The above shows once again the need for police and researchers to gain a bet-
ter understanding of how the SCR-systems actually work. At the same time,
it is important to emphasize that a proper measurement location is crucial for
obtaining useful results. There will be a longer discussion of the implications
of this in the report's section on recommendations for streamlining police con-
trol efforts.

Based on the measurements at the Great Belt Bridge, the police was pleased
with the efforts, and confidence to the measurement system was restored. This
was clearly expressed by one of the controls on a heavy-duty truck which was
selected for control on the basis of a high NO emission. After the preliminary
investigations, the police was finishing the investigations, but without expla-
nations for the high NO emissions. Because of the confidence in the measure-
ments, the police continued anyway, and finally found some values that were
very suspicious. The heavy-duty truck was sent to an original Volvo work-
shop, and then it was found that a software manipulation of the SCR-system
had been performed.

It is important to emphasize that it is a prerequisite for a satisfactory collabo-
ration that mutual experience is gained in the use of the system. Especially the



operator of the equipment is critical for securing that the system is used to
ensure sufficient quality of measurements in the checking of heavy-duty
trucks.

12.4.5 Great Belt Bridge 04.10.2019 and 07.10.2019

As the police were not present these days, measurements were performed in
lane 1. The focus was on passenger cars and on obtaining the highest possible
number of measurements. The installation of the measuring equipment in this
case is kept within the barriers, and during the day, it was only necessary to
calibrate the system during the installation. Two different arrangements were
tested, respectively pictures of the cars from front and behind. Whether to se-
lect one or the other depends highly on the weather conditions such as light,
rain, blown etc.

On the two days, respectively 3,070 and 2,747 vehicles were measured. As ap-
parent from these figures, there is a large difference in number of measured
vehicles depending on selection of lane. Since the main objective of the project
was to develop a method for police roadside control of heavy-duty trucks by
the police, it was necessary to prioritize the relevant measurements on heavy-
duty trucks over a high quantity of measurements. Initially, we expected to
obtain more than 100,000 valid measurements. However, both the total num-
ber of vehicles that passed the selected measurement points, and the selected
focus on heavy-duty trucks made it impossible to achieve this goal.

Figure 12.10. Great Belt Bridge, lane 2. Camera position (left) and data acquisition on-site (right)

Unfortunately, the pictures from these days are of impaired quality, so the
uncertainty of making an automatic license plate recognition was considered
too high. We therefore chose to manually identify vehicles with Danish license
plates. The license plates were subsequently held against the Danish motor
register to define fuel type, Euro norm etc. Immediately after measurements
on 07.10, the Great Belt Bridge announced that they could not now allow us
to continue. As their own number plate testing equipment needed to be ex-
panded to include multiple lanes, they could not house our equipment. We
continued the measurements in Padborg from the following day.

12.4.6 Conclusion after the second week of measurements together
with the police

After learning a great deal about the equipment, and about how it is optimally
operated on the location in Padborg, there was a much better collaboration
and considerably more benefit was obtained from the measurements in the
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second week. The cooperation with the police worked impeccably, which is
to a large extent attributed to the police's very constructive approach to the
project. We have no doubt at any time about the police involvement in this
project, and without their advice and guidance, the project would not have
had the same chances of success. In terms of measurement, we learned a lot
after the first somewhat chaotic week in Padborg. The equipment was flexible,
reliable and relatively easy to use as long as the operator was adequately
trained in operation of the system, and the operator had a critical approach to
both setting up the equipment as well as to the data acquisition. This part de-
pended strongly on good and close cooperation with the police, as their feed-
back on the control part provided valuable knowledge about recognition of
suspicious vehicles. Finally, it was demonstrated that the equipment is capa-
ble of measuring many vehicles over a short time period, provided that the
setup is correct and fits the purpose.

12.4.7 Padborg 08.10.2019

The weather forecast indicated rain throughout the day. Measurements were
postponed to 09.10.

12.4.8 Padborg 09.10.2019 and 10.10.2019

Both days were influenced by rain, but in agreement with the police we initi-
ated the measurements.

.. ¥ o
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Figure 12.11. Measurement site Padborg. Danish Customs Authorities are operating in
the lane next to the measurements.

This was a great opportunity to get the equipment tested in various types of
weather as the days offered everything from sunshine to rain. We copied the
setup of equipment from 26.09 with the modification that the camera was hid-
den in a tent. This was partly to protect the equipment from rain, but also to
further hide the equipment from the drivers. In addition, the boxes that pro-
tected the measurement equipment was painted green and black for the pur-
pose of camouflage. The police changed method for selection of vehicles for



control. That is, the heavy-duty trucks were allowed to drive for some dis-
tance prior to being confronted at the highway. In a single case, this implied
that a heavy-duty truck selected for control was not checked in, but otherwise
this method worked better, and showed a more natural driving pattern com-
pared with the previous setup.

On 09.10, our measurements were affected by customs inspection, which was
conducted in the lane next to the measuring equipment. Obviously, the driv-
ers were paying close attention to people in yellow jackets at the location
where we were measuring. This confirmed our observations about the neces-
sity of having a mobile device, which can easily be moved and hidden to ob-
tain the best possible measurement results.

As seen in the photo from the measurements (Figure 7.12), the weather
changes considerably. Each time there had been a major rainfall, the equip-
ment had to be recalibrated. This was not a problem in itself, but with heavy
traffic in the opposite direction and wind blowing towards the measuring de-
vice, this gave problems with interference with emissions from the traffic in
the opposite direction. This must be considered, when calibrating the equip-
ment on roads under such conditions.

The police participated to a limited extent these days due to lack of resources.
However, several heavy-duty trucks were successfully controlled with good
agreement between heavy-duty trucks selected from the measurements and
the police subsequent findings (manipulation equipment on the heavy-duty
trucks). In total, five heavy-duty trucks were selected for control and all five
were either defective or were too old to feature an SCR-system. A total of 2,035
vehicles were measured on these two days, of which 983 were heavy-duty
trucks. Based on these measurements, the police called for at a meeting in the
steering committee on 11.11.2019, stating that they were fully satisfied with
the test in relation to their control efforts. The police stated furthermore that
they were convinced of the link between the measurements of NO emissions
with RSD, and the errors or deficiencies they could find on the heavy-duty
trucks. Freddy Agerskov announced that the police would not participate fur-
ther in measurement campaigns, since the objective was fulfilled.
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Figuré 12:12. Méasure.rhe.n{sne Padborg 09.10 and 10.10.2019.
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12.4.9 Conclusion after the third week of measurements in cooperation
with the police

After three weeks of measurements in cooperation with the police, it was clear
that we had built a well-functioning method in relation to identifying heavy-
duty trucks with suspiciously high NO emission. The criterion of 1,000 ppm
had proven effective in identifying heavy-duty trucks that could be of interest
to the police. Furthermore, the method to provide the police the necessary
information about the vehicle to inspect the heavy-duty truck in question also
worked without problems. It was clear in the third week that a trust and well-
functioning cooperation had now been established between the operator of
the system and the officers who were to carry out the checks. This was of great
significance in relation to the actual control of heavy-duty trucks, as the offic-
ers now knew that a technical explanation for the measured NO values was
very likely to be found. With respect to identification of heavy-duty trucks
based on high particulate emissions, we never found a pattern in the emis-
sions that was useful for police controls. This was partly because it was not
possible for the operator to find a consistent picture of heavy-duty trucks that
were suspicious on the basis of the PM values, and partly because the NO
emissions were so simple and clear to apply that there was no immediate need
for using other parameters.



12.4.10 Padborg 21.10 - 25.10.2019

As there were days left in the scheduled campaign, it was decided to conduct
the remaining measurements in week 43 in Padborg. Due to rainy weather
and high moisture content in the air influencing the performance of the in-
struments, these measurements were limited to 22.10 — 23.10 2019. On these
days, 1,520 (692 heavy-duty trucks) and 2,656 (1,174 heavy-duty trucks) vehi-
cles were measured, respectively. In the setup, the camera was hidden in a
tent behind a passenger car.

12.4.11 Conclusion on measurements campaigns at Padborg and
the Great Belt Bridge.

Measurements were performed for 13 days, and 4 measurement days had to
be cancelled due to rain and faulty equipment. A total of 25 measurement
days were allocated in the project, including test measurements.

A total of 17,826 vehicles were measured during the period, of which 4,155
were heavy-duty trucks. The starting point was to focus on Danish vehicles.
However, after the initial measurements, and after consulting with the police,
it was decided to change focus towards foreign heavy-duty trucks. Signifi-
cantly more foreign vehicles exceeded the NOx threshold value of 1,000 ppm.
In particular for the Great Belt Bridge, the location of the the measuring equip-
ment proved important.

This campaign demonstrated that the equipment is indeed suitable for meas-
uring vehicle emissions. However, it is important to point out that a successful
use of remote sensing is highly depending on several factors to obtain the best
possible data.

First of all, it is important to carefully consider which data should be gener-
ated, and what the data should be used for. As can be seen from the descrip-
tion of the campaign, there are natural restrictions for the use of the equip-
ment when aiming for control campaigns in collaboration with the police.
Here, the focus was on identifying heavy-duty trucks for police control, and
both the location of the destination and the presence of police and other peo-
ple in yellow jackets gave a need for the equipment to be hidden to avoid this
from affecting the driving pattern of the heavy-duty trucks. This may be re-
dundant when measuring “background” data, only, as this does not require
the presence of the police. Also, the drivers may communicate internally and
warn each other about on-road control campaigns. We could not verify this
from our, but it is a possibility according to the police. Therefore, it has to be
considered when setting up the equipment.

To carry out an optimal measurement campaign experience from the individ-
ual measurement sites proves important. For the two selected sites, a great
deal of time was spent in finding the best set-up, not only in terms of obtaining
the desired data quality, but also in handling practical details such as accessi-
bility at the measurement site, parking opportunities, cooperation with the
local authorities, etc. During the project, a confidentiality was established be-
tween the operators of the equipment and the staff at the border crossing. This
enabled a smooth working procedure where both parties helped establishing
the best possible conditions for the measurements.

The measurement campaign emphasized the importance of having a mobile
instrument setup. There was continuously a need to be able to adjust the setup
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of the equipment. This has proven to be the case with the OPUS RSD of the
selected setup that can be done within 30 minutes including the calibration of
the equipment.

It is also important to emphasize the need for measurements that extend over
longer periods of time and ideally take place continuously throughout the
year. In our geographical area, there are large seasonal variations in daylight
and weather conditions that affect the measurements and need to be ac-
counted for. It will be important to document that successful measurements
conducted in collaboration with the police in this project, can be replicated at
other times of the year.

Continuous measurements will also have the great advantage of building a
circle of experienced operators who can quickly detect changes in driving pat-
tern, values that should arouse wonder, ensure an optimal use of the technical
possibilities the system contains etc. In this project it became very clear, that
the operator plays a very important role in understanding what is being meas-
ured and which areas to pay special attention.

The measurements conducted in collaboration with the police have empha-
sized the need for more knowledge about how the heavy-duty trucks SCR-
systems work. In order to make effective measurements with the lowest pos-
sible limit values, and for the police to carry out the most effective checks on
the selected heavy-duty trucks, it is crucial that both police and to some extent
also the operator have an understanding of when the heavy-duty truck can be
expected to add AdBlue to the exhaust. It is therefore recommended that re-
sources be devoted to continuous training of the staff performing the controls.

There is currently insufficient understanding of the importance of slow driv-
ing, such as when driving in a queue, impact of many stops in traffic, such as
for many light traffic approaches or for many other types of driving with all
types of vehicles. This is an area that should be explored further in future RSD
studies of emissions from the driving carpark.

A greater understanding of this area will make it possible to differentiate
threshold values for NO emission. Clearly, Euro VI engines have significantly
lower NO emission than Euro V engines. When taking continuous measure-
ments at many different locations, it will become possible to establish a crite-
rion for selecting Euro VI heavy-duty trucks for police roadside control.
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