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Summary

The IEA-AMF TCP Task 61 was initiated to answer the key question how remote emission
sensing (RES) can be used - for policy purposes as well as for direct or indirect enforcement
- to detect high-emitting/gross-polluting road vehicles in real-world traffic.

The scope of the task included to review recent research involving development and
applications of the three main technological types of remote emission sensing, namely
conventional (or commercial) RES (type 1), which has been around and further developed
and refined over the last 35 years, point sampling RES (type 2) and plume chasing RES
(type 3), of which the latter two have (mainly) evolved only in the last 5-10 years. In addition,
the task has also included recent research involving applications of onboard real driving
emission measurement technique (i.e., PEMS) as well as research and development in the
field of exhaust plume modelling, both representing instruments that are vital to help fully
understand the possibilities and limitations of remote emission sensing to assess the real-
world emission performance of road vehicles, both on individual vehicle level and fleet level.

The main results of Task 61 can be summarized as:

— RES type 1 has proven very useful to measure average emissions on fleet level, e.g.,
by emission standard, vehicle brand, engine family, etc., in good agreement with
PEMS RDE measurements, which may serve in-service conformity and in-use
compliance testing, e.g., to evaluate needs to further improve emission legislation.

— Adopted in the right manner RES type 1 can also be used for direct enforcement, the
best example likely being supporting roadside inspections for roadworthiness testing.

— Single RES measurements (type 1 & 2) are of limited use to identify high-emitters; to
do so at least 3-5 repeat measurements on the same individual vehicle are required.

— RES type 1 has proven a useful tool to derive relationships between emissions, e.g.,
by emission standard, and vehicle age/mileage as well as ambient temperature,
important for road transport emission inventories. It has also proven useful to validate
— on an aggregate level — underlying emission models to the emission inventories.

— Through the successful development of RES type 2 in the last 5-10 years, passing
vehicles’ emissions of particulate matter (particle number, particle mass and Black
Carbon) can now be accurately measured from the roadside, which is a shortcoming
of RES type 1 instruments. There are clear indications that RES type 2 is capable of
identifying vehicles with non-functional diesel particulate filters from the roadside.

— Furthermore, measurements of gaseous pollutants (mainly NO and NO,) have also
been adopted to RES type 2. A good agreement between RES type 2 and PEMS has
been observed for both PN and NOx emissions.

— The main limitations of RES type 2 are generally the lower hit-rates (i.e., the share of
valid measurements) compared to RES type 1, especially when traffic is dense and
under certain unfavorable wind conditions. On the other hand, contrary to type 1,
RES type 2 is capable of full operability also during rainy conditions.

— RES type 3 has proven very capable of identifying gross-polluting HDTs. Recent
studies in both China and EU have shown that the SCR systems on substantial
shares of SCR-equipped heavy-duty trucks are tampered with, or deviate from
normal operation for other reasons, increasing their NOx emissions by up to one
order of magnitude, or even more. For China this resulted in an underestimation of
the NOX emissions in the national emission inventory in 2019 by 18%.
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— Furthermore, ambient temperature was identified as a primary driver of NOx
emissions for heavy-duty trucks, and the low-temperature penalty has caused a
9-29% increase in NOx emissions in winter in major regions of China.

— PEMS data analysis demonstrates that Euro 6 diesel cars, that comply with the
emission limit set in the RDE regulation, may still occasionally produce significant
spikes of NOx emissions, e.g., during strong accelerations. This is crucial for RES
type 1 and type 2 measurements aiming at identifying high-emitters and implies that
measurement sites characterized by strong accelerations should be avoided.

— The good news for RES type 1 and 2 high-emitter identification capability from the
PEMS data analysis was that the Euro 6 diesel car equipped with an SCR was the
one that produced the least variable momentary NOx concentrations. Further, the
problem with large variations in momentary emissions of NOx was not observed for
PN emissions, indicating that there is not a great variation in the performance of the
DPF even for varying trip conditions.

— SEMS measurements demonstrate that also NOx emissions from diesel powered
light- and heavy-duty Euro VI trucks are sensitive to driving conditions, in particular
when comparing highway (low emissions) and city (high emissions) driving, due to
lower temperatures of the aftertreatment system at lower engine loads and idling.
Thus, it is not ideal to carry out RES measurements to identify NOx high-emitting
trucks and buses in typical city driving, i.e., in heavy traffic, causing a lot of low speed
and stop-and-go situations. However, just as for the corresponding diesel cars, PN
emissions from Euro VI trucks were quite unaffected by driving conditions and load.

— Advanced numerical simulations for a passenger vehicle show that the exhaust gas
plume is strongly diluted in the near vehicle wake, so that no significant proportion of
exhaust gas can be measured 1.5-3 m downstream of the vehicle. That is for all
investigated speeds (30-80 km/h) and wind conditions, with the peak concentration of
exhaust gases found less than 0.5 m downstream of the vehicle, explaining the lower
hit-rates for RES type 2 compared to type 1, due to the lower measuring frequency.

The conclusions of Task 61 are that there are many promising and valid applications of RES,
especially when considering that the three different types have both overlapping and
complementary features, and may well be applied in assembly, not only as single systems.

To target and enforce deliberately tampered vehicles RES may be the only option. This
would require a shift from some of today’s focus on PTI’s to roadside inspections, in which
case all types of RES have proven capable to drastically increase the efficiency in targeting
and finding gross-polluters. This could have a considerable impact regarding reducing the
emissions of NOx and particulate matter (PM) from in particular Euro 5 (PM) and Euro 6
(NOx and PM) diesel light- as well as heavy-duty vehicles.

Finally, RES technologies and associated pollutant measurement and analytical instruments
are being further developed to improve performance and to meet new challenges to reduce
road vehicle emissions.
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Introduction

Largely as a consequence of the dieselgate scandal, revealed in 2014 [1], the efforts to
further reduce air pollutant emissions from road traffic, and in particular NOx emissions,
through stricter emission legislation have increased substantially in the last 5-10 years, not
only in Europe but also in China and in the US. In Europe, the introduction of the Euro 6
standard and the associated stepwise Real Driving Emissions (RDE) Regulation are the
clear examples of the new ambitions to strongly reduce emissions from vehicles when they
drive on the road and not only in the legislative laboratory test cycles. With a few years
backlog a similar tightening of the emission legislation has taken place also in China.

Still, air pollution — with road traffic as the main source —is a lingering health problem in
many large cities all over the world — Europe, China and North America not exempted. For
instance, in 2022 around 1 % of all the air quality monitoring stations in Europe, all of them
traffic stations located in nine EU member states, recorded concentrations above the EU
annual limit value for NO; of 40 pg/m3. On the contrary, 72 % of the stations, located in all
the 27 EU member states, reported concentrations above the WHO NO- guidelines level of
10 pg/m3. A similar picture with regard to exceedances of air quality limit and guidelines
values is seen for particulate matter, both PM1o and PM 5, with road traffic being a major
source [2].

Reaching the new very strict WHO Air Quality Guidelines introduced in 2021 [3], will most
likely require a near full-scale compliance of the in-use vehicle fleet with the recently
implemented real driving-based emission legislation, which in turn will require, apart from the
legislative testing for vehicle type approval and in-service conformity, also efficient road
worthiness testing (PTI and I/M programs). An evolving complementary cornerstone to
efficiently further reduce vehicle emissions and improve air quality is measurements of
emissions from individual vehicles in real-world operation from the roadside or from chasing
vehicles, more commonly referred to as remote sensing or remote emission sensing (RES).

This report compiles the work of the partners of IEA AMF Task 61 to summarize state-of-the-
art and review the opportunities and limitations of applying RES for 1) direct enforcement of
vehicles not complying with the increasingly stricter emission standards over the last 5-10
years in both Europe and China, and 2) air pollution policy purposes to more generally learn
about real-world vehicle emissions in order to find the most effective ways to reduce them. In
this work inclusion of data, results and experiences from extensive studies with onboard
emission measurement techniques, i.e., PEMS, as well as advanced modelling of vehicle
exhaust plumes have been a major and crucial asset.

10

Technology Collaboration Programme on

/ea-Y Advanced Motor Fuels



Objectives

The objective of Task 61 is to evaluate and propose how remote emission sensing (RES)
can be used - for policy purposes as well as for direct enforcement - to detect high-
emitting/gross-polluting vehicles in real-world traffic. The project will make use of:

e the on-going efforts in mainly Europe and China to further refine existing as well as
develop new RES technologies for contactless and non-intrusive measurements of
real-driving emissions on an individual vehicle level, and

¢ the large number of past, on-going, and planned remote emission sensing
measurement campaigns in European cities in the coming years, primarily as a direct
or indirect consequence of the dieselgate scandal emerging in 2014.

Task 61 comprises all vehicle categories, i.e., passenger cars, light commercial vehicles,
and heavy vehicles (i.e., heavy trucks and buses), running on commonly used combustion
fuels, i.e., petrol, diesel and CNG, but also biofuels, and designed to meet all adopted
legislative emission limits (e.g., Euro 1 - Euro 6). However, special attention is paid to high-
emitting vehicles designed to meet the most recent emission standards, e.g., Euro 6. Target
pollutants are nitrogen oxides and particulate matter, for which exceedances of air quality
standards still occur in many densely populated areas of the world, whereas air quality
problems related to carbon monoxide (CO) and hydrocarbons (HC) today are almost
negligible thanks to the introduction of efficient three-way catalysts on light-duty petrol cars
more than 30 years ago.

Task 61 aims to evaluate and compare the performance and applicability of the following
main types of RES technologies to identify high-emitting vehicles (see Figure 1):

1) Conventional RES (type 1) — this is in practice the technologies that are already
offered to the market by commercial providers for emission measurement services.

2) Point sampling RES (type 2) — in terms of measurement strategy point sampling RES
is quite similar to type conventional RES, but it is still under development, i.e., not yet
commercialised, and has its main advantage for measuring PM emissions, both
number and mass.

3) Plume chasing RES (type 3) — from a measurement strategy perspective rather
different to type 1 and 2: Not as many vehicles can be measured per time unit, on the
other hand the measurements on each vehicle have a longer duration than in the
case of 1 and 2 — more straightforward to pinpoint high-emitters.

In the work of Task 61 to evaluate, compare and improve the performance of the three
different RES types to identify high-emitting vehicles, research studies involving onboard
emission measurements by means of PEMS and SEMS systems, as well as simulations of
exhaust plumes — by means of further developed highly advanced state-of-the-art models —
during typical real driving conditions, have been an underlying pillow for a better overall
understanding of the very complex matter of road vehicle emissions.
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Figure 1: Overview of the three different types of remote emission sensing (RES) techniques.

Both for the comparison and evaluation of the performance of the different RES technologies
and for responding to the project’s objective to come up with proposals on how these can
practically be used - for policy purposes as well as for direct enforcement - to combat excess
real-world vehicle emissions, the project will make use of existing RES datasets in Europe,
China and the US, and new datasets from upcoming RES measurement campaigns in the
next few years to come (2020-22). Dataset examples are:

e The CONOX remote sensing database was originally developed and set-up in 2017
within the CONOX project, an initiative by the Swiss Federal Office of the
Environment under the umbrella of ERMES (https://www.ermes-group.eu/). At
present (April 2020) the database, now entitled CONOX+, holds data from RES
measurements (type 1) on about 1.4 Mio vehicles. The database is hosted by IVL.

e The H2020-project CARES (https://cares-project.eu/), launched in summer 2019 and
running until late spring 2023, in which three major RES measurement campaigns
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werecarried out in the cities of Prague, Milan and Krakow. All the three RES types
were applied in these measurements, and in addition a dedicated controlled
experiment campaign involving all three RES types and PEMS measurements on a
small sample of untampered and tampered vehicles was carried out in June 2020.
The CARES project is coordinated by IVL.

Similar RES measurement campaigns as in the CARES project in two major cities in
China in the framework of a project financed by the Ministry of Science &
Technology, with a similar objective as and strongly associated with the CARES
project (mutual collaboration and exchange of results and experiences).

On-going major RES projects in Denmark and Switzerland (task sharing participants
in this project), and in other countries such as Germany.

On-going projects involving PEMS and chassis dynamometer measurements on in-
use vehicles in several countries that are task sharing participants in this project.

In China, Ministry of Science and Technology (MOST) supported two major projects
(2018YEF0106800, in partnership with CARES, and 2017YFC0212100) on RES type
3 technology. A mobile plume chasing database of NOx and BC emission factors for
more than 13000 heavy-duty trucks (HDTSs) in China has been accumulated by June
2023. Concurrent comparison tests between plume chasing and PEMS were also
conducted.
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Methodology

RES type 1 - conventional/commercial RES

The first RES technology was developed already in the late 1980’s by researchers at the
University of Denver, commonly known as the Fuel Efficiency Automobile Test or FEAT [4].
The original FEAT instrument used NDIR (Non-Dispersive Infra-Red) spectroscopy to
measure the concentrations of carbon monoxide (CO) and carbon dioxide (CO.) across the
road in the dispersing exhaust plumes of passing vehicles from the roadside in less than one
second (Figure 2). By determining the ratio of CO to CO; in the exhaust plume the
instantaneous emission of CO expressed as grams per kg fuel burnt can be determined from
the fuel combustion equation. The emission measurement is synchronized with a video
camera taking a snapshot image of the rear or front license plate of the measured vehicle, in
order to retrieve technical vehicle information from the vehicle registry for the further analysis
of the emission data collected. The major advantage with RES Type 1 is the ability to
measure the emissions from thousands of vehicles in a normal working day.

EDAR unit
(vehicle emissions

Data processing remote sensing
& video display system) Weather
- - sensor
—-" H R

Source & Speed & Vldeo camera &
detector module acceleration license plate reader
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Camera
(speed and
license plate)

#
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C
co"

Lateral transfer
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Figure 2: Schematic principle and set up for a RES type 1 instrument (left: original cross-road — horizontal — RES;
right: the newer vertical RES).

Over the years RES type 1 has gone through a major development, enabling measurements
of emissions of also HC, NO, NO; (i.e., NOx), NH3, CH, and particulate matter, of speed and
acceleration (yielding vehicle specific power data in kW/ton), and deploying automatic
license plate readers [5]. The first commercial instruments, building on the FEAT device,
came to the market already in the early 1990’s, and have been used for enhanced US state
I/M programs since the mid-1990’s [6] and for enforcement purposes also in China in the last
ten years [7], but — so far — merely for research, demonstration or real-world emission
evaluation purposes in Europe. Today there is one commercial provider of RES type 1
instruments in Europe (opusrse.com), one in the US (heatremotesensing.com), and — at
least — one in China (http://subsites.chinadaily.com.cn/).

More recently, methodologies to convert the directly measured g/kg fuel emissions by RES
type 1 instruments to be expressed in g/km have been developed [8,9], which is practical for
e.g., evaluating measurement results against emission standards given by law. These
methodologies can also be applied to RES type 2 data.
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RES type 2 - point sampling RES

The RES type 2 principal shares many similarities with RES type 1, the main difference
being that RES type 2 measures the concentrations of exhaust components from the
roadside in one point through extractive sampling, thereby the name point sampling RES —
see Figure 3.

N S
= ] ]

L |

Figure 3: Schematic principle and set-up for RES type 2 instrument (adapted from reference 10).

(1) sampling tube inlet located in the center of — alternatively close to — the lane, secured to the road surface or the pavement,
(2) dilution volume with connectors for the CO2 instrument and for connecting additional pollutant monitoring instruments, (3)
valve for sampling flow regulation, (4) sampling pump.

To be able to measure the emissions from individual vehicles, the CO; instrument and the
deployed air pollutant monitoring instruments must measure with a sufficiently high time
resolution — 1 Hz or higher. An example of a measurement series is presented in Figure 4.
The measured concentrations of any exhaust component are plotted against the measured
concentrations of CO; in the plume peak and if a sufficiently strong correlation between the
two is achieved, the ratio between the two can be used to derive the instantaneous emission
factor of the pollutant measured expressed as gram per kg fuel burnt, similar to the principle
for RES type 1 measurements.

1600 r 2.5x10°

1400
2.0x10°
1200

1000 1.5%108

800

€O, (ppm)
Particles (# cm3)

6
600 1.0x10"

400
5.0x10°

200

0

10:33 10:35 10:36 10:37 10:39
Time (hh:mm)

Figure 4: Example of measured concentrations with an RES type 2 instrument from three successive passages of
the same vehicle, in this case a bus in acceleration mode (Ref 14). Measured particle number (red line) and CO2
concentration (black line).

The first applications of the RES type 2 technology were made to measure particulate matter
emissions with rather sophisticated, research-grade particle analyzers [10,11]. More
recently, low-cost sensors to measure particle number and Black Carbon (BC) emissions
have been developed for RES type 2 applications, as well as NO/NO2/NOx analyzers [12].
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The fuel-based emission factor of individual vehicles can be calculated based on the
concentration ratio of the target pollutant to CO.. The calculation in this study uses the
simplified carbon balance method, which assumes all carbon in the fuel converts to CO,. The
fuel-based emission factor for pollutants P (EFg) is shown in Equation 1,

A[P]
[CO,]

EFp = 2= e &

where w, represents the carbon fraction of fuel and was set to 0.87 in this study. The A[P] and
A[CO;] are the increments of pollutant P and CO,, and calculated by the difference between
peak maxima and background concentrations:

A[CO,] = COy,, — COy,, @)

AlP] = Pmax_Pbg 3

The P,4 and Cozbg are the background concentrations, which are calculated with a time

interval of 5 minutes. The units for NO emission factor (NO-EF) and PN emission factor (PN-
EF) are g/kg and #/kg, which refers to grams (g) of NO and numbers (#) of particle emitted by
per kilogram of fuel burned. In this study, we selected the peak height method for calculating
the emission factor instead of integrating the peak area to minimize the artifacts from
instrument delay.

A correction factor for A[NO] is required to count for the artifacts caused by the response
time of NO sensor. The electrochemical NO sensor rises slower than the CO2 analyzer. The
rise time of a typical plume in this study is around 3 seconds, which is adequate for CO2 and
PN to give full response while only allow the NO sensor to give approximately 63% relative
response. Therefore, the A[PN] need no further correction while a semi-experimental
correction coefficient of 1.59 (= 1/0.63) was used for A[NO] in this study.

The limit of quantification (LOQ) for emission factor is determined by the concentration
ratio between the detection limit of A[P] and corresponding A[CO,]. Similar to Eq. 1, we
estimate the limit of quantification (LOQ) of emission factor EFp 4, as:

A[P]0p

EFpL00 = A[C—C)Z]WC 4
Where A[P],,p is the limit of detection (LOD) of pollutant P. The LOD of different species are
determined by three times of the standard deviations of the background signals, which is
around 5 ppm, 10 ppb, and 1000 #/cm?® for A[CO,], A[NO] and A[PN]. The EFp o, is
principally dependent on A[CO,] instead of a fixed value, the relationship between them are
presented in Figure 44b. During the experiment, the majority of A[CO,] in this study are within
the range of 10-100 ppm. Therefore, the LOQ for NO emission factors (NO-EF) and PN
emission factors (PN-EF) are roughly 2 g/kg and 1x10 #/kg in relatively diluted plumes
(A[CO,] = 10 ppm), as detailed discussed in the Supporting Information. For the high emitter
identification propose, the data below LOQ should not be ignored, but should be considered
as the reference range between 0 and the LOQ. The k-means algorithm groups the objects
into a specific number of clusters by their relative positions. The algorithm automatically
adjusts the grouping until the mean distance between the cluster center and the belonging
data points reaches the minimum. The position and distance in the k-means algorithm are
virtual concepts. In this study, the positions are defined within a two-dimensional space, and
the distances are calculated using log(PN-EF) and log(NO-EF) as the two dimensions.
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RES type 3 - plume chasing RES

Mobile plume chasing (RES type 3) uses a vehicle equipped with high-resolution
pollutant analyzers to chase the prior vehicle and measure its on-road pollutant emissions
(Figure 5). The plume emitted from the prior vehicle is rapidly diluted after entering the
atmosphere and captured by the sampling inlet mounted at the front of the mobile platform.
Based on the assumption that contaminants such as nitrogen oxides (NOx)/ black carbon
(BC) are rapidly diluted with carbon dioxides (CO,) in equal proportions for a short time, the
fuel-specific emission factor (g/kg-fuel) was established based on the carbon balance
method by taking CO; as a fuel tracer (see Equation 4). Thus, characterizing the individual
emission level and identifying high emitters among massive on-road vehicles.

e

Figure 5: Field study of chasing — RES type 3 — tests.

A[P]dt

.
A[CO,]dt ( MMVEC’ - ) (4)

EFP =

where A[i]=[i]-[i]o, i=CO2, P (NOx, BC), A[i] represents the net concentration of pollutant i; [i]
represents the diluted exhaust concentration of i for the target vehicle (g cm); [i]o represents
the background concentration of pollutant i (g cm=); EF, is the emission factor of pollutant P
in grams of pollutant emitted per kilogram of fuel consumed (g/kg-fuel); MW, and MW, is
the molecular weight of the carbon and carbon dioxide; w, is the mass fraction of carbon in
the fuel, it is 0.86 for diesel.
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On-board emission measurements — PEMS and SEMS

PEMS (Portable Emission Measurement System) are on-board emission measurement
devices used for quantifying the emissions produced by light- or heavy-duty vehicles in real
world conditions. The PEMS devices are simplified laboratory grade equipment that are
connected to the tail-pipe of the test vehicle. The device itself may be installed on e.g., a
vehicle towing hook or in the vehicle boot alternatively. Typical PEMS devices are able to
measure following emission components: CO,, CO, NOx and PN. The PEMS devices are
additionally able to monitor the momentary emissions produced by a vehicle, and therefore it
enables to study in detail the emission performance in respect to a wide variety of variables.
PEMS devices enables e.g., determining any situations or road conditions where high
emissions may take place.

PEMS devices are currently used as a part of the type approval processes for determining the
real driving emissions (RDE) for a specific vehicle model. The RDE test was introduced in four
different RDE-packages between 2016 and 2018. The main objective for deployment of RDE
was primarily monitoring of NOx and PN emissions in real-world environments, and thus to
improve the correlation between vehicle emission performance between laboratory tests and
real-world conditions. The European Union adopted the RDE procedure as a part of the type-
approval (TA) process by the deployment of RDE 4, starting from 2017 [13]. The combined
uncertainties caused by the PEMS-measurements in RDE were tackled by applying separate
conformity factors (CF) for NOx and PN. The usage of CF resulted in separate RDE derived
emission limits, i.e., not-to-exceed (NTE) limits. The RDE4 package was initially adopted with
temporary, more lax conformity factors, before eventually entering fully in form in its final form
in 2020. Vehicles type-approved within the temporary stage were called Euro 6 d-TEMP. In
Euro 6 d-TEMP, the CF factors for NOx was 2.1 and for PN, 1.5 respectively. The
corresponding final figures for Euro 6d (RDE4) were 1.43 for NOy and 1.5 for PN. Since the
deployment of the RDE test, the RDE regulation has been supplemented and revised from
multiple perspectives. For example, the CF factors have been revised and further reduced
both for NOyx and PN among others. In the most recent stage, Euro 6e, which was adopted in
2022, CF numbers for NOy was reduced to 1.1 and PN was reduced to 1.34 correspondingly.

The NTE limits are defined for NOx and PN following: NTE-limits = CF x EURO-6 limits. For
example, the NTE NOx limit for Euro 6 d-TEMP is 2.1 x 800 mg = 1680 mg/km and
correspondingly for PN, 1.5 x 6*10* #/km = 9*10! #/km.

The RDE procedure is acting as a supplementary method for laboratory testing for determining
and ensuring the robustness of the emission performance for the road vehicles. For vehicles
produced prior to 2017, the emissions were solely determined explicitly in controlled laboratory
conditions. Because of this, the absolute, vehicle specific correlation between the emissions
determined in the laboratory and the real emissions produced in real world conditions may
often remain unknown. However, several studies produced for vehicles produced prior to 2017
indicate that the real-world emissions were typically significantly higher in RDE compared to
the TA values declared by the manufacturers in laboratory testing. Since the implementation
of the RDE procedure, especially since CF factors have been reduced, the robustness of
vehicle emission characteristics have in real world conditions drastically improved.

A SEMS (Smart Emissions Measurement System) is a smaller, simplified PEMS that
measures the concentrations of NOx, PN, CO and CO: in the vehicle exhaust equally well as
a PEMS, but doesn’t measure the exhaust flow, which the PEMS does by means of a
dedicated exhaust flow meter. Instead, the exhaust flow is often calculated from data taken
from the vehicle’s OBD system. However, a SEMS measures accurately the ratios — of
pollutant emissions to CO, emissions, e.g., NOx to CO», on a second-by-second basis,
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which is a useful measure of the NOx emission performance for different conditions
regarding e.g., driving behavior, vehicle load and ambient temperature. This ratio is often
entitled NOx-Index and expressed in mg NOx per gram CO, emitted.

The main advantages of a SEMS compared to a PEMS are the hardware costs and the
measurement costs associated with the mounting, since a SEMS may only take a few minutes
to install. It also does not occupy as much space of the vehicle as a PEMS does.

Typical setups of PEMS and SEMS instruments are shown in Figure 6.

Figure 6: A typical PEMS (top) and SEMS setup (bottom).
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Exhaust plume modelling

Direct numerical simulations (DNS) and (wall-resolved) large eddy simulations (LES) are
computationally too expensive for the flow around a vehicle (Re > 10°). Therefore, in the
present work, the Unsteady Reynolds-Averaged Navier-Stokes (URANS) equations are used.
In this way, turbulent scales are modeled, but large coherent vortex structures are resolved.
These structures/eddies are coherent because they occur with some regularity. For this reason
URANS is considered to be an eddy-resolving method [14]. This implies that the detachment
of the flow around the vehicle creates not only a large number of small turbulent eddies, but
also recurring large eddies. However, all turbulent fluctuations of the flow are treated by the
turbulence model.

The following describes the setup of a simulation environment in OpenFOAM for the flow
around a vehicle, which is emitting exhaust gases. Thus, temperature as well as density vary
in space and time, since the exhaust is a high temperature multicomponent mixture. Therefore,
the Navier-Stokes-Fourier system of equations containing the conservation equations of mass,
momentum, energy and species are considered to simulate the mentioned flow problem.

dp  0(pi;)
E-i_ axi =0
— — o~ a o Z—k ~ ~ ~
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The above described equations are implemented in the open source CFD platform
OpenFOAM, making use of its existing solvers and various functionalities [15]. The PISO
(Pressure Implicit with Splitting of Operators) algorithm is chosen to iteratively solve the
coupled equations. Therefore, the continuity equation is not solved for the density but used to
construct a pressure-poisson equation as presented in [16]. Thus, mass conservation is still
ensured (through construction of the pressure-poisson equation) and the simulation runs very
stable for low-Mach numbers. The time step is obtained by the Courant-Friedrichs-Lewy (CFL)
condition and continuously updated to conform with CFL < 1. For further details please refer
to [17].

To provide additional insights on the exhaust plume dispersion downstream a realistic vehicle
and how this affects an on-road RES measurement, a parameter study deepening and
extending the one by [18] was carried out to relate various properties of the exhaust plume to
the given circumstances. Since the parameter study led to numerous simulations, this was
another reason URANS was chosen instead of LES. However, a novel hybrid LES/RANS dual-
mesh framework was developed for future investigations to further increase the accuracy of
URANS simulations but reduce the computational cost of LES drastically [19].
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Activities and data

RES type 1 measurements
Danish studies on roadside remote sensing

Measurements with RES type 1 were carried out in Denmark in 2019, focusing on the
detection of high-emitting heavy-duty trucks [20]. The report presents results of field
campaign studies with roadside remote sensing equipment for online detection of road traffic
emissions of nitrogen oxides from individual vehicles. The project focused on control of SCR
cleaning systems for removal of nitrogen oxides (NOX) in the exhaust from heavy-duty trucks
and methods for identification of malfunctioning (manipulated and defect) SCR-systems.

The project was divided in the following activities:

1. Assessment of which RES type 1 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 particle 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, 11 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 oxides 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-systems.
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CONOX project - RES type 1 data pooling and comparison with PEMS data

In the so called CONOX project more than 700,000 emission data records from RES type 1
measurements carried out in Spain, Sweden, Switzerland and United Kingdom between
2011 and 2017, were pooled and analyzed, with a particular focus on the real-world NOx
emission performance of Euro 5 and Euro 6 diesel passenger cars [8]. The results of were
compared with PEMS data from national surveys conducted in the UK, the Netherlands,
France and Germany. For Euro 5 comparison there were 128 PEMS tests and about 58,000
remote sensing measurements, whereas for the Euro 6 comparison there were 173 PEMS
tests and about 16,000 remote sensing measurements.

Swedish study focusing on early Euro 6 diesel cars

RES type 1 measurements with an Opus RSD 5000 instrument were carried out in summer
2018 outside Stockholm along a trunk road carrying a high share of commuters [21].

The objective of the study was to demonstrate and evaluate the potential of remote sensing
to be used as a complementary tool, when e.g., targeting non-compliant and high-emitting
vehicles, as individuals and/or certain types or groups of vehicles, in in-service conformity
testing, in-use compliance programs and PTI (periodic technical inspection) programs. The
use of a high-commuter site enabled repeat remote sensing measurements on a substantial
share of passing vehicles. Based on the remote sensing Euro 5 and Euro 6 light-duty diesel
vehicles, mainly early Euro 6 (Euro 6ab) passenger cars, were recruited for PEMS RDE
tests as well as chassis dynamometer measurements over the legislative driving cycles
(NEDC and WLTP). 30 vehicles were recruited, of which all were measured with PEMS

RES type 1 measurements in the CARES project

CARES was a Horizon 2020 flagship project running from May 2019 through April 2023
(https://cares-project.eu/). Four major measurement campaigns involving RES type 1
instruments were carried out in the project in 2021 and 2022:

- Controlled characterization experiments at a vehicle test track in the Netherlands: Six
vehicles (two passenger cars, an LCV, a heavy-duty truck, a scooter and a
motorbike) were measured under different driving conditions on vehicles in both
emission tampered and non-tampered mode, producing 1,400 passes past an Opus
RSD 5500 instrument [22,23]. Also, RES type 2 and 3 as well as PEMS
measurements were carried out simultaneously for instrument comparison purposes.

- City demonstration measurements in Milan [24]: Measurements were carried out with
two vertical RES type 1 instruments (HEAT EDAR) deployed at two different sites,
producing about 35,000 emission records. RES type 2 and PEMS measurements
were carried out simultaneously for instrument comparison purposes. The primary
aim of the measurements in Milan was to evaluate the potential of RES to track air
guality policy effectiveness, e.g., to further develop and follow up the impact of the
city’s low emission zone (LEZ).

- City demonstration measurements in Krakow [24]: Measurements were carried out
with several horizontal RES type 1 instruments (Opus) at a multitude of sites,
producing more than 100,000 emission records. Parallel measurements with RES
type 2 instruments were carried out at some sites. The primary aim of the
measurements in Krakow was to evaluate the potential of RES to steer new policies,
in this case to prepare for the implementation of the first LEZ in Poland.

- City demonstration measurements in Prague/Brno [24]: Measurements were carried
out with several horizontal RES type 1 instrument (Opus) at a multitude of sites,
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producing more than 100,000 emission records. RES type 2 and 3 as well as PEMS
measurements were carried out simultaneously for instrument comparison purposes.
The primary aim of the measurements in Prague and Brno was to evaluate the
potential of RES to identify high-emitting vehicles.

Other RES type 1 measurement campaigns in Europe of relevance for Task 61

During the three and a half years that Task 61 has been running, several other major RES
type 1 measurement campaigns have been carried out across Europe from which it has had
access to both data and results reports, mainly through the continued operation of the
CONOX remote sensing database by IVL and different activities within the CARES project.

Measurements in Flanders (2019): Two HEAT EDAR instruments were deployed at
five different sites across Flanders in June 2019, providing nearly 190,000 valid
emission records [25]. Two of the sites were at motorways with a speed limit of

120 km/h, which means that this was the first remote sensing study in Europe with a
substantial share of high-speed driving conditions, providing more complete
coverage of everyday vehicle use. Other objectives were to evaluate how high-
emitters can be properly defined and identified and to estimate the occurrence of
vehicle tampering (SCR and DPF fraud/malfunctions) by means of remote sensing.

Measurements in Berlin (2019) and Frankfurt (2020): In these two major studies the
first ever remote sensing measurements in Germany were conducted [26,27]. The
two studies served similar objectives, such as the influence of ambient temperature
and other ambient factors, the influence of vehicle ageing on NOx emissions, primary
emissions of NOy, i.e., NO2/NOx ratios in the exhaust, validation of HBEFA emission
factors and the underlying PHEM model, and identification of high-emitters. In Berlin
two Opus RSD 5000 instruments were deployed along two streets in October and
November 2019, resulting in more than 100,000 emission measurements on 50,000
unique vehicles. In Frankfurt both the HEAT EDAR and the Opus RSD instrument
were deployed at different sites, resulting in 90,000 emission records. The analysis in
the Frankfurt study also incorporated the data from the Berlin 2019 study, in order to
increase the sample size and thus the statistical robustness of the results.

Measurements in Brussels (2020): The study in Brussels represents one of the most
extensive RES type 1 measurements in a European city, comprising more than
260,000 emission measurements on more than130,000 unique vehicles at eight
different sites using four Opus RSD instruments, of which two were the new RSD
5500 unit, with improved NO, capability compared to its predecessor the RSD 5000
[28]. Some of the measurements related to roadside tailpipe PN measurements for
the upcoming PN testing in the Belgian PTI.

Measurements in Switzerland (2021): In the national ReMOVES research project two
HEAT EDAR and two Opus RSD 5500 instruments were deployed at eight different
sites across Switzerland in June 2021 [29]. 138,000 valid emission measurements
were successfully assigned to vehicles for further evaluation. Among the objectives
were to compare the HEAT and Opus instruments and to verify their correlation with
PEMS RDE measurements at a designated test track, to compare the RES results
with HBEFA modeling results, and to evaluate whether remote sensing provides a
sound basis for determining high-emitters.

Here should also be mentioned the yearly remote sensing measurements carried out
by the Kanton of Zirich since 2002 using Opus RSD instruments and the last
reported measurements that were carried out in 2021 [30].
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RES type 1 databases

The first database pooling data from RES type 1 measurements across Europe was the
CONOX database developed in the CONOX project 2016-2018 - see above [8].

During and after the completion of the CARES project the CONOX database was gradually
substituted with the new CARES database [31], presently holding more than 2 million
emission records from about 10 European countries. A special feature of the CARES
database is that some of the data is accessible for the public through dedicated apps, see
e.g., https://cares-public-app.azurewebsites.net/. The most recent data in the CARES
database is from the measurement campaign in Prague and Brno in the early fall of 2022.

RES type 2 measurements
China

Field experiments were conducted in a driving track located in the rural area of Yancheng,
far away from the urban area and industry zones. The tests were carried out on several
cloudy daytimes with moderate air temperature (~15-20°C), the prevailing eastward breeze
helped the exhaust plumes to disperse steadily. During the field experiment, the sensor
platform was placed at the curbside of the downwind direction to measure exhaust plumes
from passing vehicles.

The tested vehicles are diesel trucks named as “China-VI”, “China-VI fail’, “China-V”, and
“China-V fail”. The “China-VI” and “China-V” are China VI (equivalent to Euro VI) standard
medium-duty diesel trucks (MDTs) and China V (equivalent to Euro V) standard heavy-duty
diesel trucks (HDTs). The aftertreatment system for “China-V” only includes selective
catalytic reduction (SCR), while the aftertreatment system for “China-VI” also includes diesel
oxidation catalyst (DOC) and diesel particulate filter (DPF) to further reduce NOx and PN
(Vressner et al., 2010). The “China-VI fail” and “China-V fail” are the exact vehicles as
“China-VI” and “China-V,” but the entire aftertreatment systems were deliberately removed.
Therefore, the “China-VI fail”, “China-V”, and “China-V fail” are associated with outdated or
failed aftertreatment systems and are expected to be potential high-emitters. For clarity, we
call these vehicles “designed high emitters”. Each vehicle drove 15 laps without extra
loading, while “China-V” and “China-V fail” drove additional 15 laps with ~5000 kg cargo
loading (30 laps each vehicle). The tested driving speeds were 10, 20, 40, 60, and 80 km/h.
The total laps are 90 for the whole experiment.

To validate the performance of the sensor platform, the emission factors are compared with
an onboard PEMS (OBS-ONE-PN, HORIBA, Japan). The PEMS data are averaged for 30
seconds near the sensor platform, when the vehicles maintained constant speeds.

Europe

— The emissions of particles from 234 city buses were measured under real-world stop-
and-go traffic conditions at a bus stop in Gothenburg, Sweden, in 2016 [32]. The total
number of particles was measured with a CPC (Condensation Particle Counter) and
the particle number size distribution in the range from 5.6 nm to 560 nm over 32 size
channels with an Engine Exhaust Particle Sizer (EEPS) instrument. The measured
buses comprised models fulfilling Euro 111-VI and EEV (Enhanced Environmentally
Friendly Vehicle) standards running on different fuels, such as compressed natural
gas (CNG), diesel, Rapeseed Methyl Ester (RME) and Hydro-treated Vegetable Oil
(HVO).
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— The emissions of particles — as PN, PM and black carbon (BC) — from 556 heavy-
duty trucks were measured at a roadside location in Gothenburg, Sweden, in
summer 2018 [33]. The measured fleet comprised trucks complying with the Euro IlI
to the Euro VI and the EEV standards.

— In the three city demonstrations (Milan, Krakow and Prague/Brno) in the CARES
project in 2021 and 2022, RES type 2 measurements were carried out on in total
=18,000 (for BC — Black Carbon), =13,000 (for PN — particle number) and =7,000 (for
NOx) diesel and petrol passenger cars [24]. The measured vehicles ranged from
Euro 2 to Euro 6d.

RES type 3 measurements
China

The Tsinghua team has launched large-sized plume chasing campaigns across several
regions in China, including the Beijing—Tianjin—Hebei region (BTH region), Yangtze River
Delta region (YRD region), Pearl River Delta region (PRD region), Fen—Wei region and
Sichuan Basin region (see Figure 7). A database of NOx and BC emissions more than
13000 heavy-duty trucks (HDTSs) in China has been established by 2023. The large sample
test data of multiple test sites enable the comprehensive coverage of technological (e.g.,
emission standards) and operational conditions (e.g., ambient temperature and driving
speed) for real-world HDT emissions. Figure 7 summarizes the vehicle specifications in each
region. More than 1000 samples were tested randomly on-road for most region to increase
the regional representativeness of the samples. The experimental routes were majorly
selected on highways to avoid congested traffic conditions, where exhaust plumes from
surrounding plumes can cause uncertainties. The driving speeds are from 10 km/h to 106
km/h and concentrated on 60-70 km/h (~65 km/h on average). These tests were conducted
during the daytime (9:00-17:00) in all seasons and the ambient temperature measured at the
chasing platform is from -3 C to +40 C.
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Figure 7: Sample distribution of plume chasing — RES type 3 — tests in China.
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The vehicular information for the chasing test was mainly identified by field observation
and remotely queried. The vehicular license number plate and mass load were obtained
through field observation. Furthermore, 71% of tested vehicles were later identified to match
the detailed vehicle specifications in official registration datasets remotely (e.g., Ministry of
Ecological Environment, Ministry of Transport). The queried information included fuel type,
gross vehicle weight (GVW), emission standard, and manufacture year (MY). The GVW of
the tested HDTs was between 4.5 and 49 tonnes and mainly larger than 20 tonnes. As
shown in Figure 8, 90% of the chased vehicles are fueled by diesel and 7% fueled by natural
gas. Most of the HDTs complied with China Il to China V standards. The proportion of China
lll, China IV, and China V HDT samples to the total tested HDTs was 10%, 31%, and 55%,
respectively. A small amount of 4% HDTs complied with China VI emission standard.

a) Fuel type b) Emission standard

China lll,

Gasoline, 1% i 0
China V1,4% 10%

China V,
55%

Figure 8: Fleet composition of chased vehicles.

Europe

RES type 3 measurements were first carried out in Europe on heavy-duty trucks on
German highways in 2016 by researchers at the University of Heidelberg. The same
research group and its spin-off company Airyx (https://airyx.de/) have over the last five years
expanded the plume chase measurements in Europe to countries such as Austria [35],
further measurements in Germany [36], Switzerland [37], Denmark [38], Sweden [39,40] and
Czechia [24] and also carried out measurements on buses and light-duty vehicles. The
plume chase measurement technique has been validated against PEMS measurements
[22,37] and also compared with RES type 1 and type 2 measurement techniques [22,23].

A summary of the main RES type 3 measurements carried out in Europe is given in Table 1.
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Table 1: Overview of RES type 3 measurements carried out in Europe.

Country Year No. of HDVs | Reference (comments)
measured
Germany 2016 250 [34]
“ 2019 140 [36]
Austria 2018 215 [35] (only data for 185 HDVs was evaluated)
Switzerland 2019 39 [37] (comparison with PEMS measurements)
Denmark 2020 480 [38]
Sweden 2020 121 [39] (comparison with PEMS measurements)
“ 2021 85 [40]
Czechia 2022 >900 [24] (also =1100 LDVs and buses measured)
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PEMS measurements
RDE/PEMS measurements on light-duty vehicles in Helsinki in 2019

In 2019, VTT conducted a series of RDE/PEMS measurements for four diesel passenger cars.
This work was conducted as a collaboration between partners in Finland and in Norway. The
main objective of the experiment was to study the day-to-day variation of the emission
performance of different Euro 6 class diesel vehicles in respect to vehicle exhaust
aftertreatment technologies, vehicle age, and ambient and on-road conditions. More
specifically, the purpose of the tests was to monitor how the emission performance of different
vehicles within Euro 6, type-approved both outside and within the RDE regulation would
perform in various real-world conditions, and thus demonstrate and quantify the variation in
between vehicle to vehicle.

From the PEMS device, CO;, CO, NOyx and PN emissions and exhaust mass flow were
recorded. The most relevant data gathered from the PEMS tests were exploited and further
processed to support the work described in this report. The main purpose of the processed
data was to improve the understanding in which specific factors, such as e.g., road sections,
ambient temperatures or other conditions would affect the momentary and overall emission
performance of Euro 6 class diesel cars. Summarizing these factors would provide with
important information regarding factors that should be taken into account when monitoring
NOy and PN emissions using RES equipment. For this case study, any factors affecting NOx
and PN emissions were explicitly analyzed. In this case, the overall emission performance
regarding both NOx and PN were compared with maximum concentrations per trip. This
enabled to demonstrate the natural emission behavior of the given vehicles and enabled to
understand the magnitude and variation of emissions Euro 6 diesel vehicles may produce in
typical daily use. Furthermore, road sections where typically highest emissions were produced
were separately analyzed for gaining back-to-back comparison between the emission
characteristics of individual vehicles.

The vehicles included in the tests represented family-size and medium size diesel vehicles
typically used on the Finnish roads. The vehicle age varied from model year 2015 to 2018.
The test fleet included vehicles that were type-approved both within (Euro 6-d TEMP) and
outside (Euro 6b) the predominant RDE regulation. Because the non-RDE compliant vehicles
(Euro 6b) were not type-approved within RDE, no on-road emission limits nor conformity
factors were available nor had been defined by the manufacturers. The cars were equipped
with engines that were comparable in terms of engine configuration and displacement. The
engine aftertreatment system (EATS) depended on car type approval class yet varied mostly
by the NOy reduction strategy. Cars A and B were equipped with lean-NOy traps (LNT), car C
with a selective catalyst reduction (SCR) system and car D with twin LNT technology. All cars
but car C were equipped with diesel oxide catalysts (DOC).

A more detailed description of the test vehicles is presented in Table 2.

Table 2: Key information of the test vehicles.

Model Engine NOy PN Vehicle

arid. Type vear Emission class  displacement conformity conformity Transmission EATS mileage
1] factor factor [km]

CarA Estate 2015 Euro 6 b* 1.6 - - M6 DOC+DPF + LNT 73 500

CarB Estate 2017 Euro 6 b* 1.6 - - M5 DOC+DPF + LNT 24 800

CarC Estate 2014 Euro 6 b* 1.6 - - M6 DPF + SCR 59 100
CarD Hatchback 2018 Euro 6 d-temp 1.5 2.1 1.5 AT8 DOC+DPF + 2xLNT 2000
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The data used for this case study was gathered with PEMS using different routes representing
typical driving characteristics in mixed environments, including urban, rural and motorway
environments. An example of a PEMS route used in the campaign is shown in Figure 9. The
tests were conducted during daytime within a normally following the traffic stream. During the
campaign, a total of 24 PEMS RDE tests were made. The tests were performed in ambient
temperatures ranging from — 1.3 °C to 19.6 °C, as shown in Table 3. The test quantity and test
conditions varied between cars.
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Figure 9: An example of a PEMS route in the Helsinki region

Table 3: Number of tests and average trip ambient temperature range in respect to each test vehicle.

Number Average trip ambient

car of PEMS temperature range [°C]
tests

CarA 4 09to34
CarB 4 -1.3to 5.7
CarC 9 2.7t019.2
CarD 7 6.2to 19.6
Total 24 0.9to 19.6

SEMS measurements on a diesel van and heavy-duty trucks in Copenhagen in 2020

In this study the emissions from three heavy-duty trucks and one delivery van — all diesel
powered Euro VI — were measured with a SEMS to assess real driving emissions of mainly
NOx from vehicles delivering goods in urban areas, to find out under which conditions the
SCR-system was fully functioning/not fully functioning with respect to engine load, engine
temperature, SCR-efficiency, driving conditions, outdoor temperature, and load/weight of the
vehicle [41]. Also, emissions of PN and CO were measured.
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Exhaust plume modelling

1.

The homogeneity of the plume was first studied. Since the dispersion in the wake is mainly
determined by turbulence, the molecular diffusion of each species plays an insignificant
role and can hence be neglected. Therefore, within the plume, all species are
homogeneously distributed and can be represented as one compound.

Since OpenFOAM is based on the finite-volume-method for unstructured meshes, such a
mesh needs to be created. Therefore, the meshing utility snappyHexMesh supplied with
OpenFOAM is used to create hexahedra-dominant meshes.

When creating the computational mesh, particular attention was paid to a balance between
necessary computational time and accuracy in the sense of a sufficiently high resolution.
For the investigation of several influencing parameters, more than 100 simulations were
performed; therefore the computation time per simulation had to be limited. After several
iterations of the mesh generation, the mesh shown in Figure 10was obtained and selected.

Figure 10: Computational mesh for exhaust plume simulations.

The pressure-based URANS solver was developed in OpenFOAM making use of the pre-
existing solver rhoReactingFoam.

The described solver was used to simulate flow around the vehicle at different driving and
ambient conditions. The chosen parameters are, on one hand, vehicle-related
characteristics such as velocity as well as the position and orientation of the exhaust
tailpipe. To study the individual effects of each parameter, the exhaust gas mass flow was
kept constant. Additionally, wind is included in the study as a general external effect,
distinguishing between orientation and wind velocity. Furthermore, how a vehicle upstream
affects the exhaust plume dispersion of a vehicle further downstream was studied.

Possibilities of comparing exhaust plume simulation results with RES measurements of
any type were investigated. However, due to the unpredictable nature of such
measurements (ambient/driving conditions) a comparison was deemed unreliable and
insufficient to draw further conclusions.

To address the modeling assumptions of URANS that come with inaccuracies, a
consistent framework for hybrid turbulence modeling was adopted for future studies. This
framework involves solving the filtered and Reynolds-averaged equations concurrently
across the entire domain. This means conducting both LES and RANS simulations on two
separate meshes. To ensure consistency between the two solutions regarding velocity,
pressure, and turbulent properties, additional drift terms to the respective equations are
introduced. This approach effectively ensures clean conditions at the interfaces between
LES and RANS and is often referred to as tight coupling of LES and RANS.
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Results
RES type 1

Truck tampering studies in Denmark
Experimental set-up using road-side remote sensing

In the Danish project Control of SCR-systems using roadside remote sensing carried out in
2019 [20], Remote Sensing Devices (RSD) were placed along the roadside to measure
individual vehicle exhaust emissions as the vehicles passed the remote sensing devices.
The remote sensing devises takes a “snapshot” 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.

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 was
performed immediately before the vehicle was passing and another measurement was
performed just after the vehicle had passed. The difference between the two measurements
was taken as the contribution from the vehicle passing the instrument.

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 determine
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 manipulated or defect SCR-
systems.

Controlled tests of malfunctions of SCR-systems and particle filters

One of the major tasks in the project was to carry out tests of RSD measurements within a
closed area. A series of tests with deliberately manipulated SCR-system were performed.
The overall aims of this part were to:

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

» Characterize PM emissions from vehicles with dismantled particle filter.
» 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 manipulated.

Other parameters that were tested included: engine temperature, weather, speed,
acceleration and the presence of a trailer.

The main outcome of these tests 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 malfunctioning SCR-systems for roadside inspections.

The most important conclusions from these tests were (with NO emissions expressed as
NO. equivalents):

» Average NO emissions equaled 0.8 g/kg fuel for active SCR, 24 g/kg fuel for inactive
SCR and 18 g/kg fuel for active SCR-system with the SCR switched off. Thus, NO
emissions differ by a factor of 20 between well-functioning SCR and malfunctioning
SCR-systems. The difference between the malfunctioning SCR-systems is within the
uncertainty of the measurements.
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NO emissions from Euro V heavy-duty trucks featuring an inactive SCR-system
averaged 32 g/kg fuel. 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 well-functioning
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 of NO, at which the SCR-system is probably malfunctioning, at around
7 g/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 concentration, 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 compared to the average for Euro VI heavy-duty
trucks with SCR switched off. The test themselves therefor point at a threshold of NO
of about 14 g/kg fuel (660 ppm).

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. Moreover, these tests
showed that onboard diagnostic equipment may provide interesting information that
could be used for further projects on malfunctioning SCR-systems on heavy-duty
trucks.

The measurements of NO during the tests were very robust towards variations 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 droplets 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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Measurements at Padborg and at the Great Belt

In the project, 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 8 Euro VI heavy-duty trucks with NO emissions exceeding 800 ppm
(comparable to 17 g/kg fuel) were selected. The police identified malfunctioning SCR-
systems among 61% of the selected heavy-duty trucks. As described in detail in the report it
is assumed that the remaining 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.

A total of 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 measurements, it was
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 estimate (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.

Method for routine control of SCR-systems on heavy-duty trucks using remote sensing

The project has demonstrated that using the remote sensing method is an efficient method
for identifying heavy-duty trucks for subsequent 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-systems.
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 selection for roadside control.
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CONOX project

The main results and conclusions from the CONOX project, based on RES type 1
measurements measured across Europe up until 2017, were:

NO, emissions (g/kg)

Average NOx emissions from diesel passenger cars (by Euro standard, make, brand,
model, engine family, etc.) as measured by RES type 1 agree well with
corresponding emissions measured on-board vehicles, e.g., by means of PEMS

(cf. Figure 11). Thus, remote sensing has been proven as a powerful tool for market
surveillance and for complementing conventional test methods aiming at capturing
real driving emissions.

With help of remote sensing all top selling models can be measured. Despite large
efforts and resources spent on PEMS tests following dieselgate, these did not cover
the market sufficiently, and high NOx emitters were effectively escaping the tests (cf.
Figure 12).

The real-world NOx emissions from diesel passenger cars remain virtually
unchanged by the EU emission legislation from Euro 1 through Euro 5, meaning that
in real-world driving the average European diesel Euro 5 car emits 5-6 times more
NOx in excess of the Euro 5 standard.

Euro 6 diesel passenger cars emit on average about half as much NOx as Euro 5
diesel cars, still the Euro 6 diesel cars emit on average about 5 times more NOx in
excess of the Euro 6 standard.

The introduction of effective diesel particulate filters (DPFs) along with the Euro 5
standard has effectively reduced the real-world emissions of particulate matter from
Euro 5 and 6 diesel passenger cars down to very low levels (cf. Figure 13).

Data type

| RES
Il rs0

Type-approval limits
PEMS

Euro 5 Euro 6
Emission standard

Figure 11: Average real driving NOx emission factors (in g/kg fuel burned) for Euro 5 and Euro 6 diesel
passenger cars according to PEMS (red bars) and remote sensing measurements (blue bars), respectively
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Figure 12: Comparison of NOx emission factors (in g/kg fuel) derived from RES type 1 measurements and
governmental (blue circles) and 3rd party PEMS testing (orange circles), respectively, by vehicle model (Euro 5).
Grey circles represent models captured in the RES type 1 measurements but not in the PEMS tests [8].
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Figure 13: Average PM emissions (in g/kg fuel burned) by Euro standard for diesel passenger cars as measured
by remote sensing in four European countries. Red lines indicate the emission standard [8].
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Light-duty diesel vehicle on-road emission performance study in Sweden
The main results from this RES type 1 study [21], carried out in 2018, were:

* A good agreement between remote sensing and PEMS in terms of real-world diesel
LDV NOx emission reductions from Euro 5 to the various steps of Euro 6, i.e., both
methods and the various datasets showed a 50% reduction for Euro 6ab and an 80%
reduction for Euro 6c, cf. Figure 14. PEMS measurements (on four cars) showed a
further substantial reduction for Euro 6d-temp compared to Euro 6c, but this was not
seen in the remote sensing data (measurements on 138 cars).

* For early Euro 6 diesel cars, i.e., Euro 6ab, there was a good agreement in NOx
emissions between remote sensing and PEMS also when data were broken down on
vehicle model level, and particularly on engine alliance level (cf. Figure 15), with
regression coefficients of =0.6 and =0.9, respectively.

* Even on an individual vehicle level there was a fair agreement between remote
sensing and PEMS, indicating that remote sensing is capable of identifying diesel
cars exceeding the Euro 6 RDE NOx limit with a factor of three or more, with
reasonably low estimated errors of omission and commission, cf. Figure 16.

B Remote sensing ™ PEMS RDE
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Figure 14: Average NOx emissions by Euro standard and Euro 6ab emission control technology for diesel
passenger cars as measured by PEMS (full RDE test) and the same car individuals measured by RES type 1,
except for the Euro 6¢ and Euro 6d-temp [21].
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Figure 15: Average NOx emissions for common Euro 6ab diesel engine families as measured by PEMS RDE and

by remote sensing [21].

Error bars represent the standard error (95% CI).
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RES type 1 measurements in the CARES project

A cross-campaign comparison of NOx emissions by Euro standard for diesel, petrol and LPG
light-duty vehicles as measured by RES type 1 in Milan, Krakow and Prague is shown in
Figure 17. Overall, the results demonstrate that light-duty vehicles measured in all three
cities are emitting NOx at comparable levels, and that the two different commercial RES

type 1 instruments (HEAT EDAR and OPUS RSD) do not show large discrepancies as
regards NOx emissions. Both median and mean NOx emissions from light-duty diesel
vehicles measured in all three cities showed a good agreement. Notably, diesel cars have
achieved comparable NOx emission performance with petrol cars after the introduction of
RDE testing (Euro 6d-TEMP and Euro 6d). Those of petrol vehicles certified to Euro 5 and
earlier, however, reaffirmed the likely presence of vehicles with defective or tampered three-
way catalysts in the Prague measurements, largely indicated by the higher mean and
median NOx emissions. The CARES measurements also generated emission factors for
LPG cars, commonly found in Milan and Krakow, which showed higher NOx emissions than
their petrol counterparts, which was a new finding. Figure 18 demonstrates the capability of
RES type 1 to reveal large differences in NOx emission performance also for the most recent
Euro 6 categories of diesel cars that are to comply with the RDE regulation (6d-temp/6d).
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Figure 17: Average NOx emissions (in g/km, converted from the RES g/kg fuel data) for diesel, petrol and LPG
passenger cars as measured by RES type 1 in Prague, Milan and Krakow in the CARES project [24]. Crosses
represent mean values and squares represent median values.
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Figure 18: Average NOx emissions (in mg/km) by engine family for Euro 6d-temp (left) and Euro 6d (right) diesel
passenger cars according to RES type 1 measurements in the CARES project [24].
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Other RES type 1 measurement campaigns in Europe of relevance for Task 61
Measurements in Flanders 2019

The RES type 1 measurements in Flanders in 2019 were the first that comprised a large
number of cars certified to the Euro 6d-temp standard [25]. In all about 5,000 Euro 6d-temp
diesel cars were measured, having NOx emissions that were about 50% lower compared to
the non-RDE compliant Euro 6 diesel cars, see Figure 19.

Since a large share of the measurements were made on motorways, a large number of
heavy goods vehicles (HGV) were measured. The results show that the NOx emissions of
Euro 6 HGVs were almost 80% lower compared to the emissions of Euro 5, see Figure 20.

The Flanders study focused also on identifying and quantifying the fractions and
contributions of high-emitting vehicles, both light- and heavy-duty, to NOx and PM
emissions, by means of the RES type 1 measurements, see Figure 21. When suspicious
trucks, based on the RES measurements were pulled over for roadside inspection by the
federal police, the tampering detection success rate increased from 9% to over 83%.
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Figure 19: Overview of the evolution of NOx emissions (in g/kg fuel) by Euro class for passenger cars as
measured by RES type 1 in Flanders 2019 [25]. The results show the averages for petrol (green) and diesel
(orange), for which a spread is given representing the 95% confidence interval.
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Figure 21: Average NOx emissions (in g/kg fuel) by different vehicle categories according to RES type 1
measurements in Flanders in 2019 [25]. The contribution from high-emitters is indicated by the orange bars.

Measurements in Berlin (2019) and Frankfurt (2020)

The measurements in Frankfurt in 2020, were the first involving Euro 6d cars, although the
number of measurements was quite small, since Euro 6d was not mandatory until January
2021 [27]. The measured NOx emission levels of Euro 6d are equal to those of Euro 6d-
temp, see Figure 22. Compared to Euro 6abc, NOx emissions levels are reduced by about
50% with Euro 6d-temp/6d, for both diesel and petrol cars.
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Figure 22: Average NOx emissions (in g/kg fuel) by Euro standard for petrol (“benzin”) and diesel passenger cars
according to RES type 1 measurements Berlin 2019 and Frankfurt 2020. The Frankfurt A measurement
campaign was conducted with the HEAT EDAR system, while the Frankfurt B and the Berlin campaigns were
conducted with the Opus RSD 5000 system [27].
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Other important results from the Berlin and Frankfurt studies are:

RES type 1 offers a very good means to derive relationships between vehicle age
and emissions for various Euro classes, see Figure 23. The results from the Frankfurt
measurements are coherent with earlier RES type 1 studies, with a clear increasing
trend of all the regulated gaseous pollutants with vehicle age for petrol cars up to
Euro 5/early Euro 6, whereas for diesel cars no clear trend as regards CO and HC
emissions, seemingly a downward trend as regards NOx emissions for Euro 4,

a downward trend for Euro 5, and an upward trend for Euro 6abc.

Just as for vehicle age, RES type 1 also presents a very good means to derive
relationships between (hot engine) emissions and ambient temperature by Euro class
(Figure 23). Petrol car NOx emissions are independent of ambient temperature (in
the range of =5 to =30 degrees C) for all Euro classes, whereas diesel car NOx
emissions increase with decreasing ambient temperature for Euro 4 and Euro 5 in
the range of =5 to =20 degrees C, and then increases with increasing temperature.
For Euro 6 diesels no clear relationship with ambient temperature could be seen.

No influence of other ambient parameters, i.e., air humidity and air pressure, on
emissions was observed.

According to RES type 1 measurements in London, Paris, Berlin and Frankfurt, the
share of NO; of NOx in the exhaust of diesel Euro 5 cars has steadily decreased from
25% in 2012 to 11% in 2020. For the much cleaner Euro 6 diesel cars, this ratio is
fluctuating around 20%.

The hit-rate of detecting high-emitting vehicles by means of RES type 1 can be
substantially improved by repeat measurements on the same individual vehicles. The
fraction of true high-emitting passenger cars in the two studies seems to be max 1%.

A surprisingly good agreement between RES type 1 measurements and PHEM
modeling results was observed for NOx emissions for both diesel and petrol
passenger cars, when taking into account ambient temperature and vehicle ageing
effects in the PHEM modeling, see Figure 24.
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Figure 24: Average NOx emissions (in g/km) for petrol (B) and diesel (D) passenger cars according to RES type 1
measurements in Berlin 2019 and PHEM modeling results, respectively [26]. The filled red circles represent
PEMS results when the age influence on the emissions was taken into account in the PHEM modeling.

Measurements in Brussels (2020)

With the measurements carried out late in 2020, this campaigh managed to collect a large
number of emission data for Euro 6d passenger cars — in total almost 7,000 measurements,
of which almost 3,000 were diesels [28]. It was also the first study that pulled over cars
measured by the RES type 1 instrument to the roadside to go through a PN tailpipe test.

The key findings of this study were:

The NOx emissions of Euro 6d-TEMP and 6d diesel cars are 63% and 74% lower,
respectively than those of vehicles certified to previous stages of the Euro 6
standard. However, average emissions from Euro 6d-TEMP diesel cars remain 60%
greater than those of petrol vehicles certified to the same standard. See Figure 25.

Approximately 17% of Euro 6d-TEMP diesel vehicle families exceeded the on-road
type-approval not-to-exceed limit, suggesting that the RDE regulation does not
sufficiently cover all typical urban driving conditions.

Approximately 2% of the light-duty diesel vehicles measured in Brussels that were
equipped with a diesel particulate filter (DPF) were found to have PM emissions
indicative of some level of failure of the emission control system. These findings were
consistent with the results of the dedicated tailpipe PN test program, where PN
emissions levels for 5% of the tested DPF-equipped diesel fleet well exceeded those
expected of vehicles with properly functioning exhaust aftertreatment systems. It was
estimated that this small group of very high-emitting vehicles to be responsible for
more than 90% of total particles emitted from the test group.

A wide, non-programmed screening of vehicle PM emissions with RES type 1 may
identify DPF-faulty vehicles that should be checked with the new PN counting test at
an unanticipated vehicle inspection, see Figure 26.
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Measurements in Switzerland 2021 (ReMOVES project)

The key findings of the dedicated test track experiments in the major Swiss 2021 RES type 1
study [29], where two different RES type 1 instruments (Opus RSD 5500 and HEAT EDAR,
respectively) were compared with an onboard instrument (SEMS), measuring the NOx
emissions from a small sample of diesel powered light- and heavy-duty Euro 5 and 6/VI
vehicles, were:

g NOx / kg Kraftstoff

RES type 1 instruments are capable of correctly measuring NOx emissions, coherent
with SEMS measurements, particularly for vehicles with high emissions, e.g., Euro 5
diesel passenger cars and heavy-duty trucks under load (Figure 27 and Figure 28).

RES type 1 poses some shortcomings when it comes to measuring NOx emissions
from low-emission vehicles, e.g., the majority of petrol cars and Euro 6d-temp/6d
diesel cars, since the detection limit of e.g., the Opus RSD instrument is estimated to
0.75 g/kg fuel for a single measurement (corresponding to about 0.04 g/km).

Thus, for RES type 1 to be capable of more adequately separating vehicles not
complying, from vehicles complying with the emission regulation, two or more
measurements should be carried out on each vehicle.
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Figure 27: Comparison of repeat NOx emission measurements by means of RES type 1 (Opus RSD 5500) and
SEMS on a Euro 5 diesel car on a test track in Switzerland in 2021 [29]. Left: average (x), median (-) and
percentile ranges; right: individual vehicle passes (second-by-second data).
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Figure 28: Comparison of repeat NOx emission measurements by means of RES type 1 (HEAT EDAR) and
SEMS on a Euro VI heavy-duty diesel truck with trailer on a test track in Switzerland in 2021 [29]. Left: average
(x), median (=) and percentile ranges; right: individual vehicle passes (second-by-second data).

The key findings of the measurements carried out in Swiss real-world settings were:

As regards the average NOx emissions by Euro class, measured by both the HEAT
EDAR and the Opus RSD 5500 instrument, there was a good agreement with other
recent RES type 1 measurements studies in Switzerland and elsewhere, when
considering the different driving conditions. See Figure 29.

Compared with modelling results of HBEFA 4.2 applied to the rural sites (with speeds
below 80 km/h), the RES results agreed generally well for NOx from petrol cars but
were substantially higher for diesel Euro 6d-temp and 6d cars. When HBEFA was
applied to the motorway sites (speeds above 80 km/h), the RES results were higher
for petrol cars for all Euro classes and for Euro 6d-temp and 6d diesel cars, but lower
for all the other diesel Euro classes. See Figure 29 and Figure 30.

RES type 1 can be used to identify suspected high-emitting vehicles, both light- and
heavy-duty, type approved for the EU RDE regulation (Euro 6d and 6d-temp). For
heavy-duty vehicles a treshold value of 3.5 g NOx/kWh, for cars 300 mg/km is
recommended. To lower the number of “false positives” and “false negatives”, it is
recommended to operate at least two RES type 1 instrument in series, to retrieve
repeat individual vehicle measurements.
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Figure 29: Average fuel-specific NOx emissions from measurements at speeds in rural areas (below 80 km/h) by
instrument, fuel type and emission standard. The yellow dashed lines indicate the HBEFA 4.2 NOx emission
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[29].

15

10

Durchschnittliche NO,-Emissionen (g/kg)

6d— 1 6d—
TEMP TEMP

Figure 30: Average fuel-specific NOx emissions from measurements at highway speeds (above 80 km/h) by fuel
type (left: petrol; right: diesel) and emission standard for passenger cars. The yellow dashed lines show the
HBEFA 4.2 NOx emission factors when driving on the highway [29].
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RES type 2
China
Plume Detection

The CO2, NO and PN could give evident responses simultaneously when tested vehicles
drive by. As shown in Figure 31, the signals of different species rise simultaneously after the
emitter drives by. The peaks usually appear within 2-8 seconds after each drive by. Typical
peaks only take 3 seconds to rise to the maxima and start falling immediately, the falling takes
about 5 to 10 seconds until the signals fall back to background level. The duration of the PN
peak is relatively shorter, followed by CO, and NO, which is similar to previous studies and is
likely to result from the different response times of instruments.
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Figure 31: Time series of pollutant signals for continuous driving throughs (a) and a selected single drive-through
(b). The vertical dashed line in (b) indicates the time a vehicle passing the sensor platform.

During the experiment, 97% of plumes have been successfully detected by apparent CO»
increments, while the frequency of successful detection of each pollutant depends on their
concentration in the highly diluted plumes. The distribution of A [CO;] is relatively narrow (~10-
100 ppm), which is associated with the synergistic influence of driving speed on tailpipe CO
and dilution ratio (~200-15000). For the pollutant species, the NO and PN usually give evident
responses to designed high emitters but rarely respond to the low emitters. The typical A[NO]
and A[PN] are 10-2000 ppb and 1500-40000#/cm?®. In contrast, the PM,s, CO and NO:
increments are usually too low to be separate from the background signal; only 32%, 0% and
17% of plumes have derivable A[PM, 5], A[CO] and A[NO,]. The low plume concentration and
detection frequency suggest those species neither have significant environmental impact nor
are useful for high emitter identification in this experiment. Therefore, PN and NO can be used
for high emitter identification.
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High Emitter Identification

The sensor platform successfully distinguishes the potential high-emitters (“China-V”,
“China-VI fail”, “China-V fail”) from the low-emitter (“China-VI”) by NO and PN emission
factors. Figure 32 presents the NO-EF and PN-EF of the tested vehicles. In general, the
majority data points are located in the right-top part of the plot (‘red zone’) while the rest points
are gathered at the left-bottom of the plot (‘blue zone’). A k-means algorithm further separates
all data points into two representative clusters: Cluster-1 represents high emitters, which
includes all data points from designed high emitters (“China-V”, “China-VI fail” and “China-V
fail”) and few points from the low-emitter “China-VI”. Cluster-2 represents low emitter, with all
points in this cluster coming from the low-emitter “China-VI”. In addition to cluster analysis, the
experiential thresholds exist between the designed high emitters and low emitters. All plumes
from the potential high emitters have NO-EF > 2 g/kg and PN-EF > 1x10'*#/kg at the same
time, which is approximately power-based emission factors of 0.71 g/kWh and 2.3x10%#/kWh
for NOx and PN when assuming brake specific fuel consumption as 231.5 g/kWh. Such
thresholds may provide a simple approach for classifying high emitters.
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Figure 32: Distribution of PN and NO emission factors for tested vehicles. The marker colors represent the
clusters by the k-mean algorithm. The “China-VI,” “China-VI fail,” “China-V,” and “China-V fail” refers to the name
of four tested vehicles. The emission factors below LOQ are subject to a larger uncertainty but no more than
exceed the LOQ.

In addition, the result suggests the importance of using NO-EF and PN-EF jointly for high
emitter identification. In general, all plumes from designed high emitters present both high NO-
EF and PN-EF, while the low-emitting China-VI standard vehicle occasionally presents high
PN-EF at low NO-EF. Such result suggests that, on the one hand, the PN-EF can supplement
NO-EF to identify potential high emitters with higher credibility. The NO-EF could separate the
China-VI standard low-emitter from the designed high emitters high emitters with an
experiential threshold of 2.0 g/kg fuel, such value is about 1.5 times of the Euro-VI and China-
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VI limit (0.46 g/kwh) in dynamometer test. The data points close to the threshold can be further
separated by PN-EF to increase the identification determinacy. On the other hand, the PN-EF
can additionally identify “temporary high emitters” in real-world driving. The slightly different
behavior between PN-EF and NO-EF is likely due to the DPF regeneration process rather than
the measurement uncertainties. If the regeneration process significantly increases the PN-EF,
some designed low-emitters may become “temporary high emitters” and causing adverse
climate and health effects. It is crucial to identify them out for further inspection. Therefore,
combining both NO-EF and PN-EF would identify real-world high emitters with higher
determinacy for future application on public roads.

Comparison with PEMS

A comparison with PEMS confirms that the sensor platform is reliable for NO measurement
while serving as an indispensable commentary for PN measurement, as shown in Figure 33.
The NO-EF by our sensor platform agrees well with PEMS with a high Pearson correlation
coefficient (r = 0.93) and low systematic bias (around 10%). Such consistency indicates the
sensor platform has competitive performance compared with previous roadside
measurements in well-controlled tracks [42] and chasing measurement on public roads [43].
It should be noted that a small fraction of NO could oxidize into NO; in the atmosphere, which
could lead to slightly different NO-EF between roadside and tailpipe. The roadside PN-EF is
about an order of magnitude higher than PEMS. It is reasonable because they represent
different particle populations. The PEMS follows Particle Measurement Programme (PMP)
protocol to measure solid particles with a cut-off diameter of 23 nm [44,45,46], which is closely
related to existing emission regulations, while our sensor platform counts all particles with a
cut-off diameter of 10 nm, whose environmental effects are more straightforward. The
difference between these two methods could be related to prominent nucleation during the
dilution process by gaseous and semi-volatile precursor and have been widely investigated
by previous experiments [47,48,49] and measurements [32,50,51]. Furthermore, the variate
of roadside PN emission factors is more extensive, indicating the complexity of such
nucleation process. Such results further support the necessity of using NO and PN jointly for
high emitter identification.
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Figure 33: Comparison between roadside sensor platform measurement and PEMS measurement for NO-EF (a)
and PN-EF (b).
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Characterize the Emission Factors

The sensor platform verifies that emission factors are significantly different among the tested
vehicles. As illustrated in Figure 33, the “China-VI” has the lowest NO-EF among all vehicles
(< 2.0 g/kg), followed by “China V” (10.3 g/kg), “China VI fail” (14.5 g/kg fuel), and “China V
fail” (32.8 g/kg). Meanwhile, the “China-VI” also shows the lowest PN-EF with the majority of
data points below LOQ (< 1x10% #/kg). The rest vehicles have significantly higher PN-EF,
the median values are 9.2x10%°, 4.9x10%, and 5.2x10* #/kg fuel for “China-VI fail”, “China-
V” and “China-V fail”.

Europe
Swedish city bus study (2016)

This study demonstrated the ability of RES type 2 to measure the real-world emission
performance with regard to particulate matter (PM and PN) of city buses operating on
different fuels, hybrid electric buses and retrofitted buses with older engines [32]. The study
showed that replacing diesel fuel with RME and HVO fuel reduced the emissions of
particulate matter from Euro V buses equipped with SCR by 60-70%, see Figure 34.
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Figure 34: EFs for PM (a) and PN (e) for Euro V-SCR buses operating on different fuels (DSL=diesel, RME=
Rapeseed Methyl Ester, HVO= Hydro-treated Vegetable Oil) as measured by RES type 2 [32].

Swedish heavy-duty truck study (2018)

This study demonstrated the ability of RES type 2 to measure the real-world emission
performance with regard to particulate matter (PM, PN and BC, i.e., Black Carbon) of heavy-
duty trucks for urban driving conditions [33].

Euro VI heavy-duty trucks showed a very strong reduction of the real-world emissions of PM
(=99%) and black carbon (=98%) compared to Euro lll, cf. Figure 35. It was also observed
that a small number of high-emitters contributed to a large fraction of the total emissions.
The top 10% emitters were responsible for about 70% of 65% of total PM and total PN.
Euro 11l trucks were the dominant top 3% emitters for PM and BC emissions, whereas Euro
VI trucks were the dominant top 3% emitters for PN.
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Figure 35: Average emissions of PM (a), PN (b) and BC (c) for Swedish Euro Ill to Euro VI and non-Swedish
heavy-duty trucks as measured by RES type 2 [33]. The top and the bottom line of the box are 75th and 25th
percentiles of the data, the red line inside the box is the median, and the top and bottom whiskers are 90th and
10th percentiles. Note that the median emissions of BC of Euro VI trucks overlaps with the bottom of the box.

Measurements in the CARES project (2021-2022)

Controlled test track experiments

The capability of RES type 2 to detect whether a vehicle’s SCR system or the DPF is
working normally or is tampered with was investigated in the CARES controlled test track
experiments [23]. The results are presented in Figure 36 and Figure 37, respectively.
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Figure 36: NOx/CO:z ratios (ppb/ppm) for three light- and heavy-duty diesel vehicles, measured by RES type 2
grouped by test session in the CARES controlled test track experiments [23]. The data point shape corresponds
to the predicted state of the SCR system and the data points are colored according to whether the prediction was
correct. The solid lines show the ‘tampered’ emission thresholds.
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It is clear from Figures 36 and 37 that RES type 2 is quite successful in detecting diesel
vehicles, the SCR systems and DPFs of which have been tampered with.

An important factor that affects the ability of different techniques to detect vehicle tampering
is sample size. Based on the data collected in the CARES controlled test track experiments,
simulations were made to evaluate the effect of sample size on estimated NOx emissions for
RES type 1 and RES type 2. To calculate the mean and 95% confidence intervals at
different sample sizes, chunks of data with different sample sizes were sampled at random,
1000 times per sample size. For example, for a sample size of 10, 10 values were randomly
sampled from the data and the mean calculated. This process was repeated 1000 times to
provide 1000 estimates of the mean emission and the 95% confidence interval in the mean.
The process was repeated for a range of sample sizes as shown in Figure 38.

The dashed lines in the figure show the mean NOx/CO- ratios measured by RES type land
RES type 2 for the three diesel vehicles, when the SCR system is switched on (green) or off
(orange). The shaded areas show the relationship between the 95% confidence intervals in
the means and the number of PS and RS measurements for each vehicle and after-
treatment state. As expected, for both RES techniques, the 95% confidence interval in the
mean gets narrower as the sample size increases. This demonstrates that as more repeat
measurements of the same vehicle are collected, the certainty to which the SCR system can
be defined as on or off increases.

The proportion of valid PS measurements collected during the week of characterization
experiments was lower than the proportion of valid RS measurements obtained. However, it
is important to consider how the ‘information value’ of these two sets of measurements
compare. Fewer RES type 2 measurements assigned as valid are available, but also fewer
repeat valid measurements are needed to distinguish SCR on or off with a 95% degree of
confidence, compared to RES type 1.
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Figure 38: Mean NOx/CO2 emission ratios for three light- and heavy-duty diesel vehicles, measured by point
sampling and remote sensing [23]. The dashed horizontal lines show the average emissions for SCR on (green)
and off (orange). The shaded areas show the relationship between the 95% confidence interval in the mean and
the point sampling and remote sensing sample sizes, for both SCR on and SCR off.

Measurements in real-world settings

The CARES city demonstrations in Milan enabled direct comparisons of measurements of
the particle and NOx emissions from two diesel passenger cars (a Euro 4 and a Euro 6b) by
means of RES type 1, RES type 2 (the HEAT EDAR instrument) and PEMS under real-world
driving conditions [52]. The results for particulate matter (PN and BC) are presented in
Figure 39 and for NOx in Figure 40.
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Figure 39: Left: Comparison of the PN emissions of the Euro 6b diesel car measured with RES type 2 (PS = point
sampling) and PEMS. Middle: RES type 2 BC (black carbon) emissions vs PEMS PN emissions for the Euro 4
and 6b diesel cars. Right: RES type 1 (HEAT EDAR) PM emissions vs PEMS PN emissions [52].
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Figure 40: Comparison of average NOXx (left) and NO2 emissions of the test vehicles measured with PEMS, RES
type 2 (PS = point sampling) and RES type 1 (HEAT EDAR) in Milan. Left: Boxplots of the measured fuel-based
EFs. Comparison of NO2 EFs of the test vehicles measured with PEMS, PS and EDAR. Left: Boxplots of the
measured fuel-based EFs. Right: Deviation of PS and EDAR measurements compared to PEMS [52].

As seen by Figure 39, there was a very good agreement between RES type 2 and PEMS in
the case of the Euro 6b diesel car PN emissions, especially when the three suspected
outliers were removed (R? = 0.96). Also, there was quite a good correlation between RES
type 2 BC emissions and PEMS PN emissions for both the Euro 4 and the Euro 6b diesel
car (R? = 0.6). There was also a fair agreement between the RES type 1 instrument and the
PEMS in the case of the Euro 4 car, but a very poor agreement for the Euro 6b car, due to
the problems associated with optical measurement methods to measure low fine particle
emissions from DPF equipped diesel cars.

As seen by Figure 40, the average NOx emissions of the two diesel cars measured with the
three types of instruments agreed extremely well, within 5%, while on the other hand there
were rather large discrepancies in the measured NO. emissions, with the PEMS values
being the highest and the RES type 1 being the lowest. The observed differences were
explained by losses in the RES type 2 sampling system due to humidity, large
underestimations by RES type 1 due to measured concentrations below the instrument’s
detection limit, and/or inaccuracies in the PEMS measurements and calculations which
include a correction factor for NO..

Figure 41 and Figure 42 summarize the main findings of the RES type 2 city demonstration
measurements in Prague and Brno in the Czech Republic in September 2022, which were
the most extensive RES type 2 measurements carried out in the CARES project and
focusing on diesel passenger cars [53]:

» Due to the introduction of extremely efficient diesel particle filters, mandatory from
Euro 5, the real-world emissions of BC and PN from diesel passenger cars have on
average been reduced by 90-95% when comparing Euro 3 with Euro 6 (Figure 41).

* The number of diesel cars (Euro 5 and 6) with seemingly non-performing or poorly
performing DPFs, giving rise to emissions of particulate matter at the same level as
Euro 3 cars, are few, but still appear even among Euro 6d-temp cars.

» The RES type 2 instruments developed in the CARES project were very successful in
detecting the high-emitters, as proven by roadside idle PN tests conducted on cars
with suspected high emissions according to the RES measurements, see Figure 42.
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Figure 41: Average emissions of BC (Black Carbon) and PN (particle number) from diesel passenger cars by
Euro standard by means of RES type 2 instruments in Prague/Brno in 2022 [53].
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Figure 42: RES type 2 measurements for the detection of particle high-emitting diesel cars in Prague/Brno 2022.
Of the 16 out of 17 cars with high PN emissions according to the RES measurements, 13 cars were confirmed as
true high PN emitters and three cars as suspicious high PN emitters in the roadside idle PN test. Only one car

was a false failure according to the RES measurements [53].

55

ADVANCED MOTOR FUELS

Technology Collaboration Programme on

/ep-Y Advanced Motor Fuels




RES type 3
China

This study verified the accuracy and reliability of the plume chasing test for measuring
emission factors based on conjoint PEMS and chasing test. The data from regulatory PEMS
tests were used as the “actual emission factors” (i.e., comparison benchmarks), and the
accuracy evaluations were conducted by comparing the emission factors from PEMS and
plume chasing tests. The comparative tests of heavy-duty vehicles by using concurrent plume
chasing and PEMS were conducted on a well-controlled track (7 vehicles) and real-world
highways (12 vehicles). The track tests focused on evaluating the testing effectiveness of
plume chasing tests on low-emitters (comply with China VI emission standard) and high-
emitters (with failure aftertreatment). The on-road tests focused on evaluating the accuracy of
emission factor of heavy-duty vehicles under real road conditions.

We conducted concurrent PEMS and chasing test with controlling the aftertreatment
conditions on driving track at Chongqging and Yancheng in 2020 fall. The recruited test vehicles
included 2 China V diesel trucks, 3 China VI diesel trucks, and 2 China VI natural gas vehicles.
The mean and variance of vehicle-specific emission factors was calculated for comparing the
plume chasing and PEMS test results. As shown in Figure 43, the results of NOx emissions
from plume chasing are nicely comparable to that of PEMS test, especially in terms of the
emission difference between aftertreatment normal and failure vehicles. For example, the NOx
emission factors from these two methods for trucks with failure selective catalytic reduction
(SCR) aftertreatment were around 50-60 g/kg-fuel, while the NOx emission levels can be
controlled to 15 g/kg-fuel under high-speed conditions for SCR normal trucks; During
aftertreatment normal status, the NOx emissions of the China VI diesel Truck (vehicles #C-E)
didn’t exceed 5 g/kg fuel. This indicated that low-emitting China VI vehicles can be effectively
captured by plume chasing. When the aftertreatment failed, both plume chasing and PEMS
test results showed that it will exceed by 1-2 orders of magnitude.
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A relationship that links the accuracy of NOx emission factors (EFs) calculated from
chasing measurements to meteorological variables was developed based on PEMS-plume
chasing test on track. To quantitatively evaluate this relationship, we postulated an “effective
ratio” (ER) concept based on the momentum wake theory. The two methodological scenarios
for chasing test are shown in Figure 44 (a). The effective ratio is considered a function of
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meteorological variables in the vehicle wake (see Equation 2-4). To evaluate the effect of the
effective ratios on EFcnasing, the calculated EFchasing Was separated into four groups based on
the corresponding data intervals of the effective ratios and compared to EFpems. Figure 44 (b)
shows the comparison of the grouped EFchasing from the baseline approach and EFpevs with all
tested vehicles combined. For the EFchasing that was calculated with effective ratios less than
1, the scattered data points were distributed close to the y = x line with R? larger than 0.94.
The average values of the slopes and the intercepts of the two regression lines were ~0.91
and ~1.4, respectively. For the effective ratios larger than 1, the linear regression lines of the
EFchasing Vs EFpems showed the value of the slope less than 0.54 with R? less than 0.58. This
is evidence that the effective ratio could be a good parameter that quantifies the relative
deviation of EFcnasing. Based on this relationship, the effective ratio can be further used to
identify erroneous chasing measurements and improve the accuracy of EFchasing [54].

a) Two methodological scenarios for chasing test b) Comparison of chasing-PEMS
EFs for different effective ratios
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Figure 44: The relationship between meteorological variables and NOx emission factors based on plume chasing
measurements.
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Here, we define the vehicle driving direction as u and the direction that is normal to the driving
direction as v. where U and Vv are the average wind speed (m/s) in u and v directions,
respectively, during one plume-chasing event. o, and oy are the standard deviations of the
wind speed fluctuation (m/s) in the u and v directions, respectively. The tin the basket and the
overbar stands for the instantaneous and time average wind speed measurements in different
wind directions, respectively. The capital t (T) in the equations is the time interval that is used
to calculate the o, and oy. To pair the measurement of pollutant concentrations (5 s average)
and the turbulence measurements, the time interval applied to o, and oy calculations was set
as S5 s.
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The on-road chasing and PEMS concurrent test was conducted by in China for reliability
verification of real-world plume chasing. The emission factor calculation method is optimized
by a combination of the integral method for highways and the linear regression method for
local roads. The integral method obtains the net pollutant concentration after subtracting the
road background concentration and further calculates the emission factor based on the moving
average carbon balance method. It requires measuring the road background concentration
before and after this chasing test. The linear regression method assumes that the dilution of
CO; and NOx from the exhaust pipe to the chasing platform is equivalent, and a linear
regression can be used to describe the relationship between CO, and NOx emitter by target
vehicles. The slope of the linear regression is used to calculate the average fuel-based
emission of the plume during the chasing test. And the intercept of the linear fit represents the
road background concentration during the chasing period, i.e., without an additional
measurement of the road background data before and after the chasing test. The results of
combining the two emission factors methods showed that the accuracy of a single vehicle in
the chasing test is over 80% and the average accuracy of the fleet is over 95%, indicating
good agreement of NOx emission factors between plume chasing and PEMS (see
Figure 45) [43].
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Figure 45: Comparison of vehicle-specific NOX emission factors measured by PEMS and chasing concurrent
test.

Plume chasing measurements benefit from large-scale samples for exploring the impacts
of drivers (technological and operational conditions) on NOx and BC emissions for HDTSs.
Based on the emission measurements on a large sample of heavy-duty diesel trucks in China
by using mobile plume chasing, this study introduced a machine learning model, i.e., gradient
boosting machine (GBM), to explore the key drivers of NOx/BC EFs for detailed analysis (as
shown in Figure 46). The results indicated that ambient temperature was the leading driver for
NOx emissions instead of emission standards. Unlike the importance ranking of NOx
emissions, the emission standard was the leading driver for BC emissions of HDT, followed
by driving speed.
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Figure 46: The relative influence of drivers on (a) NOX and (b) BC emissions of HDTs based on GBM machine
learning model.

Figure 47 (a) shows the NOx emission trends of HDTs with the tightening of emission
standards. The average NOx EFs from China IIl to China VI HDTSs of this study were 42.6,
43.6, 31.8 and 6.1 g/kg-fuel, respectively. No significant improvement in fleet-wide NOx EFs
was observed for China IV HDTs compared with China Ill trucks, which almost all claimed to
have been equipped with SCR. Thus, the mobile measurements revealed that the China IV
emission standard failed to deliver the emission reduction benefit as expected as the
regulation limits reduction (—30%, 5.0 g/kWh for China IV and 3.5 g/kWh for China Ill). The
average NOx emission factor of China V HDTs was found to be reduced by 27% compared
with that of China IV HDTs. This modest reduction was also less satisfactory than the reduction
in emission limits between China IV and China V (-43%, 3.5 g/kWh for China IV and 2 g/kwWh
for China V). Although the exact causes of high on-road NOx emissions could not be confirmed
via mobile plume chasing tests, tampering and improper use of SCR may be important causes.
Previous measurements also found typical tampering and cheating practices such as
defeating the temperature sensor or adding water instead of urea liquid [55,56]. Furthermore,
an 80% reduction from China V to recent China VI was observed and proved the effectiveness
of the latest emission standards. It is worth noting that China launched the Three-year Action
Plan on Blue-sky Defense during 2018-2020 [57]. This action plan prioritized the pollution
control on diesel vehicle emissions by implementing a series of stringent measures, including
enhancing the emission supervision and management for both newly-produced and in-use
vehicles (such as compliance inspection and phase-out programs). It was found that HDTs
manufactured in 2018 and 2019 could reduce NOx emissions by 11% and 38%, respectively,
compared with the earlier China V HDTs based on 553 China V samples (see Figure 47a).
The tightening of supervision since 2018 has achieved significant benefits in improving China
V NOx emission levels.

The average BC EFs from China 1l to China VI HDTs were 0.87, 0.33, 0.23 and 0.14
g/kg-fuel, respectively (see Figure 47b). The significant reduction of BC EFs was 62% from
China Ill to China V HDTs and 30% from China IV to China V HDTs. A 40% reduction was
also observed from China V to China VI. This trend showed a progressive decline with more
stringent emission standards. However, the fleet-average BC EFs were significantly higher
than the median values (1.6—2.3 times) due to the high—emitters existing in China Ill to China
VI fleets. The cumulative curve of BC emissions showed that the potential benefits for phasing
out these top 5% and 10% high—emitters in fleets would be 39% and 53% for the total BC
emissions, respectively. The identification and supervision of these high—emitters in BC
emissions will achieve large, expected emission reduction benefits.
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Figure 47: Boxplot of fuel-specific (a) NOx and (b) BC EFs of HDTs from China lll to China V emission standards.

Note: On each boxplot, the solid square, the central line, and the bottom and top edges of the box represent the mean value,
the median value, the 25" and 75" percentiles, respectively. The bottom and top whiskers out of the box represent the 5%
and 95" percentiles, respectively.

Figure 48 depicts the sensitivity of NOx and BC emissions for these two types of vehicles
to ambient temperature and driving speed, respectively. Due to limited data from the China VI
samples, only the trends from China Ill to Chian V trucks were analyzed. The samples are
divided into two categories, namely, HDT13 (GVW<31 tons) and HDT4 (GVW>31 tons). In
general, NOx emissions from HDT, were less dependent on ambient temperature than
HDT1.5. For HDT1.3, the low-temperature penalty of NOx emissions for China Ill to China V
HDT1.3 was +32% (+12.1 g/kg-fuel), +38% (+12.7 g/kg-fuel), and +137% (+28.2 g/kg-fuel),
respectively as the ambient temperature decreased from +35°C to —3°C. NOx emissions of
China V HDT.3 that adopted SCR demonstrated a stronger temperature dependence
compared with China Il and China IV vehicles. The considerably greater ambient temperature
sensitivity of China V HDT 1.3 provided evidence for the better efficiency of SCR after-treatment
of these trucks. It is important to realize that the ambient temperature dependence of NOx
emissions results could help improve the regional and seasonal accuracy of HDTs’ NOx
emissions modeling and air quality simulations.

To construct the key correction module of ambient temperature in the emission model, the
annual mean temperature in 2019 in China of 15°C was used as the reference temperature to
calculate the correction coefficient of NOx emissions. It was acknowledged that the closest
correction coefficient was used to represent temperature conditions outside of —3 to +35 °C in
this study. However, in colder climates, the low-temperature penalty of NOx emissions for
HDTs may be more extreme in the real-world based on these trends.

As indicated in Figure 48b, BC emissions showed an upward trend with decreasing vehicle
speed. This may be related to the insufficient diesel combustion of engines at low speed [58].
For HDT1to HDTs3, under a low driving speed (20 km/h), the BC emission factor of HDTs from
China Ill to China V will increase by 106%, 82%, and 388%, respectively, to high speed (100
km/h). The low—speed trend of BC emissions for HDT4was even more important. BC EFs for
HDT. at low-speed (20 km/h) will cause a 284%, 349%, and 150% increase, respectively,
compared to that under high-speed conditions (100 km/h). Therefore, the speed increase of
the HDTs through traffic control measures can considerably reduce BC emissions. The BC
emission prediction was applied to speeds from 20 km/h to 100 km/h. It was estimated that
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this finding of the low-speed penalty of BC emissions for HDTs may be more extreme at a
much lower speed, such as under congested traffic.
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Figure 48: Generalized addition model (GAM) of fuel-specific (a) NOX emissions based on ambient temperature
and (b) BC emissions based on speed for China lll, China IV, and China V HDTs. The shaded zones represent
the GAM standard error for the prediction.

The national NOx emission inventory of HDTs was revisited by unchanging the total
vehicle activity level but adopting the updated EFs. Figure 49a shows the comparison between
the previous study, regulatory limits, and this study. The new results showed that NOx
emissions of HDT fleet in China increased from 3.4 Gg/yr to 4.1 Gg/yr from 2010 to 2014.
Then, it appeared to have reached a plateau and decreased to 3.5 Gg/yr in 2019. The
estimated total NOx emissions of HDTs indicated that the previous studies underestimated
18% of annual NOx emissions compared to the updated emission inventory in 2019, mostly
attributed to the updating of EFs for China IV and V HDTs. The results of this study were
compared with those calculated on the basis of the regulatory limits for different vehicle
categories. It was revealed that real-world NOx emissions considerably exceeded the
regulatory limit, and the gap has been widening since the promotion of China IV HDTs. The
excessive NOx emissions above the regulation limits increased from 0.9 Gg/yr in 2010 to 1.7
Gglyr in 2019, and roughly 26% and 48% of real-world NOx emissions were in excess of
certification limits, respectively. Furthermore, the revised estimate of NOx emissions of HDTs
will also challenge the NOx control of national heavy-duty vehicles and especially the
regulation of high—emitters.

Considering the high dependence of NOx emission on ambient temperature, the ambient
temperature correction module was constructed based on real-world plume chasing data as
well as seasonal and provincial ambient temperature. Figure 49b shows the seasonal and
regional heterogeneity of predicted NOx EFs for HDTs based on the metric of annual mean
temperature (15 °C). The results showed that NOx emissions of HDTs in summer will decrease
by 7%-12% compared with the baseline temperature. Meanwhile, the low—temperature
sensitivity has caused a 9%—-29% increase in NOx emissions in winter in the major regions of
China, except for the southern region with a 3% NOx emission increase where the winter
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temperature was still slightly higher than 15 °C. The regions located in the higher latitude with
colder meteorological conditions were burdened with higher NOx emissions in winter and had
suffered more significant seasonal discrepancy, which is most prominent in the northeastern
areas of China. The existing emission model without the ambient temperature correction
module may underestimate the NOx emission in winter and overestimate that in summer in
major regions in China. This highlights the importance of considering real-world vehicle
emission measurements to improve air quality management [59].
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Figure 49: (a). Annual variations in NOX emissions of HDT fleet in China and comparison with regulatory and
previous results in 2010-2019; (b). Changes in NOX emission of HDTs when considering winter and summer
were considered throughout the major regions in China in 2019.

Note: The provinces included are as follows: Liaoning, Jilin, Heilongjiang (Northeast); Beijing, Tianjin, Hebei,
Shanxi, Inner Mongolia (North); Shaanxi, Gansu, Qinghai, Ningxia, Xinjiang (Northwest); Sichuan, Guizhou,
Yunnan, Xizang (Southwest); Henan, Hubei, Hunan (Central); Shanghai, Jiangsu, Zhejiang, Anhui, Fujian, Jiangxi,
Shandong (East); Guangdong; Guangxi; Hainan (South).
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Europe
Results from measurements prior to the CARES project 2016-2021

An overview of the results of RES type 3 measurements carried out on Euro V and Euro VI
heavy-duty trucks across Europe during the period 2016-2021 is given by Table 4. It's quite
clear that a substantial share of the trucks equipped with SCR systems to reduce NOx
emissions drive around on European roads with their SCR systems tampered with or are not
operational for other reasons. The share of high-emitters is higher among Euro V trucks than
Euro VI trucks and among foreign (non-domestic) trucks than domestic trucks, with non-
domestic in this case mainly comprising trucks from Eastern Europe.

On average, for Euro V — very roughly — 25-30% of the non-domestic and 15% of the
domestic trucks drive around with non-functional or poorly operating SCR systems, whereas
the corresponding shares for Euro VI are 20-25% and 10-15%. It’s clear that this has a large
impact on the mobile source NOx emissions in Europe.

Table 4: Overview of results of RES type 3 measurements carried out on heavy-duty trucks in various countries
in Europe 2016-2021.

Share of manipulated/not working SCR

Country Year Euro V Euro VI Reference (comments)

Foreign | Domestic | Foreign | Domestic

Germany 2016 26% 0% 19% 7% [34]
“ 2019 26% 8% 20% 10% [36]

Austria 2018 36% 25% 25% 19% [35] Domestic also include trucks
registered in Germany and the
Netherlands

Switzerland 2019 See 0% See 0% [37] 38% for foreign trucks Euro V and VI

comment comment taken together (split could not be made)
Denmark 2020 5-25% 8-23% 4-9% 1-5% [38] The max and min reflect the

probability of truly manipulated/not
working SCRs*

Sweden 2020 29% 30% 36% 13% [39]

“ 2021 50% 67% 26% 16% [40] Shares are very uncertain for Euro V
since only eight Euro V were measured

* The indicated range of the share of vehicles with tampered/non-functional SCR is due to the fact that in this study two
different limit values for NOx in the plume chase measurements were used to identify trucks whose SCR systems were:
highly likely to be tampered/non-functional (min value) or suspected tampered/not working (max value).

In 2019, a comprehensive comparison between RES type 3 measurements and PEMS
measurements was carried out on three heavy-duty trucks of different Euro classes — Euro
II, V and VI —in Switzerland [37]. The measurements showed a good agreement, with a
correlation of 0.89<R<0.93 over a NOx emission range from 200 mg/kWh to 10,000 mg/kWh.
In 2021, a comparison between RES type 3 and PEMS was made on a Euro VI heavy-duty
truck in an ISC test carried out in Sweden [40]. The comparison was made in two RDE tests,
one with the vehicle in normal operation mode, and one with only water in the AdBlue tank.
The two instruments showed a good agreement.

63

D MOTOR FUELS
Technology Collaboration Programme on

/ea-Y Advanced Motor Fuels



Results from measurements in the CARES project (2022)

The controlled RES characterization experiments at a vehicle test track in the Netherlands
included combined RES type 3 and onboard (SEMS) NOx emission measurements on three
vehicles — a passenger car, a light-duty commercial vehicle and a heavy-duty truck, all diesel
fueled [22]. The results are summarized in Figure 50. There was a good agreement between
the two instruments, especially for the heavy-duty truck, having the highest emissions (a
Euro VI operating in both normal mode and with the SCR switched off).
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Figure 50: Comparison of NOx emission measurements by means of RES type 3 and SEMS on three different
vehicles (Caddy: N1, diesel, Euro 6; Transporter: M1, diesel, Euro 6; Truck: heavy-duty, diesel, Euro VI) at a test
track in the Netherlands in 2021 [22]. The blue line shows the linear model fit and the green line shows the
median fit. The 1:1 line is represented by the dashed black line.

The measurements within the CARES project in Prague/Brno in September 2022 represent
the most recent and comprehensive RES type 3 measurements in Europe carried out and
published so far, with more than 900 heavy-duty trucks measured, of which 17 trucks (2% of
the measured fleet) were pulled over to the roadside by the police and were subject to
gualified inspections [24]. The key findings of these activities were:

* By applying a treshold in the RES measurements of 3500 and 2200 mg NOx/kWh for
Euro V and Euro VI heavy-duty trucks, respectively, 40% of the Euro V trucks and
6% of the Euro VI trucks measured were flagged as high-emitters in the
measurements carried out during daytime, see Figure 51.

* Inthe RES measurements carried out during nighttime, all Euro V trucks measured
and 19% of the Euro VI trucks measured were flagged as high-emitters (Figure 51).

* The roadside inspection of 13 trucks flagged as high-emitters and 4 trucks flagged as
suspicious high-emitters in the RES measurements showed that (Figure 52):

o Areason for the high emissions could be found for all inspected trucks.

o Trucks with very high emissions were more often manipulated (by adoption of
Adblue emulators).

o The share of trucks with manipulated SCR systems is higher for Euro V than

for Euro VI trucks, whereas defects/errors and software issues are more
common for Euro VI.

o The software related issues were due to missing the mandatory update of the
OEM (Original Engine Manufacturer) software of one OEM (Volvo). It appears
to be a lack in the legislation that mandatory software updates are not made if
trucks are not maintained at an authorized manufacturer workshop.
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Figure 51: Results from RES type 3 NOx measurements on heavy-duty trucks in Prague/Brno 2022 — daytime vs
nighttime measurements [24]. The embedded table displays the treshold for NOx emissions in mg/kWh units
applied to categorize the measured trucks as low, suspicious or high emitters.
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Figure 52: Results from roadside inspections of suspected high-emitting heavy-duty trucks based on RES type 3
measurements [24].
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PEMS/SEMS
PEMS RDE measurements of Euro 6 diesel passenger cars

The collected and processed PEMS data from each trip related to NOx and PN data was
organized in subsets per car, based on ambient temperature starting from lowest to highest
as shown in Table 5. The table includes corresponding average and maximum NOy and PN
emission concentrations for given car and trip. Further, to compare the emission performance
of each vehicle with the predominant Euro 6 type approval and its corresponding RDE limits,
the trip emissions are additionally displayed in the same table.

Table 5: Test data summarizing NOx and PN emissions as average and maximum concentrations together with
the corresponding trip-based results.

Average ambient Average NOx ~ Max momentary  Trip NOx ~ Average PN  Max momentary Trip PN

;St Carid. temperature concentration NO concentration emissions concentration PN concentration  emissions
[°a [ppm] [ppm] [mg/km] [#/em?] [#/cm?] [#/km]
1 CarA 0.9 62.3 2177 147.1 669 372172 5.8E+08
2 CarA 0 71.6 1963 144.8 803 204496 6.1E+08
3 CarA 1 55.2 1656 140.6 893 39347 8.0E+08
4 CarA 3.4 105.1 1562 416.7 1070 9357520 7.6E+08
5 CarB -1.3 68.0 1740 257.7 983 29404 8.4E+08
6 CarB -0.6 115.6 1458 267.8 868 35834 6.3E+08
7 CarB 0.8 152.7 966 284.1 774 60055 4.7E+08
8 CarB 5.7 145.7 1046 354.2 26626 40011 3.6E+10
9 CarC 2.7 12.7 388 34.1 17101 660413 2.3E+10
10 CarC 4.8 19.1 573 72.7 73131 11597200 1.2E+11
11 CarC 5.7 7.2 380 16.3 21211 4243350 2.4E+10
12 CarC 6.9 10.3 347 48.8 6149 56240 1.1E+10
13 CarC 13.1 19.1 444 43.2 69344 924741 7.9E+10
14 CarC 15.8 54.0 680 160.2 124096 733270000 1.9E+11
15 CarC 15.8 16.5 432 70.6 845 10604100 9.7E+08
16 CarC 17.1 9.0 577 27.0 5681 203489 8.6E+09
17 CarC 19.2 11.3 656 54.2 2091 5190330 3.4E+09
18 CarD 6.2 6.4 1976 20.1 333195 11629400 2.9E+11
19 CarD 10.7 11.4 1455 30.8 13855 16358500 2.4E+10
20 CarD 13.9 60.3 2364 133.9 201278 31736 1.8E+11
21 CarD 16.5 50.8 2329 107.1 161652 17053200 1.6E+11
22 CarD 17.8 19.9 2324 81.2 2049 380820 4.2E+09
23 CarD 18.5 31.3 3058 76.2 1232 346396 2.5E+09
24 CarD 19.6 39.4 2776 79.5 1335 249640 1.8E+09

The collected data suggest that the NOy performance of the test vehicles were rather
dependent on either ambient temperature and/or type-approval class (Euro 6 sub class) and
individual vehicle. This can be clearly seen by comparing the average trip NOx concentration
in Figure 53 and from the trip based NOx emissions shown in Figure 54. The NOx emissions
were clearly highest for the trips and cars, which were tested in sub 5 °C temperatures. These
were jointly emmitted by the two single LNT equipped cars, A and B. Car B was the only car
failing to fulfill the NTE limits in any test. Because cars A and B were type approved as Euro
6b, the NTE nor RDE limits do not apply. Car A produced abnormally high NO, emissions in
one test, which was caused by a regeneration event. However, due to the unequal ambient
temperature conditions during the tests compared to cars C and D, a direct comparison might
be arguable. Nevertheless, the NOxemissions produced by the Euro 6b class SCR requipped
car, car C, in sub 5 °C conditions were far lower compared to results for cars A and B in
corresponding conditions. The NOyx performance of the Euro 6d-TEMP class, twin LNT
equipped car D, was found generally similar compared to car C. Despite the uncomparable
trip conditons, car C produced most stable NOy emissions troughout the varying ambient
conditions, typically resulting in the range of sub 20 ppm NOy on average.
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Similar temperature related effects on PN was not found, because all cars performed far
beyond the requirements set by the predominant Euro 6 limits (6*10"™ #/km). PN
concentrations varied between 670 #/cm? to 333195 #/cm?® and were relatively well aligned
with the average emission concentrations. No direct relation between trip conditions and PN
emissions were distinguished.
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Figure 53: Average NOx and PN concentrations for cars A, B, C and D recorded in relation to ambient

temperature.
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Figure 54: Trip NOx and PN emissions for cars A, B, C and D recorded in relation to ambient temperature.

The maximum NOy concentration recorded during each trip was clustered and clearly
distinguishable per car individual as seen in Figure 55. For example, the NOy characteristics
of car C seemed somewhat unaffected by trip conditions, and maximum NOy never exceeded
700 ppm in any test. This car was the only individual equipped with a SCR system, suggesting
that SCR device was less sensitive to produce momentarily NOy spikes compared to its LNT
counterparts. The maximum NOy emission for cars A and B, equipped with single LNT were
found higher compared to car C, but the datasets were relatively well clustered together with
concentrations ranging from ca. 1000 ppm to above 2000 ppm. Interestingly, regardless being
tested in higher ambient conditions compared to e.g., Cars A or B, and despite performing
overall well in terms of NOx emissions, Car D (twin LNT) produced highest momentary NOy
peaks from the test group, with maximum concentrations varying between 1500 ppm and up
to 3000 ppm depending on test. It should also be noted that car D was the only Euro 6d-TEMP
car, meanwhile the others were type-approved as Euro 6b. These findings demonstrates that
car individuals which tend to produce low NOy concentrations overall and even comply with
the limit set in the RDE regulation may still occasionally produce significant spikes of NOy
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emissions. This is especially crucial information for roadside RES monitoring, because any
potential momentary spikes in NOx emissions recorded during a short period with RES may
result in misleading conclusions. For example, a momentary 3000 ppm NOy peak is typically
considered as a significant NOx concentration, and thus may cause a RES system to flag a
car for ineffective EATS. In reality, the data obtained from these PEMS tests proves that this
specific individual is in fact performing overall well better than required by the predominant
regulation. Another challenge, which was identified from the data, was that no direct
correlation between mean NOy concentrations and the maximum NOy values were found for
any car. This means that a direct assumption based on momentary NOx emissions and overall
NOy performance for any vehicle may be challenging to withdraw.

The recorded data of PN peaks was found relatively random, especially for cars C and D. The
PN peaks were typically below 1*108 #/cm? and a no direct relation between trip and maximum
PN concentration could be found. The data proves that Euro 6 class diesel vehicles, which
are equipped with DPF:s are highly efficient on particulate filtering, and thus no great variation
in performance takes place even in varying trip conditions.
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Figure 55: Maximum NOx and PN concentrations for cars A, B, C and D recorded in relation to ambient
temperature.

Last, a specific road section from one of the RDE trips was further examined for providing
additional information for back-to-back case study comparison. The section was a traffic
junction, where cars are entering and accelerating from an urban, low speed area to a rural
road with a speed limit of 80 km/h. This junction was selected for further examination because
this location could potentially be suitable for either conventional roadside RES or point
sampling RES monitoring, and was simultaneously identified as a sector, which caused
highest abnormal NOy characteristics for multiple test cars.

Figure 56 shows examples of momentary NO,x and PN concentration produced by each car in
this specific location. Figure 57 depicts the corresponding NOyx mass produced by each vehicle
during the acceleration. The momentary NOy traces for the cars equipped with single LNT,
cars A and B were comparable (with peaks of ca. 900 — 1000 ppm), meanwhile the twin LNT
counterpart produced even higher NOy peaks during acceleration, ca 1400 ppm at most. Car
C, which was equipped with SCR, resulted in producing NOx concentration below 100 ppm
during the corresponding event. The data suggests that large variation between vehicle NOx
characteristics takes place, especially between EATS technologies. The variation is
particularly enhanced when analyzing momentary events, such as in this example, during
rapid acceleration. On contrary, car C produced evidently higher PN emissions during the
same event, most likely as a result of the urea injection for the SCR. No significant increase
in PN was seen for any LNT car during the acceleration.
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Figure 57: Example of NO, and PN emissions during an acceleration event from an urban area to highway.

The results obtained from the PEMS tests suggest that the emission performance of Euro 6
diesel cars, especially for NOx emissions, are highly reliant on the driving conditions,
implemented EATS technology, vehicle model year and hence, its type approval class. The
results demonstrate that the revisions related to the implementation of RDE testing in the
Euro 6 regulation have resulted in significant improvements in overall NOx suppression
during real-world driving. For example, the Euro 6 d-TEMP car, car D, which was equipped
with the twin LNT performed based on a trip-based analysis similarly compared to the SCR
vehicle. Nevertheless, the data also shows that diesel cars type approved outside the
mandatory RDE testing may perform well in real-world conditions and even fulfill the
corresponding Euro 6d-TEMP NTE limits. On the contrary, the data also demonstrates that
despite the NOy performance may be overall good, high momentary NO, peaks may take
place, especially during rapid accelerations, meaning that correlation between the overall
NOy performance and momentary NOy spikes were concluded non-existing. This factor may
produce challenges for conventional road-side or point sampling-based RES monitoring
intended for determining the NO, emission performance for individual cars. However, this
issue would be less evident for plume chasing because the emission performance may be
monitored during longer distances and various conditions. Then, momentary spikes in NOx
emissions may be considered as a part of the typical emission behavior as long as the NOx
suppression is reduced to accepted magnitudes after e.g., an acceleration event. Similar
issues are suspected to be less problematic for PN monitoring, because the variation in
typical PN emissions for DPF equipped cars are generally lower. For example, cars with
tampered or defect DPF devices are expected to produce evidently higher PN emissions
both overall and during any momentary acceleration events.
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SEMS measurements of light- and heavy-duty Euro VI diesel trucks

When the light- and heavy-duty Euro VI diesel trucks were driven on the highway the NOx
emissions were very low. After exiting the highway and entering the city area it was
observed that the aftertreatment system was subject to a decrease in temperature and
associated NOx reduction efficiency. This does not always, or automatically, mean that the
NOx emissions become high — the vehicles may still be able to perform the full test route
without a significant increase in NOx emissions. The main parameter is how high the
temperature of the aftertreatment system is and how well it can preserve heat during stops.
In heavy traffic and several unplanned stops, occasionally typical for city driving, a large
increase in NOx emissions was sometimes observed, that corresponded to a reduced
temperature of the aftertreatment system. Further, the larger the engine is (in relation to the
vehicle size), the bigger this problem seems to be.

An important question is how long after the start of idling the exhaust gas aftertreatment
system of the Euro VI diesel trucks will be active. The measurements show that the NOx
emission from the light-duty truck starts to increase earlier — already after about 1 minute —
compared to the heavy-duty trucks.

The two trucks with a small (8 liters) and a midsize (11 liters) engine showed a very similar
behavior with regard to NOx emissions following start of idle - emissions did not start rising
until about 10 minutes of idling.

For the truck with the largest engine (16 liters) NOx emissions started to rise after about
3-4 minutes idling, i.e., a significantly shorter time than for the other two heavy-duty trucks.
This may be due to its large engine and that it was carrying lower load in relation to its
maximum load capacity in comparison to the other vehicles, why its cool-down period weas
reduced. Other explanations may be different methods being used to control the NOx
emissions and different strategies to preserve the heat of the aftertreatment system.

While NOx emissions of Euro Vi heavy-duty trucks proved to be sensitive to both driving
conditions, time of idling and vehicle load, this was not found to be the case for PN
emissions, demonstrating the high reduction efficiency of modern DPFs.

70

Technology Collaboration Programme on

/ea-Y Advanced Motor Fuels



Exhaust plume modelling
Approach

To determine the fuel-specific emission factor, the concentration of the individual species is
measured in the form of a voltage. Knowing the absorption 4, and the molar attenuation
coefficient €, of the species 4, the concentration ¢ of species A can be determined from the
Beer-Lambert law,

A)L:E/'L‘C‘l.

Assuming that the exhaust plume is well mixed, the optical path length [ can be considered
the same for each species, so that, e.g., for NOx and CO»

lNOX = lcoz
applies and the concentration ratio can be rewritten as

cno,  Ano, * €co,

cco, Aco, * €Eno,

In this work, the cut plane concentration integrals in the yz-planes, xz-planes and xy-planes
with the respective distance to the exhaust tailpipe are analyzed, which would in case of time-
averaged pollutant mass fraction read

[ B i
R
where

(xi'xj) € {(x»}’), (x, Z), (y' Z)}

describes the set of planes. For the sake of comparability of different simulation cases, a
normalization to the highest cut plane concentration integral is introduced, which is referred to
be the normalized cut plane concentration integral. Consequently, unlike the technology based
on the line-measurement principle, all local information of the exhaust plume is recorded in
the vehicle wake, and thus the result is what the plane-measurement instrument should
theoretically measure.

Pollutant dispersion

Figures 58a,d show the pollutant dispersion in the vehicle wake for a velocity of 50 km/h. The
exhaust gases dilute very rapidly after they leave the tailpipe and enter the vehicle wake. To
reach a hundredfold dilution of the exhaust tailpipe concentration, the exhaust plume has to
be 0.83 m long (x), is 0.81 m wide (y), and 0.74 m high (z), as can be seen in Figure 58 and
Figure 59a (for a vehicle velocity of 50 km/h with the LH tailpipe.

Figure 59b it can also be seen how the exhaust gas is distributed laterally with respect to the
exhaust tailpipe (y-direction). Again, large pollutant mass fraction gradients exist directly next
to the exhaust tailpipe, so that 0.5 m to the side of the tailpipe a negligible amount of pollutant
is present. Since this example involves an exhaust tailpipe on the left side of the vehicle, the
dispersion curve is not symmetrical. Consequently, there is less pollutant 0.5 m to the left of
the tailpipe than 0.5 m to the right of the tailpipe. At this point, it should be mentioned that this
is a normalized sum of all pollutants on the xz-planes.
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Figure 58: Pollutant mass fraction in the CEP of a vehicle driven at 50 km/h for LH (a) and LD (b) tailpipe
configurations. The sum of time-averaged pollutants at x,y and z in the CEP in case of 30, 50 and 80 km/h vehicle
velocities are depicted for horizontal (c) and downward oriented (d) tailpipes. (a) xz-plane at y = —0.56 m-plane (LH
tailpipe position), (b) xz-plane at y = —-0.56 m-plane (LD tailpipe height), (c) Tailpipe locations are LH, CH and LRH, (d)
Tailpipe locations are LD, CD and LRD.

The same evaluation can also be made for the z-direction. The pollutant mass fraction is
highest at the level of the exhaust tailpipe and decreases sharply both downward and upward.
However, the exhaust gas is distributed more upward toward the rear window of the vehicle
than downward toward the underbody of the vehicle. This is a consequence of the flow field
and the recirculation zone, caused by detachments on the roof and underbody. The proximity
of the exhaust tailpipe to the underbody means that some of the escaping exhaust gas is
carried upward by the recirculation. Finally, above the exhaust tailpipe, the recirculation zone
with lower velocities is prevailing while below the exhaust tailpipe convection due to the high
mean flow velocity dominates.
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Figure 59: Pollutant dispersion behavior of a vehicle driven at 30, 50 and 80 km/h with a LH tailpipe (EP: exhaust
tailpipe position). (a) Normalized cut plane integral of time-averaged pollutant mass fraction in the yz-planes, (b)

Normalized cut plane integral of time-averaged pollutant mass fraction in the xz-planes, (c) Normalized cut plane
integral of time-averaged pollutant mass fraction in the xy-planes.

Parameter study

In this work we performed numerical simulations of flows around vehicles to analyze pollutant
dispersion in the vehicle wake, and related implications for on-road RES measurements were
investigated. URANS was chosen as the turbulence modeling approach to keep the
computational time in bounds due to high Reynolds numbers, while still resolving large,
coherent vortices. From the comprehensive parameter studies, some relevant insights into the
possibility and framework conditions for measurements of exhaust emissions by means of
RES could be gained.

e In general, the exhaust plume strongly dilutes in the near vehicle wake, e.g., 1.5 m
downstream of the vehicle the cut plane integral of pollutant mass fraction decreased
by one order of magnitude.

e Increasing vehicle velocities result in a decreased size of the core exhaust plume
(CEP) in all directions.

e The sum of time-averaged pollutants within the CEP decreases with increasing vehicle
velocity for all tailpipe configurations.

o For all tailpipe configurations, regardless of velocity, the pollutant amounts (time-
averaged) within the CEP is highest for a left pipe, decreases in case of a center pipe
and is lowest for left and right positioned pipes.
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¢ For downward oriented tailpipes (generally positioned under the vehicle, nearer to the
rear wheels) the pollutant concentrations available for a RES device downstream the
vehicle rear almost is an order of magnitude lower with respect to the horizontal
tailpipes.

e With increasing crosswind velocity, the exhaust plume is more deflected and the
oscillations in the exhaust plume increase as well.

e Crosswind has little influence on the CEP. As the distance from the tailpipe increases
and the wind increases, the amount of pollutant that can be detected by RES devices
decreases.

e A plane-measurement instrument always detects a higher fraction (in terms of
absorption) of the original exhaust gas compared to a line-measurement instrument,
that is approx. 70 % more in the CEP and 95 % more in the far downstream region.

e Low measurement frequencies lead to few measurement points in the CEP and
therefore to a less robust estimation of the concentrations.

e The interference of pollutant concentrations from multiple plumes in the longitudinal
direction has a smaller effect on measurement accuracy than the increased turbulent
intensity by the vehicle ahead.

Hybrid LES/RANS framework

A new extension of a hybrid LES/RANS is proposed in the present paper with focus on
consistency concepts for enthalpy and species concentrations. Additionally, because of the
temperature and species variations in the near-wake area, the framework from [60] was
extended to the low-Mach number case of density-varying flows. Recognizing that the
enthalpy and species mass fraction fields obey advection-diffusion equations, the extension
was considered for a general scalar. The RANS and LES scalar fields were also forced
towards each other through additional drift terms. These terms contain a scalar variance term
that required an additional transport equation to solve for it.

Consistency of the flow fields in the newly extended hybrid framework for enthalpy and species
was achieved. However, several important algorithmic parameters were reviewed to assess
their influence on the overall solution. The averaging time and relaxation time scales were set
following the recommendations of the framework's original authors, leading to good results.
As mentioned though, these parameters could benefit from automation, and subsequent
works have suggested to render the time scales dependent on the local turbulent quantities
and in so doing optimize the level of consistency between EWA LES and RANS fields. Lastly,
a loose coupling instead of a tight coupling of LES and RANS equations could benefit the
consistency of flow fields as well as decrease the computational cost. This is not solving the
LES and RANS equations simultaneously but sequentially, allowing for larger time steps since
small step sizes are required for the URANS simulation (in the tight coupling approach).

Hybrid LES/RANS has allowed for computationally efficient simulations of the exhaust plume
in the vehicle wake. It has proven to be an effective way of gauging the efficacy of RES in the
future, however more development and implementation should be carried out to improve and
optimize the framework. For a description of the framework’s details, it is referred to [19].
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Results summary
RES type 1

Through the ability to efficiently (i.e., at a comparatively low cost) measure real
driving emissions of all regulated pollutants (NOx, PM, CO and HC) from very large
numbers of vehicles, and thereby covering representative vehicle fleets, RES type 1
has proven a very useful tool to measure the average emissions by emission
standard, vehicle brand, engine family, etc., and compare these with e.g., legislative
emission limits. This may serve air quality policy purposes and evaluation of needs of
further development of emission legislation.

Adopted in the right manner, RES type 1 can also be used for direct enforcement of
tampered vehicles, or vehicles that are gross-polluting due to other reasons, by:

o Individual vehicle screening in real-world settings combined with roadside
inspections. This has mostly been applied to heavy-duty trucks and proven
very successful in finding trucks for which the SCR-system has been
tampered with, leading to very high emissions of NOx [20,25].

o Itseems also that light-duty diesel vehicles with non-functioning DPFs can be
identified through RES type 1 screening [28]. Apart from opening up the
possibility for direct enforcement by means of roadside inspections, this also
offers assessment of the efficiency of PTI programs involving PN testing.

Repeat RES type 1 measurements on individual light-duty vehicles have proven to
increase the likelihood to correctly identify high-emitters compared to when only a
single measurement is carried out. For Euro 5 diesel passenger cars, 80% of the
NOx high-emitters were identified with over 75% precision with 5 or more repeated
measurements of the same vehicle [61]. For early Euro 6 diesel cars, 90% of the cars
exceeding a cut-point in the RES type 1 measurements of 5 g NOx/kg, emissions
were above the Euro 6 RDE limit according to PEMS RDE measurements on the
same car individuals [21].

RES type 1 offers a very good means to derive relationships between emissions by
Euro class and vehicle age or mileage as well as ambient temperature, respectively
[26,27]. This is useful for improving and updating road vehicle emission models, such
as HBEFA and COPERT. A good agreement between RES type 1 measurements
and modeling results using the PHEM model (the underlying emission factor model to
HBEFA) was observed for NOx emissions for both diesel and petrol cars, when the
actual ambient temperature and vehicle age distributions were taken into account.

Following dieselgate, a number of studies have been carried out in which RES type 1
have been compared with (validated against) PEMS, particularly for measurements
of NOx emissions, preferably under controlled conditions [22,23,29,62] but also in a
real-world setting [24]. In general, a good agreement has been observed between the
two types of instruments in these studies, down to the instrumental detection limits of
the RES type 1 instruments.

The main limitations of RES type 1 are:

o the low accuracy in measuring particles and occasionally also NO2, mainly
due to the low emissions associated with modern, low-emitting vehicles;

o the high risks with drawing conclusions regarding a vehicle’s emission
performance from a single measurement;

o the inability to carry out measurements during rainy conditions.
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RES type 2

The development of RES type 2 technology over the last ten years has above all
advantageously circumvented the limitations of RES type 1 to accurately measure
emissions of particles. RES type 2 approaches to measure emissions of size-
resolved particle mass and particle number (PN) with research-grade instruments
have evolved [10], followed by low-cost sensors to measure total PN and BC [12,52].

Just as for RES type 1 in the case of gaseous pollutant emissions, RES type 2 has
proven to successfully measure average emissions of fine particulate matter by
emission standard for both heavy- and light-duty vehicles [10,12,22,23,32,33,52,53].

RES type 2 measurements on heavy vehicles (public transport buses) have also
comprised in-depth studies on the impact of different fuels, including biofuels, on the
emissions of particulate matter [10,32].

More recently also gaseous pollutants, e.g., nitrogen oxides, have been incorporated
in RES type 2 measurements (Figure 32). In the case of the most recent European
RES type 2 system, the same instrument developed for RES type 3 has been utilized
for this purpose [12,22,23,52]. The compact, cost-effective sensor platform
developed in China successfully identified high-emitters by combining NO and PN
emission factors and demonstrated that the aftertreatment system has a strong effect
on emission factors, whereas cargo load and speed only have a relatively minor
influence.

RES type 2 measurements of nitrogen oxides as well as particulate matter (PN) have
been compared with PEMS measurements under controlled conditions in both China
(Figure 33) and Europe [22,23]. In the latter case such comparisons have also been
made in a real-world setting [52]. In general, a good agreement was observed
between RES type 2 and PEMS for both PN and NO or NOx emissions.

Due to the longer time that RES type 2 samples the exhaust plume, 5-10 seconds,
compared to RES type 1 (=0.5 s), it appears to perform significantly better when it
comes to separating high-emitting from low-emitting vehicles, i.e., RES type 2 is less
sensitive to fast changes in driving conditions and engine load, with emission effects
being averaged out [23]. This applies to both particles (PN) and nitrogen oxides, NO
or NOX (Figure 32).

Accordingly, RES type 2 has shown very promising results in identifying high-emitters
with regard to PN and BC [53].

Other advantages of RES type 2 are no need for calibrations in field, no need of
external supply of power since all instrumentation is operated by batteries, and the
capability to operate also during rainy conditions (as opposite to RES type 1).

The main limitations of RES type 2 are:

o Unable to separate exhaust plumes when traffic is too dense — generally
lower hit-rates (share of valid measurements) compared to RES type 1;

o Low hit-rates under certain, unfavorable wind conditions.
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RES type 3
China

RES type 3 has been validated to applicably measure NOx emissions for diesel gas
trucks (including low-emitting China VI) and identify normal and defeated aftertreatment
device by RES type 3-PEMS concurrent test [43]. Furthermore, meteorological ratios
(ER) can be useful to improve the filtering of reliable results [54].

Based on more than ten thousand real-world RES type 3 tests in China, we confidently
found that China IV heavy-duty trucks (HDTs) which claimed adopted SCR
aftertreatment had no more NOx emission reduction than China Il without SCR.
Significant NOx control benefits have been confirmed for post-2018 China V and China
VI HDTs with EGR+SCR were observed to significantly reduce the fleet-average NOx
emission factors.

The BC emissions from HDTs showed a progressive decline with more stringent
emission standards [58]. However, a small fraction of high-emitting HDTs (top 10%) can
be responsible for more than half of the fleet’s total BC emissions.

The national emission inventory results showed that previous studies underestimated
18% of NOxemissions in China in 2019 and nearly half of the real-world NOx emissions
from HDTs (determined by updating the emission trends of HTDs) exceeded the
regulation limits [59].

The ambient temperature was identified as a primary driver of NOx emissions for HDTSs,
and the low-temperature penalty has caused a 9-29% increase in NOx emissions in
winter in major regions of China [59].

Europe

RES type 3 measurements carried out since 2017 have demonstrated that emission
tampering of Euro V and Euro VI diesel powered HDTs, mainly by using Adblue
emulators to simulate that the SCR system is working, while it really isn’t, occurs
frequently across Europe [24,34,35,36,37,38,39,40].

SCR tampering increases the NOx emissions from HDTs with up to one order of
magnitude or even more.

SCR tampering is more frequent on Euro V than on Euro VI trucks; typical shares are
20-30% vs 10-20%.

RES type 3 measurements have shown to agree well with PEMS measurements (NOx)
in several studies [37,39].

In recent years, RES type 3 measurements have become more automated, enabling
unskilled personnel to carry out routine measurements after some short training [24].

Another advantage with RES type 3 is the ability to measure on highways, which is not
as easy for RES type 1 and 2 (except for the HEAT EDAR RES type 1 system).

The limitation of RES type 3 is mainly the rather small number of vehicles that can be
measured in a day, naturally 1-2 orders of magnitude lower than for RES type 1 and 2.
Another limitation is the inability to measure in dense (typical city) traffic, where exhaust
plumes frequently overlap.

7

Technology Collaboration Programme on

/ea-Y Advanced Motor Fuels



PEMS and SEMS

The findings of the analysis of available PEMS data as part of Task 61 demonstrate that
Euro 6 diesel cars, which tend to produce low NOx concentrations overall and even
comply with the Euro 6 emission limit set in the RDE regulation, may still occasionally
produce significant spikes of NOx emissions, e.g., during strong accelerations. This can
be crucial for RES type 1 and type 2 monitoring, because any potential momentary
spikes in NOx emissions recorded during a short period (in the order of seconds) may
result in misleading conclusions being drawn from the RES data.

Another challenge, which was identified from the PEMS data, was that no direct
correlation between average NOx concentrations and the maximum NOy values were
found for any of the measured Euro 6 cars. This means that a direct assumption based
on momentary NOx emissions and overall NOy performance for any vehicle may be
challenging to withdraw.

An in-depth analysis of the PEMS data for a specific road section from one of the RDE
trips was carried out for a traffic junction, where cars are entering and accelerating from
an urban low speed area to a rural road with a speed limit of 80 km/h, potentially
considered as a good measurement site for RES type 1 or type 2, showed that this was
a sector which caused the highest abnormal NOXx characteristics for multiple test cars. It
implies that measurement sites characterized by strong accelerations should be avoided
for RES type 1 and type 2.

Of the Euro 6 cars tested, the one equipped with SCR, which is the main exhaust
aftertreatment system (EATS) used to comply with the RDE regulation, was the one that
produced the most stable NOx emissions, i.e., the lowest variation in NOx emissions due
to varying ambient temperatures and varying driving conditions, which may be beneficial
for RES type 1 and type 2 monitoring.

The problem with large variations in momentary emissions of NOx was not observed for
PN emissions from Euro 6 diesel cars, indicating that the DPFs are highly efficient on
particle filtering, and thus no great variation in performance takes place even in varying
trip conditions, which is beneficial for RES type 2 PN monitoring.

SEMS measurements demonstrate that also diesel powered light- and heavy-duty

Euro VI trucks NOx emissions are sensitive to driving conditions, in particular there may
be large differences in emission levels between highway (low emissions) and city (high
emissions) driving, due to lower temperatures of the aftertreatment system at lower
engine loads and idling. Also, low freight loads may increase NOx emissions for Euro VI
heavy-duty diesel trucks. Thus, it is not ideal to carry out NOx RES measurements to
identify NOx high-emitting trucks and buses in typical city driving, i.e., in heavy traffic,
causing a lot of low speed and stop-and-go situations.

Just as for Euro 6 diesel cars, the problem with large variations in momentary emissions
of NOx was not observed for PN emissions for Euro VI diesel trucks either, which can be
beneficial for RES type 2 monitoring to check the functionality of DPFs also on trucks.
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Exhaust plume modelling

The numerical simulations, applied to a very typical passenger car on European roads, of
the flow of air around the vehicle and the distribution of exhaust gas components in the
vehicle wake show that:

The exhaust gas plume is strongly diluted in the near wake of the vehicle, which
means more precisely that no significant proportion of exhaust gas can be measured
1.5-3 m downstream of the vehicle. For all different driving and environmental
conditions, the highest concentration of exhaust gas or pollutant was found less than
0.5 m downstream of the vehicle.

The dispersion of the essential part of the exhaust gas (core exhaust plume)
depends on the vehicle speed. With increasing speed, the core exhaust plume
becomes more compact in all directions.

With regard to RES, however, the exhaust gas cloud is diluted relatively identically
for all investigated speeds between 30 km/h and 80 km/h, so that most of the dilution
has taken place 1.5 - 3 m downstream and 0.5 m to the side (depending on the
configuration) of the tailpipe.

Crosswind simulations have made it clear that the core exhaust gas plume is only
slightly affected by the wind. At very high crosswind speeds, the concentration peak
shifts in the corresponding direction, but it is the part of the exhaust gas plume further
downstream that is affected by the wind.

Measuring instruments with lower frequencies, which measure over a normal road
width, therefore have problems capturing enough measuring points in the plume to
reconstruct the corresponding concentration ratio. In general, the HEAT EDAR RSD
has advantages here, as the measurement frequency is higher and more exhaust
gas can be captured, as measurements are taken over entire planes.

Acceleration of the vehicle is often important to ensure that enough exhaust gas
emerges from the tailpipe. However, acceleration also has the effect of shortening
the exhaust gas cloud over time, which in turn causes problems for a valid
measurement (e.g., with a low measurement frequency). Conversely, the exhaust
gas cloud lengthens during braking, whereby it was assumed in the simulations that
there is still enough exhaust gas coming out of the tailpipe (often being not case
since the engines are in fuel cut-off regime).

Consequently, RES fulfils the general requirements for determining correct emission
values. Nevertheless, the parameter study has shown that external influences, such
as wind, or driving characteristics, such as speed and acceleration, create difficulties
for RES with low measurement frequencies. This can lead to either incorrect or even
invalid measurement results. In addition, this can cast considerable doubt on the
reliability of RES measurements in the wake of trucks, in which case the exhaust
pipe is often more than 10 m upstream the end of the vehicle.

With regard to the influence of several vehicles driving behind each other, it can be
seen that no significant increase in concentration was determined in the exhaust
cloud of the rear vehicle due to the emissions of the first vehicle. However, the flow
field behind the first vehicle strongly influences the pollutant distribution downstream
of the second vehicle and thus the pollutant concentration determined by an RES
instrument. The smaller the distance between the vehicles, the stronger the mutual
influence.
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Applicability and potential impact

Following the development of the original remote emission sensing technique (type 1), which
has evolved and refined over the last 35 years, two other RES techniques have strongly
developed over only the last 5-10 years (type 2 and type 3). One of the driving forces behind
the development of the two recent types has been to overcome some of the shortcomings or
limitations associated with type 1. In the case of type 2 this has been to improve the ability
(with associated high accuracy) to measure emissions of particulate matter, such as particle
mass, particle number and Black Carbon, whereas type 3 has eliminated the shortcoming
associated with the snapshot character of the emission measurements of the other two types
(measurement duration in the order of 1 s or less). Sitill, type 1 is superior compared to in
particular type 3, but also type 2, when it comes to the number of vehicles that can be
measured in a given time frame.

Given today’s access to three different RES types, compared to only one less than ten years
ago, and given the pros and cons of the three different types, this has opened up for more
tailor-made applications of remote emission sensing, since the instruments can be used as
single instruments or in various combinations, depending on the purpose of the emission
measurement(s) to be made. In fact, as many as seven different setups are feasible:

1) typel

2) type 2

3) type3

4) type 1l +type 2

5) type 1 +type 3

6) type 2 +type 3

7) type 1 +type 2 +type 3

Also, today’s access to three RES types, with the opportunity to apply them in various
combinations, coincides very well with the most recent emission legislation (Euro/China 6/VI)
relying on the real driving emissions (RDE) of vehicles as measured by PEMS, since RES by
definition measures vehicles’ real driving emissions, and with the main advantage of the
measurements compared to PEMS being both contactless and non-intrusive.

Based on the results and experiences summarized in this report, in the following the main
applicability of RES and associated potential impacts are briefly discussed.

Statistical emissions analysis for emission legislation policy follow-up

RES is a uniqgue method with respect to the large number of vehicles the real driving
emissions of which can be measured at moderate costs. This allows for a multitude of
statistical analysis on the real driving emission performance of representative vehicle fleets.
In this case, the most often applied analysis is on the average emissions by emission
standard, e.g., the Euro classification. As an example, this has demonstrated the great
success and large impact on CO, HC as well as NOx emissions of the emissions legislation
for petrol cars, and, on the contrary, the failure of the corresponding legislation for diesel
cars up until Euro 5, or even early Euro 6 standards. This analysis can be extended further
to include differences in real driving emission performance between vehicle manufacturers,
vehicle models and engine families. Thus, RES is a powerful tool for the follow-up of the
real-world impact of vehicle emission legislation policies and also to provide important input
for the need and the ways of how to develop them further.
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Detection of gross-polluting vehicles for enforcement purposes

Among the three types, RES type 3 has proven to be the one most capable of identifying
gross-polluters, so far particularly applied to heavy-duty trucks driving on highways, in which
case the other two RES types have some limitations. Being able to identify Euro V and VI
trucks the SCR systems of which are being tampered with, the use of RES type 3 has a
great potential to drastically reduce (=one order of magnitude) these trucks’ NOx emissions
[24,38]. Also, the further development and refinement of the RES type 3 technology in recent
years, has enabled it to be operated by unskilled staff, e.g., the police, on a routine basis.

The ability of RES type 1 to identify individual high-emitting vehicles, e.g., due to deliberate
tampering with or for other reasons poorly or hone-functioning emission control systems, has
been debated since long. Today, there is some kind of consensus that a single
measurement is not sufficient to classify a vehicle as either low- or high-emitting, without too
many errors of commission or omission, respectively. This is due to the large variability in
second-by-second emissions that a vehicle fully complying with the emission standard it's
associated with can produce, due to mainly the driving conditions. However, as the number
of repeat measurements on the same vehicle individual increases, RES type 1 becomes
more able to accurately separate high-emitters from low-emitters [61]. Compared to RES
type 1, recent research has demonstrated that RES type 2, due to the longer integration of
the exhaust plume over time (3-5 s compared to <1 s) is more reliable to identify high-
emitters based on single measurements [23].

When it comes to enforcement of individual vehicles’ emissions, an apparent advantage of
all three types of RES, eventually the biggest one, is the quite straightforward option to
combine RES measurements with roadside inspections. In recent research [24,25,53] all
three RES types have been applied to screen vehicles to identify suspected gross-polluters,
that have been pulled over to the roadside by authorized staff and subject to inspections to
look for tampering as well as other issues giving rise to excess emissions. The results are
very promising and the potential impact on reducing both NOx and particle emissions is high,
since the most polluting vehicles on the road among those vehicle categories that make up
the majority of today’s fleet, i.e., Euro 5/VI and Euro 6/VI, are targeted.

To summarize, all three types of RES could play a significant role in the enforcement of
vehicle emissions and add to existing emission control programs, i.e., PTl and I/M programs,
at least through evaluating the efficiency of such programs.

What can RES learn from exhaust plume modelling?
The objectives of the simulation activities were to research:

— The basic, physical processes and the resulting requirements, but also the limits for
the RES measurement technology.

— The distribution of the exhaust gas components and their local and temporal
concentration, which are available to an RES system for measurement.

— The influence of various vehicle-specific and environmentally relevant parameters on
the measurement result.

The simulation of the flow of air around the vehicle was used in order to address these
guestions. The flow is turbulent, unsteady and characterized by mass and heat transfer due
to the hot exhaust. The vehicle chosen was the DrivAer model, which was specially
developed for computational fluid dynamics (CFD) applications and validated with
measurements in the wind tunnel. In addition, the shape of the vehicle is very typical of an
average passenger car on European roads. The flow equations were averaged and solved
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using the Unsteady Reynolds-Averaged Navier-Stokes (URANS) approach. This approach
was chosen as a good compromise between accuracy and computational effort.
Nevertheless, the computational effort was considerable: in the end, about 150 simulations
were performed for the comprehensive parameter study. The average total time per
simulation was approx. 240 CPU hours, which corresponds to 20 hours on 12 CPUs, for
example. Furthermore, a new approach was used to further improve the simulations: A
hybrid approach based on the combination of Large Eddy Simulation (LES) and URANS.

In principle, all simulations have shown that the exhaust gas plume is strongly diluted in the
near wake of the vehicle, which means more precisely that no significant proportion of
exhaust gas can be measured 1.5-3 m downstream of the vehicle. For all different driving
and environmental conditions, the highest concentration of exhaust gas or pollutant was
found less than 0.5 m downstream of the vehicle.

Simulations in which the vehicle speed was varied have shown that the dispersion of the
essential part of the exhaust gas (core exhaust plume) depends on speed. With increasing
speed, the core exhaust plume becomes more compact in all directions. Crosswind
simulations have made it clear that the core exhaust gas plume is only slightly affected by
the wind. At very high crosswind speeds, the concentration peak shifts in the corresponding
direction, but it is the part of the exhaust gas plume further downstream that is affected by
the wind. Acceleration of the vehicle is often important to ensure that enough exhaust gas
emerges from the tailpipe. However, acceleration also has the effect of shortening the
exhaust gas cloud over time, which in turn causes problems for a valid measurement (e.g.,
with a low measurement frequency). Conversely, the exhaust gas cloud lengthens during
braking.

Consequently, RES fulfils the general requirements for determining correct emission values.
Nevertheless, the parameter study has shown that external influences, such as wind, or
driving characteristics, such as speed and acceleration, create difficulties for RES with low
measurement frequencies. In addition, this can cast considerable doubt on the reliability of
RES measurements in the wake of trucks, as the exhaust pipe is often more than 10 m
upstream the end of the vehicle.

With regard to the influence of several vehicles driving behind each other, it can be seen that
no significant increase in concentration was determined in the exhaust cloud of the rear
vehicle due to the emissions of the first vehicle.

Derivation of emission deteroriation factors

The emission factors of vehicles, which are regularly collected and updated in several
European countries, provide some information on how the exhaust aftertreatment systems
age and emissions subsequently (mostly) deteriorate. The Joint EMEP/EEA Air Pollutant
Emission Inventory Guidebook [63] provides correction factors that take into account the
deterioration of vehicles’ emission performance; however, these only apply to light-duty
vehicles and are based on a small number of vehicles with a limited number of kilometers
measured in chassis dynamometers. Subsequently, the Handbook of Emission Factors,
HBEFA (https://www.hbefa.net/), used for the first time RES type 1 data (from the CONOX
database [8,64]) to include updated emission deterioration factors for light-duty vehicles [65]
and more recently also for heavy-duty vehicles [66]. This has improved the emission
inventory model significantly. The latest data are for Euro 1 to Euro 7 vehicles with mileages
up to 200,000 km, at which the NOx emissions of diesel vehicles are almost 1.5 times higher
compared to at 50,000 km. For gasoline vehicles, the deterioration is higher, 3 times more
for Euro 3, 2.5 times more for Euro 5 and 1.25 times more for Euro 6 vehicles.
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The non-selective, real-world nature of RES type 1 ensures that with a sufficiently large
sample size, the full spectrum of age, mileage and emissions degradation of a vehicle fleet
can be captured. Furthermore, with the large datasets obtained through RES type 1,
multivariate statistical analyses can be performed to separate the effects of deterioration
from other influences such as driving characteristics (e.g., instantaneous engine power) or
environmental conditions. An important limitation of RES type 1 (and type 2) is that individual
vehicle mileage is not always available, which means that vehicle age often has to be used
as a proxy for mileage. Recently, however, remote sensing data was combined with the
current mileage of the measured vehicles and derive more reliable deterioration factors for
the emission behavior of the vehicles in question [67]. The study also compared the
deterioration of the emissions between vehicle models from different vehicle manufacturers,
but no significant differences could be found. Further, it was possible for the first time to
measure the emissions from the same individual vehicle over a period of 4-5 years to study
the emission deterioration on an individual vehicle level.

Temperature dependence of emission factors

Since RES measurements can be carried out — and are being carried out — any time of the
year and at any time of the day, the data collected over the years represents a very large
range of ambient temperatures, roughly from slightly below freezing (0 °C) up to 40 °C,
whereas driving cycle emission measurements are mostly carried out at room temperature,
i.e., 20-25 °C. Thus, RES data — both type 1 and type 3 — has helped to develop emissions
vs ambient temperature relationships that have been applied to update vehicle emission
models and vehicle emission inventories in both Europe [8,68,69,70] and China [59]. A
particular important finding in this work was the observation that diesel vehicle hot emissions
of NOx increase considerably with decreasing ambient temperature below 20 °C, but also
increased slightly with increasing ambient temperature above 25 °C, i.e., for light-duty diesel
vehicles there’s a NOx emission minimum for the typical type approval testing temperatures
between 20 and 25 °C.

Validation of vehicle emission models

RES — particularly type 1 — offers a good opportunity to validate vehicle emission models,
which are mostly based on laboratory and onboard emission measurements on limited
number of vehicles. The (first ever!) RES type 1 measurement campaigns carried out in
Germany — in Berlin 2019 [26] and Frankfurt 2020 [27] — is a very nice example of this, since
European vehicle emission models are rarely validated. More than 100,000 data records
collected for diesel and petrol passenger cars in the two cities — by means of both the Opus
RSD and the HEAT EDAR instrument— were used to compare average NOx emissions by
Euro class against modelling results according to the PHEM model, used to derive emission
factors for HBEFA (see Figure 24). A surprisingly good agreement between measured and
modelled emissions was found, when actual vehicle age and ambient temperature were
taken into account in the PHEM modelling. This applicability of RES has a great impact on
the trustworthiness and credibility of emission models used for emission inventories for the
road traffic sector, that are cornerstones for the follow-up and further development of sound
air pollution policies.

Providing input to the design and follow-up of Low Emission Zones

In the last 5-10 years Low Emission Zones (LEZ) have become increasingly popular in
European cities as an effective means of improving air quality and reducing air pollutant
exposure for many citizens. Recently, RES type 1 measurements have been applied for both
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the design and the follow-up of LEZ [71,72]. This provides an opportunity to tailor the rules
for the Low Emission Zone for each individual city, since e.g., the fleet distribution (age,
vehicle type, fuel types, etc.) and the emission performance of different vehicle categories,
both of which are quantified by means of the RES measurements, may vary significantly
from city to city, and thus the impact of the local road traffic on air quality.
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Conclusions

Following dieselgate and the associated - almost traumatic - awareness of the obvious
shortcomings of the earlier emission legislation in both Europe and China, the technological
development as well as various applications of RES have increased substantially in the last
5-10 years. Subsequently, the performance of remote and non-intrusive measurement
techniques to measure the emissions of individual vehicles on the road in real-world traffic
has clearly improved. All three types of RES have become more user-friendly, simpler and
cheaper to operate, more exhaust pollutants can be measured today and with a higher
accuracy than only five years ago, at the same time as the tools for evaluating analyzing and
evaluating RES data have become more advanced and efficient to use, enabling e.g., more
automatic analyses. This has been an important progress to better understand in particular
the emission behavior and emission performance of diesel vehicles, both light- and heavy-
duty, regarding NOx (including NO;) and various forms of particulate matter, the two air
pollutants that still are a concern with regard to urban air quality in both Europe and China.

Due to the unique ability — as opposed to the more conventional emission measurement
methods, i.e., engine test benches, chassis dynamometers and onboard measurement
equipment — to measure emissions at individual vehicle level for large, representative fleets
in real-world operation, RES has been used quite extensively in Europe and China over the
last 5-10 years, with the following key outcomes:

— RES type 1 (conventional/commercial optical open-path) measurements in a large
number of major cities across Europe clearly demonstrate the failure of the EU emission
legislation to curb NOx emissions from light-duty diesel vehicles up until Euro 5. If's not
until the implementation of the RDE legislation (Euro 6d-temp in 2017 and Euro 6d in
2020) that NOx emissions from light-duty diesel vehicles have been reduced
substantially to levels approaching those of petrol vehicles, and the majority complying
with the strict emission standards.

— RES type 1 has proven a powerful tool for comparing the emission performance
between different vehicle makes, models and engine families. For instance, for early
Euro 6 diesel cars (Euro 6abc), the average NOx emissions for the highest emitting
engine families are one order of magnitude higher than for the lowest emitting ones.
Also, for diesel cars complying with the RDE regulation, i.e., Euro 6d-temp and 6d, there
are large differences in the average NOx emissions between the highest and the lowest
emitting engine families, about a factor of 3-5.

— The mandatory use of effective diesel particulate filters (DPFs) in the EU starting from
Euro 5/V, has successfully reduced the emissions of particulate matter from diesel
vehicles. In addition to PN testing being implemented in European PTI programs, RES
type 2 (roadside extractive point sampling) measurements can be used to identify
vehicles with defect DPFs to evaluate the efficiency of such programs or be combined
with roadside inspections for direct enforcement. This is important since particle
emissions from a vehicle with a non-functioning DPF may be up to 150 times higher
than from a vehicle with a fully functional DPF during city driving.

— The RES type 2 sensor platform developed in China successfully identifies high-emitters
by combining both NO and PN emission factors. The sensor platforms captured the
emission characteristics that the aftertreatment scenario is determinative to emission
factors, while loading and speed only have relatively minor influence. The cost-effective
and compact design makes RES type 2 more readily for massive identification and
networking, further promoting regulatory applications and management strategies.
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Although normally operating heavy-duty vehicles manage to comply with the very strict
emission standards for NOx implemented in recent years, RES type 3 (plume chasing)
measurements have shown that substantial shares of the SCR-equipped trucks on both
European and Chinese roads are being deliberately tampered with, which may increase
NOx emissions with up to one order of magnitude, or even more, compared to a
normally operating truck. The only efficient way to catch those trucks is to use RES,
ultimately combined with roadside inspections.

The reliability of plume chasing method of deriving fleet-average EFs and the capability
of identifying high-emitters were verified. Large-size plume chasing campaigns
conducted in China indicated that fleet-average NOx emissions had limited reductions
from China Ill to China V, despite the great reduction NOx emissions for China VI and
BC emissions from China lll to China VI. The regional and seasonal differences in NOx
emissions from HDTs were also accurately evaluated by updated the national emission
inventory. The findings are valuable for precisely controlling the NOx and BC emissions
through policies and targeting the unexpected high emitters.

Due to the often very large impact of driving conditions on instantaneous (e.g., NOx
second-by-second) emissions even from very modern vehicles (e.g., Euro 6) as shown
by PEMS measurements, a single RES (type 1 and type 2) measurement is not
sufficient to safely separate a low-emitter (complying with the emission standard) from a
high-emitter. To reduce the errors of commission and errors of omission down to
acceptable levels in the pinpointing of high-emitters, at least 3-5 repeat measurements
on the same vehicle need to be carried out.

For average emissions though, recent studies have shown a good agreement between
all the three types of RES and PEMS, especially for NOx emissions. However, RES
type 1 does not perform very well when it comes to measuring particle emissions for
low-emitting Euro 5 and Euro 6 vehicles, equipped with effective diesel particulate filters.
Thanks to recent development of more sensitive RES type 2 technologies, particulate
matter emissions can be measured with high accuracy also for the most low-emitting
vehicle categories, including petrol cars.

The exhaust plume modelling research has physically and theoretically shown that, in
the case of light duty vehicles, the vehicle emission information is present in the wake in
the first 1-3 m behind passing vehicles, and that the pollutant concentrations in this area
are only slightly influenced by vehicle-specific and ambient parameters.
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Outlook

With the implementation of the very strict emission legislation, as represented by e.g.,

the Euro 6/VI and China 6/VI emission standards to be met under real driving conditions,
along with the growth in numbers of vehicles equipped with effective exhaust particle filters,
emissions of NOx and particulate matter are expected to continue to decline in future years,
leading to improved air quality in many cities over the world, in the past experiencing big
problems with high concentrations of health hazardous substances such as NO», PMyy,
PM.s, ultrafine particles as well as soot particles (i.e., Black Carbon).

However, still little is known about the long-term durability of the state-of-the art emission
control technologies installed in the modern fleet. All three types of RES should be
considered important and efficient tools to follow-up how the real-world emission
performance of RDE compliant vehicles evolves — on average — in the next 5-10 years to
come, while ICE vehicles still will be predominant in European and Chinese fleets.

Regarding gross-polluters (high-emitters), recent RES research has shown that deliberate
tampering with the SCR systems of in particular heavy-duty trucks is a quite frequently
occurring problem on both European and Chinese roads today, resulting in excess NOx
emissions. This research has also shown that NOx gross-polluting trucks also occur due to
other reasons than tampering, e.g., vehicle engine or emission control software problems or
hardware defects due to wear and/or poor engineering. It's hard to see any more effective
measure to tackle e.g., the SCR tampering problem than by a more systematic use of RES,
in particular RES type 3. Thus, strategies for such use should be encouraged to be
developed.

Other areas of interest for a future use of RES are In-Service Conformity (ISC) testing,
In-Use Compliance (IUC) programs and roadworthiness testing (e.g., PTI’s), which have not
come into much practice yet (at least not in Europe), but for which the potential could be
considered as large. For instance, newly developed RES type 2 sensors for measuring
emissions of particulate matter as particle number and Black Carbon have proven effective
to identify vehicles on the road with defective particle filters [53], which can be used to
support both roadside inspection and as input or follow-up of PTI’s. Further, recently RES
type 1 has proven to be useful for providing input to both ISC and IUC programs
(https://cares-project.eu/cares-open-letters/), making these more efficient.

Last but not least, both hard- and software of RES is further being developed to even better
adapt to the needs of society to efficiently continue to reduce road traffic emissions. For
instance, recently a horizontal (cross-road) RES type 1 instrument has been adapted and
proven to successfully measure emissions on two-lane roads for the first time [73]. Further,
RES type 2 is being developed to measure exhaust plume size along with measurements of
emissions of particulate matter, NOx and CO,, to be able to measure mass emissions, e.g.,
in g/s or g/km, directly of these pollutants [74,75]. An important point in the evaluations is the
conversion of the RES unit "g pollutant/g CO2" to the meaningful units, "g pollutant/km" for
cars or "g pollutant/kWh" for trucks, the units in which emission limits are expressed. This
can only be done based on current fuel consumption, which is not known, but can be
estimated. A comprehensive sensitivity analysis is necessary in this area in order to
understand which parameters are more influencial.

The potential future ability of RES to measure exhaust flow could also be of interest for the
further development of exhaust plume modelling capabilities, which would be of mutual
benefit for both RES measurements and exhaust plume models. The existing project has
clearly shown the potential of numerical simulation to support RES measurements. From this
point of view, a major open point lies in the distribution of pollutants in the wakes of trucks.
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The distance from the end of the exhaust pipe to the measurement location of the RES

(type 3) is very large (and varies greatly with the type of chassis and superstructure). On the
other hand, the amount of exhaust gas is higher. Further simulations can simulate a range of
truck types and associated wake flow.

Another promising method for optimizing the simulations of turbulent exhaust gas clouds is
the assimilation of flow data into the simulation model (e.g. URANS). This optimizes the
accuracy of the simulation results using the available data. This data can come from
measurements or high-resolution simulations and need only be sparsely distributed in space.
This approach was developed as part of the existing project and presented in URANS
models. A combination with the developed hybrid LES/RANS model will lead to results that
are even more accurate.
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