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Executive summary
In Europe, more than 11,000 premature deaths are caused each year by excess diesel
nitrogen oxides (NOX) emissions. High vehicle emissions can be caused by weak emission
standards, tampering, or malfunctioning of individual vehicles, or original equipment
manufacturer (OEM) embedded software used to defeat the type-approval test conditions.
Remote sensing is a powerful technique that policy makers can use to monitor vehicle
emissions, at the individual vehicle level or group of vehicles when grouped by
characteristics relevant to their emission performance (by euro, fuel type, engine
displacement, etc.). In 2015, real-world emissions measured by remote sensing added to
the pile of evidence that VW, among other manufacturers, manipulated vehicle software
to limit emissions during the type-approval test, when those emissions were in fact several
times the limit during normal everyday driving. Following the “Dieselgate” scandal, some
of the consumers that had being deceived in buying a supposedly clean vehicle were offered
by OEMs to update the software of their vehicle to limit harmful emissions in real driving
conditions.
This work builds on remote sensing data collected across Europe since 2015 to provide
evidence of the breadth of the problem and pinpoint specific engine families with high
emissions and for which an update has been made available. It furthermore demonstrates
how large and long-term remote sensing campaigns can be used to target individual
emitters and for raising consumer awareness.
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1 Introduction
1.1 Background uCARe
With four million people dying annually due to outdoor pollution, improvement of air
quality has become one of society’s main challenges. In Europe, traffic and transport
have a large effect on air quality, specifically passenger cars and commercial vehicles and
to a lesser extent non-road mobile machinery. While technical improvements and more
stringent legislation have had a significant impact, traffic and transport emissions are still
too high and air quality is still poor. Although the use of electric and other zero-emission
propulsion technologies may drastically reduce the pollutant exhaust emissions from
traffic, the slow introduction of such vehicles as well as the trend of increasing vehicle
lifetimes means that vehicles with internal combustion engines are expected to dominate
the fleet beyond 2030. This project is the first opportunity to improve emissions of
vehicles, not by improving vehicle technology, but by actively involving vehicle users and
enabling their contribution to clean driving.
So far, expertise on pollutant emissions has mainly been used to advise European policy
makers on limited effectiveness of emission legislation (through real-world emission
factors such as HBEFA and COPERT) and how to reduce traffic and transport pollutant
emissions. The numerous mitigation methods are rarely extended to include the
perspectives of users uCARe enables a next essential step: providing user targeted
emission reduction measures. These measures will be implemented and evaluated in reallife pilot projects.
The overall aim of uCARe is to reduce the overall pollutant emissions of the existing
combustion engine vehicle fleet by providing vehicle users with simple and effective tools
to decrease their individual emissions and to support stakeholders with an interest in
local air quality in selecting feasible intervention strategies that lead to the desired user
behaviour. The overall aim is accompanied by the following objectives:
1.
2.
3.
4.
5.

6.
7.

8.

To identify user-influenced vehicle emission aspects (such as driving behaviour
and vehicle component choice).
To determine the emission reduction potential of each vehicle emission aspect with
help of the uCARe model developed within a toolbox.
To develop a toolbox, containing models and emission reduction measures, that
enables stakeholders to identify the most appropriate intervention strategies that
reflect the specific users and their motivation.
Support policy makers and other stakeholders with an interest in air quality,
such as municipalities and branch organizations, in identifying intervention
strategies that translate the measures into desired behaviour of the user.
To test and evaluate intervention strategies in a set of pilot projects conducted with
various target user groups in at least four European countries. The pilot projects
illustrate effectiveness and feasibility of the toolbox and intervention strategies
developed on its basis.
Perform an impact assessment of the intervention strategies effectiveness, in terms
of cost, penetration, achieved emission reduction and lasting effects.
Actively feed European cities and international parties with uCARe learning and
results, via awareness raising campaigns, communication tools, interactive web
application and other dissemination activities. Open access to the broad public to the
toolbox, data and developed tools.
Summarise the findings in blueprints for rolling out different user-oriented emission
reduction programmes, based on successful pilots.

The principal aim of WP4 is to quantify the effect of reducing vehicle emissions for each of
the consumer behaviour measures and interventions assessed within the project and to
extrapolate the observed effects for estimating the overall impact of the project for when
the measures and interventions are rolled out more broadly. Furthermore, WP4 will provide
Page 7
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a set of templates directed towards consumers, containing easy-to-understand information
on which measures and interventions work best and how to implement them into daily use
practices.

1.2 Purpose of the document
The purpose of this report is to present the role of remote sensing for policy makers and
its use for raising consumer awareness of real-world emissions.

1.3 Document Structure
Following the introduction, chapter 2 describes the general use of remote sensing to
measure motor vehicle emissions. Chapter 3 demonstrates its application for policy maker
targeting group of vehicles, or individual vehicles. The last chapter shows some applications
of remote sensing to increase the consumers awareness of vehicles real-world emissions

1.4 Deviations from original DoW
1.4.1 Description of work related to deliverable as given in DoW
Report on the role of remote sensing to identify individual vehicle with suspiciously high
emissions, and to trigger drivers to take actions to reduce their cars’ real-world emissions.
1.4.2 Time deviations from original DoW
It was agreed with the lead partner to delay the draft by one month due to extenuating
circumstances, mainly accommodating the parental leave of 1.5 month of one of the
authors.
1.4.3 Content deviations from original DoW
None
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2. The use of remote sensing
2.1

Use

of

remote

sensing

to

measure

motor

vehicle

emissions
While the most well-known method for measuring real-world vehicle emissions uses a
portable emissions measurement system (PEMS) mounted on the individual vehicle,
remote sensing systems use absorption spectroscopy to non-intrusively measure pollutant
emission ratios in the exhaust plumes of in-use vehicles (Figure 1). 1 A light source and
detector are placed either beside or above a roadway, with the instrument oriented so that
the light beam produced by the source passes through the exhaust plumes of vehicles
passing. Species interact with light in well-understood ways, so the relative amount of
pollutant present in the vehicle exhaust can be determined by measuring how much light
of certain wavelengths is absorbed as the light beam traverses the plume. This technique
was invented in the late 1980s and initially limited to research activities from Gary Bishop
and Donald Stedman of the University of Denver, funded initially by the Colorado Office of
Energy Conservation and later by the California Air Resources Board. The global
development and use of remote sensing has been growing in recent years. Data has been
collected from all continents with more than 1 million measurements per year collected in
China, the United States, Hong Kong, and Korea, and more than 1 million measurements
since 2010 in India. In Europe, data collection activities have been mostly in western
countries—with more than 1.5 million measurements since 2010 in Spain—and northernwestern countries 2.

1

Dallmann, “Use of Remote-Sensing Technology for Vehicle Emissions Monitoring and Control |
International Council on Clean Transportation.”

2

Bernard, German, and Muncrief, “Worldwide Use of Remote Sensing to Measure Motor Vehicle
Emissions.”
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Figure 1 Schematic setup of the three units of the remote sensing device. Top, setup for
cross-road remote sensing: the light source with the reflecting mirror at the other side of
the road and the light detector; the speed and acceleration detectors; and the license plate
recorder. Bottom, setup for top-down remote sensing system (EDAR). 3
The pollutants measured vary across the different remote sensing testing programs. Most
systems measure at least nitrogen oxide (NO), hydrocarbons (HC), carbon monoxide (CO),
and some measure of particulates via plume opacity, or Rayleigh scattering, all relative to
carbon dioxide (CO2). More advanced systems also measure nitrogen dioxide (NO2) and
ammonia (NH3). 4
Remote sensing offers multiple benefits. It is an efficient method of measurement both in
terms of time and money. Furthermore, its non-intrusive character makes it well-suited
for fleet emissions monitoring. 5 The development of an emissions factor, the identification
of individual high- or low-emitting vehicles, or the screening for groups of high-emitting

3

Yang, “Remote-Sensing Regulation for Measuring Exhaust Pollutants from in-Use Diesel Vehicles
in China.”

4

Bernard, German, and Muncrief, “Worldwide Use of Remote Sensing to Measure Motor Vehicle
Emissions.”

5

Dallmann, “Use of Remote-Sensing Technology for Vehicle Emissions Monitoring and Control |
International Council on Clean Transportation.”
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vehicles for market surveillance are further made possible through remote sensing
technology.

2.2 Use of remote sensing for policy makers
Remote sensing applications continue to relate to research and overall fleet emission trend
monitoring. However, an increasing number of local, regional, or national authorities are
working to develop or improve policies that could be better informed with data obtained
from remote sensing measurements. Cities can, for example, use remote sensing data to
predict the effectiveness of various policies in implementing vehicle bans or creating low
emission zones. 6 Governments could also use remote sensing technology to maximize the
impact of vehicle scrappage and replacement programs. In addition, the real-world effects
of new and existing technologies, such as new powertrains or fuels, could be tracked using
remote sensing methods. Lastly, the technology could later be used to assess a policy’s
effectiveness, e.g., in reducing emissions.
Remote sensing can also most notably provide information on the real-world emissions of
the particular make and model of vehicles on the road and may support compliance and
enforcement programs or inform purchasing decisions. 7 The European Union recognizes
remote sensing as a valid tool for providing information to type-approval authorities for
the systematic selection of test candidate vehicles with potentially excessive emissions
levels. 8 Moreover, in some countries, remote sensing is more concretely moving towards
the identification of high-emitting vehicle groups for market surveillance and individual
high- and low-emitting vehicles to assist with periodic vehicle emission inspections (Figure
2). The United States and China are leaders in remote sensing deployment and are
demonstrating its potential contribution to the identification and enforcement of highemitting vehicles while supporting existing periodic technical inspection (PTI) programs.

6

Dallmann.

7

Kodjak, “London’s Clean Car Checker Enables Consumers to Buy the Cleanest Vehicles |
International Council on Clean Transportation.”

8

European Commission, Commission Regulation (EU) 2018/1832 of 5 November 2018 amending
Directive 2007/46/EC of the European Parliament and of the Council, Commission Regulation
(EC) No 692/2008 and Commission Regulation (EU) 2017/1151 for the purpose of improving
the emission type approval tests and procedures for light passenger and commercial vehicles,
including those for in-service conformity and real-driving emissions and introducing devices for
monitoring the consumption of fuel and electric energy.
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Figure 2 Conceptual diagram showing possible applications of vehicle remote sensing in an
enhanced vehicle emission control program. 9

2.3 Use of remote sensing for screening highly emitting
vehicles or group of vehicles
The taxonomy developed within the uCARe project can be used to evaluate remote-sensing
emissions from passenger car families. In this section we focus on Euro 6 pre-RDE and
Euro 6d-TEMP vehicles, although the same method could be applied to vehicles certified to
former emission standards.

9

Bernard, German, and Muncrief, “Worldwide Use of Remote Sensing to Measure Motor Vehicle
Emissions.”
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The following results are derived from remote sensing data collected as part of the CONOX
project 10 11 12 13, TRUE initiative 14, CARES project 15, or other local initiatives. Campaigns
used for the analysis total over 300,000 measurements from Euro 6 passenger cars.
Table 1 Country and year of data collection of remote sensing data sets
Country/Region

Year of data collection
2015

Sweden

2017

2018

2019

2020

X

Great Britain

X

Switzerland

X

France

2016

X
X

X
X

Brussels

X

Flanders

X

Poland

X

X

Passenger car measurements were grouped by emissions standard, fuel type, engine
displacement and peak power. The results are presented by averaging remote sensing
records, that is in grams of pollutant per kg of fuel burnt. Results are furthermore
presented when at least 100 valid NOX emission readings are available.

10

Muncrief, “A Step Forward in Europe on Measuring In-Use Vehicle Emissions.”

11

Borken-Kleefeld et al., “Comparing Emission Rates Derived from Remote Sensing with PEMS and
Chassis Dynamometer Tests—CONOX Task 1 Report.”

12

Sjödin et al., “Real-Driving Emissions from Diesel Passenger Cars Measured by Remote Sensing
and as Compared with PEMS and Chassis Dynamometer Measurements—CONOX Task 2
Report.”

13

Borken-Kleefeld et al., “Contribution of Vehicle Remote Sensing to In-Service/Real Driving
Emissions Monitoring—CONOX Task 3 Report.”

14

“TRUE Initiative.”

15

CARES is a research project funded under the European Union Horizon 2020 Research and
Innovation program which stands for City Air Remote Emissions Sensing. https://caresproject.eu/about/
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Figure 3 Fuel-specific emissions from Diesel PC Euro 6 pre-RDE vehicles grouped by engine
families.
116 engine families of diesel PC Euro 6 vehicles were ranked (Figure 3). The highest emitter
was found to emit 9 times more than the lowest emitter. However, even the lowest emitter
would be unlikely to meet the Euro 6 laboratory limit (equivalent to approx. 2.5 g/kg fuel).
Evidence suggests that high emissions from some of Euro 5 and Euro 6 diesel vehicles
could be reduced via software updates which manufacturers provided in the aftermath of
Dieselgate. A report by the German Federal Environment Agency (UBA) finds that the
rollout of software updates has the potential to reduce NOX emissions by 42 % for Euro 5
diesel cars and 49 % for Euro 6a/b diesel cars. 16 Remote sensing measurements of lightduty Euro 5 diesel vehicles in the UK collected between 2012 and 2018 showed a NOx
reduction following the software updates between 30 to 36% for the Volkswagen group
2.0L and 1.6L diesel engines respectively. 17 However, other independent tested were
reporting less benefits from the Volkswagen Euro 5 updates. DUH reported 3% to 29%
emission reduction, 18 when TNO did not notice any appreciable impact on the average
emissions of a Volkswagen Polo using the 1.2L engine. 19 Some European countries such as
Germany and Switzerland have made software updates mandatory following a recall. That
was for instance the case for Mercedes which proposed an online tool 20 to check which
vehicles are impacted. 21 Other manufacturers have provided software updates voluntarily.
In 2016, both Fiat-Chrysler 22 and Renault-Nissan 23 announced updates to their upcoming
engine calibration strategies and a voluntary service action for cars already on the road to
improve their overall NOx emissions for a wider range of driving conditions. These 2 groups
16

Dippold and Hausberger, “Fact-Sheet: Minderung der Stickstoffoxid-Emissionen durch
Softwareupdates an Diesel-Pkw.”

17

Grange et al., “Post-Dieselgate.”

18

“Wirksamkeit von Software-Updates Und Neue Wintermessungen Im Realen Fahrbetrieb.”

19

Indrajuana et al., “Effects of a Software Update on NOx Emissions and Performance of a VW
Polo.”

20

Mercedes-Benz, “Technische Maßnahmen und Rückrufe.”

21

Daimler, “Overview.”

22

MarketScreener, “Fiat Chrysler Automobiles NV.”

23

Renault Group, “Press Release.”
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of manufacturers would impact at least 6 out of the 11 vehicles families presenting NOx
emission with emissions above 12 g/kg fuel. These results further underscore that
consumers who care should bring their cars back to the dealer and request the latest
software update which would likely result in reducing their emissions.

Figure 4 Fuel-specific emissions from Diesel PC Euro 6d-TEMP vehicles grouped by engine
families
For diesel certified to the Euro 6d-TEMP standard, data was collected for 36 families with
at least 100 valid NOx emission readings (Figure 4). The results shows that the highest
emitter emits 5.5x times more than the lowest emitter. While all families are likely close
to or within the on-road type-approval limit (equivalent to approx. 5.2 g/kg fuel),
approximately 30% are unlikely to meet the Euro 6 laboratory limit (approx. 2.5 g/kg fuel).
None of these vehicles appears to be associated with on-going updates of their emission
calibration software. However, these results can support market surveillance activities
conducted by Member States in pre-selecting vehicles likely to exceed regulatory limits.

2.4 Use of remote sensing for targeting individual emitters
During a remote sensing campaign lasting a few weeks, individual vehicles are typically
measured only once or a few times. Even for the city of Hong Kong which runs a continuous
remote sensing program, individual vehicles were only measured on average 2.2 times
over a one year period. 24 Similarly, a month-long testing campaign in Flanders conducted
in 2019 confirmed it rarely occurs that enough measurements are collected to make a
confident decision on the true emission average of an individual vehicle. 25 A study from
JRC concluded that although remote-sensing technique demonstrates a capability for
detecting manipulations on the emission control systems of vehicles, it would be risky to
24

Huang et al., “Statistical Evaluation of On-Road Vehicle Emissions Measurement Using a Dual
Remote Sensing Technique.”

25

“Analysis of the 2019 Flemish Remote Sensing Campaign.”
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draw conclusions from single observations. 26 This limits the use of remote sensing to
estimate reliable emissions factors for individual vehicles and thereby detecting with
sufficient confidence high emitting vehicles present in the fleet. Thus, some programs aim
at measuring vehicles more than once in a row (e.g., using dual systems a few tens of
meters apart). Other programs such as in China 27 set remote sensing thresholds sufficiently
high, typically multiple times the regulatory thresholds, before triggering a more detailed
inspection. However, extensive and long-term remote sensing data collection may manage
to measure a small fraction of individual vehicles 50 times or more. This is the case for the
Colorado Department of Public Health & Environment (CDPHE) remote sensing data sets
which are used for their clean screen program, part of their inspection and maintenance
programs and collect several million records each year. 28 The data collected from 20102018 was analysed in a study in 2020 to explore ways in which remote sensing data can
be used to identify individual vehicles with anomalous real-world emissions. 29
Figure 5 presents fuel-specific NO emissions from individual RAM 3500 class 3 pickup trucks
2010 to 2012 model years, plotted by vehicle age. It must be noted that these vehicles
may not be equivalent to models available in Europe. The central tendency in the data for
each vehicle is shown using locally estimated scatterplot smoothing (LOESS). Seven of the
ten vehicles show relatively low NO emissions, independent of vehicle age, in the order of
magnitude of 10 g/kg fuel. However, vehicles 6 (MY 2012) and 4 (MY 2011) have severe
emission increases, with levels reaching 30 to almost 40 g/kg fuel respectively. Vehicle 7
(MY 2012) shows a high level of emissions already with the first measurements, which may
indicate that the vehicle was defective to begin with, or shortly after being put on the
market in 2012.
Continuous monitoring campaigns from CDPHE demonstrate that remote sensing can be
used to support inspection and maintenance programs, allowing early corrective actions
on individual high emitters.

26

Gruening et al., “Potential of Remote Sensing Devices (RSDs) to Screen Vehicle Emissions.”

27

Yang, “Remote-Sensing Regulation for Measuring Exhaust Pollutants from in-Use Diesel Vehicles
in China.”

28

Colorado Department of Public Health & Environment, “Automobile Emissions Inspection.”

29

Bernard et al., “Development and Application of a United States Real-World Vehicle Emissions
Database.”
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Figure 3 Fuel-specific NO emissions of individual Dodge/Ram 3500 vehicles with more
than 50 measurements and at least one measurement per year 30

2.5 Use of remote sensing for consumers awareness of vehicles
real-world emissions
Over the past 5 years, there has been a significant increase in the use of and interest in
remote sensing in the European Union. Some cities such as Sofia in Bulgaria have used
remote sensing as an emission awareness tool, informing drivers about their level of
pollutant emissions in real time (Figure 6). 31

Figure 4 Illustration of an emission awareness campaign set up using remote sensing. 32

30

International Council on Clean Transportation, “Publications.”`````

31

“Characterization of Real-Driving Emissions in the City of Sofia.”

32

Woopen, “Remote Sensing: Measuring Emissions from Cars as They Drive By.”
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Real-time emissions awareness campaigns allow drivers to comprehend the impact of the
following vehicle attributes and testing conditions on emissions:
•
•
•
•
•
•
•

Age of the vehicle
Fuel type
Malfunctions
Tampering
Driving conditions
Cold start
Ambient temperature

Comparable remote-sensing campaigns could also benefit European owners of lowemitting vehicles, that could be exempted from periodic technical inspections similar to
what “clean screen” programs propose in the US. States of Virginia, Colorado and Ohio.
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3 Conclusions and recommendations
This report demonstrates the role of remote sensing to identify individual vehicle or group
of vehicles with suspicious high emissions levels, and to trigger possible actions to reduce
the real-world emissions level. A prerequisite is that enough measurements of individual
vehicles or vehicle groups are collected to build sufficient confidence in the emission levels.
We show that aggregates of remote sensing snapshots can be grouped into vehicle families
to offer evidence of elevated real-world emissions. Member States can use this information
for their market surveillance activities and demand software updates for the engine
calibration of these vehicles to lower emissions in real driving conditions. While some
manufacturers such as Mercedes or Volkswagen group have been forced to roll out updates
in Germany, other have more quietly rolled out voluntary software updates. 6 out of the
11 of the worst diesel Euro 6 emitters of NOx purportedly have those updates available on
demand. Consumers should be incentivized to reach out to their dealer and request
software updates for their vehicles.
Remote sensing can also be used to increase the awareness of drivers by measuring in real
time the emission performance of vehicles in a given driving situation. However, a single
emission snapshot indicating a high emission reading is rarely enough to detect with high
confidence that a vehicle is a regular gross emitter. An extensive remote sensing network
would allow for the study of longer emissions trends and capture individual emitters
multiple times. Scaling up the amount of remote sensing and number of measurement
sites would increase the proportion of the in-use fleet that can be regularly monitored.
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Annex A
Table A1 Top 20 of highest NOx emitting diesel Euro 6 (pre-RDE) passenger cars
families.
Engine code

Number of NOx
observations

Average fuel-specific
NOx (g/kgFuel)

D_6_1597_117

1022

19.1

D_6_1597_95

2360

18.7

D_6_1460_80

3483

16.5

D_6_1460_65

2322

16.4

D_6_1460_54

698

16.4

D_6_1119_54

106

15.6

D_6_1955_102

164

15.0

D_6_1596_117

130

13.7

D_6_1460_79

2492

12.8

D_6_1996_131

708

12.4

D_6_1247_69

240

12.4

D_6_1596_87

161

11.7

D_6_1996_110

1185

11.4

D_6_1597_81

311

11.0

D_6_1597_69

262

10.8

D_6_2198_146

325

10.4

D_6_1498_76

367

10.2

D_6_1498_87

1057

10.2

D_6_1363_65

350

10.0

D_6_1247_54

139

9.8
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