Lower emissions from existing cars: personalised advice based on emission maps
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Abstract
Pollutant emissions from the passenger car fleet in Europe can not only be reduced by the influx of clean new
vehicles, but also by reducing the emission levels of existing vehicles. Since for a number of reasons the average fleet
emissions do not decrease as fast as envisaged by policy makers, attempting to reduce the emissions from the present fleet
can be an attractive and potentially powerful option, with direct effects.
The exhaust and wear emission levels of an individual vehicle depend among other things on the euro standard, the
precise engine and exhaust gas aftertreatment system, weight of the vehicle, brake and tyre composition, the state of
maintenance, originality of the technical specs, and age of the vehicle. However, to which extent the potential emissions
actually take place, is greatly influenced by driver behaviour, the use case of the vehicle and the local conditions, as
emissions vary among different circumstances.
To advise owners and drivers on reducing the emissions of their vehicle, all of the factors need to be taken into
consideration. The heart of the present work is the standardisation of the information describing the relationship between
vehicles in use and their emissions, on the basis of which the personal or fleet-emission reduction potential can be
determined. Individual advice should be based on appropriate measurements, of that particular vehicle or a similar vehicle.
Moreover, presenting such information should be transparent, so conclusion and limitations of the underlying data should
be clear.
The proposed approach starts from measurement data available at TNO, TU Graz and other institutes in Europe,
collected using dynamometers, Portable Emission Measurement Systems (PEMS) and other sensor based devices such as
the TNO Smart Emission Measurement System (SEMS). The measurement data is analysed to establish a base emission
map for each component. The map in principle covers all instantaneous
situations relevant for the emission component.
The emission map layers encompass:






Tailpipe emissions under hot engine conditions: NOx (primary
focus), PN, CO, HC
Tailpipe emissions under cold start conditions: NOx (primary
focus), PN, CO, HC
Tailpipe emissions of non-regulated emissions: NO2, N2O, PAH,
CH4, cyanides, NH3
Particulate emissions from wear: brakes, tyres, road surface
Additional tailpipe emissions due to aging/poor maintenance: NOx,
PN, CO, HC, NO2, N2O, PAH, CH4, cyanides, NH3

Figure 1. Example NOx emission map.




Tampering: additional emissions as a result of tampering: NOx, PN
Retrofitting: potential reduction in tailpipe emissions as a result of
retrofitting solutions on older vehicles: NOx, PN

Differences in emission behaviour of vehicles occur on multiple levels,
e.g. vehicle model (weight), fuel type, euro standard, or specific engine. To
classify vehicles in a logical way, a taxonomy was developed. It has 11 levels,
describing the vehicle make and model, and engine characteristics. The
emission map layers can be linked to any level, to be attributed to all vehicles
sharing that particular part of the taxonomy code.
A data file structure has been developed to facilitate exchange and
publication of the map data, as well as to enable the implementation of the
maps in multiple third party tools.
Figure 2. Example CO emission map.

1. Introduction

The improvement of air quality has become one of society’s main challenges. Traffic and transport have a large effect on
air quality in Europe. In particular passenger cars and commercial vehicles contribute to exposure of inhabitants with
nitrogen oxides, particulates, carbon monoxide, hydrocarbons, ammonia and other pollutants. Although technical
improvements and more stringent legislation had a significant impact, air quality has not improved correspondingly.
Partially this is related to the long lifespan of vehicles, which makes the renewal rate slow. According to ACEA, the
average age of the European passenger car fleet is 11.5 years. 55% of the present European fleet was built before 2010,
and since Euro 5a was introduced in September 2009 for new models, this 55% is almost entirely Euro 4 and older. So
even though the latest Euro 6d Final vehicles may be very clean, a significant effect can take years.
Efforts to reduce emissions from the existing fleet do not suffer from the slow renewal rate, and can instantly improve air
quality. Reducing emissions from existing cars is possible, because the emissions are not only dependent on the
technology used by the manufacturer, but also by the way that the vehicle is operated. Dependent on the technology,
certain driver behaviour can cause spikes in, or continuous high levels of emissions. This behaviour may be high speed
driving, sudden sharp acceleration, heavy braking, frequently changing the throttle pedal, or driving in the wrong gear.
Mapping out the emission behaviour of vehicles in a standardized way helps understanding how driver behaviour and
emission behaviour are related, and what guidance can be given to drivers to avoid conditions where the emissions of
their particular vehicle are high. This should lead to reduced overall emissions from their vehicle. The knowledge captured
in the emission maps can be used in driver advice tools.

2. Vehicle taxonomy
2.1. Taxonomy structure
As the emissions from a vehicle are a combination of technical vehicle characteristics and the use of the vehicle, a first
step in understanding emissions is to distinguish vehicles by their technical characteristics. Relevant for emissions are the
fuel type and the emission standard, but a more refined approach can include also other factors that are specific to certain
manufacturers. To characterise and categorise European passenger cars in a logical and controlled way, a taxonomy has
been developed. It includes a number of important factors that are needed to distinguish vehicles by emission behaviour
(pollutants and CO2), and is used throughout several Horizon and LIFE+ projects. Emission maps can be attached to any
level of the taxonomy. The underlying work is public and can be found on www.project-ucare.eu. Emission maps are a
uniform representation of the emissions, suitable for modelling and estimating effects of changes in use of behaviour.
The taxonomy has 11 levels, covering two parts: a vehicle part and an engine part. The engine is a ‘child’ of the vehicle;
see Figure 2-1.
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Figure 2-1

Basic concept of vehicle taxonomy

The vehicle code contains make, model, transmission type, all-wheel drive capability and the (externally chargeable)
battery capacity. Figure 2-2 shows an example of the vehicle part of the taxonomy.
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Figure 2-2: Example of taxonomy. Vehicle part, first three layers: make, model, transmission type (M=manual,
A=automatic, DCT=dual clutch transmission, 1=single speed).
The other characteristics of a vehicle, such as the empty mass and dimensions of the vehicle, can be retrieved once the
place of a vehicle in the taxonomy is known. Tyre and road wear can be related to these vehicle characteristics. Tailpipe
emissions however are related to the engine characteristics.
The engine part of the taxonomy is illustrated in Figure 2-3.
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Figure 2-3: Example of taxonomy. Engine part.

2.2. Distinguishing engines: alliance code
As becomes apparent from the graph, what is considered an ‘engine’ in Figure 2-1 is actually an engine configuration.
Vehicles are often sold with multiple engine configurations: different fuels, different engine sizes and different power
ratings. In turn, engines of a certain configuration are often applied in multiple vehicle models, even across brands. The
frequently occurring shared development of engines and use of engines from other manufacturers makes the link between
the vehicle manufacturer and the engine manufacturer not obvious. To avoid double entries, an ‘alliance code’ was added
as the 11th taxonomy level. The code indicates a group of vehicle brands for which a certain engine was applied. This can
be multiple brands of one manufacturer group, e.g. VW and Audi of the Volkswagen Group, but it can also be a
combination of brands of different manufacturers that have applied the same engine. In the case of RNM3 in Figure 2-3,
besides within the Renault-Nissan-Mitsubishi alliance, the engine was also applied in Smart vehicles. Together with the
other levels: powertrain type, fuel type, emission standard, engine size and engine power, it creates a unique identifier.
The underlying assumption is that the emission behaviour of an engine is not different among different car models it has
been applied in. Assigning alliance codes to engine configurations was done partially manually, partially automatically

using the Dutch vehicle registration database (opendata.rdw.nl). All distinguished alliances can be found on www.projectucare.eu, under D1.1 – Alliance code.

2.3. Naming conventions
Using measurement data, emission maps can be made for a specific engine. A naming convention has been developed to
be able to refer to positions in the taxonomy in an abbreviated way. This helps with easy exchange of emission map files,
as discussed in chapter 5. The powertrain type is not included in the name, because it is there only for simple
communication purposes; it can be derived from the fuel type. All other layers in the engine part of the taxonomy are
included as an abbreviation, and separated by underscores. Fuel types are represented with one or two letters. Two fuels
are allowed, separated by a double hyphen (--), and in alphabetical order. Table 2-1 shows the fuel type naming.
Table 2-1: Fuel type codes
Fuel type

Fuel type
abbreviation

Fuel type

Fuel type
abbreviation

Diesel

D

LPG/Petrol

LP--P

Petrol

P
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Electricity/Petrol

E--P
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LNG

LN

Euro standards are abbreviated by their number (0-5, 6a, 6b, 6c, and 6d). Euro 6d-Temp is denoted as 6dT. Displacement
(engine size) is included without unit, in cubic centimetres. Rated power is included without unit, in kilowatts. Last item
in the taxonomy code is the alliance code, which is in itself already an abbreviation.
A complete taxonomy code represents a specific engine. It is desirable to be able to generalise emission behaviour as
well, for instance describing the average behaviour of vehicles of a certain Euro standard. In the taxonomy this has been
foreseen by introducing the ‘ALL’ code that can replace a specific code at every level.

2.4. Example taxonomy codes
Examples of vehicle-specific and generalised (‘ALL’) engine codes are demonstrated in Table 2-2. The first one is equal
to the leftmost path in Figure 2-3.
Table 2-2 – Examples of vehicle-specific and generalised engine codes
Engine code

Explanation

P_5_898_66_RNM

Petrol, Euro 5, 898 cc, 66 kW engine belonging to the RNM (Renault-NissanMitsubishi-Dacia-Datsun-Lada) alliance

D_6dT_1969_140_VOLV

Diesel, Euro 6d-Temp, 1969 cc, 140 kW engine belonging to the VOLV (Volvo)
alliance

E--P_6b_1798_73_TOYO

Petrol plug-in hybrid, Euro 6b, 1793 cc, 73 kW engine belonging to the TOYO
(Toyota) alliance

D_4_ALL_ALL_ALL

Generalised code referring to all diesel Euro 4 engines

P_6_898-999_ALL_RNM3

Generalised code referring to all petrol, Euro 6 engines with engine displacements
between 898 and 999 cc of the RNM3 (Renault-Nissan-Dacia-Smart) alliance

3. Base emission maps
3.1. Design
Emission maps are a concept, as well as the name and structure of the corresponding file format, to exchange pollutant
emission data at a detailed level, with the underlying dependencies. It is suitable for all regulated and non-regulated
pollutant emissions from the tailpipe. As described in the introduction, emissions are dependent on the vehicle technology
as well as the driver input. The emission maps are dimensioned to relate emission levels to driver input. Then, based on
measurement data of the key parameters, a map of the emission levels can be made. For nitrogen oxides (NOx), for
example, the map can depict engine speed on the x-axis, CO2 emissions on the y-axis, and the NOx emissions in mg/s as
a colour. Figure 3-1 shows an example of such a map for a random vehicle. Note that CO2 emission is used here as a
proxy for power or engine load1. Dozens of base maps are already available for download, free of charge, via the OpenAire
platform Zenodo.

Figure 3-1

Example emission map for average NOx emission from a Euro 6 diesel engine

During driving, dependent on the driver input, the engine speed and CO2 output vary almost continuously. This means
that the vehicle ‘runs’ across the map. Average instantaneous emissions can thus be predicted on a second-by-second
basis.
The map shows that for this vehicle category, if a driver presses the accelerator pedal at mid to high engine speed, the
emissions are high (top of the graph). Also driving with high engine speed and relatively low power, the emissions are
high (right hand side of the graph).
To be able to create such a map, measurement data is needed for the entire spectrum of engine use, from at least one
vehicle representative for the taxonomy code. Furthermore, interpolation algorithms are needed to fill the map if gaps
occur. Also it may be necessary to reduce the map resolution if a limited amount of data is available. Generally speaking,
boundary conditions have to be set to warrant a minimum quality and usefulness of the emission maps produced.
Emission maps should be fact-based and transparent. It was agreed in the uCARe project to fill the distributable emission
map files with data-backed values only. If gaps do occur in the emission map, the end-user has the freedom to choose a
suitable interpolation method to fill in the gaps before further analysis or usage of the map. A script will be provided by
the uCARe team to process the emission maps. The script will take care of interpolation and smoothing of the maps.
For some map layers, it may be chosen to implement the emission maps as a continuous function instead. Parameter
values to insert into the function can then be distributed per vehicle (class) in the same way maps are distributed. The
function is then implemented on the tool side.

3.2. Interpreting emission maps
Base maps can be used to investigate driver emissions. On a second-by-second basis, relevant driving parameters (e.g.
engine load, speed, and/or RPM) can be used to look up the expected instantaneous emissions for a specific vehicle (see
Figure 3-2). The instantaneous emissions can be used to approximate driver emissions over the duration of a trip. Different
driving parameters lead to different emissions. In this way, advice can be given as to the driving parameters which can
lead to lower emissions.

1

The CO2 flow in g/s is proportional to the fuel flow, i.e. energy delivered per time, i.e. the power
content of the fuel.

Figure 3-2
Comparison of NOx emissions from measurement data and as calculated from an emission base map using
vehicle speed and CO2 emission
Note that this profile does contain a measure of uncertainty due to the fact that possibly not all factors are included that
describe the nature of real-world driving. Emissions may also vary over time and seasons. Such effects are not included,
or averaged over (Indrajuana, 2020).

3.3. The base layer - hot engine tailpipe emissions
Tailpipe emissions for a given vehicle can generally be related to engine speed and engine load, and, related to the
aftertreatment for most Euro 6 diesel vehicles, a historic component describing the temperature level of the SCR
system. Vehicles with the same engine/exhaust gas aftertreatment combination should have similar emission behaviour
with respect to the hot emissions layer. Therefore, the full engine block code is chosen as the distinguishing identifier.
Note that aftertreatment behaviour is highly software dependent which would further investigation.
The emission maps are intended to be used in tools that simulate emissions of trips, e.g. to evaluate the improvement
potential by changing driver behaviour. Vehicle speed profiles can be produced in many ways, without the necessity to
read data from the vehicle’s OBD or CAN bus. In order to also be able to share this data, a second design option will also
be implemented for the hot emissions layer, based on vehicle speed instead of engine speed. Note that the actual emissions
at a given speed depend on the selected gear, which means that the map based on vehicle speed cannot represent all
situations but only driving with “average” gear shift behaviour, where “average” is related to the gear shifting used in the
test data for setting up the AEMs.
Engine load, the second parameter to which tailpipe emissions can generally be related, is not always available. The CO2
emission rate is chosen as the y-axis for NOx AEMs, as CO2 is a good proxy for the engine power demand which will
vary with acceleration, payload, road slope and wind. In the case of limited data (test cycle data only), the CO2 emission
can be estimated by estimating ‘power’ using payload and test cycle characteristics such as velocity profile with the
equations of vehicle longitudinal dynamics.
The first maps depict NOx and are based on the TNO monitoring program (Spreen et al. 2016) of a 2018 Volkswagen
Caddy (see Figure 3-3). The map on the left-hand side has engine speed as an x-axis, the one to the right is based on
vehicle speed.

Figure 3-3 Emission map of average NOx mass flow of a Euro 6 Volkswagen Caddy with a 1968 cc 55kW
engine(D_6_1968_55_VAG), based on over 300 hours of driving data
Similar maps can be made for PN, CO and HC. Figure 3-4 shows an example of a CO map.

Figure 3-4

Emission map of average CO emission mass flow of Euro 5b Ford Fiesta with a 1598 cm3 77 kW engine

Emission maps of this design can be created for each engine. However, for most engines, less than 300 hours of data is
available. This does not have to hamper the usability of the emission maps, as long as map coverage is warranted, and the
resolution is adjusted in an appropriate way.

3.4. Non-regulated tailpipe emissions
Emissions of NO2, N2O, PAH, CH4, cyanides and NH3
can be mapped over the most suitable variables, based
on chassis dynamometer tests where more extensive
analyser equipment is used (e.g. FTIR). PEMS tests
usually record, additionally to NOx, also NO and NO2
separately. An example NH3 map (based on CO2 and
vehicle speed) is shown in

Figure 3-5. Note that this may not be the final design for
the NH3 emission maps.

Figure 3-5

3.5. Examples of base emission maps

Emission map of average NH3 mass flow
of a Euro 6 diesel vehicle with 1598 cc 85
kW Volkswagen Group engine, based on
67 hours of driving data

Monitoring the emissions of vehicles gives a good
coverage of the whole operation spectrum of an
engine.
Figure 3-6 shows a graph of a NOx emission map
which is based on more than 600 hours of on-road
measurement data of a Euro 6 diesel car. The average
NOx emission is shown per bin of vehicle speed and
CO2 emission.

Figure 3-6 : Emission map graph of a 1461cc, 81kW
Euro 6 Diesel engine with average NOx emission
[mg/s] per vehicle speed [km/h] and CO2 [g/s] bin.

Figure 3-7 shows a NOx emission graph of a Euro 5a diesel
engine with almost 330 hours of monitoring data. In the
CO2 emission range higher than 7 grams per second the
effect of shifting gears is visible by the dark red lines.

Figure 3-7: Emission map graph of a 1199cc, 55kW Euro
5a diesel engine with average NOx emission [mg/s] per vehicle speed [km/h] and CO2 [g/s] bin.

Figure 3-8 shows the emission plot for a Euro 4 petrol
engine. In comparison with Figure 3-7 this engine emits
less NOx over the whole spectrum. However, the amount
of underlying data for

Figure 3-8 is much less than for

Figure 3-7.

Figure 3-8: Emission map graph of a 1199cc, 55kW Euro 4 petrol engine with average NOx emissions[mg/s] per vehicle
speed [km/h] and CO2[g/s] bin.

4. Augmentation layers
The basemap is intended to be used in conjunction with so-called augmentation layers. Where the base layer describes
hot engine tailpipe emissions, the augmentation layers describe effects of different driving conditions and emission
sources. All layers together characterize parts of the emission behaviour of the vehicle. This is depicted in Figure 4-1.

Figure 4-1: Graphical representation of the different layers that can be included within an augmented emission map
Current base layers would describe NOx (primary focus), PN, CO, and HC emissions. Other base layers could include
tailpipe emissions of non-regulated emissions: NO2, N2O, PAH, CH4, cyanides, and NH3.
The following augmentation layers are currently under investigation (de Ruiter, et al. 2021):
-

Tailpipe emissions under cold start conditions: NOx (primary focus), PN, CO, HC
Wear emissions: particulates from brake and tyre wear
Deterioration: additional tailpipe emissions as a result of ageing and/or poor maintenance: NOx, PN, CO, HC,
NO2, N2O, PAH, CH4, cyanides, NH3

The initial proposals above address a range of conditions that are influenceable by the user which can affect vehicle
emissions. Each map layer can have a different x- and y-axis, a different resolution and a different level in the
taxonomy to be attached to.

5. Map integration and map selection
AEMs have been created for many engines. However, given the vast number of engine types in use (including updates
with newer Euro standard compliance), it has not been possible to create a vehicle-specific emission map for every single
one of them. Fortunately, dependent on the map layer, there are similarities among certain maps that can be used to make
extrapolations to other engines deemed similar in behaviour. Three tools were developed to help tool-builders: fallback
maps, a selection tool, and a combining tool (De Ruiter, et al. 2021).

5.1. Fallback maps
To have an emission map available for every engine that was not specifically measured, a set of fallback maps was created:
one for every fuel – Euro standard combination (where data available). The fallback maps have a taxonomy code with the
following structure: F_E_ALL_ALL_ALL, whereby F and E stand for the fuel and Euro class parameters. To generate
the maps, the raw measurement data of all tested vehicles within a fuel-Euro class-group was combined, and re-processed
as were it a single vehicle.

5.2. Selection tool

The fallback maps ignore the possible differences in emissions caused by engine displacement, power, and make.
Therefore, recently a more sophisticated tool was developed that, for any given untested car/engine, selects the best
suitable one among the available maps. So far the tool was implemented for NOx only. The underlying algorithm analyses
the existing available maps using a clustering method and describes their characteristics in 9 coefficients. This model
setup activity is flexible and can incorporate new maps as they are added to the collection over time. When the model is
run, it uses the untested engine’s taxonomy code to rank available maps by their Gower distance, and produces the five
most suitable maps for the untested engine (Nooij, S., 2021). A large variation has been observed among for instance
Euro 6dT diesel engines. The selection tool can help to find a more representative map than the Euro 6d-Temp fallback
map. The work on the tool is in progress. Further criteria to select the best map may be the amount of data (the second
best suitable map may have more detail), and engine manufacturer as opposed to alliance code; various collaborations of
one manufacturer have different alliance codes, but may utilize the same exhaust gas treatment equipment.

5.3. Combining tool
Emission basemaps of a certain engine may come from different sources, e.g. when vehicles with the same engine were
measured by one or more institutes. If there are multiple basemaps for the same uCARe taxonomy code, these basemaps
should be combined. A map combination tool was built for this purpose, which works as shown in Figure 5-1.

Figure 5-1: Illustration of basemap combining tool
The lowest resolution basemap is converted to match the resolution of the more detailed one, using spline interpolation.
The maps are combined using a weighting factor based on the square root of the total number of datapoints within the
map.

6. Discussion and conclusions
To characterise, store and distribute emission data of vehicles, an emission map concept has been proposed. Experimentbased understanding of the relationship between the use of a vehicle and the emissions are described in a logical and
structured way, be it in the form of a map or in the form of a function. To order vehicles and their engines that the
emissions (maps) are attributed to, an 11-level taxonomy has been developed. Maps or functions can be created on any
level of the vehicle taxonomy, dependent on distinctiveness and availability of data.
A strict separation of factual data and interpretation has been pursued. Interpolation and smoothing of maps, as well as
the implementation of the functions in the augmented emission maps, is considered part of the tools that use the
maps/functions.
The dimensions of maps can vary for each layer, dependent on which parameters describe the emission behaviour best.
For hot engine tailpipe emissions, vehicle or engine speed, and CO2 emission mass flow (as a proxy for engine power)
were selected. The maps are produced on an engine level: vehicles sharing the same engine are modelled in the same way.
To handle a varying data availability among vehicle types or engine types, maps have a flexible resolution. The map
resolution that is selected, complies to minimum standards in terms of coverage.
Although maps are added on a regular basis, for many engines base emission maps are not available yet. Fallback maps
and a map selection tool were created to ensure generic applicability of the concept. Finally, a combine tool was created
to merge multiple maps for the same engine.
Making emission data of vehicles, in relation to underlying variables, available to this extent and in this detail, brings to
light many nuances in emission results. In the past only the average results and the results of standard tests were available
and used for comparison. However, with on-road testing as the new standard for emission testing, a large variation is
observed in results, partly related to driving behaviour and conditions. Results are not a priori comparable. In order to

understand, relate and compare results and to be able to base emission estimations on measurements, a further
development is needed. This work intends to provide a suitable basis to use emission measurements more widely and
comprehensively.
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