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A B S T R A C T

The Euro 7 standard is expected to intensify its focus on real-driving emissions compliance
thanks to the on-board monitoring (OBM) system. OBM is designed to bridge the gap between
emission limits and real-world vehicle emissions by continuously monitoring their levels using
on-board sensors and models. Essentially, this system aims to verify vehicles compliance, prompt
timely repairs otherwise, and provide authorities with emissions data for fleet inspection.
Leveraging a large real-driving emissions database from an in-service Euro 6d-Temp vehicle,
this paper reviews the current OBM proposal and discusses its possible outcomes and challenges
using available sensor technology.

. Introduction

The European road transportation sector poses significant air pollution challenges with adverse effects on public health and
he environment (Krzyżanowski et al., 2005; European Environment Agency, 2023a,b). In response, the European Commission
as been actively pursuing more stringent emission standards to mitigate the detrimental impacts of vehicle emissions (European
ommission, 2023a). From the introduction of the Euro 1 standard in 1992, to the latest version with the Euro 6d in 2020, the
ollutants considered by the regulations, as well as their magnitude, have considerably changed. Between the earliest standards
nd the latest version in force, nitrogen oxides and particulate matter emission limitations have been reduced for diesel vehicles by
ore than 85% and 95% respectively (TransportPolicy.net, 2023), showing the constant effort in promoting cleaner vehicles over

he years. While these standards have played a significant role, improvements are still necessary to ensure real-world compliance
ith emission limits. Originally certified with the New European Driving Cycle (NEDC), discrepancies between type approval levels
nd real-world emissions forced the authorities to find a new testing procedure that would better reflect the levels of emissions found
n on-road driving conditions (Franco et al., 2014; Degraeuwe and Weiss, 2017; Ramos et al., 2018; Gräbe and Joubert, 2022). This
onsideration led to the introduction of the Worldwide harmonized Light vehicles Test Procedure (WLTP) together with real-driving
missions (RDE) tests using portable emissions measurement systems (PEMS) in 2017, which have since then effectively contributed
o the reduction of the emission levels in real-driving conditions (Kousoulidou et al., 2013; Valverde Morales et al., 2020; Claßen
t al., 2021). As the Euro 6 standard approaches its conclusion, the focus now shifts to the upcoming Euro 7 legislation with original
mplementation scheduled for 2025 for light-duty vehicles (European Commission, 2022b). This new standard comes with a number
f updates such as the introduction of ammonia (NH3) emissions among the limited pollutants (European Commission, 2022a), or
he implementation of an on-board monitoring (OBM) system for emissions that is expected to play a crucial role in ensuring low
missions performance from vehicles in real-world operation (Müller et al., 2022; Dimaratos et al., 2023; Franco et al., 2023).
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Nomenclature

AGVES Advisory Group on Vehicle Emission Standards
ASC Ammonia-slip catalyst
CAN Controller area network
CO Carbon monoxide
DOC Diesel oxidation catalyst
DPF Diesel particulate filter
EATS Exhaust after-treatment systems
EEDWS Excess emissions driver warning system
EF Extended factor
EGR Exhaust gas recirculation
HiFi High fidelity sensor
HP High-pressure
ICE Internal combustion engine
ISC In-service conformity
LP Low-pressure
MaSu Market surveillance
MiL Malfunction indicator lamp
NEDC New European driving cycle
NH3 Ammonia
NMHC Non-methane hydrocarbons
NO𝑥 Nitrogen oxides
OBD On-board diagnostics
OBM On-board monitoring of emissions
OTA Over-the-air
PCM Powertrain control module
PEMS Portable emission measurement system
PM Particulate matter
PN10 Particle number above 10 nm
RDE Real-driving emissions
SCR Selective catalytic reduction
SEMS Smart emission measurement system
THC Total hydrocarbons
VGT Variable geometry turbine
WLTP Worldwide harmonized light vehicles test procedure

OBM is built upon unfulfilled aspects of the current on-board diagnostics (OBD) systems regarding the accurate and timely
etection of high emitting vehicles (European Commission, Directorate-General for Internal Market, Industry, Entrepreneurship
nd SMEs, 2022). While on-board diagnostics systems have been effective in monitoring subsystem failures, they do not provide
comprehensive assessment of total vehicle emissions. Consequently, a fraction of vehicles on the road might emit higher levels

f air pollutants than allowed, contributing therefore disproportionately to the overall emissions and air pollution. On the other
and, OBM involves the direct and continuous monitoring of vehicle emissions using physical sensors and models. Such approach
as already been tested in regions such as California and China, demonstrating the potential benefits of emissions monitoring (Tan
t al., 2019; Cheng et al., 2019; Zhang et al., 2020). OBM would however not replace OBD, and instead will supplement it by sharing
any elements such as embedded sensors and OBD-II port, which should also ease its implementation.

In a nutshell, OBM will have two main purposes (Franco et al., 2023): the first one is about warning the driver of an excess in
missions from the vehicle. In this case, the goal is to notify the user about the need for repairs and prevent the vehicle from restart
f no action was taken and high emissions are still monitored. While the first purpose targets emissions at a vehicle level, the second
ne aims to ensure the emissions compliance of a vehicle type, hence at a fleet level. To that end, the distance-specific emissions
alculated on-board will also be sent over-the-air (OTA) and collected by the authorities to compare these levels to the limits.

The successful implementation of the OBM concept relies on two major aspects: first, it considers that current and future
roduction emission sensors are robust and accurate enough to provide valuable information about the concentration emitted by
he vehicles. In this regard, many works have already investigated the possibility of using the performance of such sensors for
eal-driving emissions characterization, e.g., in smart emission measurement systems (SEMS) (Vermeulen et al., 2012; Heepen and
u, 2019). Thanks to this measurement and the information already available in modern vehicles, emission levels similar to those
2
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obtained by PEMS during RDE tests can be inferred on-board (Yu et al., 2021; Jeong et al., 2023). Secondly, OBM will also require
to transmit some information over-the-air for market surveillance, and harnesses therefore the increasing vehicles connectivity
and cloud analysis capabilities (Guerrero-ibanez et al., 2015; Guardiola et al., 2021). In conclusion, by continuously monitoring
emissions, offering user warnings, and ensuring conformity to the emission limits, OBM promises to play a pivotal role in mitigating
air pollution and advancing towards a cleaner transportation sector.

This research paper reviews and discusses some aspects of the on-board monitoring concept as presented by Franco et al. (2023)
nd by the Advisory Group on Vehicle Emission Standards (AGVES) (European Union, 2023). In particular, this work explores the
BM’s feasibility in the context of the upcoming Euro 7 standard by applying its definition to real-driving emissions data from a
ehicle with current sensor technology, hence offering insights into its potential outcomes and challenges. The results provided in
his paper, which emphasize the implications of on-board emissions measurement systems, are based on a real-world database from
n in-service mild-hybrid C-segment Euro 6d-Temp diesel vehicle. The ins and outs of the Euro 7 emission standard, as well as its
mplementation, are still under discussion with most of the methodology documents remaining at a draft stage, hence subject to
hanges. This paper relates therefore to the OBM-RDE definition, and their interpretation by the authors, at the time of writing.

This article is organized as follows: first, further details about the OBM concept as found in present literature and in the
GVES repository are provided. Then, the setup and the database used in this study are described, providing the reader with
ore information regarding the real-driving data acquisition. The fourth section outlines the steps leading to the calculation of the
istance-specific emissions required by the OBM system. The results are then presented and discussed and, finally, some conclusions
bout the findings of this work are summarized.

. OBM concept

This section explores in detail the expected OBM implementation. The most relevant features of the concept are reviewed
nd will serve as the basis for the analysis proposed in this work. The information provided below is, for the most part, based
n Franco et al. (2023) (article published by the stakeholders that shaped the OBM concept), and the information found in the
GVES repository (European Union, 2023).

As stated in the Euro 7 standard proposal (European Commission, 2022b): ‘‘‘on-board monitoring system’ or ‘OBM’ means a system
on board a vehicle that is capable of detecting either emission exceedances or when a vehicle is in zero emission mode if applicable, and capable
of indicating the occurrence of such exceedances by means of information stored in the vehicle, and of communicating that information via
the OBD port and over the air ’’. This definition expresses three main aspects of the OBM concept that we discuss below.

Detecting emission exceedances. The feature at the core of the OBM concept is the effective detection of high emitting vehicles. The
evaluation of emissions by the OBM system will provide two indications of tailpipe emissions: an unprocessed emission value as
‘perceived’ by the environment, and a processed result similar to what would be obtained during an in-service conformity (ISC) test
where the extended driving divider is considered as described in the RDE regulation (European Commission, 2023b). The OBM and
the definition of the RDE-ISC testing are therefore closely related. Both the unprocessed and ISC-processed distance-specific emissions

ill be calculated in-vehicle at the end of each trip, expressing emissions in milligrams per kilometer. The goal is to monitor the
evels emitted by the vehicle and compare them to the limits summarized in Table 1. To this end, the OBM requires to monitor
he total amount of pollutants emitted, and divide it by the distance traveled by the vehicle during the trip. A special treatment
ill be applied for trips below 10 km where the distance-specific emissions will be obtained by dividing the total emissions in

mg] by a distance of 10 km to account for the emission budget distance.1 The manufacturer will be free to use any source of
nformation and solution at its disposal to estimate the distance-specific emissions of a vehicle. A combination of sensors reading
upported by exhaust emissions models might therefore be envisioned (Jaikumar et al., 2017; Fernandes et al., 2019; Le Cornec
t al., 2020; Barbier et al., 2023). This is particularly true for cold start trips due to the present limitations of current sensors
e.g., light-off) which make measuring emissions within several seconds after a cold start event challenging (European Commission,
irectorate-General for Internal Market, Industry, Entrepreneurship and SMEs, 2022; Todo et al., 2018). The OBM implementation

s consequently likely to follow two phases: a short/mid-term phase, recommended for introduction with the Euro 7 regulation,
ocusing on monitoring NO𝑥, NH3, and particulate matter (PM) emissions using current and improved sensors and models; and a
ong-term phase, which requires significant advancements in sensor technology to effectively monitor all pollutants. To estimate the
istance-specific emissions, the vehicle must provide a continuous time-resolved (1 Hz) measurement of the pollutants to the OBM
ystem. However, by design, most of current production PM sensors lack this capability (Kamimoto, 2017; Premnath et al., 2020;
uropean Commission, Directorate-General for Internal Market, Industry, Entrepreneurship and SMEs, 2022). As a result, in the
irst phase of the OBM system deployment, only NO𝑥 and NH3 distance-specific emissions will have to be calculated for each trip.
uring an in-service conformity test, the accuracy of the OBM system will therefore be assessed by comparing the ISC-processed
missions of NO𝑥 and NH3 to those obtained from the ISC test measurement systems. Nevertheless, despite not being considered for
rip values, PM emissions will still have to be addressed by OBM to assess the probability of high soot emissions, whose detection
ill undergo the same communication and inducement procedure than NO𝑥 and NH3, as discussed below.

1 The Euro 7 standard aims at guaranteeing that a vehicle is environmentally efficient under as many driving conditions as possible. To this end, any trip
istance should be considered as valid. Given that most of the emissions are encountered at the beginning of a trip, especially in short trips with cold start
onditions, a two-area limitation was proposed. First, a constant [mg] limit defines the maximum emissions allowed up to a certain distance: this is the emission
udget. Then, the conventional [mg/km] limit applies. For a trip with a distance below 10 km, the total trip emissions should be compared to the budget limit,
hile they should be directly compared to the distance-specific emission limit for longer trips. This allows to account for any trip distance while still leaving

ome margin to very short trips, which would not be possible with a single [mg/km] limit. This concept is not further discussed here as, according to the
3

uthors’ understanding, it will not be part of the OBM per se since this system will only consider [mg/km] values.
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Table 1
Euro 7 exhaust emission limits for light-duty vehicles (M1) with
internal combustion engine (European Commission, 2022a).

Pollutant Emission limit Pollutant Emission limit
in mg per km in mg per km

NO𝑥 60 CO 500
NH3 20 THC 100
PM 4.5 NMHC 68
PN10 (in #) 6 × 1011

Indicating the occurrence of such exceedances. The comparison of the distance-specific emissions calculated at the end of each trip
with the emission limits by the OBM system shall activate, or not, the excess emissions driver warning system (EEDWS) through the
malfunction indicator lamp (MiL). The EEDWS is designed to inform the driver about an excess of emissions from the vehicle, and
induce the vehicle’s repair accordingly. Ultimately, in cases where the required repairs are not carried out, the OBM system will
have the capability to prevent engine restart. The status of this system can result in three different states: ‘normal’, ‘intermediate’
or ‘error’. In the case where the EEDWS enters in ‘error’ mode, it means that the vehicle was detected as consistently emitting high
levels of pollutants with required actions on the emission control systems. As a rule of thumb, the error status should be activated
when the emissions evaluated by the OBM system are above 2.5 times the limit defined for the pollutant. This threshold is aligned
with the current regulation, indicating that a vehicle measured with emission levels above 2.5 times the limit would be considered as
an ‘extreme outlier’ in the ISC statistical procedure (European Commission, 2023b). However, many conditions might occasionally
result in high emissions (e.g., towing), and switch the EEDWS to an error status could cause unjustified inducement and unnecessary
repairs. In this regard, the EEDWS status should not be seen as an indicator of the last trip but as a general diagnostic of the vehicle’s
state of health regarding the control and level of emissions. This status is therefore not fixed in time and is allowed to ‘self-heal’.
The strategy behind the status of this system and its evolution will be in the hands of the manufacturer, with the only requirement
being that high emitting vehicles are timely and effectively detected.

Communicating that information. Whether it be for verifying the faithful representation of the vehicle’s emissions by the OBM system
uring an ISC test, or for market surveillance (MaSu) purposes to monitor the emissions distribution of a vehicle family, the emissions
ssessed by the OBM system require some means of communication. The former can easily be accessed through the OBD port where
ime-resolved data such as emissions rate should also be made available to support testing. The latter, however, requires another
pproach. In this case, the trips’ distance-specific emissions will be randomly selected and stored inside the vehicle before being
nonymously transmitted to authorities over-the-air. The goal here is to leverage the significant amount of data generated in such
ituation to obtain a better representation of the emissions from a specific vehicle type against the limits. The rules concerning the
ata transmission and ownership are not discussed here, but can be consulted in Franco et al. (2023) and European Union (2023).

Fig. 1 summarizes the aforementioned aspects of the OBM concept. Both the unprocessed and ISC-processed emissions paths are
hown and their applications are illustrated as well. In particular, the ISC-processed emissions are depicted at the basis of the EEDWS
tatus and inducement procedure. Their levels are also relevant during an ISC test in order to evaluate the correct representation
f the emissions by the OBM system by comparing them to the levels obtained by PEMS during the RDE test. In such case, the
SC-processed emissions from the OBM must not underreport the levels measured by the PEMS to more than a certain threshold, so
ar suggested to 30%–42% depending on the situation. In any case, the EEDWS status is previously required to evaluate if a vehicle
s suitable for the ISC statistical procedure, an ‘error’ status discarding the vehicle. Finally, market surveillance of vehicle types will
e ensured by over-the-air transmission of the emission levels. Again, the reader is invited to refer to Franco et al. (2023) for a
horough description of the OBM concept.

Now that the main aspects of the OBM concept have been presented, and before describing the steps for the distance-specific
missions calculation, the next section introduces the specifications of the vehicle used in this study, the set of sensors and vehicle
arameters considered to assess its emissions, and the real-driving database investigated to contextualize the results that will be
rovided later.

. Setup and database

.1. Vehicle layout

The analysis of the OBM concept in this work involves a mild-hybrid diesel vehicle manufactured and registered as Euro 6d-
emp, which specifications can be found in Table 2. The vehicle comes with a turbocharged 2.0 liter engine equipped with both

ow-pressure (LP) and high-pressure (HP) exhaust gas recirculation (EGR). The exhaust after-treatment systems (EATS) consist of
diesel oxidation catalyst (DOC), a selective catalytic reduction (SCR) system and a diesel particulate filter (DPF) for low tailpipe

missions. The engine also embeds many sensors aimed at controlling and monitoring its proper operation, of which the majority
f the ones considered in this study are illustrated in the engine’s layout representation in Fig. 2.

The proper control of the SCR is monitored thanks to two NO𝑥 sensors placed on each side of the catalyst. The upstream sensor
easures the engine-out NO𝑥 amount, while the downstream sensor reads the tailpipe emissions after passing through the SCR
here the injection of urea is used to decrease nitrogen oxides emission levels (Yuan et al., 2015; Praveena and Martin, 2018). The
4
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Fig. 1. Illustration of the main aspects of the OBM concept.

Table 2
Vehicle specifications.

Car segment C-segment

Powertrain architecture Mild-hybrid
Engine architecture In-line 4-cylinder
Engine type 2.0 L compression ignited
Fuel Diesel
Maximum engine power 110 kW
Vehicle mass 1680 kg
Frontal area 2.62 m2

Drag coefficient 0.32
Tyre rolling resistance coefficient 0.0065a

a According to the European Parliament and Council (2020) for C1 tyres
with fuel efficiency class A.

Fig. 2. Engine and exhaust after-treatment systems layout from the vehicle with original and additional sensors used in this work. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
5
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Table 3
Emission sensors specifications.

NO𝑥 sensor NH3 sensor

Provider Bosch ECM
Model EGS NX2 From NH3CAN Kit
Measuring range 0-3000 ppm 0-2000 ppm
Accuracy ±7 ppm at 90 ppm ±5 ppm from 0 to 200 ppm
Response time ∼1.8 s <1 s

Fig. 3. Data acquisition systems communication layout for everyday trip data recording.

specifications of these sensors are provided in Table 3. One drawback from these on-board sensors is that they used to embed a
conditioning strategy that makes their reading unavailable for several seconds after cold start. However, cold start emissions were
also found to be the major contributor to the overall trip emissions, hence representing a significant loss of potential emissions
information (European Commission, Directorate-General for Internal Market, Industry, Entrepreneurship and SMEs, 2022; Bielaczyc
et al., 2020; Du et al., 2020; Chen et al., 2023). As a result, emission models are likely to substitute sensor reading during this
duration and, in a later phase, future generation sensors are expected to address this issue by reducing the time until the sensor is
ready to measure. In this study, an additional sensor was placed close to the original downstream NO𝑥 sensor (indicated in blue in
Fig. 2). This sensor was the same sensor than the upstream and downstream sensors with the difference that this one was powered
prior to the vehicle start. Consequently, its readiness would be reached earlier and it should provide a more representative estimation
of the emissions. On purpose, this sensor was chosen among the sensors identified as of high-fidelity (HiFi) by the supplier.

The Euro 7 standard proposal specifies that NH3 should also be part of the monitored exhaust gases. Tailpipe NH3 emissions in
diesel vehicles result mainly from the SCR control (i.e., NH3-slip), especially if the EATS do not include an ammonia-slip catalyst
(ASC) (Girard et al., 2007). In this work, a NH3 sensor (shown in red in Fig. 2) was installed downstream the SCR to measure the
emission levels during the vehicle operation. More information about this sensor can also be found in Table 3.

3.2. Database

Over a series of real-world driving scenarios, data were collected and examined to gain insights into the vehicle’s behavior and
performance characteristics. For every trip, a file populated by data collected from the different embedded sensors was generated.

In this setup, the vehicle is equipped with an open powertrain control module (PCM) that provides access to crucial vehicle,
engine and emissions variables. The data acquisition layout is composed of three main systems: the PCM, the vehicle CAN bus, and
the CAN bus from the additional NO𝑥 and NH3 sensors. The PCM is connected to a computer through A8 serial interface and ATI
Vision software is used to access the information. Finally, an ATI Kvaser is used to get access to the CAN buses via the computer,
as illustrated in Fig. 3. The information from the vehicle that is collected by the PCM is recorded every 10 ms, as is the additional
emission sensors reading, while the vehicle CAN bus information exhibits different sampling rates depending on the variable. All
this information is gathered and stored in a file in MF4 format which is the standard file format in the automotive industry for
CAN bus and sensor data reading from engine control units.2 Among all the variables that populate these files, the ones required
by the OBM concept were selected to carry out the analysis. Some of them, which are commonly monitored and already available
in modern vehicles, were already presented in Fig. 2, while others such as vehicle or engine speed are standard.

The vehicle used in this study serves various investigation purposes in which the original vehicle layout might be modified. In
this work, only the trips with the same layout and performed under nominal driving conditions and style were considered. The
resulting database contains 574 trips distributed between February 2022 and May 2023 with around 16,500 km of various ambient
and driving conditions across southern Europe. As depicted in Fig. 4, most of the database is located in the region of Valencia in
Spain, and is composed for almost 60% of motorway conditions (i.e., distance share from total database with speeds above 90 km/h,
urban being from 0 to 60 km/h and rural between 60 and 90 km/h).

2 More information at: https://www.asam.net/standards/detail/mdf/wiki/.
6
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Fig. 4. Real-driving database information with geographical location of the data (left), and illustration of the signals recorded in real-time within the vehicle,
here vehicle speed 𝑣𝑣𝑒ℎ and upstream nitrogen oxides sensor signal NO𝑥,𝑢𝑠 (right).

Table 4
Driving conditions and emissions divider in the Euro 7 standard for light-duty vehicles (European
Commission, 2022a).

Parameter Normal driving conditions Extended driving conditions

Extended factor – 1.6a

Ambient temperature 0 ◦C to 35 ◦C −10 ◦C to 0 ◦C or 35 ◦C to 45 ◦C
Maximum altitude 700 m >700 m and <1800 m
Maximum speed Up to 145 km/h Between 145 and 160 km/h
Power metric <20% >20%
Minimum mileageb 10000 km Between 3000 and 10000 km

a Emissions should be divided by this factor during the time when one of the conditions in this
column applies.
b The vehicle mileage at the beginning of the database considered in this work was around
14000 km, hence normal driving conditions.

4. Distance-specific emissions assessment

This section describes the different steps followed to obtain the distance-specific emissions needed in the OBM environment
(e.g., excess emissions driver warning system and market surveillance). In particular, the ISC-processed emissions will have to
account for some of the aspects provided in the RDE methodology (see Fig. 1). Given that the final version was not yet available
at the time of writing, features published in draft versions and assumptions based on the RDE legislation in force were combined.
Before proceeding to the execution of the calculation, all the variables recorded by the vehicle were down-sampled to 1 Hz in order
to respect the sampling frequency specified for time-resolved data in the OBM-RDE definition (European Union, 2023; European
Commission, 2023b).

4.1. Normal and extended conditions

Extreme conditions such as very high ambient temperatures or altitudes might alter the performance of the vehicle and make the
proper operation of the emission control systems challenging. These conditions, which differ from the normal conditions, used to be
referred to as extended in the RDE methodology definition. During a real-driving emissions test, authorities have decided to account
for the effect of these specific conditions on the vehicle’s emissions by dividing the emissions during the time where extended
conditions are encountered by a factor of 1.6. The same procedure must then be applied by the OBM system when computing the
ISC-processed emissions. Table 4 summarizes the recommended boundaries for the upcoming Euro 7 standard, in which the ranges
were updated in order to cover the most common usages and conditions found in Europe (for a definition of the boundary conditions
in the current RDE package, please refer to the European Commission (2023b) document).

The application of the dividing factor, hereafter named extended factor (EF), is as follows: each 1 Hz measurement sample should
have its corresponding factor set to 1 within normal driving conditions, and 1.6 in extended conditions. However, the extended
factor can apply only once. This means that if two extended conditions are found at the same time (e.g., high temperature and high
altitude), these measurement samples are considered invalid and removed from the ISC-processed calculation.
7
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Fig. 5. Representation of the average wheel power signal used to obtain the power metric in the initial 2 km after a cold engine start. The power metric value
s shown with a blue cross. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

.2. Power metric

The recognition of emissions excess during the initial 2 km of a trip after a cold start motivated the inclusion of a ‘power metric’.
he period directly after a cold start is particularly crucial as tailpipe pollutant emissions depend strongly on the engine-out levels.
his is mostly due to the insufficiently warmed state of the engine and emission control systems, where the power output and
xhaust emission mass flow might have a significant influence on the resulting tailpipe levels (Prakash and Bodisco, 2019). Under
ormal driving conditions, power demand is typically low (e.g., starting from a parking and driving around the city), but in extended
cenarios like trailer towing or uphill acceleration, power demand can be substantially higher. To distinguish between normal and
xtended conditions, and therefore set appropriate emissions assessment, the power metric will be considered in the characterization
f the driving conditions, as reported in Table 4. This value is based on the maximum of the average wheel power during the first
km of driving and is obtained as follows:

𝑃𝑜𝑤𝑒𝑟 𝑚𝑒𝑡𝑟𝑖𝑐 = 𝑚𝑎𝑥

⎛

⎜

⎜

⎜

⎝

∑𝑡𝑛,𝑚𝑎𝑥
1

(

𝑃𝑑𝑟𝑖𝑣𝑖𝑛𝑔𝛥𝑡
)

𝑡𝑛
𝑃𝑟𝑎𝑡𝑒𝑑,𝑣𝑒ℎ𝑖𝑐𝑙𝑒

⎞

⎟

⎟

⎟

⎠

(1)

with 𝛥𝑡 = 1 s, 𝑡𝑛 = 1 ∶ 𝑡𝑛,𝑚𝑎𝑥 and 𝑡𝑛,𝑚𝑎𝑥 is the time elapsed to cover the 2 km distance. For each time step, the cumulative positive
energy is calculated and divided by the cumulative time 𝑡𝑛 (numerator of Eq. (1)). This value is then normalized by 𝑃𝑟𝑎𝑡𝑒𝑑,𝑣𝑒ℎ𝑖𝑐𝑙𝑒

hich corresponds to the maximum engine power, here considered as specified by the manufacturer. The maximum value in this
verage wheel power vector provides finally the power metric, which value defines if the cold start trip falls into normal or extended
onditions. The instantaneous driving power 𝑃𝑑𝑟𝑖𝑣𝑖𝑛𝑔 should be calculated as follows (European Union, 2023):

𝑃𝑑𝑟𝑖𝑣𝑖𝑛𝑔 =
(

𝐹𝑟𝑜𝑙𝑙𝑖𝑛𝑔 + 𝐹𝑐𝑙𝑖𝑚𝑏𝑖𝑛𝑔 + 𝐹𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 + 𝐹𝑎𝑖𝑟
) 𝑣𝑣𝑒ℎ

3.6

=
(

𝑚𝑣𝑒ℎ ⋅ 𝑔 ⋅ 𝑓𝑟 ⋅ cos 𝛼 + 𝑚𝑣𝑒ℎ ⋅ 𝑔 ⋅ sin 𝛼 + 𝑚𝑣𝑒ℎ ⋅ 𝑎𝑣𝑒ℎ ⋅ 𝑒 + 𝑐𝑑 ⋅ 𝐴𝑣𝑒ℎ ⋅
𝜌𝑎𝑖𝑟
2

(𝑣𝑣𝑒ℎ
3.6

)2
)

𝑣𝑣𝑒ℎ
3.6

(2)

with 𝑒 = 1 + 𝐽
𝑚⋅𝑟2

< 1.1. In European Commission, Directorate-General for Internal Market, Industry, Entrepreneurship and SMEs
(2022), a simplified version of the instantaneous power calculation employed a value of 𝑒 = 1.07. Given that no information about
the moment of inertia 𝐽 was known to the authors, the value of 𝑒 = 1.07 was considered. The information about the vehicle mass
(𝑚𝑣𝑒ℎ), drag coefficient (𝑐𝑑), frontal area (𝐴𝑣𝑒ℎ), and tyre rolling resistance coefficient (𝑓𝑟), were provided in Table 2. The air density
𝜌𝑎𝑖𝑟 was obtained directly from the ambient conditions, the vehicle acceleration 𝑎𝑣𝑒ℎ was calculated from the vehicle speed as defined
in the RDE regulation, and the road grade, here represented by sin 𝛼, was determined from the variable 𝑟𝑜𝑎𝑑𝑔𝑟𝑎𝑑𝑒,2 found in the RDE
definition as well (European Commission, 2023b). This variable is a smoothed version of the road gradient based on the vehicle
altitude measurement. Although not yet specified in the new regulation, the authors judged that considering this smoothed approach
was consistent with the rest of the RDE methodology and should not represent a challenge for in-vehicle calculation (the reader is
invited to refer to the European Commission (2023b) document for a detailed description of the road gradient calculation). This
value was therefore selected and then used to obtain cos 𝛼 required for the rolling resistance in Eq. (2). Fig. 5 shows the average
power demand during the initial 2 km where the maximum value, indicated by a blue cross, gives the power metric level for this
trip.

The first two kilometers of a trip after a cold start for internal combustion engine vehicles should respect the following
specifications (European Union, 2023):

• A cold start is defined as a trip with a coolant temperature below 70 ◦C at the first start of the internal combustion engine
(ICE). The ICE start distance is then reached once the vehicle has run for 2 km.

• Compared to the other parameters that define the driving conditions (see Table 4), the application of the extended factor
differs for the power metric: its value applies for the whole 2 km distance. As an example, in Fig. 5, since the power metric is
below 20%, the initial 2 km distance falls in normal driving conditions. If this value was above 20%, then the extended factor
8

for all the samples in these 2 km would have been 1.6.
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Fig. 6. Illustration of the extended factor characterization for the measurement samples according to the cold start conditions.

Fig. 6 illustrates the idea behind the power metric and driving conditions characterization. Three cases are shown: a cold
start with a power metric below 20% (top), and two with a value above this threshold (middle and bottom). Here, the altitude
is used for illustration purposes but the conclusions provided still apply for the other parameters that define the driving conditions.
By definition, the first case (top) falls within normal conditions since the power demand was below the specified threshold.
Consequently, although the altitude was detected in extended conditions, only this specific amount of time receives the 1.6 extended
factor and all samples are worth considering. In the second example (middle), the power demand in the initial kilometers is too high
and a factor of 1.6 should be applied to the whole 2 km distance. Given that no other extended condition was found in this interval,
all the samples are again valid for the emissions calculation. The last case (bottom) exhibits the same power metric conditions
than in the previous one. However, here, the altitude was also found in extended conditions during this same interval. Because of
this situation, the measurement samples with more than one extended condition must be considered invalid, as it was previously
mentioned. Furthermore, according to the rules specified for the initial 2 km after a cold start, any invalid point in this interval
invalidates the whole distance. The 2 km are then no longer valid for emissions assessment and only the samples after this distance
will contribute to estimate the emissions of the vehicle in the ISC-processed calculation.

4.3. Emissions calculation

The whole process in the emissions calculation is based on the gas concentration measurement at the exhaust. However,
NO𝑥 sensors are prone to what is known as the NH3-cross sensitivity, which is one of the main causes of NO𝑥 measurement
deviation (Funk, 2021; Pla et al., 2021). The NH3 resulting from the SCR control gets oxidized in the NO𝑥 sensor, more nitrogen
oxides than the actual value are measured and an offset is therefore observed (Frobert et al., 2013; Pla et al., 2022). Given that the
Euro 7 standard expects to introduce NH3 in the monitored exhaust gases, this sensitivity must be accounted for in the calculation
rocedure in order to properly address NO𝑥 emissions. While more sophisticated models exist (Nakaema Aronis, 2023), a reasonable
pproach consists in considering the following approximation (Guardiola et al., 2020):

NO𝑥,𝑟𝑒𝑎𝑙 = NO𝑥,𝑠𝑒𝑛𝑠𝑜𝑟 − 0.67 ⋅ NH3 (3)

Such approach was considered in this study and every distance-specific NO𝑥 result provided in the following refers to the corrected
concentration that was obtained after removing the concentration measured by the NH3 sensor. Furthermore, considering that the
gases concentrations were measured directly at the exhaust by the dedicated sensors, the concentrations were considered to be
measured on a wet basis and so no further processing was required. Finally, the concentration measured by the sensors were set
to zero, as proposed by the current RDE package (European Commission, 2023b), when the engine speed was less than 50 rpm,
meaning that the engine was deactivated.

In order to obtain the distance-specific emissions, it is first necessary to obtain the mass flow rate of every exhaust component,
here in [mg/s]:

�̇�𝑔𝑎𝑠 = 𝑢𝑔𝑎𝑠 ⋅ 𝑐𝑔𝑎𝑠 ⋅ �̇�𝑒𝑥ℎ (4)

where the gas concentration 𝑐𝑔𝑎𝑠 in [ppm] and the exhaust mass flow rate �̇�𝑒𝑥ℎ in [kg/s] are multiplied by the ratio of the densities
of the gases in the exhaust 𝑢𝑔𝑎𝑠. In this case, 𝑢NO𝑥

= 1.593 and 𝑢NH3
= 0.5896, and the exhaust flow rate was inferred with the method

that uses the air and fuel mass flow rates:

�̇�𝑒𝑥ℎ = �̇�𝑎 + �̇�𝑓 (5)

While �̇�𝑎 was directly measured by the air mass flow sensor, the fuel flow rate was estimated by the PCM with internal injector
models.

The distance-specific emissions in [mg/km] can finally be obtained from the gas flow rate and the vehicle speed 𝑣𝑣𝑒ℎ in [km/h]
as follows:

𝑚𝑔𝑎𝑠,𝑢𝑛𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑 =
∑

�̇�𝑔𝑎𝑠
∑ 𝑣𝑣𝑒ℎ

(6)
9
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Eq. (6) provides the unprocessed distance-specific emissions, as ‘perceived’ by the environment. In order to obtain the ISC-processed
levels, �̇�𝑔𝑎𝑠 needs to be divided by the extended factor 𝐸𝐹 for every corresponding sample, and only the valid points should be
considered for all the variables constituting the equation (i.e., with an extended factor greater than 0):

𝑚𝑔𝑎𝑠,𝐼𝑆𝐶−𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑 =

∑ �̇�𝑔𝑎𝑠
𝐸𝐹

∑ 𝑣𝑣𝑒ℎ
3600

(7)

As mentioned in Section 2, any trip below 10 km will apply a distance of 10 km for ISC-processed emissions, i.e., the denominator
∑ 𝑣𝑣𝑒ℎ

3600 is replaced by 10. Note that in such case, the trip distance can be seen from two different perspectives: the ‘real’ one,
s traveled by the vehicle, and the ‘valid’ one as obtained only from the valid points after driving conditions characterization
i.e., 𝐸𝐹 > 0). The distance to which are applied some rules, such as the one above-mentioned, still requires some clarification in
he methodology definition. For example, it is not yet specified if a trip with a total distance of 11 km, but, with 2 km of invalid
oints, should be considered as a trip of 11 km, or 9 km and therefore require its distance-specific emissions to be obtained by
pplying a distance of 10 km. From the authors’ point of view, it was believed that considering the distance obtained after removing
he datapoints with invalid conditions was the most consistent approach. In this specific example, the trip would be considered as
km long and would apply a reference distance of 10 km for the emissions calculation. Note, however, that this applies only for

SC-processed levels since the trip distance is directly applied for the unprocessed value calculation (all samples are considered in
he unprocessed assessment).

.4. Regeneration events

The Euro 7 standard proposes to address the distance-specific emissions from trips with regeneration events by a weighted
verage approach (European Union, 2023):

𝑚𝑔𝑎𝑠,𝑡𝑟𝑖𝑝 =
𝑚𝑔𝑎𝑠,𝑟𝑒𝑔𝑒𝑛𝑑𝑟𝑒𝑔𝑒𝑛 + 𝑚𝑔𝑎𝑠,¬𝑟𝑒𝑔𝑒𝑛𝛥𝑟𝑒𝑔𝑒𝑛

𝑑𝑟𝑒𝑔𝑒𝑛 + 𝛥𝑟𝑒𝑔𝑒𝑛

(8)

where 𝑚𝑔𝑎𝑠,𝑟𝑒𝑔𝑒𝑛 and 𝑚𝑔𝑎𝑠,¬𝑟𝑒𝑔𝑒𝑛 are respectively the distance-specific emissions of the exhaust gas component during and outside of
he regeneration event for the trip in [mg/km], and 𝑑𝑟𝑒𝑔𝑒𝑛 and 𝛥𝑟𝑒𝑔𝑒𝑛 represent the average distance and interval between two events

of the last 10 regenerations in [km]. This supposes therefore that the vehicle will save the information from at least the last 10
regeneration events over the lifetime of the vehicle.

The characterization of the average distance and interval between two regeneration events requires that the vehicle provides a
regeneration flag. Such variable is commonly found in recent vehicles to indicate in which mode the engine is, e.g., fast catalyst
light-off or regeneration. The distance between regeneration events 𝛥𝑟𝑒𝑔𝑒𝑛 is considered as the distance between the end of one
regeneration event and the start of the next one.

Some of the requirements to be considered in the processing of trips with regeneration events are provided and discussed below:

• The extended factor still applies during the regeneration event. Consequently, any time interval found in extended conditions
has to be divided by the extended factor before performing the final calculation. Similarly, if the conditions are invalid, the
data during this interval will not be considered in the calculation.

• In the current methodology draft, 𝑚𝑔𝑎𝑠,¬𝑟𝑒𝑔𝑒𝑛 must exclude the 2 km after first engine start. At this stage, no details were
mentioned regarding specific vehicle’s starting conditions for this requirement, such as cold or hot start. Consequently, in this
work, the first 2 km were always removed from the calculation for trips with a regeneration event. Of course, this assumes
that the regeneration event does not start during this starting distance, which is very likely to be expected in normal driving
conditions exempted from regenerating system failure.

• The trip distance must be greater than 10 km. At this time, no information was provided whether this distance corresponds
only to valid points as mentioned earlier, or if it is related to the trip distance itself before any processing is applied. In order
to be consistent with the previous assumptions, in this work, this distance was considered to be the sum of valid points in the
trip (i.e., 𝐸𝐹 > 0) where it was considered that the lower limit of 10 km was required to be representative of a trip with a
regeneration event.

• The regeneration distance must be shorter than the non-regeneration distance, otherwise ‘‘the emissions for the non-regeneration
period shall be determined by a separate test ’’ (European Union, 2023). Given that this condition was expressed for the RDE test
in ISC conditions, in this work, it was decided to exclude any trip where such situation would occur. Indeed, in real-driving
conditions, the driver is not following a procedure and such situation might be encountered. Considering that, so far, no details
were provided for the OBM calculations in this specific case, removing such trips from the emissions analysis was considered
a more appropriate approach.

As mentioned in Section 3, the vehicle at hand was used in different investigation studies, which resulted in some modifications
f its layout over the research activities. Similarly, some trips might have not been registered and the continuous monitoring of
he kilometers traveled by the vehicle is therefore not always ensured. For all these reasons, the authors have decided to use all
he consecutive regeneration events available in the database to characterize 𝑑𝑟𝑒𝑔𝑒𝑛 and 𝛥𝑟𝑒𝑔𝑒𝑛. This approach means that a single

value for each of these variables will be obtained from the mean of the database and then be used throughout the analysis instead
of being updated from the last 10 regeneration events as originally required. Fig. 7 shows the distance and interval levels from all
10
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Fig. 7. Analysis of the regeneration events from the database: distance of regeneration (left) and interval between two consecutive regeneration events (right).

Table 5
Regeneration events characterization results.

Quantity Mean Standard deviation

Regeneration distance [km] 59 11.2 4.35
Regeneration interval [km] 46 270.5 140

the regeneration events found in the database. A total of 59 regeneration events (left plot) and 46 intervals (right plot) were found,
with a maximum of 9 consecutive events before a modification in the vehicle layout or a break in the vehicle mileage continuity
occurred and therefore forced the reset of the interval counter. Note that in this characterization, the distances provided correspond
to the actual values measured no matter if the driving conditions were normal, extended, or invalid. The results are summarized in
Table 5, in which the mean values of 11.2 km and 270.5 km will later be used respectively as 𝑑𝑟𝑒𝑔𝑒𝑛 and 𝛥𝑟𝑒𝑔𝑒𝑛 in Eq. (8). The high
standard deviation in the regeneration interval levels was justified by the different conditions encountered when a regeneration
occurred. If the vehicle was mainly used in urban and rural conditions, regeneration events used to be more frequent (around every
220 km in this case). However, if a regeneration event occurred at the beginning of a very long highway trip (> 500 km), the vehicle
might not require to regenerate the DPF system for more than 600 km because of better vehicle emissions performance in these
conditions.

5. Results and discussion

The aforementioned aspects and calculation method of the OBM concept were applied to the database described in Section 3,
and the results are analyzed below. Note that the levels of pollutants provided in this section result from the processing of the
concentration measured by the exhaust sensors. These results are therefore not representative to, nor compared to, PEMS standard.
Here, the goal is to evaluate what would be measured by the OBM system in an in-vehicle situation. Also, it is important to remind
that the results reflect the outcomes of a vehicle that was not developed for the Euro 7 standard and should therefore be considered
with care when comparing with the emission limits. Similarly, as described in Section 3, most of the database is located in the
region of Valencia in Spain. The emissions of the vehicle are consequently representative of the driving conditions in this area, and
would likely differ if encountered in another part of the world.

5.1. Database against Euro 7 definition

Fig. 8 shows the effect of the new driving conditions definition in the Euro 7 standard compared to the current RDE package on
the real-driving database from this study. The left plot shows the distribution of the power metric value obtained in trips with a cold
start where the vertical dashed line indicates the transition between normal and extended driving conditions. It can be observed that
none of the 454 cold start trips contained in the database has run with a maximum average wheel power more than 20% within the
initial 2 km. The right plot shows the distribution of the driving conditions found in the database depending on the RDE definition.
The modification in the boundaries resulted in an increase of trips fully consisting of normal conditions, which is explained by the
wider range of altitude and temperature, hence justifying the decrease observed in trips containing extended and invalid points.
Note that in this figure, invalid means any trip that exhibits samples whether outside of the specified boundaries, or made up of two
extended conditions at the same time.

5.2. No𝑥 sensor light-off effect

As mentioned in Section 2, one of the current challenges in cold start trips is the accurate measurement of initial emissions
due to long light-off delays in emission sensors. This duration can last for several seconds in NO𝑥 sensors and a significant loss of
information is therefore expected. As a result, solutions such as emission models are foreseen in the OBM system to substitute the
11

sensor reading during this critical time. In this work, an additional NO𝑥 sensor, that was actuated in such a way that it would reach
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Fig. 8. Effect of the modification in the definition of the driving conditions boundaries on the characterization of trips: power metric of every cold start trip
(left), and distribution of the driving conditions found in the database (right).

Fig. 9. NO𝑥 sensor light-off effect analysis: comparison of on-board and HiFi sensors signal in a typical trip (left), and light-off time as a function of starting
coolant temperature and 𝑣𝑎95 (right).

its operating conditions early on, was placed on the exhaust line (more information in Section 3). The goal with this sensor was to
recover as much emission concentration information as possible. Fig. 9 presents the effect of the light-off time on the measurement
carried out by these sensors in the present layout. The left plot shows an example where the strategy embedded in the on-board
sensor makes its measurement unavailable for a significant amount of time (around 350 s at a default level of 2000 ppm in this
trip). The signal from the HiFi sensor, which exhibits a faster activation time, illustrates concretely the emissions information that
would be lost if relying only on the on-board sensor. The right plot of this figure gathers the light-off time needed for the on-board
sensor to measure NO𝑥 emissions as a function of the starting coolant temperature. The filling of every marker is based on the 95th
percentile of the product of the actual vehicle speed per positive acceleration during the light-off time period (𝑣𝑎95). This parameter
is defined in the RDE methodology to characterize the driving dynamics of a trip (European Commission, 2023b). In other words,
the higher the value of 𝑣𝑎95, the more aggressive is the driving. This plot shows that, in general, for similar operating conditions
at the start of the vehicle, the driving style during the initial kilometers plays a significant role in getting an operational emission
measurement. With a more aggressive driving style, more fuel is injected in the engine, more energy is released, and a faster increase
of the exhaust temperature is expected. As a result, the sensor can reach its operational temperature faster.

As presented in left plot of Fig. 9, the long light-off time for the sensor to be ready to measure emissions can be responsible of a
significant loss of information. Fig. 10 quantifies this aspect. The left side of this figure compares the distance of measurement from
both sensors to the total trip distance, once they have reached their complete measurement capacity. It can be observed that the
HiFi sensor outperforms the on-board sensor in recovering the driving distance (represented by the red dots over the black line).
This is especially true for trips below 30 km due to the higher proportion that the light-off delay represents in these conditions. On
the other hand, the right side addresses the proportion of NO𝑥 that was measured by the HiFi sensor during the on-board sensor
light-off time for every trip compared to the overall quantity (obtained by integrating the NO𝑥 mass flow rate described in Eq. (4)).
This value expresses therefore the proportion of NO𝑥 that has been ‘‘lost’’ by the on-board measurement and which would need to
be replaced by models in future vehicle applications if the light-off time is not reduced. In particular, this plot shows the values from
trips without a DPF regeneration to better appreciate this quantity, as a regenerative trip would naturally increase the total quantity
and proportionally reduce the contribution of the light-off interval. In general, no matter the distance of the trip, the sensor light-off
time in cold start conditions results in more than 60% loss of the total NO𝑥 information, which aligns with the observations made
regarding the contribution of cold start emissions to the overall quantity (European Commission, Directorate-General for Internal
Market, Industry, Entrepreneurship and SMEs, 2022; Bielaczyc et al., 2020; Du et al., 2020; Chen et al., 2023). Therefore, long trips
and hot start conditions constitute the only conditions in which the information loss could be less significant. Nonetheless, hot start
conditions might still result in an important loss of information, especially for very short trips which represent one trip after another
with a short amount of stopped time in between in which the NO sensor might have cooled down faster than the engine coolant.
12
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Fig. 10. Active measurement distance comparison from both downstream NO𝑥 sensors (left), and proportion of NO𝑥 emitted during the light-off interval 𝑚𝑙𝑖𝑔ℎ𝑡−𝑜𝑓𝑓
NO𝑥,𝐻𝑖𝐹 𝑖

compared to the total trip quantity measured by the HiFi sensor 𝑚𝑡𝑜𝑡𝑎𝑙
NO𝑥,𝐻𝑖𝐹 𝑖

for trips without DPF regeneration (right).

Fig. 11. Distance-specific emissions of NO𝑥 from the trips found in the database: ISC-processed emissions with standard and upper limit (left), and distribution
of both unprocessed and ISC-processed emissions (right). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

According to these findings, the HiFi sensor was the signal considered to obtain the distance-specific emissions of NO𝑥 presented
below. As regards to the NH3 emissions, the NH3 sensor had a similar operating strategy than the HiFi NO𝑥 sensor, allowing its
measurement to be available approximately at the same time.

5.3. Emissions results

The emissions processing and calculation described in Section 4 were applied to the trips found in the database to obtain the
distance-specific emissions of NO𝑥 and NH3. Fig. 11 presents the results for NO𝑥 emissions. The left plot shows the trip-by-trip
ISC-processed emissions as it would be obtained by the OBM system. This value is compared to the Euro 7 limit (dashed line), and
also to the maximum of 2.5 times the limit which is represented by a red line. The trips with a regeneration event are highlighted
with a yellow circle. The majority of the trips are below the 60 mg/km limit and only one trip was detected above the 2.5 criteria
(trip 181). This specific case demonstrates some of the limitations of the NH3 cross-sensitivity assessment. Fig. 12 shows the signals of
the different emission sensors in this trip. The upstream and downstream NO𝑥 sensor signals from the left plot (NO𝑥,𝑢𝑠 and NO𝑥,𝐻𝑖𝐹 𝑖
respectively) illustrate that a significant emission peak is observed after 500 s in the downstream signal. However, these emissions
do not seem to result from the upstream levels which remain relatively constant and below the peak observed. However, looking at
the NH3 signal in the right plot allows to appreciate that this increase in emissions results from an NH3-slip where NH3 got oxidized
in the downstream sensor and ended being detected as NO𝑥 (i.e., cross-sensitivity). Nevertheless, as illustrated by the NO𝑥,𝑟𝑒𝑎𝑙 signal
(see Eq. (3)), the processes taking place in the SCR control are complex and the simple approach considered here resulted in an
estimation of NO𝑥 that remained above the upstream levels. Properly separating the different exhaust components represents one
of the main challenges in the emissions processing, and this aspect should receive a particular attention for the first implementation
phase of the OBM system.

Finally, for illustration purposes, a moving average over 10 trips is also shown in a solid black line in left plot of Fig. 11. This
line shows why it was mentioned that the EEDWS should not be considered as an indicator of the last trip emissions. In this case,
even though a value was detected above the highest limit criteria, the performance of the vehicle over time stays relatively constant
without exceeding significantly the standard limit, hence leaving some margin before reaching a critical situation.

The right plot of Fig. 11 summarizes what kind of distribution authorities could receive from over-the-air emissions transmission.
In this case, both unprocessed and ISC-processed emissions are considered and compared to the limit. As expected, many trips exhibit
13
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Fig. 12. Analysis of the emission sensors signals from the trip with the highest distance-specific emissions value in Fig. 11 (trip 181): NO𝑥 signals from upstream
(NO𝑥,𝑢𝑠) and downstream (NO𝑥,𝐻𝑖𝐹 𝑖) sensors (left), and NH3 and estimated real NO𝑥 emissions (NO𝑥,𝑟𝑒𝑎𝑙) after accounting for the NH3 cross-sensitivity (right).

Fig. 13. Difference between unprocessed and ISC-processed NO𝑥 emissions as a function of trip distance. 𝛥NO𝑥
is obtained by subtracting 𝑚NO𝑥,𝐼𝑆𝐶−𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑

to
𝑚NO𝑥,𝑢𝑛𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑

.

unprocessed emission levels above the limit as compared to the ISC-processed values. Two main reasons explain this observation:
first, trips with regeneration events will undeniably emit higher pollutant concentrations. While this effect is mitigated in the ISC-
processed value by the weighted average (see Section 4 for more details), the unprocessed level represents the amount of emissions
as ‘perceived’ by the environment, hence without any kind of post-processing. Secondly, the ISC-processed procedure considers that
if a trip distance was below the budget distance (i.e., 10 km in this case), then the total emissions should be divided by this budget
distance. However, the unprocessed value considers the actual trip distance to obtain the distance-specific emissions, and this will
therefore undoubtedly penalize its level. These effects can clearly be observed in Fig. 13 where 𝛥NO𝑥

, which is obtained by subtracting
NO𝑥,𝐼𝑆𝐶−𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑

to 𝑚NO𝑥,𝑢𝑛𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑
, exhibits a significant increase below the budget distance of 10 km, and when a regeneration event

ccurred during the trip. The rest of the deviations are justified by extended or invalid driving conditions found during the trip which
odified the extended factor applied to the emissions concentration. Note that in some conditions, the unprocessed value might be
ore favorable than the ISC-processed one (see for instance the case in the lower right corner of Fig. 13 in which the value of 𝛥NO𝑥

s negative). Such situation is justified by the use of the weighted average calculation for the ISC-processed value (see Eq. (8)). This
pecific trip consisted in a long highway operation for more than 500 km in which the vehicle did not require any regeneration (the
ast regeneration event occurring at the very beginning of this same trip). Consequently, the denominator of Eq. (8), considering
he average values, was actually lower than the actual levels, hence resulting in an increase of the distance-specific emissions
𝑚NO𝑥,𝐼𝑆𝐶−𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑

is about 4 mg/km higher than 𝑚NO𝑥,𝑢𝑛𝑝𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑
).

Fig. 14 provides the same analysis than in Fig. 11 but for NH3 emissions. Similar conclusions than with NO𝑥 were reached with
espect to global emissions performance and eventual EEDWS strategy. The trip with a value above the 2.5 times the limit in the
eft plot corresponds to the same trip than previously mentioned in Figs. 11 and 12. Overall, the trips with higher levels correspond
o situations in which a NH3-slip occurred due to inefficient SCR operation, e.g., variations of SCR storage capacity and exhaust
emperature such as during a regeneration event. Here, unlike what was observed for NO𝑥 in Fig. 11, the distribution of unprocessed
nd ISC-processed emissions are quite similar with the majority of the trips below the limit.

As a summary, it is important to highlight that the levels obtained by the OBM system will result from the concentrations
easured by sensors, or estimated by models, which come with their own accuracy, sensitivity and aging. As an example, in European
ommission, Directorate-General for Internal Market, Industry, Entrepreneurship and SMEs (2022) it was mentioned that concerns
ere raised regarding the durability of NH3 sensors. Similarly, due to the low limit for this pollutant, the measurement deviation from

he true value by the sensor could accumulate and constitute a significant share of the final measured distance-specific emission level.
f the installation of an ammonia-slip catalyst becomes common practice, the emission levels could be reduced to very low levels and
his effect might be reduced. Nevertheless, it is appropriate to note that some assumptions considered in the calculation, as for the
H3 cross-sensitivity algorithm and the exhaust flow estimation from the embedded sensors, might also induce some deviations. In
14

he end, all these aspects will have to be evaluated and considered by the manufacturers when comparing the emissions measured
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Fig. 14. Distance-specific emissions of NH3 from the trips found in the database: ISC-processed emissions with standard and upper limit (left), and distribution
of both unprocessed and ISC-processed emissions (right).

by the OBM system to the limits, which might represent a challenging situation to avoid repetitive and unjustified EEDWS error
alerts.

6. Conclusions

This article has reviewed some aspects of the current proposal for the OBM concept, which implementation is expected to take
place with the upcoming Euro 7 emission standard. This system aims to bring closer on-road vehicle emissions to the limits defined
by the authorities by continuously monitoring and evaluating their levels in the vehicle. Ultimately, the system should verify vehicles
compliance and induce a repair procedure by warning the driver if the vehicle is exceeding the limits. To this end, the OBM system
will estimate on-board the distance-specific emissions at the end of each trip by combining sensor readings and exhaust emission
models. On top of the in-vehicle assessment, the vehicle will also have to transmit data over-the-air for market surveillance where
emissions compliance of an entire vehicle family will be examined by authorities.

Although the final definition of this concept is subject to changes in the near future, the building blocks already provided allow
to analyze what are the expected outcomes of this system with available vehicles technology. In this work, the analysis of the OBM
concept was carried out with a database of real-world everyday trips from a mild-hybrid Euro 6d-Temp diesel vehicle. NO𝑥 and

H3 emissions were measured thanks to emission sensors installed in the vehicle’s exhaust and these signals were used to infer the
istance-specific emissions of every trip. Overall, it was observed that, whereas some aspects still need to be clarified (e.g., definition
f distances in the calculations before or after removing invalid points), the vehicle was able to stay under the upper limit defined by
he proposal. Nevertheless, it is worth mentioning that these results are representative of the conditions encountered in this database
nd that the conclusions might differ if the vehicle was tested in another part of the world, especially given that this vehicle was
ot developed for Euro 7 limits.

The findings of this work have highlighted two main aspects of the current OBM concept definition that might represent a
hallenge for its upcoming application. The first one concerns the light-off delay of the emission sensors. A significant part of the
missions are found during the cold start interval of the trip. However, this section tends to also cover the activation time of the
ensor, hence resulting in an important loss of information. Although future sensors are expected to counteract such effect, models
ill probably be required as a first step to substitute sensor reading during this period. Correct model development, calibration,
nd fidelity will therefore all play a significant role in the proper estimation of the emissions. The second aspect deals with the
easurement of NH3 emissions. In particular, NO𝑥 sensors are sensitive to the release of ammonia in the exhaust which creates a
eviation of the NO𝑥 measurement. Given that the new standard proposes to regulate both pollutants separately instead of limiting
he value of NO𝑥+NH3 as currently provided by NO𝑥 sensors, the correct separation of both components must be ensured, whether
t be through the use of sensors, models, or a combination of both. Nonetheless, such requirement is not a trivial task, and some
oncerns exist regarding the durability of NH3 sensors to properly estimate the ammonia levels over the lifetime of the vehicle.
he implications of these aspects are considerable and must be tackled by manufacturers and policymakers, as they will affect the
ccurate estimation of emissions, and might lead into a potential risk for vehicles eligibility.
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