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Abstract: In this work, the performance of on-board vehicle exhaust emission sensors is investigated
and compared to reference laboratory and on-road instrumentation for two modern diesel light-
duty commercial vehicles, type-approved as Euro 6d-TEMP-EVAP-ISC and Euro 6d-ISC-FCM. The
first step of the analysis was to perform emissions tests in the laboratory and compare the NOx
concentrations registered by the vehicle sensors available at the engine-out and tailpipe positions
with those recorded by reference laboratory instrumentation. In a second step, tests were also
conducted on road, comparing the performance of on-board sensors with those of Portable Emission
Measurement System (PEMS) analysers, which were taken as references. The uncertainty related to
exhaust flow measurements was also addressed. In particular, emissions factors calculated using
the flow rates measured either in the laboratory or on-road were compared to those obtained by
computing exhaust flows with on-board recorded data available from the vehicle electronic control
unit. Results showed maximum deviations on the order of 34% in laboratory tests and of 21% during
on-road measurements. Finally, measurements were also carried out during a diesel particulate filter
regeneration event, showing the good performance of the on-board sensors even when high NOx
concentrations were present. These conditions can be similar to those experienced in the case of
an after-treatment system malfunction or of a high-emitting event, and can thus be of interest for
real-time malfunction identification and monitoring.

Keywords: on-board monitoring; real-time measurements; real-world emissions; SCR after-treatment
malfunction; real-time monitoring

1. Introduction

Since the early 1990s, the European Union (EU) has introduced a series of progressively
more stringent regulations addressing pollutant emissions in order to control air pollution
from the transport sector, commonly known as Euro standards [1]. More recently, with
the European Green Deal [2], the Commission has indicated the intention to review the
current air pollutant emissions limits, in particular with the proposal of a new Euro 7
standard [3]. In addition, already today, in order to avoid a systematic disparity between
vehicle emissions recorded during type approval and those recorded during use in the
real world, it should be ensured that vehicle emissions comply with pollutant limits
throughout the vehicles’ normal useful life and under normal operating conditions. In the
EU, this is achieved through market surveillance (MaSu) and in-service conformity (ISC)
programmes. In this framework, there is a growing interest in exploring the possibility of
using sensors and the information already available on board the vehicle to monitor its
emissions performance, not only for diagnostic purposes but also for environmental aspects.

Common vehicles are nowadays equipped with on-board sensors which monitor
several kinds of parameters related to various aspects of the vehicle functioning in real time.
Through controller area networks (CANs) and the vehicle’s electronic control unit (ECU),
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these sensors permit On-Board Diagnostics (OBD) to be carried out. This can be used,
among other things, to indicate possible malfunctions in the exhaust after-treatment system
(ATS). When a serious single-point malfunction is detected, the system must automatically
switch on the Malfunction Indicator Lamp (MIL) on the dashboard.

On modern diesel vehicles equipped with selective catalytic reduction systems, among
the different signals available at the OBD port, it is possible to find those related to nitrogen
oxides (NOx) concentration in the vehicle’s exhaust. The readings coming from these
particular sensors can in principle be used for continuous on-board monitoring (OBM)
of emissions. A similar concept, requiring however, on new cars, the introduction of a
dedicated device for fuel consumption metering, is already used in recent Euro 6 light-duty
vehicles for on-board fuel consumption monitoring (OBFCM). OBFCM is an important tool
to keep vehicle performance under control in terms of CO2 emissions. In particular, starting
in 2021 with registered passenger cars and light commercial vehicles [4], the European
Commission regularly collects data on the real-world CO2 emissions and fuel or energy
consumption using on-board fuel and/or energy consumption monitoring devices.

The OBM approach is promising for monitoring other emissions, and has numerous
potential applications, both for heavy- and light-duty vehicles. Recent developments in the
field of real-time monitoring worldwide, such as OBFCM in the European Union, REAL
(real emissions assessment logging) in the United States, and remote OBD in China already
indicate the significant possible benefits of the use of more advanced vehicle emission
monitoring. On-board NOx monitoring also plays a central role in the Heavy-Duty En-
gine and Vehicle Standards scheme, an American Environment Protection Agency (EPA)
proposal for air pollution control [5]. California [6] and China [7] have already adopted
OBM-like regulations requiring heavy-duty vehicle (HDV) OBD systems to collect and
store emissions data from the vehicle’s sensors. In particular, the Chinese government, has
developed a local standard that has required vehicle manufacturers to design China VI-like
on-board monitoring (OBM) systems for new China V HDVs since September 2018 [8].
Additionally, China has been a pioneer in retrofitting in-use China IV and China V HDDVs
with OBM systems since 2017. These systems are particularly used for the real-time moni-
toring of nitrogen oxide emissions. OBM could be applied to vehicle screening activities for
market surveillance purposes, or to fast monitoring for periodic technical inspections. OBM
signals may complement the OBD system in the monitoring of vehicle emissions, by means,
for example, not only of malfunction detection, but also by providing emission-related
incentives. Moreover, on-board monitoring could be used to check the emissions over a
vehicle’s lifetime, addressing the durability of exhaust after-treatment systems.

Identifying the technical feasibility and requirements of an OBM system constitutes a
key factor of the OBM approach. A detailed analysis of sensors is necessary to understand
the short-term, mid-term and long-term capabilities for emission sensing. Modern vehicles
are equipped with a limited number of sensors that can be used for OBM. These mainly
include standalone sensors for NOx.

The present work focusses on the analysis of NOx sensors used to control the status
and the proper functioning of deNOx after-treatment systems, such as selective catalytic
reduction (SCR) units. These NOx sensors can be advantageously employed for on-board
monitoring of nitrogen oxide emissions at various stages of the exhaust after-treatment
system, such as at engine-out, SCR-out, and at the tailpipe.

Studies on the applicability of on-board NOx sensors for monitoring real-time emis-
sions in heavy-duty vehicles have been performed in the last few years [9–11]. Recently,
Cheng et al. studied the performance of on-board sensors for evaluating NOx emissions
from HDVs in an inspection and maintenance program [12].

A recent assessment reported by Zhang et al. [13] has shown that NOx OBM data
are consistent with portable emission measuring system (PEMS) results in manufacturer-
installed OBM systems in HDVs. In contrast, data are less sound in HDVs equipped
with retrofitted OBM systems. Zhang et al.’s assessment shows the high potential of the
OBM approach when this is adopted directly by the vehicle manufacturers. Zhang et al.’s
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work also gives significant hints about the technical points that need to be clarified in
order to fully implement the OBM approach for the real-time on-board monitoring of
engine emissions. In particular, consistency between on-board measured emissions and
chassis dynamometer/constant volume sampler (CVS)- or PEMS-measured data should be
thoroughly checked.

The current research deals with real-time monitoring of NOx emissions through the
signals collected by on-board sensors in two example light-duty commercial vehicles. An
approach similar to the one proposed for evaluating the performance of on-board NOx
sensors in HDVs by Cheng et al. in 2019 [10] is thus largely extended and applied for the
first time, to the authors’ knowledge, to light-duty vehicles (LDV).

NOx concentrations recorded by on-board sensors are collected and compared with
laboratory (CVS)-measured data registered in parallel during the same tests carried out
using a chassis dynamometer at the European Commission’s Joint Research Centre Vehicle
Emission Laboratory (VELA). Consistency and discrepancies between OBM and laboratory
reference measurements are thus highlighted. Moreover, the same approach has been
applied to further exploratory on-road tests, whereby OBM data have been compared
with PEMS results collected in parallel. The performance of on-board NOx sensors is
thus evaluated in the investigated LDVs. In addition, similar measurements were also
carried out during a diesel particulate filter (DPF) regeneration event in order to test the
performance of on-board sensors even in the presence of high NOx concentrations. These
conditions can be similar to those experienced in the case of an after-treatment system
malfunction or of any other high-emission event. Therefore, it is of great interest to evaluate
the suitability of on-board NOx sensors for monitoring the long-term performance and
real-time malfunctions of emission after-treatment systems in LDVs, applications that are
envisaged in the newly proposed Euro 7 standard [3].

2. Materials and Methods

Two N1 Class III diesel light-duty commercial vehicles, hereinafter Vehicle 1 and
Vehicle 2, were tested at the Joint Research Centre (JRC) of the European Commission.
Both vehicles met recent emission standards: Vehicle 1 was type-approved as Euro 6d-
TEMP-EVAP-ISC and Euro 6d-ISC-FCM. Their after-treatment systems (ATSs) consisted
of an exhaust gas recirculation (EGR) system, a diesel oxidation catalyst (DOC), a diesel
particulate filter (DPF) and a selective catalytic reduction unit (SCR). Both vehicles’ ATSs
were equipped with NOx commercial sensors at the engine-out and at the tailpipe-out
positions. Table 1 summarises the main characteristics of the tested vehicles.

Table 1. Summary of vehicles tested.

Vehicle ID Vehicle 1 Vehicle 2

Fuel Diesel Diesel
Injection DI DI

ICE displacement (cm3) 1968 1995
Emission control system EGR, DOC, DPF, SCR, ASC EGR, DOC, DPF, SCR *

Registration 2019 2021
Mileage (km) ~52,000 ~22,000

Vehicle category N1 Class III N1 Class III
Euro standard Euro 6d-TEMP-EVAP-ISC Euro 6d-ISC-FCM

ICE: internal combustion engine, DI: direct injection, EGR: exhaust gas recirculation, DOC: diesel oxidation
catalyst, DPF: diesel particulate filter, SCR: selective catalytic reduction, ASC: ammonia slip catalyst. * Given the
low NH3 emissions (not shown in this study) over all the tests performed with this vehicle, we assumed that both
vehicles were also equipped with an ASC.

Vehicle 1 was tested using diesel B7 commercial fuel at the Vehicle Emissions Labo-
ratories (VELA 2) over four double worldwide harmonised light-duty vehicle test cycles
(WLTC; first: cold WLTC, second: hot WLTC) and one hot WLTC (starting with a coolant
temperature above 70 ◦C). The speed trace followed by the vehicle during the double
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WLTC cycle is shown in Figure 1. All tests were performed at an ambient temperature of
23 ◦C except for one test at 0 ◦C. The temperature during the cycles was monitored and
measured with a VAISALA temperature and humidity transmitter. Testing the vehicle over
a double WLTC ensured that for the second WLTC the NOx sensors were hot enough to
read continuously for the whole duration of the test, as will be discussed later in the Results
and Discussion section. Herein, cold indicates that the coolant and emission control system
temperatures are both within ±3 ◦C of the ambient one.
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Figure 1. Speed profile of the double WLTC tests (top panel) and the on-road tests (bottom panel).
The bottom panel’s shaded grey area indicates the altitude profile during the RDE test.

Vehicle 2 was tested according to the most recent real driving emissions (RDE) reg-
ulation [14] procedures using diesel B7 commercial fuel. Two on-road tests were con-
ducted. The trip duration was ~108 min and was composed of an urban (~34.9 km), a rural
(~28.1 km), and a highway (~26.8 km) section according to the regulation requirements.
The average ambient temperature was between 24.7 ◦C and 29.0 ◦C. The speed profile
followed by the vehicle during the on-road cycle is illustrated in Figure 1.

For both laboratory and on-road tests, NOx tailpipe mass emissions were calculated
using the 1 Hz exhaust flow rate (m3 s−1) and the 1 Hz NOx concentration (ppm) at the
tailpipe. In particular, NOx mass emissions were obtained using both flow rates and
concentrations measured by the standard laboratory and PEMS equipment. Additionally,
NOx tailpipe mass emissions were also calculated using the NOx concentration measured
by the on-board NOx tailpipe sensors and either the same flow rate obtained from the
laboratory measurements or the flow rate obtained from the MAF (mass air flow rate)
signal acquired at the standard OBD port.

Laboratory tests on Vehicle 1 were conducted at the VELA 2 testing facility. VELA 2 is
a 4WD chassis dynamometer climatic test cell operating under controlled humidity and
temperature conditions. The technical features of the test cell are described elsewhere [10].
The exhaust gases were sampled at engine-out and at the tailpipe of Vehicle 1 and they were
analysed by two analytical systems: MEXA 7100 and MEXA 7400, respectively (Horiba,
Kyoto, Japan). Both analysers are equipped with a heated sampling line and heated pre-
filters at 190 ◦C and they exploit chemiluminescence detection (CLD) to measure NOx.
Dynamic single-range mode was used for both NOx analysers. Additional details on the
MEXA 7000 series are provided in [15]. However, it is important to mention that due to
the technical limitations of the measuring equipment, it was not possible to connect the
engine-out sampling point with a heated line. The line was insulated but not actively
heated and we cannot exclude that some water condensation might have occurred.
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Additionally, VELA 2 is also equipped with a laboratory-grade Fourier transform
infrared spectrometer (FTIR; Nicolet Antaris IGS Analyzer—Thermo Electron Scientific
Instruments LLC, Madison, WI, USA), here used for measuring NOx concentrations at the
tailpipe along with a MEXA 7400. This SESAM FTIR is specifically designed for vehicle
emissions measurements and uses a heated PTFE sampling line (191 ◦C). The sampling rate
is 6.5 L/min. This FTIR device consists of a cell with a 2 m optical path and a Michelson
interferometer with a 0.5 cm−1 spectral resolution and 650–4000 cm−1 spectral range. It
uses a liquid-nitrogen-cooled mercury cadmium telluride (MCT) detector. Additional
details about this technique are provided elsewhere [16,17].

The exhaust flow rate of Vehicle 1 was calculated as the difference between the total
flow of the constant volume sampler (CVS), measured with a Venturi system, and the total
flow of the dilution air introduced into the tunnel, measured with a smooth approach
orifice (SAO).

OBD signals, including those related to NOx sensors and the mass air flow rate, were
recorded at the OBD port of the vehicle in the laboratory by means of an in-house developed
tool and through the reference PEMS during the on-road tests.

On-road tests were performed at the JRC on Vehicle 2 using an AVL MOVE (AVL, Graz,
Austria) PEMS. This system consists of a tailpipe attachment, an exhaust flow meter (EFM),
heated exhaust sampling lines, exhaust gas analysers, a GPS, and a weather station for
ambient temperature and humidity measurements. The AVL MOVE gas analyser measured
exhaust gas concentrations of NOx by non-dispersive ultra-violet spectroscopy (NDUV).
The EFM (2.5′′) uses a Pitot tube to measure the exhaust mass flow rate. All relevant
emissions data were recorded at a frequency of 1 Hz. Additional details on the current
technique can be found elsewhere [18]. The AVL MOVE PEMS is also equipped with a data
logger connected to the vehicle OBD port. The logger allowed for the retrieval of all the
data published by the vehicle at the OBD port, including the NOx sensors and mass air
flow rate signals at engine-out and tailpipe-out.

3. Results and Discussion
3.1. Flow Rate Validation

Figure 2 shows the results of the correlation between the exhaust flow rate measured
experimentally by two different systems (i.e., obtained by subtracting the dilution air flow
from the total CVS flow rate in the laboratory or with the EFM of a PEMS during an
on-road test) and the mass air flow (MAF) signal acquired at the vehicles’ OBD ports. It
is worth mentioning that the MAF was the only signal related to flow rate available for
both vehicles and easily accessible via standard OBD. The whole set of time-aligned 1 Hz
measurements, acquired during different double WLTCs with Vehicle 1, was used for the
laboratory intercomparison. This included low ambient temperature (0 ◦C) and cold tests
(for additional details refer to the Materials and Methods section). Similarly, for the on-road
part, all the tests performed on Vehicle 2 were used. The left-hand panel in Figure 2 shows
that the MAF signal and flow rate measured in the laboratory correlated excellently, with
an R2 > 0.9 and very good linearity, with an angular coefficient and y-intercept equal to
1.01 ± 0.00, whereby the y-intercept was not forced to zero in the linear regression (neither
here nor in the following regressions). Similarly, the right-hand panel shows that the MAF
signal and flow rate measured with the PEMS also correlate nicely, with an R2 > 0.9 and
equally good linearity, with an angular coefficient and y-intercept equal to 0.99 ± 0.00.
Interestingly, data points were qualitatively more dispersed in the laboratory case, which
is somewhat unexpected considering that the PEMS has an accuracy different to that of
the laboratory equipment. However, two things must be noticed: (i) two different vehicles
(thus with different sensors) were tested in very different conditions (i.e., laboratory and
on-road); and (ii) two different systems to acquire the OBD signals were used in the two
cases, as detailed in the Materials and Methods section. Overall, the MAF signal acquired
from OBD is in good agreement with two totally different and independent experimental
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measurement systems, supporting the possibility of using it as a reliable indicator of the
vehicle exhaust flow rate.
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laboratory (difference between CVS and dilution flow rate) from all the WLTC tests performed.
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3.2. NOx Sensor Validation

Figure 3 shows the comparison between the NOx concentration signal acquired
through the OBD port of Vehicle 1 during two cold WLTC cycles at different temperatures,
both at engine-out and at tailpipe, and the values measured by laboratory instruments. Two
important aspects should be highlighted; first of all, there was a consistent delay between
the start of the test and the moment a valid signal was available at the OBD port. This delay
is both a function of the temperature and the position of the considered sensor, and went
from 318 s in the most favourable situation (engine-out NOx sensor, test temperature equal
to 23 ◦C) to as much as 1261 s in the least favourable (tailpipe NOx sensor, test temperature
equal to 0 ◦C). This behaviour is associated with the time required for the sensor to reach
the optimal operating temperature, as also discussed in [12,19,20]. Li et al. determined that
200–800 s of NOx data were lost during the period in which the temperature was below the
sensor activation temperature.

This additional induction period may be relevant in the context of on-board real-time
monitoring of vehicles emissions, where there is an obvious interest in having sensor read-
ings as soon as the engine is started in order to properly capture challenging situations like
the cold start. However, in case sensors are used for monitoring real-time after-treatment
system malfunctions, this limitation could be less relevant. In fact, in the most common case
of diesel vehicles equipped with SCR units, a comparable amount of time is also required
for these units to reach their optimal operational temperature. Therefore, in such cases,
cold start events are also less relevant to the real-time monitoring of ATS performances.

The plots reported in Figure 4 show the correlation between OBD signals and 1-Hz
laboratory measurements at engine-out (upper graphs of each figure) and tailpipe (lower
graphs of each figure) using different correlation methods. The left-hand-side graphs show
the direct correlations with raw 1-Hz data, while in the right-hand-side panels, results
obtained using moving average windows (MAWs) of 10 s are shown. The whole set of
time-aligned 1 Hz measurements acquired during different hot WLTCs with Vehicle 1 was
used for the laboratory intercomparison, except for one hot WLTC test at 23 ◦C, for which
the tailpipe sensor was not available.
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Figure 3. Top panels: engine-out NOx concentration signals from the OBD port and as measured in
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The direct 1 Hz correlation between engine-out signals was rather poor, with an R2

close to 0.7. The angular coefficient and y-intercept of the regression line are equal to
0.77 + 12.26. This could be due to the high dynamicity of the flow at the engine-out position
and the relatively poor dynamic response of the on-board sensors. It could also be due to
the system used to acquire the OBD signal in the laboratory setting, as already discussed
above. Another possible cause of the poor correlation may be the difficulty in accurately
measuring engine-out concentrations with laboratory equipment due to water condensation
on the sampling lines, as already explained in the Materials and Method section above. The
correlation largely improved when a 10 s MAW approach was used. In this case, the R2

increased to above 0.8 and the linearity also improved, with an angular coefficient equal
to 0.80 and a y-intercept of 8.07. It should be mentioned here that from both a real-time
vehicle emissions perspective or an after-treatment malfunction monitoring perspective,
the engine-out position is the less relevant one. For this reason, in the following paragraphs
we have focussed the analysis on tailpipe measurements.

The direct 1 Hz correlation between tailpipe signals was already significantly better
than that between the engine-out data, even without the use of a MAW. Indeed, in this case
R2 > 0.9, with excellent linearity. The angular coefficient and y-intercept of the regression
line were equal to 0.99 and 0.24, respectively. This is in good agreement with a previous
study conducted with a Euro VI heavy-duty vehicle [20]. Despite some qualitatively
relevant scatter, these results seem to support the possibility of using on-board sensors as
reliable indicators of vehicle NOx emissions at the tailpipe. The situation further improved
when a 10 s MAW was applied. In this case, both the R2 and the overall scatter improved,
with an excellent agreement between state-of-the-art laboratory equipment and on-board
NOx sensors that are already commercially available. Tailpipe NOx measurements are less
dispersed. On the one hand, this may be due to the fact that less water condensation is
likely to occur on heated tailpipe sampling lines, as already discussed, and on the other
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hand, this may be related to the faster signal dynamics at engine-out, which are more
complex to closely follow with an on-board sensor.
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3.3. Mass Emissions Comparison

Figure 5 shows the average of the cumulative tailpipe NOx emissions for Vehicle 1,
calculated through multiple approaches over two different hot WLTC cycles. LAB emissions
were obtained using both flow rate and concentration measured by the already described
standard laboratory equipment. To compute FTIR emissions, an independent measurement
realised with a lab-grade FTIR spectrometer was used instead of the one measured with
the standard laboratory instrument, although the same flow rate was used in the LAB and
FTIR cases. The two OBD bars were obtained using the NOx concentration measured by
the on-board tailpipe sensors and either the same flow rate used for the LAB case or the
flow rate obtained from the MAF signal acquired at the standard OBD port.
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Figure 5. Vehicle 1 average of the cumulative NOx emissions measured at tailpipe with different
methods over two different hot WLTC cycles. LAB, FTIR and OBD indicate that the NOx concentration
used was measured with standard laboratory equipment, a lab-grade FTIR spectrometer or the
on-board NOx sensor, respectively. The two different pattern fills indicate which exhaust flow
measurement was used, as indicated in the legend.

First, it can be noticed that the two cumulative emissions calculated using the NOx
concentration signal available at the OBD port are very similar, independently of the flow
rate used (laboratory or recorded at OBD), with a difference of only 1%. This suggests that
there is a minor deviation between the flow rates measured by the two methods, at least
with the specific vehicle tested, as also demonstrated by the results already presented in
Figure 1. The deviations increase when the results are compared with those achieved by two
different laboratory-grade instruments, reaching 23% when compared to the FTIR results
and 34% when compared to the standard analysis by the laboratory-grade instruments.
When comparing these results with the on-road tests performed on Vehicle 2 and shown
in Figure 6, one realises that in this case, the deviation between the on-board sensors
and the reference PEMS instrumentation is only 21%. This can be considered as excellent
agreement when one considers the intrinsic complexities of an on-road test, such as higher
dynamicity and variabilities, longer duration and other factors. To put these deviations into
the right context, a few details should be considered. First, these results were obtained using
information available at the OBD ports of two different vehicles and based exclusively on
already available on-board components, with no need for additional expensive instruments.
Obviously, on-board sensors are likely to behave differently for the two investigated
vehicles, which were incidentally of different brands. Secondly, as already discussed, the
OBD signals were acquired with two different acquisition systems in the laboratory and
on road. These considerations may help to explain the differences observed among the
various tests.

It should be pointed out here that in the present work, emissions were intentionally
measured with on-board sensors on different vehicles and under different conditions in
order to give a reasonable idea of the general deviations that can be estimated for this kind
of approach when compared with the reference methods, i.e., laboratory and PEMS testing.
The discrepancies reported in this section are comparable to those nowadays allowed
between laboratory and on-road measurements in the current EU Regulation [14].
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Figure 6. Vehicle 2 average of the cumulative NOx emissions measured at tailpipe with a portable
emission measurement system (PEMS) and with the on-board NOx sensor (OBD) in 2 RDE-
compliant tests.

Finally, we have also tested the performance of the on-board sensors during a labora-
tory test in which a diesel particulate filter regeneration event occurred. These results are
reported in Figure 7. In this case, the deviation between on-board sensor and laboratory
data was approximately 7%. During the regeneration, NOx concentrations were on the or-
der of approximately 110 ppm (not shown). Interestingly, the on-board sensor was perfectly
capable of operating correctly, with comparable accuracy even in these conditions, where
much higher NOx concentrations were observed relative to those measured during the
normal hot operation of the vehicle. The bar plot in Figure 7 clearly shows that the current
on-board NOx sensor is indeed able to identify a situation where NOx emissions are higher
than normally measured. This point is remarkable, because such high NOx concentrations
are expected, for example, in the event of an after-treatment system malfunction. Therefore,
this suggests that such a scenario can already be correctly identified by on-board sensors
currently used in modern vehicles.
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4. Conclusions

In this work, real-time on-board monitoring of NOx emissions was performed on two
Euro 6d-ISC diesel light duty vehicles in the laboratory and on-road. Recorded signals
were compared with data collected with state-of-the-art laboratory-grade instruments or
PEMS during the same tests. The following conclusions can be drawn:

• Altogether, OBM signals were in fair agreement with emissions measured by PEMS
and laboratory equipment.

• OBM signals were available only after the sensor warm-up time (in this study lasting
from 318 s to 1261 s). The warm-up time needed depended on the sensor position and
ambient temperature.

• OBM exhaust flow data correlated well with both laboratory-measured (CVS) and
PEMS-measured flow rates.

• The correlation between 1 Hz recorded tailpipe OBM NOx concentration data and the
laboratory measurements can be improved using moving average window statistics.

• Cumulative emissions calculated from the data measured by default on-board sensors
are in fair agreement with both state-of-the-art laboratory and PEMS instruments,
especially considering the relative simplicity of the measuring device.

• OBM results obtained during a DPF regeneration event were consistent with the
laboratory reference, indicating that it would be possible to monitor malfunctioning
ATSs by using properly functioning on-board sensors.

Overall, the present results showed that with the exception of cold-start emissions,
OBM is a promising approach for the real-time on-board detection of NOx emissions in ve-
hicles of the type investigated here, and also for recording possible high NOx concentration
events (such as those induced by a malfunctioning ATS).

It is essential to extend the present type of analysis to various kinds of vehicles and
build up a sounder database in order to highlight the main advantages and shortcomings
of the OBM approach, including its extension to other pollutants.
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