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Portable Emission Measurement Systems (PEMS) are commonly used to measure absolute (mass per unit dis-
tance) emissions of a range of pollutants from road vehicles under real driving conditions. Because measuring
large numbers of vehicles with PEMS is impractical, this paper investigates how vehicle emission remote sensing
device (RSD) can supplement the use of PEMS. We simulate whether remote sensing measurements can accu-
rately predict a vehicle's real-world distance-specific nitrogen oxides (NOx) emissions using RSD without mea-
suring its exhaust flow rate. The approach uses readily available type-approval carbon dioxide (CO,) emission
data together with average real-world divergences from studies based on user-reported fuel economy data.
We find that at least 30 RS measurements from a given vehicle's journey are needed to reach a mean absolute
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1. Introduction

Nitrogen-oxides (NOx) emissions from vehicles significantly
contribute to air pollution responsible for a range of human health
problems. Emissions of NOy directly contribute to elevated ambient
pollutant levels for nitrogen dioxide (NO,) while enhancing the
formation of ground-level ozone (O3) and fine particulate matter
(PMys) (EEA, 2019). In Europe, NOx-related air pollution from on-
road diesel vehicles is responsible for about 28,400 premature deaths
each year (Anenberg et al., 2017).

Almost three decades ago, emissions standards were introduced in
Europe to limit vehicle emissions. However, studies have documented
that the amount of NOx measured in diesel vehicle exhaust in “real-
world” operation, i.e. on the road, during typical driving conditions
exceeded type-approval levels by many times (Franco et al., 2014).
Until incorporating on-road testing in the type-approval procedure in
September 2017, type-approval of passenger cars relied solely on tests
under laboratory conditions. Taking advantage of the pre-defined con-
ditions, combined with little enforcement actions in the European
Union (EU), some auto manufacturers fitted their vehicles with “defeat
devices” that resulted in laboratory compliance with air pollution stan-
dards, but multiple times exceedances on the road (Bernard et al.,
2019).

In response, the European Commission devised the Real-Driving
Emissions (RDE) procedure in an attempt to cap on-road NOy and
particulate number emissions. Following the European Commission's
approach of stepwise introduction, RDE became first mandatory for
the type approval of new passenger car models in September 2017.
The introduction was completed in September 2020 since when RDE
is mandatory for all new passenger cars and light commercial vehicles
registered in the EU. The procedure entails fitting the vehicle with a Por-
table Emission Measurement System (PEMS) and driving for a
predetermined time and distance (e.g. between 90 and 120 min)
(Mock, 2017).

Since September 2020, the latest European Union type-approval
framework regulation requires member states and the European Com-
mission to conduct independent market surveillance activities to ensure
that vehicles in use meet the emission limits (Regulation (EU) 2018/858
of the European Parliament and of the Council, 2018). However, vehicle
sourcing, instrument calibration and the time required for driving col-
lectively make PEMS testing costly and thus limited in regards to the
number of vehicles that can be tested per day (Dallmann, 2018). In ad-
dition, the vehicle may detect the presence of a PEMS and based thereon
switch to a mode producing lower tailpipe emissions. While this would
constitute a defeat-device, the measurements could therefore still not
reflect real-world emissions (Bernard et al., 2019).

The remote-sensing device (RSD) is an alternative means of measur-
ing real-world vehicle emissions that is better suited for wide-ranging
data collection in the field (Beaton et al., 1995). RSD and PEMS were
found to show good correlations based on NOx to CO, emission ratios
from individual vehicles, and RSD therefore presents a promising tech-
nology for the screening of vehicle emissions (Gruening et al,, 2019). In
addition, the European Union recognizes remote sensing as one of the
valid tools for providing information to type-approval authorities for
the systematic selection of test candidate vehicles with potentially ex-
cessive emissions levels (Commission Regulation (EU) 2018/1832,
2018). RSD is set-up in public areas and is either situated by the side
of the road, scanning across the road, or positioned somewhere above
it. It does not require any contact with the vehicle and the vehicle can-
not easily detect that it is being tested. Vehicles measured with RSD
are typically not pre-selected, and present various maintenance states.
Another key benefit of RSD is that it captures a whole range of driving
and environmental conditions that affect vehicle emissions perfor-
mance. For comparison, PEMS tested vehicles are checked against visi-
ble malfunctions prior to testing, and driven by professional drivers.
The PEMS emission results of a given vehicle may also greatly vary
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depending on the selected route, the driving style, and the ambient con-
dition encountered during the corresponding trip. Because RSD can
measure emissions from many vehicles after being deployed, it is
much less expensive per vehicle than PEMS.

However, RSDs have drawbacks. Whereas PEMS continuously mea-
sure NOy emissions (and other species) on a given vehicle and trip, RSD
can only provide a snapshot of a vehicle's emissions as it passes a given
location. This means that it is necessary to obtain sufficient measure-
ments of a specific vehicle or model-family/group-type to assess its
emission levels. Using absorption spectroscopy, current RSDs only mea-
sure the emission ratios (e.g. NOy) relative to CO, (a proxy for fuel
consumption), i.e. it does not measure absolute concentration levels of
each species (Burgard et al., 2006).

Besides, because RSD instruments are installed at a fixed location
and measure vehicle emissions at one instant of its journey, results can-
not be directly compared against regulatory emission limits that apply
to the average emissions collected during entire drive cycles being up
to about a hundred kilometers long. The emission limits are expressed
in a distance-specific metric, i.e. grams of pollutant per kilometer. In
this study we present a methodology to bridge these limitations. We
verified the accuracy of the method using PEMS data as a benchmark.

2. Materials and methods
2.1. Estimation of distance-specific emission from remote-sensing

A simplified method has previously been developed to estimate av-
erage distance-specific NOx emissions from RSD aggregated results
(Bernard et al., 2018). Fig. 1 illustrates how this process works. Raw
RSD NOx-to-CO, emission ratios are converted to mass ratios using
the respective molar masses for each gas, then averaged for a group of
vehicles of interest. To convert this ratio to distance-specific NOx
emissions, the average distance specific real-world CO, emissions of
the analyzed vehicles are needed. For this purpose, the vehicles' type-
approval CO, emissions were adjusted upward according to real-word
fuel-consumption figures, gathered from users to estimate actual,
distance-specific CO, emissions (Tietge et al., 2017). Note that the
results generated reflect the emissions level over an average journey,
but not necessarily the instantaneous emissions rate that greatly
fluctuate along the trip. Conversely, other experimented approaches
have estimated the emissions rate for each RSD snapshots based on
speed measurement and additional vehicles characteristics (e.g. mass,
vehicle segment, etc.), and then simulated the distance-specific NOx
emissions on a specific journey (Davison et al., 2020).

For validation, we applied the simple method to a large dataset of
Europe-wide remote-sensing measurements. The results were then
compared with a separate PEMS dataset which showed a very close
agreement for average distance-specific NOx emissions of diesel Euro
5 and 6 vehicles (Bernard et al., 2018). However, a comparison at the
individual vehicle and trip level was not feasible because the two data
sets originated from different testing campaigns.

However, we show that the comparison between the remote-
sensing prediction and PEMS measurement at the individual vehicle
trip level is possible with the method described in the next section.

2.2. Method evaluation and source of PEMS dataset

Alarge PEMS dataset is used as a reference, containing both second-
by-second emission mass rates and tailpipe concentrations. In a thought
experiment, we simulate RSD measurements as if virtual RSD instru-
ments were placed along-side the PEMS trip route. For varying numbers
of NOx-to-CO,-ratio measurements, we then simulate how accurately
the distance-specific NOx emissions could be estimated compared to
the PEMS trip result. This methodology is further broken down into
steps, during which the associated uncertainty is analyzed, and seeks,
in particular, to highlight the key differences between remote-sensing
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Fig. 1. Schematic of the estimation of distance-specific NOx emissions based on remote-sensing measurements and representative, average CO, emissions.

estimates and measurements taken with PEMS. Finally, we reduce the
simulated number of aggregated RSD measurements along the PEMS
trip into fewer single measurements to quantify the effect on the esti-
mation.

The PEMS measurements dataset consists of 672 on-road trips from
298 passenger cars (Table 1), each consisting of a mix of urban, rural and
motorway driving. For each trip, emissions were sampled at a frequency
of 1 Hz. A half of the data is from government's market surveillance in-
vestigations or non-governmental organizations (Baldino et al., 2017),
and another half from data available on-request through the RDE mon-
itoring phase. Two thirds (451) are vehicles using compression ignition
(i.e. diesel) engines and one third (221) were positive ignition (e.g. gas-
oline, Liquid Petroleum Gas (LPG), Compressed Natural Gas (CNG) etc.).
The majority of vehicles is certified with the Euro 6b standards (619),
followed by 6d-TEMP (37), 6¢ (9) and Euro 5 (7). The total vehicle
driven distance adds up to over 46,000 km.

2.3. Conversion of RSD-like snapshots into distance specific per-trip levels

Remote-sensing and PEMS measurement techniques share the same
goal of measuring vehicle on-road emission performance but differ in
many ways. PEMS equipment uses sensors mounted in, or at the back
of the vehicle to measure tailpipe concentrations of specific compounds
of interest (e.g. NOy). An exhaust flow meter is used to calculate the
mass flow rate of certain exhaust compounds while the GPS measures
the vehicle speed.

For comparison with regulatory targets, NOx and CO, emissions of
Light-Duty Vehicles (LDV) need to be expressed in grams per kilometer
driven. Distance-specific emissions are calculated as the integral of

Table 1
Number of PEMS trips by combustion type, fuel type, and euro standard. LPG stands for liq-
uid petroleum gas, CNG stands for compressed natural gas.

Combustion Fuel Euro standard
Euro5 Euro6b Euro6c¢c Euro 6d-TEMP
Compression ignition  Diesel 7 437 2 5
Positive ignition Gasoline 175 7 29
LPG 7
CNG 3

emission mass flows divided by the cumulated distance covered in the
journey from a 1 Hz data set (Eqs. 1 and 2).

m

dmNOX,pems = % (1)
m

dmCOZ,pems = % (2)

In these equations, m is the instantaneous mass rate (e.g. gram per
second), v represents the instantaneous vehicle speed (e.g. kilometer
per second) and dm are the distance-specific mass emissions (gram
per kilometer).

Remote sensing equipment is generally installed close to the road
and analyzes about half a second-worth of the exhaust plume composi-
tion of a vehicle as it passes by the sensor. To characterize the emissions
of a vehicle or a certain type of vehicle, it is necessary to gather several
measurements. Due to the vehicle movement, remote-sensing can only
measure the exhaust plume once it is some distance away from the tail-
pipe source and partially diluted in the ambient atmosphere. Conse-
quently, remote-sensing systems can only report emission ratios (e.g.
NOx to COy).

In remote sensing measurements, congested traffic is typically not
analyzed to maintain a clear gap between vehicles and avoid cross-
contamination of the plumes. This means that idling emissions are not
measured during remote sensing campaigns. Remote-sensing measure-
ments tend to be made under some engine load to ensure a sufficient
CO,-concentration in the exhaust plume. For that purpose, a proxy of
the power at the wheel is calculated using vehicle speed, acceleration
and the road's gradient, known as “vehicle specific power” (VSP) and
developed in former studies (Jiménez-Palacios, 1999). A positive VSP
is typically a prerequisite for a valid RSD measurement, indicating the
engine being under load (which is often the majority of an average jour-
ney) rather than coasting during deceleration. In practice, vehicle's de-
celerations are often excluded. For the same reason, the sites regularly
selected have a slight uphill incline. That maximizes the chances of mea-
suring vehicles under some engine load.

Therefore, vehicles tend to be measured at higher average VSP with
remote-sensing than during an average PEMS trip, which is typically
composed of urban, rural and motorway sections and includes idle
and deceleration phases.
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distance-specific mass, CO, for carbon dioxide and VSP for vehicle-specific power.

The estimations of the virtual remote sensing measurements are
calculated using the average NOx to CO, emissions ratio during the
trip, multiplied by distance-specific CO, emissions. To account for the
described differences between remote-sensing and PEMS trip measure-
ment, we adapted the method to establish this distance-specific CO,
emission level. In steps 1 to 4 of the analysis (presented in Fig. 2),
distance-specific CO, emissions are calculated from each PEMS trip-
measurement. In step 5, we use the estimates of vehicle-specific real-
world CO, emissions averages that are derived from their type-
approval certification.

Potential sources of uncertainty within the methodology described
in Fig. 2 are identified and detailed in each step below.

2.3.1. Step 1

Emissions at idle or during negative VSP are typically filtered out
from remote sensing data as described previously. In this step we
analyze the effect of excluding the PEMS trip data for these condi-
tions on the accuracy of reproducing the trip NOx to CO, mass ratio
(Eq. 3).

mNOX,rsd ~ mNOX,pems (3)
Mcop rsd mCOZ,pems

where m is the trip-cumulated mass (e.g. gram) measured from the
pems or recalculated for typical RSD VSPs.

2.3.2. Step 2

While an RSD measures the ratio of NOy to CO, in the exhaust plume
at a given time, a PEMS uses separate analyzers to measure NOy and CO,
which can require time alignment and thereby add inaccuracy in the
calculated NOx-to-CO, ratio. To simulate RSD measurements using
PEMS data, it is therefore necessary to mitigate potential misalignment
of NOyx and CO,. For that purpose, a moving average-window method is
adopted, discussed in more detail in the calculation section. We show
the uncertainty introduced by this windowing process by comparing the
accumulated NOx mass flow determined by the PEMS with the moving-
average NOy mass flow calculated as the sum of NOx-to-CO, emission
ratio times instantaneous CO, mass flow for each window (Eq. 4).

MNOX mawyrsd = 2 (rmaw X mCOZ,maw) rsd (4)

where m is the trip-cumulated mass, r is the NOx-to-CO, emission ratio,
maw indicates a calculation based on a moving average window, and rsd
filtered for conditions compatible with RSD.

2.3.3.Step 3

We hypothesize that the ratio of trip NOx mass to trip CO, mass can
be estimated by the trip-mean of the instantaneous NOx to CO, mass
ratio measured by remote sensing (Eq. 5). We use that assumption
and Eq. (2) to re-write Eq. (1) to estimate distance-specific NOx
emissions based on the average NOx-to-CO, ratio of every window
meeting remote sensing testing condition combined with distance-
specific CO, emissions measured by PEMS (Eq. 6). For each trip, we
compare the calculated NOx emissions with those measured by PEMS.
Note that this method does not calculate instantaneous NOy emission
flow rates (e.g. gram per second) for each measurement, unlike other
methods proposed (Davison et al., 2020), or similar to how a PEMS
would measure continuously. Instead, we aggregate multiple CO,-
specific remote-sensing measurements and scales a per-distance-
driven unit.

= - dmpox pems 5

Tmaw,rsd =~ di ( )
mCOZ,pems

dmNOX,rsd ~ Fmaw.rsd X dmCOZ,pems (6)

where 7is the trip-mean of the NOx-to-CO, emission ratios, maw
indicates a calculation based on a moving average window, and rsd
means filtered for conditions compatible with RSD.

2.34. Step 4

a) As explained before, RSD measures vehicles at higher average VSP
compared to PEMS testing. We investigate how this difference
could create bias in the estimation of distance-specific NOyx
emissions. In order to align the test conditions, the mean of the
NOx-to-CO,, ratio in Eq. (6) was replaced by the weighted mean of
the NOx-to-CO, ratio using a VSP distribution commonly used for
remote-sensing (detailed in the calculation section).

b) A PEMS measurement typically contains some thousand data points,
while remote-sensing assesses a vehicles' performance with far
fewer measurements. In this section, we investigate the influence
of the number of windows (single data captures) considered on



Y. Bernard, J. Dornoff and D.C. Carslaw

the quality of the overall estimation. The sample sizes used range
from 1 to 1000.

2.3.5. Step 5

For vehicles measured by RSD, technical information is obtained by
screening the license plate, typically including the type-approval CO,
values. We first investigated the impact of substituting the PEMS mea-
sured distance-specific CO, emissions (Step 3) for vehicle's real-world
CO-, emissions derived from the type-approval information (Eq. 7).
The disparity between type-approval and real-world CO, emissions
was calculated from a large dataset of consumer reporting information
(Tietge et al., 2017). We perform the analysis on the subset of vehicles
certified to Euro 6 emissions limits, for which the average real-world
to NEDC CO, gap has peaked and plat around 2014-2016; coinciding
with the early years of the Euro 6 standard and remained relatively con-
stant since. The average gap was found to be +39% for diesel and +33%
for gasoline Euro 6 passenger cars (Bernard et al., 2018). To account for
differences between real-world and RDE testing, the equivalent average
CO, emission gap between RDE-test and type-approval was determined
for each fuel type using the PEMS database. Here, we show the effect of
the CO, emission value on the NOy estimate accuracy. It was however
limited to vehicles for which the NEDC type-approval CO, values were
available, due to the anticipated reduction of disparity under the new
WLTP laboratory test.

dmNOX.rsd ~ ?rsd,maw X dmCOZ,type approval X (] +gap/100) (7)
where gap is the real-world to type-approval CO, divergence in percent.
2.4. Calculation

The PEMS database consists of measurements taken at 1 Hz includ-
ing vehicle speed, exhaust mass flow, gas concentration and calculated
emission mass rate (e.g. CO, and NOy). The vehicles' gas concentration
and mass rates are considered time-aligned with the vehicles' dynamics
according to the RDE regulation. As discussed in Section 2.3, misalign-
ment between the NOx and CO, signals could skew results and
potentially lead to non-realistic or non-computable ratios.

2.4.1. Choice of the window-based sampling method and duration

To mitigate this effect, we do not calculate the instantaneous NOx to
CO,, ratios for each time step i, but instead apply a moving average on
both signals and calculate the ratio for each window. While this
reduces the effect of small time alignment errors, it also reduces the
signal resolution and therefore introduces uncertainty, which we will
quantify later in the results section.

For our analysis, we choose average moving windows with a width of
three time steps (i.e. 3 s). We calculated mass ratios of NOx to CO, within a
window i using the mean emission ratio across time stepi — 1,iandi + 1,
for each compound and using corresponding molar mass (Eq. 8). This
method is preferred to the mean of the ratios within each window
because raw PEMS concentration can be used instead of PEMS calculated
mass rates, which require a time alignment with the exhaust flow meter.

(cNox % Mox)ji—1,ij+1)

T'maw il =

(8)

(ccor * Mcoz)ji—1i11)

where c is the instantaneous concentration, and M the molar mass.
Fig. 3 is a short example obtained from a longer PEMS test, showing
the vehicle speed, raw NOx and CO, concentrations at 1 Hz. The raw
NOy to CO,, ratio is displayed for indication as it does not always give
meaningful information, such as during deceleration and at idling
with little or close to zero emission flow rate. The lower part of the
graph shows the NOyx to CO, raw ratio (yellow) and based on the
moving average method at remote-sensing-like conditions (green).
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Fig. 3. Raw measurements of NOx concentration (red line, top figure), CO, concentration
(blue line, top figure), NOx to CO, raw ratio (yellow line, bottom figure) and vehicle
speed (black line, bottom figure) for a 180 s section of a PEMS trip. NOx to CO, ratio of
remote-sensing-like snapshot measurements are extracted for the analysis (green line,
bottom figure).

Each green data point is considered for this analysis as a potential RSD
measurement snapshot.

2.4.2. Typical RSD VSP distribution

In step 4 of the analysis, a VSP distribution commonly used for RSD
testing is applied to calculate a weighted mean of the NOy to CO,
ratio. Fig. S1 of the supporting information appendix shows the
selected distribution based on the CONOX data, measured across vari-
ous European countries (Sjodin et al., 2018). For this analysis the
share of measurements per bin is used to calculate a weighing factor
for the PEMS emission data. The lower VSP boundary considered for
the analysis is 0 kW/t and the highest bin contains VSP of 23 kW/t and
above.

2.4.3. Statistical criteria and randomization function

The statistical criteria used in this analysis to express the correlations
between the RSD estimations and PEMS are the coefficient of determina-
tion (R?), calculated from a linear fit of first order, and the mean absolute
relative error (MAREr). The latter criterion divides the absolute difference
between the measurement and estimate by the emission levels of each
trip. Then, the mean relative error is reported for all trips in percent.

In step 4b, a fixed starting point - or seed - for the random function
is used to determine various sub-sample sizes of the windows. This en-
hances the result's replicability and comparability when varying the
sample size.

3. Results

In this section, each distance-specific emission result of a PEMS-test
journey is a data point. The correlation is assessed based on all available
trips and evaluated from the coefficient of determination of the fit and
mean absolute relative error criteria. As Table 1 showed, the PEMS
dataset contains a variable share of PEMS trips by fuel type and euro
standard. Euro 6b diesel and gasoline-powered vehicles represent the
largest groups and are expected to primarily impact the upcoming re-
sults when vehicles of other fuel types and emission standards tend to
be underrepresented.
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Red points indicate vehicles with compression ignition engine (ci), and blue points for
positive ignition engine (pi).

The effect of excluding emissions at idle and during negative VSP
events on the ratio of trip NOx to trip CO, is minimal for most trips as
shown on Fig. S2 (step 1). The fitted line presents no bias, with a slope
close to one, an R? above 0.99 and an average difference of 10%.

Applying the moving average window method on the filtered
datasets (step 2) introduces on average an error of 8% when comparing
the accumulated NOx masses (Fig. S3) and a slope of 1.1 indicating
emissions overestimation.

We estimate distance-specific NOx emissions using the formula
described in Eq. 6, i.e. multiplying the mean NOyx to CO, ratio by
distance-specific CO, from the PEMS (step 3). Fig. 4 shows that uncer-
tainty increases further to an average of 22%. However, no systematic
bias is introduced when comparing the estimated distance-specific
emissions with the PEMS measurement.

To account for the difference in engine load conditions between RSD
and PEMS testing, the weighted mean emissions are calculated using
the typical VSP distribution of RSD measurements (step 4a). Note that
one trip is excluded due to not covering enough of the VSP bins. This
step has little impact on the average error, as Fig. S4 shows, although
the slope of the fit shows a tendency towards 6% higher estimated emis-
sions.

We further analyze the effect of the sample size per trip in step 4b,
using a subset of step 3 data. Unlike the previous steps, the calculation
of the mean NOx to CO, ratio for each trip is now based on a limited
number of data points of each RDE trip. Fig. 5 shows the results for an
equivalent of 30 remote-sensing records per trip. The coefficient of de-
termination is around 0.95, with an average error estimate of 30%. The
slope of the fitted line of 0.99 indicates the absence of bias. Results for
sample sizes 0of 300, 10, 3 and 1 are detailed in Figs. S5, S6, S7 and S8 re-
spectively. Although the correlation becomes less significant with sam-
ples below 30, the slope of the fitted line remains between the range of
1.03 and 0.97, signaling the absence of any significant bias indepen-
dently of the number of records per trip.

Fig. 6 shows the results of a sensitivity study for a varying number of
measurements per trips from 1 to 1000.

Statistical criteria, such as the coefficient of determination and mean
absolute relative error, greatly improve with a growing sample size
from 1 to 30. Between 30 and 300 measurements, both coefficient of de-
termination and mean absolute relative error criteria are enhanced al-
beit at a slower rate relative to the higher number of remote-sensing
measurements. Additional measurements do not translate to improved
R? above 300, and the mean absolute relative distance-specific emission
estimation error converges to a minimum of 23%.
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Fig. 5. Estimated distance-specific NOx emissions based on a subset of 30 remote-sensing
equivalent measurements per trip compared to PEMS emission measurements. Red points
flag vehicles with compression ignition engine (ci), blue points for positive ignition engine
(pi).

In summary, this method can be used to determine a critical sample
size by identifying a minimum R?. With a sample size of at least 30 mea-
surements, the R? coefficient reaches a value of 0.95, which can be consid-
ered as a fair level of variance accounted for by the linear model, with a
MARET of 30%. With more measurements, both R? and MAREr improve, re-
sulting in 0.97 and 25%, respectively, for 200 measurements. The increase
in the number of measurements above 300 offers only negligible improve-
ments and would not justify the increased resources required for testing.

Finally, we study the practical, remote-sensing application, where
absolute CO, emissions during a vehicle trip are not known but
instead type-approval figures are typically identified from the registra-
tion data (step 5). To validate this method, all remote sensing-relevant
measurements of each PEMS test are used (same as in step 4a); instead
of the measured CO, emissions, the type approval values amplified by
the real-world gap are used to calculate the distance specific NOx
emissions. It must be noted that this step focuses on Euro 6 vehicles
only and that distance-specific emissions cannot be estimated for 19
trips due to the absence of NEDC type-approval CO, information.
Fig. S9 compares the vehicles' anticipated average real-world CO,
emissions with the measured values. The latter is offset by around
—20 g/km, indicating that vehicles actually emitted less CO, during
the analyzed RDE tests than under average real-world conditions.

The primary reason for this approach is that the on-road tests com-
ply with the RDE protocol, during which a test can only be considered
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Fig. 6. Mean absolute relative error and coefficient of determination of estimated trip
distance-specific NOx emissions based on remote-sensing equivalent datapoints
compared to PEMS emission measurements, depending on sample size.



Y. Bernard, J. Dornoff and D.C. Carslaw

valid if CO, levels are in a certain agreement with WLTP figures. WLTP
type-approval CO, levels are expected to reduce the gap between
NEDC type-approval and real-world CO, to a certain extent. These
results support the hypothesis that a certain degree of gap remains
between RDE and real-world CO, emissions.

This 20% increase is also visible in the linear fit between the esti-
mated distance specific NOx emissions, using the expected real-world
CO-, emissions, and the measurement, shown in Fig. S10. The average
error increases from 20 to 27% compared to the results of step 4a.

We expect a better alignment of the slopes of the fitted line with the
data obtained under conditions closer to average real-world driving
(e.g. hillier terrain, more dynamic driving, etc.). Since the RDE measure-
ments do not represent a sub-sample of real-world driving data it is rea-
sonable to determine an average RDE to type approval CO, gap and
multiply the type-approval CO, emissions with this value instead.

Table S1 presents the average CO, gap between RDE and type-
approval CO, calculated from the PEMS dataset by fuel type for Euro 6
vehicles. This gap is 11-15 percentage-points lower than the real-
world to type approval emission gap. The correlation between mea-
sured and estimated CO, emissions, using the RDE to type approval
gap, is presented in Fig. S11. The mean absolute relative error for CO,
has reduced from 15 to 10% by applying this correction.

The estimated average distance-specific CO, emissions under RDE are
combined with averages of remote-sensing NOx to CO, ratio to predict
distance-specific NOy estimation for each trip. Fig. S12 shows that the
estimations are now close to the parity line, reflecting a better
distribution around actual PEMS measurements, and the error has reduced
from 27 to 23% when compared to Fig. S10. Using this method, vehicle av-
erage distance-specific NOx emissions measured by PEMS are compared
to simulated RSD levels in Fig. 7; on the left side for compression ignition
and on the right side for positive ignition engine vehicles. The results are
compared to the Euro 6 laboratory type-approval limits (dashed line), cor-
responding to 80 mg per kilometer, and 60 mg per kilometer respectively.

That figure demonstrates that the wide range of individual vehicles
average emissions measured by PEMS are adequately captured by the
methodology using RSD estimated distance-specific levels. The result
suggests that with a sufficient number of measurements, the developed
methodology is able to detect vehicles grossly emitting, e.g. with NOx
on-road emissions exceeding Euro 6 limits several times.

4. Discussion

Remote-sensing devices and PEMS are both used to measure on-road
vehicle emissions. PEMS measures the vehicle's exhaust flowrate and NOx

Compression ignition Positive ignition
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Fig. 7. Comparison of distance-specific NOx emissions measured by PEMS and calculated
for remote-sensing equivalent datapoints using vehicle-specific CO, type-approval
information and average RDE gap. A pair of cross and plus markers represents results for
one of the 289 Euro 6 vehicles. For vehicles driven multiple trips, we report their mean
values. Vehicles are sorted from highest to lowest average NOy emissions measured
with PEMS by combustion engine type. The dashed lines represent the Euro 6 laboratory
type-approval limits.
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emission continuously during a whole trip, whereas RSD captures single
snapshots of NO relative to CO, for vehicles passing a stationary RSD in-
stallation spot and under specific operating conditions of the vehicle.
PEMS typically reports distance-specific emissions (e.g. gram per km) di-
rectly comparable with limits defined in emission standards for light-duty
vehicles. However, PEMS results depend much on the individual tested
vehicle, the selected route, the driving style, and the ambient conditions
of the day and might be affected by the use of defeat devices. In the pres-
ent paper, the PEMS data is considered as the reference technique at the
individual trip level, which may differ from the vehicle's real-world emis-
sions occurring in a wider range of operating conditions.

For RSD measurements, the raw output is CO,-specific pollutant emis-
sions (e.g. gram per kg of CO,). RSD does not measure the exhaust
flowrate. Thus, distance-specific NOx emissions can only be estimated,
for which we presented a method in this study. The method combines
for an individual vehicle an average distance-specific CO, emissions
value with average NOx to CO, emission ratios determined from a
subsample of PEMS measurements, simulating RSD snapshots. In a first
step, average CO, levels measured during PEMS-test journeys are used.
Compared to the distance specific NOx emissions measured by the
PEMS based on exhaust flowrate and NOy concentrations, the results
show that the method does not introduce a systematic bias. In a second
step, the vehicle-specific CO, type-approval values are used as representa-
tive, average distance specific CO, value. Since average real-world CO,
emissions are substantially higher than those determined during type-
approval, the type-approval CO, emissions were amplified by average
consumer reported real-world to type-approval fuel-consumption ratios.
However, the CO, emissions of RDE tests are between those observed dur-
ing real-world driving and type-approval, due to requirements set in the
RDE regulation. The use of real-world CO, emissions resulted in an
overestimation of distance-specific NOx emissions from RSD compared
to the PEMS measurements. Therefore, the ratio of PEMS CO, emissions
levels and type approval value was derived from the data and used in
the method instead. This resulted in a better correlation of the
calculated distance specific NOy emissions and the PEMS measurements.
This shows the importance of using the appropriate distance-specific CO,
estimate for a given situation, e.g. whether the objective is to estimate
distance specific NOx results for RDE tests, or for measurements made at
real-world conditions. They also highlight that the method, by design,
aims at predicting average vehicle emission levels rather than compre-
hensively covering trip-specific CO, variations.

While a PEMS measures contains thousands of data points, only a
limited number of RSD measurements for a vehicle or vehicle type usu-
ally exist. Therefore, the effect of reducing the number of datapoints was
analyzed. The analysis shows that a minimum of 30 remote sensing
measurements is recommended to estimate distance-specific emissions
with a satisfactory coefficient of determination (R? > 0.95) and a mean
relative error of 30%. These margins seem to be compatible with market
surveillance requirements, during which regulatory agencies aim to
identify vehicle types with emission levels that significantly exceed
the regulatory limits. The estimation considerably improves with
greater sample size, but additional benefits become marginal above
300 measurements with a mean error stagnating at around 23%.

For this study, data points of PEMS-trip measurements are used to
mimic remote-sensing measurements. In practice, RSD and PEMS emis-
sions readings may differ due to their different measurement types of an-
alyzers, with PEMS being considered the more accurate method.
However, this topic is out of the scope of this analysis but suggests that
the estimated error would be larger when using real RSD measurements.

These findings are pertinent to NOy emissions only. Further research
is required to understand if the method can be applied to other
pollutants measured by RSD (e.g. carbon monoxide, hydrocarbons, par-
ticulate matter). We do not compare the accuracy of our approach with
that of other potential analysis methods.

The results generated by the method described in this paper origi-
nate from multiple measurement snapshots of individual vehicles.



Y. Bernard, J. Dornoff and D.C. Carslaw

Long-term remote sensing data collection may manage to measure a
small fraction of individual vehicles 30 times or more (Bernard et al.,
2020). However, most vehicles are usually measured much less fre-
quently. In Hong Kong, over a one-year continuous RS program, the av-
erage measurements per individual vehicle were only 2.2 times (Huang
et al., 2020). This limits the use of remote sensing to estimate reliable
distance-specific emissions factors for individual vehicles and thereby
detecting high emitting vehicles present in the fleet. However, the re-
sults suggest that the method would be suited for larger vehicle groups
sharing common characteristics (e.g. euro standard, fuel type, make,
model, engine displacement, etc.) similarly to the concept of PEMS
test families defined in the RDE regulation for the on-road type-
approval of group of vehicles. Grouping remote-sensing measurements
in larger families of vehicles allow reaching a critical sample size with
less testing burden, as well as increasing fleet coverage, a point particu-
larly important for market surveillance, while isolating some of the
main causes of vehicles' emissions performance (Bernard et al., 2018).

5. Conclusions

This study shows that distance-specific NOyx emissions can be
estimated with a fair accuracy using RSD without measuring the ex-
haust flowrate. While RSD measurements only provided NOy to CO,
emissions ratios, applying the presented method allows a direct
comparison with emission limits expressed in gram per kilometer.
Based on subsamples of PEMS-test data, the analysis reveals that
30-300 remote-sensing measurements are required for estimating
NOyx emissions being sufficiently well in agreement with average
PEMS-test results for a given vehicle or group of vehicles.

For market surveillance, RSD remains a complement to PEMS, albeit
with some significant differences. RSD typically aggregates data from
multiple vehicles of similar characteristics which leads on the one
hand to a wide coverage of testing conditions (e.g. ambient tempera-
ture), but on the other hand to fewer measurements for individual vehi-
cles when compared to e.g. PEMS-tests. This drawback is balanced by
the cost and time efficiency of RSD, which makes it a suitable solution
to rapidly monitor in-use emissions of large vehicle fleets. RSD mea-
sures on-road emissions in a contactless manner, and is therefore diffi-
cult to detect by a vehicle, which reduces the risk of defeat devices
altering a vehicles' emissions in response to the awareness of being
tested. RSD is also well suited to complement periodical technical in-
spection of exhaust pollutants to help finding individual high emitters
based on few measurements, but only when compared to sufficiently
high cutpoints. In particular, RSD is used for detecting owner's tamper-
ing such as the use of after-treatment emulators, that otherwise could
have been removed or deactivated before a scheduled inspection. How-
ever, it remains essential to develop methods that can derive reliable
emission factors (e.g. grams of pollutant per kilometer) that work
with few measurements only.
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