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Abstract. We have used two methods for measuring emis-
sion factors (EFs) in real driving conditions on five cars in
a controlled environment: the stationary method, where the
investigated vehicle drives by the stationary measurement
platform and the composition of the plume is measured, and
the chasing method, where a mobile measurement platform
drives behind the investigated vehicle. We measured EFs of
black carbon and particle number concentration. The station-
ary method was tested for repeatability at different speeds
and on a slope. The chasing method was tested on a test
track and compared to the portable emission measurement
system. We further developed the data processing algorithm
for both methods, trying to improve consistency, determine
the plume duration, limit the background influence and facil-
itate automatic processing of measurements. The comparison
of emission factors determined by the two methods showed
good agreement. EFs of a single car measured with either
method have a specific distribution with a characteristic value
and a long tail of super emissions. Measuring EFs at different
speeds or slopes did not significantly influence the EFs of dif-
ferent cars; hence, we propose a new description of vehicle
emissions that is not related to kinematic or engine parame-
ters, and we rather describe the vehicle EF with a character-
istic value and a super emission tail.

1 Introduction

Regulation of particulate air pollution addresses the health
and climate effects of aerosolized matter (Ferrero et al., 2014;
Ramanathan and Feng, 2009; Pope et al., 2009). One of the
main sources of air pollution is traffic. To estimate the traf-
fic contribution to air pollution different methods can be used
(Perrone et al., 2013; Moroni et al., 2012; Kuhns et al., 2004).
The bottom-up approach attempts to calculate the emissions
from the vehicle fleet composition and vehicle emission fac-
tors (EFs); however, the difficulty of these methods lies in
the details of the different vehicle types used such as vehi-
cle types (cars, heavy and light duty), the maintenance of
engines, their use in different environments (city, highway,
regional roads) and weather conditions.

There have been many tests and statistical analyses per-
formed on different vehicles and driving parameters to in-
clude these variables to the highest possible degree. Franco
et al. (2013) summarized these in their review of EF devel-
opment. They define EF as different empirical functional re-
lations of emitted pollutants to the activity that causes them.
Most standardized and robust EFs were found to be produced
in laboratories using dynamometer tests with prescribed driv-
ing cycles. These tests can produce aggregated or bag results
with respect to mean speed or some other kinematic param-
eter (e.g., mean acceleration) of a driving cycle, or instanta-
neous emission data, where measured emissions values can
be related to recorded instantaneous kinematic or engine co-
variates (Perrone et al., 2014).
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The estimation of vehicle emissions increased in complex-
ity as emission regulations came into effect; before regula-
tion emissions were high and well correlated with vehicle
average speed, whereas after the introduction of newer and
more sophisticated engines and aftertreatment systems, ve-
hicle emission factors were no longer correlated to average
driving speed (Ntziachristos and Samaras, 2000) and the in-
stantaneous approach became more difficult to apply as well
(de Haan and Keller, 2004). Ajtay et al. (2005) and Weilen-
mann et al. (2001) found that the measured engine parame-
ters and emission measurements diverge as the exhaust gas
is transported through the car, sampling lines and analyzers,
resulting in up to a 15s delayed and broadened exhaust pa-
rameters. They found that further discrepancies arise from
incompatible time resolutions of emission and engine-related
measurements: the time characteristic for emission-related
parameters depends on the operation of the engine and is on
the order of magnitude of several tenths of a second, con-
trasting most emission-related measurements which operate
on a 1s time base.

In order to validate emission model predictions and to
compare their performance to actual vehicle emissions, so-
called real-world EF measurement techniques have been de-
veloped (Franco et al., 2013). These employ different tech-
niques for measuring numerous in-use vehicles in actual traf-
fic situations; for example, measurements were performed
on-road by employing remote-sensing, chasing or on-board
detection or in tunnels (some of the first such experiments
were of Hansen and Rosen, 1990; Bishop et al., 1996; Wein-
gartner et al., 1997).

The real-world methods have been described as less pre-
cise than the dynamometer studies because the tests are not
as repeatable as dynamometer ones due to absence of stan-
dard cycles and presence of additional source of variability,
such as environmental or traffic conditions, driver behavior
or highly transient operation (Franco et al., 2013). However,
we believe these measured EFs could be a beneficial addi-
tion to models, when they are properly incorporated with
real-world emission measurements of a large number of ran-
dom in-use vehicles resulting in a proper representation of
the whole vehicle fleet emissions.

Black carbon (BC) and particle number concentrations
(PNs) show direct or indirect health and climate effects (e.g.,
Bond et al., 2013; Janssen et al., 2011; Vinzents et al., 2005,
and references therein). Legislation, however, limits the par-
ticle mass concentration (PM) both at the sources of emis-
sions, e.g., with vehicle emission standards and in ambient
concentrations (2008/50/EC, 2008).

European emission standards for passenger cars nominally
referred to as Euro 1 to Euro 6 were first introduced in 1991
in the Directive 91/441/EEC. At that time regulations applied
only to emissions of CO, hydrocarbons and NOy for gasoline
cars, and additionally PM for diesel cars. Since then, the al-
lowed emission levels of each regulated pollutant have been
gradually decreased, and more pollutants have been intro-
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duced into the regulations. For the Euro 3 stage (Directive
98/69/EC, 1998), NOy levels were prescribed for both gaso-
line and diesel cars, and total hydrocarbons emission levels
were introduced for gasoline cars only. With Euro 5 (Direc-
tive 715/2007/EC, 2007) additional non-methane hydrocar-
bons and PM levels were set for gasoline cars and PNs for
both gasoline and diesel cars were declared to be set no later
than upon entry into force of Euro 6 regulations. The emis-
sion limits were determined by considering the best available
or predicted technology. Only new vehicles that are to be sold
in the European market are tested for compliancy. The direc-
tive allows for a transitional period for manufacturers, where
they can choose under which directive they want their vehi-
cles approved. Euro emission standards do not apply to vehi-
cles that are already in use.

Here a comparison of two methods for measuring the real-
world BC and PN EFs of a single vehicle is presented. The
first method is the stationary method, where EFs are calcu-
lated from the instantaneous rise of pollutants when a vehi-
cle passes the measuring station (Hansen and Rosen, 1990;
Ban-Weis et al., 2009; Dallmann et al., 2011); the second
method is the chasing method, where vehicle emissions are
measured by driving a mobile station behind the measured
vehicle on the road (Wang et al., 2011, 2012). Both methods
assume equal dilution of all emitted pollutants and use the
carbon balance equation to calculate the EF as the pollutant
mass per kilogram fuel consumed. Assuming complete com-
bustion of fuel, where almost all carbon in fuel is oxidized to
CO7 (Hansen et al., 1990; Ban-Weis et al., 2009; Dallmann
et al., 2011), the fuel consumption can be estimated by mea-
suring the CO2 emissions. Wang et al. (2011) also considered
CO, unburned hydrocarbons and soot to obtain a more accu-
rate EF; however, it has been demonstrated by Dallmann et
al. (2011) that omitting these from the calculation yields only
a 5% positive bias in calculated EFs.

When considering vehicle emissions, the EFs are most of-
ten reported in mass of pollutant per kilometer driven, where
measured emissions are related to the distance the vehicle
traveled. This type of reporting is used for the determina-
tion of the compliance of new vehicles with the European
emission standards and in emission modeling. The on-road
methods measure the EF as a mass of pollutant emitted per
mass of fuel consumed. The relation of the EF in pollutant
per kilometer to EF in pollutant per kilogram fuel consumed
can be done by estimating fuel consumption and fuel density.

To improve the knowledge on real-world EFs, we applied
these methods, so far used on heavy-duty vehicles and pre-
Euro one passenger cars (91/441/EEC, 1991) (Hansen and
Rosen, 1990; Ban-Weis et al., 2009; Dallmann et al., 2011;
Wang et al., 2011, 2012), to passenger cars in use in the Eu-
ropean Union today. These have smaller fuel consumption
and thus emit less CO,. We compared the two methods in
controlled conditions on a training track using different driv-
ing scenarios, to see how these real-world EFs are affected
by vehicle speed, position of the measurement station and
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dynamics of the terrain. We further developed the two meth-
ods: the stationary method to improve detection of the plume
beginning, and the chasing method to obtain the time evolu-
tion of the EF.

While measuring emissions of a vehicle by chasing it on a
road, the dilution changes with vehicle shape, tailpipe posi-
tion, the chasing distance, speed and changing of the chased
vehicle exhaust flow (Chang et al., 2009; Vogt et al., 2003).
To investigate the effect of these parameters during the de-
termination of the EFs by chasing, and to further explain the
results of the running integration calculation, we applied the
chasing method to a vehicle equipped with portable emis-
sion measurement system (PEMS), which has shown to be
well correlated with dynamometer measurements (Weiss et
al., 2011).

2 Experimental setup

Experiments were conducted on two test circuits: the train-
ing track of the Slovenian national automobile and motorcy-
cle association and the Italian Monza racing circuit. On the
Slovenian track both chasing and stationary measurements
(Sect. 2.1) were conducted on five in-use cars, while on the
Italian circuit the chasing measurements were conducted on
a vehicle that was equipped with PEMS (Sect. 2.2).

2.1 Chasing vs. stationary measurements

This part of the experiment was conducted on the training
track of the Slovenian national automobile and motorcycle
association on 23 December 2011. The track is a 1.3 km long
circuit with two sharp turns and a slope (3% grade). Along
the track two measuring sites for the stationary method have
been set up: one on the flat part of the road and one on
the slope. In the stationary part of the experiment each car
passed both stations in three different scenarios: with a con-
stant speed of both 50 and 90 km h—1, and while accelerating
from a stationary position about 10 m in front of the station.
Each scenario was repeated five times. The second part of the
experiment consisted of chasing a car with our mobile mea-
suring station, making five laps on the training track circuit.

Both the chasing method (Wang et al., 2011) and the sta-
tionary method (Hansen and Rosen, 1990) were applied mea-
suring the exhaust of five different passenger cars, properties
of which are summarized in Table 1. Three cars had a com-
pression ignition engine (diesel) and were compliant with
Euro 3 emission standard (98/69/EC, 1998) with production
years 2000, 2002 and 2004, and two cars were compliant
with Euro 5 standard (715/2007/EC, 2007), of which one
had a compression (diesel) and the other spark ignition en-
gine (gasoline). The vehicles are henceforth referred to with
abbreviations D3-00, D3-02, D3-04, D5-10 and G5-11. The
classification of the abbreviations is as follows: D (G) de-
notes the vehicle was powered by diesel (gasoline) fuel, 3 (5)
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is the Euro 3 (Euro 5) standard to which the vehicle complied
to and the last two numbers denote the car’s production year.
The Euro 3 cars were driven by their respective owners, the
Euro 5 cars were driven by a professional driver who also
drove the D3-02.

This part of the study was designed (a) to test the applica-
bility and the reproducibility of the two measurement meth-
ods on personal vehicles (cars), (b) to see if EFs measured
with the stationary technique would be higher or more re-
peatable on the slope where we would expect a more con-
stant engine load, (c) to see the possible difference in EFs
during stationary measurements having vehicles pass at two
different speeds and while accelerating and (d) to compare
the results of the two methods.

2.2 Chasing vs. tailpipe measurements

This part of the experiment was performed in Monza (ltaly)
on part of the Monza race track on 24 May 2012. The part of
the track where we conducted measurements is flat and ap-
proximately 700 m long. In one chase the driver of the tested
vehicle equipped with PEMS was instructed to steadily ac-
celerate and shift up to the fourth gear, then reduce speed,
make a sharp U-turn and return to the starting position at the
end of which the mobile measurement station lagged behind
the chased vehicle. This was repeated three times. The chased
vehicle in this experiment was a Euro 3 (directive 2001/1/CE;
see ref. 98/69/CE, 1998) diesel van equipped with PEMS.
This experiment was set up so we could better understand
the results of the chasing approach.

2.3 Instrumentation

Instruments used for stationary measurements on the flat part
of the training track were the Dekati Electrical Low Pressure
Impactor (ELPI+) for measuring PNs and number size dis-
tributions, an Aethalometer prototype AE33 (prototype ver.
P10, made by Aerosol d.0.0.) for BC measurements, which
was equipped with a cyclone inlet (aerodynamic diameter
cutoff at 1.7 um) to eliminate measuring re-suspended parti-
cles and a Vaisala flow-through Carbocap GMP343 for mea-
suring CO; concentrations. These instruments operated with
10, 7 and 7 L min~1 flows, respectively. Sampling inlets were
positioned next to the road about 10 cm from the ground.

Stationary measurements on the sloped part of the track
and chasing measurements were performed with the mobile
measurement platform, which was a small van equipped with
a TSI Fast Mobility Particle Seizer (FMPS) for PN measure-
ments and number size distributions, a second Aethalome-
ter AE33 and another Carbocap GMP343. These instruments
also operated with 10, 7 and 7 L min~? flows, respectively.
The inlets of the mobile station were attached under the back
door window on the right-hand side of the station. All equip-
ment in the mobile station was powered by three 100 Ah bat-
teries.
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Table 1. Tested vehicle summary (D3-00 stands for Diesel powered Euro 3 compliant, made in 2000; G5-11 stands for Gasoline powered

Euro 5 compliant, made in 2011).

Max
engine Year of Approx.  Compliant
Fuel Engine  power first kilometers Euro After
Vehicle type size (L) (kW)  registration driven  standard  treatment
D3-00  diesel 1.9 85 2000 150000 Euro 3 catalytic reduction (cat)
D3-02  diesel 1.9 81 2002 300000 Euro 3 cat
D3-04  diesel 2.0 66 2005 75000 Euro 3 cat
D5-10  diesel 2.2 110 2010 10000 Euro 5 cat + particle filter
G5-11  gasoline 1.2 77 2011 10000 Euro 5 cat

All instruments were operated with 1s time resolution
with the exception of Carbocap GMP343 which needs 2s to
perform each measure.

All sampling lines were kept as short as possible (no
longer than 2.5m). Isokinetic sampling was not attempted
as it had a negligible effect on our measurements (Wang et
al., 2011; Baron and Willeke, 2001).

As in the experimental protocol the PN was measured us-
ing two different measuring systems: the total PNs measured
by ELPI+ and the FMPS were compared before the field
activity. The instruments were running overnight measur-
ing ambient concentrations. These showed good correlation
R?=0.91, but because the slope was 8.15 and the intercept
—6630.9 we adjusted the ELPI1+ data. After the adjustment
was made, the responses of instruments on the test night were
the same, and on the day of the training, track measurements
the two showed similar background concentrations.

The data from the two aethalometers were compensated
off-line for loading effects using the compensation algorithm
also implemented online in the Aethalometer AE33 (Dri-
novec et al., 2014). After the compensation was applied, the
data from the two aethalometers used in the training track
experiment featured the regression slope 0.93 and intercept
0, with R =0.99. The two CO; probes also correlated well:
R?=0.99, slope 0.88 and intercept 0.

In the Monza test the chased vehicle was equipped with
a PEMS (Weiss et al., 2011), which consists of gaseous, ex-
haust gas analyzers (CO,, CO, THC and NOy), an exhaust
flow meter (EFM), a global positioning system (GPS) and a
weather station. The mobile platform had an Aethalometer
AE33 (ver. P20) equipped with a cyclone inlet (aerodynamic
diameter cutoff at 1.7 um) for the BC measurements, and
flow-through Carbocap GMP343 sensor for the CO, mea-
surements, which was powered with one 100 Ah battery. The
sampling line was again shorter than 2.5m; the inlet was
mounted on the right-hand side external mirror.
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3 Emission factor calculations and data processing

We calculated the EFs using the carbon balance method
(Hansen and Rosen, 1990):

J
f(Pj — Pl')dl‘
EF=— : - W, 1)
f(COQj — COzi)dl
i

where we represents the carbon fraction of fuel and was set
to 0.861 for diesel and 0.864 for gasoline (Huss et al., 2013);
P in the equation represents the pollutant, either PN or BC
in number of particles per cm3 and ng per m?, respectively;
concentration of CO is in units of mgCm~2; and the sub-
scripts i and j denote the time of the beginning and the end
of the measured plume, respectively.

In stationary measurements, rapid concentration increases
following each pass of the measured vehicle were measured.
We included all peaks where the pollutant increase was
higher than 3 standard deviations of the background concen-
trations. For each successful plume capture, the background
concentrations were calculated as an average of 20s before
the inflection point. This point marked the beginning of the
plume. The end of the plume was set to the time when the
pollutant concentration time derivative reaches the minimum
(Fig. 1). The data were smoothed with a 5s running aver-
age and the time derivative calculated from three measure-
ment points previous to the time of the calculated derivative.
Our integrated peaks lasted around 10-20's, similar to plume
durations previously reported by Ban-Weis et al. (2009) and
Dallmann et al. (2011). We determined the beginning and the
end of the plume from BC measurements rather than from
the CO, peak (Ban-Weis et al., 2009). We found that per-
forming the same integration analysis on all of the pollutants
produced more consistent results. We noticed (similarly to
Dallmann et al., 2011) that there was a difference in the re-
sponse time of the instruments used.

During chasing measurements, dynamic time-resolved
pollutant concentrations in the plume of the investigated ve-
hicle were measured: an example measured during one lap
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Figure 1. Examples of three consecutive stationary plume measure-
ments. Marked with black dots and drop lines are the beginning and
the end of each plume. The calculated slope (k) of each pollutant
which was used to determine the end of the plume is plotted in red.

on the Slovenian track is reported in Fig. 2. The EFs were
calculated and compared using two approaches. In the first,
we subtracted the background concentrations and then per-
formed running integration with a 10 s time window to obtain
a time-resolved EF. The second approach was bulk plume in-
tegration performed according to Wang et al. (2011), who
integrated each measured pollutant from the beginning to the
end of the chase.

For the chasing method it was most important to find the
correct background for CO,, because the determination of
the background influences the accuracy of the EF— as Wang
et al. (2011) reported, changing the CO, background for 2 %
changed the calculated EF for up to 40 % (only up to 5% for
changing BC or PN baseline). Thus, we analyzed the back-
ground and its influence on our calculations and, as reported
in Sect. 4.2.2, we found a smaller variation of the EF due to
the change of the CO, background using the EF determina-
tion. For each car chase we subtracted the background which
we set as a linear trend between the 20 s average of data we
measured before and after the chase period when no car emis-
sions were measured. The background did not change much
in this period (Fig. 2), but we expect that during real-life on-
road measurements, where spatial concentrations may vary
more than they did in the controlled conditions of the train-
ing track, the background might change and hence the need
for the linear approximation of the background during the
chasing period. To describe the background variation we cal-
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Figure 2. An example of chasing plume measurements (black solid
line). Background (bg), background + and — and 2 standard devia-
tions of background are shown in grey solid, dashed and dash-dotted
line, respectively.

culated the standard deviation of the background from the
measurements before the chase. In all, 2 standard deviations
covered at least 90 % of the variation. We added and sub-
tracted 2 standard deviations from the background to deter-
mine the influence of background variation on the calculated
EFs; results are discussed in Sect. 4.2.2.

4 Results and discussion

Results from the experimental campaign are reported and or-
ganized as follows: results from both the stationary and chas-
ing methods are discussed in Sects. 4.1 and 4.2, respectively,
while a comparison between the two approaches is reported
in Sect. 4.3.

4.1 Stationary measurements

The first interest of this research was to see if this method was
applicable on today’s in-use cars that have smaller fuel con-
sumption and therefore emit less CO5 than trucks, busses and
pre-Euro cars, on which this method was so far used (e.g.,
Ban-Weis et al., 2009; Hansen and Rosen, 1990). To calcu-
late an EF according to Eq. (1), we first need a valid measure-
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Table 2. Summarized emission factors (EFs) of individual vehicles
for (a) black carbon (BC) and (b) particle number (PN).

(8) EFBC[gkg™] D3-00 D3-02 D3-04 D5-10 G5-11
Average 131 1.33 2.68 / 0.09
Median 0.94 1.38 2.57 0.13 0.06
Min 0.24 0.61 0.81 / 0.03
Max 4.82 2.30 6.49 / 0.18
Count 20 23 20 1 3

(b) PNEF[10#kg~!] D3-00 D3-02 D3-04 D5-10 G5-11

AVERAGE 5.88 3.19 4.08 151 0.40
Median 4.72 2.63 3.97 9.05 0.40
Min 1.19 1.25 1.83 8.21 0.17
Max 18.7 8.12 6.15 28.0 0.71
Count 24 27 22 3 12

ment of CO,. The capture of increased CO, concentrations
in this experiment was high, and out of the 150 vehicle passes
of the measurement stations we managed to measure 125
CO, peaks. This meant we could detect fuel consumption of
most vehicles passing the measuring site. We failed to detect
the CO; transient increase 13 times during 90 km h—1 passes
and 12 times during 50 kmh~1 passes of different vehicles.
Considering results of the chasing experiment performed in
Monza (see Sect. 4.2.3), we could attribute this to a probable
combination of low-mass exhaust flow rate, high speed and
consequently higher dilution rate.

To calculate an EF an increase of pollutant is also required,
i.e., in this study either a BC or PN. Both Euro 5 vehicles
had a small number of calculated EFs, due to the absence
of BC and PN peaks. The few BC EFs of the Euro 5 vehi-
cles that were measured were at least 10 times smaller than
BC EFs of the Euro 3 vehicles. We could measure more PN
EFs of the two Euro 5 vehicles (15 in total), of which D5-10
had the highest PN EF of all vehicles measured with station-
ary method, even though its total number of PN EFs was the
smallest (we could calculate only three). The low values of
the BC EFs for both Euro 5 vehicles indicate improved tech-
nology in lowering soot emissions. The infrequent high PN
emissions may be due to nucleation of the exhaust vapors af-
ter being emitted in the ambient environment, which in the
presence of soot nucleation would be suppressed (Kittelson,
1998).

In total, 88 and 67 PN and BC EF, respectively, were cal-
culated; during nine passes the Aethalometer advanced the
tape and no BC measurements were taken. Table 2 summa-
rizes EFs for individual cars in terms of average, median,
minimum, maximum and the count of the obtained EFs.

The average values and the span of the three Euro 3 dif-
fered for both BC and PN EFs (Table 2). The highest BC
emitter was D3-04, whose average EF was twice as high as
D3-00, which had the lowest BC EF of the three Euro 3 cars.
D3-04 also had the highest minimum and maximum BC EF
of the three. The results are different for PN EF, where the
highest emitter turned out to be D3-00. We will further ad-
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Figure 3. Stationary measurements of BC and PN emission factors
for measurements performed on a slope and flat road (a and b); and
at different speeds of passing cars (c and d). Values marked are the
minimum and maximum (=), 25th and 75th percentile (lower and
upper box lines), median (middle box line), and mean (OJ). Black
dots represent the actual data points.

dress the differences in vehicles and also BC vs. PN EFs in
comparison to the chasing method results in Sect. 4.3.2.

Position of the measuring station on a slope or flat road
did not show significant changes in measured PN EFs, where
the average on the slope was 4.41 and 3.97 x 10°#kg~! on
the flat road (Fig. 3). The median did not change for PN EF
(3.03 and 3.22 x 101 #kg~! on the slope and flat road mea-
surements, respectively). The average of BC EFs measured
on the slope was 1.78gkg~! and on flat road 1.52gkg~!;
the median BC EF values were higher (1.56 g kg~1) on slope
as they were on the flat road (1.01 gkg~!). Both BC and PN
EFs feature tails toward the larger EF values. We also notice
that we were more successful in measurements on the flat
road where we measured nine CO; peaks more than on the
slope. This could be due to the position of the inlets — on the
flat part of the track they were closer to the exhaust pipes of
the passing cars, whereas on the slope measurements the in-
lets were mounted on the side of the mobile station, further
away from the exhaust.

Vehicle passes of the measuring site with different
speed regimes produced similar spans for all vehicles
for both PN and BC EFs (Fig. 3c and d). Median PN
EF values were similar for 50 and 90kmh~! passes,
i.e., 3.74 and 3.34 x 10 #kg~1, respectively, and slightly
lower for the acceleration regime where the median was
2.60 x 101°#kg~!. Median BC EFs were 1.30, 0.99 and
1.59gkg™* for driving regimes 50, 90 kmh~1 and acceler-
ating, respectively; furthermore, the span of EFs was similar
for all conditions.

These measurements show that a single stationary mea-
surement is not necessarily the representative EF of that par-
ticular vehicle, and that we can produce similar fleet PNs
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Table 3. Summarized results of the chasing measurements. BC (a) and PN EF (b) are reported as the average, median, minimum and
maximum of the running integration method and the result of bulk integration. In column headers EF, EF—, and EF+ denote the subtracted
background used for the calculation of the EFs. For background influence analysis we first subtracted the linear fit of average background
values measured before and after the chase (EF) then we tested it by subtracting (EF—) or adding (EF+) 2 standard deviations to the
background value. The median EFs for each car are denoted in bold for clarity.

(@ BC EF D3-00 D3-02 D3-04 D5-10 G5-11
lokg™1] EF- EF EF+ EF- EF EF+ EF— EF EF+ EF- EF  EF+ EF— EF  EF+
Running I.  Average 096 135 249 175 305 411 188 257 399 024 026 038 021 032 028
Median 089 113 148 156 222 302 190 248 323 018 017 014 014 013  0.09
Min 025 032 033 050 052 040 003 0003 053 0.02 0.003 0.0001 001 00003 0.0003
Max 242 114 560 924 731 666 506 698 395 155 187 199 119 579 356
Bulk Int. 089 111 146 168 226 322 322 232 294 016 011  0.06 013 011 008

(b) PN EF D3-00 D3-02 D3-04 D5-10 G5-11
[10%#kg~1] EF- EF EF+ EF—- EF EF+ EF— EF EF+ EF— EF  EF+ EF— EF  EF+
Running I.  Average 368 535 101 6.66 262 122 523 739 116 295 377 624 056 095 124
Median 318 390 501 427 562 7.00 470 607 782 036 046 061 044 055 063
Min 031 078 0.90 017 176 239 0.002 0.0005 0.92 002 0009  0.01 006 006  0.08
Max 161 653 229 107 2371 167 163 325 156 770 100 144 363 108 162
Bulk Int. 315 407 552 476 659 9.67 470 585 753 253 304  3.80 045 055 071

and BC EF distributions, regardless of the speed regime or
slope on which the measurement station would be positioned.
This suggests that a large number of measurements should be
taken to describe a representative fleet (like in Carslaw and
Rhys-Tyler, 2013, for gaseous emissions), which should be
possible using the stationary method.

In this respect, to assess the reliability and applicability of
the stationary method, a comparison with the chasing method
was done and it is reported in Sect. 4.3. Moreover, the same
chasing method was in turn validated through PEMS mea-
surements (Sect. 4.2.3).

4.2 Chasing measurements
4.2.1 Chasing emission factors

Chasing results are summarized for each car in Table 3 where
we report the average, median, minimum and maximum of
the 105 running integration technique, and the bulk EFs cal-
culated as an integral of the entire 5-6 min chasing run. In
the same table we also report the influence of the determined
background on the calculated EF, which we will elaborate on
further in Sect. 4.2.2. We obtained almost the same values in
bulk integration and median of the running integration for all
vehicles (Table 3, EF columns for each car). This shows con-
sistency between the two data processing methods, with the
running integration providing the time evolution of the EF.
Because we omitted parts of data when values fell below
the set background, the analysis turned out to be more diffi-
cult for the two Euro 5 vehicles. In these two cases we had
not only a low signal-to-noise ratio for the CO, but also low
signals of BC and PN. D5-10 again had a single super emis-
sion peak of PN which lasted for almost the entire first lap
of the chase; thus, the PN EF running integration maximum
is high (100 x 10% #kg~1). G5-11 emitted elevated particle
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concentrations throughout the chase but there was very lit-
tle emitted BC. The calculated medians of both BC and PN
EFs are low for the two technically advanced vehicles, about
an order of magnitude smaller than median EFs of Euro 3
vehicles.

In a different approach, Herndon et al. (2005) calculated
the emission ratio in a chasing campaign from a regression
line between the measured species and CO», assuming that
31609 of CO, is produced from 1 kg of fuel burned, which
roughly translates to w; = 0.85 fraction of carbon in fuel.
This works well if spans of both the pollutant and CO» are
large: Herndon et al. (2005) report a CO> span of 50 ppm and
NOy span of 500 ppb. In Shorter et al. (2005) the span of CO,
is from 400 to 2000 ppm, for NO from 0 to 15000 ppb, and
for NO, from 0 to 150 ppb. In our case the measured spans
were lower than both these examples, especially for the two
Euro 5 vehicles and calculating a regression line is thus not
applicable.

4.2.2 Influence of background determination

To analyze the sensitivity of EFs to the determination of the
background, we calculated the EFs with three different back-
ground levels. First the background was set by calculating
the linear trend between the 20 s average before and after the
chase. Background variability was described with 2 standard
deviations of the 20 s data before the chase, which covered
at least 90 % of background variability. This value was then
added to/subtracted from the background linear trend. In Ta-
ble 3 the EFs calculated from background with 2 standard de-
viations added or subtracted are marked with EF+ and EF—,
respectively. Median values of BC EFs are again very con-
sistent with the bulk integration values using the same back-
ground. The background changes affected both the median
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of the time-resolved measurements and the bulk integration
result, for about —24/4-26 %. The changes had a bigger in-
fluence on the maximum EF values. PN EF did not match as
well for the EF+ median but other than that the results were
again similar for bulk and median of the running integration.
Again we had tails of super emission, here even more pro-
nounced than for BC EF.

The advantage of the running integration method is that
with it we can obtain an EF distribution. In both BC and
PN EFs the distributions are best described with the median
value, which has shown to be most characteristic for the ve-
hicle; however, the seldom high emission peaks should not
be completely overlooked as their contribution to total emis-
sions could be large. Our method may have difficulties in pre-
cisely determining the maximum value of the EF in the super
emission tail, which can also depend on a specific engine op-
eration state that could or could not have been reproduced in
the five lap chase.

4.2.3 Influence of dilution on chasing CO»
measurements

The chasing method was further evaluated using tailpipe
measurements of CO, by PEMS. In this test we wanted to
see how mobile measurements match direct in-exhaust mea-
surements of the chased vehicle emissions. From these mea-
surements we calculated the dilution rate (DR) as a ratio of
the CO, measured by PEMS and by the chasing instrument
(Chang et al., 2009) results are presented in Fig. 4. Our cal-
culated DR values range from about 100, when we were in
closer proximity of the chased vehicle and the speed of both
vehicles was smaller, to the maximum value of about 72 000
when both emitted CO, and the exhaust mass flow rate drop.
This occurred at the end of the track where we had to slow
down to make a sharp U-turn. Excluding this period the max-
imum DR value was 8943 and the median 1077. This is sim-
ilar to the measurements of Vogt et al. (2003), where they
reported dilution factors, measured at an approximately con-
stant 14, 50 and 100 m distance from a diesel car going 50—
100 kmh~1, ranging from 926 to 9300.

The dilution does not affect the calculated BC EF, as we
can see from Fig. 4. The BC EF is the highest just before
the highest cruising speed is reached; the dilution ratio is the
highest when the exhaust mass flow rate drops. This is con-
sistent with the findings of Chang et al. (2009), who reported
that the dilution ratio depends not only on speed but also on
exhaust flow rate and other parameters that are more impor-
tant in near-wake region. Omitted parts when CO3 drops be-
low the background overlap with parts when there is little to
no CO, emitted from the exhaust pipe; thus, the measured
concentrations do not reach above the background level.
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Figure 4. Tailpipe measurements performed with portable emission
measurement system (PEMS) are ground speed (shaded grey) and
exhaust mass flow rate (black) — top; and CO, (blue) — middle. Also
in the middle plot are CO, and BC measured with mobile station in
red and blue, respectively. Calculated dilution ratio (DR) in black
and BC EF in green — bottom. BC EF does not show any significant
dependence on DR. Note the log scales for DR and EF.

4.3 Comparing emission factors determined with
different methods

4.3.1 Stationary and chasing emission factors

Another objective of this study was to compare the results of
the chasing and the stationary methods. We plotted together
the EFs of both methods for individual vehicles in Fig. 5 be-
cause the median values of the chasing method overlapped
so well with the bulk integration, we omitted the latter from
the plot. Figure 5 shows box plots for each car D3-00, D3-02,
D3-04, D5-10 and G5-11; letters C and S mark the chasing
and stationary method, respectively. Grey dots represent the
actual data points: there is a big difference in the measure-
ment counts for both methods, i.e., chasing method consists
of about 600 points, and the stationary measurements feature
only about 20 for Euro 3 vehicles and a very scarce number
of EFs for the two Euro 5 vehicles.

We can see very good agreement between the BC EF of
D3-00 and D3-04, due to not only the median values that are
very close but also the tails of both methods match (see also
Tables 2 and 3). Here we can also see that the tails of the
chasing method have only a few points that are high enough
to skew the distributions this is even more pronounced with
PN EFs. The D3-02 stationary EFs are systematically lower
than the chasing results. We believe this was because the D3-
02 driver was a professional driver who could produce the
most repeatable stationary results, whereas for the chasing
measurement we could capture the whole emission range of
the vehicle. For real-world measurements we would not ex-
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Figure 5. Black carbon (a) and particle number emission factor dis-
tributions (b) for each car measured with chasing (C) and station-
ary (S) method. Marked values represented are the minimum and
maximum (=), 1st and 99th percentile (x), 5th and 95th percentile
(whiskers), 25th and 75th percentile (bottom and upper box lines),
median (middle box line) and mean (CJ). Grey dots represent the
actual data points. The Euro 3 emission standard recalculated from
particle mass to BC, assuming consumption of 6 L (100 km)~ and
48 % BC content in PM is shown with dashed line in (a).

pect the professional driver’s driving to be representative, as
most drivers are not professionals. Also a larger number of
stationary measurements may show a distribution closer to
the chasing measurements. PN EFs of the two methods match
well only for the D3-00; the other two vehicles PN EFs were
much higher compared with the chasing method than those
measured with the stationary method.

Comparing the EFs determined in this study to those
in previous studies, we see that PN EFs and BC EFs
determined here are similar to the arithmetic mean PN
(4.7 x 10 #kg~1) and BC (1.7 gkg™!) EFs of Ban-Weiss
et al. (2009). Hudda et al. (2013) reported lower median
PN EFs for light-duty gasoline vehicles (0.43 x 10%° #kg~1)
and similar values for heavy-duty diesel vehicles (4.2 or
5.2 x 101 #kg~1). The BC EF (0.07 gkg~1) from these pre-
vious studies for light-duty gasoline vehicles is similar to
our stationary measurement median of the gasoline car, but
lower than the chasing median. The heavy-duty diesel BC
EFs (0.41 and 1.33gkg~1) from these previous studies re-
semble our D3-00 cars’ median and minimum; at the same
time the values from previous studies lie at about the half of
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Figure 6. Particle number emission factors (PN EF) versus black
carbon emission factors (BC EF) measured at the same vehicle
drive-by. Empty symbols represent measurements with the station-
ary method; full shapes denote the median of EFs measured with
the chasing method. G5-11 and D5-10 overlap and thus the latter is
not visible.

the medians of the other two Euro 3 cars we measured. BC
EFs similar to those of Hudda et al. (2013) were previously
reported by Wang et al. (2012) for their truck fleet (1.1 and
0.4gkg~? for trucks registered in Chongging and Beijing,
respectively, the latter being subdue to more strict regulation
of fuel quality), and by Dallmann et al. (2011), who also ob-
served a decrease in average BC EFs (1.07 and 0.49 g kg™—1)
on their measured truck fleet after a more stringent emission
legislation was enforced at the Port of Oakland, California,
USA.

4.3.2 Particle number and black carbon emission
factors

Comparing PN EF and BC EF that were calculated from the
same vehicle drive-by (Fig. 6), we see that the highest PN
EF and the highest BC EF do not coincide. This was also
observed by Ban-Weis et al. (2009) on their ~ 300-vehicle
fleet. In our study, D5-10 produced the highest stationary
PN EF, D3-04 the highest BC EF, D3-02 stationary EFs lie
between these two and D3-00 features both a high PN EF
and BC EF, occurring at different vehicle passes. This is in-
line with the theory that the soot particles inhibit formation
of nucleation particles in the exhaust (Kittelson, 1998). The
median of chasing EFs calculated with running the integra-
tion method is also marked in Fig. 6 for comparison; they all
match well with the stationary measurements.

To further explain the difference between PN and BC EF
behavior, we segregated the PN EF into three size bins and
calculated their individual EFs, using the running integration
approach. Besides the total PN EF we now calculate the PN
EF for three aerodynamic particle diameter segments: less
than 50, 50 to 200nm and larger than 200 nm. We can see
from Fig. 7 that the PN EF from the 50 to 200 nm range coin-
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Figure 7. A sample of chasing emission factors for black carbon
(BC) and particle number (PN) for different size fractions for D3-
02: BC (black), total PN (red), PN of particles smaller than 50 nm
(blue), PN of particles from 50 to 200 nm (orange) and PN of parti-
cles larger than 200 nm (grey).

cides well with the BC EF. The PN EF from the 50 to 200 nm
range is in this case very small compared to the EF of par-
ticles smaller than 50 nm. These dominated in parts of the
D3-02 plume, e.g., one lap example of this vehicle in Fig. 7.
We found similar super emissions of particles smaller than
50 nm in the D5-10 plume. We can see in Fig. 7 that from
30 to 705 total PN EFs followed BC EFs; these findings are
consistent and complementary to our stationary observations
in Fig. 6, where PN EFs and BC EFs did not overlap because
the constituents of the exhaust changed with driving dynam-
ics; similar results were reported in Sharma et al. (2005).

4.3.3 Black carbon emission factors measured in real
driving conditions, emission standards and
laboratory measurements

We wanted to know if our Euro 3 vehicles are still compli-
ant with their legislative standard and how our real-world
driving approximation matches the legislative one; therefore,
we recalculated the Euro 3 emission standard from PM in
[gkm~1] to a BC EF in [gkg~1], assuming there is 47.6 %
of elemental carbon (which we equate with BC in this par-
ticular campaign) in emitted diesel particulate mass (Landis
et al., 2007, similar in Sharma et al., 2005), fuel density at
0.832kg L1 (mean of limit values of EN 1SO 3675 and EN
ISO 12185) and fuel consumption of 6 or 8L (100 km)~1.
Car owners of the three Euro 3 cars reported that their cars
consume 7-9, 5-6 and around 8 L (100 km)~* for D3-00, D3-
02 and D3-04, respectively. We did not use the lower limits as
they applied for highway driving, which was not the case in
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our experiment. By the recalculation, a Euro 3 compliant car
with 6 or 8L (100 km)~* fuel consumption could emit 0.48
or 0.36 g BC per kg fuel; therefore, we marked the limit line
of 6 L (100 km)~—! consumption in Fig. 5a. From these calcu-
lations the median BC EF determined by stationary measure-
ments of all Euro 3 cars is not expected to be compliant with
legislation, nor is the median chasing BC EF. The most prob-
able cause of difference is the difference between the driving
regime used here and the one in emission standard testing.
In our case we had a track with slope and curves, while in
the European emission standards the new European driving
cycle is used where the changes in speed are gradual. Future
emission standards should also address these super emission
peaks, which may substantially contribute to total emissions.

BC EFs for a Euro 5 gasoline and a Euro 3 diesel car
were recently measured in laboratory experiments by Platt et
al. (2013) and Chirico et al. (2010). Platt et al. (2013) mea-
sured emissions of a single gasoline Euro 5 vehicle on a dy-
namometer using the new European driving cycle and report
a BC EF of 0.02gkg~L. Chirico et al. (2010) measured BC
EFs of three in-use cars with different aftertreatment devices.
Most of their presented measurements are performed with
the engine in idle mode, where BC EFs range from 0.466 to
0.763gkg ! fuel; one car was also measured at the speed
of 60 km h~1 with a reported BC EF of 0.512gkg~1. These
numbers are lower than the median EF values determined in
our on-road measurements but still within the measurement
range reported here (see Tables 2 and 3).

5 Conclusions

Measuring vehicle EFs in real driving condition can bring
further understanding of the actual fleet emissions. It can be
a cost-effective way to monitor fleet emissions by measuring
a large number of vehicles and to check if measures taken to
reduce emissions were effective. We further developed two
such methods and tested them in a controlled environment.
We measured EFs of two parameters: the particle number
concentration (PN) and black carbon (BC), both being recog-
nized as closely related to deleterious health effects of partic-
ulate air pollution than the currently used legislative particle
trait — their mass (PM) (e.g., Janssen et al., 2011; Vinzents et
al., 2005, and references therein).

We have shown that the stationary and the chasing meth-
ods yield similar EFs and can thus be complementary. Both
showed that a single stationary measurement of one vehicle,
or the bulk EF of one chase, may not be representative of
the vehicles EF span. Both methods showed how the emis-
sions of a single vehicle changed with the driving conditions
and further indicated that using a single number as a repre-
sentation of that vehicle EF might not be appropriate; rather
the distribution of that vehicles EF should be considered,
where a single vehicle EF distribution has the most consis-
tent number of measurements around the median value and
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is accompanied by a tail of super emissions. These emission
peaks may be similar to what Ajtay et al. (2005) found in
their dynamometer study; and to NOy emissions of differ-
ent driving cycles reported in the Franco et al. (2013) review
of EF development. We found vehicle-specific EF distribu-
tion for each of the investigated cars. In the stationary mea-
surements D3-00 and D3-02 have similar average BC EF, but
their distributions are different — D3-00 median is lower and
tail longer than D3-02. We found that measuring at different
speeds or on different slope does not increase the EF (sim-
ilarly to Ban-Weis et al., 2009). Measuring during acceler-
ation and in close proximity of the exhaust pipe improves
the measurement collection efficiency. This knowledge on
EF distributions could be beneficial, if included in models
of traffic emissions.

With tailpipe measurements, we calculated the dilution ra-
tio of CO> in the plume of the chased vehicle between the
exhaust and the mobile measurement station. We found that
the EF does not change with the dilution ratio; it is however
sensitive to low exhaust CO, concentrations of the chased
vehicle. If there is no CO, emitted from the chased vehicle,
none can be measured and thus such parts should be omitted
from the results.

The cost of both methods is low and each has its pros and
cons — stationary needs more measurements of a single vehi-
cle to obtain the representative EF distribution or a measure-
ment of a large number of vehicles to obtain a representa-
tive distribution for the fleet, but is not affected by the back-
ground as much as the chasing method. With the latter we
can get the EF distribution in a single chase, but the data are
more difficult to collect and analyze due to possible distur-
bances from other vehicles on the road or sources close to the
road, which may disturb the background. However, both are
a valuable contribution to understanding fleet emissions as
they can be used to measure the versatility of the in-use fleet.
Using distributions of measured real-world EFs may improve
modeling of traffic emissions. This may be especially true for
BC, since it is not as affected by environmental conditions as
PN or particle mass. In disperse and variable air pollution
source like traffic, it is advantageous to have different ap-
proaches and insights to the problem. By comparing results
of different measurements like dynamometer and real-world
measurements, we can understand traffic emissions better.
The methodology described herein will be used to compile
the EF inventory of the European in-use car fleet, measured
in real driving conditions in winter on Slovenian roads.
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