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Abstract: Black carbon (BC) is one of the most harmful substances within traffic emissions,
contributing considerably to urban pollution. Nevertheless, it is not explicitly regulated and
the official laboratory derived emission factors are barely consistent with real world emissions.
However, realistic emission factors (EFs) are crucial for emission, exposure, and climate modelling.
A unique dataset of 10 years (2009–2018) of roadside and background measurements of equivalent
black carbon (eBC) concentration made it possible to estimate real world traffic EFs and observe
their change over time. The pollutant dispersion was modelled using the Operational Street Pol-
lution Model (OSPM). The EFs for eBC are derived for this specific measurement site in a narrow
but densely trafficked street canyon in Leipzig, Germany. The local conditions and fleet compo-
sition can be considered as typical for an inner-city traffic scenario in a Western European city.
The fleet is composed of 22% diesel and 77% petrol cars in the passenger car segment, with an
unknown proportion of direct injection engines. For the mixed fleet the eBC EF was found to be
48 mg km−1 in the long-term average. Accelerated by the introduction of a low emission zone,
the EFs decreased over the available time period from around 70 mg km−1 to 30 – 40 mg km−1.
Segregation into light (<3.5 t) and heavy (>3.5 t) vehicles resulted in slightly lower estimates for the
light vehicles than for the mixed fleet, and one order of magnitude higher values for the heavy vehi-
cles. The found values are considerably higher than comparable emission standards for particulate
matter and even the calculations of the Handbook Emission Factors for Road Transport (HBEFA),
which is often used as emission model input.

Keywords: vehicle emission factors; black carbon; OSPM; street canyon; inverse modelling

1. Introduction

On-road traffic is one of the most important contributors to pollution by particulate
matter (PM) in urban environments [1], evidently affecting not only human health and
lifetime adversely [2], but also playing a major role in climate discussions [3]. However,
the uncertainties connected to the numbers and processes are large, especially for black
carbon (BC). Various studies have shown BC to be the most harmful component in particu-
late emissions towards human health, introducing heavy metals and PAHs deep into the
cardiovascular system (see [4,5], and references therein).

Realistic emission factors are required for various purposes like modelling climate im-
pact on a global scale, creating emission inventories on a regional scale, down to modelling
citizen exposure on a municipal level. Models like these are also used as a tool to estimate
the need for reduction measures and to evaluate their potential on pollution mitigation.
For this, they need to be fed with realistic time resolved emission factors. A first indication
could be the official manufacturers statements on vehicle emissions.

In Germany, new vehicle types have to receive a type approval, for which the manu-
facturers have to ensure that the vehicles—among other regulations—meet the emission
standards established by the European Union [6]. The regulated parameters include Hy-
drocarbons (HC), CO and NOx. Black carbon is only indirectly regulated through the
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mass of particulate matter (PM, <4.5 mg km−1 from 2011/Euro5a) and particle number
(PN, <6·1011 km−1 from 2013/Euro5b) [6]. The values that must compare to the emis-
sion standards are derived through measurements conducted on chassis dynamometers.
Since on-road emission studies were frequently off the limits (especially NOx, [7]), in 2017
the EU established additional test procedures for so called real driving emissions (RDE).
The Handbook Emission Factors for Road Transport (HBEFA) [8] is an attempt to derive
more realistic EFs. For this database, test bench values, also beyond regulatory test criteria,
as well as RDE measurements (from version 3.3 on) of individual vehicles are adapted
to on road fleet conditions via the emission simulation model PHEM (Passenger Car and
Heavy Duty Emission Model) [9]. It yields average EFs for the engine maps of the different
vehicle types and emission levels. Then standardised driving cycles for different traffic
situations (e.g., including information on speed limits, road types and road congestion) are
applied. Moreover, the EFs are weighted for shares in new registrations. In addition to the
regulated pollutants, emission factors for BC were included in Version 4.1. (2019).

Diesel vehicles have long been associated with higher soot emissions and have there-
fore been subject to increasingly strict limits. Diesel particulate filters (DPFs) became
necessary to meet these limits. Nevertheless, various circumstances can lead to higher emis-
sions on the street. When the DPF is regenerated by burning the collected soot, the emission
is significantly higher than in normal operation [10]. If a diesel vehicle is used too seldom
for long distance drives, this process could be initiated even within the already more
polluted cities [10]. Another problem lies in the sensitivity of the opacimeters, used for
the regular inspections, which is currently not sufficient to detect removed, manipulated
or malfunctioning (e.g., due to microfissures) DPFs [11]. Dutch studies found 5 to 7% of
the DPFs removed or defect [11]. If such defects remain undetected, it can be assumed
that the vehicles emit up to several times more. However, the emissions not only originate
from diesel vehicles. Several studies showed, that even though consuming less fuel while
emitting less CO2 and other gas-phase pollutants, gasoline direct injection (GDI) engines
emit a significant amount of particles [12]. Saliba et al. [13] found GDIs to emit up to twice
the amount of PM compared to conventional port fuel injection (PFI) engines. They are
nearly equalling the emission level of diesel engines [14]. Additionally, also PFI vehicles
can emit considerable amounts of particles [12] while the limits for particulates only apply
to GDI engines [6]. Furthermore, the real world fleet-even though evolving towards higher
emission standards—includes a certain amount of aged vehicles which can disproportion-
ally contribute to overall emissions [15]. Moreover, peoples driving habits usually do not
comply with standard protocols.

To obtain a realistic fleet averaged EF of BC, it needs different approaches than test
stand EFs of individual brand new cars. Even RDE might only be part of a solution since
it does not cover all realistic driving scenarios [16]. Moreover, as required for the type
approval tests, it only covers PN, but not PM [17]. In the end, real world fleet emission
factors are supposed to give us an estimate of how much an actual vehicle emits on the
streets in everyday life per kilometer driven. Like this, they can be used for example to
estimate exposure levels, evaluate reduction measures or to assess the climatic relevance of
an emitted substance.

There are various studies using different methods to determine such EFs. An overview
of possible approaches can be found in Franco et al. [18]. Comparable to the industrial
RDE-tests, on-road-measurements are used to determine emissions while driving in reg-
ular traffic. Portable emission measurement systems (PEMS) are mounted onto the ve-
hicle, allowing parallel logging of emissions and driving parameters. Due to the more
realistic—but changing—conditions though, the measurements of the vehicles are not
as comparable any more. Furthermore, this method needs a lot of effort to produce a
statistically significant dataset. Apart from that, these measurements can only reflect
the fleet as a mixture of old and new vehicles in different stages of repair and mainte-
nance to a limited extent. Similar approaches to probe single vehicles coming closer to
represent the whole fleet, include car chasing methods or remote sensing of car plumes.
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However, only a sample of single vehicles can be measured. A completely different ap-
proach, which probes the vehicle fleet on a street as a whole, is the use of inverse modelling.
Using a closed volume, tunnel studies can provide real world emission factors by correlat-
ing the pollutant flux to the fleet passing the tunnel. Moreover, an open volume such as a
street canyon can be used for an inverse approach with an appropriate dispersion model.
This method was used to analyse the dataset presented here.

Apart from the absolute amount of emissions, another important aspect is their
development over time. Typically though, real emission studies are based on short term
observations or intensive campaigns. In line with the increasingly strict regulation of
emissions and the ongoing technical evolution, the collective fleet emissions could be
expected to decrease. Additionally, the uptake of environmental measures such as the
installation of low emission zones, accelerates the renewal of the fleet. On the other hand,
the number of registrations of diesel-powered vehicles is increasing steadily. And the
registration numbers of gasoline GDI powered cars are increasing as well.

With our study, we aim to estimate realistic emission factors for equivalent black
carbon (eBC, a terminology suggested by Petzold 2013 [19] for optically measured BC),
representing the mixed fleet in an urban environment and to observe their change over
time. To achieve this goal, we analysed a set of 10 years of continuous measurements using
an inverse modelling approach.

2. Methods
2.1. The Method of Inverse Modelling

To retrieve traffic EFs for eBC, the already established method of inverse modelling [20]
combined with the so called Lenschow approach [21] was chosen. The major sources for
BC within cities are traffic and biomass burning [3], mixed with long range transport
sources. To separate the different sources, a traffic increment Ctr (µg m−3) was calculated
by subtracting a measured reference value for the urban background Cbg from the roadside
station measurement Crs.

Ctr = Crs − Cbg (1)

with this approach, also the influence of any large scale meteorology (e.g., inversion weather
conditions with high pollutant concentration) on the estimated emission factor can be mini-
mized. It is assumed that the increment only represents the eBC emitted by the passing
traffic [21]. To be statistically robust, the difference between roadside station and back-
ground should be significant though. Otherwise, small uncertainties of the measurements
might lead to biased or even negative values of the increment and subsequently emission
factors. The relation of the total emission Q (mg km−1 s−1) at the source and the traffic
concentration increment Ctr at the receptor is described by the so called dilution factor
F (s m−2). Including the traffic density NV (s−1), the emission factor q (mg km−1) for the
average single vehicle can be estimated with

q =
Ctr

F · NV
. (2)

For a single measurement the uncertainty of the retrieved EF is very high due to
the fact that several parameters, each with its own uncertainty, go into the calculation.
For larger datasets, the emission factor can be more robustly derived as the slope from a
linear regression of the traffic eBC increment against the dilution factor times the traffic
density. Assuming that the different source types i sum up, the equation

Q =
n

∑
i=1

qi · Ni (3)

can be used for a multivariate linear regression to derive the emission factors for
different groups of the fleet. Required for this approach are the respective traffic density
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numbers for these groups. In our case, we can distinguish between light vehicles (LV)
below 3.5 t and heavy vehicles (HV) above 3.5 t. With Equations (2) and (3) a bivariate
linear regression can be performed as

Ctr = qLV · F · NLV + qHV · F · NHV . (4)

A strong limitation for this split approach though, is the need for relative changes
in the fleet composition. The more pronounced these changes are (e.g., almost no trucks
on Sundays, a very high fraction on Mondays) the more reliable the fitting parameters
are. Besides the local topography, especially wind influences the measured value at the
roadside station. Depending on speed and direction of the wind, the emitted pollutants are
more or less diluted. In case of a simple topography, like a street canyon, the flow regime
can be modelled with low-effort and user friendly models like Operational Street Pollution
Model (OSPM) [22]. For the special case of a street canyon geometry-commonly defined
as a narrow street with buildings on either side-significant concentration differences can
develop if the wind blows perpendicular to the street axis. With the height of the buildings
and the width of the street being approximately the same, a vortex forms making the
wind direction at street level the opposite to the roof level wind. Like that, on the leeward
side of the street the traffic emissions accumulate, whereas at the windward side fresh air
from above the roofs is entrained and the concentrations are much lower. Figure 1 (left)
illustrates this effect for a perpendicular wind direction at roof level.

Figure 1. Left: Scheme of a street canyon with indicated vortex. Right: North-oriented GoogleEarth(c) picture of the street
canyon with marked station Eisenbahnstraße (EIBA).

2.2. The OSPM

Originally designed as a forward model, the OSPM (Operational Street Pollution
Model) [22] can be used to describe the relation between emission source and recep-
tor, yielding the dilution factor F. It was developed by the National Environmental Re-
search Institute of Denmark, Department of Atmospheric Environment, Aarhus University.
The semi-empirical dispersion model predicts the concentration of traffic emissions at
both walls of a street canyon for different pollutants, using a plume model for the direct
emissions and a box model for the recirculated part. This value only depends on the input
parameters wind speed and direction as well as the vehicle density and their individual
emissions. For very low wind speeds the OSPM also considers turbulence induced by the
vehicles. The dilution factor F can be derived through dividing the modelled concentration
by the total emission. It then only depends on the canyon geometry and the wind and
turbulence conditions and may be applied to all inert pollutants emitted by the traffic.
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2.3. Measurement Sites and Instruments

For the calculation of the emission factors, sets of roadside stations and rural back-
ground stations [21] are required. Figure 2 (left) shows the location of the available stations
within the city of Leipzig. In this work we will focus on the station Eisenbahnstraße (EIBA)
representing a roadside station. The measurements on the grounds of the Institute for
Tropospheric Research (TROPOS) and in Leipzig West (LEW) represent the urban back-
ground. Although the two background stations are located in different parts of the city
they are well correlated (Figure 2, right; slope = 0.97, R2 = 0.92) and are therefore assumed
to appropriately represent the urban background. For better statistics, the background
value was calculated as the mean of the two stations, when data from both was available.
Otherwise the remaining station value was used. Subtracting the background value from
the value measured at the roadside station, yields the traffic induced concentration in-
crement. From source apportionment studies, it is known that this assumption is valid
for the used stations: Van Pinxteren et al. [23] found that the contribution by coal and
biomass burning to the particle size range of 0.05–0.14µm is very similar for EIBA and
TROPOS, even in winter, whereas the values for the exhaust traffic category are signifi-
cantly higher for the roadside EIBA station. Apparently, the contribution of heating blends
in with the background and we can use the increment for further calculations of the traffic
emission factor.
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Figure 2. Left: Location of the measurement stations within the city (red: roadside station; yellow: urban background
station). Additionally, the border of the low emission zone (LEZ) is included as blue line. The wind rose shows the wind
speed (color scale) as frequency according to wind direction. Right: Correlation of the measured eBC concentration CeBC for
the urban background stations TROPOS and Leipzig West.

The station EIBA (Figure 1, right) is situated inside a classical street canyon where the
building height of about 20 m corresponds to the width of the street. A distinct feature of
the site is the junction with the Herman-Liebmann-Straße, where the traffic is regulated
by traffic lights. The instruments are placed inside a first floor apartment on the northern
side of the street which has a 94◦ east-west-orientation. With one lane in both directions
each, about 10,000 vehicles pass the station on a weekday and almost 6000 on Sundays.
The PM10 inlet for the aerosol measurements has a height of about 7 m above ground.
A Multi Angle Absorption Photometer (MAAP) by Thermo Scientifc is used to obtain the
mass of black carbon. A detailed description of the filter based instrument is given by
Petzold and Schönlinner [24]. They estimated the uncertainty of the MAAP to be 12%.
Müller et al. [25] found a unit to unit variability of less than 5%. The instruments were
subjected to regular maintenance. Functional checks were carried out approximately every
two weeks. Regularly, also flow rate and zero checks are applied. If no irregularities occur
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before, larger intercomparison workshops are conducted on an annual to biennial basis.
As implemented within the MAAP software the relation of

σabs = CeBC · αeBC (5)

is used to convert the particle light absorption coefficient σabs (Mm−1) and the concentration
of black carbon CeBC (g m−3) with a mass absorption coefficient (MAC) of αeBC = 6.6 m2 g−1.
Furthermore, a correction factor of 1.05 is applied, to account for the true MAAP wavelength
of 637 nm (instead of 670 nm, as stated by the manufacturer) [25]. Since it is not determined
gravimetrically, but optically via a conversion using a fixed MAC, we use the terminology
equivalent black carbon (eBC) as suggested by Petzold 2013 [19].

Wind speed and direction were measured about 4 m above roof top level using a sonic
anemometer (model USA-1, Metek GmbH, Elmshorn, Germany). Good agreement with
other stations around the city was found within expected variations. The manufacturer
gives a 0.1 m s−1 or 2% accuracy for wind speed and 2◦ at 5 m s−1 for wind direction.

The traffic density could not be recorded continuously throughout the measurements.
An automated count from March to November 2005, based on a video detection system
(Autoscope Rackvision, Image Sensing Systems (ISS), St. Paul, MN, USA), is available
for the station EIBA. The light (<3.5 t) and heavy (>3.5 t) vehicles were distinguished via
the length of the vehicles detected. With this method, it is not possible to differentiate
between passenger cars and light commercial vehicles. Therefore, we stick to the terms
light and heavy vehicles (LV and HV), in contrast to other studies that use LDV and
HDV. For a second period, two weeks in September 2015, manually counted data is
available. Although the statistics is worse, the absolute values are about the same as for
the automated counting in 2005 within appropriate uncertainties. Evidently, there had
not been a significant change in traffic volume. The weekly traffic profile was therefore
adapted for the whole time without further adjustment. An attempt to correct the data for
a possible long term trend was discarded (see Appendix A for details). Manual evaluation
of the countings yielded an accuracy of ± 3% for the light vehicle class and ± 10% for the
heavy vehicles during daylight hours. Moving light cones and shadows, though, caused
problems in the dark, leading to significant overestimation of the traffic density during
the night. For this reason only the classification during the day was used to calculate the
emission factors. It was not possible to distinguish between diesel and petrol engines
with this detection method. Statistics for Saxony by the Kraftfahrt-Bundesamt (KBA [26])
though give a share of about 22% diesel and 77% petrol cars in the passenger segment,
averaged over the years 2009–2018. Within this time the share of diesel was rising steadily
from 17.4% (1 January 2009) to 26.8% (1 January 2019).

3. Results
3.1. Dataset Overview

Equivalent black carbon was measured at a roadside and two background stations.
Our analysis is based on 1-hour-median values. The overall median is 0.75 µg m−3 for
the background and 1.36 µg m−3 for the roadside station, respectively. This gives an
average ratio background to roadside of 0.66. Splitting into the days of the week yields
0.64, 0.69 and 0.73 for weekdays, Saturdays and Sundays, respectively. With the formerly
described method it is possible to simulate dilution factors for the period 2009–2018.
They cover a plausible range from 0 to 0.4 s m−2 for 1 h mean values.

Figure 3 illustrates the traffic profile and the median weekly patterns of the relevant
parameters. In panel (a) the traffic counts per hour are shown for light vehicles as solid
line and heavy vehicles as dotted line (multiplied by 10 for better visibility). For Monday
through Thursday the measured traffic profile showed only marginal variation and was
therefore assumed constant for better statistics. On Friday though, the decrease in the
afternoon starts a bit earlier. On Saturday and Sunday the amount of traffic is reduced and
the profile, not showing the distinct bimodal pattern any more, is slightly shifted to later
times. The daily amount of vehicles sums up to about 10,000 vehicles during working days,
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just above 8000 on Saturdays and almost 6000 on Sundays. The relative amount of heavy
vehicles varies between 1 and 6%.

The dilution factor F (b) depends mainly on the wind speed and direction and
therefore shows its minimum (strongest dilution) around noon and the early afternoon.
Accordingly, the day-of-the-week variation is random.

Panel (c) shows the concentration of black carbon at the background (dotted) and
the roadside (solid) measurement stations, respectively. The roadside station shows a
strong similarity with the traffic count pattern, apart from a local minimum at noon,
coinciding with the growth of the boundary layer and mixing height. The background
concentration has a rather strong minimum that outweighs the traffic influence by far.
The later maximum is not as pronounced as in the traffic density. A reason for that is
also the higher boundary layer at this time of day, where the pollutants can distribute
within a larger volume. Especially in the street canyon also the higher wind speed can
lead to a stronger dilution and therefore lower concentrations in the second half of the day
(see panel (b)). In the weekly pattern, the roadside concentration reaches up to 2.2 µg m−3

during the morning peak and drops down to the background value which is typically
below 1 µg m−3 during the night.

The increment of roadside and background measurement and therefore the contribu-
tion of the traffic is shown in panel (d). It peaks around 1 µg m−3 and decreases to almost
zero during the night. (Figure 6 shows the same data, broken down by year.)

Panel (e) in Figure 3 shows the estimated eBC EF and the problems that arise during
the night and early morning hours. Since the estimated EF of the single vehicle is not
influenced by any external factors like the traffic density, the wind, and the measured
concentrations, it should not have any significant pattern. Because of the division of small
numbers (eBC concentration at night) by other small numbers with high uncertainty (traffic
density at night), and sudden changes as is the case in the early morning, large uncertainties
arise in the calculated EF. For that reason, the following analyses will only consider the
EF during the daytime hours from 7 am to 8 pm. On the weekend days the EF shows a
significant decrease. A reason for that could be the circumstance, that it is calculated from
the total vehicle count, but the share of heavy vehicles-and therefore strong contributors-is
lower on those days.

Another limitation for the chosen Lenschow approach are certain conditions, when the
background and roadside concentrations are very similar. This happens for example during
the night, when the traffic contribution is lowest, or during special meteorological situations.
In winter, there are patters with cold temperatures, low wind speeds, often from the
east, and a typical atmospheric inversion. These kind of conditions, frequently found in
this region during winter, lead to high pollution concentration; a combination of long
range transport and accumulation of local pollution. In these cases the difference between
background station and roadside station becomes marginal or even negative. Since negative
increments lead to physically implausible negative EFs, we decided to exclude them from
further calculations.
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Figure 3. Fixed traffic profile ((a): light vehicles and heavy vehicles *10, for visibility) and weekly patterns of the median
dilution factor F (b), black carbon concentration at the background and the roadside stations (c), black carbon traffic
increment (d), and estimated vehicle emission factor for black carbon (e).

Figure 4 illustrates the forming of the vortex for the Eisenbahnstraße in reference to
the dilution factor (left panel) and the traffic increment of the eBC concentration divided by
the vehicle number (right panel). The parameters (in colour) are displayed for the different
combinations of wind speed (radial) and direction. For northerly winds the station is
situated at the lee side of the vortex (compare Figure 1), which means weak dilution
due to the direct contribution and therefore accumulation of pollutants, especially for
low wind speeds. For southerly winds, the station is representative for the lee side,
with strong dilution due to entrainment of fresh air from above, resulting in low pollutant
concentrations. For wind directions in between, the effect becomes indistinct, with no
vortex forming for east and west winds. Choosing an appropriate scaling, both plots
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display a similar pattern, in accordance with Equation (2). At first glance they do look
similar, with low concentrations for southern wind directions and high concentrations for
northern wind directions. Furthermore, the pollution is higher, when the wind speed is
lower. Having a closer look though, reveals that the measured concentrations for wind
coming from the Northwest are higher than expected. This might result from the close
proximity to the Hermann-Liebmann-Straße, which has a considerable traffic density itself
(see discussion).
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Figure 4. Polar display of the dilution factor (left) and the traffic increment of the measured BC concentration, normalized by
the traffic density (right). The monitoring roadside station is located at the northern wall of the street canyon.

3.2. Emission Factors
3.2.1. Averaged Emission Factors

From the linear regression of the whole dataset of 1-hour-median values the averaged
emission factor for a representative vehicle of the mixed fleet is obtained The available
time series (2009–2018) yields an eBC EF of 48 mg km−1. This value is representative for
the specific conditions of the city and station depending on the type of traffic, which can be
described as inner city street with stop-and-go traffic. However, it is also depending on the
composition of the fleet, including the mixture of different fuel types and the different age
and stage of maintenance of the vehicles. Figure 5 (left) shows the scattered data according
to Equation (2) with the data frequency as a colour scale. Even though the spread of the
data pairs is quite wide, the colour code shows a concentration around the linear fit.
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Figure 5. Left: Density plot of the linear regression: total number of vehicles (Nveh) times dilution factor (F) against the
eBC traffic increment (CeBC

tr ); Right: Bivariate regression of the number of light and heavy vehicles (NLV & NHV) times the
dilution factor against the eBC traffic increment. Slopes of the fitting plane correspond to the emission factors qeBC

LV and qeBC
HV .

3.2.2. Deviation into Light and Heavy Traffic

As mentioned in Section 3.1, there is evidence that the share of heavy traffic within
the fleet has a considerable influence on the fleet averaged EF. Being one of the few
fleet parameters detectable, the EF can be split according to the type of vehicle,
expecting that the mostly diesel-powered heavy vehicles emit considerably more BC.
Figure 5 (right) shows the bivariate approach according to Equation (4). With the dilu-
tion factor times the number of vehicles in the light and heavy class on the x and y-axis,
respectively, fitted against the eBC traffic increment on the z-axis, the slopes of the fitted
plane correspond to the EFs. For the light vehicles this results in 32 mg km−1 and for
the heavy vehicles in 522 mg km−1. The uncertainty given in the plot is merely the stan-
dard deviation of the regression. For the overall uncertainty of the EFs we can only give
the qualitative statement, that it must be expected considerably higher (see discussion).
These values are in line with findings from other studies, according to which the EF of
heavy vehicles is about one order of magnitude higher than that of light vehicles.

3.2.3. Seasonal Emission Factors and Trend

Since the composition of the fleet is constantly changing, it is of great interest,
how the emission factor develops over time. As a measure of accelerating the renewal of
the fleet, a low emission zone was introduced to the city of Leipzig which is expected to
have significant influence on the EF. Covering most of the city area, it was installed in 2011
to ban all vehicles with high emissions. Allowed (“green emission sticker”) are gasoline
vehicles and diesel powered ones with Euro 5 and higher or Euro 3 and 4 with DPFs [27].
In Figure 6 the weekly cycle of the median eBC traffic increment was split into the years
2009 to 2018. It already shows a significant trend towards lower traffic emissions, especially
during the times with high traffic density. Only in the most recent years, especially 2018,
there was again a slight increase during Friday evenings and the weekend. This might
be attributed to a development in the neighbourhood of the EIBA station enhancing the
busyness at leisure dominated times. During the day, the peak values decrease from around
2µg m−3 to below 1µg m−3. However, how does that translate into EFs? To analyse the
long time series in still statistically relevant segments, the emission factors were averaged
over half year periods. The summer was chosen from April to September, the winter
from October to March. Figure 7 (left) shows the trend of the 6-month-fitted EFs. At the
EIBA station the EF starts at over 70 mg km−1 in 2009. After the low emission zone,
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introduced on 1 March 2011 (vertical line), the eBC EF significantly decreased to below
50 mg km−1 (p-value < 2.2·10−16). In the following years the value slowly decreases further
to 30 – 40 mg km−1. On the right hand side Figure 7 also includes a table with the yearly
fitted eBC EFs. For both yearly and half yearly EFs, an uncertainty is estimated comprised
of the 95% confidence interval of the linear regression (around 2% for each period) plus an
25% uncertainty resulting from the error estimates described within the discussion part.
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Figure 6. Weekly cycle of the median eBC traffic increment CeBC
tr split into the years 2009 to 2018.
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Figure 7. Left: eBC emission factor for the station EIBA as summer/winter averages 2009–2018 from 6-month scatter plots.
Error bars indicate 95% confidence interval of the fit plus 25% measurement uncertainty (see discussion). Right: Table with
the yearly fitted eBC emission factor.

As for seasonality, one could expect that the EFs are higher in winter due to cold start
effects or a higher traffic density we can not account for. Monthly segregated, our data
merely shows a mild trend to lower values in winter. As mentioned in Section 2.1, the ro-
bustness of the increment method largely depends on the input data. To analyse the
possible seasonal variance, we tested on selecting only the data pairs where the roadside
signal was well above the background signal (like this excluding for example night time
values or measurements at the windward side of the vortex). Applying such a “plausibility
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filter”, any seasonal effects become indistinguishable. We conclude that there is no seasonal-
ity detectable within this dataset. Only very few other studies assessed a seasonal variation
for carbonaceous PM at all, since often the studies are based on short term experiments in
the order of weeks or months. While for NOx the evidence is increasingly strong that there
are higher emission factors in winter [28], for carbonaceous particulates the trend is not
clear. Ketzel et al. [29] found a significant seasonality for PM EFs with up to 45% lower
values in summer than the annual average at stations in Finland and Sweden, while for
stations in Germany, Austria and Denmark they found much lower variability of 5–10%.
They are attributing this mainly to the different meteorological conditions and the use of
studded tyres in the northern countries. For fuel based EFs of BC Saha et al. [30] as well as
Wang et al. [31] found no statistically significant seasonality, but also observed a tendency
toward higher values in summer. This would comply with our findings.

3.3. Discussion and Outlook

The results of studies focusing on the determination of EFs are highly variable,
which can be influenced by the choice of method, but certainly by the circumstances
like regional characteristics of the fleet (for real world EFs), or the choice of vehicles (for ap-
proaches on an individual level), the time frame in which they are carried out and local
conditions. Inevitably, the type approval emission test results will have to be below the
emission standard level for PM, which is 4.5 mg km−1 (for those vehicles where they have
to be applied, see Introduction and [6]). To best compare our study with other real world
approaches, we tried to pick studies on the same unit basis (distance travelled, while other
studies calculate fuel based EFs) as well as similar locations (EFs from developing countries
are often highly elevated [32]). This greatly limits the amount of comparable publications.
Some exemplary studies deriving EFs for black or elemental carbon and other pollutants
are summarised in Table 1. Weingartner et al. [33] calculated EFs from measurements
taken 1993 in a freeway tunnel in Switzerland. They found values of 1.6 mg km−1 for light
vehicles and 122.7 mg km−1 for heavy vehicles in PM3. Hueglin et al. [34] retrieved EFs for
EC from 2004 highway measurements. They classified roadside measurement data into
‘background’ and ‘traffic influenced’ according to the wind direction in 3-month-periods.
For the mixed fleet they found an EF of 21 mg km−1. For a health impact assessment
Keuken et al. [35] used fixed dynamometer derived ratios of EC to PM and applied them
onto PM emission factors. For 2008 they calculated an EF of 30 mg km−1 for light duty
vehicles (LDV, 50% diesel) and 190 mg km−1 for heavy duty vehicles (HDV). Krecl et al. [36]
used a similar general approach as the one in our study, calculating the EF from the traffic
increment, the traffic rate and a dilution rate. The dilution rate and the traffic increment
though, they derived from measured NOx concentrations and presumably known NOx
emission factors. They calculated the dilution rate and assumed that this would be the same
for any other inert tracer like BC and PN. The traffic increment was derived from positive
matrix factorization, dividing the concentrations into gasoline, diesel and background
contributions. Imhof et al. [37] also retrieved the dilution rate via NOx concentrations.
The traffic increment they calculated from up- and downwind pollutant concentrations.
For a station similar to our roadside station with stop-and-go-traffic in an urban setting
they found a BC EF for the mixed fleet to be 35 mg km−1, for LDV 10 mg km−1 and for HDV
427 mg km−1. EFs for BC can also be retrieved from the Handbook of Emission Factors
for Road Transport (HBEFA), Version 4.1 [38]. Chosen for comparison to this study were
the categories light commercial vehicles (LCV, <3.5 t) and passenger cars (PC) as well as
heavy duty vehicles (HDV, >3.5 t). The EF for BC (exhaust) plus BC (non-exhaust) was
calculated for the modelled years 2009 to 2018 for a saturated traffic scenario of a collecting
road with a speed limit of 50 km h−1. The resulting EFs were decreasing for all categories
over the selected years, ranging from 14.1 to 4.7 mg km−1, 88.2 to 21.3 mg km−1 and 165.3
to 40.7 mg km−1 for PC, LCV and HDV, respectively. The averaged HBEFA EFs for BC
are included in the table. Our study is certainly at the upper end of the range of these
literature values. While for the light vehicle segment, they are only slightly higher than the
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comparable values, the heavy traffic segment stands out even a bit more. Various points
can come together to produce the differences between these studies. One would be the
method of retrieving the value for the carbonaceous particulate matter. Though BC and EC
are closely related, the correlation between optically and thermally retrieved parameters
can change depending on the location, time and instruments used [39]. Even though we
selected only European studies for comparison, the fleet composition can vary greatly.
Within German federal states the shares of the various power trains is already different
(KBA [26]). Especially the traffic situation with the close junction and traffic lights could
greatly influence our results due to idling cars and trucks which still can emit a considerable
amount of particles [40]. The different probing of vehicles could influence the comparison
to the HBEFA values, which are based on emission tests of individual vehicles. HBEFA
tries to compensate this problem by probing vehicles with different mileages, applying
multiple driving cycles and a wide range of combinations within the engine map. But still,
this approach is limited to a selection and must not necessarily represent all aspects of the
present driving fleet.

Table 1. Black carbon (BC)/ elemental carbon (EC) emission factors derived from different studies (Yom = year of measurement) and
calculated from the Handbook Emission Factors for Road Transport (HBEFA). EFs, if available, are given for the mixed fleet vehicle
and/or light vehicle & heavy vehicle. HBEFA distinguishes between passenger cars (PC) and light commercial vehicles (LCV).

Study Yom Country Site Parameter
Emission Factor [mg km−1]

Mixed LV HV

Weingartner et al. [33] 1993 Switzerland freeway tunnel BC 1.6 122.7
Hueglin et al. [34] 2004 Switzerland highway EC 21
Keuken et al. [35] 2008 Netherlands urban street EC 30 190
Imhof et al. [37] 2002 Switzerland urban street BC 35 10 427
Krecl et al. [36] 2006 Sweden street canyon BC gasoline: 11

diesel: 94.8
2013 gasoline: 2.5

diesel: 23.4
HBEFA 4.1 [38] 2009 Germany various BC PC: 8.7 95.5

−2018 LCV: 52.1
This study 2009 Germany street canyon BC 48 32 522

−2018

However, the method used in this study also has its limitations and the results are to
be treated with appropriate caution. We here attempt a detailed error analysis. Apart from
aforementioned measurement uncertainties, especially the limitations of the OSPM disper-
sion model may lead to discrepancies between the real and the estimated EFs. The OSPM
is a generally well evaluated model. By comparing modelled and measured data, Ket-
zel et al. [41] showed in a reanalysis study, that the model produces reliable results when
applied on an appropriate street geometry. For regular street canyons they found the
results to be “generally well reproduced” over all wind directions. However, the OSPM
is always an approximation to the real topography and lacks some features, that could
have more or less influence on the calculated emission factors. These include for example
the missing consideration of intersecting streets in the vicinity as additional sources of
pollution, in our case especially the Herman-Liebmann-Straße with considerable traffic.
This is most likely also the reason why there can be found a distinct dependence of the EF
on the wind direction. Not accounting for the intersecting traffic may lead to an overesti-
mation of the EF of up to 100% for the concerned wind directions assuming a comparable
amount of traffic in both streets. Averaged over all wind directions, the overestimation
of the EF would of course not be as grave. Another source of uncertainty might be the
nearby traffic light. The model assumes a constant traffic flow and does not account for the
resulting stop-and-go-traffic. Accepting idling emissions as part of an EF for stop-and-go
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traffic scenarios, this might only be a minor issue, mainly affecting very low wind speeds,
when most of the turbulence is generated by the moving traffic. Other effects may concern
the flow regime. At the corners of the buildings over the entire height, vortices can develop,
transporting the tracer towards the mid of the building length [42]. In combination with the
intersecting road this could lead to considerable uncertainties. Other meteorological condi-
tions, such as thermal convection, which is not considered in OSPM, may also influence
the dispersion of pollutants. Earlier studies at the same site though showed no significant
effects: Klose et al. [43] tested a dataset of particle number measurements collected in EIBA
for temperature and solar radiation dependence. They only found fluctuations within
the standard deviation between sunny and non-sunny conditions. A negative correlation
of particle number and temperature could only be ascribed to new particle formation of
condensable vapours in traffic exhaust. A highly critical point in calculating the trend
is the constant traffic profile calculated from data collected in 2005. Even though this
was evaluated with manually counted 2015 data, certain fluctuations in traffic density in
between may not be covered. Since there were no profound changes in traffic guidance
around the station, we consider it reasonable to use the constant profile. However, every
tendency towards less vehicles would cause an underestimation in the emission factor and
vice versa. Uncertainties mostly affect the fleet split which is highly sensitive to the changes
in the fractions. An attempt to correct the traffic density with data of other counting stations
was discarded (see Appendix A).

A qualitative assessment of the precision of the estimated EF is hard to achieve.
While for certain parameters more or less fixed uncertainties can be assumed, the model
(usage) as a source of error is much harder to consider. For measurements of the MAAP we
adapt the variance found by Müller et al. [25] of about 5%. Within the vehicle counts we
only see very small variation. However, since we cannot account for changes between the
years, we also propose a ±10% range for this parameter. A general hint on the uncertainty
of the OSPM model in the literature is not to be found and would anyway vary greatly
with the setup of the domain, depending, among others, on the suitability of the station for
this model. A detailed sensitivity study would hold way too many options to be feasible.
Some parameters can be directly tested varying the input into the model. This certainly is
true for the meteorology. Rounding up the manufacturers information on the measurement
uncertainty, the wind speed (ws) is varied by ±5% and the wind direction (wd) by ±5◦.
In the case of increased wind speed the dilution factor (DF) decreases by about 2.5%
(averaged over the whole dataset), meaning stronger dilution. Decreasing the wind speed
−5% results in an increased DF by 2.5% (weaker dilution). The upper row of Figure 8 shows
the deviation from the original DF revealing a range of ±10% for the different combinations
of wind speed and direction. The histograms in the lower row give an impression of the
share of deviation from the original DFs. Varying the wind direction accordingly in the
model input, we see a much larger range of more than ±20% (Figure 8, upper row).
But it nearly averages out, applied to the hole dataset, with a tendency towards decreased
DF for wd +5◦ (−0.2%) and increased DF (+0.6%) for wd −5%. This though would be
different if the prevailing regional wind pattern would be different (compare wind rose in
Figure 2). Assuming similar deviation for other parameters like street orientation (which
in fact corresponds to a change in wind direction), receptor and building height or street
width, we propose another 10% uncertainty for the model related DF.

In the end it should be kept in mind, that this method has a profound uncertainty.
It must be assumed, however, that other studies struggle with similar scales of uncertainties.
It would be interesting to compare different methods for same stations or on the other
hand the same method to different stations. The latter was tried to achieve as part of
the project this study originated from [44], comparing two additional stations with the
same approach. The resulting eBC EFs were similarly high, but the conditions were still
hard to compare since the topography was significantly different from the street canyon
topography required for the OSPM model. Because of that reason, the presented study
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focuses on the EIBA station. A re-evaluation of the dataset with a CFD model which can
handle some of these drawbacks is planned for the near future.

Figure 8. Variation experiment with the Operational Street Pollution Model (OSPM). For the variation of the input
parameters wind speed by 5% and the wind direction by ±5◦, the output of the dilution factor Fvar in relation to the to the
original dilution factor Foriginal is displayed. In the upper row the quotient is shown as polar plot, in the lower panel as
histogram of the density.

4. Summary and Conclusions

This study is an attempt to estimate vehicle emission factors for black carbon under
realistic conditions. With an inverse modelling approach, using the well known, easy to
handle OSPM (Operational Street Pollution Model) we analysed a series of 10 years of
measurement data. The reported values are derived—and therefore to be considered
representative—only for inner city traffic on a rather congested road with traffic lights.
Averaged over the entire available period, we found an eBC EF of 48 mg km−1 for a vehicle
of the mixed fleet. Segregation into light (<3.5 t) and heavy (>3.5 t) vehicles yielded
32 and 522 mg km−1, respectively. These values are well above the emission standard limits
for Euro 5 and 6 for PM and also above comparable EFs extracted from the HBEFA 4.1
database. Nevertheless, against the tendency of rising shares of diesel powered vehicles
and direct injection engines, the emission factors decrease. Starting the observed time
span with 70 mg km−1, the eBC EF amounts to only around 30–40 mg km−1 after a few
years. Apparently, the improvement in technology overrules any opposing trends to a
considerable degree. Administrative measures, like the introduction of a low emission
zone, are found to be a useful tool to vastly accelerate these developments on a short term
basis. A seasonal trend could not be found.
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Appendix A. Temporal Correction of the Traffic Profile

As discussed in Section 3.3, the traffic profile had to be fix for lack of data. In an
attempt to correct for possible changes of the traffic amount over the years, we requested
data from the city of Leipzig to get an impression of the development of the general traffic
volume. The available data of the 21 counting stations were normalized to the common
year 2016. Figure A1 shows the resulting graphs for the complete fleet (left) and the
heavy vehicles (right). We did not find a clear trend for the combined fleet. For the heavy
traffic we found a decrease averaged over the available stations of about 20% within the
available time period. We used a linear fit and applied the resulting yearly correction
factors (extrapolated and normalised to the year 2005, when the traffic data for EIBA
was gathered) to the traffic profile. The subsequent fleet split changed the resulting eBC
emission factors to 20 mg km−1 for light vehicles and 1139 mg km−1 for heavy vehicles,
being over double the amount calculated with the original values. Although the general
thought the heavy traffic would decrease in the Eisenbahnstraße as well seems obvious,
with its many shops and little transit traffic it differs a lot from most of the streets where
the counting stations are situated. 19 of them have a (partly considerably) higher traffic
volume (on average 20,000 vehicles per day). We can not tell how representative such an
averaged correction factor might be for this special case. Moreover, to use this dataset for
correcting our traffic profile, we have to fit the averaged station counts and extrapolate
them in both temporal directions. Whether a linear fit is appropriate is at least questionable,
since the main drop in traffic density seems to have happened between 2009 and 2015.

All in all we had to make too many assumptions to confidently present this procedure
as an improvement to our analysis. Thus, we decided against using it within the core study
and only included it supplementally.
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Figure A1. Change of the traffic density of various counting stations within the city of Leipzig, normalized to the year 2016.
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