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Abstract

The emission of pollutants is one of the most significant adverse effects of road transport. Legal
restrictions and traffic management strategies can help to reduce emissions. However, to identify
actions which have a positive effect on the environment the local emissions have to be measured or
estimated. The infrastructure to measure pollutant emissions is difficult to set up and expensive.
Therefore this paper presents an approach to estimate local emissions. The basic idea is to combine
data from vehicular communication (V2X) with the information of induction loops. The simulation
results show that the emissions can be estimated with an error of less than 10% for a V2X equipment
rate of 1% within the regarded scenario.

Local Emission Monitoring, pollution estimation, connected vehicles, traffic simulation

16.1 Introduction

Transportation takes a major role in the production of pollutant and noise emissions (3). In order
to reduce vehicle emissions it is necessary to measure or estimate the real emissions (10). The
most common method to monitor pollutant emissions from road traffic is air quality measurement
performed at road side locations. This allows for an assessment of the contribution of vehicle emis-
sions when the measured air concentrations are compared with concentrations from a representative
background measurement (e.g. for a city area: a close to town off-traffic site). This method is
affected with several uncertainties, as

e for several important pollutants (e.g. PM10, CO2), the background concentrations are close
to the roadside values;

e air quality measurement is always affected by meteorological boundary conditions (wind con-
ditions, precipitation etc.).

Another method to investigate vehicle emissions in on-road conditions is to use portable emission
measurement systems (PEMS) which are directly attached to the tail pipe (6). Vehicles equipped
with PEMS have to pass a certain road section several times in each scenario (e.g. in each traffic light
control variation or each speed limit) and the measured emissions can then be compared. However,
the use of PEMS is costly and in general only few systems are available (usually a single system is
owned by a lab). So only a small sample of vehicles can be monitored, which results in uncertainties
in the representativeness of the recorded driving behavior and even more of the recorded emission
results. The vehicle fleet consists of various different propulsion concepts (e.g. gasoline or diesel
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engines, different exhaust gas after treatment systems) which show different sensitivities of emission
behavior to particular driving conditions.

Measuring emission in a real test field is time consuming and difficult to set up. Therefore there
are other research studies which focus on other ways how emission can be estimated. The research
study of (1) compared emission estimations with the measured air quality. The authors state that a
detailed knowledge of the vehicle fleet and the speed profiles is needed to proper estimate the local
emissions. In (4) an approach for traffic monitoring and the computation of vehicle emissions by
Floating Car Data (FCD) is presented. FCD are usually taxis (or other vehicles) which are equipped
with an FCD device to send the current GPS (Global Positioning System) position. From FCD the
current travel times for the taxi routes can be estimated. In (4) the travel time is used to estimate
the current traffic state to compute the estimated emissions.

The advantage of vehicle-to-vehicle or vehicle-to-infrastructure (V2X) communication is that a speed
profile for every equipped vehicle is generated that can be directly used for the estimation of the
emissions. The problem is only that it will take a long time until all vehicles will be equipped with
V2X communication. To overcome this problem this paper presents an approach which combines
the detailed speed information from V2X communication with the data from induction loops to
estimate the local vehicle emissions.

16.2 Simulation Scenario

The local emission monitoring approach was tested using the traffic simulation SUMO (? ). For
the European Commission project COLOMBO an extension to SUMO for emission simulation was
made which is called PHEMIight (5). PHEMIight is a simplification of the model PHEM (Passenger
Car and Heavy Duty Emission Model) (9) and provides a simple though accurate simulation tech-
nique to derive modal emission quantities for given speeds and accelerations. To avoid high storage
demand and long computation times the history driving trajectories (speed and acceleration) tran-
sient dynamic corrections, temperature influences on after-treatment-systems and the driver gear
shift model to compute engine speeds were not included in the simulation. These functions from
PHEM were replaced by generic functions for a single car which describes fleet average values. In
combination with SUMO, PHEMIight uses the vehicle speed and acceleration data from SUMO to
compute the fuel consumption and emission for each vehicle.

The simulation evaluation was performed with different simulation scenarios which are described in
the following. For the investigation of the different approaches a simulation scenario of a single
four legged intersection was simulated (see Figure 16.1). In each direction the same static volume
of vehicles drive straight forward, turn left and turn right (each 2,000 vehicles). Each monitoring
approach was simulated 10 times spanning 7 hours. The emissions were calculated every 5 minutes.
The simulation was run with different penetration rates of equipped vehicles: 1%, 10%, 20%, and
50%.

16.3 Local Emission Monitoring Approach

The basic idea for local emission monitoring is to use the V2X data of equipped vehicles and
additionally the measurements from conventional traffic detectors. In the early adoption phase of
V2X communication there will probably be only a low number of vehicles with V2X communication
equipment. Therefore, it will be difficult to estimate the total local emissions of an intersection by
taking the data from V2X communication only into account. Additionally, the count and optionally
vehicle classification data from inductive loops can help to get a picture of the whole traffic situation.
While inductive loops are widely used for calculating traffic flows and adapting traffic light phases,
inductive loops alone cannot be used for emissions estimations, because they only measure the
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Figure 16.1: Basic intersection in SUMO (yellow: induction loops, red: Road side unit)

number of vehicles at one location. For the emission calculation only one intersection will be
monitored. For further research the basic approach can be extended to monitor larger regions as
well.

16.3.1 Assumptions

There are some general assumptions for all analyzed approaches which are described here:

e Inductive loops: every incoming lane of the intersections has its own inductive loop detector
which determines the vehicle counts and the vehicle types, but not necessarily the speed.

e Intersections: At each monitored intersection a road side unit (RSU) collects the V2X data. For
the investigation (the antenna of) the road side unit is placed in the middle of the intersection
to provide a good reception range within all approaching lanes of the intersection.

e CAM definition: equipped vehicles are broadcasting so-called “Cooperative Awareness Mes-
sages’ (CAMs) as definited by ETSI (2). The following data fields from CAMs are used for
this research:

— station characteristics (in this case private vehicle)
— vehicle type

— vehicle speed, vehicle speed confidence

— curvature, curvature confidence

— signed acceleration in direction of the node heading
— position confidence ellipse

e V2X vehicle positioning (GPS) is not accurate enough to determine when it is passing the
loop or on which lane the vehicle is driving on.

e The local emission monitoring should also work with low penetration ranges.
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16.3.2 Basic Approach

The simplest approach analyzed here is called “Basic Approach” in the following. The CAMs of all
equipped vehicles are collected in the RSU. Using the speed information from the CAMs, a time-
speed series can be computed. The emissions of the equipped vehicle can be calculated by feeding
this time-speed series into the emission model PHEMlIight which runs as an application inside the
RSU. The total number of vehicles which have passed an inductive loop detector at this intersection
within a certain time period is counted. From these data the total number of vehicles, the percentage
of equipped vehicles, and the emissions of the equipped vehicles are known. Hence, the estimated
emissions for all vehicles can be calculated for this:

E
Etotal - % * (total (161)

where:

Eota1 : estimated total emissions

Eyox: emissions of equipped vehicles

gvax: number of equipped vehicles

Grotar: total number of vehicles

This approach can be refined by distinguishing between the different vehicle types/classes which can
be detected by the loops.

S B
2 viype
Etotal: vtype * Giotal (162)
vtype 1V2X

This basic approach is very simple and does not take into consideration the differentiation of driving
patterns. At some intersections it might be that vehicles which have to turn left have to wait longer
to pass the intersection because of opposing traffic or there could be a traffic jam at one street of
the intersection and vehicles at this street produce more emissions etc.

16.3.3 Clustering Approach

To overcome the uncertainties of the basic approach the hypothesis is introduced that vehicles with
a similar speed profile (and similar emission class) produce similar emissions. The basic approach was
extended by a clustering of the speed-time series of the equipped vehicles. The road side unit stores
the computed speed-time series of every equipped vehicle in the communication range. They are
clustered using a Python library called “fastcluster” which provides a hierarchical clustering algorithm
(7). Wards method was used as method for the inter-cluster distance. A definition of implementation
of the “ward” method can be found in (8). One problem with the clustering algorithm was that
the speed-time series had to have the same length of measured data values. Otherwise it was not
possible to cluster the speed-time series. To solve this problem the maximum length of all speed-
time series was determined. All speed-time series with less data points were enlarged by appending
zero-values as representation that the vehicle was not driving anymore in the communication range
and as a result is not producing any emissions. This way of solving the problem would be not a
good solution for matching the driving profile but for emission estimations it was the simplest way.
As a first step the clustering algorithm was tested with the speed-time series of a single simulation
run with a penetration rate of 1 %. Afterwards, the clustering algorithm was executed with the
speed-time series of the simulation with different sizes of clusters (from 2 to 49 clusters). As an
example the different speed-time series with 6 clusters are presented in figure 16.2. It can be seen
that the clustering delivers classes of similar behaviour. It seems that a major indicator for the
cluster is the actual time the vehicles spent within the communication range. Only the speed-time

168



16.4 Simulation Results

series from cluster number 6 are not very similar, hence it is a “junk cluster”. The idea was that
speed-time series within the same cluster should have similar emissions. Therefore the emissions of
the clusters were also analysed. In figure 16.3 the emissions can be seen for 6 clusters. The figures
show that the emissions of the speed-time series in the same cluster are also similar, only for one
cluster (cluster number 6 in the example) the emissions have a large spreading. This behavior can
be seen in all analysed number of clusters. Even for 49 clusters there is one one inhomogeneuous
cluster. Figure 16.3 shows on the right side the average standard deviation of the emission clusters.
It can be seen that for a small number of clusters the standard deviation is very high compared to
a large number of clusters. Therefore it is recommended to use this approach with a larger number
of clusters to receive good results. Furthermore, it can be seen that between 25 and 50 clusters the
average standard deviation is changing only slightly. Thus, for this intersection it can be assumed
that a cluster size of 25 should be detailed enough for emission evaluations.

16.4 Simulation Results

The ground truths of the “real” produced pollutant emission were collected to compare them with the
estimated emissions “real” means the produced pollutant emissions for all vehicles in the simulation.
For computing all emissions PHEMlight is used. For each simulation scenario the relative error of
the estimated emissions was calculated as followed:

(Eapprox - Ereal )
Ereal

(16.3)

Error =

Where:

Error : relative error

Eoppros © approximated emissions
E,cq : real emissions

16.4.1 Basic Approach

The simulation results show that even with a low penetration rate of 1 % the relative error of the
estimated emissions is around 5 % after 1 hour of simulation and emission collecting time (see figure
16.4). The relative error is decreasing with higher penetration rates, this effect can be expected
because with a higher penetration rate the knowledge about the produced emissions is also larger.
It has to be mentioned that the used simulation scenario is very simple so with more complex traffic
conditions the error will probably be higher. Therefore a more realistic simualtion scenario was set
up. The traffic infrasture was the same only the vehicle types are adapted to a vehicle fleet prognosis
of the year 2040. The year 2040 was choosen because it was expected that in 2040 there will be
a realistic amount of equipped vehicles driving on the streets. The simulation was performed also
with a vehicle fleet distribution of the years 2020 and 2030 and the results look similar to the one
presented in figure 16.4 which shows the ones for the year 2040.

16.4.2 Clustering Approach

For the local emission monitoring the emission clusters are mapped onto the induction loops or
street of the network. According to the assumption that the GPS positions of the CAMs are not
accurate enough to know the exact lane and loop a vehicle is driving at, this mapping distinguishes
only between the approaching streets, but not the lanes. The errors for the emission calculation with
the clustering approach can be seen in figure 16.5. The errors are slightly higher than the results
for the basic approach but are still relatively good. When comparing the result for the simulation
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Figure 16.3: Relative Error of the estimated emissions over time (left) Average standard deviation
of the emissions for adifferent number of clusters (from 2 to 49) (right)
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Figure 16.4: Relative Error of the estimated emissions over time (left). With different vehicle types
(right)

with different vehicle types the clustering approach performs much better than the basic approach
(see figure 16.5 ). For each penetration rates the error is under 10 %.

16.5 Conclusions

In this work an approach that combines information from inductive loops and vehicular communi-
cation to monitor local emissions was presented and evaluated. The basic idea of the approach was
to use the vehicle counts from induction loops and combine this information with the speed profile
of equipped vehicles. The simulation results show that the algorithm can be used for local emission
monitoring. Even with low penetration rates of 1 % an error of less than 10 % can be reached.
But the current state of research has some limitations. The simulation scenario which was used for
the evaluation is an artificial one. To have a more realistic traffic situation the approach should also
be simulated for a intersection with real world data (an existing intersection and its traffic demand).
For this evaluation only simulation results have been considered. Simulation models are normally a
simplification of a real world situation. Therefore it can be assumed that the simulated emissions
will have a larger error when comparing to measured emissions in real world. Hence, the results of
the algorithm should also be compared to real world measurements.
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Figure 16.5: Relative Error of the estimated emissions over time for the clustering algorithm (left).
With different vehicle types (right).

The described approaches was evaluated for monitoring a single intersection, but further research
has to be done if the approach should be extended for larger regions. One solution could be that
CAMs are collected inside the vehicle over a longer time and all the information is send via GSM or
when a road side unit is available. In this case it is not needed that every intersection is equipped
with a road side unit for local emission monitoring, but the additional costs for GSM had to be
considered.
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