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Abstract In this study, a noise internalization approach is presented and successfully
applied to a real-world case study of the Greater Berlin area. The proposed approach
uses an activity-based transport simulation to compute noise levels and population
densities as well as to assign noise damages back to road segments and transport
users. Iteratively, road segment and time dependent noise exposure tolls are computed
to which transport users can react by adjusting their route choice decisions. Since
tolls correspond to the transport user’s contribution to the overall noise exposures,
the incentives are given to change individual travel behavior towards reduced noise
exposure costs. Applying the internalization approach to the case study reveals that
transport users shift from minor to major roads and take detours in order to avoid
areas with high population densities. The contribution of the presented methodology
is that the within day dynamics of varying population densities in different areas of
the city are explicitly taken into account and affected people at work and places of
education may be incorporated, which is both found to have a major impact on toll
levels and network utilization. Depending on the time of day and depending on which
population groups are considered, noise exposures are reduced by means of different
traffic management strategies.
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1 Introduction and Problem Statement

Many studies prove that environmental noise causes cardiovascular diseases, tinni-
tus, cognitive impairment and sleep disturbances (see, e.g., Ising et al. 1996; Stassen
et al. 2008; WHO Europe 2009, 2011; Babisch et al. 2013). This negative impact on
public health is addressed by a vast number of noise control measures. Encouraging
the use of quieter vehicles (e.g. improved aerodynamics, tires or motor engines), the
building of noise barriers, and improved road surfaces, aim to reduce noise exposures.
They do, however, not affect the origin of the sound, namely the travel behavior.
Traffic control measures allow for a reduction in noise exposures by changing the
travel behavior, e.g. the transport route, the mode of transportation, the departure
time. Possible means to rearrange traffic flows towards a higher system efficiency
are, for example, reduced speed levels, turn restrictions or pricing schemes. The eco-
nomic principle of optimal price setting by means of internalizing external effects
has been widely studied in the literature (Vickrey 1969; Arnott et al. 1994; de Palma
and Lindsey 2004; Friesz et al. 2004). In order to prioritize various noise control
measures and to quantify external noise cost which may be internalized, the num-
ber of individuals that are exposed to certain noise levels is of major importance.
Traffic management strategies should ideally consider both, the reduction in noise
exposures and the avoidance costs such as increased travel times from driving detours
(see,e.g. Lin et al. 2014).

Most noise mapping and action planning approaches focus on residential noise
exposures based on estimates for the number of residents per building (see, e.g.
SenStadt 2012; DEFRA 2015; Gulliver et al. 2015). This is a reasonable approach
for nightly exposures (see, e.g., BVU et al. 2003, pp. 187–189). However, static res-
ident numbers are difficult to be used for the computation of noise exposures during
daytime as residents leave the house to perform other activities located in other areas.

A review of several noise regulations reveals that estimates for the number of
exposed individuals should not be limited to residents at their home location. Table 1
depicts limit values of the A-weighted and time-averaged traffic sound level for dif-
ferent land-use types such as hospitals or commercial areas based on the German 16
BImSchV (1990). In context of noise protection at the workplace, noise limit val-
ues include noise sources from inside the workplace and therefore refer to the indoor
sound level. As an international standard adopted at European and German level, the
DIN EN ISO 11690-1 (1997) recommends noise limit values depending on the indoor
work type, depicted in Table 2. To translate indoor noise levels to the outside facade,
the insulation effect of buildings needs to be considered. The insulation effect of a
building depends on several factors such as the wall material and thickness, the win-
dow number and sizes, and the glazing technology. Furthermore, indoor noise levels
depend on whether windows are opened or closed, which is found to be particularly
relevant for bedrooms during the night (WHO Europe 2009). Depending on the type



Internalization of Road Traffic Noise Exposures 155

Table 1 Outdoor noise limit values based on (16 BImSchV 1990)

Land use type Limit value (day/night)

Hospitals, schools, sanatoriums, retirement homes 57 dB(A)/47 dB(A)

Residential areas 59 dB(A)/49 dB(A)

Mixed residential/commercial areas 64 dB(A)/54 dB(A)

Commercial areas 69 dB(A)/59 dB(A)

of window, the noise reduction of a closed window ranges from approximately 25
dB to 48 dB (see, e.g. DIN 4109 Beiblatt 1 1989, p. 55–56). Whereas opened win-
dows have an effect of 5 dB sound reduction, tilted-open windows reduce the sound
level by approximately 15 dB (see, e.g. RPS 2011, Appendix 8). Overall, the above
described regulations and limit values indicate the importance to go beyond residen-
tial noise exposures and to explicitly account for individuals affected by noise at work
or educational activities, i.e. at school or university.

In the same context, the Environmental Noise Directive of the European Union
2002/49/EC (2002) explicitly mentions certain building types, i.e. schools and hospi-
tals, indicating that noise exposure analysis should not be limited to residents at their
home location. However, the data to be delivered to the European Commission speci-
fied in 2002/49/EC (2002), App. 6, and the ’Good Practice Guide for Strategic Noise
mapping and the Production of Associated Data on Noise Exposures’ only refer to
residential noise exposures (WG-AEN 2006).

Several studies address the absence of a standardized methodology to calculate
noise exposures and set priorities for action planning in the European Union (see, e.g.,
Murphy and King 2010; Ruiz-Padillo et al. 2014). Lam and Chung (2012) show that
a differentiated analysis of residential noise exposures provides interesting insights.
The authors analyzed the population exposures with regard to socio-economic char-
acteristics and find older and less educated residents in Hong Kong to be worst
affected by traffic noise. Murphy and King (2010) address the importance to account
for the day-to-day dynamics of varying population densities, i.e. weekend com-
muters. In contrast, the authors do not mention the within day dynamics of varying
population densities (e.g. daily commuters). Ruiz-Padillo et al. (2014) propose an
approach to compute a road stretch-specific priority index that can be used for noise

Table 2 Indoor noise limit values based on DIN EN ISO 11690-1 (1997)

Indoor type Limit value

Conference room 30–35 dB(A)

Classroom, single office 30–40 dB(A)

Open space office 35–45 dB(A)

Industrial laboratories and control rooms 35–55 dB(A)

Industrial workspace 65–70 dB(A)
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control action planning. The index sorts road stretches by their noise problems, i.e.
taking into consideration the noise level as well as the number of exposed resi-
dents. Furthermore, the priority index considers the “occurrence of noise sensitive
centers” such as educational, cultural or health facilities. In Tenaileau et al. (2015),
the authors address the size of the local living neighborhood to calculate residen-
tial noise exposures. The authors describe this exposure area to be usually limited to
the home location, and in case outdoor exposures are accounted for, to be enlarged
to the relevant neighborhood. The authors’ conclusion is that their current approach
should be revised to account for the population’s variability in the daily activity
and travel behavior. The authors suggest that population exposures should ideally
be computed for each individual separately. Gühnemann et al. (2014) discuss opti-
mal pricing strategies to protect sensitive areas. The authors find that prices should
be regulated globally and account for all sensitive areas. Furthermore, the authors
address the importance to consider the impact of noise on recreational activities.
Lin et al. (2014) address traffic management strategies designed to meet hard envi-
ronmental constraints. The authors present a criterion which can be used to assess
traffic control measures regarding their impact on the network performance. In con-
text of air pollution, Hatzopoulou and Miller (2010) and Kickhöfer and Kern (2015)
have pointed out the importance to account for the temporal and spatial variabil-
ity in air quality and population density. Similar to the latter study, Kaddoura et al.
(2015) propose an approach to compute noise exposures which explicitly consid-
ers the within day dynamics of varying population densities in different areas of
the city and incorporates individuals that may be affected at work, university or
school, which is both found to have a substantial effect on the quantification of noise
exposures.

In this paper, a user-specific and dynamic pricing approach is proposed to inter-
nalize road traffic noise damages. The computation of noise exposures follows the
methodology described in Kaddoura et al. (2015). The proposed pricing approach
uses an activity-based transport simulation to compute noise levels and population
densities as well as to assign noise damages back to road segments and transport
users. Iteratively, road segment and time dependent noise exposure tolls are com-
puted to which transport users can react. Since tolls correspond to the transport user’s
contribution to the overall noise exposures, the incentives are given to change users’
travel behavior towards a higher system efficiency. The presented approach can be
used for noise control action planning, i.e. how to manage traffic to reduce noise
exposures while keeping the avoidance costs low. Thereby, the proposed approach
explicitly accounts for the temporal and spatial variation of the noise level and
population density. Furthermore, noise exposures are quantified taking into consid-
eration people that are exposed to traffic noise at work or educational activities. The
innovative pricing approach is applied to the case study of the Greater Berlin area.

The remainder of the paper is organized as follows: Section 2 describes the applied
transport simulation framework and the noise internalization approach. Section 3
provides the setup of the Berlin case study which is used for two pricing exper-
iments. The simulation outcome is analyzed and discussed in Sections 4 and 5.
Finally, Section 6 provides the conclusions for policy makers and an outlook on future
research.



Internalization of Road Traffic Noise Exposures 157

2 Methodology

2.1 Transport Simulation Framework

The proposed pricing approach uses the open-source simulation framework MAT-
Sim1 to compute noise levels and population exposures and to investigate the changes
in travel demand as a response to the pricing policy. As an activity-based transport
model, MATSim contains the number of individuals including the distribution of
specific activities (e.g. home, work, school) for each temporal and spatial unit. The
demand for transport results from spatially separated activity locations. The demand
side is represented by individual agents. In a preliminary step, for each agent ini-
tial travel plans have to be generated describing the sequence of daily activities (e.g.
home-work-leisure-home) as well as initial transport modes and departure times for
the trips between one activity (location) and the next one. The adaptation of demand
to supply follows an evolutionary iterative approach involving (1) the traffic flow
simulation, (2) an evaluation of executed plans and (3) learning.

1. Traffic Flow Simulation All agents execute their travel plans simultaneously
and interact in the physical environment. The vehicles’ movements along road
segments (links) follow the queue model developed by Gawron (1998) consider-
ing each link as a First In First Out queue with certain attributes, i.e. a free speed
travel time, a flow capacity, and a storage capacity (causing spill-back effects).
The resulting flows of traffic are consistent with the fundamental diagram (see
e.g. Agarwal et al. 2015).

2. Evaluation Each executed plan is scored based on predefined behavioral param-
eters. A plan’s score is typically composed of two parts, the travel cost (e.g. travel
time, monetary payments) and the utility gained from activity performing. The
latter part is computed as follows:

Va = βperf · ttyp,a · ln
(

tperf,a

t0,a

)
, (1)

where Va is the utility gained from performing activity a, tperf is the dura-
tion performing an activity, ttyp,a is an activity’s “typical” duration, βact is the
marginal utility of performing an activity at its typical duration, and t0,a is a scale
parameter which is not relevant in this study since activities cannot be dropped
from the daily travel plans (see Charypar and Nagel 2005).

3. Learning Every iteration, a certain share of agents generate new plans by creat-
ing a copy of an existing plan and modifying it, for example changing the route.
The other agents select a plan to be executed in the next iteration by choosing
among their existing plans based on a multinomial logit model.

Iteratively repeating the above steps allows the agents to improve, obtain plausible
travel plans, and the simulation results stabilize. Assuming the agents’ travel plans
to represent valid choice sets, the system state converges towards the stochastic user

1Multi-Agent Transport Simulation, see www.matsim.org

www.matsim.org
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equilibrium (Nagel and Flötteröd 2012). A detailed description of the simulation
framework is provided in Raney et al. (2003) and Raney and Nagel (2006).

2.2 Internalization of Road Traffic Noise Damages

The presented approach to compute and internalize road traffic noise damages is
visualized in Fig. 1. In the first module, the noise emissions are calculated based on
the traffic flow, HGV share and the speed level. The second module computes the
noise immissions for a predefined set of receiver points. The third computation mod-
ule follows all individuals’ daily activities (locations and activity start and end times).
Both, the noise immissions and demand activities are required by the fourth module
which computes individual damage costs. The fifth module assigns the damages back
to the road segments and vehicles. Section 2.2.1 summarizes the first four modules,
i.e. how noise damages are calculated (for a detailed description, see Kaddoura et al.
2015). Section 2.2.2 describes the newly introduced internalization module, i.e. how
noise damages are mapped back to road segments and vehicles.

2.2.1 Calculation of Noise Damages

Noise emission levels are calculated for each road segment i and time interval t with

Ei,t = E25
i,t + Dv

i , (2)

where Ei,t denotes the resulting average noise emission level in dB(A) calculated
based on the German RLS-90 approach (‘Richtlinien für den Lärmschutz an Straßen’,
FGSV 1992); and E25

i,t is the average sound level in dB(A) for a set of predefined
conditions, i.e. a horizontal distance of 25 meters, a height difference of 2.25 meters
and a maximum speed of 100 km/h, smooth asphalt road surface, a gradient of less
than 5 %; with

E25
i,t = 37.3 + 10 · log10

[
Mi,t · (

1 + 0.082 · pi,t

)]
, (3)

Fig. 1 Computation modules

Demand Activities

Noise Emissions

Noise Immissions

Noise Damages

Internalization
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where Mi,t is the traffic volume; pi,t is the HGV share in %. Dv
i is the speed

correction calculated as

Dv
i = Ecar

i − 37.3 + 10 · log10

⎡
⎢⎢⎣
100 +

(
10

0.1·
(
E

hgv
i −Ecar

i

)
− 1

)
· pi,t

100 + 8.23 · pi,t

⎤
⎥⎥⎦ , (4)

with
Ecar

i = 27.7 + 10 · log10
[
1 + (

0.02 · vcar
i

)3] (5)

E
hgv
i = 23.1 + 12.5 · log10

(
v

hgv
i

)
, (6)

where vcar
i denotes the maximum speed for passenger cars in kilometers per hour;

and v
hgv
i denotes the maximum speed for HGV in kilometers per hour. Noise immis-

sion levels are calculated for a grid of receiver points and updated every time interval.
The noise superposition for a single receiver point j is

Ij,t = 10 · log10
∑

i

100.1·Ii,j,t {Ii,j,t > 0} , (7)

with
Ii,j,t = Ei,t + Dd

i,j + Dα
i,j , (8)

where Ij,t is the total noise immission level in dB(A); Ii,j,t denotes the noise immis-
sion level in dB(A) resulting from road segment i; Dd

i,j is the noise correction in
dB(A) due to air absorption which follows the RLS-90 approach ‘lange, gerade
Fahrstreifen’ (‘long, straight lanes’), with

Dd
i,j = 15.8 − 10 · log10

(
di,j

) − 0.0142 · d0.9
i,j , (9)

where di,j is the shortest distance between the road segment i and the receiver point
j in meters (minimally 5 meters). Dα

i,j denotes the correction for the road segment’s
length in dB(A) following Nielsen et al. (1996), with

Dα
i,j = 10 · log10

( α

180

)
, (10)

where α is the angle from receiver point j to road segment i in degrees. To ensure
a fast computational performance and reduce the required input data, in this study,
further corrections which take into account e.g. other road surfaces, road gradients,
multiple reflections or shielding of buildings are not accounted for. Furthermore, for
each receiver point, only the road segments with any section within the range of
500 meters are considered. The spatial and temporal variation in the population is
computed as

Nj,t =
∑
n

an,j,t

T
, (11)

where Nj,t denotes number of demand units that may be exposed to noise at receiver
point j in time interval t ; n is the individual person; an,j,t is the duration person n

performs an activity of a considered type (e.g. ‘home’) at a location which is assigned
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to receiver point j ; and T is the duration of the time interval t in seconds. Noise
damages per receiver point j and time interval t are calculated as

Cj,t =
{

cT · Nj,t · 20.1·(Ij,t−Imin
t ) Ij,t ≥ Imin

t

0 Ij,t < Imin
t

, (12)

with

cT = cannual · T

(365 · 24 · 3600) , (13)

where Cj,t denotes the noise damage costs in monetary units; cT is the cost rate in
monetary units per dB(A) that is exposed to one demand unit for the duration T ;
cannual is the annual cost rate which, in this study, is equal for all affected indi-
viduals and set to 63.3 EUR;2 and Imin

t is the threshold immission level in dB(A)
which depends on the time of day. The applied approach follows the threshold-based
German EWS approach (FGSV 1997) and noise threshold values are assumed to be
the same for all parts of the population and activity types. In this study, the thresh-
old values are set to 50 dB(A) for time intervals during the day (6 a.m. to 6 p.m.),
45 dB(A) for time intervals during the evening (6 p.m. to 10 p.m.) and 40 dB(A) for
time intervals during the night (10 p.m. to 6 a.m.).

2.2.2 Assigning Noise Damage Costs to Links and Vehicles

The following approach to assign noise damage costs back to the causing agents is
based on Gerike et al. (2012) in which the computation methods are provided, but
where no numerical examples are presented. The approach considers the logarithmic
scale of noise and computes the contribution of each road segment and vehicle to the
overall noise damage costs. An overview of the internalization methodology applied
in this study is given in Fig. 2. In a first step, the receiver points’ damage costs are
assigned to the road segments. A road segment’s total contribution to the overall noise
damage costs is

Ci,t =
∑
j

Si,j,t · Cj,t , (14)

with

Si,j,t =
(
100.05·Ii,j,t

100.05·Ij,t

)2

, (15)

where Ci,t is the total contribution of road segment i to the overall noise damages
at the surrounding receiver points; and Si,j,t is the share of road segment i to the
overall noise damage costs at receiver point j during time interval t (Gerike et al.
2012, Eq. 2).

2This value is based on the annual cost rate of 85 DM (Deutsche Mark) which is given in the EWS
(‘Empfehlungen für Wirtschaftlichkeitsuntersuchungen an Straßen’ FGSV 1997) for the year 1995, con-
verted into EUR, and updated with an annual interest rate of 2 %. The cost rate considers the avoidance
costs for noise during the night and the willingness-to-pay for reduced noise levels during the day (FGSV
1997, p. 14).
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Ij,t , Nj,t 
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E2,t
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receiver point j 

Fig. 2 Back-mapping of noise damage costs to links and vehicles; the widths of the solid arrows represent
the approximate assigned costs

In a second step, the road segment’s total contribution is allocated to the different
vehicle types (Gerike et al. 2012, Eq. 5 and 6). The costs assigned to each vehicle
type are

Ccar
i,t = Scar

i,t · Ci,t (16)

C
hgv
i,t = S

hgv
i,t · Ci,t , (17)

with

Scar
i,t = Mi,t · (

1 − pi,t

100

) · 100.1·Ecar
i

Mi,t · (
1 − pi,t

100

) · 100.1·Ecar
i + Mi,t · (pi,t

100

) · 100.1·Ehgv
i

(18)

S
hgv
i,t = Mi,t · (pi,t

100

) · 100.1·Ehgv
i

Mi,t · (
1 − pi,t

100

) · 100.1·Ecar
i + Mi,t · (pi,t

100

) · 100.1·Ehgv
i

, (19)

where Ccar
i,t and C

hgv
i,t are the costs assigned to each vehicle type (passenger car or

HGV); and Scar
i,t and S

hgv
i,t are the noise shares for each vehicle type on road segment

i during the time interval t .
Finally, the costs allocated to single vehicles are

ccar
i,t = Ccar

i,t

Mi,t · (
1 − pi,t

100

) (20)

c
hgv
i,t = C

hgv
i,t

Mi,t · (pi,t

100

) , (21)

where ccar
i,t is the costs assigned to each passenger car, and c

hgv
i,t is the costs assigned

to each HGV on road segment i during time interval t .
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3 Case Study

The approach to internalize noise damages is applied to a real-world case study of the
Greater Berlin area which was generated by Neumann et al. (2014) who converted
a trip-based model into an activity-based MATSim model. The transport users are
modeled as “population-representative” agents based on a SrV survey (see Ahrens
2009) and “non-population representative” agents to include additional traffic, e.g.
freight, airport and tourist traffic. The transport demand was calibrated with regard
to the mode shares, travel times and travel distances. In this study, the agents’ exe-
cuted plans of the relaxed travel demand generated by Neumann et al. (2014) are
used as input demand for the simulation experiments. For a better computational
performance, a 10 % sample of the population is used. Both the demographic and
traffic related data which are required to compute noise exposures are taken from the
applied case study of the Greater Berlin area. Thus, the precision of noise exposures
is limited to the precision of the applied transport model. As discussed by Kaddoura
et al. (2015), traffic noise exposures may be computed for two different assumptions
which have a substantial effect on the results.

– Assumption A: Noise damage costs are only incurred for individuals that are
exposed to noise at their home activity.

– Assumption B:Noise damage costs are incurred for individuals that are exposed
to noise at home, at work and education activities, i.e. school and university.

In this study, noise damage costs are mapped back to road segments and vehi-
cle categories based on the method described in Section 2.2.2, and each causing
agent is charged his/her contribution to the overall noise damages (internalization
policy). Assuming the agents to perform activities for the predefined typical dura-
tion (ttyp = tperf , see Section 2.1), the value of travel time savings (VTTS) is 10
EUR/hour. However, an agents’ VTTS may be larger or smaller, depending on the
agent’s individual time pressure (see e.g. Nagel et al. 2014; Kaddoura and Nagel
2016). These simulation experiments are carried out for both assumptions regarding
the considered activity types, pricing policy A and B. The internalization policies are
compared with the results given in Kaddoura et al. (2015), in which the simulation is
run for the same case study but without pricing, thus the outcome is considered as the
current traffic situation (base case). To allow for a comparison of the base case and
the internalization policy, the transport network and simulation setup is the same as
in Kaddoura et al. (2015). Each simulation is run for a total of 100 iterations. During
the first 80 iterations, in each iteration, 10 % of the agents are enabled to experience
new routes (choice set generation). During the final 20 iterations, the agents’ choice
sets are fixed and the selection of travel alternatives is based on a multinomial logit
model. The maximum number of travel alternatives per agent is set to 4 plans. Thus,
each agent’s choice set may consist of several reasonable travel options. For instance,
agents may use long routes with relatively low toll payments or short routes with rel-
atively high toll payments. Applying a random utility model and allowing for more



Internalization of Road Traffic Noise Exposures 163

than one travel alternative per agent introduces day-to-day variability, which is found
to result in an overall plausible travel behavior. The traffic flow model only accounts
for road users, i.e. cars and HGV (heavy goods vehicles). Other transport modes,
e.g. public transport, bike and walking, are modeled in a simplified way calculating
trip travel times between two activity locations based on the beeline distance. The
applied methodology focuses on noise caused by passenger cars and HGV. Further
noise sources such as buses, streetcars, trains, and air planes are neglected.

4 Results

As shown in Table 3, both pricing experiments yield a reduction in noise damages
of about 6 % compared to the base case situation. The total travel time and travel
distance are observed to increase since transport users take detours in order to avoid
high toll payments on roads in residential areas. The numbers given in Table 3 refer
to the entire day, whereas the relative changes are much higher during the morning,
evening and night when noise immission thresholds are lower than during the day.
The reduction in noise damage costs results from the transport users’ ability to adjust
their route choice decisions. That is, the network wide traffic volume, i.e. the number
of starting trips per time, remains unaltered. Allowing for mode and departure time
choice would presumably increase the effect. Considering all transport users within
the car mode, the average toll per trip amounts to 0.17 EUR for assumption A, and
0.22 EUR for assumption B. The average toll per car user amounts to 0.15 EUR
for assumption A, and 0.20 EUR for assumption B. Noise costs caused by HGV
account for about a third of the total noise damages. The average toll payed per
HGV amounts to 1.46 EUR for assumption A, and 1.93 EUR for assumption B. Only
accounting for the “population representative” agents (see Section 3), the average toll
per person is 0.13 EUR for assumption A, and 0.16 EUR for assumption B. For trips
until 10 km, the average noise cost is approximately 0.015 EUR/km for assumption A
and 0.02 EUR/km for assumption B. However, for longer trips the average noise cost
per kilometer is found to decrease with the distance traveled. This is explained by
the fact that for a longer trip distance, the proportion of motorway usage in typically
less dense populated areas is greater, and consequently the caused noise exposures
are lower.

Table 3 Changes in daily noise damages, travel time and driving distance due to the pricing policy

Pricing policy A Pricing policy B

Change in noise damage costs −51,436 EUR (−6.03 %) −63,925 EUR (−5.77 %)

Change in travel time +6,221 hours (+0.44 %) +9,418 hours (+0.66 %)

Change in driving distance +650,713 km (+0.82%) +875,011 km (+1.11 %)
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4.1 Spatial Investigation of Pricing Policy A

4.1.1 Traffic Volumes

Figure 3 depicts the changes in traffic volumes during the afternoon peak between
3.00 and 4.00 p.m. as a result of the noise internalization policy A. Dark green and
light green colored road segments indicate a decrease in traffic volume, whereas
orange and red represent an increase in traffic. Furthermore, Fig. 3 incorporates the
population density given in units of residents who perform a “home” activity during
the considered time interval (3.00–4.00 p.m.). The changes in traffic volumes indi-
cate two effects: First, transport users shift from minor to major roads such as to the
inner-city ring road motorway. Second, indicated by the overlay of the traffic changes
with the population units, transport users shift to roads in areas with lower population
densities.

4.1.2 Noise Exposures

For the same time period, Fig. 4 shows the changes in noise immission levels in
dB(A) between the base case and the internalization policy A. In Fig. 4a, all receiver
points are shown, whereas in Fig. 4b, the changes in noise levels are only shown for
receiver points where the number of considered population units between 3.00 and
4.00 p.m. is greater than 0. The overall noise level in the inner city area is found to
decrease except for certain areas or corridors. Taking into consideration the number

Fig. 3 Absolute changes in traffic volumes due to the pricing policy and considered population units
based on assumption A between 3.00 and 4.00 p.m
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Fig. 4 Change in noise immission levels in dB(A) between 3.00 and 4.00 p.m. as a result of the pricing
policy A . Changes in noise immissions below 1 dB(A) are not displayed

of affected population units, the results indicate an overall reduction in noise expo-
sures due to the pricing policy. Overall, noise levels are observed to decrease in areas
with relatively high population densities and to increase along parallel road stretches
in areas with lower population densities. A decrease in noise for a relatively high
population density is for example observed in Dahlem along the south-west corri-
dor “Clayallee” which comes along with an increase in noise levels at the parallel
road stretch “Onkel-Tom-Straße” leading through the forest “Grunewald”.3 A noise
reduction in areas with high population densities is also observed in Neukölln east of
the green area “Tempelhofer Feld” or in Tempelhof along the north-south road corri-
dor “Manteuffelstraße” and “Boelckestraße” which in return involves an increase in
noise at the parallel road stretch “Tempelhofer Damm”. The changes in noise levels
along the inner-city ring road and the outer city motorway are found to be very low
which is explained by the logarithmic scale of noise, i.e. the declining impact of an
additional vehicle on the overall noise level for larger traffic volumes.

4.1.3 Noise Damages

As described in Section 2.2.1, noise exposures are translated into damage costs
considering both, the number of affected population units and the noise level. The
changes in daily noise damage costs are shown in Fig. 5. As depicted in Fig. 4, the
increase in traffic on motorways does not result in a significant increase in noise
damage cost. Whereas, along other road stretches, mainly in residential areas and the
inner-city area, changes in noise damage costs are much larger. For several areas,
a decrease in noise cost is observed to yield a smaller increase in noise cost along
parallel corridors.

3This effectively shifts noise from a residential area into a nature reserve. If this is politically undesirable,
then it will be necessary to penalize this as well in the algorithm.
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Fig. 5 Change in daily noise cost in EUR as a result of the pricing policy A

4.2 Taking into Consideration Additional Activity Types

The assumption regarding the considered activity types is found to have a substantial
effect on the policy recommendations to be derived from the changes in network
utilization. Figure 6 depicts the changes in traffic between 3.00 and 4.00 p.m. as
a result of the noise internalization policy B. A comparison of Fig. 6 with Fig. 3
reveals how the two pricing policies A and B differ in terms of the suggested traffic
flow changes. Assuming individuals at work, school or university to be additionally
affected by noise (pricing policy B), in the central business districts, i.e. east and west
of the inner-city green area “Tiergarten”, the traffic volume is much smaller than
when only accounting for residential noise damages (pricing policy A).

4.3 Investigation for Different Times of the Day

Next, the changes in traffic resulting from the pricing policy are analyzed for differ-
ent times of the day. A comparison of different time periods reveals that the dynamic
approach is of major importance in both pricing policies. Applying pricing policy
A, for most road stretches, e.g. the “Hermannstraße” and “Karl-Marx-Straße” in
Neukölln, during the day, the predicted traffic volume is lower compared to the base
case. This is explained by a large number of residents spending the day at home.
During morning, evening and night periods, the route shift effects are even stronger
compared to the daytime which is explained by a large number of residents returning
to their home location and thus being at home in the evening. Nevertheless, for a few
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Fig. 6 Absolute changes in traffic volumes due to the pricing policy and considered population units
based on assumption B between 3.00 and 4.00 p.m

road stretches, e.g. the “Hohenzollerndamm” in Wilmersdorf, an opposite change in
traffic is observed for different times of the day, i.e. an increase in traffic volume
during the day and a decrease in traffic in the evening, morning and night. This is
explained by large temporal deviations of the population density, i.e. a small num-
ber of residents staying at home during the daytime and a large number of residents
returning to their home location in the evening.

Applying pricing policy B, the time of day is found to have a very strong impact
on the resulting traffic changes. As shown in Fig. 6, during the day, the system
is improved by giving the incentive to drive around the central business districts,
whereas, in the evening, morning and night, most individuals have left the central
business districts. Consequently, the number of exposed individuals is very small and
toll payments are very low during these time periods. Thus, in the morning, evening
and night, the incentive of driving through the central business districts has the effect
of reducing noise exposures in residential areas.

5 Discussion

A time-dependent and link-specific tolling system seems difficult to be implemented
in real-world. Nevertheless, the proposed approach may be used to derive noise
control strategies by means of traffic management. The proposed internalization
approach induces changes on the demand side which reduce noise exposure costs.
However, the desired demand changes may also be invoked by other means than pric-
ing. A monetary toll can be as well interpreted as a correction term to be added to
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the transport user’s generalized travel cost. Instead of charging a toll, for example,
the speed limit could be reduced for certain roads while having the same effect on
the transport users, e.g. encouraging users to take a different route. The results of
the case study applied in this paper allow to draw conclusions about the desired net-
work utilization. In particular, for each time period, traffic flows could be rearranged
by making certain road stretches less attractive. By applying the presented method-
ology to case studies with further choice dimensions, the results would additionally
indicate further demand reactions, such as temporal changes when enabling depar-
ture time choice, or modal shifts when enabling mode choice, which would further
improve the overall system efficiency.

It is important to note that road priorities for action planning that are simply
based on variables such as the noise level and the exposed population (see, e.g.,
Ruiz-Padillo et al. 2014) are difficult to be used for traffic management purposes.
A road stretch may have a high priority index even though there is no meaningful
alternative for the transport users, e.g. alternative route in a less densely populated
area. That is, any kind of traffic management intending to reduce the noise level
along a selected road stretch, for example a lower speed level or turn restrictions,
may result in even higher noise exposures somewhere else. On the other hand, for
less prioritized road stretches with a lower noise level and fewer residents, there may
be good alternatives which allow for a reduction in noise exposures by means of traf-
fic management, e.g. rearranging the traffic flow along parallel road stretches in less
noise sensitive areas. In contrast, the presented approach accounts for the existence
of meaningful alternatives. Each transport user can decide whether to avoid the toll
payments by changing the travel behavior or to stick to the original travel behavior
in case the travel alternatives involve even higher noise tolls or other travel costs.
Hence, the presented noise internalization approach can be used to identify road pri-
orities for action planning that include the existence of meaningful alternatives. A
higher priority is indicated by road stretches with a predicted decrease in traffic due
to noise pricing, whereas a lower priority for action planning is indicated by road
stretches with no or only small changes in traffic.

In the applied pricing approach by Gerike et al. (2012), tolls are computed based
on each transport user’s contribution to the overall noise exposure costs and total
noise damages are mapped back to the causing transport users. This means, tolls cor-
respond to the (weighted) average noise costs. As indicated by Table 3 in Section 4,
the simulation outcome confirms the economic theory which says that average cost
pricing may not yield a maximization of social welfare. Accounting for the change in
travel distance and travel time, in both pricing policies, the increase in travel related
costs is much larger than the decrease in noise damages. In a related study, an opti-
mal noise cost pricing approach is implemented in which noise tolls are computed
based on the marginal noise damage cost (see Kaddoura and Nagel 2015). Neverthe-
less, the advantage of the average noise cost pricing policy by Gerike et al. (2012),
which is applied in the present study, is that the toll revenues are equal to total noise
damage costs. Hence, affected individuals could be compensated for their noise dam-
ages. In contrast, a marginal cost pricing approach does not yield full cost recovery.
This is related to the logarithmic cost structure of noise (see Section 2.2.1), resulting
in marginal noise cost that are below average noise cost (Maibach et al. 2008).
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6 Conclusion

In this study, an innovative noise internalization approach is presented and success-
fully applied to a real-world case study of the Greater Berlin area in which transport
users are enabled to adjust their route choice decisions. The contribution of the pre-
sented approach is that noise exposure tolls are computed by explicitly accounting
for the temporal and spatial variation of the noise level and exposed population.
Moreover, the activity-based simulation approach allows to go beyond residential
noise exposures and additionally account for individuals that are exposed to traffic
noise at work, school or university. Iteratively, transport users are enabled to react to
local tolls which correspond to the transport user’s contribution to the overall noise
exposures. Hence, the proposed approach can be used to investigate traffic control
strategies.

Applying the pricing approach to the Berlin case study reveals that the overall
noise exposures decrease by about 6 % even though transport users are only enabled
to adjust their routes and the number of trip departures per time remains unaltered.
As a reaction to the pricing policy, transport users shift from minor to major roads
and take detours in order to avoid high toll payments in areas with high popula-
tion densities. Thus, the total travel time and travel distance increase. Consequently,
noise levels are reduced in areas with high population densities, whereas noise levels
in less dense populated areas increase. As indicated by Kaddoura et al. (2015), the
assumption where, i.e. at which activities, individuals are affected by traffic noise
is found to have a substantial effect on the policy recommendations. Going beyond
residential noise exposures and assuming individuals at work, school or university to
be additionally affected by noise, significantly reduces the traffic volume in the cen-
tral business districts. Moreover, the dynamic approach of calculating noise levels
and population exposures is found to be of major importance for traffic manage-
ment strategies. In particular, when noise exposures at work, school or university are
accounted for, noise exposures are reduced by giving the incentive to drive around
the central business districts during the daytime. In contrast, during the morning,
evening and night, noise exposures are reduced by encouraging transport users to
drive through the central business districts. Overall, this study may be seen as a
first step towards a more sophisticated noise control by means of intelligent traffic
management.

The presented methodology can easily be extended towards differentiated cost
rates and threshold values for various activity types or population subgroups, which
would improve the quantification of noise exposure costs and noise tolls. As
addressed by Gühnemann et al. (2014), recreational activities may be incorporated
which is straightforward using an activity-based approach. Moreover, the model
could be extended to account for on-road exposures which are in particular relevant
for pedestrians and cyclists. A major task for future studies is to use the presented
methodology to identify road stretches with high priorities for action planning. This
prioritization can then be used to design a policy for certain areas or road stretches
which should be evaluated based on the changes in noise damages and travel related
cost. In future studies, the presented noise pricing methodology will be combined
with existing pricing approaches for other external cost components that are based
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on the same simulation framework such as Kaddoura (2015) for congestion and
Kickhöfer and Nagel (2013) for air pollution.
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