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Executive Summary
In this report we present the results obtained from the implementation of the MATSim model in the metropolitan
region of Barcelona to simulate the impact of an hypothetical application of a toll charge to enter into two
different areas: i) the inner area corresponding to the area surrounded by the roads “Ronda Litoral” and “Ronda
del Mig” and; ii) the peripheral area corresponding to the area surrounded by the roads “Ronda Litoral” and
“Ronda de Dalt”.
The activity diaries used to feed the model were generated using the synthetic population module developed in
WP5. The data for building the model scenario (road networks and public transport networks) were obtained
from open data portals and from querying information from different web pages. The results obtained during the
calibration and validation process demonstrate the good quality of the activity diaries obtained with the method
developed in WP5.
The agent-based nature of MATSim allowed us to explore the effects of the policy from a traveller-centric
perspective and analyse the impact of the proposed policies with a level of detail that cannot be captured with
more aggregated models.
In terms of the cordon toll policy implementation, the results show that:







A cordon toll policy, as it is applied in this case study, reduces the number of car trips in the region but
does not reduces considerably the average travel time per trip.
The percentage of car trips reduction depends on the toll’s price and the charging scheme (hours of the
day at which the charge is applied).
The car’s trip reduction is higher if the policy is applied to the peripheral ring than if it is applied to the
inner ring.
o For an all-day 10€ charge applied to the peripheral ring, the simulation results indicate a net
reduction of around 8% of the number of car trips (corresponding to 205,140 car trips) with
respect to the base scenario and a reduction of 6.3% of the distance travelled by car for the whole
area of study.
o When a 10€ all-day fee is applied to the inner ring, the net reduction of car trips is around 6%,
resulting also in a reduction of 4.3% of the distance travelled by car.
The most affected areas in terms of number of residents getting into the toll areas are virtually the same
for both the inner and the peripheral ring scenarios for an all-day toll charge scheme.
The number and the districts affected by the policy implementation can be modified by playing with the
time of the day at which the toll charge is applied.

Finally, a preliminary analysis has been made to identify the public transport lines that receive the highest impact
(in terms of load increase) as a consequence of the cordon toll policy application, suggesting that the cordon toll
policy should possibly be complemented by an improvement of certain public transport lines.

© INSIGHT Consortium
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1. Introduction
The general purpose of INSIGHT’s WP7 is to bring the models and tools developed within the project to the point
where stakeholders can employ them to test different policy scenarios, as well as to evaluate their suitability for
tackling different types of urban policy questions. This case study is focused on the application of a cordon toll
charge in the city of Barcelona as a measure to reduce traffic congestion, with two main objectives: reduce
pollution coming from car use and increase economic efficiency by reducing the time spent travelling. The model
used in this case study is the MATSim model. MATSim is an activity-based agent-based model, where traffic flows
and congestions occur as the result of individuals performing their daily activities. As discussed in deliverable
D2.3, agent-based models are powerful tools to investigate phenomena arising from interaction between agents
that are typically not reproduced by more aggregated, top-down models. However, the practical implementation
of these models is often hindered by the lack of sufficient data. The calibration, validation and implementation of
agent-based models often require abundant and high quality data disaggregated down to an agent level. These
data are not always available for the entire population at the required level of detail. In this work we show the
advantages of using information obtained from non-conventional data sources to overcome this data scarcity
problem.

1.1 Purpose and objectives
The general purpose of the work reported here is to evaluate the potential of using non-conventional data sources
to feed agent-based urban simulation models, by testing in a real case scenario the developments and
improvements made to the MATSim model in the previous stages of the project.
The specific objectives of the case study are:




to calibrate, validate and run MATSim by using the activity diaries obtained from mobile phone data with
the module specifically developed for that purpose in INSIGHT WP5.4;
to explore the effects of applying a cordon toll policy for the city of Barcelona;
to evaluate the potential and limitations of the MATSim model for the evaluation of the effects of the
cordon toll policy.

1.2 Structure of the document
The document is organised as follows:






Section 2 provides an overview of Barcelona and the problems motivating the case study.
Section 3 discusses the policy measures to be studies during the present case study.
In Section 4 details about the model setting and the policy implementation in the model are presented.
The main results of the simulations are presented in section 5, and finally;
A discussion of the main results and conclusions of the case study are presented in Section 6.

© INSIGHT Consortium
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2 Case study context
Barcelona is the second largest city of Spain, with a total population of 1,604,555 inhabitants. Jobs, retail and
cultural offer make Barcelona a trip attractor. Considering only the trips performed by residents of the Barcelona
metropolitan region, 27% of the trips occurring in the city are performed by residents from outside the city.
According to the information available from AMB (Area Metropolitana de Barcelona,
http://www.amb.cat/en/home), “the metropolitan area of Barcelona has one of the largest accumulations of
infrastructures in southern Europe in such a way that within a radius of less than 7 km there are connections
between all passengers and goods transport forms: sea transport, through the port; air transport, through the
airport; railway transport, through conventional and high-speed rails; and road transport, through a large network
of motorways, dual carriageways and roads structuring the metropolitan area. The road network is organised into
three structures: the central system, consisting of Barcelona Rondas and their distribution accesses to outer
roads; the main axes of distribution and territorial structure, and the bypass defined by B-30 road. Barcelona
Rondas are one of the most important infrastructures of the metropolitan road system. They are high capacity
ring roads with annual average daily traffic intensities exceeding 166,000 vehicles per day, which surround the
city without interfering with the urban interior network. They are divided into two turnoffs: Ronda Litoral, sea
side, and Ronda de Dalt, mountain side. They have a total length of 36 km, of which 8.5 are tunnels. The road
system connecting the principal municipalities and the main residential and activity centres of the metropolitan
area of Barcelona is determined by the basic road network and urban roads, although some future activities have
already been planned to complete passengers and goods transport. There are cases, for example, the Badalona Mollet tunnel, the port access through A-2 road, the extension of Ronda Litoral and the construction of a specific
road for heavy vehicles covering Castellbisbal - Cornellà - El Port” (AMB, 2016).
In spite of these transport infrastructures, the city of Barcelona faces major traffic and congestion issues.
According to the INRIX 2015 Traffic Scorecard (INRIX, 2015), Barcelona is the most congested city in Spain, with
an average of 28 hours wasted per inhabitant per year in traffic jams in 2015. The consequences of congestion
are not only environmental but also economic: in a recent study performed by the Institute for Prospective
Technological Studies of the Joint Research Centre, it was estimated that drivers and passengers in Spain spend
more than 420 million hours a year in congestion, with an estimated annual cost of more than € 5.5 billion, which
corresponds to approximately 1,000 euros per person per year for inhabitants of large urban areas like Barcelona
(Christidis and Ibañez, 2012). In the same study, two main solutions are proposed for fighting congestion: traffic
management through congestion pricing schemes and the improvement of public transport offer. Traffic
management through congestion charges seems to have a positive acceptance among the Spanish population:
53% of the Spanish respondents of the Eurobarometer survey on the future of transport (European Commission,
2011) expressed favourable opinions regarding a replacement of existing car charges such as registration and
circulation taxes by charging schemes that take into account the actual use of the car such as the kilometres
driven, or the use during peak hours.

© INSIGHT Consortium
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3 Policy measure: cordon toll
3.1 Policy definition
Different types of congestion pricing schemes have been applied in different cities:






a cordon area around the city centre, with charges for passing the cordon line. This is applied for instance
in Stockholm, where a fee is charged to vehicles entering and/or exiting the central area (except for some
particular types of vehicles, which are exempted);
area wide congestion pricing, which charges the drivers for being inside an area. This has been
implemented in cities like London, where a charge is applied to drivers circulating within the Congestion
Charge Zone (CCZ);
a corridor or single facility congestion pricing, where access to a lane or a facility is priced.

Some initial reports from the cities that have implemented congestion pricing schemes show traffic volume
reductions from 10% to 30% (Environmental Defense Fund, 2007; Jelveh, 2007) as well as reduced air pollution
(Jelveh, 2007). In London, ten years after the congestion charging implementation in 2003, TfL reported a 10%
reduction in traffic volumes from baseline conditions (Topham, 2014). Also, an overall reduction of 11% in vehiclekilometres between 2000 and 2012 has been reported by TfL (2014).
In the case study presented in this work, a fee is charged every time a user enters the toll area. Once in the area,
the user can circulate freely of charge regardless the time or distance travelled in the area. The charge is applied
to all users independently of their residence place, i.e. residents of the toll area are not excluded from the
payment when they enter into it if they have previously exited the area.

3.2 Policy options
In the present case four different policy options are considered:





fixed congestion rate along the day;
congestion charge only for morning and afternoon peak hours;
congestion charge only for the morning peak;
congestion charge for the afternoon peak.

All-day congestion charge will affect in principle all kinds of trips, while congestion charge for the peak hours is
expected to affect mainly commuting trips. The asymmetric congestion charges for morning or afternoon peak
are expected to affect only one direction commuters: congestion charge in the morning peak will mainly affect
those commuters travelling from outside to the centre of Barcelona (toll area), while congestion charge for the
afternoon peak will mainly affect commuters living in the city of Barcelona and travelling outside the toll area in
the morning, as they will have to pay in their way back home during the afternoon peak.
The four options will be applied to two different areas:



the inner area consisting of the area delimited by Ronda Litoral and (see Figure 1 a);
a second ring surrounded by the Ronda Litoral and the Ronda de Dalt (see Figure 1 b).

In both cases, circulation within the Rondas delimiting the charging zone is free of charge.
© INSIGHT Consortium
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The first policy option (all day fix price) is applied to both areas and different charging prices are tested for this
option. The other three option (time of the day dependent charges’) are applied only for the inner area and only
one price scheme will be tested for them.
a)

b)

Figure 1. a) Inner toll area and b) Peripheral toll area. The blue line delimitates the toll area.

© INSIGHT Consortium
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4 Policy modelling
4.1 MATSim in a nutshell
MATSim is an activity-based multi-agent simulation framework used to simulate traffic flows and the congestion
generated by them, typically used to simulate a single day. In MATSim, travel demand and therefore travel flows
are generated by agents performing daily activities. Each agent has a list of plans (activities) to be performed in
given places (some versions of MATSim allow the activity location to be changed by the agents, however the
version used in this work does not include that option); in order to perform its daily plans, each agent travels from
one activity place to another. Each agent attempts to maximise the utility of its daily activity schedule while
competing for space-time slots with all other agents on the transportation infrastructure. Agents maximise their
utility by making decisions on route choices, transportation modes and activity sequence, by using a coevolutionary algorithm in an iterative process described below.
1. Initial demand. All agents have an initial daily plan, which serves as a starting point for the iterative
improvement process. Some characteristics of the plans are left untouched during the simulation, and
should therefore come from data or external models. This is typically the case of long term decisions,
such as home and work locations, or decisions involving a larger time frame than a single day (e.g., do the
weekly shopping or not).
2. Mobility simulation. The plans of all agents are executed concurrently, to estimate the influence of the
plans of the agents on each other.
3. Scoring. The information from the simulation is used to estimate the score of each individual plan. This
information typically takes the form of travel times and time spent performing activities; some
experiments have also included other information such as facility crowding (Horni et al., 2009). The
functional form is the one used by Charypar and Nagel (2005). It uses a linear disutility of travel time, and
a logarithmic utility of time spent performing activities. Different parameters can be defined for each
mode/activity type.
4. Replanning. This step groups two of the key components of co-evolutionary algorithms: (a) selection of
the interactions for evaluation, and (b) application of the evolutionary operators (selection and
mutation). To do so, part of the agents select a past plan based on the experienced score, following a
logit selection probability. This will have two consequences: (a) the state of the transport system, used
for evaluation, will only evolve slowly from iteration to iteration, providing the agents with the time to
adapt, and (b) those plans will be re-evaluated, given the new plans of the other agents. The other agents
copy and mutate one of their past plans. If the number of plans in an agent’s memory exceeds a
predefined threshold (usually 4 or 5), the worst plan is deleted, pushing the evolution towards plans with
higher scores. Steps 2 to 4 are then iterated until the system reaches a stable state. What kind of mutation
is performed determines which alternative plans will be tried out by the agent. Typical replanning
strategies include least cost rerouting using travel time estimates from the previous iteration, departure
time mutation, and mode mutation at the subtour level, considering mode chaining constraints. A tour is
a sequence of consecutive trips starting and ending at the same location, named anchor point.

© INSIGHT Consortium
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Experiments have also included secondary activity location choice (Horni et al., 2009) and activity
sequence (Feil, 2010)
These steps are iterated until a stationary state is reached, and the state of the system in this stationary
state is taken as a result.
5. An iteration is completed by evaluating the agents’ experiences with the selected day plans (scoring).

The iterative process is repeated until the average population score stabilises. More details about MATSim can
be found at Horni et al. (2016).

Figure 3. MATSim iterative planning process from at Horni et al. (2016)

4.2 Building the case study
The main features of MATSim implementation for Barcelona are the following:







The model is implemented for the metropolitan area of Barcelona.
Only trips performed by residents in the study area are considered; pass-by trips and freight trips are
excluded from the study.
Four different transport modes are considered: car; public transport, which includes including train,
undergrounds, tram and bus; bike and walk.
Three types of activities are considered: home, work and other.
The base year for the study is 2014, since the phone call records available for the study correspond to
this year.
The location of each activity is fixed: even when some MATSim implementations allow activity locations
to be modified by adding an extra file with land use information, in this case study this option is not
implemented.

© INSIGHT Consortium

Page 12 of 43

D7.4 Barcelona Case Study
Issue 1

4.2.1 Supply network: representing Barcelona transport infrastructure
4.2.1.1 Road network
The road network has been built using information coming from open source data: OpenStreetMap
(www.openstreetmap.org) and Open transport Map (http://opentransportmap.info/).
The information provided by these data sources for each road link includes:








Coordinates for start and end nodes
Direction: traffic directions allowed
Type: type of the road (from highways to pedestrian streets)
Speed: free speed in km/h
Capacity: road capacity per link
Lanes: number of lanes per link
Road counts: number of vehicles that pass through the link in a day (only available for some links)

The information above was treated in order to build the network for MATSim implementation:







Links’ length was calculated in meters using the position of the start and end nodes.
Additional links were created to account for bi-directional links, since MATSim only accepts unidirectional
links. The created links inherit all properties of the original one, but start and end nodes are swapped.
Pedestrian streets and bike lanes were removed.
Unconnected links as well as loop links (where start and end nodes are the same) were also removed.
Speed was transformed into m/s.
For those links with no information of free speed, capacity and/or number of lanes, an average value was
imputed according to the road type with information provided by a private consultancy firm for a smaller
area.

The resulting network, depicted in Figure 4, contains 17,690 road links and 9,217 nodes.

Figure 4. Road Network

© INSIGHT Consortium
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4.2.1.2 Public transport network
Bus and underground
The city of Barcelona is well served by four interconnected public transport networks: bus, underground, urban
railway and tram. The bus network has 192 lines and 2,464 stops. The underground is composed of 22 lines and
139 stops. Information about stops, routes, schedules and departures has been obtained from the public
information available at the Barcelona Open Data platform (http://opendata.bcn.cat/opendata/en)
Train and tram
Barcelona also has an urban and metropolitan rail network composed of 38 lines and 181 stops. The tram has two
networks with a combined total of 12 lines and 56 stops. In all datasets and for each line, we needed an identifier
such as the name, the stops, the schedules and the travel time between two consecutive stops. Data extraction
has been done by querying web sites and extracting structured data from them. Although specific code has been
written to download and parse the data from the different sources, the process was the same for all the data
sources:
1. detect the lines and assign a unique identifier to each line;
2. for each line, extract the stops in both directions (and give them a unique identifier). It has to be noted
that in some cases the stops are not the same in both directions;
3. for every pair of consecutive stops along every line, extract the duration of the journey;
4. for every head stop (in both directions), get the time the convoy starts the journeys;
5. store the data in the proper format.

Figure 5. Tram data
© INSIGHT Consortium
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Tram data have been extracted from the official website http://www.tram.cat/linies-i-horaris/. As shown in
Figure 5, the line stops are shown clearly in the website. Schedule retrieval and interstop time involved a harder
interaction with the website, by filling a form with the line, the departure and arrival stations, and the date and
time of travel. The list with times and line names was parsed.
Urban railway data has been extracted from the official websites http://fgc.cat and http://www.renfe.com. In
this case, we needed to retrieve information of the four main traditional railway networks and also from the
funicular railways. Figure 6 shows the page containing the line map and additional information on the stops. This
information includes the services located in the stops and links between all Barcelona public transport stops.
Schedule retrieval and interstop time involved filling a form and parsing the data.

Figure 6. Urban railway data

© INSIGHT Consortium
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The resulting integrated public transport network is depicted in Figure 7.

Figure 7. Public transport network

4.2.2 Travel demand for Barcelona: activity diaries
The module developed in WP5 for the generation of activity diaries by merging information from mobile phone
call detail records (CDR) and census data was used to generate activity diaries for 264,199 agents, corresponding
to 10% of the population of the area of study. All details on the generation of activity diaries can be found in
INSIGHT D5.4 Enhanced version of MATSim. A brief explanation of the module is given below.

4.2.2.1 Input data
Anonymised Call Detail Records for the period of October-November 2014 were used to extract agents’ activity
diaries. The data set comprised information of around 20-30% of the total population of Spain. The information
provided included:




a unique anonymised identifier for each user;
socio-demographic data for each user: age, gender and user postal code (for residents in Spain) or user’s
nationality (for roamers);
spatio-temporal data for each user: every time an event occurs (a phone call starts/ends, an SMS is sent,
a data transfer takes place, etc.), the time and the position of the tower to which the mobile phone is
connected is recorded:
o temporal granularity depends on user activity;
o spatial granularity depends on cell coverage, leading to a location accuracy of a few hundreds of
meters in urban areas and several kilometres in rural areas

© INSIGHT Consortium
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Census information at the level of census tracts was used for the sample expansion. This information included
population by gender and age groups. Age was divided into three main groups: population between 0 and 15
years old, between 16 and 64 years old, and above 64 years old. Only population above 15 years old was
considered for the expansion.

4.2.2.2 Diaries reconstruction from CDRs
First, space is divided into Voronoi areas according to the base transceiver station (BTS) tower position. The most
active users are selected from the sample, leaving a sample representing 15% of the population. For each user:



Events are assigned to the antenna’s Voronoi area,
An activity profile is built as follows:
o The frequency of appearance and length of stay are used to identify the user’s main locations
(home, work, other) at Voronoi area level.
o Other locations different from common locations are also identified so as to reconstruct non
recurrent trips.
o According to the activity profile of each user, a probability function is used to assign a start and
an end time to each activity/trip.

4.2.2.3 Home location and population expansion
Each user is assigned to one of the census tracts intersecting the Voronoi area identified as home with a
probability proportional to the number of residents of the area (given by the census information) and inversely
proportional to the number of users already assigned to the tract. The sample assigned to each census tract is
then expanded to the total population (or to the percentage of the population required for the study) by age and
gender groups, according to the aggregated data provided by the census information.

4.2.2.4 Coordinates assignment
For each activity, an x,y position is randomly chosen inside the activity’s Voronoi area (if is it a ‘non home’ activity)
or to the home census tract (if it is a ‘home’ activity).

4.2.3 Utility function and calibration process
As explained in section 4.1, in MATSim the scoring or utility function is the one that determines the agent choices
(activities timing, transport mode, route chosen, etc.) from a set of alternatives generated through coevolutionary algorithms. The scores include utilities for performing activities and disutilies due to time spent in
traveling and travel cost. The score is calculated as follows:
𝑁−1

𝑉 = ∑ 𝑉𝑎𝑐𝑡,𝑖 , +𝑉𝑡𝑟𝑎𝑣,𝑖
𝑖=0

𝑉𝑎𝑐𝑡,𝑖 is the utility of performing an activity i and Vtrip,i is the disutility of travelling from activity 𝑖 to
activity 𝑖 + 1.

© INSIGHT Consortium
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𝑉𝑎𝑐𝑡,𝑖 is calculated as follows:
𝑉𝑎𝑐𝑡,𝑖 = 𝑉𝑑𝑢𝑟,𝑖 + 𝑉𝑤𝑎𝑖𝑡,𝑖 + 𝑉𝑙𝑎𝑡𝑒,𝑖 + 𝑉𝑒𝑎𝑟𝑙𝑦,𝑖 + 𝑉𝑠ℎ𝑜𝑟𝑡,𝑖
𝑉𝑤𝑎𝑖𝑡,𝑖 is the disutility associated with the waiting time (e.g., outside a closed shop), 𝑉𝑙𝑎𝑡𝑒,𝑖 (𝑉𝑒𝑎𝑟𝑙𝑦,𝑖 ) is a penalty
for arriving late (early) to an activity, and 𝑉𝑠ℎ𝑜𝑟𝑡,𝑖 is a penalty for a “too short” activity. Since we do not have
precise information on the specific purpose of activities different from home or work, and hence we do not have
enough information about opening and closing times of the different activity centres, the wait, late and early
penalties have not been applied. For similar reasons, we have not considered the penalty for a short activity and
have focused on the utility of performing an activity 𝑉𝑑𝑢𝑟,𝑖 , which depends on the time devoted to perform the
activity and is calculated by:
𝑉𝑑𝑢𝑟,𝑖 = 𝛽𝑑𝑢𝑟 ∙ 𝑡𝑡𝑦𝑝 ∙ ln(𝑡𝑑𝑢𝑟,𝑖 /𝑡0,𝑖 ),
where





𝛽𝑑𝑢𝑟 is the marginal utility of performing an activity,
t typ is the activity's typical duration time,
t dur,i is the actual duration of activity i
t 0,iis the duration when the utility starts to be positive.

The trip disutility depends on the travel time, the travel distance and also on the travel model:
Vtrav,i = Cmode(i) + βtrav,mode(i) ∙ t trav,i + ∆mi + (βd,mode(i) + βm ∙ γd,mode(i) ) ∙ dtrav,i .
where









Cmode is a mode specific constant,
βtrav,mode is the direct marginal utility of time spent travelling by mode,
t trav is the time taken to travel from activity i to activity i+1,
βm is the marginal utility of money,
∆m is the change in monetary budget caused by fares or tolls,
βd,mode marginal utility of distance (normally negative or zero),
γd,mode is the mode specific monetary distance rate (negative or zero),
dtrav is the distance travelled between activity i and activity i+1.

The calibration of the model consists in choosing the parameter values such that the outputs of the simulation
(such as modal split or traffic counts) are consistent with the observed values in reality. The parameter value
assignations are made in an iterative process of providing different parameters values until the response of the
agents is similar to the expected. More detailed information about the agents’ utility function and calibration tips
can be found at www.matsim.org.
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4.2.4 Calibration of the current case study
For the calibration process two different data sources were used. Information from the EMEF survey (Encuesta
de Mobilitat en Dia Feiner 2014) was used for modal split. Traffic counts of the main roads were obtained from
the official web page of the Institut of Statistics of Catalonia http://www.idescat.cat/codis/?id=50&n=9&lang=es
Modal split
The information of transport mode is obtained from the experience activities file, the output file from MATSim
informing on the resulting mode used by each agent for every activity. The modal split was obtained at two
different scales. Modal split for the Barcelona metropolitan area and modal split for the city, and was compared
with the information provided by the EMEF. The parameter values were adjusted to match the modal split in both
zones at the same time. Comparison between EMEF and simulations results is shown in the Table 1.
Table 1. Modal split comparative between MATSim results and EMEF
Barcelonès

EMEF

MATSim

Not motorised transport (walk and bike)

51.3%

53.98%

Public transport

28.8%

26.05%

Private transport

19.9%

19,96%

Not motorised transport (walk and bike)

50.7%

51.58%

Public transport

26.1%

23.91%

Private transport

23.2%

24.51%

Metropolitan area

Traffic counts
The matching of traffic counts with observed values is more complex than the modal split. First, people's car trips
should be converted into actual number of cars, since in reality cars may be occupied by more than one person
and traffic counts provide the number of cars and not the number of people travelling. This conversion is made
by using an occupation factor. These values may vary depending on the road, the time of the day and the trip
purpose. In this work we have considered occupation values between 1 and 1.4. For the calibration process, we
have considered possible values ranging from minimum occupation calculated by dividing the number of car trips
obtained from the output files by the occupation factor equal to 1.4, and a maximum value calculated by dividing
the number of car trips by an occupation factor equal to 1. Once the observed modal split was reproduced by the
MATSim results, the road counts are used as a validation method. The validation process consists in corroborating
that, for each road for which information was available, the observed number of cars passing by the road falls
within the interval of possible values obtained by MATSim in for the given road. Observed and simulated number
of cars passing by the main roads is shown in Table 2.
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Table 2. Road counts comparison between MATSim results and official counts
Road name
Ronda de Dalt /Diagonal

Official counts
131,159

MATSim counts
[150,580:107,557]

Ronda de Dalt/Pota Nord

78,683

[101,770:72,692]

Gran via de les corts Catalans (Besos)

102,788

[112,020:80,014]

Ronda Litoral (Morrot)

111,548

[103690:74064]

Gran via de les Corts (Pl Cerda)

100,546

[126,888:90,628]

Guipúscoa (Extremadura)

18,940

[27,540:19,671]

Pg. Santa Coloma

17,835

[13,120:9,371]

Av. Diagonal (Pedralbes)

116,766

[96,290:85,663]

The values used to obtain the modal split and the counts reported can be found in the Table 3.
Table 3. Parameter values for MATSim calibration
Parameter

Value

𝛽𝑑𝑢𝑟

6

𝐶𝑚𝑜𝑑𝑒(𝑖)

-13

𝐶𝑚𝑜𝑑𝑒(𝑖)

-4

𝐶𝑚𝑜𝑑𝑒(𝑖)

0

𝐶𝑚𝑜𝑑𝑒(𝑖)

-22

𝛽𝑡𝑟𝑎𝑣,𝑚𝑜𝑑𝑒

-6 for all modes

𝛽𝑑,𝑚𝑜𝑑𝑒

0 for all modes

𝛾𝑑,𝑐𝑎𝑟

7.7 × 10−5

𝛾𝑑,𝑚𝑜𝑑𝑒

0 for all modes but car

𝛽𝑚

1

4.3 Policy implementation in MATSim
The cost to the user of travelling by car in the tolled area is reflected in the user’s utility function. To implement
the cost of entering to the toll area, a list of links entering from the non-toll zone to the toll zone is provided to
MATSim, together with the cost of the toll. Every time a user passes from a non-toll link to a toll link, the toll is
charged as a penalty in the utility function via the ∆m described in section 4.2.3.
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5 Simulation results
The results obtained from MATSim simulations are analysed at two different levels: the impact of the policy
measure on the roads load at an aggregated level, and the impact from a passenger centric perspective. The
policy implementation in the inner ring is tested for different prices, 2€, 5€ and 10€, for an all-day charge toll and
for a 10€ charge at different timing schemes, all-day, morning (08:00-10:00) and afternoon (16:00-20:00) peaks,
mooring peak, and afternoon peak. For the peripheral ring only the all-day timing scheme was tested but for the
different charging prices, 2€, 5€ and 10€. Aggregated results for all the different prices and timing schemes are
presented in Annex I and Annex II.

5.1 Inner ring toll
5.1.1 All-day toll charge aggregated results.
The main results obtained from the aggregated data can be summarised as follows:










The reduction of car traffic increases with the increase of the toll charge.
Aggregated results show a net reduction of 6% of car trips (26,480 car trips) when a whole day 10€ fee is
applied, resulting also in a 4.3% reduction of the distance travelled by car for the whole area of study.
Most of the car trip reduction occurs for trips entering and/or exiting the toll zone, with a reduction of
51,030 for entering car trips and 50,200 for exiting car trips for the 10€ charge case (see Figures 8a and 8b
for modal split comparison of base scenario and 10€ scenario).
Car trips occurring outside the toll area as well as trips occurring only within the toll zone have also been
reduced (see Figures 8c and 8d).
A reduction of 31,430 car trips in the peripheral area (outside the zone toll), corresponding to 1.8% of the
number of trips occurring in this zone, and a reduction of 9.8% for those trips occurring in the zone toll,
which corresponds to 25,040 trips, are obtained for the 10€ charge case. A possible explanation of the
reduction of car trips inside the toll zone (even when this trips do not pay toll) is that car owner performing
this trips may have entered the zone from outside and hence been charged by previous trips, preventing
the latter use of the car inside the zone.
Most of the car trips reduction occurs for short distance trips (see Figures 9a, 9b, 9c).
Even when the car "traffic" has been reduced for all zones the average travel time per trip by car has not
been considerably reduced. And the average travel time per trip has actually slightly been increased. This
may be due to the modal change.
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a)

b)

c)

d)

Figure 8. Modal split for the different zones of the study area. a, c, e, g correspond to base scenario and b,
d, f, g correspond to a 10€ all day toll charge scenario.
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e)

f)

g)

h)

Figure 8 (cont.). Modal split for the different zones of the study area. a, c, e, g correspond to base scenario
and b, d, f, g correspond to a 10€ all day toll charge scenario.
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a)

b)

c)

Figure 9. Number of car trips by travelled distance. a) Car trips within the toll zone, b) Car trips entering
and exiting the toll zone c) car trips occurring outside the toll zone.
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5.1.2 Comparison: all-day charge toll with other charging schemes
The effect of toll charge applied at specific times of the day goes beyond the time of the charge. In Figures 10a to
10c one can observe that car reduction occurs even for those times where no charge is applied. However, the
time dependent charge tolls are less efficient than the all-day charge scheme (see Figure 10):



Total (all day) car trips reduction for a 10€ morning + afternoon toll charge represents amounts to 2.24%,
slightly lower than the total car trip reduction obtained for the 5€ all day toll charge (3.3%).
The 10€ morning (afternoon) toll charge reports a car trip reduction of 0.8% (1%), compared to a
reduction of 1.22% of car trips for the 2€ all day toll charge case.

In terms of raised money:



The 10€ morning + afternoon toll charge raised 1,123,900€, in contrast with the 1,462,300€ raised by the
5€ all day toll charge.
The 10€ morning (afternoon) toll charge raised 579,700€ (635,600€) while the 2€ all day toll charge raised
638,600€.

In Figures 10a and 10b it can be seen that the afternoon peak has been flattened when applying an afternoon
toll. The morning toll however doesn’t seem to have the same effect on the morning peak. A similar behaviour
can be observed for the morning +afternoon toll (see Figures 10a and 10c). The 10€ all day toll however shows
the lower car trips distribution along the day (see Figure 10a).
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a)

b)

c)

Figure 10. Number of car trips for at different times of the day for the distinct toll schemes
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5.1.3 Results from a resident-centric perspective
As expected, residents living in the census districts intersected by the toll zone are the most affected by the policy
implementation (see Figure 11a). All districts intersecting the toll zone are affected by the all-day toll charge.
Figure 11a shows the number of residents entering the toll zone by car before the policy implementation and
Figure 11b shows the number of residents entering the toll zone by car after a 10€ all day policy implementation.
We can observe that after the policy implementation, the toll payers are mainly the residents of the districts
intersecting the toll zone. The morning+afternoon toll charge seem to affect virtually the same districts as the allday toll charge policy implementation, but to a lesser extent (less number of residents are affected), see Figures
11c and 11d. The same situation is observed for the afternoon toll charge, (Figure 11f) but after the application
of the policy, the number of districts having residents paying the toll has decreased (Figure 11g). The morning toll
charge seems to affect fewer districts and also to a lesser degree (considerably less residents are affected by the
measure). The implementation of the measure seems to produce a more or less even number of residents paying
toll.
In terms of travelled time, we see that the average travelled time per district does not change significantly after
the policy implementation (see Figures 12a to 12e). Here the average travelled time per districts is calculated as
the average travelled time for each trip performed from any origin to any destination for each resident of the
district.
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a)

b)

c)

d)

e)

f)

g)

e)

Figure 11. Number of residents entering the toll zone. The yellow ring encloses the toll area.
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a)

b)

c)

d)

e)

Figure 12. Average travelled time per district a) Base scenario, b) 10€ all day toll, c) 10€ morning + afternoon
toll, d)10€ morning toll and e) 10€ afternoon toll. Yellow ring encloses the toll area)
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5.1.4 Impact on public transport infrastructure
A preliminary analysis has been made on the impact that the toll policy has on public transport lines. Figure 13
shows the load of the 30 most stressed public transport lines due to the policy implementation. These results
suggest that an application of a toll policy should be accompanied by a reinforcement of the public transport lines
depicted on Figure 13. These results are still preliminary and need a more exhaustive analysis.
a)

b)

c)

Figure 13. a) The 30 lines with the highest passengers load b) Public transport lines load over lines capacity.
This number exceeds 1 since the capacity is calculated as the vehicles capacity times the number of vehicles
circulation in that line during the day, while the number of passengers corresponds to all passengers getting
on the buses regardless of the number of stops they remain in the bus. c) load difference between the base
scenario and the different scenarios for a 10€ toll.
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5.2 Peripheral ring toll
The toll policy experiments were performed for 2€, 5€ and 10€ all day charge.

5.2.1 All-day toll charge aggregated results
For the peripheral toll ring, we observe qualitative similarities with the case of the inner toll ring, e.g. the car
reduction increases with the toll price, more car trips are reduced for short distance trips (see Figure 14), and car
trips reduction occurs not only for trips entering the zone but also for trips exiting the toll zone, occurring within
the toll zone and occurring outside the toll zone (Figures 14 and 15). There is a slight reduction of the average
travel time per car trip and a slight increment on the average travel time per trip. In the following we present the
quantitative results obtained for the 10€ toll charge (all details for the different prices are presented in Annex II):







Reduction of 8% of car trips corresponding to 205,140 less car trips than before.
Reduction of 6.3% of kilometres travelled by car for the whole area of study.
Reduction of 18% (17.4%) of car trips entering (exiting) the toll zone, corresponding to 70,790 (69,090)
car trips less (see Figure 15).
Reduction of 7% (4,223 in absolute terms) of car trips for trips occurring within the toll zone.
Reduction of 2.5% (2,313 in absolute terms) of car trips for trips starting and ending outside the toll zone.
In contrast with the inner ring, the average car travel time for trips entering the toll zone increases
considerably with the toll policy, while the average car travel time for trips exiting remains almost
unchanged.
o An increment of the 15% (3 minutes) of car travel time for trips entering the toll zone is observed
for the 5€ all day toll charge and a 26% (5.3 minutes) increment for the car travel time for the
10€ all day toll charge.
o A reduction of 0.4% (22 seconds) of car travel time for trips entering the toll zone is observed for
the 5€ all day toll charge and a 1% (20 seconds) increment for the car travel time is observed for
the 10€ all day toll charge.

© INSIGHT Consortium

Page 31 of 43

D7.4 Barcelona Case Study
Issue 1

a)

b)

c)

Figure 14. Number of car trips by travelled distance. a) Car trips within the toll zone, b) Car trips entering and
exiting the toll zone c) car trips occurring outside the toll zone.
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a)

b)

c)

d)

Figure 15. Modal split for the different zones of the study area. a, c, e, g correspond to the base scenario and b,
d, f, g correspond to a 10€ all day toll charge scenario.
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e)

f)

g)

h)

Figure 15 (cont.). Modal split for the different zones of the study area. a, c, e, g correspond to the base
scenario and b, d, f, g correspond to a 10€ all day toll charge scenario.
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5.2.2 Results from a resident-centric perspective
The most affected districts (those districts with a higher number of residents entering, at least once, the tolled
zone) for the peripheral ring toll implementation coincide with the most affected districts with the
implementation of the inner zone ring, plus some extra districts intersecting the toll zone but affected to a lesser
extent (see Figure 16 a). After the policy implementation, a significant number of residents living outside the toll
zone will move from private car to other transport mode to enter the tolled zone (see Figure 16b).
a)

b)

c)

Figure 16. Number of residents entering the toll zone. a) Base scenario, b) 10€ toll charge scenario, c)
Number of residents changing from car mode to other transport mode to enter the toll zone.
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In terms of travel time, by comparing Figures 17a and 17b we can see that the average travelled time for residents
in zones that seemed to have few residents entering the tolled zone (see Figure 16 a and b) has been increased,
most likely due to the change of transport mode.
a)

b)

Figure 17 Average travelled time per district a) Base scenario, b) 10€ all day toll
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6 Discussion and conclusions
6.1 Model implementation
The good results obtained for the calibration and validation process support the idea that alternative data sources
can be used to meet the data needs of agent-based models and confirm the quality of the activity-travel diaries
obtained from mobile phone data with the method developed in WP5. The good match obtained for the road
counts once the calibration with the modal split has been performed is believed to be a consequence of the good
quality of the origin-destination matrix (travel diaries) obtained from the mobile phones.
Agent-based models, in this case MATSim, allow us to look at the effects of the policy implementation from an
aggregated level but also from a disaggregated, passenger-centric perspective. They also allow the observation
of side effects not revealed by aggregated models. In MATSim, a trip going from A to B is not seen as a single trip
but as part of a day plan. A person going from A to B cannot do it by car if it has not arrived to A by car. Also a
person cannot return home by public transport if it has arrived to the previous position by car, i.e. all the decisions
of travel model depend on previous decisions. A policy affecting trips from A to B may have different effects for
people performing the same A-B trip as a function of their residence place (e.g., depending for instance on how
easy is to get to A from one residence place or another). All this may have consequences on the effects of a policy
applied in a given area on zones outside such area. The activity-based / agent-based nature of MATSim allows
such effects to be captured and quantified.
On the other hand, the model also presents some limitations. In particular, due to the nature of the model, it is
not possible to evaluate the long term consequences, such as possible changes in land use or changes in activities
locations as a consequence of the policy implementation.

6.2 Cordon toll policy
The implementation of the cordon toll policy has positive effects in terms of car use reduction, which may directly
affect the level of contaminants and greenhouse gas emissions due to private car usage. The main insights gained
from the simulation are the following:










The intensity of cars trips reduction depends on the toll’s price.
A net reduction of 6% of car trips is achieved when a 10€ all-day fee is applied to the inner ring, resulting
also in a reduction of 4.3% of the kilometres travelled.
A net reduction of 8% of car trips, corresponding to 205,140 less car trips than in the base scenario, and
a reduction of 6.3% of the distance travelled by car is achieved for the whole area of study for a 10€ allday toll applied to the peripheral ring.
All-day charge schemes seem to be more effective (in terms of car reduction) than charges applied to
only specific hours of the day. However, playing with the time of the toll charge may help balance or more
generally modify the effect of the policy on residents of different areas and shift the traffic peaks.
The most affected districts (in terms of number of residents entering the toll zone by car before the policy
application) are virtually the same for the inner and for the peripheral ring. However, more districts are
affected when the policy is applied in the peripheral ring.
The effects of the cordon toll policy go beyond the tolled zone and the charge period, reducing car trips
within the zone and outside the zone and at travel times outside the charge times.
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The cordon toll policy, however, does not seem to have significant effects on the travel times by car. On the
contrary, the average travel time actually increases, and hence it does not improve economic efficiency by solving
the problem of “wasted time” in travel. This effect could be compensated by earmarking the revenues generated
by the congestion pricing scheme for the improvement of public transport. In that sense, some preliminary
analysis has been made to see the public transport lines that have received the highest impact (in terms of load
raise) as a consequence of the cordon toll policy application.

© INSIGHT Consortium

Page 38 of 43

D7.4 Barcelona Case Study
Issue 1

References
AMB: http://www.amb.cat/en/web/territori/infraestructures-metropolitanes/sobre-infraestructures/transports
Charypar, D. and K. Nagel (2005) Generating complete all-day activity plans with genetic algorithms,
Transportation, 32 (4) 369–397.
Christidis P. and J.N. Ibáñez Rivas (2012) Measuring road congestion, JRC Technical Note.
Environmental Defense Fund (2007-12-05) Congestion Pricing: A smart solution for reducing traffic in urban
centers and busy corridors. Website of the Environmental Defense Fund, retrieved 16 April 2008.
European Commission (2011) Flash Eurobarometer 312, Future of Transport, Analytical Report.
Feil, M. (2010) Choosing the daily schedule: Expanding activity-based travel demand modelling, PhD Thesis, ETH
Zurich, Zurich.
Horni, A., D. M. Scott, M. Balmer and K. W. Axhausen (2009) Location choice modeling for shopping and leisure
activities with MATSim: Combining micro-simulation and time geography, paper presented at the 88th Annual
Meeting of the Transportation Research Board, Washington, D.C
Horni, A. et al. (2016) Multi-Agent Transport Simulation MATSim. London: Ubiquity Press.
INRIX 2015 Traffic Scorecard: http://inrix.com/scorecard/
Jelveh, Z. (2007) The Stockholm Solution, Condé nast portfolio. Available at:
http://www.portfolio.com/views/columns/chartistry/2007/05/08/StockholmSolution/
Topham, G. (2014) London congestion charge expected to rise by at least 15%, The Guardian, 6 January 2014.
Transport for London (2014) Public and stakeholder consultation on a Variation Order to modify the Congestion
Charging scheme Impact Assessment.

© INSIGHT Consortium

Page 39 of 43

D7.4 Barcelona Case Study
Issue 1

Acknowledgments
The authors of the document will like to thanks Dimitri Kozuch from the Open Transport Maps platform for the
very useful data provided for the road network of the Metropolitan region of Barcelona.

© INSIGHT Consortium

Page 40 of 43

D7.4 Barcelona Case Study
Issue 1

Annex I. Inner ring results
Inner ring
Total number of trips
Total number of car trips
Total travel distance (in
meters)
Total average travel distance
(per trip in meters)
Total travel distance by car
mode
Total average travel distance
by car mode (per trip in
meters)
Total average travel time
per trip
Total average travel time
per trip by car mode
Total average travel time
per trip by car mode in the
morning peak
Total average travel time
per trip by car mode in the
afternoon peak
Number of users paying toll
Number of trips paying toll
Car trips occurring within
the toll zone
Average travel time for
within toll zone trips
© INSIGHT Consortium

Base scenario

Toll 2€ all day

Toll 5€ all day

Toll 10€ all day

Toll 10€ morning

Toll 10€ afternoon

10,368,170
2,384,000
55,596,113,550

Toll 10€ morning
and afternoon
10,369,640
2,484,540
55,543,099,470

10,368,560
2,541,700
55,471,436,350

10,371,190
2,510,470
55,562,930,80
0
5,357

10,368,940
2,458,000
55,585,261,56
0
5,361

10,372,050
2,521,250
55,548,521,110

10,369,910
2,515,220
55,503,081,650

5,362

5,356

5,356

5,352

11,392

28,743,169,74
0
11,449

28,275,242,65
0
11,503

27,711,236,950

28,521,102,380

28,799,603,780

28,736,127,200

11,624

11,479

11,423

11,425

00:23:09

00:23:17

00:23:28

00:23:43

00:23:40

00:23:34

00:23:36

00:14:15

00:14:14

00:14:04

00:14:04

00:14:02

00:14:10

00:14:10

00:15:46

00:15:41

00:15:39

00:15:36

00:15:42

00:15:38

00:15:51

00:16:23

00:16:21

00:15:58

00:16:00

00:15:32

00:16:19

00:15:37

0
0
254,510

319,300
411,810
248,190

292,260
363,410
242,580

264,430
322,270
229,470

112,390
121,820
244,400

57,970
59,110
251,150

63,560
65,440
249,450

00:15:37

00:15:40

00:15:44

00:15:47

00:15:42

00:15:40

00:15:41

5,350
28,954,043,260
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Inner ring
Average travel time for car
trips within the toll zone
Car trips entering the toll
zone
Average travel time for trips
entering the toll zone
Average travel time for car
trips entering the toll zone
Car trips exiting in the toll
zone
Average travel time for trips
exiting the toll zone
Average travel time for car
trips exiting the toll zone
Car trips occurring outside
the toll zone
Average travel time for trips
occurring outside the toll
zone
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Base scenario

Toll 2€ all day

Toll 5€ all day

Toll 10€ all day

Toll 10€ morning

Toll 10€ afternoon

00:03:23

Toll 10€ morning
and afternoon
00:03:25

00:03:24

00:03:24

00:03:23

00:03:23

00:03:24

276,910

264,620

247,640

225,880

257,340

267,990

266,720

00:30:11

00:30:41

00:31:15

00:32:11

00:30:50

00:30:31

00:30:29

00:17:18

00:17:26

00:17:28

00:17:45

00:16:59

00:17:26

00:16:52

277,200

265,160

248,410

227,000

257,660

268,670

267,360

00:30:33

00:30:57

00:31:34

00:32:34

00:31:19

00:30:49

00:30:58

00:17:33

00:17:34

00:17:23

00:17:33

00:17:28

00:17:23

00:17:40

1,733,080

1,732,500

1,719,370

1,701,650

1,725,140

1,733,440

1,731,690

00:24:35

00:24:36

00:24:39

00:24:41

00:24:33

00:24:33

00:24:34
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Annex II. Peripheral ring results
Peripheral ring
Total number of trips
Total number of car trips
Total travel distance (in
meters)
Total average travel distance
per trip (in meters)
Total travel distance by car
mode
Total average travel distance
by car mode
Total average travel time
Total average travel time by
car mode
Number of users paying toll
Number of trips paying toll
Car trips in the toll zone
Average travel time for trips
in the toll zone
Average travel time for car
trips in the toll zone
Car trips entering the toll zone
Average travel time for trips
entering the toll zone
Average travel time for car
trips entering the toll zone
Car trips exiting the toll zone
Average travel time for trips
exiting the toll zone
Average travel time for car
trips exiting the toll zone
Car trips occurring outside the
toll zone
Average travel time for trips
occurring outside the toll zone
Average travel time for car
trips occurring outside the toll
zone
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Toll 0€
10,368,560
2,541,700
55,471,436,350

Toll 2€
10,350,070
2,497,220
55,568,328,860

Toll 5€
10,368,850
2,427,580
5,578,227,746

Toll 10€
10,366,690
2,336,560
55,784,939,810

5,350

5,369

5,380

5,381

28,954,043,260

28,118,671,580

28,026,161,020

27,101,526,190

11,392

11,260

11,545

11,599

00:23:09
00:14:15

00:24:17
00:13:26

00:23:45
00:14:25

00:24:17
00:14:41

0
0
604,350
00:18:57

378,200
504,040
671,390
00:20:07

350,490
442,750
582,370
00:19:05

309,470
382,690
562,120
00:19:10

00:04:49

00:05:05

00:04:51

00:04:52

396,040
00:33:45

366,270
00:35:34

356,220
00:36:44

325,350
00:38:53

00:19:54

00:19:42

00:23:06

00:25:14

396,490
00:34:13

367,390
00:36:22

357,710
00:36:08

327,400
00:38:03

00:19:59

00:19:05

00:19:37

00:20:19

1,144,820

1,092,170

1,131,280

1,121,690

00:24:41

00:24:52

00:36:22

00:25:00

00:15:18

00:14:33

00:14:58

00:14:55
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