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esModern urban transportation concepts increasingly involve the 
usage of electric vehicles, in particular of electric city buses. 
Many projects on electric private transport are already underta-
ken, and a lot of investigation is done with respect to advantage-
ously located charging stations for the individual traffic. Exami-
nations on the electrification of bus networks are rare, though.

In this work, mixed-integer linear models are introduced in or-
der to determine a cost-optimal distribution of charging stations 
along bus routes. A basic model for just one bus line is enhan-
ced by different features: The possibility of various types of 
batteries is integrated, different charging technologies may be 
employed, and the option of an additional bus is given. The mo-
del is then extended towards a network of lines. Battery ageing 
has a crucial influence on the feasibility of a solution also in the 
succeeding years. As a consequence, a multi-period model is 
presented and complemented with a battery ageing function. 
Reformulations for shorter run times are discussed.

The models are applied to data sets, which are based on real-
world data of the bus network in the city of Mannheim. They are 
solved with CPLEX. The solutions are compared to the insights 
into the electrified bus line in Mannheim. By means of this re-
ference, the quality of the solutions is verified and the models 
validated.
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Abstract

Modern urban transportation concepts increasingly involve the usage
of electric vehicles, in particular of electric city buses. Many projects on
electric private transport are already undertaken, and a lot of investiga-
tion is done with respect to advantageously located charging stations
for the individual traffic. Examinations on the electrification of bus
networks are rare, though.

In the city of Mannheim, Germany, the bus line 63 has recently
been electrified. Customers are now served with contactless charg-
ing buses. Along the route of line 63, charging stations are installed.
This enables the vehicles to recharge their batteries during the usual
service, when halting at bus stops or during breaks at termini. The
solution that has been implemented in Mannheim was determined on
the basis of experiences and estimations of the local transport services
Rhein-Neckar-Verkehr. Models from the area of operations research
were not applied. This fact suggests to assume potential for improve-
ment of the implemented solution. The realised configuration of line 63
in Mannheim shall therefore serve as a reference in this work. The aim
is to develop a model, based on the conditions of line 63, to validate the
model with real-world data and to enhance it for further investigation.

In this work, a basic mixed-integer linear model is presented in or-
der to determine a cost-optimal distribution of charging stations for
one bus line. This model is reformulated in favour of smaller compu-
tational times. Both, the initial and the reduced model, are enhanced
by different features: The possibility of various types of batteries is



integrated, different charging technologies may be employed, and the
option of an additional bus is given.

Subsequently, the approach is extended from just one bus line to-
wards a network of lines. Again, two formulations are given, evaluated
and also compared with respect to their run times.

Battery ageing has a crucial influence on the feasibility of a solution
also in the succeeding years. As a consequence, a multi-period model is
introduced and complemented with a battery ageing function. To the
initial and a reduced formulation of this more complex problem, valid
inequalities are added and examined with respect to their effectiveness.

The models are applied to data sets, which are based on real-world
data of the bus network of Mannheim. They are solved with Cplex.
Various scenarios are drawn to assess the implications and the sensitiv-
ity of a solution. The base scenario corresponds to line 63. By means of
this reference line, the quality of the solutions is verified. For the basic
scenario, the determined solution involves one additional charging sta-
tion. Accordingly, it has higher costs than the solution implemented
in Mannheim. However, the realisation in Mannheim turned out to
be not feasible. The calculated solution hence excels the applied one.
This fact proves the quality of the calculated solution and in turn the
validity of the presented models.
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