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Introduction and Background 

The INTERREG Central Europe project TROLLEY ς Promoting electric public transport - 

contributes to an improved accessibility of, and within, Central European cities, focusing on 

urban transport. By taking an integrated approach the project has one main aim: the 

promotion of trolleybuses as the cleanest and most economical transport mode for 

sustainable cities and regions in Central Europe.  

The Central Europe project TROLLEY (www.trolley-project.eu) is one consortium of 7 

European cities: Salzburg in Austria, Gdynia in Poland, Leipzig and Eberswalde in Germany, 

Brno in the Czech Republic, Szeged in Hungary and Parma in Italy. Horizontal support for 

research and communication tasks is given by the University of Gdansk, Poland, and the 

international action group to promote ebus systems with zero emission: trolley:motion.  

The project TROLLEY promotes trolleybus systems as a ready-to-use, electric urban transport 

solution for European cities, because trolleybuses are efficient, sustainable, safe, and ς 

taking into account external costs ς much more competitive than diesel buses. The project 

directly responds to the fact that congestion and climate change come hand in hand with 

rising costs and that air and noise pollution are resulting in growing health costs. Trolleybus 

systems are assisting with the on-going transition from our current reliance on diesel-

powered buses to highly efficient, green means of transportation. Therefore, the TROLLEY 

project seeks to capitalise on existing trolleybus knowledge, which is truly rich in central 

Europe, where trolleybus systems are more widespread.  

The following ŘƻŎǳƳŜƴǘ άTransnational Manual on Advanced Energy Storage Systemsέ 

presents the results of feasibility and simulation studies as well as real-life evaluation reports 

ƻŦ ¢wh[[9¸Ωǎ Ǉƛƭƻǘ ǎǘǳŘƛŜǎ ŀƴŘ Ǉƛƭƻǘ ƛƴǾŜǎǘƳŜƴǘ ƛƴ ǘƘŜ ŀǊŜŀ ƻŦ ŀŘǾŀƴŎŜŘ ŜƴŜǊƎȅ ǎǘƻǊŀƎŜ 

ǎȅǎǘŜƳǎ ŦƻǊ ǘǊƻƭƭŜȅōǳǎ ǎȅǎǘŜƳǎΦ ¢ƘŜ ŘƻŎǳƳŜƴǘ ŜȄƛǎǘǎ ƻŦ ǘƘǊŜŜ ǇŀǊǘǎΥ άtŀǊǘ лέ ǇǊŜǎŜƴǘǎ ŀ 

general introduction to different energy storage systems ŀǾŀƛƭŀōƭŜ ƛƴ ǘƘŜ ƳŀǊƪŜǘΦ άtŀǊǘ Lέ 

describes on-ōƻŀǊŘ ŜƴŜǊƎȅ ǎǘƻǊŀƎŜ ǎȅǎǘŜƳǎ ŀƴŘ ǎƘƻǿǎ ǘƘŜ ŜǾŀƭǳŀǘƛƻƴ ǊŜǎǳƭǘǎ ƻŦ ¢wh[[9¸Ωǎ 

ƛƴǾŜǎǘƳŜƴǘ Ǉƛƭƻǘǎ άƛƴǎǘŀƭƭŀǘƛƻƴ ƻŦ ǎǳǇŜǊŎŀǇǎ ƻƴ ǘǊƻƭƭŜȅōǳǎŜǎέ ƛƴ tŀǊƳŀ ŀƴŘ ǘƘŜ άƛƴǎǘŀƭƭŀǘƛƻƴ 

of a lithium-ƛƻƴ ōŀǘǘŜǊȅ ƻƴ ŀ ǘǊƻƭƭŜȅōǳǎέ ƛƴ 9ōŜǊǎǿŀƭŘŜΦ άtŀǊǘ LLέ ƛƭƭǳǎǘǊŀǘŜǎ ǘƘŜ ǊŜǎǳƭǘǎ ƻŦ 

¢wh[[9¸Ωǎ ŦŜŀǎƛōƛƭƛǘȅ ǎǘǳŘƛŜǎ ŦƻǊ ƴŜǘǿƻǊƪ ōŀǎŜŘ ŜƴŜǊƎȅ ǎǘƻǊŀƎŜ ǎȅǎǘŜƳǎΦ Lǘ ŘŜǎŎǊƛōŜǎ ǘƘŜ 

dimensioning of a network-based energy storage system on the basis of wayside installed 

super capacitors ƛƴ ǘƘŜ ƴŜǘǿƻǊƪǎ ƻŦ ¢wh[[9¸Ωǎ ǇŀǊǘƴŜǊ ŎƛǘƛŜǎ 9ōŜǊǎǿŀƭŘŜ ŀƴŘ DŘȅƴƛŀΦ
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PART A  

1. Vehicle simulation and Energy Consumption 

The simulations presented in this report are intended to assess the potentials for the 

increase of energy efficiency of trolley bus operation of the Barnimer Busgesellschaft mbH 

(BBG) by saving hitherto unused braking energy by means of wayside energy storages and 

energy storages on the vehicles. This assessment is the basis for a selection of appropriate 

energy saving technologies, including their dimensioning for the exploitation of the available 

energy saving potentials. 

The conventional propulsion concept of trolley bus operation is based on allelectric buses 

and wayside infrastructure for the continuous energy supply of these buses. The concept 

consists of the following components within the vehicle: 

¶ an electrical drive, 

¶ a dc link,  

¶ an internal power supply of the vehicle, 

¶ a brake chopper and  

¶ a pantograph. 

The wayside infrastructure is made up of catenary systems for energy distribution, which are 

installed all along the routes. They consist of: 

¶ supply and return conductor to supply points, 

¶ cross connections, 

¶ section disconnectors to isolate adjacent sections of the trolley system and 

¶ mast circuit breaker at supply points 

as well as facilities for energy supply, consisting of 

¶ substations (SUB) for energy transformation from the medium-voltage power grid and 

feed-in into the direct current grid in the form of diode rectifiers and 
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¶  underground supply conductors (supply and return conductor) to the mast circuit 

breakers. 

1.1 Boundary conditions and assumptions of vehicle simulation 

1.1.1 Vehicle database 

The simulations have been carried out for two different trolley bus versions described in 

table 1 and table 2. Assumptions and estimations have been used in case of unavailable 

information and are clearly marked as such. 

Table 1: Used data for trolley bus version 1 - MAN NGE 152 

 

NGE 152 type trolley buses were not equipped with onboard energy storages. In opposite to 

that Solaris type trolley buses are equipped with a super capacitor energy storage from LS 

Cable (table 2). In order to assess the energy saving potentials of the onboard energy storage 

both simulations with and without them have been carried out. 
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Table 2: Used data for trolley bus version 2 - Solaris 

 

 

Driving cycles 

Trolley buses in Eberswalde are operated on two routes (861/862) which have varying 

terminal stops (861-Nordend, 862-Ostend) and a joint terminal stop (Kleiner Stern, 

Schönholzer Straße). Between the stops »Am Markt« and »Eisenspalterei«, vehicles from 

both routes run on an identical section of the network. The outward and return journeys of 

both routes are not identical, as route 861 (in the sections »Eisenspalterei ς Schönholzer 

Straße« and »Ackerstrasse ς Nordend«) and route 862 (in the section »Eisenspalterei ς 

Kleiner Stern«) both run in reverse direction on return journeys. Route lengths are resulting 

as shown in Table 3. 
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Table 3: Bus routes of the BBG 

 

For the design of electric vehicles in public transport, there is currently no standardized 

driving cycle. Therefore, the load profiles necessary for the simulation works were derived 

from measurement data, which had been collected using a MAN NGE 152 in regular service 

on the routes 861 and 862 from March 18 ς May 4, 2011. From the database developed 

thereby, the operational profiles for the routes 861 and 862 and the respective specification 

of the routes, which are necessary for the simulation calculation, have been derived (fig. 1). 

 

Figure 1: Operational profiles along the routes of BBG bus lines 861 and 862 
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Efficiency from drive wheel to voltage link 

The distance of power transmission between the powered wheels of the vehicles und their 

electrical dc link contains several lossy transfer elements, whose degree of efficiency is 

either subject to the transferred power (propulsion converter and differential) or is 

additionally determined by the driving speed and the direction of the power flow 

(propulsion engine). As it was not possible to derive an efficiency map for all transfer 

elements depending on drive power and vehicle speed, distinguished between motor and 

generator operation, a respective efficiency map of a comparable, all-electric vehicle was 

used. 

1.1.2 Description of the simulation calculation ς vehicle simulation 

Based on vehicle and route data, the resulting power demand of the driven axle of each 

vehicle was determined by means of conventional calculation algorithms for vehicle 

dynamics. Using an efficiency map for the power transmission between the driven axle and 

the vehicle voltage link (cf. chapter 1.1.1), the calculation of the resulting electrical 

propulsion and braking power was carried out on the dc link of the vehicles. The calculated 

results contain constant average requirements of electrical auxiliaries according to table 1 

and table 2. 

1.2 Boundary conditions and assumptions 

1.2.1 Database of energy supply 

Chainage for simulation 

Due to calculation reasons, it is necessary to clearly distinguish the respective route sections 

regarding the chainage (figure 2). Chainage means the presetting of route lengths that a 

vehicle has to run, depending on the bus route. In case of bidirectional laying of catenaries 

and their use on all bus routes on outward and return journeys, it is possible to carry out the 

chainage of the section only once. For the route network of the BBG, this can be done 

between the distinctive waypoints »Viertelmeilenstein« (855/31770 m) and »Eisenspalterei« 

(5745/10000 m). For the sections between »Nordend« (0/29950 m) and 

»Viertelmeilenstein«, »Ostend« (19950 m) and »Markt« (1945/22120 m) as well as the 
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section between »Kleiner Stern« (7930/13970 m) and »Eisenspalterei «, the chainage must 

be done separately for outward and return journey. 

 

Figure 2: Route sections in Eberswalde with chosen chainage 

 

By presetting the sections to be served in a defined order, the assignation of a bus route is 

realized within the simulation program. 

 

Substations and sections of trolley system 

The modeling of the electrical network was done on the basis of network documents as of 

12/2005. The catenary network of the BBG consists of 10 sections, which are supplied by 3 

rectifier substations via 13 supply points. The rated voltage of all substations was assumed at 

680 V and the internal 

points of the substations, which were considered during network modeling. They are marked 

as mast circuit breakers (MS). Furthermore, table 4 describes the assumed catenary lengths 

of the connecting cables between the substations and the supply points. 
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Table 4: Supply points and catenary lengths of the connectors of the substations 

 

Disconnectors 

For the appropriate modeling of an electrical trolley system, it is necessary to know about 

the supply of the substation and the position of the disconnectors. In table 5, the 

disconnectors considered during network modeling are listed with the respective chainage. 

Table 5: Disconnectors in the network of the BBG 

 

Cross connections 

The precise positions of the available cross connections had not been modeled. An average 

clearance of 500 meters between the cross connections was assumed to be precise enough.  

Resulting electrical grid 

To illustrate the grid modeling, figure 3 exemplifies the part of the electrical network which 

is supplied by substation West. The modeled part consists of the substation, 5 supply points 

{м Χ {р όƳŀǎǘ ŎƛǊŎǳƛǘ ōǊŜŀƪŜǊ a{ф Χ моύΣ ǎǳǇǇƭȅ ŎƻƴŘǳŎǘƻǊǎ ŀƴŘ п ǎŜŎǘƛƻƴǎ ƻŦ ǘƘŜ ŎŀǘŜƴŀǊȅ 

system, which are electrically isolated to each other by 5 disconnectors. 
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Figure 3: Detail of the modeled electrical network (substation section West) 
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Electrical resistances 

The supply conductors between the substations and the supply points are running 

underground and have a wire cross section of 2*500 mm2. The material of the wires is 

aluminium. The specific electrical resistance (20°C) and a linear resistance 

temperature coefficient of 0.0039K-1 lead to a specific electrical resistance of for the 

underground wire (10°C). With the lengths of the supply conductors according to table 4, the 

respective cable resistances (cf. Rzfx and Rzsx in figure 3) can be calculated. Thereby the 

same value for forward and return conductor is assumed. 

For the specific electrical resistance of a catenary, a considerable amount of data, partly also 

deviating from each other, can be found in the literature. Apart from the applied profile and 

the cross section of the catenary, parameters such as depreciation and ambient temperature 

may influence this value enormously. For the calculation of the electrical network, it was 

known that catenaries, type BRI 100, are used. According to [KIE 98], a specific electrical 

or the sections of the trolley system (cf. Rf+ and Rf- 

in figure 3). Differing from the calculation of the light rail system operation, the same value 

for supply and return conductors is assumed. 

1.2.2 Description of the simulation calculation 

Timetable scenarios 

A realistic description of the operation and the figures to be determined cannot be made on 

the basis of just one part of the annual timetable. However, to reduce the simulation efforts 

to an acceptable level, two scenarios have been selected after a detailed analysis of the 

timetable. By means of a respective weighting of the calculated energy consumption figures, 

an estimation of the figures to be expected when looking at the annual average is carried out 

within the evaluation of the simulation results. 

The two selected timetable scenarios are in the following referred to as »working day 

traffic« (scenario 1) and »weekend traffic« (scenario 2). Table 6 contains a description of 

both selected parts of the timetable. 
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Table 6: Selected parts of the timetable (scenarios) 

 

Thus, both selected scenarios do not differ in succession of buses, but by the interval of two 

successive departures. To illustrate the selected scenarios, the route network with the 7 

defined route sections is shown in a satellite picture in figure 4 (source: Google Earth). In the 

scenarios »working day traffic« and »weekend traffic«, 3 vehicles each are running with 

departure times according to table 6 on the sections: 

¶ 861 forward: E-A-C-G 

¶ 861 return: H-C-A-F 

¶ 862 forward: B-C-H 

¶ 862 return: G-C-B 

 

 

Figure 4: Defined sections on the routes of bus lines 861 and 862 
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For the averaging of the calculated energy consumption figures, shares of the overall 

timetable of 65% for the scenario »working day traffic« and 35% for the scenario »weekend 

traffic« are implied. 

In order to model the overall operation of one year, the increasing demand for auxiliary 

energy, depending on the ambient temperature, for the heating of the passenger 

compartment must be taken into consideration. For this purpose, both scenarios are 

calculated with different continuous auxiliary power demand according to table 1 and table 

2 and averaged with the implied weighting of 42 weeks of summer operation and 10 weeks 

of winter operation. The weighting was derived from the analysis of the lowest daytime 

temperatures in 2010 in the city of Eberswalde (source: www.wetter-online.de). Lowest 

daytime temperatures of 0°C were hereby allocated to winter operation. 

At first, all calculations were carried out without the use of wayside energy storages. The 

detected amounts of energy consumption show the actual state within the network of the 

BBG. In a second step, energy storages were allocated to each of the three substations as 

parallel connections, completely storing the spare braking energy and resupplying it into 

vehicle operation. 

Only breaking energy that was not 

¶ used to operate auxiliaries of the same braking vehicle, 

¶ stored into the vehicle storage (if available) or 

¶ used by other vehicles in the same substation section 

was stored into the wayside energy storages. 

1.3 Results 

The results are listed in the following, both for the three substation sectors and the overall 

network. 

1.3.1 Vehicle operation 

For an assessment of the calculation results, particularly regarding the estimation of utility of 

the use of wayside energy storages, characteristics of vehicle operation resulting from route 

and timetable design must be taken into consideration. Table 7 shows the respective figures 
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for both investigated timetable scenarios for the three substation sectors and the overall 

network. 

Table 7: Figures of vehicle operation (substation sections and overall network) 

 

It is noticeable that in the area of the substation West, a high share of the total mileage is 

produced. This can be explained by the high proportion of catenaries laid in this section 

compared to the overall network. Striking are also the much higher average speed which the 

vehicles reach in this section of the network. This results primarily from the comparatively 

wide distances between stops in this section. In figure 1, the speed profile of the vehicles in 

the area of substation West starting from 4700 m for route 861 out and from approx. 

5000 m for route 862 out are shown. 

The higher average speed in the scenario »weekend traffic« results from significantly lower 

times for passenger change compared to the scenario »working day traffic«. This fact is also 

considered in the timetable. 

1.3.2 Use case 1 ς MAN NGE 152 

Use case 1 considers the operation of MAN NGE 152 type trolley buses without energy 

storages on the vehicle. The according vehicle data is listed in table 1. 

Specific energy consumption 

The energy consumption of a vehicle comprises the traction energy and the energy for the 

operation of the auxiliaries. While during summer operation, the vehicles without air 

conditioning of passenger compartment investigated in this case have a very low energy 
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consumption for auxiliaries (hydraulic system, pneumatic system, internal power supply), 

this part of overall consumption can reach significant dimensions if the heating must be 

switched on during winter operation. 

 

Figure 5: Specific energy consumption; summer/winter (substation sections and overall 
network) 

 

Figure 5 shows the calculated energy consumption figures, distinguished between summer 

and winter operation. 

Results: 

¶ While the section which is supplied with electrical energy by the substation »West« is 

characterized by a traction energy demand below average, vehicles within the section of 

substation »Central« require comparatively more energy for traction. The reason for this 

is primarily the varying number of planned and traffic-related stops, which is significantly 

higher in the inner-city area of the substation »Central« compared to the section of the 

substation »West« which features rather suburban traffic conditions. 

¶ The differences regarding the average speed within the three substation sections (cf. 

table 7) also cause different specific energy consumptions for the supply of the 

auxiliaries.  
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The electrical heating of the passenger compartment during winter operation causes 

increased energy requirements of the vehicle. If the share of the auxiliaries within the overall 

energy requirements in summer is lower than 5 %, it reaches in average 43 % at low ambient 

temperatures.  

 

Energy consumption (without wayside energy storages) 

The energy demand of vehicles is primarily provided by substations. Thereby transfer losses 

occur due to cable resistances in the substations, their underground supply conductors to 

the supply points and in the catenaries. While the losses in the substations and in the supply 

conductors depend on the current, the ohmic losses in the catenaries are additionally 

influenced by the respective distance between a vehicle and the supply point. The described 

losses, in addition to the vehicle energy demands, must be supplied by the substations into 

the catenary network, which increases the energy consumption from the substations. 

A smaller share of the overall energy demand of vehicles is provided by energy exchange 

between braking vehicles and energy-consuming vehicles. The precondition for this use of 

braking energy is that at least one energy-providing vehicle (during braking) and one energy-

consuming vehicle (e.g. during acceleration) are in the same substation section at the same 

time.  

Without knowledge of the actual power control during braking it was implied for the 

calculations that the braking energy of the vehicle is used at first for the supply of auxiliaries 

on the vehicle. Then power demand of other vehicles in the same substation section is 

satisfied. Finally still excessive braking energy must be transformed into heat on the brake 

resistor of the vehicle. 

Table 8 shows the calculated energy consumption figures for the investigated scenarios, 

subdivided into »summer« (SU) and »winter« (WI) operation. Thereby the calculated 

transmission losses were allocated to the energy consumption. 
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Table 8: Specific energy consumptions without wayside energy storages 

 

Results: 

¶ The higher average speed reached in scenario 2 causes lower energy consumptions by 

auxiliaries. Simultaneously, the specific value for braking energy used to operate 

auxiliaries is decreasing, too.  

¶ Less vehicles in scenario 2 cause a reduced potential for braking energy used by an 

energy-consuming vehicle within the same substation section. 

¶ For scenario 2»weekend traffic«, a higher specific energy supply from substations has 

been calculated for both summer and winter, compared to scenario 1 »working day 

traffic«. 
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Using the calculated figures and taking into consideration the described weighting factors 

between both timetable scenarios as well as summer and winter operation, the specific 

gross energy consumption, the specific use of braking energy by other vehicles and the 

specific net energy consumption as average for the operation of vehicles throughout the 

year in the overall network can be calculated. Thus, a conclusion can be drawn regarding the 

accuracy of the simulation results as well as the assumptions and boundary conditions. Basis 

of comparison were the respective values from a vehicle of the BBG, which had been 

obtained in vehicle operation on approx. 780 Tkm. Table 9 contrasts the simulation results 

with the values from use in practice. 

Table 9: Energy consumptios (simulation and measurement data) 

 

The average energy requirements of the vehicles were determined to be approx. 2% higher 

than the empirical value from use in practice. This is considered to be a satisfactory 

convergence. For comparison: with the measured average speed of approx. 20 km/h, an 

increase of auxiliary energy demand by 1 kW leads to an increase of the specific energy 

demand by 50 Wh/km. 

 

Energy consumption (with wayside energy storages) 

The simulations were to determine possible reductions of energy supply from substations. 

This shall be achieved by storing previously unused braking energy, using wayside energy 

storages. Simultaneously, energy shall be fed into the vehicle operation in phases with 

power demand within a substation section. For the simulations, a wayside energy storage as 

parallel connection at the busbar of the substation was allocated to each substation. The 

wayside energy storage is controlled by analyzing the voltage of the substation. If this 

increases above the off-load voltage due to the braking of one or more vehicles, the excess 

braking energy of a vehicle is stored entirely, if possible, but reduced by the transfer losses in 

the grid. During phases of vehicle operation, in which due to acceleration or auxiliaries of 
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one or more vehicles a power demand exists within a substation section, the voltage of the 

substation sinks below its offload voltage. The allocated storage then provides at least a part 

of the electric power demand, which decreases the amount of energy provided by the 

substation, compared to vehicle operation without wayside energy storages. Vehicle 

operation is supplied with as much energy from the energy storage as is taken in during 

phases of power excess, reduced by the amount of internal losses of the energy storage. 

These internal losses will be discussed in detail within the dimensioning of the wayside 

energy storage system. 

 

Table 10: Calculated energy savings by use of wayside energy storages (ES) 

Table 10 shows the values for the specific energy supply by each substation and for the 

overall network with and without wayside energy storages. 
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Results: 

¶ By using wayside energy storages, the overall energy consumption (sum of energy 

supplied by wayside storages and substations) is decreasing slightly. This is put down to 

reduced losses without further investigation. 

¶ The use of wayside energy storages causes a much higher reduction of substation supply 

during summer operation. The reason for this is the smaller share of unused braking 

energy of vehicles during winter operation due to the increased energy demand of 

auxiliaries. 

¶ Within the scenario weekend traffic, there is a higher potential for recuperation of 

unused braking energy, compared to the scenario working day traffic, primarily due to 

lower vehicle density and the reduced potential for using braking energy directly. 

 

Energy savings by using wayside energy storages 

The decision criterion for the operator of trolley buses is the reduction of energy supply by a 

substation.  

Table 11 summarizes the calculated energy savings, which can be expected by using wayside 

energy storages in addition to the existing supply by the substations, as annual average. The 

same weighting factors have been applied to consider both timetable scenarios as well as 

summer and winter operation. 

Table 11: Energy savings by using wayside energy storages (ES) 

 

It should be noted that during the simulations, only small excerpts of the timetable (cf. table 

6) and only the driving of the vehicles have been considered. Changes in the specific supply 

by substations, resulting during vehicle operation from, e.g., 
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¶ energy consumption of vehicle auxiliaries while staying in the depot, at terminal stops or 

during preparation or wrap-up of services, 

¶ the influence of the varying altitude profiles on outward and return journeys, which can 

be eliminated during simulations only by choosing an unreasonably extended assessment 

period, 

¶ the influence of the ambient temperature on the specific electrical resistance of the 

supply cables and catenaries and  

¶ the energy consumption of auxiliary systems of the energy supply network, particularly 

in the substations, 

have not been recorded during the simulations. 

With the boundary conditions of an average annual vehicle operation of 48 weeks on each 

route, the recording of complete cycles of the timetable only, an averaging of 70% / 30% 

between school year and holiday operation (Mon ς Fri) and an energy price of 14 ct/kWh, 

monetary savings as listed in table 12 have been calculated. 

Table 12: Potentials for saving energy (monetary) by the use of wayside energy storages 
(annual average) 

 

1.3.3 Use case 2 ς Solaris  

Use case 2 considers the operation of Solaris type trolley buses with energy storages on the 

vehicle. The according vehicle data is listed in table 2. 
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Specific energy consumption 

Figure 6 shows the calculated energy consumption values, subdivided into summer and 

winter operation. 

 

Figure 6: Specific energy consumption; summer/winter (substations sections and overall 
network) 

 

The air conditioning during summer operation and the heating of the passenger 

compartment during winter operation cause a significant share of the total energy 

consumption. Auxiliaries amount for approx. 35 % of the total energy consumption during 

summer operation and approx. 43 % during winter operation. 

Energy consumption (without vehicle or wayside energy storages) 

Without knowledge of the actual power control during braking it was implied for the 

calculations that the brake power of the vehicle is used at first for the supply of auxiliaries on 

the vehicle. Then power demand of other vehicles in the same substation section is satisfied. 

Finally still excessive braking energy is transformed into heat on the brake resistor of the 

vehicle. 

Table 13 lists the calculated energy consumption figures for the investigated scenarios, 

subdivided into »summer« (SU) and »winter« (WI) operation. The calculated transmission 

losses were again allocated to the energy consumptions. 
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Table 13: Specific energy consumption without wayside energy storages 

 

Using the calculated figures and taking into consideration the described weighting factors 

between both timetable scenarios and summer and winter operation, the specific gross 

energy consumption, the specific use of braking energy by other vehicles and the specific net 

energy consumption as average for the operation of vehicles throughout the year in the 

overall network can be calculated (table 14). 
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Table 14: Energy consumptions 

 

Energy consumption (with vehicle energy storages) 

The simulations were to determine possible reductions of energy supply from substations. 

This shall be achieved by storing previously unused braking energy into vehicle energy 

storages and by using it in case of energy demand. For the simulations, each bus had been 

equipped with an energy storage according to table 2 thus increasing the vehicle kerb 

weight. This led to an increase of traction energy demand by 1.3 % and to 0.8 % more total 

energy consumption. 

The energy management of the vehicle was modeled as follows: 

¶ Supply of vehicle auxiliaries with braking energy 

¶ Storing of as much as possible braking energy (amount depending on free energy 

storage) 

¶ Transmission of not storable energy into the catenary if an energyconsuming vehicle is in 

the same substation section 

¶ Still excessive braking energy must be transformed into heat on the brake resistor of the 

vehicle. 

¶ Supply of energy demand by the vehicle storage until its lower state of charge limit is 

reached. 

Therefore the vehicle energy storage provides as much energy to the vehicle as it stores 

during braking, only reduced by internal charging and discharging losses. 
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Table 15: Calculated energy savings by use of vehicle energy storages (ES) 

 

Table 15 shows the specific values for the energy supply by each substation and for the 

overall network with and without vehicle energy storages. 

Results:  

¶ The use of vehicle energy storages causes again a much higher reduction of substation 

supply during summer operation. The reason for this is the smaller share of unused 

braking energy of vehicles during winter operation due to the increased auxiliary energy 

demand. 

¶ Within the scenario weekend traffic, there is also a higher potential for recuperation of 

unused braking energy, compared to the scenario working day traffic, primarily due to 

lower vehicle density and the reduced potential for using braking energy directly. 

Energy savings by using vehicle energy storages 

Table 16 lists the calculated energy savings, which can be expected by using vehicle energy 

storages. Again, the same weighting factors have been applied to consider both timetable 

scenarios as well as summer and winter operation. 
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Table 16: Energy savings by using vehicle energy storages (ES) 

 

Assuming an average annual vehicle operation of 48 weeks on each route, the recording of 

complete cycles of the timetable only, an averaging of 70% / 30% between school year and 

holiday operation (Mon ς Fri) and an energy price of 14 ct/kWh, monetary savings as listed 

in table 17 have been calculated. 

Table 17: Potentials for saving energy (monetary) by the use of vehicle energy storages 
(annual average) 

 

In total the use of energy storages on all BBG trolley buses would lead to annual savings of 

approxΦ пт ¢ϵΦ !ŘŘƛǘƛƻƴŀƭ ǎŀǾƛƴƎǎ Ŏŀƴ ōŜ ƻōǘŀƛƴŜŘ ōȅ ǊŜŘǳŎƛƴƎ ǇƻǿŜǊ ǇŜŀƪǎ ŀǘ ǘƘŜ ŎŀǘŜƴŀǊȅ 

network which reduces the demand charge. 

Excess braking energy 

The objective of the simulations was the assessment of both vehicle and wayside energy 

storages. Braking energy that cannot 


