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Introduction and Background

The INTERREG Central Europe project TRQLEEdMoting electric public transport
contributes to an improved accessibility of, and within, Central European cities, focusing on
urban transport. By aking 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.trplieject.eu) 8 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 Usityeof Gdansk, Poland, and the

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

The project TROLLEY promotes trolleybus systems as atoeadyg, electric urban transport
solution for European cities, because teylbuses are efficient, sustainable, safe, and
taking into account external costsmuch 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 amibise pollution are resulting in growing health costs. Trolleybus
systems are assisting with the -gwing transition from our current reliance on diesel
powered buses to highly efficient, green means of transportation. Therefore, the TROLLEY
project seekso capitalise on existing trolleybus knowledge, which is truly rich in central

Europe, where trolleybus systems are more widespread.

The followingR 2 O dzY Bafighatianal Manual on Advanced Energy Storage Systems

presents theresults of feasibility andimulation studies as well as relifie evaluation reports
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1. Vehicle simulation and Energy Consumption

The simulations presented in this report are intended to assess the poteriGalshe
increase of energy effiency of trolley bus operation of the BarnimBusgesellschaft mbH
(BBG) by saving hitherto unused braking energy by meémsgyside energy storages and
energy storages on the vehicles. Tagsessment is the basis for a selection of appropriate
energy sangtechnologies, including their dimensioning for the exploitation of the available

energy saving potentials.

The conventional propulsion concept of trolley bus operation is based on allelbasis
and wayside infrastructure for the continuous energyppgly ofthese buses. The concept

consists of the following components within thehicle:
1 an electrical drive,

1 adclink,

1 aninternal power supply of the vehicle,

1 a brake chopper and

1 a pantograph.

The wayside infrastructure is made up of catenary systémn energydistribution, which are

installed all along the routes. They consist of:

1 supply and return conductor to supply points,

7 cross connections,

1 section disconnectors to isolate adjacent sections of the trolley system and
9 mast circuit breaker at supyp points

aswell as facilities for energy supply, consisting of

1 substations (SUB) for energy transformation from the meditottage powergrid and

feed-in into the direct current grid in the form of diode rectifieaad
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1 underground supply conductors (sply and return conductor) to the mastircuit

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 versdmscribed in
table 1 and table 2. Asmptions and estimations have been usaedcase of unavailable

information and are clearly marked as such.

Tablel: Used data for trolley bus version-IMAN NGE 152

Vehicle data Unit N‘I;ﬂE.A1N52 Comments
Kerb weight 1 19.6

Gross vehicle weight t 28.0

Transport capacity Pers. 121

Mean load - 1/3 | assumption
Rated power KW 250

Length of coach body m 18.0

Rated engine speed 1/min 1370

Maximum engine speed 1/min 2600

Maximum speed km/h 70

Maximum starting acceleration m/s? 1.3

Maximum braking decceleration m/s? -0.8

Driving wheel diameter m 0.945

Gear ratio - 6,2

Number of propulsion engines - 1

Rolling friction coefficient of the tires - 0.007 |assumption
Installed power of auxilianies KW 70

Power of auxiliaries (continuous) KW 2/30 |summer/winter, assumption
Voltage level of braking resistor v 750

Minimum electrical voltage of vehicle \ 480
Eg{lr:ynzyrggnmg within the section of A 1600

NGE 152 type trolley buses were not equipped with onboard ensti@yagesin opposite to
that Solaris type trolley buses are equipped with a suggpacitor energy storage from LS
Cable (table 2). In order to assess the enea@ying potentials of the onboard energy storage

both simulations with andvithout them have leen carried out.
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Table2: Used data for trolley bus version -2Solaris

Vehicle data Unit | Solaris | Comments
Kerb weight t 19.9

Gross vehicle weight t 280

Transport capacity Pers. 143

Mean load - 1/4 | assumption
Rated power kW 250

Length of coach body m 18.0

Rated engine speed 1/min 1370

Maximum engine speed 1/min 2600

Maximum speed km/h 70

Maximum starting acceleration mys? 1.3

Maximum braking decceleration my's? -0.8

Driving wheel diameter m 0.945

Gear ratio - 6.2

Numlber of propulsion engines - 1

Rolling friction coefficient of the tires - 0.007 | assumption
Installed power of auxiliaries kW 48 | air conditioning
Pawer of auxiliaries (continuous) kW 21/30 | summerfwinter, assumption
Voltage level of braking resistor v 720

Minimum electrical voltage of vehicle W 480

Energy storage data LS Mtron

Manufacturer LS Cable

Cell type L53000

Maximum voltage W 790 | assumption
Minimum voltage vV 519 | assumption
Rated capacity F 10.156

Energy content Wh 500

Internal resistance m} 144 | single cells only
Gross weight kg 320 | estimation
Efficiency of DC/DC converter - 0.95 | estimation

Driving cycles

Trolley buses in Eberswalde are operated on two routes (861/862) which Veayeng
terminal stops (86MNordend, 8620stend) and a joint termial stop (Kleiner Stern,
Schonholzer Stral3e). Between the stops »Am Markt« and »Eisenspalterei«, vehicles from
both routes run on an identical section of tinetwork. The outward and return journeys of
both routes are not identical, aute 861 (in the setions »Eisenspalterej Schonholzer
Strale« and»Ackerstrasse; Nordend«) and route 862 (in the section »Eisenspalterei
Kleiner Stern«) both run in reverse direction on return journeys. Route leragthsesulting

as shown in Table 3.
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Table3: Bus routes of the BBG

Bus route Specification of the route Length
861 forward Nordend --= Kleiner Stern 7920 m
861 return  |Kleiner Stern > Brandenburgisches Viertel --> Nordend| 10630 m

862 forward | Ostend --> Brandenburgisches Viertel --> Kleiner Stern 10020 m
862 return Kleiner Stern --= Ostend 8105 m

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 hdesken collected using a MAN NGE 152 in regular service
on the routes 861 and 862 from March t8May 4, 2011. From the database developed
thereby, the operational profiles for the routes 861 and 862 and the respective specification

of the routes, which ar@ecessary for the simulation calculation, have been derivedXfig
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Figurel: 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 transmissioetiveen the powered wheels of the vehiclasd their
electrical dc link contains several lossy transfer elements, wliegsgee of efficiency is
either subject to the transferred power (propulsion convertand differential) or is
additionally determined bythe driving speed andhe direction of the power flow
(propulsion engine). As it was not possible derive an efficiency map for all transfer
elements depending on drive powand vehicle speed, distinguished between motor and
generator operation, aespective efficiency map of a comparable,-aléctric vehicle was

used.

1.1.2 Description of the simulation calculationvehicle simulation

Based on vehicle and route data, the resulting power demand of the driven axle of each
vehicle was determined by meansf 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 peer 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 fosimulation

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 caskidirectional 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
betweenthe distinctive waypoints »¥rtelmeilenstein« (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) antsetiSpalterei, the chainage must

be done separately for outward and return journey.

Nordend
(end

F_backward

E_forward

»
Nordend

(start)
2 855

A_forward y A_backward

- v 8
Kleiner Stern G forward C forward 8 forvard
start / end) 104¢

> > 2212¢ >

G_backward 10000 C_backward B_backward

H_forward H_backward

Kleiner Stern
(start / end)

13970 -

Figure2: Route sections in Eberswalde with chosen chainage

By presetting the sections to be served in a defined order, the assignatiomtws eoute is

realized within the simulation program.

Substations and sections of trolley system

The modeling of the electrical network was done on the basis of netdoduments as of
12/2005. The catenary network of the BBG consists aselflions, whiclare supplied by 3
rectifier substations via 13 supply points. Tiaged voltage of all substations was assumed at
680 V and the internatesistance was implied to be 15 mA. Table 4 contains the supply
points of thesubstations, which were considered during network modeling. They are marked
as mast circuit breakers (MS). Furthermore, table 4 describes the asstatetary lengths

of the conrecting cables between the substations and twpply points.

TROLLEY Transnational Manual on Advanced Energy St orage Systems 11 of 72



TROLLEY Transnational Manual on Advanced Energy Storage Systems

mrolley

Table4: Supply points and catenary lengths of the connectors of the substations

Substation| Feed-in Name Chainage |Catenary lengths| Comment
EAST S1 EAST MS 1 30325 1941 m | unidirectional
ST EAST MS 2 30965 1734 m |unidirectional
ST EAST MS 3 887 861 m | unidirectional
S2 EAST MS 4 1729 35m
S3 EAST MS 5 22000 314 m
S4 EAST MS 6 20837 1470 m
CENTRAL S1 Central MS 7 3465 1403 m
52 Central MS 8 4195 2135 m
WEST S1 West MS 9 5285 1762 m
52 West MS 10 10584 1873 m
S5 West MS 11 11500 2859 m
S4 West MS 12 7715 766 m
53 West MS 13 6945 83m

Disconnectors

For the appropriate modeling of an electrical trolley system, it is necgs® 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.

Tableb: Disconnectors in the network ahe BBG

No. RT1 RT2 RT3 RT4 RT5
Chainage 918 21090 22070 2525 4105
No. RT6 RT7 RT8 RT9 RT10
Chainage 10050 12350 5797 7655 4705

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 gridnodeling, 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
{m X {p OANDdzA G o NBF{1SN a{dp X

system, which are electrically isolated to each other by 5 disconnectors.

oYl ai MO0 X adz
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Electrical resistances

The supply conductors between the substations and #heply points arerunning

underground and have a wire cross section of 2*50h2. The material of the wires is

0.0294 MM

m
aluminium The pecific electrical resistanc€0°C)and a linear reS|stance28-3-‘|OSE

temperature coefficientof 0.0039K' lead to a specific electricalesistance offor the
underground wire (10°C). With the lengths of the supply conductors accalitadple 4, the
respective cable resistances (cf. Rzfx and Rzsx in figure 3) caaichéated. Thereby the

same value for forward and return conductorissumed.

For the specific electrical resistance of a catenary, a considerable amodatagfpartly also
deviating from each other, can be found in the literatubgaart from the applied profile and
the cross section of the catenanyarameters such as degeiation and ambient temperature
may influence thisvalue enormously. For the calculation of the electrical network, it was
known that catenaries, type BRI 100, are used. According to [KIE 98], a spéagfitcal
resistance of 0.179 @ / km was assumed for the sections of the trollegystem (cf. Rf+ and Rf

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

for supply and return conductors @assumed.

1.2.2 Description of the simulation calculation
Timetable senarios

A realistic description of the operation and the figures to be determined cabaahade on

the basis of just one part of the annual timetable. Howevereduce the simulation efforts

to an acceptable level, two scenarios have besefected aftera detailed analysis of the
timetable. By means of a respectiveighting of the calculated energy consumption figures,
an estimation of thdigures to be expected when looking at the annual average is carried out

within the evaluation of the simulation sailts.

The two selected timetable scenarios are in the following referred to»aerking day
traffic« (scenario 1) and »weekend traffic« (scenario 2). Takderiains a description of

both selected parts of the timetable.
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tric public transport

Table6: Selected parts of the timetable (scenarios)

Departure times
bus line 861 forward 861 return 862 forward 862 return

o 7:00 7:00 7:06 7:03
£

E - 712 712 718 715
ﬁ 724 724 730 727
o 9:30 9:24 9:15 9:15
—

E ™~ 10:00 9:54 9:45 9:45
v 10:30 10:24 10:15 10:15

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 ishown 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:
1 861 forward: EA-GG
1 861 return: HGA-F

1 862 forward: BGH

I 862 return: GGB

Figure4: 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 obvibll
timetable of 65% for the scenario »wanky day traffic« and 35% fahe scenario »weekend

traffic« are implied.

In order to model the overall operation of one year, the increasing demandhdaiiary
energy, depending on the ambient temperature, for the heating of thassenger
compartment mus be taken into consideration. For this purposeoth scenarios are
calculated with different continuous auxiliary power demaanxctording to table 1 and table

2 and averaged with the implied weighting 42 weeks of summer operation and 10 weeks
of winter operation. Theweighting was derived from the analysis of the lowest daytime
temperatures in2010 in the city of Eberswalde (source: www.wettatine.de). Lowest

daytimetemperatures of 0°C were hereby allocated to winter operation.

At first, all calculabns were carried out without the use of wayside enesjgrages. The
detected amounts of energy consumption show the actual staithin the network of the
BBG. In a second step, energy storages vedlccated to each of the three substations as
parallel connections, completelygtoring the spare braking energy and resupplying it into

vehicle operation.

Only breaking energy that was not
1 used to operate auxiliaries of the same braking vehicle,
9 stored into the vehicle storage (if available) or
1 used by other ghicles 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 caldiga 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.

Table7: Figures ovehicle operation (substation sections and overall network)

Substation|Substation|Substation Network
EAST CENTRAL WEST

Catenary length [km] 10.3 4.4 14.4 291
— | Mileage [km] 241 195 348 78.4
o
E Time in substation section| [min] 87.0 67.2 86.9 2411
a
A Average speed [km/h] 16.7 17.4 240 195
™ | Mileage [km] 313 26.2 457 1032
o
E Time in substation section| [min] 100.4 871 103.4 2909
a
& Average speed [km/h] 187 180 265 213

It is noticeable that in the area of the substation $Vea 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 tife 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 routeB62 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 { MAN NGE 152

Use case 1 considers the operation of MAN NGE 152 type trolley buses wahergy

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

The energy consumption of a vehicle comprises the tractiorrggnand theenergy for the
operation of the auxiliaries. While during summer operation, thehicles without air

conditioning of passenger compartment investigated in tese have a very low energy
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consumption for auxiliaries (hydraulic systepmeumatic system, internal power supply),
this part of overall consumption careach significant dimensions if the heating must be
switched on during winteoperation.

specific energy deman for traction and auxiliary
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Figure 5. Specific energy consumption; summer/winter (substation sexts and overall
network)

Figure 5 shows the calculated energy consumption figures, distingulstét®ceen summer

and winter operation.
Results:

1 While the section which is supplied with electrical energy by the substatibiest« is
characterized by a tracn energy demand below averageshicles within the section of
substation »Central« require comparativehore energy for traction. The reason for this
is primarily the varying numbeaf planned and traffigelated stops, which is significantly
higher in he inner-city area of the substation »Central« compared to the section of the

substation »West« which features rather suburban traffic conditions.

1 The differences regarding the average speed within the three substation sections (cf.
table 7) also cause d#rent 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 oftheliaries within the overall
energy requirements in summer is lower than 5 %, it reaches in average 43 % at low ambient

temperatures.

Energy consumptiomfthout wayside energy storages)

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

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 fitwarsubstations.

A smaller share of the overall energy demand of vehicles is provided by energy exchange
between braking vehicles and energgnsuming vehicles. The precondition for this use of
braking energy is that at least one enefgyviding vehicldduring 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 dife 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 verlcle.

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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Table8: Specific energy consumptions without wayside energy storages

Substation | Substation | Substation Network
EAST CENTRAL WEST
Energy consumption SU | WI | SU | WI | sU | Wl | sSU | W
Traction kwh/km] [2.132(2.132(2.440|2.440[1.719]1.719|2.021 | 2.021
Auxiliaries [kwh/km] |0.118[1.766|0.116|1.738|0.083|1.239|0.102|1523
‘; Transmission losses | [kWh/km] |0.026|0.065|0.227 |0.311|0.114|0.130|0.115(0.155
=
g Energy supply SU | WI | SU | WI | SU | WI | sU | WI
w
W | substation [kwh/km] |1.819(3.039|2410|3.623|1673 (2565|1902 (2974
Braking energy into | o\ 41 10.300|0.304 |0.361 |0.359 [0.193 [0.184 | 0.266 | 0.265
catenary
Erakm,g,en_ergy used) 1 \whskml |0.157]0.6210.011|0.507 |0.049 |0.337| 0.069| 0.461
y auxilliaries
Energy consumption SU | WI | SU | WI | SU | WI | SU | W
Traction [kwh/km] [2.132(2.132 (2440|2440 [1719]|1.719|2.021|2.021
Auxiliaries [kwh/km] |0.107[1.602|0.111]1.665|0.075|1.131|0.094 | 1.409
~
o | Transmission losses | [kWh/km] |0.048 |0.108|0.282|0.390|0.156(0.213|0.155(0.226
=
141
5 Energy supply SU | WI | SU | WI | SU | WI | sU | WI
w
Y | substation [kWh/km] | 190483124 |2648|3.798 |1.835|2.736|2.076|3.123
Braking energy into | o\ i1 10,255 0.266 |0.134 | 0.161 [0.087 [ 0.091 | 0.150 | 0.162
catenary
Erak'”g_e”_ergy used) 1 \whkml | 0.084|0.453 |0.051 | 0.536 [0.028 |0.235 | 0.045 | 0.372
y auxilliaries
Results:

1 The higher average speed reached in scenario 2 causes lower aermrgymptions by
auxiliaries. Simultaneously, the specific value for brakémgrgy used to operate

auxliaries is decreasing, too.

1 Less vehicles in scenario 2 cause a reduced potential for braking energybysaal

energyconsuming vehicle within the same substation section.

1 For scenario 2»weekend traffic«, a higher specific energy supply from substhtsns
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 operatioe 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 conclusiorbe 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 Tkmbl&z contrasts the simulation results

with the values from use in practice.

Table9: Energy consumptios (simulation and measurement data)

Simulation results Vehicle data
Energy consumption [kwh/km] 2 256 2209
(gross) ' '
Braking energy into Tkwh/km] 0.226 0.227
catenary
Energy consumption
(effective) [kwh/km] 2.030 1.982

The average energy requirements of the vehicles were determined w&ppeox. 2% higher
than the empirical value from use in practice. This is considacede a satisfactory
convergence. For comparison: with the measusacerage speed of approx. 20 km/h, an
increase of auxiliary energy demand bykW leads to an increase of the specific energy
demand by 50 Wh/km.

Energy consumptiomith wayside energy storages)

The simulations were to determine possible reductions of energy supply $tdratations.
This shall be achieved by storing previously unused braking engsong wayside energy
storages. Simultaneously, energy shall be fed into Whicle operation in phases with
power demand within a substation sectidfor the simulations, a wayside energy storage as
parallel connection at thdusbar of the substation was allocated to each substatibhne
wayside energystorage is controlled by analyzing the voltage of the substation. If this
increasesabove the offload voltage due to the braking of one or more vehicles, ékeess
braking energy of a vehicle is stored entirely, if possible, butcediythe transfer losses in

the grid. During phases of vehicle operation, in which tluacceleration or auxiliaries of
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one or more vehicles a power demand exisithin a substation section, the voltage of the
substation sinks below its offloamltage The allocated storage then provides at least a part
of the electricpower demand, which decreases the amount of energy provided by the
substation, compared to vehicle operation without wayside energy storayehicle
operation is supplied with as muchergy from the energy storage asteken in during
phases of power excess, reduced by the amount of intelosdes of the energy storage.
These internal losses will be discussed in detatihin the dimensioning of the wayside

energy storage system.

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

Substation | Substation | Ssubstation Network
EAST CENTRAL WEST
Specific energy supply SU | WI | SU | WI | SU | WI | SU | WI
From substation, | vl | 1.819]3.039(2.410|3.623| 1.673| 2.565 | 1.902| 2.974
without ES
-
© |From ES [kWh/km] | 0.784|0.409|0.976|0.481|0.679|0.329|0.786| 0.392
-
o - -
€ |From substation. | i) | 1.034|2.629|1.434|3.142 [0.994| 2.236 | 1.116| 2.583
o with ES
[¥ ] .
Reduction of energy supply by
cubstation SU | Wi | sU | wi | su | wi | su /| wi
[%] 431 135| 405 | 133 | 406 | 128 | 413 | 132
Specific energy supply SU | WI | SU | WI | SU | WI | sSU | Wi
From substation, | il | 1.948|3.124|2.648 | 3.798 | 1.835| 2.736 | 2.076| 3.123
without ES
™~
0 |from ES [kWh/km] | 0.902 |0.557|1.109|0.640|0.794 | 0.461|0.907 | 0.536
T
o -
< From substation, |y \vhaem | 1.046|2.567|1.539 |3.157 | 1.042| 2.275 | 1.169| 2.587
et with ES
(¥ ] .
Reduction of energy supply by
cubstation SU | Wi | sU | Wi |su | wiI|su /| wi
[%] 463|178 | 419|169 | 432|169 | 437 | 172

Table 10 shows the values for the specific energy supply by each substatidiorate

overall network with and without wayside energy storages.
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Results:

1 By using wayside energy storages, the overall energy consumption (susnerfyy
supplied by wayside storages and substations) is decreasing slighitlyis put down to

reduced losses without further investigation.

1 The use of wayside energy storages cawsasich higher reduction cfubstation supply
during summer operation. The reason for this is #$maller share of unused braking
energy of vehicles during winter operatiatue to the increased energy demand of

auxiliaries.

1 Within the scenario weekend traff there is a higher potential forecuperation of
unused braking energy, compared to the scenario worklayg traffic, primarily due to

lower vehicle density and the reduced potentiat using braking energy directly.

Energy savings by using waysidemgy storages
The decision criterion for the operator of trolley buses is the reductioenefrgy supply by a

substation.

Table 11 summarizes the calculated energy savings, which can be expecigddwayside
energy storages in addition to the existiagpply by thesubstations, as annual average. The
same weighting factors have been appliedconsider both timetable scenarios as well as

summer and winter operation.

Tablell: Energy savings by using wayside energy storages (ES)

Substation|Substation|Substation Network
EAST CENTRAL WEST
Energy supply from - .

% substation, without ES [kwWh/km] 2.096 2722 1.902 2.167
1]

E Energy supply from ES | [kWh/km] 0.740 0.893 0.638 0.733
1]

‘m | Energy supply from -

g substation, with ES [kwhskm] 1.340 1.793 1.249 1.413
c

< Reduction [%6] 36.0 34.1 34.3 348

It should be noted that during the simulations, only small excerpts ofithetable (cf. table
6) and only the driving of the vehicles have beemsidered. Changes in the specific supply

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

during preparation or wraqup of services,

1 the influence of the varying altitude profiles on outward and return journeys, which can
be eliminated during simulations gnby choosing an unreasonably extended assessment

period,

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

supply cables and catenaries and

1 the energy consumption of auxiliary systems of the energy supply networkcylarly

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 (Mqrfri) and an energy price of 14 ct/kWh,

monetary savings as listed in table 12 have been calculated.

Table12: Potentials for saving energy (monetary) by the use of wayside energy s&sag
(annual average)

Substation | Substation | Substation
EAST CENTRAL WEST
861 forward [km] 2.525 2.180 3.215
861 return [km] 3.440 2.180 5.010
862 forward [km] 2.700 2.180 5.140
862 return [km] 2.700 2.180 3.225
o = 861 forward [-] 18528
§ @ 861 return [-] 18528
o o |B862 forward [-] 17472
n e 862 return [-] 17232
Mileage [km] 204220 156437 287772
Energy savings [kWh/km] 0.755 0.929 0.653
Savings [T€Ayvear] 21.6 20.3 27.2

1.3.3 Use case @ Solaris

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

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

Figure 6 shows the calcutt energy consumption values, subdivided irs@mmer and

winter operation.

specific energy demand for traction and auxiliary
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Figure6: Specific energy consumption; summer/winter (substations sections and overall
network)

The air conditioning during summer operation and the gt 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.
Energyconsumptionithout 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. Ten 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 investigatenarios,
subdivided into »summer« (SU) and »winter« (WI) operation. The calculated transmission

losses were again allocated to the energy consumptions.
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Tablel3: Specific energy consumption without wayside energy storages

Substation | Substation | Substation Network

EAST CENTRAL WEST
Energy consumption SU | Wil | SU | WI | SU | WI | SU | W
Traction [kWh/km] |2.102[2.102|2.390|2.388|1.631|1.628|1.962|1.960
Auxiliaries [kWh/km] |1.237|1.768|1.214(1.736|0.874|1.247|1.070| 1.528

'; Transmission losses | [kWh/Akm] [0.148|0.167 |0.345(0.383|0.091 (0.109|0.170|0.193

=

g Energy supply SU | WI | SU | WI | SU | WI | SU | WI

(W)

Y | Substation [kWh/km] |2.748|3.167|3.089|3.493(2.193 |2.486|2.583 | 2.942
Braking energy into | 1y m1 |0.340 | 0.347 | 0.470 | 0.486|0.133 | 0.146 | 0.279 | 0.201
catenary
Braking energy used| 1\ im1 10,399 | 0.522 |0.3910.529]0.270|0.351|0.339 | 0.447
by auxilliaries

Energy consumption SU | WI | SU | WI | SU | Wl | SU | Wi
Traction [kWh/km] |[2.103(2.103|2.384|2.380(1.642|1.639|1.965| 1.962
Auxiliaries [kWh/km] |1.117]1596|1.172|1.674|0796|1.133|0.987 | 1.408

~

o | Transmission losses | [kWh/km] |0.172|0.188|0.381|0.408(0.157|0.180(0.215|0.237

=

m

5 Energy supply SU | WI | SU | WI | SU | Wl | SU | WI

J

Y| substation [kWh/km] |2.772|3.185|3.321|3.693(2.332|2.634|2707|3.061
Braking energy into | 1 \vi a1 |0.308 | 0.305 |0.226 | 0.241 |0.055 | 0.061 | 0.175| 0.180
catenary
Braking energy used| 1 \vi a1 10.313]0.397 |0.390 | 0.529 |0.208 | 0.257 | 0.284 0.366
by auxilliaries

Usng 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 andetiéspet

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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Tablel4: Energy consumptions

Annual average
Energy consumption [kwh/km] 2.750
{gross) |
Braking energy into [kwh/km] 0.245
catenary .
Energy consumption
(effective) i} -

Energy consumptiomth vehicle energy storages)

The snulations 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 busehad b
equipped with an energy storage according to table 2 thus increasing the vehicle kerb
weight. This led to aincrease of traction energy demand by 1.3 % and to 0.8 % more total

energyconsumption.
The energy management of the vehicle was modeled &/isl
1 Supply of vehicle auxiliaries with braking energy

1 Storing of as much as possible braking energy (amount depending onefresy

storage)

1 Transmission of not storable energy into the catenary if an energyconsumeinigle is in

the same substation stion

1 Still excessive braking energy must be transformed into heat on the beskstor of the

vehicle.

1 Supply of energy demand by the vehicle storage until its lower stathaifge limit is

reached.

Therefore the vehicle energy storage provides as mewcérgy to the vehicle ag stores

during braking, only reduced by internal charging and dischatgssgs.
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Tablel5: Calculated energy savings by use of vehicle energy storages (ES)

Substation | Substation | Substation Network
EAST CENTRAL | WEST
Specific energy supply SU | WI | SU | WI | sU | WI | sU | wl
- E;ﬁ:“DiLt‘bEE;at'D“ [kWh/km] | 2.748|3.167 |3.089 [3.493|2.193 | 2.486 | 2.583| 2.942
o -
S |From substation, | v vl |2.234]2.762| 2559 [3.073 | 1.776| 2.139 | 2.108| 2.559
c |with ES
[iF] .
u | Reduction of energy supply by
A cubetation sSU | Wi | su | wi|su | wl|su/| w
[96] 187 | 128 | 17.2 | 120 | 190 | 140 | 184 | 13.0
Specific energy supply SU [ Wl | sU | WI | SU | WI | sU | WI
ny |From substation, |yt |9 772131853321 |3.693 | 2.332| 2.634 | 2.707 | 3.061
Py without ES
' |From substation, | vl 2172|2680 2 545 |3.026|1.756| 2.125 | 2.075 | 2 515
c |with ES
AT )
U | Reduction of energy supply by
A bstation sSU | Wi | su | wi|su | wl|su/| w
[96] 216 | 159|234 | 180|247 | 193 | 233|178

Table 15 shows the specific values for the rggesupply by each substation and for the

overall network with and without vehicle energy storages.

Results:

T

The use of vehicle energy storages causes again a much higher reduction of substation
supply during summer operation. The reason for this is thmler 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 sceoamorking 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 emdrigie

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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Tablel6: Energy savings by using vehicle energy storages (ES)

Substation|Substation|Substation Network
EAST CENTRAL WEST

Energy supply from | vt | 2837 3.246 2.299 2.695
— W substation, without ES
39 Energy supply from

m L= -
_ i /

g 5 substation, with ES [kwhikm] 2.313 2.651 1.839 2.183
<3

Reduction [96] 18.5 18.3 20.0 19.0

Assuming an averagenaual 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 (Morx, Fri) and an energy price of 14 ct/kWh, monetary savings as listed

in table17 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

approd nT ¢ed ! RRAGAZ2YIf &l @Aay3aa OFy o6S 200 Ay
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 engy that cannot
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