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1 ABSTRACT

Public buses are well-suited to electrification Ikésson et. al, 2003). Electric drive systems have
advantages over conventional technologies, for el@rower travelling costs, a higher level of energ
efficiency, and the chance to reduce emissions qékia 1998; Electric Power Research Institute, 2007
Electric Power Research Institute, 2007b; SioshamdiDenholm, 2009; Sioshansi et al., 2010; Doaeait
McCulloch, 2011; Sioshansi and Miller, 2011; Liuagt 2013; Brouwer et al., 2013; Paulley et ad042).
Additionally, their operation is easy to plan. Raltduses usually run in urban areas in which dipselered
buses cause air and noise pollution, thus affedtieglocal quality of life. Financial support anditic
visibility help spread the new technology. In orderrender the use of electric buses in publiciserv
possible, the battery needs to be charged duriegatipn. Setting up charging infrastructure is @gessite
for the successful use of electric vehicles (Bogéaret al., 2009; Hatton et al., 2009; Silvesteslgt2009).
Different concepts need to be considered when tiedesites for the charging stations. Installing th
infrastructure centrally may yield higher efficignof the stations but is likely to cause operatigrablems

— using the turning time at a scheduled routesiteal stop is easier to organize but requires nohegging
infrastructure. The vehicles themselves add furthstrictions due to their limited cruising rangeit how
do the different concepts affect demand or trartaion companies’ operation planning? Is it evessae
to use electric buses in the existing public transpetworks using central or decentralized chaygind the
existing vehicle scheduling without further ado?

This paper analyzes the positioning of chargingastfucture for electric buses. The objective isttamly the
influence of charging electric buses on the denfangublic transport. Therefore we analyze two scirs

in a case study of Aachen by modelling effects ladrging in an macroscopic transport model. The firs
scenario explores a central positioning of the gimgr infrastructure. The second scenario analyzes a
decentralized positioning. The analysis of the ages has shown that charging time is critical.oder
travel time significantly impacts demand. Extendihg dwell time at the central bus station negétive
affects public transport use: Use declines from¥®td 2.3% and is mainly shifted to private transpbr
order to keep up the current level of quality, th@sport companies would have to adapt their fteyn
That way, passengers could, for example, change &0 empty electric bus to a charged one. Waitimg f
the buses to charge has proved to have a muclgstroegative impact on demand than having to change
another bus. Aside from affecting demand, centnarging would require an adaption of the schedatebs
would thus also impact the timetable and vehiclkeedaling of transport companies. In addition, cantr
charging would pose a logistic challenge and woelguire an improvement of the queuing policies (De
Filippo et al., 2014).

The analysis of the timetable and vehicle schedulias shown that decentralized charging is easier t
integrate into the existing structures of local lputvansport. Decentralized charging using thealsugurning
time comes with the advantage that the chargingga® does not affect the travel time provided gudec
plan is adapted accordingly and a sufficiently hiflarging speed is achieved. For example, the mimim
turning time in Aachen is 3 minutes on averageorbter to operate the charging infrastructure atimam
capacity, the ends of routes could be combineddchen, radial routes are especially suited touthe of
electric buses and to combining the terminal st@gisen it comes to network planning in Aachen, tiae

of route, at an average 8.66 km, a duration of 84nBn:ss, and a turning time of 09:03 mm:ss, shbeld
preferred to the other types. In addition, radmites often have a common origin so that someeofdhtes
already share a terminal stop.

The concepts need to be adapted and reviewed dodiNy for each city. Whether the infrastructure dee
integrated into each urban design needs to bdee@aks well. We may conclude that successfullygiratng
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the charging process into the existing structufgsublic transport requires a complex and holisbacept
that takes numerous aspects into account.

Keywords: public transport, electric mobility, charg, scheduling, Aachen

2 INTRODUCTION

Public buses are well-suited to electrification Ikésson et. al, 2003). Electric drive systems have
advantages over conventional technologies, for el@rower travelling costs, a higher level of energ
efficiency, and the chance to reduce emissionsqgkia 1998; Electric Power Research Institute, 2007
Electric Power Research Institute, 2007b; SioshamdiDenholm, 2009; Sioshansi et al., 2010; Doa@ait
McCulloch, 2011; Sioshansi and Miller, 2011; Liuagt 2013; Brouwer et al., 2013; Paulley et ad042).
Additionally, their operation is easy to plan. Raliluses usually run in urban areas in which dipselered
buses cause air and noise pollution, thus affedtieglocal quality of life. Financial support andific
visibility help spread the new technology. In orderrender the use of electric buses in publiciserv
possible, the battery needs to be charged duriegatipn. Setting up charging infrastructure is @gessite

for the successful use of electric vehicles (Bogéaret al., 2009; Hatton et al., 2009; Silvestaal 2009).

Different concepts need to be considered when tiedesites for the charging stations. Installing th
infrastructure centrally may yield higher efficignof the stations but is likely to cause operatiqgrablems

— using the turning time at a scheduled routesiteal stop is easier to organize but requires nohegging
infrastructure. Site selection is determined byuaber of factors. The vehicles themselves add duarth
restrictions due to their limited cruising range.dddition, factors of urban development may refsthie
planning as well.

But how do the different concepts affect demanttamsportation companies’ operation planning? é&vé@n
possible to use electric buses in the existingipukdnsport networks using central or decentrdlidearging
and the existing vehicle scheduling without furtado? And are there certain types of routes treatrare
suitable for the use of electric buses than othéfgl? this paper we seek to address these questions

In the following sections, we present the theoattlzackground (Section 2), our methods including th
scenario development and the analysis of the roatesblic transport networks (Section 3), the hssiiom
our scenario simulation (Section 4) and, finallgiscussion and our conclusions (Section 5).

3 BACKGROUND

The main difference between private and publictategehicles is that public electric buses hav&dep to

a schedule. This comes with the advantage thataimes and energy consumption are easily predetabl
However, it also necessitates high-speed chargimig@ the vehicles’ operation so as not to interfeith
the schedule (Ding et al., 2015). In addition te #uvantages, e.g. low pollutant emission and estinoise
pollution, electric buses differ from diesel bugeslisadvantages such as their low range and lbagying
times. The mileage constraints of electric busedfare-fore stricter than those of diesel buses.

The range of electric buses is so far not enougkptace conventional diesel-powered public busésowt
limitations. A conventional bus can operate thraughits entire deployment without needing to refuel
contrast, electric buses may need to be chargesralevmes a day. As they run on a schedule, inggal
fast-charging stations is thus prerequisite fongisilectric buses successfully. For electric btsdé® able to
compete with diesel buses, an innovative elecui gystem is necessary (Rohlfs, Mareev, Rogge,)2615
simulation of an electric transportation systemtla Ohio State University has already shown that
employing 22 electric buses on six lines using 5@ kW or two 250 kW charging stations at apprdpria
service rates is unproblematic (De Filippo et2014).

Public transport planning consists of a numbemntérconnected components: First of all routes &ened
(1). Subsequently, a schedule is developed (2)vahitles are assigned to trips (3) and driversetoicles

(4) (Chao and Xiaohong, 2013). The location of tharging stations and the integration of the chmaygi
process into the operating schedule may alreadgecguoblems for the planning of the route and the
development of the schedule.

Central charging comes with the advantage thatdhtes would not need to be adapted provided tteat t
bus system in question has a central hub alreaely lmg most bus routes, which would then be seleated
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the charging location. This would also allow foethharging stations to be used at maximum capacity.
However, it is questionable whether this concepid@rovide an acceptable level of service: On soifhe
the routes, central charging would mean longeretrimes for passengers as it would require a lodgel|
time at an intermediate stop. Travel time is andrtgnt criterion for the choice of transport mode
(Balcombe et al., 2004; Bhat, 1997; Van de Wallé &teen-berghen, 2006). Especially in public trarnsja
longer travel time results in a decrease of ussgsdoncellos, 2005). This would create tension betwthe
required charging time and the available charginmget In addition, a solution would need to be fodod
those lines for which the central hub is not erteou

For decentralized charging, the charging infrastmécwould be located at the ends of the routesitiBoing
the charging stations there would not require angbeof route planning either. It might, howeveryusa
problems with the schedule as the vehicles needgintime to charge their battery before continuimejr
route. This, too, would create tension betweemn¢heired and the available charging time. For tloiscept,
the available charging time would hinge on the eesipe turning time..

4 METHOD

Using the example of Aachen, we have answered tlestigns of how different charging locations for
electric buses affects route planning and travaktfor public transport and how these concepts ban
integrated into existing public transport structufeom the point of view of transportation companiey
analyzing two scenarios. The scenarios containemiscthat differ in where the charging infrastroetis
located and offer possible visions of the futureadidition we analyzed whether there are differsmegefor
example, turning times or the length of routes étetmine which types of routes are more suitahidHe
use of electric buses than others.

The two scenarios’ impact on the demand is studgdg the cross-border transport model of the Aache
region. The transport model simulates a weekdasiadritof school holidays in October and is basethen
four-step algorithm. In addition to the StadteRegiachen, the transport model includes the surrimgnd
communities as well as parts of the Dutch proviméeLimburg and parts of the German-speaking
community in Belgium. The planning area for ourlgsia is the city of Aachen. It is divided into 1Z8nes.
Demand is calculated based on structural dataefpthnning area from 2010, which is available foz t
zones. The impact on the operation is studied bgnmef an analysis of the vehicle scheduling ofuiti&n
transport company ASEAG..

4.1 Development of the scenarios

In order to come to a substantiated conclusion abow charging an electric bus affects public tpams
demand for each of the concepts, we first studsetfs that influence the choice of transport mddes
choice is determined by numerous factors. The r@iteome from different are-as such as economics,
transport geography, and social psychology, and bandivided into socio-demographic, journey
characteristic, and space-related indicators (DgeVeét al., 2013).

Depending on how well the charging process is natiegl into the schedule, charging electric buseg ma
affect travel time and interchange. For exampley@ing infrastructure located centrally may extéradel
time when charging would require a longer dwelletiat an intermediate stop. Alternatively, passenger
could change to another bus that has already besged, immediately continuing their journey.

Interchange as a determinant is rarely studiedapeps and infrequently found significant for theicke of
transport mode (De Witte et al., 2013). The cmterinterchange is a journey characteristic indicato
Interchange depends on how the public transpoworés are scheduled (Litman, 2008; Wardman and Hine
2000). Ideally, passengers should not have to eaebicles between their origin and destination.

The determinant travel time has been studied ioraber of papers and labeled as a significant daoritsr
(De Witte et al., 2013). In our analysis we thereffocus on the influence of an extended traveéton the
demand for public transport. Travel time is a j@yriecharacteristic indicator and can be describeétleaime
a person needs from door to door (De Witte et24l08). In this paper, we define travel time by jpubl
transport with the “door-to-door approach” as falfo(Fig. 1): (1) walking from origin to the apprde
stop; (2) waiting for the bus; (3) sitting on thesband (4) walking from the final stop to the desion
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(Wardman, 2004; Salonen and Toivonen, 2013). Furtbee, the trav-el time by public transport could
include transfers from one route to another ineigdivalking and waiting times (Benenson et al., 2011

Exactly how much demand will decrease when thestrame in public transport is extended by 15 nan t
charge the electric buses central is examined @an&io | (cf. chapter 3.1.1). Central charging lefciic
buses means that the vehicles would be chargetkatantral station. The buses on routes startiregnading

at this station could charge during their turnimgets. On routes for which this station is not oa tay,
electric buses could not be used in our example. Atses stopping at the charging station as pdtteaf
route would then wait there until their batterycizarged. The charging process would extend passenge
travel time. Alternatively, passengers could chatoganother bus that has already been charged. \owe
this means that transport companies would havelaptatheir timetable and vehicle scheduling andld/ou
likely have to deploy additional vehicles. Centthhrging comes with the advantage that infrastreatosts
would be low and the charging stations could bed egemaximum capacity. It is, however, questionable
whether an appropriate level of service can beeaeli using this concept.

In contrast to Scenario |, we study the effectsledentralized charging in Scenario Il (cf. chaf@dr.2),
which means that the buses would be charged ateth@nal stops of their respective routes usingrthe
turning times. If the turning time is sufficienhis would be unproblematic. Turning times existsaduse
buses on the same route that are compatible instarimlocation and time are scheduled to form a
consecutive cycle (Scholz, 2012). One cycle thueithe use of a vehicle from when it is deployethe
finish of its shift. Aside from allowing for turngn turning times are meant to make up for delays tan
allow drivers to take the breaks required by lasr & optimal schedule, turning times should beimmah
since they mean a pause in transport service (K&®1). However, when the turning time can beluse
recharge an electric bus, a long turning time dlyeaxisting for operational reasons is particularly
convenient.
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Fig. 1: Example of the door-to-door approach inljguibansport journeys. (Own depiction accordingtonen and Toivonen,
2013)

4.1.1 Method Scenario I: Central charging infrastructure

Scenario | explores the effects of central chargifeastructure for electric buses using the exampf
Aachen. The charging infrastructure is locatedhatdentral bus station Bushof in Aachen. This stag the
main inner-city bus station Elisenbrunnen congitutcentral transport hub in the Aachen bus netwkirla
total of 65,000 passengers a day, these two stopsttee most frequently used ones in Aachen
(Planungskooperation “Busnetz 2015+", 2013). AsHdiss located on the standard route of the Aadien
network, the charging infrastructure will be inktdlat this stop by way of example in scenario I.

In the analysis of the schedules, the journeysthad back of each route are examined, totalingtri38.

Of these 138 trips, 18% (25 trips) already staerudt at Bushof. Charging electric buses on thestesavith
otherwise unchanged conditions would not affectpgsengers at all. Therefore, demand would netgeha
The transport company would, however, need to chelek&ther charging the buses is possible without
changes in the current cycle plan, i.e. whetharabithe turning time is sufficient or whether tHarpwould
need to be adapted and more vehicles used.

Bushof station is not on the way of 32% of thegdr{g4 trips). In this scenario, electric buses dmdt be
used on these routes as they would require a kugle- adaption of the schedule and the business fpia
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50% of the trips (69 trips), Bushof is an internadistop. In order to study the impact of charginghe
demand on these routes, we adapted their schedules transport model accordingly. In order to dimte

the charging process, the dwell time of the bugeBushof was extended by 15 minutes based on the
assumption that at worst, an electric bus needsifhScharging time per hour of operation (Falze@e13)
(Sinhuber, Rohlfs, Sauer, 2010).

Adapting the schedule results in a change of pgssehntravel time. The impact of the longer tratile on
demand is explored using the cross-border transpodel of the Aachen region. The changed scheduda i
input variable of the model. Longer travel timesuate the resistance on the routes of public tratspo
which directly leads to a changed relation of #&igtance between public transport and motor-diivamte
transport on origin-destination routes. This inntumfluences the choice of transportation mode lwsd
routes and therefore the result of the modal split.

In addition, the changed route resistances aldaeinfe the result of the trip distribution. The nesute
resistances change the resistance relations iricpuahsport between different relations. In thensport
model, decision makers choose the fastest routen@ihg the schedule extends travel time in public
transport, causing a shift from public to privaensport.

4.1.2 Method Scenario Il: Charging at the end of theeout

Scenario Il explores the effects of a decentralidgarging infrastructure for electric buses ushgéxample
of Aachen. Decentralized means that the chargiaipsts are installed at the end of a schedulederoutn
the bus depot. This comes with the advantage ltledbdiises’ turning time could be used for charging.

In order to answer to what extent this concept loarintegrated into existing structures, we studhesl
timetable and vehicle scheduling in Aachen. One ibusirely used on only one route, which means that
buses change between routes and have differenintdratops. For charging buses at the end of tioeite,

this means that the length of the cycle is relevatiiter than the length of the route. One cycleecothe use

of a vehicle from when it is deployed to the finishits shift, during which one bus may be usedeweral
routes. On single-route cycles, a vehicle staysraroute for the entire shift. The advantage mdlsiroute
cycles is that they have fixed terminal stops timatld be used to charge electric buses. Howevangihg

the cycle plan and introducing single-route cyctesy make the schedule less efficient. Currently 8%
(162) of the cycles in the Aachen network are sirrgute cycles.

4.2 Analysis of the types of routes in public transport

We analyzed whether the types of routes of theiputdnsport network in Aachen differ in their timg
times, length, and duration in order to come t@actusion regarding whether there is a route typehvis
more suitable for the use of electric buses andldhue favored accordingly in future network plarmi

There are four basic types of routes (Steierwaldhni€ and Vogt, 2005): Radial routes, cross-cityasu
tangential routes, and circle routes (cf. figureR)r our case study in Aachen, we analyzed 74rbuies
operated by the urban transport company ASEAG workday Tuesday. The bus routes were allocated to
the respective route types based on ASEAG’s netwtak. The results of the analysis can be found in
chapter 4.3.

@ 0@

Radial route Cross-city route Tangential route Circle route

Fig. 2: Basic patterns of the route types (Sourteie8vald, Kiinne and Vogt, 2005)
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5 RESULTS

This chapter presents the results of the analybéiseotwo scenarios and the types of routes. Seehar
describes the installation of a central chargiragi@h. In contrast, Scenario Il describes the ¢ffexf a
decentralized charging station for the transpomany.

5.1 Scenario I: Central charging infrastructure

Table 1 shows the change of the modal split dukdaharging time at Bushof station in Aachen. Bdieg
the dwell time at Bushof negatively affects pulii@nsport use: Use declines from 9.2% to 2.3% and i
mainly shifted to private transport. The increa$erivate transport from 56.0% to 62.7% will leanl @
higher load on roads, which will also come with mammic effects.

To summarize, the charging infrastructure cannotideated centrally without changing the cycle plan
because of the impact on demand alone. In ordavda longer travel times, passengers could chtmge
fully charged electric bus at the central chargitagion. The effects of additional changing wouldrefore

not have as negative an impact as longer travadstigbe Witte et al., 2013), but would come with a
significant need for additional vehicles at thensqgort company. Furthermore, the charging infrastne
requirements and the space needed for both chaagidghanging would be immense. Adapting the cycle
plan would be out of all proportion to the resugdticosts and benefits and is therefore no viabletisol for
Aachen.

. Analysis Scenario | "Bushof" Difference
Purpose of the journey
non-MIT MIT PT non-MIT MIT PT MIT PT

1 Home - Work 17,6% 69,1%  13,4% 17,9% 80,6% 1,6% 11,5% -11,8%
2 Home - Primary school 59,6% 26,8% 13,5% 58,0% 34,9% 7,1% 8,1% -6,4%
3 Home - Secondary school 43,6% 18,9% 37,6% 429% 24,1% 33,1% 5,2% -4,5%
4 Home - Higher education 40,6% 23,3% 36,1% 40,1% 29,8% 30,2% 6,5% -5,9%
5 Home - Shopping 30,5% 63,3% 6,2% 30,8% 68,4% 0,8% 5,1% -5,3%
6 Home - Recreation 32,1% 59,8% 8,1% 32,4% 66,8% 0,8% 7,0% -7,3%
7 Recreation - Recreation 258% 67,3% 6,9% 259% 73,9% 0,2% 6,5% -6,7%
8 Work - Work 4,6% 83,3% 12,2% 4,9% 93,9% 1,3% 10,6%  -10,9%
9 Shopping - Shopping 34,0% 62,1% 3,9% 345% 655% 0,1% 3,4% -3,8%
Total 34,9% 56,0% 9,2% 35,1% 62,7% 2,3% 6,7% -6,9%

non-MIT: non-motorized individual transport
MIT: motorized individual transport
PT: public transport

Table 1: Modal split in the planning area (Own oédtion, data source: transport model AC region)

5.2 Scenario Il: Charging at the end of the route

Decentralized charging does not necessarily cabsages for the passengers. Therefore, charging the
vehicles with otherwise unchanged conditions wowdd affect demand. If the turning times are toorsho
however, the charging could necessitate adaptiegvéhicle scheduling and would therefore affect the
transport companies’ planning.

Table 2 shows the cycle lengths in Aachen accorttirtbe current cycle plan. Assuming that a typioaker

city electric bus has a range of 150 km (e.g. Raijipcycles shorter than 150 km could be covered by
electric buses without intermittent charging. Omsih cycles, the buses could be charged at the depot
provided that they, once returned, have a long gmdayover to fully charge their battery before thext
cycle begins. In order to do so, another study @woded to explore the vehicle deployment. 72% (378
cycles) of the cycles in Aachen are shorter thah Kirh and could therefore already be covered bytratec
buses with no intermittent charging

En-route charging needs to be made possible focybkes longer than 150 km. This could happen at th
terminal stops using the turning time. Table 3 shale distribution of turning times on the long legc
(<150 km). However, the turning times are averages scheduled by the cycle plan. The actual tgrnin
times may differ, e.g. because of the traffic ditra Only 11% of the cycles have a scheduled tgime

of less than 5 minutes.

i
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Cycle length Cycles

km % n

200 + 19 100

150 to < 200 10 53

100 to < 150 12 63
50 to < 100 21 110

<50 39 205

Table 2: Cycle lengths in Aachen (Own calculaticatadsource: ASEAG)

The charging duration of electric buses using td&irging systems depends on the boundary condition
(weight, fuel economy) and the charging capacitys,| for example, possible to charge a 12 m bug.(a
load) consuming 30 kW on average in 5 minutes fohaur’s journey at a charging capacity of 350 kW
(Sinhuber, Rohlfs, Sauer, 2010) (Rohlfs, Mareevgd®o 2015). Even a charging capacity of 500 kW is
possible for the electric bus system (Sinhuber,[lBpoBauer, 2010) (Rohlfs, Mareev, Rogge, 2015)s Th
means that at a required charging time of 5 minuB8% of the cycles (turning time > 5 minutes) coul
currently be charged using the turning time atiénminal stops.

Turning time accoding to schedule Cycles (> 150 km)
min % n
00:15:00 + 3 4
00:10:00 to < 00:15:00 29 43
00:05:00 to < 00:10:00 57 86

< 00:05:00 11 17

Table 3: Average turning time of cycles longer ti&0 km according to schedule (Own calculationadgaurce: ASEAG)

The compromise between the required and the alaitdiarging time is an operational and technoldgica
challenge. The available charging time is restdidig the public transport schedule. The requireargihg
time can be adapted by increasing the chargingdspeeAachen, all bus routes have a turning timetof
least 3 minutes (cf. Figure 3, Table 4). Howeves,must consider that the turning time cannot bel fse
charging in its entirety. There must still be padpio make up for delays and to allow the vehiolgéutn.
Depending on the charging technology, the drivenld¢dake their break during the charging process.
Therefore, a high charging speed and an optimizediigg policy are necessary for decentralized ¢hgrg
in Aachen to keep the charging time as low as ptessi
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Fig. 3: Average turning times in public transpaortdachen (Own calculation, data source: ASEAG)
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In order to operate the charging stations at masinaapacity, the terminal stops of routes could be
combined. Additionally, we should consider an idisciplinary cooperation of different stakeholdeFse
charging infrastructure might also be used by usdaatric vehicles.

—
Average turning time Number of routes

(min)

>3 74 100%
>4 69 93 %
>5 63 85 %
>6 59 80 %
>7 49 66 %
>8 31 42 %
>9 26 35 %
> 10 19 26 %
>15 3 4%

Table 4: Distribution of the turning times(Own aagtion, data source: ASEAG)

5.3 Results of the analysis of the types of routes iruplic transport

The distribution of the analyzed routes by roufeetys illustrated in Figure 4. In addition to rotypes such
as cross-city, radial, circle, and tangential reutéigure 4 distinguishes between routes outsidkachen,
school routes, and extra buses deployed duringtrosh School routes are buses used during thetpeak
of student traffic. Routes outside of Aachen hawecannective function within the city. Extra busee

deployed during rush hour on partial routes ang etdp at select stations. Bus transport in Aaduersists
primarily of cross-city and radial routes. Howeveircle and tangential routes are used as welle&afly

the five circle routes are scheduled tightly sd tha overall network shape of the city of Aachem iradial
circle network.

5% 1%

(n=74)
= Cross-city routes
8% = Radial routes
= Routes outside of Aachen
= School routes

Circle routes

18%
Tangential routes

Extra busses during rush hour

28%

Fig. 4: Distribution of the bus routes in Aachentiaye of route (Own calculation, data source: ASBEAG

The average route length, duration, and turning tire summarized in table 5 by type of route. Thaer
length describes the distance between the termtopk of a route. Turning time is the vehicle’sestiled
dwell time at the first or last stop of a route dref the next route begins. The turning time is ssag/
padding to make up for delays. The route durasahé time span between the terminal stops.

At 13.75 km the cross-city routes are the longestrage routes. The circle and tangential routesabe@
longer than 12 km on average. The routes outsideaohen, school routes, and radial routes arel® tom
long. At 3.92 km, extra buses partially supportingy routes during rush hour have the lowest aeecraigte
length. The average length of all bus routes i91L.&m.
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The route duration and the route length correspimek the average speed of public buses in urleas as
virtually constant regardless of the type of rouixtra bus routes are the shortest both in lengih a
duration. Cross-city routes are the longest atvanage duration of 48:18 mm:ss. Circle routes aigue in
that their first and last stop are identical. Croisg routes also have the highest average turtimg as they
are the longest and are at a higher risk of delays.

In Aachen, radial routes are particularly suitecekectric buses: At an average 8.66 km, radialematre
short and at the same time exhibit the second kirigeing times in Aachen at 09:03 mm:ss on awerag

Number og Length of routeg Duration of routeg Turning time
routes [km] [mm:ss] [mm:ss]

Cross-city route 24 13.75 48:18 09:11

Radial route 21 8.66 34:34 09:03

Routes outside of Aachen 13 9.48 29:42 06:13

School routes 6 8.93 24:50 09:03

Circle routes 5 12.96 32:07 05:31

Tangential routes 4 12.42 32:56 08:49

Extra buses 1 3.92 13:26 07:54

Total 74 10.91 36:50 08:20

Table 5: Summary of the types of routes (Own cakioh, data source: ASEAG)

6 CONCLUSION

This paper explores the effects of the locatiosl@rging infrastructure for electric buses on rquésning
and travel time in public transport using the exlmpf Aachen, distinguishing between central and
decentral charging locations. For this purposetithetable and vehicle scheduling of local pubiamsport

in Aachen were analyzed. The aim was to studyrtipact of the two charging concepts on public trartsp
demand and to analyze the possibilities of intéggathese concepts into the existing public transpo
structures and the current vehicle scheduling. #althlly, the study analyzed if the types of roueshe
public transport network in Aachen differ in e.grrting times or length of routes, so that some dype
better suited to the use of electric buses thaarsth

The analysis of the scenarios has shown that aiatgne is critical. Charging electric buses musit affect
the passengers. A longer travel time significaimipacts demand. In order to keep up the currerl lefs
quality, the transport companies would have to adheir planning. That way, passengers could, for
example, change from an empty electric bus to ageldaone. Waiting for the buses to charge has prowve
have a much stronger negative impact on demandhénang to change to another bus.

Aside from affecting demand, central charging wodduire an adaption of the schedules and would thu
also impact the timetable and vehicle schedulinyaofsport companies. In addition, central chargwogld
pose a logistic challenge and would require an anpment of the queuing policies (De Filippo et 2014).

The analysis of the timetable and vehicle schedulias shown that decentralized charging is easier t
integrate into the existing structures of local lputvansport. Decentralized charging using thealsugurning
time comes with the advantage that the chargingga® does not affect the travel time provided gudec
plan is adapted accordingly and a sufficiently hiflarging speed is achieved. For example, the mimim
turning time in Aachen is 3 minutes on averageorbter to operate the charging infrastructure atimam
capacity, the ends of routes could be combineddchen, radial routes are especially suited touthee of
electric buses and to combining the terminal st@isen it comes to network planning in Aachen, tiae

of route, at an average 8.66 km, a duration of 84nBn:ss, and a turning time of 09:03 mm:ss, shbeld
preferred to the other types. In addition, radmites often have a common origin so that someeofdhtes
already share a terminal stop.

The concepts need to be adapted and reviewed dlodily for each city. Especially the necessary oekw
infrastructure should already exist in order tatafisa charging station. Whether the infrastructoae be
integrated into each urban design needs to beiegri#s well. In order to come to a general conotusi
regarding which type of route is particularly sdite electric buses, an analysis of the routesherccities’
public transport networks is necessary. We may loolecthat successfully integrating the chargingcpss
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into the existing structures of public transporuiees a complex and holistic concept that takeserous
aspects into account. Finally, it is important taenthat electrifying public transport significantontributes
to the solution of future challenges and to thermapment of quality of life.
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