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Abstract

Electric buses are entering public transport bus fleets and introduce a new level of
complexity in the strategic planning of public transport operators. Although numerous
research activities focus on the field of electrification planning, there is thus far an ab-
sence of a comprehensive planning approach for the public transport domain covering
all thematic areas, from technical design over operational planning to the assessment
of lifecycle costs. The present thesis closes this gap by providing a software-based
planning approach whose applicability has been proven through various case studies.

The novelty of this approach regards the high level of detail for all planning phases,
which is enabled by the developed software toolchain utilizing state-of-the-art simula-
tion and optimization methods as well as interfaces with existing planning software
and third-party data. Efficient calculation methods facilitate analysis of large scenarios
and a wide range of technical alternatives. The consequences of electrification with
battery electric buses are elucidated for all stakeholders involved in the electrification
process, such as operational planning and infrastructure departments. Furthermore,
aggregated and normalized figures are provided to allow a neutral comparison of tech-
nical alternatives.

Kurzzusammenfassung

Elektrobusse dringen in die Busflotten des offentlichen Personennahverkehrs und
bringen eine neue Dimension der Komplexitit in die strategische Planung der Betrei-
ber. Obwohl sich zahlreiche Forschungsaktivititen auf den Bereich der Elektrifizie-
rungsplanung konzentrieren, gibt es fiir den 6ffentlichen Verkehr bisher keinen umfas-
senden Planungsansatz, der alle Themenbereiche von der technischen Planung iiber die
Betriebsplanung bis zur Bestimmung der Lebenszykluskosten abdeckt. Die vorliegen-
de Arbeit schlieit diese Liicke durch die Bereitstellung eines softwarebasierten Pla-
nungsansatzes, dessen Anwendbarkeit in verschiedenen Fallstudien nachgewiesen
wurde.

Neuheit des Planungsansatzes ist der hohe Detaillierungsgrad in allen Planungsphasen,
der durch die entwickelte Software-Toolchain unter Einsatz modernster Simulations-
und Optimierungsmethoden sowie durch Schnittstellen zu vorhandener Planungssoft-
ware und externen Datenquellen ermdglicht wird. Effiziente Berechnungsmethoden
erlauben die Analyse von groBBen Szenarien und einer Vielzahl von technischen Alter-
nativen. Die Folgen einer Elektrifizierung mit batteriebetriebenen Elektrobussen wer-
den fiir alle am Elektrifizierungsprozess beteiligten Akteure, wie zum Beispiel die Be-
triebsplanung und die Infrastrukturabteilung eines Verkehrsbetriebs, transparent ge-
macht. Dariiber hinaus werden aggregierte und normalisierte Zahlen bereitgestellt, die
einen neutralen Vergleich technischer Alternativen ermoglichen.
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1 Introduction

Electric buses are increasingly popular due to enforced emission regulations, air quali-
ty control and substantial funding schemes. More and more cities, regions and coun-
tries have committed to transforming bus sectors to zero emission, for example Paris,
London, the Netherlands and Chile [1, 2]. The European Commission concretized the
political aim by establishing zero-emission goals for public procurements in the revi-
sion of the Clean Vehicle Directive in June 2019 [3]. By two years after adopting the
revision, member states must transpose the directive into national law and ensure that
each public tender requests a certain percentage of clean and zero-emission vehicles.
The targets vary by member state and sector, but highest are set for the bus sector with
up to 65 % share of clean buses for public procurements in Germany planned for the
time period from 2026 to 2030. Half must be zero-emission vehicles, either battery
electric or fuel cell buses.

Almost any bus operator providing service in the public transport domain must there-
fore manage the electrification challenge. For bus fleets with various bus types of
varying ages, a strategic plan is needed that defines the changeover and linked
measures through infrastructure installation. The constraints of zero-emission vehicles
impede effective manual planning regarding a larger number of vehicles. This thesis
addresses this challenge by providing a software-based process for the strategic plan-
ning of entire-fleet electrification, where the focus is on battery electric buses (BEB)
since they entail the most challenging constraints. The developed methodology can
also be applied to the strategic planning of fuel cell bus fleets. The detailed problem
definition is introduced in 1.1, which is followed by a description of the objective and
solutions approach in 1.2.

1.1 Problem Definition

Public transport operators (PTO) have optimized the planning and operation of con-
ventional bus fleets - in most cases diesel powered - over decades. With the support of
planning software and optimization algorithms, they minimize vehicle demand and
deadhead trips while maximizing service quality. In this process, conventional diesel
buses were however relatively unconstrained, which is not the case for BEB whose
planning and operation regards a paradigm shift and significant challenge for every
PTO.



2 1 Introduction

PTOs must choose among different BEB concepts available on the market, e.g., depot
charging and opportunity charging which are concepts that significantly differ regard-
ing infrastructure demand and operational constraints. Technology recommendations
must therefore consider local situations and as well as operating schemes, structural
boundary conditions, constraints regarding energy supply and constraints of the cur-
rent market, such as the limited number of suppliers. Furthermore, choosing a BEB
concept causes long-term consequences, as infrastructure installed today must be de-
preciated for several years and should therefore not become redundant by technical
developments in the near future. Upward compatibility is required for a further rollout,
which entails planning for the entire fleet during initial transformation steps.

The primary planning hurdles are related to vehicle scheduling and the dimensioning
of technical components. Intensive interactions between these two optimization prob-
lems significantly increase their complexity, because the vehicle scheduling problem
itself is NP-hard, when different vehicle types and depots are considered [4]. Figure
1-1 shows an illustration of the interaction.

Vehicle
Scheduling
Design

Figure 1-1: Major interactions within the design of BEB systems - Vehicle schedul-
ing defines the operational scenario for vehicle and infrastructure design,
but builds also on the technical constraints

Decisions on the technical level such as vehicle and infrastructure design are heavily
influenced by the vehicle scheduling which defines the entire framework of a scenario
by establishing the driving range of the buses as well as dwell durations at potential
charging locations. On the other hand, vehicle scheduling is limited by technical con-
straints of BEB and charging infrastructure. The intense interaction of different plan-
ning and optimization tasks combined with the long-term perspective of strategic deci-
sions define the core of this thesis.

Several consultancy companies and research institutions support PTOs in electrifica-
tion planning. The typical approach is to retain existing vehicle scheduling and evalu-
ate which bus run (set of trips assigned to one bus) can be electrified using current
BEB technology [5]. Electrification of an entire fleet is however rarely possible due to
constraints regarding battery capacity and charging power.

The limited scope of such studies is enlarged by considering anticipated future techno-
logical advancements, as illustrated in Figure 1-2 featuring a simplified example of
depot-charging BEB. With an assumed increase in battery energy density for second-
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generation (Gen 2) buses, the range of BEB rises and additional bus runs become
technically feasible. However even with Gen 2 depot-charging BEB, only 25 % of dai-
ly mileage is electrified and entire-fleet electrification is not achieved. The optimiza-
tion potential of an adapted vehicle scheduling is not exploited. This highlights the
necessity of integrating vehicle scheduling through a comprehensive planning ap-
proach.

400
=300 Depot Charger Gen 2
5 .
© 500 :# Depot Charger Gen 1
kS |
=100 : |
; I ———————

Bus runs (sorted by mileage in descending order)

Figure 1-2: Bus run mileage of a small bus fleet indicating a large variety and inten-
sive usage — highlighted columns indicate feasible bus runs for depot
charging operation

Besides technical constraints, the varying economic consequences of individual BEB
concepts increase planning complexity. The life cycle cost (LCC) calculation for con-
ventional bus fleets builds on a profound experience regarding the durability of com-
ponents [6]. However, in the case of BEB the LCC calculation faces high uncertain-
ties. The aging of batteries relies on their actual operation which complicates general
assumptions for battery lifetimes. Battery usage must therefore be considered during
the planning process based on the desired operation.

Electrification initiatives are intended to improve the ecological footprint of public
transport service, and therefore politicians and citizens desire an assessment of mitiga-
tion potential and a cost-benefit consideration for funding. Thus, emission calculation
represents a further subject confronting PTOs. Assessing mitigation potential requires
however more than a calculation for BEB. In order to calculate the improvements, the
conventional bus fleet must be analyzed, which contributes a further dimension to the
planning process.

In summary, comprehensive planning of fleet electrification must consider technical
design and operational planning in a joint process. This highly constrained and com-
plex task cannot be efficiently addressed using manual calculations. Existing planning
approaches are limited by considering solely technical design or operation planning, as
no comprehensive software tool for joint planning is available on the market.
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1.2 Objective and Solution Approach

The main goal of this thesis is to provide planning guidance and required tools for the
strategic planning of fleet transformation from conventional to battery electric opera-
tion. The approach must be able to model the current situation, assess technical feasi-
bility, adjust or redo operational planning, calculate life cycle cost, assess mitigation
potential and derive all results to reach a decision regarding a cost-efficient technology
choice.

Operational Planning 3'd party Data Vehicle Parameters

IV U ¥ s i
— EI.RG }) OpenStreetMap % Goagle Maps ;TSSP‘ fo m .
A | (7, ) r«§ 3
) rlzar SOLARIS

ElOpenWeatherMap EvoBus SILEO

v

| v |:|\J | 2 <i Trapeze”
v r e ey

Local Scenario Software Toolchain Infrastructure Parameters

Infrastructure Operational . .
Locations | Constraints Simulation SIEMENS  heliox

- M Analysis ABB S o
[ Wi Optimization s CETCOM  €KO:izizzviii

USER FUNCTIONALITY

Scenario Feasibility Energy-Based Aging and Mitigation
Modeling Evaluation Vehicle Scheduling LCC Calculation Assessment

Figure 1-3: Overview of the software toolchain, input data and provided user func-
tionality

The developed approach is based on a software toolchain covering the formulated de-
mand. A general overview of the required input data and user functionality is shown in
Figure 1-3, and detailed insight is provided in Section 1.

Input data describing current operational planning are imported from existing software
solutions with minimal user effort. The data are afterwards enriched through automa-
tized processing by specific information required for BEB modeling. The developed
simulation can be applied to assess the technical feasibility of a BEB operation under
various conditions. However, as described in the problem definition, this represents
only one dimension of the problem. A further module enables the user to adjust or redo
the vehicle scheduling of BEB according to technical constraints in the energy-based
vehicle scheduling. By utilizing both methods, different BEB operating scenarios can
be derived and further analyzed using the LCC calculation module. The computed
LCC can be related to the mitigation potential of the corresponding BEB concept to
provide all required information for the strategic fleet transformation decision. In the
final changeover concept, the user is guided by recommendations based on the com-
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puted results and further methods for calculating costs and key performance indicators
(KPI).

The developed software tool and planning process have been applied in various re-
search and consultancy projects regarding PTOs in Europe. Bus fleets with up to 400
vehicles were analyzed in the Climate-KIC projects LoCarUT (Low Carbon Urban
Transport) and MunEP (Municipal E-Bus Planner) at RWTH Aachen University [7].
Ongoing utilization and continuous development are ensured by the ebusplan GmbH, a
consultancy spin-off of the ISEA of the RWTH Aachen University. The derived elec-
trification strategies are currently realized in practice which proves the validity of the
results.






2 Current State of Research

The emerging BEB market is supported by global extensive research activities. Begin-
ning with the first public-funded prototype demonstrations until entire fleet operation,
the rollout is often accompanied with scientific evaluations which enable an in-depth
analysis and transfer of the results to other use cases [8—11]. An overview of the cur-
rent BEB market and its development in the recent past is provided in 2.1, and after-
wards planning processes for conventional bus operations in public transport compa-
nies are introduced in 2.2. Section 2.3 describes the current state of research in electri-
fication planning and addresses the linked thematic areas such as life cycle cost calcu-
lation and mitigation assessment.

2.1 Battery Electric Bus Market

The external pressure and high demand of zero-emission public transport buses ferti-
lize BEB market growth. The market overview in Section 2.1.1 highlights the domi-
nant role of China where the highest number of BEB are in operation. The current sta-
tus in Europe is discussed in 2.1.2 by presenting demonstrations in London and Eind-
hoven.

2.1.1 Market Overview

The majority of the global bus fleet is powered by diesel or compressed natural gas
(CNQ) [12]. However, the electric bus market has grown significantly in recent years.
China represents the current hotspot where 99 % of the global BEB fleet (about
460,000 buses) 1s operated [2]. Electrification in China has been successfully stimulat-
ed by national as well as municipal funding. One well-known case regards the city of
Shenzhen with about 16,000 BEB, a large share of which is delivered by the Shen-
zhen-based company BYD, one of the world’s largest BEB manufacturers.

The current BEB market status and its development are illustrated in Figure 2-1. After
beginning with redundant vehicles and prototype testing, the first dedicated bus routes
were electrified as part of the ZeEUS project such as in Barcelona, Bonn and Miinster
[13]. The next level was achieved by the electrification of a subnetwork in Eindhoven
where buses operated on several routes. A full electric bus network is the final goal
and currently targeted in the Netherlands and Luxembourg.
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Figure 2-1: Development path of the BEB operation in Europe

The BEB market in Europe includes about 3,000 vehicles in 2019 [14]. The largest
fleet is operated in the Schiphol area with about 100 BEB from the Dutch manufactur-
er VDL Bus & Coach. It is planned to increase the fleet size to 260 vehicles by 2021
[15]. In Germany, a total of 245 BEB are in operation as of mid-2019 [16], and ac-
cording to the E-Bus-Radar of PwC this figure should be doubled in the second half of
2019 [16], which highlights the market uptake.

Table 2-1 lists current manufacturers active in the European market and their loca-
tions. The largest suppliers in terms of sold units regard Solaris, VDL and BYD /
ADL. These manufacturers entered the market at an early stage, gained knowledge
using initial prototypes and utilize this knowledge to achieve electrification of smaller
fleets such as in Krakow (Solaris), Eindhoven (VDL) and London (ADL / BYD). The
use cases of London and Eindhoven are discussed in the following section. The Ger-
man manufacturers Evobus and MAN have not been involved in early BEB prototype
phases, however Evobus has recently launched their BEB eCitaro.

Company  Country Company  Country Company Country

ADL UK Hybricon = Sweden Skoda Czech Republic
Bluebus France Irizar Spain Solaris Poland

BYD China Linkker Finland SOR Czech Republic
Caetano Portugal MAN Germany Temsa Turkey

Ebusco Netherlands Optare UK Ursus Poland

Evobus Germany Otokar Turkey Van Hool Belgium

Hess Switzerland Rampini Italy VDL Netherlands
Heuliez France Sileo Germany Volvo Sweden

Table 2-1: BEB manufacturers in Europe and their locations

2.1.2 Use Cases in Europe

The first subnetwork operations of a small BEB fleet were demonstrated in London
(UK) and Eindhoven (NL). The case in London was initiated by Transport for London
(TfL), which is the public transport authority responsible for the operation of 9,000
buses in the London area. In cooperation with the PTO Go-Ahead, the entire fleet of
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the bus depot Waterloo has been replaced by BEB from ADL/BYD. The manufactur-
ers ADL and BYD cooperate to deliver BEB based on an ADL chassis with an electric
drivetrain from BYD. Since 2016 a total of 51 standard buses have operated on routes
507/512 in regular service.

The BEB Enviro200EV and the electrified Waterloo depot are shown in Figure 2-2.
The vehicle is equipped with a 324 kWh battery mounted in the rear of the vehicle and
on the roof. Two onboard chargers in each vehicle enable charging up to 80 kW. The
presence of an onboard charger allows a slim infrastructure setup in the depot. A mod-
ified wall box is installed at each parking position to which the BEB connect via cable.
The usage of onboard chargers is not widespread today due to drawbacks caused by
the number of chargers (minimum one per bus) and the fact that the charger increases
the bus weight.

Figure 2-2: BEB Enviro200EV from the manufacturer BYD/ADL (left) and charging
infrastructure at the Waterloo depot in central London (right)

In the Eindhoven use case, in December 2016 the PTO Hermes established an opera-
tion with 46 articulated BEB from VDL. The buses serve routes 400 to 407 in the city
center and suburban areas. The particularity of this setup is that all routes have Eind-
hoven Station as a terminal stop, which is near the bus depot.

Although the vehicle is larger than in London where only standard buses are operated,
the battery capacity is smaller. The Citea SLFA-181 electric has an installed battery
capacity of 169 kWh, which limits the range to less than 80 km. This range limitation
is managed by frequent fast charging at the depot, so that a daily mileage of 200 km to
300 km per bus is achieved. The short distance between the terminal stop and depot
favors this mode of operation.

The charging in the depot is conducted via external DC-chargers and roof-mounted
pantographs, as shown in Figure 2-3. A coupling hood is installed at each parking po-
sition outside and inside the building.
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Figure 2-3: BEB Citea SLFA-181 from the manufacturer VDL and charging stations
in the Hermes bus depot in Eindhoven (NL)

The two use cases reveal the varying BEB concepts throughout Europe. Whereas the
London example utilizes high capacity batteries and a moderate charging power, has
the operator in Eindhoven decided that smaller batteries and a high charging power is
more appropriate for the local operation. This comparison points out that the selection
of a BEB technology and a charging concept is determined by the local situation,
which therefore needs to be addressed in an electrification planning.

2.2 Planning Processes in Transport Companies

The various options in designing and operating public transportation systems are de-
termined in a sequential planning process which can be organized regarding the time
horizon of decisions in strategic, tactical, operational and real-time problems [17]. The
described processes are based on the characterization of Desaulniers and Hickman
[17].

Strategic planning focuses on long-term decisions, such as concerning the network
design where the overall goal is to meet the passenger travel demand, which is repre-
sented by an origin-destination matrix (O-D). The outcomes of this process regard a
set of routes with corresponding service frequency. It is important to consider costs
even during this early stage in order to create an economically viable solution. This is
achieved via aggregating cost figures and budgets, which are included in the objective
function as a minimization criterion or considered as a fixed budget in the constraints
of the problem. A commonly considered approximation of the costs of a bus network
concerns the resulting fleet size [18]. The network design problem is NP-hard [19].
Solutions can be derived from decomposition strategies [19, 20] or by simultaneously
considering routes’ design and service frequency settings [21]. A variety of metaheu-
ristics have been applied to the problem including genetic algorithms, tabu search, lo-
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cal search or random search [22]. Cases with up to 1332 bus stops and 4076 arcs be-
tween them have been solved for example using genetic algorithms [23].

The basic elements of the transportation system are defined within the network design.
Based on this, tactical planning addresses mid-term issues such as determining service
schedules and adjusting frequencies. Adjustments could be caused by variations in
passenger demand or smaller changes in route design. A major task of tactical plan-
ning regards timetabling, in which the desired frequency is converted to service trips
with defined start and end times. Decisions are executed based on the route structure,
duration of service trips and required slack or layover. A high level of complexity is
caused by considering transfers between routes with minimum waiting times [24].

The purpose of operational planning is to determine how resources can be used in the
most cost-efficient way to fulfill the previously described service. The set of resources
consists of the vehicle fleet located in one or multiple depots and the driver crew. The
service trips with a defined start/end location and time comprise the input of this pro-
cess, and the outcomes regard a comprehensive set of schedules which describe the
entire transport system during regular operation. However, the process is not strictly
straightforward. Because resources are limited, infeasible or too costly, solutions may
arise which require feedback loops to previous steps, as highlighted in Figure 2-4.

Figure 2-4: Processes in tactical and operational planning by Desaulniers and
Hickman [17]

Vehicle scheduling represents a crucial step in operational planning as it introduces a
strong cost focus and determines the acquisition costs by defining the required fleet
size as well as the operational costs of the buses. Research investigates the single de-
pot vehicle scheduling problem (SDVSP) consisting of a set of service trips, a single
depot and only one vehicle type [25]. The SDVSP can be represented by various mod-
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els, and Table 2-2 gives an overview of the most commonly used by providing a brief
characterization according to Bunte and Kliewer [26].

Problem Modelling approach Characterization
SDVSP Minimal Decomposition Consists of a partially ordered set of trips according to their start-
Model ing and ending times. It focuses on solving the minimum fleet

size problem and excludes operational cost considerations as well
as upper limits for the fleet size.

Assignment Model Can be represented by a bipartite graph with start and end nodes
for each trips and arcs for the trip as well as for connections
among them. Incompatible trips are connected with arcs, but the
costs for these arcs represent a new vehicle. It extends the mini-
mal decomposition model by operational costs. However, a fixed
limit for the fleet size is not included.

Transportations Model or Compared to the assignment model, only feasible arcs are con-

Quasi-Assignment Model sidered. Additional nodes are added for the depot. It introduces
an upper limit for the fleet size. Solutions could represent an
under coverage if the vehicle number is not sufficient.

Network flow model Each trip is represented by a start and end node and the connect-
ing trip arc. Further arcs are introduced for deadheading and
depot trips.

Table 2-2: Modelling approaches for the VSP and characterization according to Bunte
and Kliewer [26]

These models are used within a mixed integer linear problem (MILP) formulation to
determine feasible and optimized operating schemes. However, the SDVSP represents
a simplified version of the real problem. PTOs usually operate more than one depot,
which results in a multi depot vehicle scheduling problem (MDVSP) with increased
complexity. In addition, the vehicle fleet rarely consists of a single vehicle type. Buses
with different lengths and therefore different capacities are operated to match the vary-
ing passenger demand within the network. The varying bus types can for example be
managed by introducing additional pseudo depots of each type to allow the problem to
be solved like an SDVSP.

The level of detail within the vehicle scheduling process is limited to bus types. Dedi-
cated vehicles are considered afterwards within vehicle dispatching which is conduct-
ed depot-wise on a daily basis. The parking of vehicles must be performed in such a
way that the following day can begin smoothly. The second reason for this short-term
planning regards the scheduling of maintenance events. Vehicles must be checked on a
regular basis based on driven mileage or after problems occur. Due to the varying dai-
ly assignments, the exact mileage of the vehicles is difficult to predict, which impedes
long-term planning. More details of this problem and solution methods are provided in
the work of Haghani and Shafahi [27].

Like vehicle scheduling and dispatching, crew planning is also divided into two proce-
dures, namely duty scheduling and crew rostering. Duty scheduling creates general
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duties by considering all safety regulations such as required brakes or maximum driv-
ing time. Several additional rules must be considered in order to compose duties which
fit the working conditions agreed by the drivers, such as a minimum shift duration.
Because wages represent one of the highest costs of bus operators, optimization strate-
gies focus on cost minimization. The high number of rules, which are sometimes non-
linear, cause the duty scheduling problem to be more complex than the MDVSP.

Duty scheduling is followed by crew rostering which focuses on individual drivers and
their particularities. For example, drivers must have sufficient recuperation time be-
tween two duties and the maximum number of duties per period must not be exceeded.
This process is executed according to the operator’s policy. An aim for example could
regard the equal spread of workload among all drivers.

The previously described procedure featuring a separation of vehicle scheduling and
crew rostering regards the usual practice for bus operations in urban areas, where
many relief operations for drivers enable room for improvements. However, this is
different in rural bus operation where the limited relief options entail a strong linkage
between driver and vehicle. In this case it can be useful to consider vehicle and duty
scheduling in an integrated process.

By introducing electric vehicles into the overall planning scheme, some processes —
e.g., vehicle scheduling - must be revised or adjusted due to technical and operational
constraints. The main constraint of a BEB regards the limited battery capacity limiting
the operational range, which is a critical measure for an efficient bus operation. The
range becomes furthermore dependent on the local situation, as the energy demand
varies according to track characteristics (slope, position, and number of stops), opera-
tional characteristics (commercial speed, dwell times) and weather conditions (sum-
mer, winter). Besides the range, the charging time also regards a dominating con-
straint. The minimum charging time differs concerning the power level of the chargers
and charging capabilities of the bus.

Current planning solutions such as IVU.run! offer the possibility to handle mileage
and time-related constraints. Mileage-related constraints are for example utilized for
the scheduling of maintenance events or refueling. Time constraints mainly relate to
driver scheduling, with a maximum constraint on driving hours and working time.
Both options allow a simplified BEB scheduling with fixed and constant energy de-
mand, range, and refueling/charging time. However, a combined consideration of
mileage and time-related constraints is not possible which clearly limits the scope of
this approach.

LIVU.run is a product of the IVU Traffic Technologies AG and embedded in the toolchain IVU.suite
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2.3 Planning Approaches and Methods for Fleet Electrifica-
tion

The cost-efficient electrification of entire fleets represents a multidisciplinary topic
that affects a wide range of thematic areas, including BEB technology, operational
planning, strategic fleet management, life cycle cost calculation and environmental
impact assessment, as shown in Figure 2-5. All thematic pillars must be addressed
within a planning process in order to derive implementable concepts.

Technical Operational Flpanaal & Strategic
Environmental

e Energy ¢ Vehicle e Life cycle ¢ Fleet
demand scheduling cost management
calculation e Planning of calculation

e Charging charging e Life cycle
simulation phases assessment

e Grid
interaction

Figure 2-5: Thematic areas addressed in fleet electrification planning

Each thematic area listed in Figure 2-5 regards a scientific research discipline due to
its complexity and depth. Simplifications are required in order to manage the high
complexity. However, depending on the degree of simplification, e.g., generalized
route characteristics or operational conditions, the focus could shift from the local sit-
uation of a PTO to a generalized statement for a specific technology or concept, which
needs to be avoided.

Applying simplifications, especially regarding local conditions, leaves a gap between
the analysis outcomes and realization in practice. Thus, a core topic of this work re-
gards the conflict between the necessary depth of detail and the simplifications re-
quired in considering an entire bus network. The following subchapters introduce the
current literature related to fleet electrification planning, beginning with on overview
of general planning approaches.

2.3.1 General Electrification Planning

Fleet operators are confronted nowadays with the electrification challenge, especially
those handling regular transport with fixed routes, which are particularly suited for
electrification. One example regards the postal delivery service which was analyzed by
Kleindorfer et al. who have investigated the electrification of the French postal fleet
[28]. Their focus was on minimizing the life-cycle costs in the transition process by
considering future price developments. Electrification was however assumed to be
technically feasible since the daily routes of delivery vehicles are less than 44 km. This
assumption does not apply in the public transport sector where a one-by-one replace-
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ment is limited by technical constraints such as range and charging time. As a result,
the technical as well as economic situations must be evaluated.

The work published by Kunith entitled "Elektrifizierung des urbanen offentlichen Bus-
verkehrs" focuses on such a technical and economic analysis and aims to evaluate a
broad spectrum of different technical concepts for urban, road-based public transport
[29]. Kunith introduced a system-based life cycle cost calculation and enlarged the
scope via a cost-efficient positioning of infrastructure. The overall complexity is re-
duced by performing simplifications regarding energy consumption and operational
schemes. The modelling of the operation scheme focuses on the main service trips of a
bus route which are operated several times a day. The shortening of bus routes, route
variations and vehicles operated on several bus routes are neglected, which limits the
analysis to single routes. It is not possible to consider bus runs covering multiple
routes, which is the standard situation in the current operational planning of public
transport operators.

The work of Berthold “Techno-okonomische Auslegungsmethodik fiir die El-
ektrifizierung urbaner Busnetze” also provides a detailed life cycle cost calculation
[30] and extends the work of Kunith by introducing a detailed vehicle simulation.
However, an optimization of the operational planning is excluded from its scope,
which limits the application to technical feasible scenarios.

The aim of this thesis is to close the gap between the outcomes of an analysis and their
implementation by providing a software solution capable of considering the current
operating scheme in detail. This includes an evaluation of technical feasibility as well
as the ability to adjust or redo the operational planning while considering technical
constraints. A software tool and holistic process covering these core topics have thus
far not been published, as existing literature mainly focuses on isolated aspects such as
energy demand determinations or operational planning. The following subchapters
address these areas and provide an overview of the current state of research.

2.3.2 Energy Demand Calculation

Energy demand calculation represents an essential element in the electrification plan-
ning process, because the energy demand influences both technical feasibility and op-
erational costs. General figures are not available since energy demand depends on the
operating and route characteristics as well as on the technical configuration of the ve-
hicle [31]. One option for energy demand determination regards a measurement cam-
paign in which every eligible bus is operated under worst-case conditions on the po-
tential bus routes. However, such a test operation would lead to horrendous execution
costs. Furthermore, since worst-case conditions are not present throughout the entire
year, the validity and transferability of the results are highly questionable.
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Instead of conducting a measurement campaign locally, another option is to gather
measurement data from existing BEB operations and transfer them to the local situa-
tion [6, 32]. The major challenge thereby is to identify and evaluate the energy de-
mand-affecting parameters, as for example the speed profile [33]. The use of general-
ized and averaged figures could exclude significant influences. One example regards
the average commercial speed, as there are several issues causing for example a low
average speed such as several bus stops along the route or a low speed limit on inner-
city routes. This results in dynamic or constant speed profiles for an identical distance
driven, as shown in Figure 2-6. Due the losses in acceleration and deacceleration, the
dynamic speed profile leads to a higher energy demand.
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Figure 2-6: Example of dynamic and constant operation of a BEB with an identical
commercial speed on a given distance

Another example where an aggregated figure reduces the information quality concerns
the topography. If for example only the height difference between the start and end
point of a trip is considered, the effect of a hilly road is hidden.

A higher level of detail and consideration of the respective route characteristics are
enabled by utilizing simulation models which represent the physical conditions [9, 31,
34, 35]. Examples in literature include a track model, a vehicle model, and a driver
model. The published energy demand calculation models base on the same physical
principles. The track model is parameterized using characteristic data obtained from
measurements or geodatabases such as topography and the position of traffic lights,
intersections, and curve radii. The vehicle model is parameterized using technical
specs describing vehicle performance and constraints. The major difference between
the published modelling approaches regards the driver model which influences the
universal applicability of the entire model.

While the driver model in the work of Gao is parametrized using a measured speed
profile or with standard driving cycles [35], Sinhuber utilized a more open approach
based on a driver model which reacts to operational parameters [31] consisting of the
speed limit, position of bus stops and timetable of the service trip. Using such input
data allows simulating the current operation without conducting measurement cam-
paigns. Following the requirements of universal applicability for large scenarios, a
methodology following the approach of Sinhuber is applied within this work as de-
scribed in Section 4.4.1.
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2.3.3 Life Cycle Costs and System Design

A life cycle cost (LCC) calculation is a common methodology for evaluating techno-
logical concepts in public transport and is already applied in diesel bus procurement
and recommended for evaluating tender bids [36, 37]. While the calculations for diesel
buses focus on a single bus, the focus in BEB shifts to the system level. In addition to
the procurement of vehicles, the investments in charging infrastructure and grid con-
nection must be considered [38]. Furthermore, the replacement costs of components
receive attention since battery replacements could especially lead to substantial in-
vestments in the future, because battery lifetime is usually less than vehicle lifetime
[39]. As a result, two uncertainties become part of the LCC calculation: First, the life-
time of a battery is determined by complex aging effects (see Section 3.5.3), forcing
the integration of aging models in the calculation [40]. Furthermore, component prices
are expected to decrease due to the market uptake and scaling effects. Therefore, pre-
dicting future cost developments is required [29].

Among the general LCC calculation, the minimization is the main goal for any PTO.
This is done by adapting the technical configuration to meet a minimum operational
requirement [41]. The technical design of BEB systems is mainly concerned with the
dimensioning of batteries [42, 43], the location and dimensioning of charging infra-
structure [44] as well as the effects of charging on the power supply system [45, 46].
LCC are usually defined as the objective and evaluation criteria.

In contrast to studies in the passenger car sector, the location and dimensioning of
charging infrastructure for BEB is usually jointly considered with the dimensioning of
batteries. Regarding battery sizing, a distinction can be made between publications that
determine the minimum battery size on the basis of technical feasibility and initial in-
vestments [44] and those that include aging considerations to formulate the most via-
ble solution in terms of LCC [41].

In addition to the minimization of LCC via improvements to the technical system de-
sign, cost cuts can also be enabled by vehicle scheduling as introduced in Section 2.2.
However, a joint planning process covering technical system design and vehicle
scheduling for entire fleets has not been published so far.

2.3.4 Environmental Impact

Emission mitigation represents a major topic of the 21st century. Negative conse-
quences of continuously increasing output can be observed on global and local scales.
The main driver of global warming regards greenhouse gas emissions (GHG) as COo.
Due to their global impact, it does not matter where they are produced, which requires
the consideration of the production of vehicles and energy supply. Nitrogen oxides
(NOx) and particular matter (PM) emissions entail direct consequences on local air
quality, which brings vehicle operation into focus.
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The transport sector is requested to contribute to mitigation initiatives by increasing
the efficiency of conventional fuel-powered drivetrains and by introducing electric
vehicle concepts powered by renewable energy sources. Life cycle assessment (LCA)
has become the standard for the quantification and evaluation of achievable environ-

mental benefits, the principle and framework of which is described by ISO
14040:2006 [47].

Several studies have been published focusing on the comparison of electric and con-
ventional vehicles. The papers of Hawkins, Nordelof and Nealer aim at a synthesis of
the current literature [48—51]. These authors independently conclude that most studies
are difficult to compare due to their individual scope and methods. A comprehensive
goal and scope formulation, as recommended in the ISO 14040:2006, is rarely provid-
ed [50]. However, the synthesis highlights that the use phase dominates the environ-
mental impact of electric vehicles [51]. The use phase describes the actual operation as

shown in Figure 2-7.
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Figure 2-7: Product life cycle considered in the life cycle assessment — beginning
with raw material extraction and ending with disposal / recycling
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Battery production is especially relevant in the case of battery electric vehicles [52,
53]. A synthesis of studies analyzing the environmental impact of batteries is provided
by the Swedish Environmental Research Institute IVL [54]. The authors conclude that
the calculated emissions significantly vary between individual studies and stated that
additional research is needed to provide robust information. However, their synthesis
indicates that the ecological footprint of a battery is determined to a great extent by the
footprint of the electricity used during the production phase.

Due to the lack of a comprehensive database regarding the ecological footprint of bat-
tery production, the focus of this work lies on emissions calculation during the use
phase. However, the general framework is designed in such a way, that the ecological
footprint of the battery production can be included.
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2.3.5 Operational Planning with Electric Vehicles

The strategic planning of electric public transport bus fleets in conjunction with vehi-
cle scheduling refer to the “Fleet Size and Mix Problem,” which is analyzed in opera-
tions research and forms a subcategory of the “Vehicle Routing Problem” in which
routing is performed jointly with determining the required number of vehicles [55].
Fleets can consist of single vehicle types (homogeneous fleet) or multiple vehicle
types (heterogeneous fleet). Recent work has mainly referred to the area of goods dis-
tribution. A comprehensive review focusing on electric vehicles in this field is provid-
ed by Pelletier, Jabali and Laporte [56]. The discussed approaches differ regarding the
considered vehicle types (homogeneous or heterogeneous electric vehicle fleet as well
as with and without conventional combustion engine vehicles) and the methodology
concerning charging events. Goeke et al. and Lebeau et al. extensively studied the
routing of mixed fleets composed of conventional and electric vehicles [57, 58]. They
emphasized the need to consider vehicle types’ specific energy consumptions, espe-
cially for vehicles with varying weights; this consideration motivates the energy con-
sumption simulation in this thesis. Van Duin et al. did not consider battery charging
[59], whereas Gongalves et al. suggested that charging could occur at every customer’s
location [60]. In another study, Hiermann et al. included an insertion of charging
events so that vehicles could drive to charging stations when needed [61]. However,
none of these authors considered investments in charging infrastructure or usage fees.
Sassi et al. included usage fees as time-dependent charging costs for a “Mixed Fleet
Routing Problem,” [62] however the number of chargers in their model was pre-
defined and fixed.

By focusing on public transport buses, the routing problem becomes a scheduling
problem since service trips are fixed concerning time and location. Routing alterna-
tives are limited to deadhead trips which regard the connecting elements between ser-
vice trips. The electric vehicle scheduling problem can be viewed as a “Vehicle
Scheduling Problem with Route and Fueling Time Constraints”. The objective is to
minimize fleet size and operational expenses. Regarding vehicle routing, previous
studies differ in how they consider battery charging. Li proposed a methodology for
scheduling a fleet of BEB with battery renewal or fast charging [63]. The implemented
truncated column generation with variable fixing and local search is highly competi-
tive, but the durations of charging events are not linked to the energy consumption,
and charging costs are defined at a fixed value per event. Other approaches consider-
ing the charging in greater detail are based, for example, on ant colony optimization
[64, 65]. However, these approaches are not able to address heterogeneous fleets. In
contrast, Paul and Yamada focused on the problem of fast-charging bus operations and
scheduling charging events [66], however their implemented k-greedy algorithm can
be viewed as lacking solution quality since it fails to focus on a global optimum. In
another study, Chao et al. established a multi-objective optimization for the scheduling
of battery exchange buses operated in Shanghai [67]. Their approach aims to minimize
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the fleet size and number of standby batteries, which are both related to investment
costs as well as the grid load, however their considerations are limited to homogeneous
fleets. Ke et al. introduced the scheduling of BEB, the handling of charging events and
the consideration of entire system costs [68]. They analyzed a suburban bus network in
Taiwan and utilized a scheduling approach based on a sequential process, however in
their approach the assignment of bus types to routes is pre-defined and the number of
chargers always equals the number of buses, which is an overestimation. Wen et al.
developed an adaptive large neighborhood search to minimize investment and opera-
tional expenses of homogeneous electric vehicle fleets [69]. Their approach analyzes
the consequences of locating charging stations using an artificial dataset, however the
authors do not consider investments in charging infrastructure.



3 Technical Fundamentals of BEB

The technical setup of electric buses is characterized by a wide range of different to-
pologies ranging from trolley to hybrid to BEB. The differences between the topolo-
gies can be explained by differentiating between the consumer and supply sides. The
consumer side consists of an electric drivetrain, which is responsible for the prolusion,
and auxiliaries required for the remaining vehicle functions such as lighting, doors,
and air condition.

The setup of the supply side characterizes the electric bus type. Various technologies
(individually or combined) can be used to supply electricity to operations as shown in
Figure 3-1. The term electric bus is often used as a synonym for the BEB. In the fol-
lowing however, a distinction is made between electric bus and the BEB as a specific

— Trolley
_

Figure 3-1: Electric bus concepts utilizing a full electric drivetrain clustered by their
energy supply

type of electric bus.

Serial Diesel Hybrid

Fuel Cell Hybrid

A common electric bus concept regards the trolley bus, whose supply side consists of a
direct connection to overhead catenaries which ensure sufficient energy supply at any
time; however, the continuous connection severely limits flexibility. This issue is ad-
dressed by integrating energy storages in the buses, which enables partial operation
without overhead catenaries [70]. Depending on the size of the energy storage, this
configuration is also considered as a BEB with a charging possibility during driving.

Hybrid electric buses are characterized by the availability of two independent energy
supply systems. The most common configurations regard the serial diesel hybrid and
fuel cell hybrid, which are equipped with energy storage and internal combustion en-
gine or fuel cell. A parallel diesel hybrid is excluded here due to the absence of a full
electric drivetrain.

21
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The availability of energy storage in a hybrid bus enables energy recovery during
braking. The electric motor of the drivetrain operates as a generator in this case and
charges energy for storage. This operating mode defines the minimum capacity of the
energy storage following the available kinetic energy. The energy storage of the MAN
Lion’s City Hybrid for example has a capacity 0.4 kWh [71], which is sufficient to
store the energy of braking from 50 km/h to standstill. In addition to regenerative brak-
ing, an energy storage can also be utilized to homogenize the load of the engine or fuel
cell, which increases efficiency and enables downsizing.

The BEB regards the basic variant of an electric bus and is characterized by a compar-
atively small number of required components: drivetrain, auxiliaries, battery as the
energy storage and a charging option. These components are introduced in the follow-
ing subchapters.

3.1 Electric Drivetrain

The electric motor in BEB is usually designed as a central motor or wheel hub motor.
Figure 3-2 provides an illustration of both configurations. By using a central motor,
the electric drivetrain becomes similar to the diesel engine drivetrain, whereas wheel
hub motor configurations utilize new degrees of freedom since the absence of a me-
chanical link between the driven wheels increases the low floor capabilities, which is
one of the major optimization goals for public transport buses.

ool sl tranl el

Central Motor Wheel Hub Motor

Figure 3-2: Schematic representation of a BEB with central and wheel hub motor
configurations — electrical links are displayed with orange lines, mechan-
ical with green

The central motor acts on the axle in the same way as a diesel engine via a transmis-
sion (fixed ratio for BEB in most cases) and differential. Wheel hub motors are
mounted near or as part of the wheels (external rotor motor), which offers reduced
space requirements and greater efficiency. Several components of the classic drivetrain
(e.g., differential, gearbox etc.) are not required. However, wheel hub motors are much
more exposed to environmental influences and physical stress compared to central mo-
tors, and the high weight of the wheels is disadvantageous since they are only cush-
ioned by tire air. Such unsprung masses, including axles, shock absorbers and brakes,
are usually kept as low as possible to ensure high comfort.
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Central as well as wheel hub motor configurations are available in the current BEB
market. The modeling of the drivetrain is described in Section 4.4.1.

3.2 Auxiliary Consumer

Besides the drivetrain, several additional components are required to operate a BEB.
They can be divided into two categories based on their input voltage level — high volt-
age above 400 V and low voltage of about 24 V (standard voltage of the electrical sys-
tem in a public transport bus). A general overview and assignments are provided in
Figure 3-3.

High Voltage Low Voltage

Interior
Heating and Lightning
Cooling

Power Battery and
Steering Motor Cooling

Air Auxiliary
Compressor Consumer

Figure 3-3: Auxiliary setup in a BEB with components clustered by voltage level

The different voltage levels indicate the varying power demand among the compo-
nents. The main consumers fall in the high voltage category. In a diesel bus setup, air
compressors or power steering are mechanically linked to the engine to satisfy the high
power demand. In a BEB, they are powered by electric motors which require an input
voltage in the range of 400 V to 800 V.

A further primary consumer regards the interior heating and cooling which is also
named the heating ventilation and air conditioning system (HVAC). The heating dur-
ing low outside temperatures entails high thermal demands and due to the absence of
waste heat from a combustion engine, a powerful heating system is required, which in
the case of pure electric heating systems cause significant range reduction [9]. This
could be alleviated by utilizing heat pumps or a fuel heater. More details are provided
in the model description in 4.4.2.1.

Components in the low voltage category are connected to the 24 V on-board supply
which is buffered by standard lead acid batteries, closely corresponds to the diesel bus
system. This power supply is required in every BEB for the startup process during
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which the high voltage system is switched off, however after it is switched on, the
24 V system is powered via a DC/DC converter from the higher voltage level. Further
insight is provided in the description of the modeling approach in 4.4.2.2.

3.3 Charging Concepts

Every BEB requires an external energy supply to charge its batteries. Depending on
the charging frequency and the charging power, two concepts can be distinguished:
depot charging and opportunity charging. Figure 3-4 illustrates the infrastructure con-
figuration with a single charging location for depot charging and three charging loca-
tions for opportunity charging. Both concepts not only entail operational constraints,
they also determine the technical setup of the bus and design of the battery as ex-
plained in the following.

Depot Charging Opportunity Charging
at terminal stops ﬂ

- 1=

Qe e

- ﬁﬂ

Figure 3-4: BEB charging concepts - Depot charging with charging infrastructure
exclusively in the bus depot and opportunity charging with infrastructure
at terminal stops and depot

3.3.1 Depot Charging

Depot charging describes exclusive charging in the bus depot, mainly overnight but
also during longer dwell times throughout the day. This charging concept and its oper-
ating scheme closely correspond to diesel bus operations, however shortened bus runs
may be required due to the limited range of a BEB.

The depot charging concept enables a concentration of infrastructure in the depot. The
charging is mostly performed at moderate power levels (up to 150 kW) so that the bat-
tery stress on the one hand is relatively low. On the other hand, the infrequent charging
(for example only once per day) increases the cycle depth of the battery.

The technical design aims at maximizing the range of the bus, which is achieved by
minimizing electricity consumption, such as by using fuel heaters, and by maximizing
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the energy capacity of the battery. Therefore, batteries with high energy density are
utilized. Nevertheless, there is always a tradeoff between battery capacity and passen-
ger capacity due to gross vehicle weight limitations.

7.000 | Assumptions

6.000 I - Standard bus
_ I - Payload 6,000 kg
£ 5.000 | - 70 % battery DOD
%o 4.000 ——1.1 kWh; 110 Wh/kg
; 3.000 1.1 kWh; 150 Wh/kg
(O]
g 2.000 1.6 kWh; 110 Wh/kg

000 =1.6 kWh; 150 Wh/kg
L Opportunity Charging

|
|
|
0 ! > 14h operation at 18 km/h

25 50 75 100 125 150 175 200 225 250 275 300
Range [km]

Figure 3-5: Exemplary battery weights of depot-charging BEB for varying energy
demands and battery energy densities

Exemplary battery weights are illustrated in Figure 3-5 for the presented assumptions.
The weight is calculated based on a given DOD, energy demand of the vehicle and
energy density of the battery. The weight of a battery required for a 14 h operating day
ranges from 2.6 t to 5.2 t and could therefore significantly reduce the passenger capaci-
ty of a standard bus. Using opportunity charging decouples the range from the required
battery capacity, enables smaller batteries, and offers a potentially higher passenger
load.

The operational efficiency of exclusive depot-charging operation is largely determined
by the operating conditions. Bus routes with varying vehicle demand during peak and
off-peak hours are potentially suited since off-peak hours can be utilized for longer
charging breaks in the bus depot. However, as discussed in Section 1.1, achieving an
entire fleet electrification without operational changes is highly unlikely.

3.3.2 Opportunity Charging

Opportunity charging extends depot charging by also charging the battery during the
regular dwell times at stops, and it is particularly suitable for terminal stops due to the
longer dwell times. Nevertheless, a high charging power of usually more than 300 kW
is required to recharge from the previous trip during the available timeframe. This fre-
quent charging makes the range and duration of the route operation independent of the
installed battery capacity, as highlighted in Figure 3-5.
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The high-power requirements of opportunity charging dominate the technical design.
In contrast to depot charging, the entire system is optimized for high-power capability,
requiring fast-charging batteries with efficient cooling.

The implementation of opportunity charging faces challenges in integrating infrastruc-
ture in public spaces such as the lack of space or complex construction measures. The
lower flexibility of opportunity charging with deviating bus routes represents a signifi-
cant hurdle as well, visiting terminals with charging infrastructure with regular fre-
quency must be ensured. This underlines the strong linkage to the operational planning
which defines the duration and frequency of dwell times at stops.

3.4 Charging Infrastructure

The charging infrastructure plays an important role in ensuring and increasing the dai-
ly range of BEB. A distinction is made between slow and fast chargers. Fast chargers
are usually installed at terminal stops to enable opportunity charging, however stand-
ard chargers with lower outputs of up to 150 kW are used in depot charging.

The charging infrastructure considered in this thesis can be divided into three main
components: the coupling system, charger itself and grid connection, as shown in Fig-
ure 3-6. The components are introduced in the following subchapters.

=l

Coupling System | Charger | Grid Connection

Figure 3-6: Charging infrastructure components considered in the thesis

3.4.1 Coupling System

The coupling system connects the bus with the charger (dc-connection) or directly to
the grid (AC-charging). Various systems are available on the market, however conduc-
tive variants are the most widespread. In contrast to inductive charging, which is char-
acterized by non-contact energy transfer, conductive charging utilizes a physical con-
nection such as a plug or a pantograph.

Conductive Charging (manual plug)

Conductive charging via manual plug is familiar from the passenger car sector. Bus
sector systems adopt the existing norms and utilize mostly identical plugs such as the
Type 2 (AC connection) or Combo Type 2 (DC connection) also known as CCS plug
(Combined Charging System) suited for charging according to IEC61851-1/23/24 [72—
74]. Both plugs are shown in Figure 3-7.
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Figure 3-7: Type 2 (AC-charging) and Combo Type 2 (DC-charging) plugs utilized
as coupling system for BEB

The CCS plugs of coupling systems for BEB are limited to a charging current of about
200 A. Depending on the voltage of the battery system, the charging power can be up
to 150 kW (in case of 750 V maximum voltage). Higher charging currents can only be
achieved via liquid cooled plugs and cables, which are not currently applied in the bus
sector.

The usage of standardized plugs entails interoperability between different manufactur-
ers of vehicles and infrastructure. However, not only must the plug be compatible, but
the communication protocol also needs to be standardized. The majority of bus manu-
facturers and infrastructure suppliers nowadays utilize a communication protocol ac-
cording to ISO 15118, with cable-bound power-line-communication (PLC) [75, 76].
However, a few bus manufacturers have developed slightly different communication
protocols which are not entirely compatible with ISO 15118 and require the charging
system to be purchased with the bus and be bound to the bus, which thus reduces the
interoperability.

Conductive Charging (automated)

In the case of fast charging, the conductive energy transfer is usually conducted
through an automated contact via a pantograph as shown in Figure 3-8. The panto-
graph can be mounted on the vehicle roof or at the infrastructure side on the charging
mast. Such systems are suitable for installation at bus stops to allow charging with
high performance during operation within a brief dwell time.

Depending on the number of contact pins and the safety concept, the automated con-
ductive coupling systems are divided into two categories:

- Grounded systems with four or five contact pin systems, which utilize two con-
tacts for the energy transfer DC, one contact for the grounding and one or two
contacts for the pilot lines PP-(Proximity-Pilot), CP (Control Pilot)

- Ungrounded systems with two contact pins solely for the DC energy transfer
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Figure 3-8: Charging pantographs at terminal stops — stationary-mounted inverted
pantograph (left), vehicle-mounted pantograph with charging hood (cen-
ter) and vehicle-mounted pantograph with catenaries? (right)

In case of the four or more pin systems as shown in the left and center of Figure 3-8,
charging according to IEC61851-1/23/24 and ISO 15118 is possible. However, this is
not possible using only two contact pins such as with the Siemens Rampini buses in
Vienna. Charging via two pins is comparable to trolley bus operation which requires
additional safety measures such as doubled insulation.

In the case of automated depot charging, the vehicle roof-mounted pantograph is ad-
vantageous since the constructional measures for the installation of stationary-mounted
inverted pantograph would be costly. Automated conductive coupling systems are for
example used in the use cases Eindhoven and Amsterdam (see also Section 2.1.2).

Inductive Charging

Induction enables energy transfer without physical contact between the charging sta-
tion and the bus. A street-side primary coil generates a magnetic field which is then
converted into electricity by a secondary coil on the vehicle side and stored in the bat-
tery. At present, outputs up to 200 kW can be achieved with an efficiency of more than
90 % [77]. However, the actual charging capacity and efficiency depend on environ-
mental conditions as well as the position and distance of the two coils. Due to the
comparatively high costs and long-term nature of the structural measures at terminal
stops, inductive charging is thus far not widespread in Europe.

Another reason for the limited adoption of inductive charging regards the depot charg-
ing situation which would require coils at every parking lot, which requires high in-
vestments. Therefore, the depot charging of such buses is performed via cable connec-
tion.

2 Photography of Julian Ryf, 2017
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3.4.2 Charger

The charger is responsible for the conversion from AC to DC or in special cases from
DC to DC, allowing the battery to be charged with a full adjustable current. This is
required since the battery voltage increases while charging and the current must be
controlled to prevent exceeding power and voltage limits.

Internal and external chargers are used in the bus sector depending on the charging
concept and desired charging power; however, their internal setup is comparable. A
simplified schematic diagram of a charger is provided in Figure 3-9.

AC AC DC DC
Grid Coupling
DC DC System

Figure 3-9: General setup of a DC-Charger for electric vehicles consisting of a trans-
former, a rectifier and a DC/DC converter

The transformer shown in Figure 3-9 is required due to IEC61851-1 which regards
galvanic insulation between the AC input and DC output. The transformer contributes
significantly to the weight of the charger and furthermore causes high charging power
levels to only be realized using external chargers.

Figure 3-10: Mobile DC-charger from Ekoenergetyka and stationary charger from
Jema

The product range offered by manufacturers begins at a charging power level of about
20 kW for mobile solutions and ends up to 600 kW for ultra-fast charging stations uti-
lized in opportunity charging. Figure 3-10 provides an example of a mobile charger
from Ekoenergetyka and stationary charger from Jema.
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3.4.3 Grid Connection

The electricity grid connection ensures a continuous energy supply for the charging
infrastructure. The three relevant options for the bus sector in Europe are shown in
Figure 3-11. Further technical details are provided in Section 4.3.3 of this thesis.

Low-voltage grid

400 V, AC

I Chargers

B B B

Medium-voltage grid, Low-voltage
10 kV/20kV/30kV, AC 400 V, AC

il a @ Chargers
Medium-voltage grid, Voltage level depending
10 kV/20kV/30kV, AC on concept, AC

Tram / Metro supply
DC, 600 V / 750 V Chargers

Figure 3-11: Charging infrastructure grid connection options

A connection to the - in most-cases - existing low-voltage grid (option I) has the ad-
vantage of relatively low investment requirements. However, the power which can be
drawn is strictly limited and often insufficient for the charging of BEB (< 100 kW).

The supply for several chargers or even single fast chargers requires the medium-
voltage grid connection (option II). The voltage level depends on the local network
and ranges from 10 kV to 30 kV [78]. Such high voltage levels are not directly fed to
the charger, but instead a transformation to the standard low-voltage level (Il a) or to a
specific voltage level defined by the charger (II b) is performed. The advantage of the
standard low-voltage transformation (II a) is that standard transformers can be utilized.
The alternative of transforming to a specific voltage level and potentially a higher
number of phases provides the advantage of reduced interferences in the supply grid.

Direct DC supply is advantageous in some cases since transport companies often oper-
ate a DC grid for the supply of their trams or trolleybuses. Depending on the grid ca-
pacity, chargers can be connected to overhead catenaries or the supply station. Howev-
er, although such systems have been implemented successfully such as in Oberhausen,
suppliers are rare. An open topic in this matter regards additional galvanic insulation
between the DC grid and the vehicle.
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3.5 Energy Storage

The battery provides the namesake of the BEB and defines its characteristics to a large
extent. The technical constraints of its performance determine the possible applica-
tions, and its costs largely determine the economic efficiency of the overall system.

Batteries for BEB are specially tailored to the respective application of obtaining the
optimal system under given constraints. The following chapter discusses the demand
of the BEB application, wherein the battery types utilized thus far are introduced and
their general properties are explained. Finally, battery aging effects and their signifi-
cance for BEB application are discussed.

3.5.1 Requirements from the Public Transport Application

In contrast to the passenger car sector, the operation of BEB in public transport is
characterized by a long daily service and significant mileage despite low speeds. The
yearly mileage of a public transport bus ranges from 50,000 km up to 80,000 km per
year. In addition to intensive use, there is also high demand for reliability. The diesel
buses currently used in public transport entail a high uptime due to their mature tech-
nology. A similar availability is also demanded for BEB [79], which highlights the
demand for durable, high-quality batteries requiring minimal maintenance.

Depending on the charging concept, two properties are of importance. The exclusive
charging in the depot requires a high energy density of the battery to ensure a long
range. In the case of opportunity chargers, where the battery is charged at high power
levels at the terminal stops of a route, the focus lies on the charging performance. Due
to the frequent charging processes during the day, an ongoing operation with theoreti-
cally unlimited range can be achieved. Nevertheless, the energy density is not to be
neglected here either since in the event of operational delays, charging times can be
shortened or even eliminated in cases of defects in the infrastructure. The extent and
duration of compensation in such cases depend on the range of the vehicles and thus
on the energy content of the battery.

Depending on the location of operation and parking situation in the bus depot, the
thermal behavior is also relevant. For example, fast charging must be ensured even at
low temperatures such as when a vehicle is parked outdoors at night. These properties
can be achieved either by a suitable choice of chemistry (e.g., Lithium-ion battery with
LTO anode) or by appropriate measures at the battery system level such as heating
systems [80, 81].

In the opposite situation such as in southern Europe, the energy storage system must
also function under high temperatures, particularly regarding fast charging with high
power levels. The temperature must be kept under a certain threshold in order to avoid
exceeding stability limits and accelerating aging.
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The major requirement for public transport buses regards high transport performance,
1.e., the highest possible passenger capacity per vehicle. The transport capacity is pri-
marily limited by the possible payload, and a low weight thus represents an essential
requirement for energy storage systems. Modularity is mandatory to enable a certain
weight distribution between the axles of a BEB, as the volume is furthermore limited
depending on the installation location, e.g., in the former engine compartment. Safety
and crash protection requirements correspond to the passenger car sector. Monitoring
the energy storage ensures that critical conditions are quickly detected and safely ad-
dressed, and corresponding requirements from standards such as the ECE R 100 apply
for BEB as well.

3.5.2 Energy Storage Types

One of the first BEB prototypes was introduced in 1970 and operated in Diisseldorf,
Koblenz and Munich [82]. The electric-powered bus was based on a MAN metro bus
powered by a lead-acid battery from Varta. The vehicle is shown in Figure 3-12.
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Figure 3-12: BEB prototype of MAN operated in Diisseldorf (Germany) by the PTO
Rheinbahn

The battery with a weight of more than 4 t and an energy content of about 160 kWh
was accommodated using a separate trailer (visible behind the BEB in Figure 3-12),
which offered advantages in terms of weight restrictions and simple battery replace-
ment. During operation in Diisseldorf, the batteries were firstly charged overnight at
the depot and later at a terminal stop. Due to its limited life span, high costs and lim-
ited energy content of the battery, the operation was discontinued in 1988. This under-
lines the dependence of the success of a BEB concept on the battery.

A few years later in 1993, a MAN midibus was tested in Munich [82]. Instead of a
lead-acid battery, a sodium nickel chloride battery was utilized, which is a so-called
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zebra high-temperature battery. Zebra batteries were also used in hybrid buses by the
bus manufacturer Daimler in the 1990s [83], and this battery type is currently used in
the Irizar i2e with a capacity of 376 kWh [84]. However, the moderate energy density
of zebra batteries and the measures for thermal conditioning hinder their broad use in
mobile applications [85].

Nickel-metal hydride batteries (NiMH), which have been used in large quantities in
the passenger car sector, e.g., in the Toyota Prius, are of minor importance in the field
of BEB. They were mainly used in hybrid systems such as the H2-Bus NRW in com-
bination with double-layer capacitors [86]. The so-called supercapacitors were in-
stalled to improve the performance of the overall system.

The majority of today's BEB are equipped with lithium-ion batteries, whose design
and performance are characterized by a wide range of possible solutions as shown in
Figure 3-13. The areas marked in the figure represent possible design variants of lithi-
um-ion batteries, whose systems can be optimized for either high performance or high
energy density. There is no optimal variant maximizing both requirements, which
means that a compromise must be found for each application.
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Figure 3-13: Specific power and energy density of current battery technologies

Lithium-ion regards the collective term for different cell chemistries and describes the
principle of energy storage in which positively charged ions are exchanged between
electrodes. The cathode and anode of a lithium-ion battery are separated by an ion-
permeable separator surrounded by electrolytes, and the active material required for
the general function of the cell is applied to the electrodes. In common cells, a combi-
nation of materials is used as listed in Figure 3-14. Common cathode materials are
nickel manganese cobalt (NMC) and lithium iron phosphate (LFP). Graphite and lithi-
um titanate (LTO) are the common anode materials for batteries utilized in BEB.
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Figure 3-14: Voltage level of common active materials in lithium-ion batteries

The different voltage levels of the combinations shown in Figure 3-14 lead to different
energy densities. The clearest difference lies between NMC/Graphite and NMC/LTO
cells. The advantage of the lower anode potential of graphite positively affects energy
density, however there are negative consequences regarding performance at low tem-
peratures and fast-charging capability due to the low voltage gap towards lithium met-
al (Li/Li"). The anode potential can drop below 0 V at high currents and low tempera-
tures, which induces aging effects as lithium plating [87]. The maximum charging per-
formance is therefore reduced for NMC and LFP cells with graphite anode compared
to cells with lithium titanite anode.
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Figure 3-15: Schematic structure of high energy and high power lithium-ion batteries
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In addition to the cell chemistry, the internal structure of the cell represents a further
decisive factor. Characteristic at the cell level is the ratio of active to passive material,
such as current conductors and connectors. High performance requires high currents
which in turn require appropriately dimensioned conductors, which results in an in-
creased proportion of passive materials in the cell. Figure 3-15 shows the schematic
structure and illustrates the thickness of the individual layers.

Thermal management is important on the battery pack level, as sufficient cooling must
be provided to dissipate heat, especially in the case of a fast-chargeable batteries.
Three different systems are currently used for cooling:

- air cooling

- water cooling

- coolant cooling

Air and water cooling represent the most common systems in today’s BEB. Water
cooling enables a compact design whereas air cooling is robust and simple. The addi-
tional elements of a cooling system increase the proportion of passive components in
the system and reduce energy density.

The selection of cell chemistry, cell design and battery pack design highlight the con-
flicting requirements of a battery which can be optimized either for high energy densi-
ty or high charging power. This must be considered in electrification concept devel-
opment. However, in the actual design and sizing of components it is important to fo-
cus on the relative load. For example, fast charging with 300 kW induces relatively
moderate battery stress for a 400 kWh battery.

3.5.3 Aging Effects and their Significance for the Application

The aging mechanisms of batteries are highly complex and strongly depend on opera-
tional conditions. This subchapter discusses the general aging effects, the consequenc-
es of aging on the technical performance of the cell and the effects on the BEB appli-
cation.

In the case of lithium-ion batteries, a distinction is generally made between calendar
and cyclic aging [88]. Calendar aging occurs without usage of the battery and thus re-
gards degradation during storage. The effect is influenced by storage conditions, espe-
cially by temperature and SOC [89-92], where the higher the storage temperature, the
higher the aging rate [93].

The cyclic aging of a lithium-ion battery results from its actual use and depends on the
energy throughput [88]. The literature also studies the dependence on the cycle depth,
i.e., the depth of discharge (DOD) between two charging processes in relation to the
total capacity [94]. Special situations, such as the charging of a lithium-ion battery
with graphite anode at temperatures below 0° C, can significantly contribute to aging
due to lithium plating, which occurs when the anode potential becomes negative [95].
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Such effects are however excluded from the scope of this thesis since they do not rep-
resent normal operation where the battery management system prevents problematic
low-temperature charging.

The consequences resulting from the various aging mechanisms can be divided into
two categories. Aging firstly reduces the amount of free lithium in the cell which re-
duces its capacity. A typical capacity curve over full cycle equivalents (FCE), based
on the energy throughput divided by the initial cell capacity, is shown in Figure 3-16
for an LTO cell analyzed in the framework of this thesis [96].
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Figure 3-16: Aging Test Results - Capacity fade of a LTO battery cell over Full Cycle
Equivalents (FCE)

The LTO cell has its full capacity (100 %) at the beginning of the aging test with 5C
full cycles. The capacity diminishes over time due to cyclic and calendar aging. A re-
sidual capacity of 80 % is usually defined as the end-of-life, at which point a battery in
the bus would be replaced. The LTO cell tested provided 12,000 FCE, which regards a
competitive value compared to the lifetime of tested NMC cells, which is about 4,000
FCE.

The reduced capacity causes a decreased range of the BEB. There are two options to
consider this effect in the planning and operation of the buses. Either the PTO uses the
full capacity of the battery and adapts its operation to the decreasing range, or a ca-
pacity reserve is included in the planning to ensure that the BEB has a constant range
over the entire lifetime of the battery. The latter option is usually chosen in current
implementations to achieve stable operation throughout the year.

The second aging effect regards the increase of the internal resistance of the cell,
which is partly due to the increase of the solid-electrolyte-interface (SEI) layer. The
internal resistance defines the voltage drop during discharge and therefore the losses.
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The increase leads to higher losses and a reduced usable energy capacity. Furthermore,
it influences also the charging by increasing charging time and cooling demand.

A doubling of the internal resistance is often used as a criterion for determining the
end-of -life. Figure 3-17 shows the course of the internal resistance over usage at vari-
ous SOC for the tested LTO cell. When designing fast-charging solutions and thermal
management, the losses at the end-of-life must be considered in order to prevent over-

heating, otherwise the charging current must be reduced which prolongs the charging
process.
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Figure 3-17: Aging Test Results — Internal resistance increase of a LTO battery cell
over Full Cycle Equivalents (FCE)






4 BEB System Model

The software toolchain developed in this thesis builds on the technical fundamentals
introduced in the previous section, which are modeled within the BEB system model
and enlarged regarding LCC and emission calculations. This core functionality is tai-
lored for usage within the technical operational analysis (Section 1) and provides all
required measures to assess and evaluate the electrification potential of a bus network,
from the assessment of the general technical feasibility to the calculation of costs and
mitigation potential. Furthermore, this work provides the framework for an in-depth
analysis and modification of the operational scheme within the technical and opera-
tional analysis.

The modeling approach is designed to analyze entire bus networks with several hun-
dred vehicles. Therefore, efficient data gathering, and modular modeling are crucial. A
strict separation between the general modeling of a BEB system and scenario-specific
input is applied. Figure 4-1 provides an overview of the modular structure of the mod-
el and its interfaces. The model and the entire software toolchain are based on Matlab
[97].

INPUT BATTERY ELECTRIC BUS SYSTEM MODEL USER FUNCTIONALITY
Vehicle Fleet Infrastructure Setup
Operational Technical Feasibility
Planning Evaluation
Entire Day Bus Runs Ca!endar Of.
Operational Variants

Geographical D D Life Cycle Costs

Information TECHNICAL SUBMODELS Calculation
Parameters Vehicle Infra- Aglng & Mitigation Potential
structure Lifetime Assessment
‘ LCC ’ ‘ Emissions ’

Figure 4-1: Modular structure of the BEB system model, the required input data and
the offered functionality for the user

Three main inputs are required to setup the BEB system model. The entire operation of

the BEB system is defined by its operational planning, which corresponding data-
gathering procedure is described in Section 4.2.1. Geographical information regarding

39
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the bus route and position of bus stops is crucial for the vehicle simulation. Available
data sources and data extraction methods are introduced in Sections 4.2.2 to 4.2.4. The
third input named “model parameters” summarizes all input data required to initialize
the technical submodels. These parameters are stored in editable Excel files to allow
simple adjustment and exchange between different projects. The individual parameters
are introduced in the submodel description.

4.1 Modeling Framework

The aim of the BEB system model is to analyze the BEB operation at a PTO over the
entire usage period. Since these periods usually span twelve or more years, a continu-
ous time simulation is not useful. So recurring operational scenarios must be instead
identified, which can be analyzed separately and afterwards combined. This function-
ality is provided by the developed modeling framework.

The central element in the planning of PTOs regards the bus run which sums individu-
al trips to determine an entire day’s operating profile of a vehicle, beginning and end-
ing at the bus depot. Thus, the time and locations of the vehicle operation are defined.
Bus runs are furthermore clustered into day types which regard recurring daily plan-
ning scenarios for the entire fleet. The assignment of day types to dates in the calendar
defines the operation, whose structure is illustrated in Figure 4-2.

Calendar

Assignment

of day types Operational
to exact scheme for
dates the entire Combination
fleet of trips

Figure 4-2: Separation of planning data at PTOs

The modeling framework adapts the structure of bus runs and day types. However,
instead of focusing on individual dates in a calendar, the number of occurrences of day
types within one year is set as an attribute of each day type, as illustrated in Figure 4-3.
This model reduction significantly reduces the number of scenarios but disables the
ability to consider individual days with varying temperature conditions throughout the
year. Instead, a general average case is introduced based on the temperature distribu-
tion histogram of an entire year (see Section 4.2.5). Furthermore, the minimum and
maximum temperature levels are identified and used for the worst-case definition. The
number of temperature conditions can therefore be reduced to three (average, mini-
mum and maximum).
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Day type occurrence ﬁCalendar Temperature conditions
per year
01.01.{|02.01. |03.01.||04.01. | 05.01.||06.01. | 07.01. Average
DT1 260 DT5| DT1 | DT1| DT1| DT3 | DT4 | DT1
DT2 2 08.01./|09.01.(10.01.||11.01.(12.01.|(13.01. | 13.01.
DT3 DT5| DT1 | DT1| DT1| DT3| DT4 | DT1

Figure 4-3: Model reduction by the extraction of day type occurrence and tempera-
ture conditions

The core of the modeling framework is shown in Figure 4-4 which highlights the input
data setup with the bus run defined as the root. In this representation, neither the fleet

size nor the actual number of charging stations are provided as fixed input, but instead
both figures are determined based on the input data during initialization.

BUS RUN -1 TRIP — TRACK — BUS STOP
TEMPERATURE CHARGING STATION
CONDITIONS TYPE
= TERMINAL STOP
GRID CONNECTION
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BATTERY TYPE
COUPLING SYSTEM
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— DAY TYPE HVAC TYPE

Figure 4-4: Elements of the modeling framework with the bus run as root

The bus run consists of several trips (in passenger service or deadheading), and each
trip has a defined start and end time as well as a start and end location at terminal
stops. The course of each trip is stored in the track element which is linked to the indi-
vidual bus stops visited during operation. In addition to start and end locations, the bus
run also defines the presence of vehicles at terminal stops. The terminal stop element
consists of a name, a classification of whether the terminal stop is a bus depot or not,
the number of directions at each stop and the maximum number of charging locations
allowed for each direction. It is furthermore lined to a charging station type and a grid
connection. The element charging station type contains the technical parameters de-
scribing the charging station, parameters for the aging simulation and financial figures
utilized in the LCC. The element grid connection consists of a link to grid connection
types along with the technical, aging, and financial figures for the different grid con-
nection options.

Each bus run is linked to a single bus type. Basic technical specifications of each bus
type e.g., size (e.g., length), weight and the installed traction system, represent attrib-
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utes of the bus type element. Additional technical parameters are implemented as ref-
erences to the elements battery type, coupling system type and HVAC type.

The reference of each bus run to a certain day type regards two functionalities. Firstly,
the actual number of operations in one year can be determined for each bus run since
the occurrence of day types in one year is extracted from the calendar and set as an
attribute of each day type. This figure is required to calculate energy consumption,
aging, and costs. The second functionality relates to the simultaneity of bus runs as all
bus runs linked to the same day type are operated in parallel on one day. This infor-
mation is necessary to assign charging stations and to verify the technical feasibility in
fleet operation, which can for example be challenged by infrastructure shortages.

The bus runs are processed during initialization of the BEB system model. First the
bus fleet is generated and the required number of buses of each type are determined
based on the maximum number of bus runs simultaneously operated for all day types,
as illustrated in Figure 4-5. An additional vehicle reserve is considered based on the
desired reserve defined in the scenario parameters.

Busrunl Monday - Thursday A
Busrun2  Monday - Thursday A
Busrun3  Friday A
Busrun4  Monday - Thursday B

Two BEB of bus type A required

— One BEB of bus type B required

Figure 4-5: Fleet generation in the initiation of the modeling framework based on
simultaneous day types

During this process, the bus run focus shifts towards the bus fleet and individual buses.
A bus run assignment is generated which links the individual vehicles with bus runs.
For each bus, the number of operations on a certain bus run per year is defined based
on the occurrence of day types. The modeling framework is initiated using a uniform
distribution so that each bus of a certain bus type operates the bus runs at the same fre-
quency. An exemplary assignment is illustrated in Figure 4-6. This distribution can be
manually adjusted by the user to account for bus-run- or route-specific assignments of
individual vehicles.

The next step in initializing the modeling framework covers the infrastructure setup.
The number of charging stations at the terminal stops are determined based on the
simultaneity information provided regarding the bus runs. The required number of
charging stations results from the maximum number of vehicles present at the terminal
stop at the same time for all day types.
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BUS RUN ASSIGNMENT
Bus 1 Type A I 150 | Bus run 1 300 times
150 per year
Bus 2 Type A 80 Bus run 2 160 times
| 80 l per year
Bus 3 Type B I 360 | Bus run 3 360 times
l per year

Figure 4-6: Assignment of individual buses to bus runs and definition of the opera-
tional frequency

This process considers constructional constraints such as the limited number of charg-
ing stations for one direction. Terminal stops not suited for the installation of charging
infrastructure can be excluded by defining zero possible charging stations per direc-
tion. Charging stations are assigned to the actual charging phases in the bus runs by the
infrastructure submodel.

4.2 Preparation of Input Data

The efficient operation of several thousand bus trips per day represents a major plan-
ning task for which transport companies utilize software tools. Basic operational data
are therefore digitally available and can be used as the basis for the BEB system mod-
el.

The data gathering methods developed in this thesis utilize existing digital data. At
first, the general basis is established by identifying tracks, trips and bus runs using the
provided operational data. The input data gathered in the process are characterized by
a high quantity describing every potential operational scenario. However, the data
quality is not sufficient for direct usage in models and simulation, and therefore the
following subsections describe an enhancement of the raw data.

4.2.1 Operational Data Acquisition

Operational planning at PTOs is characterized by high diversity. The individual plan-
ning clustered into day types differs regarding operational adjustments such as due to
weekdays but also school holidays, public holidays or similar. Depending on the size
of the transport operation and continuity of the planning, the number of day types var-
ies significantly.

Figure 4-7: Relevant elements of the VDV public transport data model and their rela-
tion
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All planning variants and corresponding day types must be included to develop a so-
phisticated electrification concept, for which purpose manual data processing is lim-
ited. Therefore, a data interface was developed for existing software solutions. The
interface is based on the VDV public transport data model which follows VDV publi-
cations no. 451, 452 and 455 [98—-100]. Almost all operational planning software (e.g.,
IVU Plan and Giro Hastus) can provide data in this format with minimal user effort.

Figure 4-7 shows the relation between the different data elements. The VDV public
transport data model was designed for the exchange of planning scenarios between
different software tools rather than explicitly for the BEB operation. Therefore, addi-
tional sources must be utilized to model the real-world operation especially regarding:
- Vehicle weight (passenger occupancy)
- Deviations from the planned operation, especially delays

The vehicle weight is relevant for the energy consumption calculation and directly
linked to the occupancy of the buses. Transport companies determine the occupancy of
their vehicles by counting buses and register all entries and exits via counting devices
at the doors. These data are however not available in a standardized export format and
therefore manual data processing is required. The vehicle occupancy is modeled trip-
wise as an upper bound considering the maximum occupancy measured for the entire
trip.

Deviations from the planned operation must be considered to determine a robust solu-
tion which fulfills the requirements of the real-world operation. Delays are especially
critical since they extend the trip duration and potentially reduce the charging time
available after the trip. The missing standard for the exchange of such data also re-
quires a manual data processing. The developed data model can handle route-, direc-
tion- and time-specific delay information.

4.2.2 Routing of Deadhead Trips

Deadhead trips regard the binding elements between service trips in bus runs. At least
deadhead trips are required to pull-out from the depot at the beginning of the shift and
pull-in at the end of the shift. The limited range of the BEB and required charging
times make it necessary in many cases to modify the operational planning in the pro-
cess of electrification. The adjustments could require additional deadhead trips poten-
tially not included in the raw data.

The determination of the distance and travel time of additional deadhead trips requires
a routing. Two well-known providers of such point-to-point routing are Google Maps®

3 https://maps.google.com
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and Bing Maps.* Given the geo coordinates of the start and end locations they can
compute the path based on cartographic material.

Because a bus network consists of several terminal stops with a high number of poten-
tial connections, a manual route-by-route routing would be highly time consuming.
For this purpose, providers (e.g. Google Maps, Bing Maps and Graphhopper) offer
matrix routing, which computes all possible routes within an NxN matrix. An interface
to the commercial Graphhopper routing API has been developed in this thesis to utilize
such functionality.

Existing [ -

: Deadhead

Lawom | % > s © OpenStreetMap contributors, © Omniscale

Figure 4-8: Comparison of a deadhead trip routing between two geographical loca-
tions and the original deadhead trip as operated today in the city of Aa-
chen. The routing in this example does not make use of bus lanes causing
that the distance is significantly longer.

By default, the routing in Graphhopper® considers passenger cars. It is furthermore
possible to change the vehicle type to truck or bicycles. However, there is no routing
option for public transport buses, which means that routing may not use dedicated bus
lanes or similar. An example is shown in Figure 4-8, highlighting the significant dif-
ference between the existing deadhead trip in the raw data and the result of a
Graphhopper routing for passenger cars in the city center of Aachen.

The example in Figure 4-8 reveals the necessity to evaluate and improve the results of
the matrix routing, which is performed via an automatized process using the data of
existing service and deadhead trips which serve as an upper bound. The procedure is

4 https://www.bing.com/maps
5> https://graphhopper.com/maps/
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subsequently described for the distance of the deadhead trip and is applied for the du-
ration as well within the software.

In an initial step, the matrix routing results are compared with the distances of existing
routes and deadhead trips. If the distance of the matrix routing exceeds the distance of
the raw data trips, it is replaced by this value, which could cause inconsistencies in the
matrix. Inconsistencies are present when a point-to-point connection can be reached
via different paths with different total distances. A simplified example is shown in Fi-
gure 4-9 where the distance from B to C was reduced from 10 to 8 via the raw data
comparison. The path from A via B to C now has a value of 10, whereas the direct dis-
tance from A to Cis 12.

REPLACED CORRECTED
ROUTING DATA DISTANCE B-C DISTANCE A-C
0 2 12 gawDATA 0o 2 (1 FLOYD o 2 (10
— —_—
2 0 CHECK 2 0 WARSHALL EE

@[e] o ® s o

Figure 4-9: Process of improving distance data obtained from the Graphhopper ma-
trix routing - Distances are replaced by values from the raw data followed
by a check and repair of inconsistencies using the Floyd-Warshall algo-
rithm

The repair of the adapted matrix is performed using the Floyd-Warshall algorithm
[101, 102], which determines the shortest paths between all node pairs of a graph. De-
viating elements of the matrix are replaced by the shortest distance, which in Figure
4-9 concerns the paths between A and C. The result is a consistent distance matrix for
all routes validated by the raw data. This adjustment is especially important for the
preparation of energy-based vehicle scheduling in order to avoid implausible condi-
tions during the creation of bus runs. The resulting deadhead distances and durations
are stored in a matrix and assessed during the energy-based vehicle scheduling.

4.2.3 Track Model

The energy consumption of BEB is influenced by the track characteristics. All tracks
operated on a certain day type can be identified in the operational data, however the
track details offered are limited as the track is only represented by a few intermediate
points, which is insufficient to simulate the energy demand. Therefore, a more sophis-
ticated track modeling is required.
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The developed track modeling approach in this thesis is based on open-source routing
data from Openstreetmap® and is universally applicable to any location worldwide.
Openstreetmap regards an open database in which users can enter geoinformation and
includes a built-in feature for the mapping of bus routes, which is utilized in this
work’s modeling approach.

Urban areas are characterized and modeled in high detail in Openstreetmap. However,
the data quality must always be questioned since each user can upload content without
a review process. This threatens the general validity of the data as well as the format
due to unstrict conventions for the tagging and naming of elements. Therefore, a soft-
ware toolbox has been developed which combines the data extraction with replace and
repair functions.

4. OSM_Bus_Tool — had

Import Area
OSM Version 2018-08-25T11:53:17Z Used dictionary: routes EVAG_144_dictionary.mat Import Dictionary Impert Tour Data

Operator Data Area

WUV | HOUTE & [ HOUTE | VAHIENT I [ FHOH: Hans-Loffler-Strabe | TO: Harbarossaplatz
WVV | ROUIE € | ROUTE | VARIANT 5 | FROM: Barbarossaplatz | TO: Hans-Loffler-Stralle
WVV | ROUTE 1€ | RCUTE | VARIANT 0 | FROM: Reuterstralbe | TO: Heriedenweg
WVV | ROUTE 1€ | ROUTE | VARIZANT 1 | FROM: Reuterstrabe | TO: Heriedenweg
WVV | ROUTE 1€ | ROUTE | VRRIRNT 5 | FROM: Heriedenweg | TO: Reuterstrabe
WVV | ROUTE 1€ | ROUTIE | VARIANT & | FROM: Heriedenweg | TO: Reuterstrabe
WVV | ROUTE 31 | RCUTE | VARIANT 2 | FROM: Juliuspromenade | TO: Hans-Loffler—Strabe
WVV | ROUTE 51 | ROUTE | VARIZANT € | FROM: Hans-Loffler-Strabe | TO: Juliuspromenade
VRR | ROUTE 182 | ROUTE | VARIARNT 1 | FROM: Karlsplatz | TO: Eaternberger Markt
VRR | ROUTE 183 | ROUTE | VARIANT 5 | FROM: Eaternberger Markt | TO: Earlsplatz
VRR | ROUTE 122 | ROUTE | VARIANT 1 | FROM: Milheim Hbf | TO: Oberhausen City Foru
VRR | ROUTE 122 | ROUTE | VARIRNT § | FROM: Oberhausen City Forum | TO: Hbf Nordeingar ¥
< >
Sort Show Stops View Route View Route & Save GPX Delete Empty Delete Multiple
0SM Data Area
Clear OSM Routes Delete Selected Routes Reidentify Selected Routes
WRR | ROUTE 183 | ROUTE | VARIANT 1 | FROM: Earlsplatz | TO: Eaternberger Mark{¥

w
>

Exit View Route in Overpass-Turbo “iew Route in OSK Create route data
Status Panel

Status: Watt...identifying route 1 of 1!

Figure 4-10: GUI of the OSMBusToolbox enabling an identification of bus routes in
Openstreetmap

The entire process of the track modelling has been integrated in a guided user interface
(GUI) called the OSMBusToolbox shown in Figure 4-10. Available information from
the raw data is combined with the Openstreetmap geo data and prepared for manual

6 https://www.openstreetmap.org
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review by the user, who can verify and improve the data using the graphical editor
JOSM’ (Java-OpenStreetmap-Editor) shown in Figure 4-11.
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Figure 4-11: JOSM editor utilized within the OSMBusToolbox for the modeling of
tracks

=

A first indication of the track is provided by the geocoordinates of the bus stops from
the operational data. The OSMBusToolbox enables the user to conduct a Graphhopper
routing based on these data which results in a rough approximation of the track. The
user can afterwards display the routing in the JOSM editor and adjust the track. Once
the track is completely modeled in the editor, it can be saved locally or directly in the
Openstreetmap database.

JOSM OsM
EDITOR BUSTOOLBOX

Figure 4-12: Track-modeling process implemented in the OSMBusToolbox

The track can be read by the OSMBusToolbox from a local file or the public database.
The toolbox performs consistency checks in addition to data extraction and, if neces-
sary, informs the user of implausible data. Because Openstreetmap regards a 2D map-
ping platform, the height is not included in the output. The toolbox provides two op-
tions for adding height data in an automatized process: either SRTM elevation data

7 https://josm.openstreetmap.de/
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from NASA [103] or elevation data from Google Maps. A flowchart of the entire pro-
cess is shown in Figure 4-12.

The track model created with this procedure can be used in the vehicle model to simu-
late the energy demand. In addition to the physical modeling of the track and the slope
of the bus route, the model provides data for the driver model regarding the location of
bus stops and traffic signals as well as the permissible maximum speed for every sec-
tion.

4.2.4 Bus Stop Modelling

Each route begins and ends at a terminal stop. Because these stops are frequently visit-
ed and vehicles often have a certain dwell time there, they are potentially suited for
installing charging infrastructure to enable opportunity charging.
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Figure 4-13: Structure of the bus stop modeling with three levels — charging station,
direction and terminal stop

The geographical model represents terminal stops on three detail levels as shown in
Figure 4-13. The terminal stop represents the highest level and consists of several di-
rections which furthermore summarize individual stop positions where charging sta-
tions can be constructed. The technical modeling follows the described aggregation of
individual charging stations. The grid connection is therefore not defined individually
for each charging station but is instead defined for the entire terminal stop.

4.2.5 Environmental Model

In order to describe the entire local scenario, the local climate conditions must be de-
termined. Therefore, an interface to the online service “OpenWeatherMap™® has been
developed, which enables an import of historic temperature data for a given city or
region.

8 https://openweathermap.org/
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The data are provided in hourly increments for the entire year. An example is shown in
Figure 4-14 in which the maxima and minima are highlighted. The figure reveals that
it is not sufficient to evaluate only one year, especially when the maxima and minima
are considered. Depending on the historic data available, the user can evaluate several
years and identify the global maxima and minima. These values are then utilized for
the worst-case calculation to ensure technical feasibility under all conditions.
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Figure 4-14: Exemplary temperature profile for entire years with maxima and minima
temperatures highlighted

Whereas the maxima and minima enable an evaluation of the technical feasibility, re-
quires the cost calculation the average case. However, considering only one general
average temperature is not practicable, because the HVAC energy consumption varies
significantly based on the temperature level. Instead, the hourly values are utilized to
compute a histogram describing the relative share of a temperature level per year, see

Figure 4-15. This histogram serves as the basis for the auxiliary power calculation in
the vehicle submodel.
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Figure 4-15: Exemplary temperature histogram for an entire year based on hourly
temperature levels
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4.3 Infrastructure Submodel

The bus runs define the occurrence of vehicles at charging stations, however the as-
signment of charging stations to individual buses is not predefined. The infrastructure
model thus provides the functionality of charging station assignment, called charging
management, which is executed during the initialization of the BEB system model.

After the assignment of charging stations to dwell times, time-based charging profiles
are generated with the technical model. These profiles represent the maximum output
power of the charging station during the timeframe considered and serve as an input
for the energy management of the vehicle submodel. The further functionality of the
infrastructure model regards the technical modeling of charging stations and their cor-
responding grid connection, whose output is provided as time-based vectors and ag-
gregated for each terminal stop and grid connection.

4.3.1 Charging Management

The points in time at which a bus is present at a terminal stop are defined in the bus
runs. They also contain information regarding direction (exact stop position) to allow
occupancy determination of the charging stations. However, it could be the case that
several vehicles visit a terminal stop at the same time. This situation is addressed in the
infrastructure model by implementing two possible charging management strategies:

[A] First come, first served assignment and blocking of a charging station for the
entire dwell time of the bus.

[B] First come, first served assignment and release of the charging station after
the battery is fully charged.

The chosen charging strategy directly impacts the required number of chargers. The
main difference between strategy A and B is revealed by the operational measures,
whereas in strategy A the vehicle can remain at the charging location, strategy B re-
quires a movement.

Since strategy A relies only on vehicles presences, the required number of chargers
concludes directly from the operational planning and can be calculated during initiali-
zation of the BEB system model. Strategy B instead demands a calculation of charging
demand and duration to determine the point in time a charging station is available for
the next vehicle. It has the be applied during the runtime of the BEB system model.
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4.3.2 Technical Modeling of Charging Systems

The technical modeling focuses on the technical performance of the charging system
in order to calculate the charging ability within this determined timeframe. Three fig-
ures are especially relevant to this task:

- Maximum charging power

- Efficiency of the entire system

- Coupling and decoupling durations

The maximum charging power of a charging station Pcstation offered 1S defined as the
charger DC output. The calculation of the grid load requires a consideration of the ef-
ficiencies of the involved components. The grid connection efficiency determined by
the losses occurring in the medium-voltage switchgear, transformer and low-voltage
distribution is summarized in 9 gyig connection- LN€ charger efficiency 1cpqrger results
from the losses of the power converter, and the efficiency of the coupling system
Ncoupling describes the losses in power transmission. The resulting grid load can be
described as:

pcstation,offered(t) (4 1)

Ngrid connection Mcharger Ncoupling

pgrid(t) =

Because the modular structure of the BEB system model allows a combined simulation
of various coupling systems, it is furthermore important to check the compatibility of
the stationary and bus-mounted parts of the coupling system. In case of incompatibil-
ity, the charging power is set to zero.

Besides the charging power, the available charging time determines the amount of en-
ergy that can be charged. The actual timeframe of the energy transfer is reduced by the
initialization time:

tinit,charging = tcoupling,connect + tinit,charger- (42)
The charging period is determined by the time required for the coupling
tcoupling,connece and the initialization of the charger tinicharger including safety

checks as insulation tests. At the termination of the charging the decoupling
tcoupling,disconnect Must be considered:

tend,charging = tcoupling,disconnect 4 (43)

4.3.3 Grid Connection

The grid connection aggregates the power demand at the highest level. Several termi-
nal stops and depots can be linked to one grid connection, as shown in Figure 4-16.



4.4 Vehicle Submodel 53

The grid connection itself does not entail further technical parameters besides efficien-
cy which is addressed in the technical model.

Charging ﬁ TERMINAL STOP 1 b

Station 1 ﬁ aridcon, A
TERMINAL STOP 2

Charging ﬁ

Station 2 ﬁ .
TERMINALSTOP ... g gridcon, B

Figure 4-16: Aggregation of charging stations to terminal stops and further on to grid
connections

4.4 Vehicle Submodel

The vehicle submodel describes the technical characteristics of the BEB. The traction
power calculation utilizes a simulation to determine the energy consumption for the
movement. The time-based energy consumption of the auxiliaries is added within the
auxiliary power calculation and thereby defines entirely the consumer side of the BEB.
The supply side is modeled by the energy management and technical battery model.

4.4.1 Traction Power Calculation

The traction power demand significantly relies on the local conditions and operational
requirements, making the use of general figures impractical [9]. The traction power
calculation in this thesis builds instead on a simulation model based on the methodolo-
gy of Sinhuber [31]. The initial model of Sinhuber was enhanced and improved to be-
come universally applicable to large scenarios. The upcoming subchapters provide a
brief introduction to the model and describe the enhancements. An overview of the
simulation model implemented in Matlab Simulink is shown in Figure 4-17.
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Figure 4-17: Closed-loop energy demand calculation model proposed by Sinhuber [31]

The ability to consider the local specific situation is established by the track model that
provides the characteristic parameters (slope, maximum speed and stop position) ac-
cording to the position of the vehicle on the track. The track model serves as an input
for the driver model to set desired speeds and stop the vehicle at bus stops. Further-
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more, the track model is an input to the vehicle model to calculate driving resistances.
Based on the calculated resistances the electric drivetrain model is applied to deter-
mine the electric load profile. The following backward calculation is utilized to deter-
mine the resulting speed and position on the track by considering any satura-
tions/limitations caused by the drivetrain.

The traction power calculation is applied for every characteristic trip identified by the
track, the trip duration and the passenger occupancy. The characteristic trips are after-
wards combined to entire day-load profiles representing the bus runs and stored as
time-based vectors in the data structure.

4.4.1.1 Driver

The traction power calculation in this thesis is designed on the one hand for an appli-
cation to large scale scenarios by considering on the other hand the detailed character-
istics of each bus route. Therefore, a universally applicable driver model is required.
The input for the driver model regards the desired speed and locations of bus stops.
Based on this, the task of the bus driver model is to control the acceleration of the ve-
hicle to meet the desired speed threshold or to stop the vehicle at bus stops when need-
ed. The desired speed is set to the maximum admissible speed of the road segment lim-
ited by a parameterizable upper speed limit for each bus type.

In addition to the general speed limit of the road segment a driver must reduce his
speed during curves or while turning in order to avoid unstable driving situations.
Based on the work of Sinhuber et. al, a curve detection with a reduction of the permis-
sible maximum speed depending on the curve angle is applied [31]. The curve is rep-
resented by three points through which two straight routes are drawn, and the angle
between the two straight routes is the curve angle. The stored upper limits for the max-
imum permissible speeds in curves are shown in Table 4-1. Based on this specifica-
tion, a target acceleration is determined in the driver model and applied to the vehicle
model.

Angle [degree] Maximum permissible speed [km/h]
30<a 10

20<a <30 30

10<a<20 40

o <10 No reduction

Table 4-1: Maximum permissible speed according to the curve angle defined by three
points

The driver behavior is modeled by lookup tables which define a target acceleration for
a given speed delta. The accelerations are derived from the SORT cycles (Standard-
ized on Road Tests Cycles) published by the UITP and frequently used in public
transport [104]. In the recommendation published by the UITP, three characteristic
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cycles (SORT1, SORT2 and SORT?3) are defined which reflect different driving situa-
tions ranging from heavy urban traffic to interurban traffic.

A characteristic feature of the profiles regards an acceleration dependent on the speed
delta. Sinhuber derived an acceleration reference according to the accelerations used in

the SORT cycles (see Figure 4-18). The data are stored in lookup tables allowing an
easy adaptation [31].
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Figure 4-18: Acceleration determined in the driver model according to the demanded
speed increase

4.4.1.2 Driving Resistances

The traction power to accelerate the bus is determined by the driving resistances which
must be overcome. An overview of the four driving resistances (air drag, gradient, roll-

ing and acceleration resistance) and their effective direction are provided in Figure
4-19.

Figure 4-19: Driving resistances considered in the vehicle model

Air Drag Resistance

Air resistance primarily results from the dynamic pressure in front of the vehicle. In
addition, the flow resistance and frictional resistance on the bus surface play a role
[105]. Due to the dynamic pressure, the resistance depends on the front surface A of
the bus. The velocity v influences the resistance quadratically and depends on the air
density p and drag coefficient c,,. The air density in turn depends on several factors
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such as air humidity and temperature. The drag coefficient c,, is determined by the
vehicle type. The air drag resistance is calculated with this input according to:

E, = % v?Ac, p. 4.4)
Gradient Resistance

The gradient resistance is determined by the weight force represented by mass m and
gravitational constant g and the slope described by the angle a. The angle a can be-
come positive or negative, which results in a positive or negative gradient resistance:

F, = W sin(a) = m g sin(a). 4.5)
Rolling resistance

The rolling resistance results from the elastic deformation of the tire on a solid road
and is described by:

FE. = m g cos(a) cp. (4.6)

Like the gradient resistance, the rolling resistance also depends on the weight force
and angle of the gradient. Another factor regards the rolling resistance coefficient cg,
which changes depending on the nature of the ground and the speed [106].

Acceleration Resistance

The force representing acceleration resistance is caused by the inertia during accelera-
tion and is opposite to the movement. In addition to acceleration a, it depends on the
mass m and can become positive or negative. The acceleration resistance results in:

Foee =ma. 4.7)

4.4.1.3 Electric Drivetrain

The electric drivetrain model utilizes the calculated driving resistances as an input.
The torque of the motor M,, ., is determined based on the wheel diameter. The mod-
eling approach regards a combined efficiency factor for inverter and motor. The max-
imum power of the traction system is modeled as a saturation which serves as an upper
barrier for acceleration and deacceleration.

According to the sign of the requested traction power, either the efficiency (deacceler-
ation) or inverted efficiency (acceleration) must be utilized to calculate the electrical
power request Py ,.cq. This principle is shown in Figure 4-20.
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Figure 4-20: Drivetrain model with power limitation and efficiency

Using the inverted models in the backward calculation, it is possible to consider the
influence of power limitations on the acceleration, which at the same time ensures that
only technical feasible values are used for calculation. Further details on this modeling
approach are available in the publication of Sinhuber [31].

4.4.2 Auxiliary Power Calculation

The energy demand of a BEB is not solely defined by the drivetrain as the auxiliaries
also play a significant role, especially in the public transport application featuring low
commercial speeds and high levels of passenger comfort. The following subsections
introduce the heating and air conditioning system as the major consumer, describe its
modeling and the consideration of further auxiliaries.

4.4.2.1 Interior Heating and Cooling

The interior heating and cooling system regards one of the main auxiliary consumers
in a BEB. The developed modeling approach is divided into two modules. The first
provides the thermal heating or cooling demand for a given outside temperature while
the second represents the technical systems which cover this thermal demand. An
overview is given in Figure 4-21.
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Figure 4-21: Interior heating and cooling modelling approach based on a separation of
thermal demand and technical model
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Thermal Demand

The determination of the thermal demand and simulation of the heating and cooling
system performance regard subjects of current research [107, 108]. The main factors
influencing the thermal demand include:

- Insulation of side panels, roof and windows

- Fresh air supply for driver and passengers

- Frequency of door openings

- Number of passengers in the vehicle

- Desired interior target temperature

Comprehensive simulation models offer the possibility to determine detailed tempera-
ture distributions and thermal demand figures, however they require significant effort
concerning parameterization and computational time [109]. An alternative regards the
usage of characteristic figures parameterized using experimental data.

Because this thesis focuses on the assessment of a conservative upper limit of the
thermal demand rather than the dynamic behavior, the modeling approach using char-
acteristic figures has been selected. This approach and the parametrization method are
introduced in the following.
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Figure 4-22: Thermal energy demand for the heating and cooling of the interior of a
12 m bus determined by simulation [110]

Figure 4-22 shows the simulated thermal demand of a standard public transport bus
with a length of 12 m published by Konvekta (Sonnekalb) [110]. The heating or cool-
ing demand is shown for varying ambient temperatures and a fixed temperature
threshold for the interior temperature. Solar radiation is assumed in the publication to
be continuous, which could lead to an underestimation of the thermal demand espe-
cially during winter conditions. Aiming at a conservative assumption, the thermal de-
mand without direct sunlight is utilized for heating operation. The thermal demand
with direct sunlight, which increases the total thermal demand, is set for the summer
conditions.
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The demand is modeled by lookup tables indicating the continuous demand in heating
and cooling operations. The worst-case consideration without solar radiation causes
the absence of a point at which the power is 0 kW, as shown in Figure 4-22. Thus, a
distinction must be made between heating and cooling demand in the temperature
window between 10 °C and 20 °C. The threshold can be parameterized for each vehi-
cle type and for example set at the intersection of both demand figures.

The modeling approach using lookup tables according to Figure 4-22 allows for easy
customization. An individual lookup table can be manually defined for every bus type
by the user so that their own measurement results or values from literature can be used.

Heating and Cooling Systems

Thermal energy can be provided by different systems. The most common technical
combinations currently on the market are:
- Fuel heating; no air conditioning
- Fuel heating and air conditioning
- Hybrid heating system consisting of a heat pump with additional fuel heating
and air conditioning
- All-electric heating (PTC and heat pump) and air conditioning

The main differentiating criteria between the systems regard their electrical energy
demand and maximum thermal output. The objective of the modelling is to determine
an electrical power requirement for the respective technical solution via a stringent
procedure for each selected operating point based on the thermal requirements of the
respective vehicle type. For this purpose, the COP (Coefficient of Performance) of the
individual components is modeled as a function of the outdoor temperature.
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Figure 4-23: Heat pump COP with and without defrosting according to Basile [108]
Figure 4-23 shows the COP of a heat pump with standard refrigerant R134a, which

considerably decreases with the temperature. Furthermore, defrosting at temperatures
below 5 °C reduces the overall performance to where a heat pump operation with
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R134a is not practicable [111]. In this case, an additional heating device (fuel or PTC
heater) 1s required to fulfill the thermal demand. A further alternative regards the use
of CO; (R744) as a refrigerant, which enables an improved performance at low tem-
perature levels [111].

The modeling approach enables a consideration of combined heating systems whose
application is controlled via a temperature threshold. The determination of a reasona-
ble switchover temperature depends on the thermal capacity of the heating systems and
their efficiency and can be defined by the user during the parameter setup.

The total electric load profile of the interior heating and cooling pyyac, 18 calculated
for every bus run r based on the time t and temperature condition T, which determine
the thermal demand p,;, and the COP of the selected heating and cooling system:

pHVAC,r(t) = pth,heat,r(t; T) COPheat(T) + pth,cool,r(tr T) COPcool(T)- (4-8)

For systems which utilize a fuel heater, the fuel consumption is computed based on the
integral of thermal demand p,,, the available heat of combustion of the selected fuel
type hc and the heater efficiency Npeqrer:

T
_ ft=0 pth,heat,fossil,r(t) dt (49)

hc Nheater

fr

4.4.2.2 Further Auxiliaries

In addition to the interior heating and cooling system, there are further auxiliary con-
sumers in a BEB which contribute to overall energy demand. The developed modeling
approach does not account for the dynamic behavior of these auxiliaries and instead
focuses on the average load in predefined modes of operation.

The average load within a bus run 7 is computed based on the sum of the maximum
loads of all components P;,,; multiplied with the duty cycle of auxiliary operation in
each bus run d, defined by the vehicle status (Section 4.4.2.3). The result regards a
time-based vector for each bus run representing the average power demand of the fur-
ther auxiliaries:

Pauxr (t) = Peotar dr (t) (4.10)

4.4.2.3 Operation Dependent Usage

The auxiliaries are considered in different modes of operation described by the vehicle
status defined as a time-based vector for each bus run. The vehicle status is set during
the initialization of the BEB system model. Table 4-2 shows the different vehicle sta-
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tus defined in the current implementation as well as the individual modes of operation
of the heating and cooling system and further auxiliaries.

Vehicle Description Heating and cooling sys- Further auxiliaries
status no. tem operation [Exemplary duty cycles]
1 Driving On 50 %

2 Charging at terminal stops On 25 %

3 Charging in bus depot Off 5 %

4 Pause at terminal stop On 20 %

5 Vehicle switched off Off 0 %

Table 4-2: Auxiliary modes of operation according to the vehicle status

Since some auxiliaries, as for example the steering support, are only active during
driving, the vehicle status distinguishes between driving and parking. However, further
scenarios occur depending on the parking position, such as at a charging station, at
terminal stops without charging infrastructure or in the bus depot.

The consideration of driving and idling is enabled by the usage of entire day bus runs.
The output of the auxiliary power calculation regards the electric load profile as a
time-based vector. The combination with the traction power load profile forms the to-
tal demand profile of the bus and is utilized in the battery and energy management
models.

4.4.3 Energy Management

The energy management system (EMS) controls the energy flow in the BEB system
model and ensures that the power demand (positive and negative) of the traction sys-
tem and auxiliaries is fulfilled at any time. The availability of power is however de-
termined by the battery, and thus the EMS model requires the subsequently introduced
battery model.

The modeling of management routines and control strategies can be conducted with
specialized toolboxes, as for example Matlab Stateflow, in which every state and pos-
sible transitions are described. Such implementation would however lead to a time step
simulation, with drawback on the computational time. A reduction in computational
time compared to a Stateflow implementation is achieved by utilizing a vector-based
approach according to the work of Klawikowski [112]. The EMS model utilizes the
capability of the battery model to return the battery load profile within the technical
limits for a given power demand vector.
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The internal calculation procedure is divided into three steps:

1) Compose the total load profile including traction system power demand, the
auxiliaries power demand and potential charging power offered by an external
power supply.

2) Utilize the battery model to assess the battery power profile following from the
total load profile

3) Evaluate the battery power profile, asses the consequences for the traction sys-
tem as well as for auxiliaries and calculate the resulting load profile for the
charging stations.

pbat(t) o

p (t) g

trac, demand > SOCbat [t) R
pHVAC, demand (t) N Vbat(t)
T, .. (t

Paux, demand (t) o bat( ) >
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pcstation, offered (t) o v
” Emissing ~

Figure 4-24: In- and output of the energy management model

The in- and output parameters of the EMS model are shown in Figure 4-24. The input
variables represent the required DC link power of traction system, HVAC and further
auxiliaries and charging power offered by charging stations visited. The vector
Destation,of ferea COMbines the time- and position-based availability of charging power
for a specific vehicle. The actual charging station supplying this power can differ. A
direct link is established by the usage of a time-based charging station vector, which
contains the respective charging station ID on vehicle presence.

The output variables describe the battery behavior and the resulting power profile of
the charging stations visited by the considered vehicle. In case of any shortages in the
power supply for the traction system or auxiliaries, the missing energy is calculated
which enables an evaluation of shortages during postprocessing.

The calculation of the total demand profile combines the demanded and offered power
profiles as:

Pbat,demand (t) = pcstation,offered (t) (4 1 1)
— Ptrac,demand (t)
— Puvac,demand(t)

— Paux,demand (t) .
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The battery model handles p,4¢ gemana and provides the resulting power profile ppq;.
Based on this, the assessment of shortages is performed. In order to detect power
shortages, the missing energy is calculated when the energy demand of the traction
system and auxiliaries is not supplied by the battery or charging station. The following
formula is applied:

T
Emissing = ft:o (max (O' ptrac,demand(t) + Puvac,demand (t) + (4.12)
paux,demand (t)) + min(O, Pbat (t)) - pcstation,offered(t)) dt.

Furthermore, the calculation of the charging station load profile p g¢arion set (t) is per-
formed, which describes the charging power utilized by the considered bus run at all
charging stations visited. The vector for each bus run results in:

pcstation,set(t) = min(pcstation,offered (t)'max (O' pbat(t) + Ptrac,demand (t) (413)
+ pHVAC,demand(t) + Paux,demand ())).

After the computation of all bus runs, charging-station-specific load profiles are de-
rived. The bus run vector Peseationset(t) 18 divided and assigned based on the charging
station ID vector. The procedure is illustrated in Figure 4-25.

P cationset (t) 0]...| 0{50(50(50[50[50[50] 0]...| 0 |50[50[50[50[50[50[50] 0 ... | 0 [80[80[80[80[80[80]| O ...
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Figure 4-25: Generation of charging station load profiles based on bus-run-specific
values and the charging station ID vector

4.4.4 Battery Model

The battery model in this section models the technical battery performance. The task is
to calculate the resulting power profile given a demanded load profile by considering
the technical constraints of the battery such as maximum power levels and capacity
limits. The model is designed for efficient calculation with minimum computational
time and thus utilizes time-based vectors and an energy-based SOC [112].

The input is described by a demand profile and an initial value of the SOC as shown in
Figure 4-26. The output consists of time-based vectors according to the format of the
demand profile for the resulting battery power ppq:, SOC, open-circuit voltage V and
temperature T.



64 4 BEB System Model
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Figure 4-26: In- and output of the battery model

The direct calculation of a technically feasible output power profile indicates that the
battery model exceeds the scope of a classical physical model. It includes management
routines and simulates an ideal cooperation of the internal management of the battery
with the energy management of the vehicle. The calculation procedure is presented in
Figure 4-27.

The vector of the demand profile is firstly divided into sections based on the sign,
which is required since the battery behavior varies depending on whether it is charging
or discharging. The battery behavior is afterwards calculated in chronological order for
these sections.

Separation into n
sections of the same sign

i=i+1

Processing of section i

positive
Apply charging power
constraints

Calculate expected SOC

negative

Apply discharging power
constraints

Adjust power in order
not to exceed SOC limit

A

Calculation of SOC Calculation of SOC

o Checkifi=n e Calculate V(t), T(t)

Figure 4-27: Calculation procedure of the battery model for fast processing of given
power profiles

Charging

When charging (positive sign), the requested charging power is compared with the
maximum charging power of the battery. The maximum power is defined by the max-
imum c-rate for charging c.,, and energy content Ej,; and is parametrized for every
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bus type and thus for every BEB in the fleet. In the event of exceeding power limita-
tions, the demanded battery power is limited to the maximum power:

pbat,lim(t) = min (pbat,demand (), Ccha * Epat)- (4.14)

The expected SOC can be calculated based on the SOC of the previous section and
adjusted power demand ppq¢ 13- Ignoring the upper SOC limit SOC,,,, of the battery,
the expected SOC is described by:

4.15
Tbatcha Pbat1im (t) dt. ( )

tperiod

SOCexpected (t) =S0C_, +

bat

The energy charged within the period t,e0q 18 determined by the integration of
Pbatiim and multiplied with the charging efficiency of the battery. The delta SOC is
determined by setting the charged energy in relation to the energy content of the bat-
tery and added to the previous value SOC_;. However, SOC,xpecteq €Xceeding SOCy, 4y
must be avoided. The charging power is therefore set to zero so that charging is termi-
nated at SOC,,,4,:

pbat,lim(SOCexpected > SOCmax) = 0. (416)

The modified requested battery power can now be charged to the battery without limi-
tation so that the following applies:

Ppat(t) = Dpat1im (L), 4.17)

4.18
SOC(t) = SOC_, + m’gt—”“‘J Ppar () - dt. (4.18)
t

bat period

Discharging

The modeling of the discharge process (negative sign) follows the same principle as
for the charging process. Given the maximum c-rate for discharge ¢, and the SOC of
the previous period, the resulting SOC is calculated:

Pbat (t) = max (pbat,demand(t): —Cdch* Ebat)l (419)

(4.20)

SOC(t) = SOC_, + Ppar(T) - dT.

period

Nvat,ach Epat Jt

In contrast to the charging where the SOC faces an upper limit, during discharge no
lower SOC limit is considered in the battery model. The SOC can therefore become
negative which enables an assessment of the actual required battery capacity in the
further analysis. However, because the result indicated a technically non-feasible con-
figuration, any further calculations regarding lifetime and costs are skipped and the
operation is marked as technically non-feasible.
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Voltage and temperature profiles for aging calculation

The general battery behavior is described by the SOC. However, the aging model re-
quires a voltage input. Therefore, the open circuit voltage (OCV), which describes a
steady state of the battery without an applied current, is calculated based on the SOC.
The determination of the OCV is performed using a lookup table based on the SOC
vector.

The temperature profiles are also generated for a steady state. Fixed temperature val-
ues are defined for the different vehicle statuses (driving, pause time at terminal stops,
parking overnight) and considered for each bus run.

4.5 Aging and Lifetime Submodel

The introduced vehicle and infrastructure models allow a detailed analysis of the tech-
nical performance of BEB. The availability of long-term planning data enables fur-
thermore profound aging consideration. The purpose of the aging consideration in this
thesis regards determining component-specific lifetimes in order to calculate required
replacements within the planning horizon.

The aging and lifetime calculations are performed for the relevant components of the
BEB system based on the bus runs, and special focus is given to the innovative com-
ponents: battery, coupling system and charger. The life of these components is usually
shorter than the planning horizon and the battery especially contributes to the overall
costs. Further components are considered in aggregated categories such as basic vehi-
cle and grid connection, which represent standard components whose lifetimes are ex-
pected to exceed the planning horizon. Thus, a detailed aging consideration of standard
components is excluded from the scope of this thesis.

The usage intensity of the vehicle and its components is described by the bus runs and
their operating frequency. The latter is defined by the bus run assignment to day types
as introduced in the modeling framework. In the following, the number of operations
of bus b* of bus type k on bus run 7 in time period g are referred to as ng,kr. The set of
buses of bus type k is defined as B* and the set of bus runs operated in time period q
by R,. A further declaration of individual sets for battery types and coupling system
types is avoided in the mathematical formulation, although it is used in the modeling

framework. Battery-specific or coupling-type-specific values are therefore only la-
beled with k.

The set of charging stations p" of charger type h is defined as P". Charging stations
are assigned to grid connections g* of grid connection type u, and the set of all grid
connections is G. The set of all chargers of type h at grid connection g is defined as
P,

g
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4.5.1 Standard Components

The lifetime of the standard components is considered to be independent of the actual
usage, and therefore only time-dependent aging is considered for the basic vehicle and
grid connection. The basic vehicle element summarizes the standard components; bus
chassis including the electric drivetrain with motor and inverter but without the bat-
tery. The lifetime of the basic vehicle is defined-usage independent, meaning only the
depreciation period D, ;. of bus type k specified by the user is considered:

b" _ pk 4.21)

vehicle vehicle*

The grid connection components have been introduced in 3.4.3. In the aging and life-
time calculation, these components are considered standard components of one unit
with a lifetime limited by the depreciation period Dgyig connection- Therefore, the life-
time is defined as:

g —
Lgria connection = Dgrid connection- (4.22)

4.5.2 Innovative Components

Innovative components can reach their end-of-life in the modelling approach in two
ways. Either the component age exceeds a specified depreciation period as with stand-
ard components, or the useful life ends prematurely due to aging processes. The aging
processes depend on the actual vehicle use which is determined in the operational
model based on bus runs and their number of operations within a considered time peri-
od.

4.5.2.1 Battery

The lifetime of the battery is determined using the aging model of a lithium-ion battery
developed at ISEA. A detailed explanation of all modeled processes and the derivation
of formal relationships can be found in the work of Miiller and Sistig [113, 114]. This
section summarizes the most important equations and explains their application in the
context of this thesis.

Each battery is subject to both calendric and cyclic aging processes which result in a
loss of capacity and an increase in internal resistance. While cyclic aging processes are
caused by charging or discharging the battery, calendar aging also occurs during
standstill. The aging model uses the approach described by Ecker et al. [115], accord-
ing to which both the capacity loss and increase in internal resistance can be modelled
as a superposition of calendric and cyclic aging. The intensity of these aging processes
is described by the aging rates a., ag, ¢ and [y.
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The concept of bus runs representing entire-day vehicle operations enables an aging
modeling based on days, which can afterwards be combined according to the actual
operation. BEB are operated on bus runs or parked in the bus depot on each day. A
three-step process is applied to calculate the aging, whereby bus-run-related aging
rates are firstly computed [112]. In the second step, the average aging rates are deter-
mined which result from the bus-run-related aging rates and number of operations of a
BEB on the corresponding bus runs. In the third and final step, the battery lifetime is
determined for each BEB based on the average aging rates.

The relative battery capacity C,.; and relative internal resistance R,.; of the battery
over time d in days are defined as:

Crel(d) = @ =1-a¢ - \/a — B¢ d, (423)
0
Rrai(d) =52 =1 —ap - Vd - - d. (4.24)
0
ac Calendric aging rate describing capacity fade.
aR Calendric aging rate describing rise of internal resistance.
Bc Cyclic aging rate describing capacity fade.
Br Cyclic aging rate describing rise of internal resistance.
Co Battery capacity atd = 0
R, Internal resistance at d = 0

The individual aging rates a’C‘,T, a’,{r, ,B’é"r and ﬁg,r are calculated separately for each

bus run due to the varying operation and the varying technical performance of the bus
types. The calculation of the calendric and cyclic aging rates for the processes’ capaci-
ty and fade and rise of internal resistance are conducted according to the same princi-
ple. Therefore, this section merely presents the determination of the two aging rates
that parameterize aging through capacity loss.

The calendric aging is determined by the voltage V(t) and temperature level T (t) of
the battery [115]. The reference value alé,ref is utilized for the calculation of the calen-
dar aging rate a'é'operation’r (V,T) of bus run r operated with vehicle type k:

Vz;(peration(t)_vfef T(;Cperation(t)_Tfef (425)

k _ -k .~k k .~k k
aC,operation,r(V' T) - aC,ref Cy av Cr AT

vk ¢ and Trkef are the reference voltage and temperature of bus type k. The variables

AV and AT define the voltage and temperature deviation at which the aging increases
by ¢ and ck.

For all downtimes in the depot, it is assumed that the battery is not exposed to cyclic
loads and the cell voltage corresponds to its reference value. For this reason, the bat-
tery is only subject to calendar aging processes during these periods, and the aging is
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therefore solely determined by the temperature level. The calendric aging rate during
downtimes is calculated as:

k k
k i kTparking(t)_Tref (426)
_ . k
aC,parking (T) - aC,ref Cr =

The results from the bus-run-related aging rates and calendar aging rate at standstill
are weighted by the period of use and downtime within the period g according to:

k 2 . bk k 2 4.27)
a”k . jZTERq Q¢ operation,r toperation,r Ng,r + Ac parking tparking,total,q
C - .
tq
alg,q Combined calendric aging rate within time period q for bus b*
tq Duration of time period g

The cyclic aging rate of bus run 7 is modeled based on the depth of discharge DOD*
and the factors p* and o* by:

Bk.(DOD) = pk " POD¥, (4.28)

The DOD¥ is computed in the aging calculation with the rainflow-counting algorithm
for the technical parameters of bus type k for each bus run r [116].

The actual cyclic aging rate corresponds to the average of all bus-run-related cyclic
aging rates, which are scaled with the number of bus run operations of the considered
bus b¥ and divided by the number of days dg in time period q:

pk ZrERq ﬁé‘(,r ng,; (429)
c d, -

The battery life is determined based on the actual calendar and cyclic aging rates. The
service life accordingly can be calculated based on the capacity reduction and internal
resistance increase. The final calculation of the battery lifetime requires a threshold
describing the end-of-life of the battery, which is defined as a remaining relative ca-
pacity EOL. (often set to a remaining capacity of 80 %) or a relative increase of the

internal resistance EO Ly (often defined as an increase by 100 %):

4.30
EOL¢ye =08=1—al" - [aB" —pb*.qb", (4.30)

(4.31)

k k k k
EOLR,relzzzl_a}g ) dlg _Bilg 'dilg’

k , k L pk
Lateery = min (2", d5"). (4.32)
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4.5.2.2 Coupling System

The usage intensity of the coupling system varies based on the charging strategy.
Whereas depot charging operation requires one or two coupling events per day, oppor-
tunity charging can require multiple per hour, which directly impacts the lifetime of
the coupling system.

The coupling system aging model distinguishes between two elements: one moving
part of the coupling system mounted on the bus and its stationary counterpart at the
charging station. The modeling approach for the moving part is introduced in the fol-
lowing and required substitutions for the stationary counterpart are highlighted at the
end of this section.

The aging model considers the varying number of coupling events defined as coupling
cycles. A cycle of a coupling system summarizes the entire couple and decouple pro-
cesses that occur before and after charging. In the case of plug connections for exam-
ple, this coupling process consists of two plug operations (connect and disconnect).

The number of coupling cycles 0?;1 cycles,qg ©f @ BEB b¥ in time period g depends on
the bus runs operated and follows from the number of coupling cycles in each bus run
0k

cpl cycles,r and the number of operations of BEB b¥ on the bus run r in the time peri-

od q defined as nfl’,kr by:

bk 4.33
cpl cycles,q — z Ocpl cycles,r nq T ( )

rERq

The lifetime calculation regards the average number of couplings per day, which fol-
low from the number of days d in time period q:

Obk _ Ocpl cycles, q (434)
cpl cycles,average — d
q

For a given maximum number of coupling cycles until end-of-life Ofpl cyclesmax the
specific lifetime corresponds to:

Ofpl cycles;max (435)
0 '

cpl cycles,average

Lbk —
coupling bus,cyc —

The calendric lifetime of the coupling system is given by the depreciation period
Dk

coupllng

k
Lb Dcl'couplmg (436)

coupling bus,cal —
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The resulting lifetime is defined as the minimum of cyclic and calendric lifetime:

bk o bk bk
Lcoupling,k =min (Lcoupling bus,cyc,k’ Lcoupling bus,cal | -

(4.37)

The same calculation method is also used for the lifetime calculation of stationary
k

cpl cycles,r
is replaced by the number of couplings with the specific charging station p in bus run

k
cpl cycles,r,p*

coupling systems, in which case the number of coupling cycles in a bus run O
r represented by O

4.5.2.3 Charger

Each charger consists of semiconductors which are supposed to calendric and cyclic
aging determined by the temperature level and usage. Current chargers for BEB are
usually equipped with heating and cooling systems for active temperature control, and
as a result the average temperature can be expected to fall within its optimal window
ensuring a sufficient calendric lifetime for the planning horizon. A detailed modeling
of the calendric aging effects and their temperature dependency are therefore excluded
from the scope of this thesis. Thus, the calendric lifetime equals the depreciation peri-
od:

p" — ph 4.

Lcharger,cal - Dcharger ' ( 38)
Despite being equipped with a cooling system, the power electronics experience a
temperature increase during charging. The resulting temperature and power cycles
could critically influence the charger lifetime and are therefore considered in the cyclic
aging calculation [117].

The operating scheme of charging stations regards the bus runs and their number of
operations during time period gq. The aging model corresponds to the model of the sta-
tionary part of the coupling system. For charger p” and the maximum number of cy-
cles O% cyclesmax tollows a lifetime of:

h
Lph _ Ocha cyclesmax d (4.39)
charger,cyc — h k q:
2 P~ Z Op . nb
bXeBX Lr€Rg Ycha cycles,r qr

The combination of calendric and cyclic lifetimes provides the total lifetime of
charger j:

i
charger

— min (L”h P ). (4.40)

charger,cal’ “charger,cyc



72 4 BEB System Model

4.6 Life Cycle Cost Calculation

The main goals of the BEB system model include the assessment and comparison of
technical alternatives. Although all alternatives deliver the same service to passengers,
namely the operation of service trips, their individual characteristics can differ signifi-
cantly, which compromises the technical design (e.g., different components, battery
capacities and charging power levels), the operation (e.g., varying number of vehicles
and deadhead mileage) and financial figures (e.g., cost breakdown in upfront invest-
ment and operating expenses). This underlines the need for an aggregated figure to
assess technical alternatives on a common basis.

The technical design as well as the operational characteristics of each BEB concept
can be converted into costs, which enables usage of the net present value (NPV) of an
investment calculation as the aggregated figure. All payments and revenues in the
planning horizon are discounted and related to the time of the investment decision.
This accounts for initial investments, replacements and residual values as well as con-
tinuous expenses in the form of energy or maintenance costs, which are summarized as
operational costs in Figure 4-28.

INVESTMENT COSTS

OPERATIONAL COSTS

Figure 4-28: Cost figures included in the life cycle cost calculation

The total NPV regards the sum of investment and operational costs of the entire BEB
system:
NPVtotal = NPVinvest + NPVoperation (441)

which are defined in the following subchapters. Revenues generated by ticket sales are
excluded from the calculation since they are equal for all considered bus concepts.

4.6.1 Investment Costs

The NPV of investments in an BEB system divides in the NPV of bus and infrastruc-
ture, which are furthermore composed of sub elements:

NPVipyest = NPVpys + NPVinf/ (4.42)
NPVbus = NPVbasic vehicle + NPVbattery + NPVcoupling buss (443)

NPVinf = NPVgrid connection + NPVpower electronics + NPVcoupling stat- (444)
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The lifetime calculation for each component considered in the NPV calculation has
already been introduced. Based on the computed lifetime, replacements within the
planning horizon could be required. The point in time at which a replacement is re-
quired t is set to the computed lifetime L.

Figure 4-29 provides an overview of the methodology for a general component X. The
initial investment at t, undergoes no discounting, whereas the replacements at t; and
t, are discounted with interest rate i. The same accounts for the residual value at RV at
the end of the planning horizon T.

NPV <

R\
ﬁ ]*(1+i)‘t1 D*(1+i)‘t2U*(1+i)‘T
I(to) I(t,) I(t;) RV(T)
} LX } LX } LX,rem —
t, ty t, T time

Figure 4-29: Calculation of the NPV of investments considering replacements and re-
sidual value

In this case, the NPV calculation is defined by:

I(t)  RV(T) (4.45)
£i(1+ 0 eE L

NPVX=

The investments I are determined by the quantity of elements purchased at the consid-
ered point in time n(t) and price level p(t), so that the following applies:

1(t) =n(t) - p(t). (4.46)

The dynamic price level can be defined by growth or decline functions given a current
price level at t, and a growth/decline rate. Linear and exponential rates can be applied.

The price level is furthermore relevant to calculating the residual value at the end of
the period under consideration. The following applies by taking into account linear
depreciation:

(4.47)

LX ,rem

RV(T) =

p(T).
X

4.6.2 Operational Costs

The costs of operating a BEB system can be divided into energy-, mileage- and time-
related expenses. Whereas energy-related costs are directly caused by the energy de-
mand of vehicle and infrastructure operations, mileage-related costs summarize a
group of cost figures related to maintenance. Time-related costs regard the driving
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time required to operate the vehicles. Although such expenses occur on a regular basis,
they cannot be defined as constant throughout the period under investigation due to
cost developments.

Following the principle introduced in the aging and lifetime submodel, cost determin-
ing figures are calculated on the level of bus runs. Based on this and the planned oper-
ation, the actual figures are computed by considering cost developments. Finally, dis-
counting is applied to determine the net present value consisting of:

NPVoperation = NPVenergy + NPVmaintenenace + NPVdriver- (448)

4.6.2.1 Energy Costs

Energy-related costs result from the electricity demand of the charging infrastructure
and the consumption of fuel if a fuel heater is installed. Electricity costs are deter-
mined for an aggregated energy demand at the grid connections, whereas fuel con-
sumption is computed on the level of bus runs.

The modelling of electricity costs follows the composition of the electricity price and
consists of expenses for electricity generation, grid utilization, electricity tax, EEG
levy and value-added tax. The price for electricity generation l ., , represents the pay-
ments to the electricity producers, and the grid utilization price for the upstream elec-
tricity grid must be paid to the grid operator. This price is modeled as energy price
lyriaq linked to the amount of electricity purchased. The electricity tax and EEG levy
regard taxes that are levied on the electricity price without relation to other prices.

This results in the electricity costs at the grid connection g* in time period g of:

(4.49)

]electrlaty q ( genq ngdq + ltaxq +1 EG,CI) ) EQ.gu

The energy demand E; ju during time period q at grid connection g* results from the

vehicle and infrastructure model. It follows from the sum of all buses and their fre-

bk

quency of operation on bus runs provided as ng ,

in time period q.

Fuel consumption over time is computed using the auxiliary model of the vehicle. The
fuel consumption of all bus runs operated in time period q is F;. With the fuel price of

lfuelq the fuel costs during a certain time period result in:

Jruetq = lfuel,q - Fy. (4.50)

The NPV of the energy-related costs is defined by:

NPV Z Z electrlcztyq ]fuel,q (q) (451)
energy — (1 + l)q —(1 T l)q
g4ec q=1 =1
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4.6.2.2 Maintenance Costs

The mileage-related costs represent maintenance expenses which are the sum of all
expenses of daily routine inspections and minor spare parts which are not treated sepa-
rately. In the calculation of the total mileage, no distinction is made between service
and deadhead operation. The total maintenance costs per bus b* during time period gq
are calculated based on the specific maintenance costs jX .. .enance Of DUs type k, the

. . k
total mileage per bus run m, and the operational frequency of the bus run ng,r:

. k
]maintenance,q = Z ]ﬁmintenance "My nf;’,r, (452)
rERq
T
]maintenance,q (q) (453)
NPVinaintenenace = ZW
q:

4.6.2.3 Driver Costs

Driver costs are incurred whenever a vehicle is operated. Time-related costs are identi-
cal if only technical alternatives with identical operating schemes are compared. How-
ever, these costs gain importance when bus-run adjustments are performed such as in
depot charging operation with a limited range. Considering the personal costs allows
assessing the additional expenses incurred by a modified operating scheme, which are
then fully charged to the technical alternative to allow a neutral comparison.

The driver costs calculation bases on the operating hours within a bus run. Deviations
caused by driver shifts are excluded from the scope. The cost figure NPV, ip,er is cal-
culated following the methodology introduced for the mileage-related costs, with the
difference that the total operation time t, is considered and multiplied with the hourly

rate Jgriver:

P k
]driver,q = Z Jariver * toperationr ng,r, (4.54)
T€Ry
3 (4.55)
NPV, _ ]driver,q (q) .
driver — ’ W
q:

4.7 Emission Calculation

The previous sections describe the technical and economical modeling of the BEB sys-
tem. A detailed cost-benefit analysis of an electrification furthermore requires an as-
sessment of the positive outcome for the environment, namely the mitigation potential.
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Two measures are required to assess the mitigation potential of BEB. Firstly, the actu-
al emissions of the BEB operation must be calculated, and secondly a reference repre-
senting the conventional bus operation is needed. Both calculations are performed
within the emission calculation submodel.

The developed emission calculation focuses on the operation phase of the product
since this phase dominates the overall emissions footprint as discussed in Section
2.3.4. Emissions occur during the operation phase from the actual vehicle operation
(driving) and, in the case of BEB, from the electricity generation and from upstream
refinery processes in the case of conventional buses. The quantification of these emis-
sions is introduced in the following.

4.7.1 Operational Emissions

The reduction of operational emissions represents one of the main drivers of the BEB
application. The assessment of mitigation potential requires a calculation of operation-
al emissions of electric and conventional bus operation and is performed in the BEB
system model individually for each bus run and afterwards combined as the total sum
of the entire fleet by considering the frequency of bus-run operations.

4.7.1.1 BEB Operation

In contrast to the internal combustion engine, the electric motor enables local emis-
sion-free operation, i.e., no inner-city air pollution by nitrogen oxides (NOx) and fine
dust (Particulate Matter, PM). However, fine dust may be emitted by the braking sys-
tem during mechanical braking, but due to recuperative braking it can be assumed that
these emissions fall below the level of a conventional diesel bus. Therefore, no explicit
consideration is conducted.

Depending on the heating system, it is possible that a BEB releases local emissions.
This is always the case when using a fuel heater operated using fossil fuel such as die-
sel. The implemented emission calculation is based on reported figures of a study pub-
lished by Shancita et al, who compared different methods for reducing the emissions
of trucks during idling [118]. The emissions are provided as the average fuel consump-
tion and average emissions per hour so that the total emissions per liter can be calcu-
lated. The NOx emissions range from 0.47 g/l [119] to 1.40 g/l [120] and the PM10
emissions range from 0.29 g/1 [121] to 0.39 g/1 [122].
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For each bus run, the thermal demand regarding the fuel heating system and fuel con-
sumption E¥ is computed via the auxiliary power calculation in the vehicle model.
Based on the emission parameter emcg,, emyq, and emp,, the emissions of the fuel

heater operation during time period q are:

EMggg.co,q = €Mco, z EF nqr , (4.56)
T€Rg

EA4BEBJVOX¢1:: €Mpyoy :E: Fk nqr, (4.57)
T€Ryq

EMyespmq = empy ) FEnbh. (4.58)
T€Rg

4.7.1.2 Conventional Bus Operation

Diesel combustion in conventional bus operation causes global as well as local emis-
sions. The emission quantification methodology applied in this thesis is based on the
work of Puetz, who developed an approximation method for generalizing emission
measurements for public transport buses [6].

The method is based on a characteristic map describing the fuel consumption as well
as CO2, NOx and PM emissions based on the commercial speed during operation. An
exemplary map for a constant vehicle weight is provided in Figure 4-30. The method-
ology of Puetz has been extended via a factor describing the relative weight difference
in order to account for varying weights in the bus operation which are considered in
the BEB modeling.
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Figure 4-30: Exemplary fuel consumption and emissions (CO2,NOx and PM) of diesel
buses over commercial speed
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A linear relation is introduced for the weight difference, because the weight regards a
linear factor in the dominating driving resistances (see Section 4.4.1.2). The fuel con-
sumption and emissions are calculated based on:

c m
emconv,trip = ((Cl ' lOg(U) + b) ' (1 + ;) - d) . mref. (459)

eMconp,trip: Emission in I/100km or g/km

a,b,c,d: Characteristic curve-fitting parameters based on measurement data
m: Vehicle weight including passengers

Mye: Reference vehicle weight in the measurement campaign

v: Vehicle speed

The calculation is conducted trip-wise for each bus run by considering the vehicle
weight and average passenger load of each trip. The results are aggregated per bus run
to M ony - and the total emissions are computed based on the number of times each
bus run is operated in time period q:

k
EMcony = z eMeonv,r ng,r- (4.60)

TE€Rgq

4.7.2 Emissions of Energy-Supply

As the primary energy source in BEB, electricity enables a further environmental ad-
vantage via the usage of renewable energy and therefore a COz-neutral energy supply.
However, if the electricity is generated by conventional power plants such as those
fired with coal, substantial CO> emissions can occur. This underlines the necessity of
also considering global emissions from energy supply during the mitigation potential
assessment. CO is especially highly relevant in this matter due to its global impact
and is therefore calculated in the model.

4.7.2.1 Electricity

The electricity used for charging BEB could incur an ecological footprint depending
on the way the electricity is generated. Due to the geographical separation of bus oper-
ation and electricity generation, the globally impacting CO> emissions are especially

relevant and are modelled using separate electricity tariffs for each grid connection
gu

type with constant emission factor per kWh consumed electricity e, co,:
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The total emissions are calculated by:

EMpggg,co,q = z eéqlec,cozE : (4.61)

u
o a.9

4.7.2.2 Fuel

In addition to the emissions caused by the combustion of fossil fuel, the refinery pro-
cess and transportation also contribute to its ecological footprint. As for the electricity,
the focus lies on globally effective CO, emissions. With the emission factor efye; co,

the emissions are calculated by:

k
EMpyeico, = €fuelco, z Ffnb.. (4.62)

T€Rq

The same equation is applied in order to determine the emissions of the fossil fuel
supply in case of a fuel heating system in a BEB.






5 Technical and Operational Analysis

The technical and operational analysis represents the core element in the electrification
potential assessment. The technical feasibility assessment describes the application of
the BEB system model for a given operational planning. Building on this, a methodol-
ogy for the analysis of technical and operational constraints is introduced. The purpose
of the analysis is to enable in-depth insight into the linkage between the operating
scheme and the consequences of the technical design of the system, which is of special
interest in the allocation of infrastructure for opportunity-charging BEB.

Operational changes required by technical constraints are addressed for depot-charging
BEB. The solution approach consists of a methodology for the energy-based vehicle
scheduling, determines optimized operational scenarios and reveals the operational
consequences in the form of additional vehicles, increased deadhead mileage and ris-
ing driver time.

5.1 Technical Feasibility Assessment

The introduced BEB system model enables an efficient calculation of entire bus opera-
tions. By considering existing bus runs, the performance of a BEB can be evaluated
and its technical feasibility assed.

Energy Demand Energy Supply

Route Weather Capacity Time Window
Weight Operating Aging Power Level
Driver hours

Figure 5-1: Relevant influencing factors for energy demand and supply

The technical feasibility is determined by the balance of energy demand and energy
supply as illustrated in Figure 5-1. The energy demand results from the demand of the
traction system and of the auxiliary consumers. Using the energy demand calculation
in the vehicle model, the demand side can be determined for various scenarios. In this
process, local-specific conditions are considered as dependencies regarding route char-
acteristics, weight, and driver behavior as well as climatic conditions.

81
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In addition to the demand side, the supply side also needs to be evaluated. It is im-
portant to distinguish between internal energy supply, namely energy stored in the bat-
tery, and external energy supply by charging infrastructure. The positive effect of en-
ergy gained via regenerative braking system is located on the demand side with a
negative sign and reduces the traction energy demand.

The technical feasibility is assessed based on the minimum SOC while operating a cer-
tain bus run in the worst-case scenario. The BEB system model’s ability to manage
negative values for the SOC enables an evaluation of the severity of energy shortages.

Simulation of bus run 25 (ID: 25)
[ [ [ [

100 %

100 kW

B R )
RN RS
S NN/
- N |1
N \.\ N
50 kW - AV {ERSR T N
Sol |1,
BN e N

se ] S .,

. eo N

0 kW =1 ==

80 %

160 %

=40 %

120 %

10 %

p_traction (average) -1-20 %
——p_aux_consumers 1
-50 kW —— p_aux_consumers (worst case)
—p_charging
—SO0C
----- SOC (worst case) --80 %

H-40 %

—-60 %

-100 kW

| | | | | | | | | | :_100 0/0

Time

Figure 5-2: Simulation results of an exemplary bus run for the average and worst case
- Both scenarios reveal an insufficient charging, however, only the worst
case regards a technically non-feasible scenario

Figure 5-2 provides an example by showing the SOC in opportunity-charging opera-
tion for the average and worst cases, which is characterized by a high auxiliary energy
demand and an aged battery at end-of-life. The vehicle begins the operation with a
SOC of 80 %. The operation of the first service trip is followed by a charging phase
which enables a charging of the entire energy consumed. However, this is not the case
for the subsequent charging events since the SOC gradually fades and reaches negative
values in the worst case. The occurrence of a fading SOC reveals a shortage in the en-
ergy supply, despite frequent charging.

The technical feasibility can be achieved in this case via operational or technical
measures. Operational measures describe the adjustments in the bus runs aimed to in-
crease charging time at the charging locations, whereas technical measures regard the
increase in charging power or increasing battery capacity.
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The shown bus run simulation can be conducted in the technical feasibility evaluation
for a large amount of different bus runs in various scenarios, which could represent
either the current operating scheme of the bus operator or adjusted scenarios with op-
erational changes. The feasibility is assessed by comparing the minimal SOC in opera-
tion with a predefined lower bound which can regard a fixed SOC value or an SOC
value determined by the average energy demand and a required buffer in terms of time
or mileage.

A batch processing has been implemented to achieve an efficient calculation, which
allows for example assessing the performance of various bus types on the provided bus
runs. The output is provided in a standardized format while indicating the technical
feasibility evaluated based on the SOC lower bound.

5.2 Analysis of Technical and Operational Constraints

Bus runs, especially within the opportunity charging operation, are characterized by
complex linkages between the operational planning and technical feasibility. Based on
the results of the technical feasibility assessment introduced in the previous section,
the bus runs can be clustered into the following categories:

[A] Technically feasible without adjustments

[B] Technically feasible without adjustments, however with low utilization of
charging infrastructure

[C] Technically non-feasible due to insufficient charging caused by limited
charging power or dwell time

[D] Technically non-feasible without regular dwell times at potential fast-
charging locations

Bus runs assigned to category A require no adjustment to the operational planning
since they are already technically feasible. The category B bus runs can also be electri-
fied, but one or more charging stations are used only at a low utilization. However,
these charging stations could be required to ensure technical feasibility. Thus, it is use-
ful to assess operational measures to avoid this due to the negative impact on econom-
ic efficiency. Category C describes technical non-feasible bus runs with insufficient
opportunity charging. In this case, operational as well as technical measures needs to
be assessed. Bus runs that do not visit opportunity charging infrastructure at all are
assigned to category D.

It requires significant effort to manually assign bus runs to categories and derive the
necessary measures for a bus network with several hundred bus runs per day type, es-
pecially for categories B and C. For this reason, a tool for bus run analysis was devel-
oped which utilizes the BEB system model.
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5.2.1 Problem Formulation

The aim of the bus run analysis is to identify problems caused by operational con-
straints which occur when designing opportunity charging bus systems. In general, two
decisions must be made when dimensioning the BEB system: The battery capacity of
each bus type must be selected as well as the location and power level of charging sta-
tions.

A determining criterion in this process regards the minimum required battery capacity
of each bus type. Figure 5-3 highlights the dependencies of this value on the trips and
charging time available in the bus runs. If the bus type is operated on several bus runs,
the minimum battery capacity is described by the highest demand of these bus runs.

BUS RUN A1
BUS RUN B1
BUSTYPEA % 80 kWh

- S
min. 150 kWh S BUS RUN A2
TRIP SEQ. 1 TRIP SEQ. 2 TRIP SEQ. 3 TRIP SEQ. 4
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sUsrRUNB1 P OPPORTUNITY1 OPPORTUNITY2 OPPORTUNITY 3
\ \ \
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BUS TYPE B BUS RUN B2
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Figure 5-3: Constraints for the minimal battery capacity of a bus type determined by
its linkage to bus runs

A bus run is composed of single-service and deadhead trips, which are operated subse-
quently. The consumed energy in trip operation can be charged within the dwell times
between the trips. Without a charging in between, the energy demand of service trips
accumulates. This is defined in the following as a trip sequence during which no
charging is possible (grey blocks in Figure 5-3). Depending on the consumed energy
and the available charging power and time, it is not guaranteed that an entire charging
is performed between trip sequences. The missing energy caused by the partial charg-
ing must be added at following sequences.

The bus run describes the connection of service trips and therefore trip sequences. The
minimum battery capacity is defined by the energy demand of trip sequences and their
linkage. Charging opportunities can decouple trip sequences and therefore reduce the
minimal battery capacity. Bus runs are linked by their assignment to bus types, and the
minimum battery capacity is determined based on the highest demand of the assigned
bus runs to a bus type.
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The second major decision in the design process regards dimensioning the charging
infrastructure. Regarding cost efficiency, it makes sense to only build charging stations
with a high utilization. Figure 5-4 shows the utilization of two charging stations serv-
ing different bus runs.

CHARGING STATION 1 CHARGING STATION 2

LINKS RESULTING
BUS RUN A1, FROM BUS RUNS BUS RUN B3,

CHARGING OPPORTUNITY 1 I3l CHARGING OPPORTUNITY 1

BUS RUN A1,
CHARGING OPPORTUNITY 2

TIME

BUS RUN A1, !
CHARGING OPPORTUNITY 3

v 1

Figure 5-4: Exemplary utilization of charging stations by various bus runs — Both
charging stations are linked by bus run A1 and B3

The example in Figure 5-4 indicates that charging station 1 claims a higher utilization
than charging station 2 and can therefore be more economically operated. This obser-
vation however does not cover the full scope of the problem, as the linkage of charging
events by bus runs must be considered.

The utilization depends on the actual energy transferred to the vehicle at a certain time
during a certain bus run operation and furthermore depends on the energy drawn at
other charging stations visited during the same bus run. The decision to establish a
charging station with a certain power level is therefore influenced by the setups of oth-
er charging stations.

Charging stations can serve multiple bus runs and thereby link bus types as shown in
Figure 5-5. The strength of the linkage is determined by the relevance of the charging
time at the considered station within the bus run. If the bus run served by the charging
station defines the minimum battery capacity of a bus type, changes to the power level
could significantly affect the system dimensioning.
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CHARGING STATION 1

BUS RUN A1,

BUSTIFEA CHARGING OPPORTUNITY 1

BUS RUN B2,
CHARGING OPPORTUNITY 1

BUS RUN B3,
CHARGING OPPORTUNITY 2

BUS TYPE B

Figure 5-5: Relation of bus types and charging stations — Charging station 1 sets con-
straints for the technical design of bus type A and B

5.2.2 Bus Run Analysis

The problem definition revealed the complexity of the bus run analysis. The heavily
linked and interacting constraints impede an effective manual analysis. However, a
fully automatized analysis is also prevented by the high number of special cases which
must be evaluated based on experience and expert knowledge. Therefore, a software
tool based on the BEB system model has been implemented, which supports users in
the analysis process.

A major task of the software tool is to enable the user to interpret the interdependen-
cies between operational planning and technical design, which is achieved by introduc-
ing two KPIs: The first regards the minimal battery capacity, whose calculation meth-
od is introduced in Section 5.2.2.1. The minimal battery capacity serves as a lower
bound, enables an in-depth analysis of bus runs and directly visualizes the effect of
missing or insufficient energy supply such as when a charging station is removed. The
second KPI aims at assessing the relevance of individual charging stations regarding
the technical feasibility of the BEB system, which is determined in a stepwise process
via recurring simulations with the BEB system model as described in Section 5.2.2.2.
The overlaying GUI and its application are finally explained in 5.2.2.3.

5.2.2.1 Minimal Battery Capacity

The minimum battery capacity required to operate a given bus run depends on the en-
ergy demand of the BEB, which is influenced by the weight of the battery and there-
fore by the battery capacity. This loop impedes a straightforward calculation and re-
quires an approximation method.

The approximation method in this thesis is based on the work of Sistig, who presents
an iterative approach in his master’s thesis which considers different cases for the sign
of the traction power and its dependency on the battery capacity [123]. The weight
loop is dissolved in an iterative approach and the minimal battery capacity of a single
trip is provided.
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In order to determine the minimal battery capacity for a trip sequence, the energy de-
mand of the individual service trips is firstly calculated. Groups of service trips with-
out charging time between are then aggregated to trip sequences, which is accom-
plished by querying the charging time and charging power between the individual
trips. If the charging time or charging capacity between the trips is zero, the service
trips are aggregated to a trip sequence. The energy demand of the individual trips is
then summed up to calculate the energy demand of the trip sequence.

In addition to the minimal battery capacity of the trip sequences, the minimal battery
capacity of the entire bus run is calculated. This value could exceed the minimal bat-
tery of the trip sequences when charging between the trip sequences is insufficient. An
example is shown in Figure 5-6.
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Figure 5-6: Minimal battery capacities of two bus runs and comparison with the min-
imal battery capacities of the corresponding trip sequences.

The minimal battery capacities of the trip sequences in bus run 1 (Figure 5-6) fall be-
low the minimal battery capacity of the entire bus run, which is the consequence of an
insufficient charging throughout the bus run operation. Through an improved charging,
the bus run’s minimal battery capacity could be reduced to the level of trip sequence
ITI, which is the case for bus run 2 whose minimal battery capacity equals the minimal
battery capacity of trip sequence 1. Modifications of trip sequence I are required for a
further reduction, which could be an integration of a charging event or the deletion of
single trips in the trip sequence.

5.2.2.2 Relevance of Charging Stations

In some scenarios, dwell time occurs at stops far from the city center. Charging sta-
tions at these stops are often characterized by low utilization and could potentially
negatively influence the system’s economic efficiency. However, their absence could
result in increased minimal battery capacities or in the infeasibility of scenarios.
Therefore, the second KPI aims at identifying such critical charging stations via a two-
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step process. First the economic viability is approximated by computing the utilization,
while in the second step the consequences of the absence of a single critical charging
station are assessed via simulation using the BEB system model. The consequences are
assessed and rated based on the rise in minimal battery capacity.

Economy

A charging station is uneconomical if its contribution to the overall system perfor-
mance is rather low compared to the costs. The cost structure of charging stations is
determined by the fixed values for the construction and purchasing of components.
The following criteria have been selected to evaluate the economically viable opera-
tion of charging stations following the approach of Sistig [123].

Utilization

The utilization is described based on the time period during which a present bus can be
charged at a charging station regardless of the current battery SOC. Under real world
conditions, it is always possible that the bus does not require the entire period for
charging. Thus, the benefits of lengthy but seldom stops could be reduced, which fur-
ther reveals that this criterion is not sufficient on its own and that additional indicators
are needed.

Number of charging events
The number of charging events indicates how frequently a charging station is visited.
It extends the scope of the timely utilization.

Approximated energy-related costs

Energy-related expenses for charging at a certain station provide a further criterion to
evaluate economic usefulness since they directly reveal cost-critical stations with low
energy throughput or high costs. However, the charged energy depends on the dimen-
sioning of all charging stations and batteries, and the absence of one charging station
can cause that another charges significantly more. In addition, the costs for installing
the charging station are influenced by the selected power level. Thus, the energy-
related costs can only be approximated in the bus run analysis. The implemented ap-
proximation only includes fixed costs independent of the power level.

A further approximation is required for the energy charged at the particular charging
station. Therefore, the assumption is made that all potential charging stations are in-
stalled and operated at maximum power, which could result in an over- or underesti-
mation. However, the gap for the critical charging stations is expected to be rather low.

System relevance

Charging stations with limited economic viability could still be relevant for the sys-
tem. Their absence may lead to infeasible system configurations or to strongly over-
dimensioned batteries.
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The assessment of the system relevance of charging stations is performed in two steps:
First, the scenario is simulated with the all potential charging stations at maximum
power. In the second step, charging stations that were identified as uneconomical are
excluded stepwise while it is analyzed how the minimal battery capacity develops and
whether the energy charged at another uneconomical charging station rises. If one of
the two criteria is applicable, the uneconomical charging station is labeled as critical.

5.2.2.3 GUI and Application

The entire functionality of the bus run analysis is integrated in a GUI, which enables a
visualization of operational and technical constraints and their interdependencies. The
GUTI is divided into three areas as shown in Figure 5-7.
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Figure 5-7: Bus Run Analysis GUI enabling users to assess the structure of bus runs
and their linkage by charging events

The left part of the GUI displays the scenario with the identified charging stations, bus
types and bus runs. The listing of elements is extended by the KPI introduced in the
previous sections. The right part of the GUI shows details for the selected element in
the left part. In Figure 5-7 for example bus run 6 is selected. The lower part on the
right of the GUI enables the user to select different scenarios. The linkage of critical
charging stations and bus runs is highlighted with markers.

The general workflow in the bus run analysis begins with loading the scenario which
can consist of several bus runs and charging stations. The KPI are automatically evalu-
ated and displayed in this process. Based on the information provided, the user can
identify critical charging stations and dominating operational constraints which in-
crease the minimal battery capacity. Afterwards manual changes can be applied to the
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operational scenario. One measure to remove a critical charging station regards for
example assigning trips to this charging station to other bus runs. For widely varying
minimal battery capacities, an introduction of an additional bus type could be advanta-
geous so that not all buses have to be equipped with the maximum battery capacity.
After applying the manual changes, the user can load the scenario again and evaluate
the improvements.

5.3 Operational Adjustments for Depot Charger

The bus run analysis methods introduced in the previous section are less useful for
depot-charging operations since no opportunity charging events at terminal stops oc-
cur. Therefore, an alternative measure is needed to improve infeasible bus runs, which
is achieved by conducting a rescheduling of service trips under consideration of tech-
nical constraints regarding energy demand and charging time. The resulting problem is
named Electric Vehicle Scheduling Fleet Size and Mix Problem with Optimization of
Charging Infrastructure (EVS-FMC). The problem definition and solutions method
have been published by the author in 2018 in the Applied Energy Journal [124].

The formulation of the EVS-FMC is introduced in Section 5.3.1. The developed solu-
tion approach for the problem combines a genetic algorithm and a MILP solver. Sec-
tion 5.3.2 presents the structure of the genetic algorithm and the application. Using the
described methodology, technically feasible bus runs can be generated which fulfill the
respective constraints of a defined BEB type. Besides the bus runs, relevant output
parameters regard the additional vehicle requirements, deadhead mileage and driver
time.

5.3.1 Problem Formulation

The vehicle scheduling of depot-charging BEB must consider bus-specific and trip-
dependent energy demands, energy limitations and required charging times. It is cru-
cial for the TCO of the entire system since the required number of buses and chargers
as well as the deadhead mileage and driver time directly follow from the schedule.

Figure 5-8 sketches the EVS-FMC that determines bus runs, fleet composition and
charging infrastructure. The input consists of a given set of service trips (blue blocks
in the right part of the figure), a set of BEB types (e.g., “white” and “grey” buses), one
charging station type and a bus depot. Output, as depicted on the top right, assigns a
subset of trips to a bus of a specific type, together referred to as the bus run, and in-
cludes charging time. Furthermore, the number of chargers is determined as well, and
the usage of these charges over time directly follows from the bus runs.
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Figure 5-8: Overview of the Electric Vehicle Scheduling Fleet Size and Mix Problem
with Optimization of Charging Infrastructure

The selection of bus types and quantities must be jointly executed with the scheduling
of service trips to ensure that the particularities of each bus type are considered. Buses
with a small battery capacity for example require several charging events during the
daytime, whereas high-battery-capacity buses are mainly charged at night, which di-
rectly influences the fleet size and number of required chargers.

Each service trip in the EVS-FMC is defined by a starting time and location, an ending
time and location and a set of route characteristics. The trip must be operated by exact-
ly one bus of the given bus type. Each bus type has a limited battery capacity, a specif-
ic energy demand depending on the operational conditions, a fixed cost for the pur-
chase of the bus and energy-related costs for the battery usage, which represent the
replacements costs for a degraded battery or battery leasing. Each bus must begin and
end its shift at the depot.

The total energy demand during operations is limited to the allowed range for the state
of charge of the battery defined by SOCuin and SOCrax. It is assumed that the state of
charge equals SOCnmax when the bus begins its shift, which implies a full charging dur-
ing the night. Charging occurs each time a bus visits a charging station and is conduct-
ed until the SOC reaches SOCnmax with constant power.

5.3.1.1 Mathematical Model

For a set of n service trips S, a set of possible charging events F and a depot represent-
ed by a source node 0 and sink node n + 1, the model of the EVS-FMC is defined on
the directed multigraph G = (N, A) depicted in Figure 5-9.
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Figure 5-9: Directed multigraph of the EVS-FMC with arcs A® connecting service
trips and charging events operated by the same vehicle, and arcs A’ con-
necting charging events operated by the same charger.

The set of nodes N is defined as N := S U F U 05 U 0 U g5 U qf. Thus, the set N con-
tains a node for each service trip i € S represented by blue nodes; it contains a node
for each possible start of a charging event f € F represented white nodes in Figure
5-9; and it also contains source nodes Oy, 0 and sink nodes q;,qy representing the
depot for both the set of service trips and set of charging events respectively. The set
of arcs A, A := A5 U A/ consists of the set of all feasible deadhead trips A%, represent-
ed by solid arcs, and the set of arcs A” that connects charging events serviced by the
same charger, represented by dashed arcs in Figure 5-9. A deadhead trip represents a
non-service trip in which a bus drives from either the terminal stop of one service trip
to the start of the next service trip; from the terminal stop of a service trip to a charger;
or from a charger to the start of a service trip. Furthermore, S, denotes the union of the
set of service nodes S and the source node Og; S,,; denotes the union of the set of ser-
vice nodes S and the sink node qg; and S; 41 denotes the union of the set of service
nodes N°?, the source node O, and the sink node q,. Similarly, the set F, (F,,;) denotes
the union of F and the source node O (sink node gf). The solution to the EVS-FMC
defines a set of paths in the graph G depicted so that all (blue) service nodes are con-
tained in exactly one path. Charging events are inserted in the paths to ensure suffi-
cient charge for the entire trip and a fully charged battery of each bus by the end of the
day.

A service trip [ € S is defined by a start time f3;, a duration t; and a set of trip charac-
teristics relevant for the energy demand simulation within the BEB system model. Let
V' be the set of bus types. Each bus type k € K is represented by a usable battery ca-
pacity E¥ in the range from SOCmax to SOCmin, a charging capability o* and a specific
energy demand of yl-kj representing the energy demand of servicing trip j € S,,,, after
trip i € Sy using vehicle type k € V, including costs of servicing trip i and deadhead-
ing from i to j. Let m* be the purchasing cost of a bus of type k € K and c¥* be the
bus-specific energy costs.

The time-related operational costs of a bus (mainly driver salary) are represented by
¢;. The time required for the subsequent execution of event j € S, after i € S is
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expressed by t;;. A supplement is added to all trips coming from and going to the de-
pot in order to consider the required handling for parking and connecting to the charg-
ing infrastructure. The charging time is not considered as in-service time costs in the
operational costs since the charging is not monitored by the driver. The purchasing
costs of charging infrastructure are defined per charger as v.

Let the binary decision variable xl’j equal 1 if a bus of type k € K is operated on arc

a € A®, which means that service trips or charging events are performed subsequently
with the same bus type. Let the binary decision variable z;,, equal 1 if charging event
m € F occurs after charging event [ €; thus, the arc ([, m) € A’ connects the charging
events. The current energy level of a bus after executing trip i € Sy 44 1s defined by
e¥. Let a; be the starting time of event i € S U F (service trip or charging event) and
a; = B; for all i € S. The starting time a; for charging events i € F must fall in the
range of the first possible charging time y and the last possible charging time &. The
constant M > q; is used to avoid nonlinearities.

Objective Function

min Z Z mkxg; (5.1)

kEK jEN

- K
+ z z (t; + tij) Jariver Xij

KEK €Sy, JEN,i#]

+Z Z ckr (Ek—e]’-‘)x{‘j

KEK iEN,jEF,i#]

+ZVZOJ'

jEN

The objective (5.1) is to minimize the TCO, which is split into four sums. This simpli-
fied representation of the LCC model enables cost focus at an early stage, and the line-
arization ensures appropriate calculation speed.

In the first sum, the bus investment is calculated based on the arcs leaving the depot
from the source node. Secondly, in-service costs unrelated to energy demand such as
bus driver costs are accumulated and multiplied with a time-dependent cost factor. The
third term represents the bus-specific costs related to energy demand and considers the
accumulated energy demand whenever a bus visits a charging station, multiplied by an
energy-dependent and bus-specific cost factor. Finally, the last part of the sum repre-
sents the investments in charging infrastructure.
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Vehicle Scheduling Constraints

Z Z Xk = 1 VieS (5.2)
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Constraint (5.2) ensures that each service trip is covered by exactly one bus, while
constraint (5.3) ensures that each copy of a charging station can maximally be visited
once. Constraint (5.4) represents the flow constraints of the vehicle network. Next,
constraint (5.5) ensures that events assigned to one vehicle do not overlap in time —
that is, the starting time of the next service trip or charging event for a vehicle is great-
er or equal to the sum of the starting time of the previous trip, the trip or charging du-
ration, and the deadheading time. In vehicle scheduling, the start time of service trips
is pre-defined by the timetable while the start time of charging events is determined in

the model. Constraint (5.6) defines the binary nature of the decision variables x{‘j, rep-

resenting that a vehicle of type k visits event i after event j. Events could regard both

service trips and charging events. Individual bus runs are obtained from the xl’j varia-

bles of a solution.

Energy Constraints
0<ef <(ef —hfxfs +EF(1—xf) VkeK,Vi€S,Vj€Sp,i=j (5.7
el = E¥ vk e K (5.3)
0<ef<EF—yfxf VkeK,VIEF,Vj €Sy, i#j (5.9

Constraint (5.7) ensures that the required energy level for the assigned trips to a vehi-
cle never exceeds the usable battery capacity. Furthermore, constraints (5.8) and (5.9)
ensure that buses are fully charged when leaving the depot and after charging respec-
tively — that is, that the battery energy level el is set to the maximum.
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Charger Scheduling Constraints

Zmi — Z Zim =0 VmeF (5.10)
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Constraint (5.10) represents the flow constraints of the charging infrastructure net-
work, while constraint (5.11) ensures that each charging event includes a correspond-
ing ingoing trip. Next, constraint (5.12) defines that the starting time of the next charg-
ing event must be greater or equal to the ending time of the previous charging event.
Constraint (5.13) ensures that the charging can only be conducted within the pre-
defined time window. Moreover, constraint (5.14) ensures that no charging events for
a single charger overlap in time. Finally, constraint (5.15) defines the range of the bi-
nary decision variable z;,, indicating whether two charging events are scheduled se-
quentially.

5.3.2 Energy-based Vehicle Scheduling using Genetic Algorithms

The developed approach is based on a grouping genetic algorithm (GGA) that evalu-
ates alternatives regarding fleet composition and scheduling. The overall framework is
illustrated in Figure 5-10.
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Figure 5-10: Framework of the energy-based vehicle scheduling with genetic algo-
rithms

The input data (A) consist of operational and technical information and are utilized in
the preprocessing (B) to calculate the values, which are not influenced by the vehicle
scheduling, such as the deadhead mileage between terminal stops, with the functionali-
ty provided by the BEB system model. The route determination ensures that all dis-
tances of potential deadhead trips between service trips and between a service trip and
charging station at the depot are realistic. The data prepared in the preprocessing are
used within the GGA (C), which generates a population in which each individual de-
scribes a feasible assignment of an entire set of service trips to blocks starting and end-
ing at the depot. In the following charger optimization phase, bus runs including
charging times are designed based on these blocks. Individuals in the population are
evaluated regarding their generalized TCO, consisting of BEB procurement costs (in-
cluding determination of fleet size and mix), charging infrastructure investments and
operational costs consisting of energy and personnel costs. After reaching a termina-
tion criterion, the GGA delivers the required fleet size and mix, the corresponding bus
runs and the TCO of ownership as output (D). The individual steps are described in
further detail in the following.

The heuristic is based on Falkenauer’s concept describing the GGA [125] and empha-
sizes the grouping aspect of a scheduling problem — in this case, the assignment of a
set of service trips to blocks. This clustering represents the core part of the EVS-FMC
problem, as the locations and times of service trips are already fixed and the assign-
ment of a feasible set of service trips s € S to blocks uniquely defines the tour. The
GGA has been chosen due to its ability to identify high-quality solutions for compara-
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ble problems [126] and is furthermore well suited for parallel computing and offers
several options for problem-specific customization.

The general procedure of the GGA is shown in step C of Figure 5-10 and begins by
generating an initial population (set of individuals) that is afterwards evaluated by the
fitness function. The process of evaluating an individual consists of three steps: 1) the
determination of the fleet size by combining blocks defined by the chromosomes to
bus runs, 2) the charger optimization and 3) the TCO calculation. If no termination
criterion is reached, the process continues with the selection of competitive individuals
which are modified during the crossover and mutation operations. After new genetic
material has been created via crossover and mutation, the entire generation is evaluat-
ed again, and the loop continues until a termination criterion is reached. Termination
criteria can for example be formulated as a maximum number of iterations, a limit for
the change of the best fitness value over the last iterations and a lower bound of the
diversity. The implementation in this work is terminated after a maximum number of
iterations, but the extension to any of the other measures is straightforward.

The described procedure applies to the majority of genetic algorithms, but the particu-
larity of the GGA regards its genetic representation of individuals. The genes of the
GGA represent the characteristics of groups, which in this case regard blocks of ser-
vice trips. The variable length of blocks implies chromosomes of a variable length.
Furthermore, special operators are needed to perform crossover and mutation on the
level of blocks.

5.3.2.1 Genetic Representation and Operators

The clustering of service trips within the GGA is conducted by creating blocks that
define the genetic representation (chromosomes), as shown in Figure 5-11. A block
represents a trip sequence operated by the same vehicle starting from and ending at the
depot. Each block is followed by a charging event, and each individual in the popula-
tion of the GGA covers the entire set of service trips divided into these blocks.

The block-based representation differs from other standards such as binary string
chromosomes or arrays with real-valued numbers, as it is especially suited for cluster-
ing problems. The chromosome consists of different blocks to which service trips (rep-
resented as blue dots in Figure 5-11) can be assigned. The order of service trips within
a block is uniquely defined by the starting time of the service trip. Each block is as-
signed to one bus type so that the specific usable battery capacity is respected given
the bus type’s specific energy demand. The blocks are furthermore characterized by a
unique identifier (ID) that represents a consecutive numbering according to the earliest
starting time of the covered trips.
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Figure 5-11: Genetic representation based on blocks containing service trips

The number of blocks in an individual and the number of trips assigned to a block can
vary. Furthermore, the total number of required buses is not defined at this stage. It is
computed afterwards in the fitness function by combining blocks and charging events
to bus runs. This is executed jointly with the charger optimization, as described in Sec-
tion 5.3.2.2. The GGA only allows the construction of feasible blocks in which the
energy required to service all trips does not exceed the battery capacity and in which
there is a feasible time ordering of the assigned trips. An ordering is feasible when the
start time of the next trip is no earlier than the time required to service the previous trip
and deadhead to the following one. The subsequently described construction heuristic
ensures that only feasible blocks regarding time and energy exist in the population.

The population is divided into several subpopulations that are computed in parallel.
After a predefined number of generations, a migration is performed in which individu-
als are exchanged among the subpopulations. The exchange strategy is to replace the
worst individuals of one subpopulation with the best individuals of another. The sepa-
rated treatment allows for promising solutions to be independently developed for a
certain time, and the experiments conducted in this thesis reveal an improved stability
of the algorithm.

Initial Solution

Both a random and greedy initialization are implemented and evaluated. In the random
initialization, a trip is selected at random and inserted according to the insertion heuris-
tic described in the next paragraph. In contrast, in the greedy initialization trips are
inserted based on their starting time. Given a randomly selected first trip and a ran-
domly selected direction (forward or backward in time), the trips to be inserted are
ordered according to start time and selected in this order. Although the first random
initialization leads to greater diversity, the quality of the initial solutions is generally
worse as they may contain large gaps in time. Conversely, the diversity of the greedy
initialization is lower, but solutions are generally of higher quality since the blocks are
denser.

Figure 5-12 provides an exemplary overview of the quality of the initial solutions of
both approaches. Experiments have shown that the greedy start enables the GGA to
determine better overall solutions, and thus this methodology is set as the standard for
this work.
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Figure 5-12: Distribution of fitness values (€ per service km) of the initial solutions for
greedy and random start

Insertion Heuristic

The insertion heuristic, which is included in the crossover and mutation operators, as-
signs service trips to blocks based on operational costs. The service trip that should be
inserted is selected beforehand by the calling function of the insertion heuristic. The
heuristic inserts a service trip into a block for which the additional operational costs
are the lowest.

For a given service trip, the insertion costs are calculated for all existing blocks as well
as for an empty block. The costs consist of energy-related expenditures (electricity and
battery usage) and the operational cost of deadheading to and from the service trip.
Two scenarios could arise in which an insertion is impossible: First, the timing could
be infeasible meaning that the existing and given service trip cannot be combined.
Second, the required energy level could be insufficient. The new block considered by
the insertion heuristic is empty and, in case of an assignment, would only cover the
given service trip with its pull-out and pull-in deadhead trips plus a time buffer for
handling at the bus depot. The consideration of an empty block ensures the existence
of a feasible assignment.

Crossover

The crossover operation generates new genetic material by combining the chromo-
somes of selected parents. Blocks of the first parent are combined with blocks of the
second parent to form an offspring. Figure 5-13 illustrates the crossover process.
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Figure 5-13: Overview of the implemented crossover

The first crossover points indicated by yellow vertical lines in Figure 5-13 are defined
for both parents: two for the donating parent and one for the receiving parent. In the
second step, the blocks between the two crossover points of parent 1 are copied to par-
ent 2 at the position of the defined crossover point. The resulting child in stage II is
infeasible, because the insertion from parent 1 has led to the issue of trips occurring
twice in the child. Therefore, a repair is conducted in steps III to VI. In step III, blocks
of parent 2 with an ID equal to the inserted blocks of parent 1 are removed. Step IV
removes remaining duplicate service trips from parent 2, i.e., trips that are contained in
the inserted blocks of parent 1. Then, in step V any service trips that are not contained
in the child (as a result of step III) are re-inserted in random order according to the in-
sertion heuristic. The result in step VI regards the new feasible offspring produced
from the genetic material of both parents.

Mutation

The mutation aims to generate new genetic material to increase diversity. Instead of
combining chromosomes of individuals as in the crossover, it modifies only single in-
dividuals. The mutation deletes one block selected at random and then reinserts the
deleted service trips in random order. The feasibility of the solution is ensured by the
usage of the insertion heuristic.

Fitness Function and Selection

Only operational costs are considered in the construction of blocks. The fitness func-
tion evaluates the solution with regard to the TCO, consisting of operational costs,
number of required buses and number of required chargers.

The fitness function is divided into three steps as shown in part C of Figure 5-10. First,
the fleet size is determined, which comprises the calculation of charging time required
after completion of one block and the assignment of blocks to buses. It is assumed that
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each bus can start charging immediately after arriving at the depot. The assignment is
performed based on a “first charged first out” strategy, which means that the first bus
to be fully charged serves the next block. This defines the fleet size and composition.

However, when charging occurs immediately after a bus arrives at the depot, several
simultaneous charging events can occur. This especially occurs in the evening when
the passenger service is gradually reduced, and the buses return to the depot. There-
fore, charging events are rescheduled in the second step of the fitness function in order
to reduce the number of chargers and overall power level at the bus depot. Section
5.3.2.2 describes how the rescheduling is implemented and discusses further strategies
for integration in the overall framework.

Finally, the TCO is calculated for each individual in step three and sums up the in-
vestment depreciations and operational expenses of a given time period. Within the
GGA, the TCO characterizes the quality of an individual and is therefore called the
fitness value.

In the selection process, individuals are ranked based on their fitness value. A stochas-
tic uniform selection process is used to select individuals for reproduction, who form
the input for the next generation and are modified via crossover or mutation. The se-
lection process can be described using the example of a line on which each parent has
a share according to the square root of its rank. A selector proceeds along the line in
equal step sizes and selects parents according to the sections, beginning with a random
point smaller than the step size. This concept can also be described as a roulette wheel
with several pointers at an even distance.

5.3.2.2 Optimization of Charging Infrastructure

The objective of the charger optimization is to reduce the number of chargers and
therefore charger investments. The input is described by a set of charging events F
which have an earliest possible starting time b; and a duration d;. The charger optimi-
zation assigns charging events to chargers. The rescheduling of the charging events to
reduce the number of chargers and the grid load regards a complex scheduling prob-
lem. However, the number of charging events in F is significantly lower than the
number of service trips described by the set S.

Thus, common MILP solution approaches can be utilized. The mathematical model is
derived from the network flow problem formulation presented in Section 5.3.1, uses
the already introduced notation and is parameterized during runtime in Matlab [97]
and solved by CPLEX [127]. Penalties for shifting a charging event in time are includ-
ed since this has been found to decrease computation time. However, the weighting
factor w is defined to ensure that a reduction in the number of chargers always domi-
nates potential shift penalties.
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The objective in (5.16) minimizes the number of chargers (first term) as well as the
amount of time-shift (second term). Constraint (5.17) regards the flow conservation
constraint, while constraint (5.18) ensures that every charging event is scheduled. The
linkage of charging events and therefore usage of the same physical charger are han-
dled by constraint (5.19), which ensures that the subsequent charging event can only
be linked if the starting time a; is greater than the ending time of the previous event.
Furthermore, constraint (5.20) limits the overall time window of charging events. Fi-
nally, the shift penalties are defined by constraint (5.21) as a supplement u; added to
the starting time and added for faster convergence.

Several measures are introduced to accelerate the computation of the model to allow
an integration into the fitness function. The number of connection arcs is reduced by
using ordered sets and only allowing forward assignments z;,, =0VI € F,me€F,l >
m. The weighting factors are configured in such a way that the charger costs always
dominate the shift penalties. A limit on the optimality gap is used to halt the computa-
tion if the number of chargers cannot be further reduced. In addition, a time limit of 5 s
is introduced, which stops the solving and uses the best solution found at that point
even if optimality is not proven. Instances with up to 70 charging events are solved in
less than 1 s with CPLEX.

Including the MILP formulation in the fitness function enables the genetic algorithm to
evaluate and select individuals based on the TCO, which includes the costs of charging
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infrastructure. An alternative strategy would be to approximate or ignore the number
of chargers in the fitness function and to conduct the charger optimization afterwards.

An approximation could be realized by disabling the rescheduling of charging events
in the fitness function, as shown by strategy I illustrated in Figure 5-14. This would
lead to every charging event starting immediately after a bus finishes a block and ar-
rives at the depot. In the example in Figure 5-14, both charging events can be operated
by one charger. However, due to the reassignment of the initial trip of the first bus dur-
ing mutation or crossover, the charging time of the second bus increases. The conse-
quence is an overlap and the conclusion that two chargers are required. Thus, the num-
ber of chargers is overestimated since the potential shift forward in time is not utilized.
The problem also occurs for improvements in the scheduling of service trips that
would enable a reduction in the number of chargers. The improvements could be hid-
den and therefore not considered by the genetic algorithm if the number of chargers is
approximated with an overestimation.

Without rescheduling of charging events
- Assignments could appear worse than they are
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Figure 5-14: Illustration of problem cases that occur when using approximation strate-
gies for determining the number of chargers
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Not considering charging investments at all during the GGA runtime would lead to the
opposite problem (strategy II, Figure 5-14). Unfavorable assignments of service trips
that would cause an increased number of chargers would appear better than they are
which could be misleading for the genetic algorithm. This example highlights how the
reassignment of the last trip of the first bus during mutation or crossover leads to an
increased charging time of the second bus and a shift forward in time of the entire
charging event since the bus arrives later at the depot. Depending on the reduction of
the charging time of the first bus, which is influenced by the charging power capabili-
ties of the bus type and difference in energy demand before and after the reassignment,
it is possible for the two charging events to overlap. This overlap would not be visible
for the GGA when using this approximation, and a subsequent charging optimization
could not fix this issue.



6 Case Study — Electrification of the Bus Network in
Essen

The BEB system model in combination with the technical and operational analysis
tools forms a comprehensive toolchain for the electrification potential assessment. Its
application is demonstrated in this case study for the bus network of Essen, a city in
western Germany with a population of more than 500,000 people. The case study rep-
resents a modified excerpt of the ebusplan project (ebusplan GmbH, Aachen) “Studie
Zero Emission - Elektrifizierung des Bedienungsgebiets der Via Verkehrsgesellschaft”
conducted by the author in 2017 for the PTO Via Verkehrsgesellschaft mbH (nowa-
days Ruhrbahn GmbH).

The case study follows a four-step planning process, starting with the database prepa-
ration during which the operational data are read and processed (Section 6.2). The da-
tabase is afterwards enriched using geographical models of the track and a manual
evaluation of charging opportunities. In addition to the local specific parameters, gen-
eral technical parameters defining technology (vehicles and infrastructure) and costs
are added. At the end of step one, the entire planning basis is established and the BEB
system model is parameterized.

The utilization of the databases is conducted in step two within the technical and oper-
ational analysis (Section 6.3). For a set of BEB and charging infrastructure types, the
general technical feasibility is evaluated and, where necessary, changes to the opera-
tional planning are executed. After step two, a large variety of different bus runs espe-
cially tailored for the considered BEB types have been developed. Depending on the
user’s preferences and the local situation, the bus runs can be generated for a single
bus route, a part of or for the entire bus network. For the case study, a route-wise anal-
ysis has been selected.

Given the large set of different technologies and their individually optimized opera-
tional planning, a further step is required to identify suitable solutions. Therefore, the
technical and operational consequences are monetarized in step three (Section 6.4)
within the LCC calculation for every scenario derived in step two, and furthermore the
emissions of the BEB and conventional diesel bus operation are computed (Section
6.5). Both figures enable the user to conduct a cost-benefit analysis, which forms the
basis for step four.

105
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Step four regards the final step of the case study. Firstly, a technology recommenda-
tion is derived (Section 6.6.2) based on the cost-benefit analysis of step three. This
recommendation includes the selection of a limited number of suitable BEB types and
the determination of an infrastructure setup. The recommendation focuses on a full
electrified bus fleet and thereby defines the goal of the entire electrification process.
The final electrification concept describes the path towards this goal using stepwise
vehicle procurements and infrastructure roll-out.

6.1 Scenario Description

Ruhrbahn is a community-owned PTO in Essen responsible for the operation of trams
and buses in the densely populated city area. Ruhrbahn operates in total 49 bus routes
in Essen, which divide into 31 regular routes, 2 sprint bus routes and 16 night routes.
Further information regarding the routes is provided in Table 6-1.

Route Category Depot Yearly mile- Route Category Depot Yearly mile-

age [km] age [km]
14 Sprint Stadtmitte 22,520 180 Regular Ruhrallee 418,152
15 Sprint Ruhrallee 575,532 183 Regular Stadtmitte 347,543
140 Regular Stadtmitte 336,276 184 Regular Ruhrallee 301,167
141 Regular Ruhrallee 459,464 185 Regular Stadtmitte 310,238
142 Regular Ruhrallee 871,964 186 Regular Stadtmitte 568,631
143 Regular Stadtmitte 461,153 190 Regular Ruhrallee 250,023
144 Regular Ruhrallee 167,802 194 Regular Ruhrallee 667,445
145 Regular Stadtmitte 550,749 196 Regular Stadtmitte 446,151
146 Regular Stadtmitte 665,271 401 Night Rubhrallee 35,932
147 Regular Stadtmitte 203,638 402 Night Stadtmitte 26,689
154 Regular Stadtmitte 166,567 403 Night Stadtmitte 34,392
155 Regular Ruhrallee 652,094 404 Night Stadtmitte 50,973
159 Regular Ruhrallee 16,622 405 Night Stadtmitte 43,611
160 Regular Ruhrallee 542,865 406 Night Stadtmitte 40,442
161 Regular Ruhrallee 184,648 407 Night Stadtmitte 40,154
162 Regular Stadtmitte 93,188 408 Night Stadtmitte 71,348
164 Regular Ruhrallee 302,037 409 Night Stadtmitte 22,838
166 Regular Stadtmitte 926,055 410 Night Stadtmitte 36,974
167 Regular Ruhrallee 22,709 411 Night Stadtmitte 58,501
169 Regular Ruhrallee 677,297 412 Night Stadtmitte 61,218
170 Regular Stadtmitte 1,024,703 413 Night Stadtmitte 55,378
172 Regular Stadtmitte 89,269 414 Night Ruhrallee 48,040
173 Regular Stadtmitte 126,214 415 Night Stadtmitte 63,491
174 Regular Ruhrallee 223,437 416 Night Rubhrallee 48,206
177 Regular Ruhrallee 404,775

Table 6-1: Bus routes of the bus network in Essen operated by Ruhrbahn in 2017
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In total 189 diesel buses are required to operate the bus routes, not including spare ve-
hicles. Because the night route operation starts after the termination of most regular
routes, the same vehicles can be utilized. The total yearly mileage in route service is
about 13.8 million km or approximately 73,000 km per vehicle (without considering
spare vehicles), which underlines the intensive usage of public transport buses.

The buses are located in two bus depots in Essen, Ruhrallee and Stadtmitte. Each route
is dedicated to one bus depot as shown in Table 6-1. The locations of the bus depots
are shown in Figure 6-1.
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Figure 6-1: Locations of the bus depots of Ruhrbahn in Essen

6.2 Database Preparation and Parameter Definition

Local-specific operating schemes as well as general technical figures need to be gath-
ered and defined for the electrification concept development. The processing of the
PTO existing planning basis is described in Section 6.2.1. Relevant technical and fi-
nancial figures are introduced in the following Sections 6.2.2 and 6.2.3.

6.2.1 Operational and Geographical Model

As a first step, the input for the operational and geographical model is derived from an
export of the current planning basis. The export of Ruhrbahn consists of 12 individual
day types covering the entire planning horizon. The most challenging day type regard-
ing daily service mileage has been selected for further analysis, which is a weekday
without school holiday.

On the selected day type, 3,645 trips (including 3,041 service trips) with a total mile-
age of 42,997 km are operated. The individual mileage of the service trips ranges from
about 2 km to 27 km, revealing strong deviations between the routes. The demand re-
garding the route modeling is described by the number of route variants with the same
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track and bus stops. In total 238 variants of service trips were identified. Because this
number still entails significant efforts regarding the track modeling, a further reduction
regarding the main variants is conducted. Main variants describe the full track of the
bus route from which subvariants can be derived. Figure 6-2 highlights the reduction
and extraction of the proportion of main variants.
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Figure 6-2: Overview on the number of operational elements and the proportion of
main route variants required for the track modeling

The variant reduction enables a minimization of the efforts required for the track mod-
eling. Results from the energy demand simulation of the main variants are transferred
to the total number of variants based on the distance.

Figure 6-3 shows the model of bus route 142 starting at depot Ruhrallee. The markers
highlight the stop positions on the track. Even though departure and arrival stop ap-
proximately have the same elevation, the total height difference of the route (differ-
ence between minimum and maximum elevation) is about 100 m.
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Figure 6-3: Track model of route 142 highlighting stop positions and elevation profile
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In addition to the service trips, the deadhead trips also need to be identified. The total
number of potential deadhead trips is defined by the quantity of terminal stops visited.
Because this analysis focuses on the strategic planning, single stop positions at the
same location are clustered to terminal stops, which is performed automatically based
on the operational data acquisition routines.

In total 66 terminal stops (including both depots) were identified leading to 4,356 po-
tential deadhead trips. While considering data already available in the PTO planning
basis, the routing of these trips is executed using the input data preparation methods of
the BEB system model. After completing this step, the operational and geographical
model is completely defined for the further analysis covering operational data, routing
of deadhead trips and track models.

6.2.2 Vehicles and Infrastructure

The current BEB market is characterized by a large variety of technical solutions. The
aim of this case study is to derive a strategic decision for the electrification of the en-
tire bus network. It is therefore not useful to focus on a specialized bus concept only
offered by a single supplier. Instead, reference bus types are defined which summarize
the main characteristics of the available solutions. The two dominating BEB concepts,
depot and opportunity charging, are considered in the case study.

Depot charging Opportunity XY7
battery bus charging battery
bus

X: Charging concept
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Figure 6-4: Reference bus types defined for the case study

Figure 6-4 provides an overview of the defined reference bus types. For each BEB
concept, four bus types are derived, which differ regarding bus size (stand-
ard/articulated) and their technical parameters shown in Table 6-2. It is assumed that
every bus is equipped with a pantograph coupling system.

The parameters provided in Table 6-2 represent the scenario “Current Technology”
with technology currently available on the market. Furthermore, a scenario with im-
proved technology (scenario “Advanced Technology”) is generated. The battery ca-
pacity and maximum charging power in the “Advanced Technology” scenario are in-
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creased by 20 % while the battery weights remain constant, and thus the energy and
power density increase by 20 %.

Parameter Depot charger Depot charger Opportunity Opportunity
Type 1 Type 2 charger Type 1 charger Type 2

Stand. Artic. Stand. Artic. Stand. Artic. Stand. Artic.
DS1 DAl DS2 DA2 OS1 OAl 0S2 OA2

Battery capacity (in- 250 300 350 400 180 220 180 220
stalled) [kWh]

Battery capacity (use- 180 216 252 288 108 132 108 132
able) [kWh]

Maximum continuous 80 80 80 80 300 300 450 450
charging power [kW]

Table 6-2: Technical parameters of the reference bus types — Scenario “Current
Technology”

In addition to the bus types, two HVAC concepts are considered, namely:
[Aux-A] Full electric heating with heat pump and PTC heater
[Aux-B] Hybrid heating system with heat pump and fuel heater

The heat pumps utilized in both concepts serve as heating units in winter and as air
condition in summer. The main difference between the concepts regards their addi-
tional heater (PTC or fuel heater). The performance at the relevant operating points is
shown in Figure 6-5. Because concept B utilizes a fuel heater at low temperature, its
electricity demand is significantly lower than using a PTC heater which generates heat
from electricity in concept A. The worst case for concept B is therefore described as
the air conditioning in summer, whereas the worst case of concept A regards winter
operation with interior heating.
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Figure 6-5: Exemplary electricity demands of the two cooling and heating concepts
analyzed

The technical parameters of the charging infrastructure are provided in Table 6-3. The
standard charger is relevant for charging in the depot, while the fast and ultra-fast
chargers are installed at the terminal stops and only considered for opportunity charg-
ing BEB. The “Advanced Technology” scenario for the charger parameters is defined
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only for the fast and ultra-fast chargers, allowing an interoperable infrastructure in the
depot.

Parameter Standard charger Fast charger Ultra-fast charger
Located at Depot Terminal stop Terminal stop
Coupling system Coupling hood Coupling hood Coupling hood
Maximum charging power 80 300 450

(kW]

Grid connection Low voltage Mid voltage Mid voltage

Table 6-3: Technical parameters of the charging infrastructure types — Scenario “Cur-
rent Technology”

Besides the technical parameters, the installation options of charging infrastructure
must be evaluated, which is achieved via a manual process supported by statistical in-
formation extracted from the operational planning. The aim of this evaluation to in-
crease the efficiency of the analysis by excluding stops which are rarely visited and at
which no grid connection is available.

Figure 6-6: Terminal stops of the bus network — red and yellow markers reveal loca-
tions which were excluded from the scope of the analysis, whereas green
indicators highlight potentially suitable charging locations

Figure 6-6 provides a visualization of the applied reduction. A favorable indication
regarding the usefulness of installing charging infrastructure at a terminal stop is de-
termined by the number of visits per day linked to the distance of the incoming trip.
With a lower bound of 100 km per day, 28 terminal stops can be excluded, which re-
duced the total number from 64 to 36. The excluded terminal stops are highlighted in
red in Figure 6-6. The manual assessment of the local conditions at the remaining loca-
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tions enables a further reduction by 18 terminal stops (yellow). The final list of 18
terminal stops potentially suited as charging locations (green) is considered in the case
study.

6.2.3 Costs Assumptions

LCC have been chosen as the comparative criterion between the technical solutions
considered. The calculation includes cost assumptions for the basic vehicle, batteries,
charging infrastructure, energy and personnel, which are introduced in the following
subchapters. In addition, an interest rate of 2 % and an observation period of twelve
years is chosen. All depreciations are assumed to be linear.

6.2.3.1 Basic Vehicle

The vehicle costs considered in the case study refer to the investment costs for the
basic vehicle without battery but including the electric drivetrain. The additionally re-
quired battery and its replacement are considered separately. Table 6-4 gives an over-
view of the assumed investment and maintenance costs for the defined bus concepts
and sizes.

Description  Bus size Bus type Vehicle price Maintenance costs
[€] [€/km]

DS1, DS2 Standard Depot charger 300,000 0.35
DA1, DA2 Articulated Depot charger 400,000 0.45
0OS1, OS2 Standard Opportunity charger 300,000 0.38
OAIl, OA2 Articulated Opportunity charger 400,000 0.48
RDS Standard Diesel reference 250,000 0.35
RDA Articulated Diesel reference 340,000 0.45

Table 6-4: Investments (without battery) and maintenance costs for the basic vehicle

A standard depot-charging bus with a basic vehicle price of 300,000 € equipped with a
350 kWh battery costing 262,500 € (Section 6.2.3.2) leads to a total investment of
562,500 €, which depicts the current market [128]. This price level is more than twice
as high as the price level of a standard diesel bus, highlighting the importance of an
LCC calculation within the electrification concept development to determine if high
upfront invests can be compensated by lower operational costs.

Whereas purchase prices of BEB are available from ongoing procurements, mainte-
nance costs regard empirical values and are not yet available due to the emerging tech-
nology. Although the electric drive offers the potential of low-maintenance operation,
a significant part of the maintenance costs results from components that are not direct-
ly assigned to the electric drivetrain (doors, air compressor, etc.). Furthermore, the
coupling system to the charger adds new components to the vehicles that require regu-
lar maintenance, and for this reason maintenance costs are estimated conservatively
and for depot chargers are equal to the level of diesel buses. Due to the heavy utiliza-
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tion of the coupling systems in opportunity charging operation, maintenance costs are
assumed to increase by 0.03 €/km for this bus type.

The useful life of the diesel buses is assumed to be 12 years with a residual value of
10 % at end-of-life. For BEB, a useful life of 15 years is assumed with a residual value
of 4 %. The higher service life is expected due to the low-vibration drivetrain and can
be observed in trolleybus fleets for example.

6.2.3.2 Batteries

The main component in the BEB regards the battery, which determines the technical
performance and to a large extent the costs. The requirements for batteries differ ac-
cording to the bus type. In the case of batteries for depot chargers, a high energy densi-
ty is important. Such batteries therefore have lower specific costs than batteries for
opportunity chargers, which are optimized for high charging power. The cost assump-
tions for batteries and the parameters for the lifetime calculation are shown in Table
6-5.

Bus type Price in Cyclic lifetime in full Calendric lifetime at 25
[€/kKWh] cycle equivalents °C [years]
[FCE]
Depot charger 750 2,500 20
Opportunity charger 1000 5,000 20

Table 6-5: Specific price level and cyclic as well as calendric lifetimes of batteries

In order to consider the current market ramp-up for BEB, a linear price drop of 30 % is
assumed for batteries in the 12-year planning horizon. Replacements are also procured
at these reduced cost rates. Replacement batteries that are still functional at the end of
the observation period are included in cost accounting with their residual values de-
termined based on the remaining lifetime.

6.2.3.3 Charging Infrastructure

Charging infrastructures for BEB are offered in various configurations. A basic dis-
tinction can be made between chargers for the depot and fast chargers for installations
at terminal stops. The cost assumptions listed in Table 6-6 are derived from current
market prices.

Charger type Power output Price Maintenance Lifetime
[KW] [€] [€/year] [years]
Standard 80 62,400 500 15
Fast charger 300 234,000 3,000 15
Ultra-fast charger 450 351,000 3,000 15

Table 6-6: Purchase prices, maintenance expenses and lifetime of charging infrastruc-
ture



114 6 Case Study — Electrification of the Bus Network in Essen

A fully automatized charging system with a vehicle-mounted pantograph is assumed
for both depot and opportunity chargers. The defined cost assumptions include the
complete hardware, its installation and commissioning of a charging station. The high-
power levels demand a new grid connection to the medium voltage grid. The establish-
ing of the grid connection and the electric network at charging locations are considered
with specific costs of 350 €/kVA.

6.2.3.4 Energy

The case study compares BEB with conventional diesel buses which serve as the ref-
erence, and therefore, three energy sources (diesel, electricity, and heating oil) must be
considered. The values assumed for the case study are summarized in Table 6-7.

Energy source Price Annual price increase

Diesel 0.875 €/1 2.24 ct/l
Electricity 0.14 €/kWh 0.55 ct/kWh
Heating oil for fuel heater 0.60 €1 1.54 ct/l

Table 6-7: Energy price levels and assumed annual developments in the planning
horizon

The price level of diesel is based on procurements of the PTO, and value-added tax
(VAT) in not included in the listed values. The assumed electricity price models the
supply of electricity from renewable energy sources. The price level of heating oil for
the fuel heater is comparable to diesel but using a different tax situation since it is not
used for propulsion, which leads to a lower price per liter. The annual price increase is
assumed based on the price development since 2000. The resulting price levels in the
planning horizon are shown in Figure 6-7.
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Figure 6-7: Assumed energy price levels in the planning horizon

6.2.3.5 Personnel

The operational changes caused by the operation of BEB with a limited range could
lead to additional vehicles and additional deadhead mileage. Besides the consumed
energy in deadheading, personnel expenses for the driver need to be considered. The
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personnel cost calculation in the BEB system model is based on a fixed hourly rate
which is assumed to 28 €/h.

6.2.4 Robustness

A major concern of PTOs regards the robustness of their operation. Time buffers are
already included in the diesel bus operation to compensate delays caused by traffic
jams or high passenger utilization. However, for opportunity-charging BEB, delays are
even more critical since they reduce the charging time at terminal stops if subsequent
trips are started without delay. Delays on the routes are manually evaluated based on
data from the PTO and modeled per route and direction.

Charging infrastructure malfunctions represent a further issue with direct consequenc-
es on the performance of opportunity-charging BEB. Due to the high utilization of
fast-charging stations, a malfunction affects several buses. The robustness is ensured
in this case by an energy reserve in the batteries. Such buffers can be defined as a fixed
value or by requesting an autonomy in time or mileage (see Section 5.1).

’% Malfunction

Figure 6-8: Situation in the event of charging infrastructure malfunction at arrival of
bus 7

A minimum autonomy time of one hour is defined for the case study, during which
route operation can be maintained even if all charging stations fail. An example is
shown in Figure 6-8 in which bus 7 represents the most critical one. The autonomy
defines the timeframe in which a repair must be conducted, or the affected buses must
be replaced. Due to the demanded autonomy, opportunity-charging BEB always run
with an energy reserve, which also enables compensating reduced dwell times or
slightly changed routes.

6.3 Technical and Operational Analysis

The BEB system model and analysis tools are utilized in technical and operational
analysis to determine the technical feasibility of an electrification and, where required,
generate adjusted operating schemes for the various BEB concepts. The technical and
operational analysis is conducted using the proviso that reliable operation under all
conditions must be guaranteed. On the one hand, this specification refers to the opera-
tional conditions, such as the worst-case conditions for auxiliary consumers, and on
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the other hand to the technical condition of the vehicles such as the capacity loss of the
battery due to aging. The most unfavorable combination is therefore assumed, which
consists of maximum energy demand of the auxiliaries and an aged battery at the end-
of-life (80 % residual capacity).

The energy demand of the traction system is determined by simulation with the vehicle
model for each technology and the main route variants, and the results are afterwards
transferred to the other route variants by considering mileage and trip duration. The
transfer also considers the height difference between the varying terminal stops, which
is obtained from the geographical model.

Because the operational consequences vary based on the technical performance, the
results become sensitive towards the technical development, and as a result the entire
analysis is performed twice: once with the reference vehicle types representing the
current market and a second time for a scenario six years into the future with an ex-
pected increase of battery energy and power density. This enables a general classifica-
tion of routes appropriate for a short or long term electrification.

The analysis is conducted route-wise, however by including the operational planning
in the solution approach, the solution space widely expands. Therefore, a preselection
of suitable operational schemes is performed. For depot-charging BEB this selection is
already included in the algorithm based on the fitness function. For opportunity-
charging BEB the preselection is performed based on the number of required buses,
number of charging stations and additional deadhead mileage. In total, operating
schemes for 784 configurations (49 bus routes, 4 bus types, 2 auxiliary configurations
and 2 technology levels) are determined. Figure 6-9 highlights number of permutations
for each route.

O A
O a Operationa

Depot Charger 1 Aux-A Num. Vehicles
Route 1 .
Depot Charger 2 Aux-B Deadhead Mileage
Route 2 Opp. Charger 1 Aux-A Driver Time
Route 3 Aux-B

Num. Vehicles

Depot Charger 1

Figure 6-9: Overview of the determined configurations for each route

6.3.1 Detailed Results

The outcome of the route-wise technical and operational analysis is discussed in this
section for route 140 and 144 in detail. Beginning with the current diesel bus opera-
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tion, the required adaptations for the operational planning are introduced and discussed
on the level of bus runs.

6.3.1.1 Route 140

Route 140 is currently operated using four standard diesel buses out of the depot
Stadtmitte. The diesel bus runs shown in Figure 6-10 regard a mileage ranging from
216 km (bus 2) to 288 km (bus 1). Each blue block represents a service trip. The dead-
head trips, not shown in the figure, have a total distance of 41.8 km.

The current bus runs have been assessed for both depot charger types and both auxilia-
ry configurations. The SOC of the battery becomes negative in any simulation, point-
ing out that the mileages of the bus runs do not allow an electrification without opera-
tional adjustments. The final operating schemes derived for depot and opportunity
charging are introduced in the following.

Route 140, Diesel Bus Operation
Vehicles: 4, Total Deadheading: 41.8 km, Total Runtime: 69.5 h
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Figure 6-10: Route 140 — Bus runs in diesel bus operation

Opportunity Charging

Route 140 is characterized by regular dwell times at the terminal stop Borbeck Bf.
With a 450 kW ultra-fast charging station at this terminal stop, route 140 can be elec-
trified without adjustments to the original bus runs. Figure 6-11 highlights the bus runs
of Opportunity Charger Type 2 (OS2) with electric heating (Aux-A). The charging
time windows displayed in red are located at Borbeck Bf.

An operation with the original diesel bus runs is not possible for the 300 kW fast-
charging station due to the limited dwell time. An additional bus becomes necessary,
which is used to generate an overlay at Borbeck Bf. This overlay adds charging time
according to the timetable interval of the route (20 minutes), which is sufficient for a
charge sustaining operation.
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Route 140, Opportunity Charger Type 2, Aux-A
Vehicles: 4, Chargers in Depot: 1, Total Deadheading: 41.8 km, Total Runtime: 69.5 h
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Figure 6-11: Route 140 — Bus runs of Opportunity Charger Type 2 Aux-A operation

Depot Charging

Figure 6-12 shows the generated bus runs for the Depot Charger Type 2 (DS2) with
fuel heating (Aux-B). Service trips are marked as blue and charging phases in the de-
pot as red blocks. Due to the large battery (350 kWh) and the low electricity demand
of the hybrid heating system in winter, this type of depot charger provides the longest
range. However, it is still necessary to cut existing bus runs and add charging time
windows, which requires the usage of an additional vehicle.

Route 140, Depot Charger Type 2, Aux-B
Vehicles: 5, Chargers in Depot: 2, Total Deadheading: 78.2 km, Total Runtime: 70.4 h
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Figure 6-12: Route 140 — Bus runs of Depot Charger Type 2 Aux-B operation
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Although five buses are operated in this scenario, two chargers are sufficient. This is
enabled by the shifting of charging events, whose positive effect can be viewed in Fig-
ure 6-12 at the end of the bus runs as the final charging events of bus 1, bus 2 and bus
4 are shifted forward in time.

A further redistribution of trips becomes necessary if a full electric heater (Aux-A) is
selected instead of the hybrid heating system (Aux-B). The higher electricity demand
in the worst-case limits the individual applications of the vehicles even further and
causes an increased charging time, which is illustrated by the number of bus runs
shown in Figure 6-13. Instead of the four diesel buses, six BEB are now required. The
deadhead mileage increases by 22 % compared to the operation with the same bus type
and fuel heating. Compared to the diesel reference case, the deadhead mileage has
more than doubled.

Route 140, Depot Charger Type 2, Aux-A
Vehicles: 6, Chargers in Depot: 2, Total Deadheading: 95.6 km, Total Runtime: 70.6 h
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Figure 6-13: Route 140 — Bus runs of Depot Charger Type 2 Aux-A operation

6.3.1.2 Route 144

Route 144 operated from depot Ruhrallee is selected as a further example since its op-
erational characteristics differ significantly from route 140. The vehicle requirement
shown in Figure 6-14 is not constant over the entire operating day in contrast to route
140. During peak hours in the morning and afternoon five vehicles are operated and
only two in the remaining morning.
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Route 144, Diesel Bus Operation
Vehicles: 5, Total Deadheading: 64.2 km, Total Runtime: 43.9 h
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Figure 6-14: Route 144 — Bus runs in diesel bus operation

Opportunity Charging

Route 144 can be electrified with opportunity chargers and hybrid heating without op-
erational changes compared to the diesel bus operation. The operating scheme for
these buses is identical to the operating scheme of the diesel buses shown in Figure
6-14, however this changes when a full electric heating is requested. The dwell time
and therefore the charging are not sufficient, thus an additional vehicle is needed.
However, this mode of operation does not seem to be favorable since it does not utilize
the varying vehicle demand between peak and off-peak hours.

Route 144, Depot Charger Type 1, Aux-B
Vehicles: 5, Chargers in Depot: 1, Total Deadheading: 69.1 km, Total Runtime: 44 h
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Figure 6-15: Route 144 — Bus runs of Depot Charger Type 1 Aux-B operation
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Depot Charging

The interruptions of bus runs 2, 3 and 5 in the given operating scheme provide an ini-
tial indication of the potential suitability for depot chargers. Due to the high mileage of
bus 1, minor adjustments to the operational planning are nevertheless necessary, as
shown in Figure 6-15 for an operation with Depot Charger Type 1 Aux-B. The mile-
age of bus 1 in its original operating mode cannot be operated with a BEB due to the
limited battery capacity. However, a redistribution of service trips and increased utili-
zation of the vehicles allow electrification without additional vehicles in the case of
Depot Charger Type 1, with only slightly increased deadhead mileage from 64 to
69 km.

The operating scheme for an electrification with Depot Charger Type 1 and a full elec-
tric heating (Aux-A) is illustrated in Figure 6-16. On the one hand, the operation can
still be performed without additional vehicles, whereas on the other hand significant
operation changes are introduced which increase the deadhead mileage by more than
45 %.

Route 144, Depot Charger Type 1, Aux-A
Vehicles: 5, Chargers in Depot: 2, Total Deadheading: 100.7 km, Total Runtime: 43.9 h
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Figure 6-16: Route 144 — Bus runs of Depot Charger Type 1 Aux-A operation

6.3.2 Results Overview and Discussion

The detailed analysis presented for route 140 and 144 is conducted for all routes of the
bus network. Considering the technical parameters of the BEB systems, operating con-
cepts are derived and evaluated regarding vehicle demand, deadhead mileage and driv-
er time. Diesel bus operation is used as the reference. Due to their long range, diesel
buses entail few operational restrictions, which is why the diesel bus operating concept
defines the lower bound in terms of the number of vehicles.



122 6 Case Study — Electrification of the Bus Network in Essen

Table 6-8 shows the results regarding vehicle demand for each route in the entire net-
work, and additional vehicle demand is highlighted with a color coding. Routes with-
out additional vehicles compared to diesel bus operation are marked in green, routes
with one to two additional vehicles in yellow and routes with three or more additional
vehicles in red.

The plausibility of the results can be verified based on the technical assumptions. De-
pot Charger Type 1 is equipped with the smallest battery, and the additional vehicle
demand for this bus type is therefore comparatively the highest. Furthermore, the in-
fluence of the heating systems becomes clear as the full electric heater (Aux-A) often
requires a higher number of vehicles than hybrid heating system (Aux-B), which can
be explained by the higher energy demand which reduces the range and causes longer
charging phases and therefore downtimes. The battery capacity of Depot Charger Type
2 is higher than that of Type 1, which increases the range so that the additional vehicle
requirements can be reduced for some routes.

In the case of opportunity chargers, the permitted additional vehicle requirements are
limited due to limited space at terminal stops and since charging stations cannot be
built at all locations. As a result, not all routes can be electrified with opportunity
charging. Respective routes are highlighted in red and marked with "-" such as route
166.

The detailed examination of the results has already shown that depot charging is par-
ticularly suitable for routes whose vehicle requirements vary during the day, such as
with route 144. Necessary charging phases can thus be integrated into the operating
scheme with little effort. Routes with similar characteristics include 142, 146, 154,
161, 166, 170, 172, 174 and 180, but routes 146 and 170 still require additional vehi-
cles.

The results furthermore reveal that where opportunity charging is possible, it can often
be accomplished without additional vehicles when a hybrid heating strategy is applied.
In comparison to the depot-charging operation, the consequences of a full electric
heating (Aux-A) are lower regarding the vehicle demand. In most cases, one additional
vehicle is sufficient, which is enabled by frequent charging during operation.
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Num.
Vehicles Additional Vehicle Demand (Scenario Current Technology) Additional Vehicle Demand (Scenario Advanced Technology)
Depot Charger | Depot Charger | Opportunity Opportunity | Depot Charger | Depot Charger | Opportunity Opportunity
Diesel Type 1 Type 2 Charger Type 1 | Charger Type 2 Type 1 Type 2 Charger Type 1 | Charger Type 2
Route Bus Type |Reference] Aux-A Aux-B | Aux-A Aux-B | Aux-A Aux-B|Aux-A Aux-B | Aux-A Aux-B| Aux-A Aux-B| Aux-A Aux-B | Aux-A Aux-B
14 Articulated 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
15 Articulated 6 7 6 6 4 2 1 1 1 6 4 6 3 1 1 1 1
140 Standard 4 B] 2 2 1 1 0 0 0 2 2 2 1 0 0 0 0
141 Standard 5 4 2 4 2 - - - - 3 2 3 1 - - - -
142 Standard 12 3 0 1 0 - 1 1 1 2 0 1 0 1 1 1 1
143 Standard 6 5 3 4 2 - 1 1 1 4 2 3 1 1 1 1 1
144 Standard 5 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0
145 Articulated 7 7 5 7 4 - 1 1 1 7 4 6 & 1 1 1 0
146  Articulated 10 5 2 4 1 - - - 1 5 2 3 1 - 1 - 1
147 Articulated 3 3 2 3 1 0 0 0 0 3 2 2 1 0 0 0 0
154  Standard 5 2 0 0 0 1 0 1 0 0 0 0 0 1 0 0 0
155 Articulated 7 7 5 7 4 - - - - 7 4 6 4 - - - -
159 Standard 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
160  Articulated 7 7 5 7 4 1 0 1 0 7 4 6 & 1 0 1 0
161 Articulated 6 2 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0
162 Standard 2 1 1 1 0 - 0 - 0 1 1 1 0 0 0 0 0
164 Articulated 4 4 3 4 2 = 1 1 1 4 2 4 2 1 1 1 1
166  Articulated 15 6 2 4 0 - - - - 5 1 3 0 - - - -
167 Standard 1 1 0 1 0 0 0 0 0 1 0 1 0 0 0 0 0
169 Articulated 7 7 6 8 5 - 1 1 1 9 6 7 4 2 1 1 0
170  Articulated 16 11 5 9 3 - - - - 9 4 6 2 - - - 1
172 Standard 2 1 0 0 0 - - - - 1 0 0 0 - - - 0
173 Standard 2 1 1 1 1 - - - - 1 1 1 0 - 0 - 0
174 Standard 5 1 0 1 0 1 0 0 0 1 0 0 0 0 0 0 0
177 Standard 4 4 8] 4 & 1 1 1 1 4 3 4 2 1 1 1 1
180 Standard 6 2 1 2 0 1 0 0 0 2 1 1 0 0 0 0 0
183 Standard 4 3 2 2 1 - - - 2 1 2 1 - - - -
184  Standard 5 3 2 3 1 1 0 0 0 3 2 2 1 0 0 0 0
185 Standard 4 3 2 2 1 1 1 1 1 3 1 2 1 1 1 1 1
186  Standard 7 4 3 4 2 - - - - 5 3 4 2 - - - -
190 Standard 4 B] 2 2 1 - - - - 2 1 2 1 - - - -
193 Standard 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
194 Standard 8 9 5 8 4 - - - - 8 5 7 4 - - - -
196  Standard 6 6 4 6 3 1 1 1 1 6 3 5 3 1 1 1 1
401  Articulated 2 0 0 0 0 1 1 1 1 0 0 0 0 1 1 1 1
402 Articulated 2 0 0 0 0 1 0 1 0 0 0 0 0 1 0 0 0
403 Standard 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
404 Standard 3 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
405 Articulated 3 0 0 0 0 1 0 1 0 0 0 0 0 1 0 0 0
406  Standard 2 0 0 0 0 1 1 1 1 0 0 0 0 1 1 1 1
407  Standard 2 0 0 0 0 1 1 1 1 0 0 0 0 1 1 1 0
408  Articulated 3 1 1 1 0 - - 1 1 1 1 0 - 1 1
409 Articulated 2 0 0 0 0 1 0 1 0 0 0 0 0 1 0 0 0
410  Articulated 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
411 Articulated 3 1 0 0 0 - 1 - 1 1 0 0 0 - 1 1 1
412 Articulated 3 1 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0
413  Standard 3 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0
414 Standard 2 1 0 1 0 1 0 0 0 1 0 0 0 0 0 0 0
415 Standard 2 2 1 2 1 0 0 0 0 2 1 1 0 0 0 0 0
416 Standard 3 0 0 0 0 1 1 1 1 0 0 0 0 1 1 1 0

Table 6-8: Additional vehicle demand in BEB operation compared to the diesel refer-
ence for the scenario “Current Technology” with available technology on
the market and the scenario “Advanced Technology” with an assumed
technology improvement
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Num. Relative Additional Vehicle Demand Relative Additional Vehicle Demand
Vehicles (Scenario Current Technology) (Scenario Advanced Technology)

Depot Charger | Depot Charger | Opportunity Opportunity | Depot Charger | Depot Charger | Opportunity Opportunity
Diesel Charger Type 1 | Charger Type 2 Charger Type 1 | Charger Type 2
Route Bus Type |Reference| Aux-A Aux-B| Aux-A Aux-B| Aux-A Aux-B | Aux-A Aux-B | Aux-A Aux-B| Aux-A Aux-B| Aux-A Aux-B | Aux-A Aux-B

14 Articulated 2

15 Articulated 6 17% 17%

140  Standard 4
141  Standard 5
142 Standard 12
143 Standard 6 m 67%
144  Standard 5

145  Articulated 7 14% 14%

57%
146  Articulated 10 40%  10%
147  Articulated 67% 33%
154  Standard

57% mm

3
5
155  Articulated 7
1
160  Articulated 7
6
2
4

159  Standard

161 Articulated 33% 17%
162  Standard 50% 50% [ 50%
164  Articulated
166  Articulated 15
167  Standard 1
169  Articulated 7 14% 14%
170  Articulated 16
172 Standard
173 Standard
174  Standard
177  Standard
180  Standard
183  Standard
184  Standard
185  Standard
186  Standard
190  Standard
193  Standard
194  Standard
196  Standard
401  Articulated
402 Articulated
403  Standard
404  Standard
405  Articulated
406  Standard
407  Standard
408  Articulated
409  Articulated
410  Articulated
411  Articulated
412 Articulated
413 Standard
414  Standard
415  Standard
416  Standard

25%

25%  25%

50%  50%
50%  50%

33%  33% - 3% | 3% 33%

50%

33% 33% 3% 3%

EAE
33%
Table 6-9: Relative additional vehicle demand in BEB operation compared to the die-
sel reference for the scenario “Current Technology” with available tech-
nology on the market and the scenario “Advanced Technology” with an
assumed technology improvement
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The positive effect of further technical developments is revealed by comparing the
“Current Technology” and “Advanced Technology” scenarios in Table 6-8. The num-
ber of additional vehicles can be reduced for several routes, especially for depot charg-
ing, which makes the routes suitable for a long term implementation. An example re-
gards route 170, where with current technology and depot charger type 2, nine addi-
tional vehicles are required for full electric heating (Aux-A). The increased battery
capacity in the “Advanced Technology” scenario enables a longer range and therefore
an improved scheduling. The additional vehicle demand can be reduced from three
vehicles to six, which is however still an increase of about 37 % compared to the die-
sel bus operation. Alternatives such as hybrid heating or opportunity charging in the
“Advanced Technology” scenario are thus more suitable.

In addition to the absolute numbers of additional vehicles in Table 6-8, Table 6-9 high-
lights the relative increase of the vehicle demand. The color coding reveals the strong
influence of the full electric heating which increases the vehicle demand for certain
routes by up to 117 % in depot-charging operation (Depot Charger Type 1). The high-
est increase for opportunity charging on the regular bus routes is limited to 33 %. The
high relative values for the night routes (4XX) are caused by the limited number of
vehicles per route and can be neglected here.

6.4 Life Cycle Cost Calculation

The technical and operational analysis revealed the operational consequences of an
electrification with the different BEB concepts. Recommendations regarding the pref-
erable concept should however not solely regard operational performance, as the costs
need to be considered in order to derive the most economical solution. The costs are
quantified based on the LCC calculation methodology described in the BEB system
model including aging and lifetime calculation.

The LCC are determined route-wise based on the outcome of the technical and opera-
tional analysis. The major cost categories include the purchase of vehicles and batter-
ies, maintenance expenses, charging infrastructure investments as well as energy costs.
In addition, personnel costs for additional driver time are considered, resulting from
the adjusted operating scheme compared to the diesel reference. An overview of the
color scheme used in the results graphics is shown in Figure 6-17.
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comparison to diesel bus operation

Energy
= Diesel (including tax)
= Electricity (including tax and grid charges)

-< Additional Driver Expenses
= Costs for driver time caused by additional deadhead mileage in

Charging Infrastructure

= Charger & Coupling System (including maintenance)
= Grid connection costs (one-time expenses)

= Constructional measures (one-time expenses)

Vehicle Maintenance
= Expenses for the maintenance of the basic vehicle
= Battery replacements not included

Battery System
= Investment and replacement costs

Basic Vehicle
= |nvestment costs for the vehicle including drivetrain without
battery system

Figure 6-17: Cost categories of the LCC calculation

The LCC are provided in the following as annuities per service kilometer. This nor-
malization enables a neutral comparison of different BEB concepts with potentially
varying total mileages, caused for example by additional deadhead kilometers in de-
pot-charging operation.

The route-specific LCC are determined for both technology scenarios (“Current Tech-
nology” and “Advanced Technology”). This procedure makes it possible to assess
whether the electrification of a route can be implemented more cost-efficiently via fur-
ther technical developments, which enables the selection of the most economical tech-
nical solution and an allocation of implementation periods.

6.4.1 Detailed Results

The detailed results provide insight into the cost structure of the introduced routes 140
and 144 and show that their varying operating scheme has a direct consequence on the
LCC and their distribution among the different cost categories.

6.4.1.1 Route 140

Figure 6-18 highlights the results of the LCC calculation of route 140 as single bars
per BEB concept, beginning with the diesel reference on the left. The diesel bus opera-
tion is shown to not only be the reference in terms of minimum vehicle requirements
but also leads to the lowest LCC. The BEB operation increases the LCC in the range
of 24 % to 72 % depending on the bus concept.
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Route 140 - Annuities (€ per service kilometer) Scenaria: Current Technalogy

Electrification in 2020
2.50 €/km

2.00 €/km

1.50 €/km

1.00 €/km

0.50 €/km

-

0.00 €/km

Diesel Depot Depot Depot Depot Opportunity ~ Opportunity = Opportunity =~ Opportunity
Reference Charger 1 Charger 1 Charger 2 Charger 2 Charger 1 Charger 1 Charger 2 Charger 2
Aux-A Aux-B Aux-A Aux-B Aux-A Aux-B Aux-A Aux-B
u Add. Driver Expenses 0.00 0.15 0.07 0.09 0.06 0.01 0.00 0.00 0.00
= Energy 0.51 0.32 0.31 0.32 0.32 0.30 0.30 0.30 0.31
Cha. Infrastructure 0.00 0.10 0.07 0.07 0.07 0.13 0.13 0.18 0.18
® Veh. Maintenance 0.40 0.46 0.43 0.44 0.42 0.44 0.43 0.43 0.43
Battery 0.00 0.55 0.47 0.54 0.49 0.34 0.30 0.34 0.30
= Basic Vehicle 0.26 0.48 0.41 0.41 0.34 0.34 0.27 0.27 0.27
TOTAL 117 2.06 1.77 1.87 1.71 1.57 1.44 1.52 1.49

Figure 6-18: LCC comparison for bus route 140 in the scenario “Current Technology”
and electrification in 2020

By comparing the sum of basic vehicle and battery costs with the infrastructure costs,
the difference between the depot- and opportunity-charging concepts became clear.
Whereas the additional vehicles in depot-charging operation contribute significantly to
the overall costs (number of vehicles required is displayed in the basic vehicle bar), the
share of infrastructure investments increases for the opportunity-charging concepts.
Among the different bus concepts, the consequences of the varying auxiliary configu-
rations can be also assessed. Especially in depot-charging operation, the full electric
heating (Aux-A) increases the costs significantly compared to a hybrid heating (Aux-
B), however this effect fades for opportunity charging due to frequent charging. Only
Opportunity Charger Type 1 requests an additional vehicle.

Depot charging always requests at least one additional vehicle with direct consequenc-
es on the LCC. Furthermore, the additional deadheading leads to higher energy costs
per service kilometer and causes increased driver expenses. Therefore, depot charging
is not the ideal electrification concept for bus route 140.

The most cost-efficient BEB concept for route 140 is Opportunity Charger Type 1
with Aux-B. The LCC reaches 1.46 €/km in contrast to 1.17 €/km for diesel bus opera-
tion. The higher charging power of Opportunity Charger Type 2 does not entail any
economic advantages since the number of vehicles already meets the lower bound.
However, when a full electric heating is required this represents the preferable con-
cept.



128 6 Case Study — Electrification of the Bus Network in Essen

Route 140 - Annuities (€ per service kilometer) Scenario: Advanced Technology

Electrification in 2026
2.00 €/km
1.80 €/km
1.60 €/km
1.40 €/km
1.20 €/km

1.00 €/km

0.80 €/km

0.60 €/km
0.40 €/km

0.20 €/km
0.00 €/km

-
H
H

Diesel Depot Depot Depot Depot Opportunity ~ Opportunity = Opportunity =~ Opportunity
Reference Charger 1 Charger 1 Charger 2 Charger 2 Charger 1 Charger 1 Charger 2 Charger 2
Aux-A Aux-B Aux-A Aux-B Aux-A Aux-B Aux-A Aux-B
® Add. Driver Expenses 0.00 0.13 0.05 0.06 0.05 0.00 0.00 0.00 0.00
= Energy 0.57 0.37 0.36 0.37 0.38 0.35 0.36 0.36 0.36
Cha. Infrastructure 0.00 0.06 0.06 0.06 0.06 0.13 0.13 0.18 0.18
= Veh. Maintenance 0.40 0.45 0.43 0.43 0.42 0.43 0.43 0.43 0.43
Battery 0.00 0.42 0.42 0.46 0.45 0.27 0.27 0.27 0.27
= Basic Vehicle 0.26 0.41 0.41 0.41 0.34 0.27 0.27 0.27 0.27
TOTAL 1.23 1.85 1.74 1.80 1.70 1.46 1.46 1.51 1.52

Figure 6-19: LCC comparison for bus route 140 in the scenario “Advanced Technolo-
gy” and electrification in 2026

Figure 6-19 shows the LCC results for the “Advanced Technology” scenario and elec-
trification in 2026. The costs for electric operation decrease compared to the scenario
with current technology and electrification in 2020. The increasing diesel costs and
expected decrease in battery and infrastructure prices lead to a shrinking of the gap
between conventional diesel and BEB operational costs. Besides the price develop-
ments, a major influencing factor regards the lower vehicle demand in the “Advanced
Technology” scenario such as for Opportunity Charger Type 1 Aux-A.

The Opportunity Charger Type 1 with Aux-B still represents one of the most-cost ef-
fective concepts in this scenario to where there is no need to postpone the electrifica-
tion. Route 140 could therefore be integrated in the first electrification phase utilizing
current technology available on the market.

6.4.1.2 Route 144

The operation of route 144 is characterized by varying vehicle demand throughout the
day with peaks in the morning and evening hours. The technical and operational analy-
sis has indicated its suitability for depot-charging operation, which is also confirmed
by the LCC shown in Figure 6-20.
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Route 144 - Annuities (€ per service kilometer) Scenario: Current Technology
Electrification in 2020
3.00 €/km
2.50 €/km . .
B g B B ]
1.00 €/km
0.50 €/km
5 5
0.00 €/km Diesel Depot Depot Depot Depot Opportunity ~ Opportunity = Opportunity =~ Opportunity
Reference Charger 1 Charger 1 Charger 2 Charger 2 Charger 1 Charger 1 Charger 2 Charger 2
Aux-A Aux-B Aux-A Aux-B Aux-A Aux-B Aux-A Aux-B
= Add. Driver Expenses 0.00 0.09 0.01 0.02 0.01 0.03 0.00 0.03 0.00
= Energy 0.56 0.32 0.32 0.33 0.33 0.32 0.32 0.32 0.33
Cha. Infrastructure 0.00 0.15 0.15 0.15 0.15 0.31 0.31 0.39 0.39
= Veh. Maintenance 0.47 0.50 0.48 0.48 0.48 0.54 0.51 0.54 0.51
= Battery 0.00 0.59 0.54 0.70 0.70 0.58 0.48 0.58 0.48
= Basic Vehicle 0.65 0.69 0.69 0.69 0.69 0.82 0.69 0.82 0.69
TOTAL 1.67 2.34 2.19 2.37 2.36 2.59 2.30 2.68 2.40

Figure 6-20: LCC comparison for bus route 144 in the scenario “Current Technology”
and electrification in 2020

The most cost-efficient electrification concept regards Depot Charger Type 1 with
Aux-B. For route 140, the hybrid heating enables a significant cost reduction com-
pared to the full electric heating by avoiding additional deadheading, as discussed in
Section 6.3.1.2. The increased battery capacity of Depot Charger Type 2 does not pro-
vide significant operational benefits (identical vehicle demand and deadhead mileage),
meaning the LCC are increased by the higher battery investments.

Route 144 - Annuities (€ per service kilometer) Scenario: Advanced Technology
Electrification in 2026

I

3.00 €/km
2.50 €/km

2.00 €/km

1.50 €/km
1.00 €/km
0.50 €/km
5 5
0.00 €/km

Diesel Depot Depot Depot Depot Opportunity ~ Opportunity ~ Opportunity ~ Opportunity
Reference Charger 1 Charger 1 Charger 2 Charger 2 Charger 1 Charger 1 Charger 2 Charger 2
Aux-A Aux-B Aux-A Aux-B Aux-A Aux-B Aux-A Aux-B
m Add. Driver Expenses 0.00 0.08 0.01 0.01 0.01 0.00 0.00 0.00 0.00
= Energy 0.62 0.38 0.38 0.38 0.39 0.37 0.37 0.38 0.38
Cha. Infrastructure 0.00 0.13 0.13 0.13 0.13 0.30 0.30 0.39 0.39
= Veh. Maintenance 0.47 0.49 0.48 0.48 0.48 0.51 0.51 0.51 0.51
= Battery 0.00 0.51 0.51 0.71 0.71 0.49 0.49 0.49 0.49
= Basic Vehicle 0.65 0.69 0.69 0.69 0.69 0.69 0.69 0.69 0.69
TOTAL 1.74 2.27 2.19 2.40 2.4 2.35 2.35 2.45 2.45

Figure 6-21: LCC comparison for bus route 144 in the scenario “Advanced Technolo-
gy” and electrification in 2026
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The highest LCC for route 144 are caused by the Opportunity Chargers and full elec-
tric heating (Aux-A) since an additional vehicle is required. This is however no longer
the case with advanced technology in the future as shown in Figure 6-21. However,
depot charging still represents the most cost-efficient solution. Like route 140, there is
no need to postpone the electrification of route 144.

6.4.2 Results Overview and Discussion

The LCC calculation has been performed for every route under consideration. The
overview in Table 6-10 lists the absolute costs for the diesel bus reference and relative
additional costs of the BEB operation.

LCC | Relative Additional Costs (Scenario: Current Technology) | LCC [Relative Additional Costs (Scenario: Advanced Technology)
Diesel Diesel
Ref. | Dep.Typel | Dep.Type2 | Opp.Typel | Opp.Type 2 | Ref. | Dep.Type 1l | Dep.Type 2 | Opp.Type 1l | Opp. Type 2
Route Bus Type €/km | Aux-A Aux-B|Aux-A Aux-B|Aux-A Aux-B|[Aux-A Aux-B| €/km |Aux-A Aux-B|Aux-A Aux-B|Aux-A Aux-B|Aux-A Aux-B
14 Articulated| 4.96 | 41% 42% | 54% 54% | 74% 46% | 88% @ 46% | 510 | 39% 39% | 51% 51% | 72% 43% | 86% 44%
15 Articulated| 1.41 | 92% 77% | 82% 66% | 38% 30% | 32% 32% | 149 | 68% 53% | 68% 51% | 28% 22% | 27% 27%
140  Standard 117 | 76% 52% | 60% 47% | 35% @ 24% | 31% 28% | 1.23 | 50% 42% | 46% 38% | 19% 19% | 23% 23%
141  Standard 111 | 83% 52% | 75% 53% - - - 1.17 | 55% 41% | 52% 36% - - - -
142  Standard 1.19 | 40% 26% | 37% 30% - 22% | 28% 24% | 125 | 27% 19% | 27% 21% | 19% 16% | 18% 18%
143 Standard 127 | 83% 56% | 72% 47% - 28% | 31% 31% | 134 | 57% 34% | 51% 32% | 20% 21% | 25% 24%
144  Standard 1.67 | 40% 31% | 42% 41% | 55% 38% | 60% 43% | 1.74 | 30% 26% | 38% 38% | 35% 35% | 40% 41%
145  Articulated| 1.58 | 102% 80% | 97% 68% - 34% | 43% 43% | 1.67 | 91% 57% | 78% 55% | 29% 30% | 37% 30%
146  Articulated| 1.66 | 80% 58% | 69% 47% - - - 29% | 174 | 65% 39% | 53% 37% - 20% - 24%
147  Articulated| 1.61 | 84% 66% | 8% 55% | 31% 31% | 40% 37% | 1.70 | 70% 53% | 60% 44% | 27% 27% | 32% 32%
154  Standard 173 | 61% 28% | 37% 38% | 57% 40% | 63% 45% | 1.80 | 22% 22% | 34% 34% | 53% 25% | 41% 26%
155  Articulated| 1.49 | 92% 69% | 87% 64% - - - - 157 | 79% 52% | 68%  49% - - - -
159  Standard 242 | 187% 65% | 83% 82% | 141% 140% | 178% 177% | 2.48 | 63% 62% | 80% 79% | 140% 138% | 177% 176%
160  Articulated| 1.63 | 110% 78% | 98% 67% | 35% 27% | 40% 36% | 1.72 | 83% 57% | 77% 51% | 26% 22% | 29% 26%
161  Articulated| 2.51 | 59% 32% | 50% 34% | 42% 35% | 49% 39% | 2.61 | 37% 24% | 31% 31% | 39% 33% | 36% 37%
162  Standard 147 | 78% 66% | 79% 34% - 42% - 54% | 1.54 | 62% 54% | 73% 25% | 38% 38% | 49% 49%
164  Articulated| 1.60 | 81% 68% | 83% 59% - 34% | 41% 38% | 1.69 | 69% 48% | 69% 46% | 29% 28% | 33% 34%
166  Articulated| 1.71 | 79% @ 58% | 66% 48% - - - - 179 | 64% 39% | 51% 34% - - - -
167  Standard 215 | 131% 43% | 160% 58% | 106% 40% ([ 137% 40% | 2.23 | 125% 40% | 152% 54% | 103% 37% | 133% 37%

169  Articulated| 1.45 | 105% 89% | 110% 75% - 38% | 42% 42% | 1.53 | 100% 70% | 81% 58% | 35% 31% | 35% 32%
170  Articulated| 1.73 | 78% 50% | 71% 49% - - - - 1.82 | 59% 39% | 46% 35% - - - 24%
172 Standard 151 | 3% 31% | 34% 27% - - - - 158 | 58% 18% | 29% 25% 49%

173  Standard 1.26 | 69% 58% | 66% 61% - - - 132 | 55% 44% | 62% 21% - 30% - 41%
174  Standard 142 | 54% 36% | 56% 37% | 42% 29% | 34% 34% | 149 | 41% 25% | 37% 33% | 27% 27% | 32% 32%
177  Standard 1.09 | 80% 60% | 75% 60% | 30% 28% | 34% 34% | 115 | 58% 44% | 60% 43% | 23% 24% | 26% 27%
180  Standard 125 | 67% 43% | 58% 38% | 30% 28% | 34% 34% | 132 | 46% 31% | 40% 24% | 23% 16% | 30% 19%
183  Standard 114 | 67% 45% | 54% 40% - - - 120 | 43% 28% | 41% 31% - - - -
184  Standard 130 | 65% 50% | 69% 43% | 32% 22% | 28% 29% | 137 | 52% 40% | 51% 34% | 18% 17% | 22% 23%
185  Standard 1.20 | 79% 60% | 65% 46% | 36% 36% | 40% 41% | 1.26 | 64% 40% | 50% 34% | 29% 30% | 34% 34%
186  Standard 1.20 | 66% 49% | 65% @ 49% - - - - 127 | 59% 39% | 52% 35% - - - -

190  Standard 1.29 | 112% 73% | 85% 60% - - - - 135 | 77% 54% | 70% 43% -
194  Standard 1.18 | 121% 71% | 104% 63% - - - - 124 | 86% 55% | 75% 50% - - - -
196  Standard 1.20 | 102% 67% | 94% 60% | 28% 29% | 32% 32% | 126 | 77% 48% | 75% 50% | 22% 23% | 27% 26%

Table 6-10: LCC of the diesel bus operation and relative additional costs for the BEB
operation in the scenarios “Current technology” and “Advanced Technol-

2

ogy

The "Current Technology" scenario assumes that electrification will occur in 2020 us-
ing state-of-the-art technology. The “Advanced Technology" scenario on the other
hand assumes electrification in 2026 using improved technology. For illustration pur-
poses, the route-specific additional costs are classified by color, from the cheapest
electrification concept (green) to the most expensive (red). As mentioned in the tech-
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nical and operational analysis, due to a lack of space or dwell time it is not possible to
perform opportunity charging at some terminal stops. The LCC for opportunity
charger are therefore not calculated for the routes concerned.

The LCC of the diesel bus operation range from 1.09 €/km to 2.51 €/km, except for the
sprint bus route 14 with 4.96 €/km. The exceptional high costs of route 14 are caused
by the limited mileage per day as the two vehicles are only operated in the morning
and evening hours. The additional costs for the BEB operation range from 21 % to
187 % in the “Current Technology” scenario, which underlines the relevance of proper
technology selection and route prioritization.

The general results overview indicated that in most cases routes with high mileage can
be operated more economically using opportunity charging rather than with depot
charging, especially when investments in fast-charging infrastructure can be allocated
to a high number of vehicles. In addition, opportunity charging through frequent
charging enables the use of smaller batteries and increased battery life through moder-
ate cycle depths.

Depot charging turns out to be the preferred concept for bus routes 14, 144, 154, 159
and 161. The operating scheme of these routes is characterized by varying vehicle de-
mand (as shown in 6.3.1.2 for route 144), which enables an integration of charging
phases within the regular dwell time at the depot and a depot-charging operation with-
out a significant number of additional vehicles.

The LCC results must be interpreted in conjunction with the findings of the technical
and operational analyses. In general, the more favorable BEB concept for each route is
due to a lower vehicle demand. As soon as the use of Depot Charger Type 2 or Oppor-
tunity Charger Type 2 results in a lower vehicle requirement than Type 1, this variant
represents the more economical solution. With the same operating scheme for both
types, Type 1 concepts are more economical due to lower battery and charging infra-
structure costs.

The same can also be observed when comparing electrification with the current state
of the art to an advanced technology in the future scenario. As soon as advanced tech-
nology leads to lower vehicle demand or significantly reduced deadheading, this re-
sults in lower LCC in the future scenario.

6.5 Mitigation Assessment

The environmental benefits of an electrification are determined in the mitigation as-
sessment. The status quo is described by the EURO VI diesel bus operation, whose
emissions are calculated with the BEB system model. Global as well as local emis-
sions are considered by focusing on CO>, NOx and PM.
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Figure 6-22 illustrates the computed yearly emissions for the diesel reference and the
BEB types for operations on route 140. It is assumed that emission-neutral electricity
from renewables is used for the BEB, meaning that buses with full electric heating
(Aux-A) cause zero emissions. BEB with a fuel heater installed in the hybrid heating
system (Aux-B) are however not entirely emission free.

Route 140 - Emissions per year
450,000

400,000
350,000
300,000
250,000
200,000
150,000
100,000

50,000

; e e [ = [

Diesel Depot Charger Depot Charger Depot Charger Depot Charger Opportunity Opportunity Opportunity Opportunity

Reference 1 AUX-A 1 Aux-B 2 AUx-A > Aux-B Charger 1 Aux- Charger 1 Aux- Charger 2 Aux- Charger 2 Aux-
B A B
= CO2 [kg] 422,820 0 24,608 0 24,545 0 23,993 0 23,993
=NOX [g] 201,237 0 7,967 0 7,946 0 7,768 0 7,768
PM [g] 5,897 0 2,390 0 2,384 0 2,330 0 2,330

Figure 6-22: Yearly emissions of the operation of route 140 in scenario “Current
Technology”

The comparison of the diesel bus emissions with the emissions of the fuel heater re-
veals the strong reduction of CO; (about 95 %) and NOx (about 96 %), however the
mitigation potential regarding PM emissions of about 60 % is significantly lower,
which is mainly caused by the absence of a particle filter in current fuel heaters. The
minor variations in the results for the BEB are caused by the slightly varying operating
schemes.

Assuming that the entire fleet of Ruhrbahn consists of diesel Euro VI buses, the yearly
emissions are about 22,630 t CO», 8,290 kg NOx and 283 kg PM (Table 6-11). A full
mitigation can be achieved by replacing all buses with BEB and full electric heating
(Aux-A). However, the implementation of BEB with hybrid heating (Aux-B) also ena-
bles a significant reduction to a total of about 1,200 t CO», 400 kg NOx and 120 kg
PM per year.
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CO2int NOXin kg PMin kg
X Dep. | Dep. | Opp. | Opp. ) Dep. | Dep. | Opp. | Opp. . Dep. | Dep. | Opp. | Opp.
Diesel Type 1|Type 2 |Type 1|Type 2 Diesel Type 1|Type 2|Type 1|Type 2 Diesel Type 1|Type 2 |Type 1|Type 2
Reference Reference Reference

Route [ Bus Type Aux-B | Aux-B | Aux-B | Aux-B Aux-B | Aux-B | Aux-B | Aux-B Aux-B | Aux-B | Aux-B [ Aux-B
14 Articulated 70) 3 3 3 3] 20 1 1 1 1] 1 - - - -
15 Articulated 960 51 50 48 48] 287 16 16 16 16 12 5 5 5 5
140 |Standard 470) 25 25 24, 24 201 8 8 8 8| 6) 2 2 2 2
141 |Standard 598 28| 28| - - 234 9 9 - - 8| 3 3 - -
142  |Standard 1,150 54 54, 54, 54 460 17 17 17 17 14 5 5 5 5
143  |Standard 716 40 39 38 38 321 13 13 12 12) 9 4 4 4 4
144  |Standard 256 13 13 13 13 112 4 4 4 4 3] 1 1 1 1
145  |Articulated 1,042 64 62 59 59 346 21 20, 19 19 13 6 6 6 6|
146  |Articulated 1,244 73 71 - 68 403 24 23 - 22 16 7 7 - 7|
147  |Articulated 367 20, 20, 19 19 116| 6 6 6 6| 5| 2 2 2 2
154  |Standard 268 14 14 14 14 120 5 5 5 5| 3] 1 1 1 1
155 |Articulated 1,191 70 68| - - 384 23 22 - - 15 7 7 - -
159 |Standard 24 1 1 1 1] 9 - - - - - - - - -
160 |Articulated 1,072 66, 64, 61 61 362 21 21 20, 20 13 6 6 6 6|
161 |Articulated 435 24, 24 24 24 150 8 8 8 8| 5| 2 2 2 2
162 |Standard 145 8 8 8 8| 67| 3 3 3 3 2| 1 1 1 1
164  |Articulated 581 36, 35 35 35 200 11 11 11 11] 7| 3 3 3 3
166  |Articulated 1,741 101 98| - - 556 33 32 - - 22 10 10 - -
167 |Standard 39 2 2 2 2| 18 1 1 1 1] - - - -
169 |Articulated 1,181 65 63 60 60 359 21 20 19 19 15 6 6 6 6|
170  |Articulated 2,037 117 117 - - 681 38 38, - - 26 11 11 - -
172 |Standard 140 8 7 - - 64 2 2 - - 2| 1 1 - -
173  |Standard 174 9 9 - - 72| 3 3 - - 2| 1 1 - -
174  |Standard 310 16 16 16 16 131 5 5 5 5 4 2 2 2 2
177 |Standard 543 28| 28| 27 27 227 9 9 9 9 7| 3 3 3 3
180 |Standard 593 30, 29 29 29 245 10 9 9 9 7| 3 3 3 3
183 |Standard 472 24, 24, - - 198 8 8 - - 6) 2 2 - -
184  |Standard 440 25 25 24, 24 199 8 8 8 8| 6) 2 2 2 2
185 |Standard 430 22 21 21 21 177 7 7 7 7] 5| 2 2 2 2
186 |Standard 829 45 45 - - 364 15 14 - - 10 4 4 - -
190 |Standard 347 17 16 - - 136 6 5 - - 4 2 2 - -
194 |Standard 943 52 50, - - 403 17 16 - - 12| 5 5 - -
196 |Standard 619 34 33 32 32 266 11 11 10 10 8| 3 3 3 3
401  |Articulated 69 3 3 4 4 21 1 1 1 1] 1 - - - -
402  |Articulated 48] 2 2 2 2| 15 1 1 1 1] 1 - - - -
403  |Standard 45 2 2 2 2| 17 1 1 1 1] 1 - - - -
404  |Standard 74 3 3 3 3| 29 1 1 1 1] 1] - - - -
405  |Articulated 85 4 4 - - 26 1 1 - - 1 - - - -
406  |Standard 52 2 2 - - 19 1 1 - - 1 - - - -
407 |Standard 52 2 2 2 2| 20 1 1 1 1] 1 - - - -
408 |Articulated 132 6 6 - 6) 37| 2 2 - 2 2| 1 1 - 1
409  |Articulated 44 2 2 - 14 1 1 - - 1 - - - -
410 |Articulated 73 4 4 - - 23 1 1 - - 1 - - - -
411  |Articulated 114 6 6 6 6) 35 2 2 2 2 1 1 1 1 1
412 |Articulated 110] 6 5 5 5| 33 2 2 2 2 1 1 1 1 1
413  |Standard 77| 3 3 3 3] 28 1 1 1 1] 1 - - - -
414  |Standard 66| 3 3 3 3] 26 1 1 1 1] 1] - - - -
415  |Standard 82 4 4 4 4 32| 1 1 1 1] 1 - - - -
416  |Standard 76| 3 3 4 4 29 1 1 1 1] 1 - - - -
Total per year 22,630] 1,240| 1,219 650, 725 8,290 401 394 210 234 283 116 114 60 67|

Table 6-11: Yearly CO2, NOx and PM emissions of operation of each bus route with
the diesel reference and BEB with Aux-B — BEB with Aux-A are 100 %
zero emission and therefore not mentioned here

The results reveal the high mitigation potential of BEB and a further cost benefit anal-

ysis can be conducted based on the emission cost rates published by the German Envi-
ronment Agency (Umweltbundesamt — UBA) in the “Methodological Convention 3.0
for the Assessment of Environmental Costs” [129]. In terms of CO;, climate costs of
187 €/t are proposed for the year 2020 (linear interpolation between 2016 and 2030)
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based on a 1 % pure rate of time preference’. Thus, operating a diesel Euro VI bus
fleet in Essen incurs climate costs of about 4.2 million € per year. The average costs
per service kilometer result in this case in 0.30 €/km. Lowering the pure rate of time
preference to 0 % increases the climate costs to 649 €/t. This value leads to average
costs per service kilometer of 1.06 €/km, which overcompensates the gap between die-
sel and BEB operation in the LCC.

The “Methodological Convention 3.0 for the Assessment of Environmental Costs”
contains additional cost rates for NOx (15,000 €/t) and PM (28,500 €/t) emissions in
an urban environment. These cost rates cause average costs per service kilometer of
0.01 €/km.

6.6 Electrification Concept

The electrification concept development represents the final synthesis of the computed
results. The aim is to provide the PTO a concrete plan for upcoming years with rec-
ommendations regarding technology choice, infrastructure establishment and opera-
tion. A general overview on the relevant steps and their linkage to the sections of this
thesis is provided in Figure 6-23.

Analysis and Electrification Concept Development
Simulation

Technology
Recommendations

-

(6.6.2)

W

Procurement needs
Changeover — Market availability
Phases (6.6.3) — Constructional Measures

Funding opportunities

Electrification Concept

Figure 6-23: Relevant steps in the electrification concept development

The constraints for the concept development are introduced and discussed in 6.6.1 and
are considered in the determination of technology recommendations (6.6.2), in which
the previous line-specific focus is enlarged to the fleet level. Building on the BEB
technology recommendations and required infrastructure measures, the final changeo-
ver phases are derived in 6.6.3.

° The pure rate of time preference determines how damages incurred for the next generations are considered. A
value of 1 % weights the damages incurred in 30 years by 74 % and the damages incurred in 60 years by
55 %. An equal weight is given for 0 % pure rate of time preference.
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6.6.1 Constraints for the Concept Development

The electrification concept development faces mutual constraints caused by external
and internal effects. External effects mainly regard the maturity of technology and
market availability. Furthermore, the possibilities and durations of constructional
measures (e.g., establishment of a grid connection) play a significant role. Internal ef-
fects are mainly described by the current status at Ruhrbahn such as regarding the fleet
composition and procurement strategy.

6.6.1.1 Maturity of Technology and Market Availability

BEB are not yet a standard product and are currently manufactured in small quantities.
This causes consequences for the electrification concept development, the first of
which is linked to the variety of technical solutions. Since PTOs in Germany are most-
ly owned by the community, they must run tenders for their procurements. A competi-
tive tender can only be ensured when several potential bidders are available. There-
fore, highly specialized BEB concepts which are only provided by single manufactur-
ers need to be avoided.

However, the market availability only represents a snapshot. Each manufacturer aims
at enriching his portfolio so that today’s specialized systems could become the stand-
ard in the future. An example regards the installation of heat pumps. Evobus integrated
a heat pump heating system in their eCitaro and set a standard which is now also
adopted by Sileo, Solaris, VDL and further manufacturers. This technology forecast is
already considered in the defined reference bus types. Furthermore, the scenario with
advanced technology enables an assessment of the potential benefits, so that each rec-
ommendation in the electrification concept is linked to a time period.

The second consequence is linked to robustness. Considering the low availability from
field trials and the fact that BEB technology that has not yet been tested to a great ex-
tent relative to diesel buses, it is assumed that the availability for scheduled operation
at the beginning of the conversion to BEB is 20 % lower than that of the diesel refer-
ence. The availability should increase in the future with increasing experience and
emerging technology, to where a similar reserve as for the diesel reference require-
ment is assumed for the subsequent changeover phases.

6.6.1.2 Procurement Needs and Time Horizon

The fleet of Ruhrbahn in Essen consists of several vehicles at different ages. Buses are
replaced on a regular basis, after 12 years at the latest. Due to the fact the oldest buses
usually have the lowest emission standard, the general procurement strategy of replac-
ing old vehicles maximizes the mitigation.

Based on the usage period of conventional diesel buses, the time horizon for the elec-
trification concept is set at 12 years. The earliest starting date is determined by the du-
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ration of the decision-making in the committees of Ruhrbahn, the application for fund-
ing, the tendering and the construction time. Therefore, the electrification of a first
route cannot occur before 2021.

6.6.2 Technology Recommendations

The subsequent analysis steps generated a large solution space with route-wise results
regarding the performance of the different BEB concepts. For each route, a suitable
electrification concept must be chosen. The decision can be based on several criteria
such as:

- Lowest LCC

- Lowest operational measures

- Lowest infrastructural measures

The user is guided through this process through supportive functions of the software
toolchain. At first a list of recommendations is generated based on the criterion “low-
est LCC”. The list combines the given route parameters, such as the number of vehi-
cles in diesel bus operation, with consequences of the selected BEB concept. An ex-
cerpt is provided in Table 6-12 showing the recommendations for routes 140, 141, 144
and 180.

Route Adv. Num. Num. BEB con- Charging Charging Annuities
techn. diesel BEB cept station 1 at station 2 at (€/km)
buses

140 no 4 4 OS1-Aux B Borbeck Bf - 1,442

140 yes 4 4 OS1-Aux B Borbeck Bf - 1,479

141 no 5 7 DS1-AuxB - - 1,691

141 yes 5 6 DS2-AuxB - - 1,629

144 no 5 5 DS1-AuxB - - 2,188

144 yes 5 5 DS1-AuxB - - 2,247

180 no 6 6 OS1-Aux B Burgaltendorf Werden S 1,606
Burgruine

180 yes 6 6 OS1-Aux B Burgaltendorf - 1,544
Burgruine

Table 6-12: Excerpt of BEB concept recommendation list based on criterion “lowest
LCC”

The technology recommendation for routes 140 and 144 is identical for the scenarios
with current and advanced technology, meaning that the advantages of a higher battery
capacity and charging power do not encourage a concept change. Both routes could
therefore be electrified during an early state with current technology. The situation is
however different for routes 141 and 180, as the high battery capacity of the depot
charger type 2 in the advanced technology scenario reduces the required number of
BEB on route 141. The improvements of the advanced technology regarding route 180



6.6 Electrification Concept 137

regard the reduction of charging locations. The charging infrastructure at Werden S
becomes redundant, and thus the electrification of both routes should be postponed.

Based on the recommendation list, the user can determine an appropriate BEB concept
and time horizon for the electrification of each route. In preparation of the electrifica-
tion concept development, the route-wise focus however needs to be enlarged to the
fleet level. This is mandatory since an individual technical configuration for each route
limits the operational flexibility of the PTO. BEB must be able to serve several routes,
thus the number of technical variants should be minimized.

The first measure of the variant reduction is already included in the recommendation
list. The auxiliary setup Aux-B with a hybrid heating system is chosen for all concepts
due to its lower LCC compared to Aux-A. The main reason for the cost advantage of
this concept is that the fuel heater of the hybrid heating system enables a system de-
sign closer to the average operating conditions throughout the year. The number of
vehicles and chargers do not have to be chosen for the worst-case winter day, which
occurs only sporadically, and thus the over-dimensioning of the BEB system can be
reduced. In addition, the mitigation potential compared to the diesel bus operation is
still high.

The second measure is to limit the number of BEB variants in a single depot. Even if
the cost efficiency of a single route benefits from a smaller battery capacity, it is ad-
vantageous to install a larger battery and enable the operation on various routes. An
example regards route 154 operated with buses from the depot Stadtmitte, where the
depot charger type 1 already provides a sufficient battery capacity so that the route can
be electrified without additional vehicles. However, the majority of routes which can
be electrified with current technology require a depot charger type 2, and therefore
depot charger type 2 is set for route 154 as well.

The entire technology recommendations derived for the Ruhrbahn network are shown
in Figure 6-24, and a visual distinction is made between regular routes (day routes)
and night routes. Furthermore, a distinction is introduced between standard (orange)
and articulated (blue) buses. In addition, the concept-specific vehicle requirements and
required charging locations (in the case of opportunity charging) are given for each
route.
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BEB Concept Period I: Current Technology Period Il: Advanced Technology
Stadtmitte Ruhrallee Stadtmitte Ruhrallee
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Figure 6-24: Technology recommendations for each route in the bus network of
Ruhrbahn and assignment to realization periods with current or advanced
technology

The considered route timetables are based on the status as of January 2017. To keep
track of future developments, the planned future measures from the local transport
plan were examined and considered. Routes that will be discontinued in the future (14,
147, 159, 167, 190) were excluded from the scope of the electrification concept and do
not appear in the overview. Routes that are affected by changes but uninfluenced re-
garding technical feasibility appear unchanged in the overview. Finally, routes with
extensive adaptation requirements are marked with an "*" and are postponed.

The technology recommendations result in a fleet mix of depot- and opportunity-
charging BEB for both depots. Whereas opportunity charger type 1 with 300 kW
charging power in the current technology scenario is recommended for both depots,
the depot charger concept varies. A fleet of depot charger type 2 buses is recommend-
ed for Stadtmitte and depot charger type 1 for Ruhrallee. Opportunity charging in the
advanced technology scenario is recommended with at least 540 kW charging power
for the routes of both depots.

The depot Stadtmitte comprises 99 vehicles for operation of the considered routes after
conversion to BEB (Table 6-13), including 48 standard buses and 51 articulated buses,
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not including spare vehicles. The additional vehicle requirement of the electrification
resulted in 6 standard buses and 3 articulated buses compared to the diesel bus refer-
ence. Charging infrastructure must be installed in the depot and at the terminal stops
Borbeck Bf and Hafenverwaltung in the first period (300 kW) and at Heisingen
Baldeneysee and Erbach in period two (540 kW).

STADTMITTE Standard buses Articulated buses Total
Depot charger Type 1 - -
Depot charger Type 2 25 33 58
Opp. charger type 1 23 - 23
Opp. charger type 2 - 18 18
Total 48 51 99

Table 6-13: Fleet composition at depot Stadtmitte for a complete changeover (spare
vehicles not included)

Table 6-14 lists the number of vehicles in depot Ruhrallee. For a complete changeover
to BEB, 56 standard buses and 43 articulated buses are required, not including spare
vehicles. The fleet size increases by 6 standard buses and 6 articulated buses compared
to the diesel bus reference. The opportunity charging routes operated from Ruhrallee
require charging infrastructure at the terminal stops Steele S, Borbeck Bf, Burgalten-
dorf Burgruine, Ernestinenstraf3e with 300 kW in the first period and 540 kW chargers
at Werden S, Heidhauser Platz and Margarethenhohe for the second period.

RUHRALLEE Standard buses Articulated buses Total
Depot charger Type 1 17 6 23
Depot charger Type 2 18 11 29
Opp. charger type 1 15 19 34
Opp. charger type 2 6 7 13
Total 56 43 99

Table 6-14: Fleet composition at depot Ruhrallee for a complete changeover (spare
vehicles not included)

6.6.3 Changeover Phases

The changeover phases are based on the technology recommendations and consider
the constraints introduced in 6.6.1. The first phase starts in 2019 and ends in 2021, and
subsequent phases have a duration of two years.

Figure 6-25 provides an overview and highlights the major steps in the changeover
process. At first, a single bus route is electrified with depot charging in the bus depot
Ruhrallee. The depot charging is extended in the next phase and then opportunity
charging with a charging hub at Steele S is introduced. The electrification of the
Stadtmitte depot begins in Phase C by establishing opportunity- as well as depot-
charging buses.
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Phase A Phase B Phase C
until 2021 until 2023 until 2025

Introduce first BEB route at Scale up depot charger fleet at Introduce BEB at Stadtmitte
Ruhrallee Ruhrallee
Introduce opportunity charging Expand opportunity charging
with focus on Steele S network with focus on Borbeck Bf.
Phase D Phase E Phase F
until 2027 until 2029 until 2031
Scale up depot charger fleet at Scale up depot charger fleet at Electrify remaining routes with
Ruhrallee Stadtmitte opportunity charging

Figure 6-25: Changeover phases for the entire fleet electrification until 2031

If the future predictions are confirmed in the evaluation of technical advancements
after Phase C, Phase D continues with the scaleup of the depot charger fleet at Ruhral-
lee and Phase E at Stadtmitte. The final conversion of the last routes with opportunity
charging is scheduled for Phase F.

Table 6-15 provides further details regarding the individual changeover phases. Due to
its low complexity and high market availability, the depot charger type 1 standard bus
is recommended for the conversion of routes 144, 414 and 416 (phase A, until 2021).
The battery is charged exclusively in the depot, and therefore additional infrastructure
at terminals are not necessary. This simplifies the changeover in the first phase regard-
ing implementation planning and makes it possible to run BEB on night routes at an
early stage. In addition, buses with battery capacities of around 250 kWh can already
be purchased from several manufacturers.

For changeover phase B until 2023, the expansion of the depot charger fleet at the
Ruhrallee and the introduction of opportunity charging with a focus on Steele S are
recommended. The expansion of the depot-charging fleet corresponds to the acquisi-
tion of 12 standard buses with a battery capacity of 250 kWh (depot charger type 1)
and 6 articulated buses with a battery capacity of 300 kWh (depot charger type 1). The
standard buses are assigned to route 142 and the articulated buses to route 161 and
401.

In addition to the scaleup of the depot charger fleet, the introduction of opportunity
charging is also scheduled for Phase B, which requires the purchase of 10 standard
buses and 12 articulated buses for operation on routes 164, 174, 177 and 184. The fast-



6.6 Electrification Concept 141

charging infrastructure for these routes is concentrated at the terminal stop Steele S,
where four 300 kW fast-charging stations need to be installed.

In phase C until 2025 the opportunity charger fleet at Ruhrallee is enlarged and the
electrification is extended to the Stadtmitte depot by introducing depot and opportunity
chargers. The additional 14 opportunity-charger type 1 articulated buses at Ruhrallee
are operated on routes 15 and 160. A concentration of charging infrastructure at Bor-
beck Bf. (4 charging stations with 300 kW each) is enabled by the electrification of the
Stadtmitte bus routes 140, 143, 185 and 196, and further charging stations are required
at Burgaltendorf Burgruine, Ernestienenstrafle and Hafenverwaltung.

The introduction of depot charging at Stadtmitte requires a total of 14 standard buses
and 15 articulated buses. The standard buses serve routes 154, 162, 172 and 183 in
regular operation and afterwards switch to night routes 403, 404, 406, 407 and 413. All
15 depot-charger type 2 articulated buses are intended for use on Line 166. In addition,
the vehicles can also be used to cover the night services of routes 402, 405, 409, 410
and 411.

Depot Charger Opportunity charger
Routes Num. Num. :Routes Num. Num. Charging stations at
stand. articul. stand. articul.
Phase Year Depot buses buses buses buses
A 2021 Ruhrallee 144, 414, 5
416
B 2023 Ruhrallee 142, 161, 12 6 164,174, 15 5 Stelle S [4]
401 177, 184
C 2025 Ruhrallee 15, 160 14 Burgaltendorf B. [1],
Borbeck Bf. [1],
Enestinenstr. [1]
C 2025 Stadtmitte 154, 162, 14 151140, 143, 23 Borbeck Bf. [3],
166, 172, 185, 196 Hafenverwaltung [1]
183, 402,
403, 404,
405, 406,
407, 409,
410, 411,
413,
D 2027 Ruhrallee 141, 155, 18 11
194
E 2029 Stadtmitte 170, 173, 11 18
186, 408,
412,415
F 2031 Ruhrallee 169, 180 6 7 Heidhauser Platz [1],
Werden S [1], Marga-
rethenh. [1],
F 2031 Stadtmitte 145, 146 18 Erbach [1], Heisingen
Baldeneysee [2]

Table 6-15: Changeover phases with vehicle numbers
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Following the scenario with advanced technology, the second generation of depot
charger type 2 are introduced in phases D and E. The depot-charger fleet at Ruhrallee
is extended by 39 vehicles which are assigned to routes 141, 155 and 194. In phase E
an additional 39 vehicles are required in the Stadtmitte depot to be operated on routes
170, 173, 186, 408, 412 and 415. The final changeover phase F contains the most chal-
lenging routes which require fast-charging infrastructure at five locations to electrify
31 BEB with opportunity charging.

The investments for each changeover phase are shown in Figure 6-26. It becomes clear
that the purchase of the vehicle dominates the total costs. The comparison of the infra-
structure investment indicates changeover phases with a focus on opportunity charging
as B, C and F, and the higher costs are caused by the installations of fast-charging in-
frastructure.

The mitigation potential of each changeover phase is shown in Figure 6-27. A realiza-
tion of phases A to C reduces the CO> emissions of the Ruhrbahn fleet by more than
50 %, proving that although a hybrid heating system with fuel heater is utilized, signif-
icant savings are ensured by replacing Diesel Euro VI buses.

D I = Vehicles

m Infrastructure

Changeover Phase

0 5 10 15 20 25 30 35 40 45
Investement in million €

Figure 6-26: Initial investment for the changeover phases

Changeover Phase Changeover Phase Changeover Phase

A B C D E F

A B C D E F B C D E F A
| -
-378 -161 -3
-2,587 -974 -20
-3,347

-3,181 -1,160 -
-1,328 -1,282 227 24
-3,845 -30

-7,292 mcoz 2,712 = NOX lkel P il
! -57
Figure 6-27: Mitigation potential of the changeover phases in the categories CO2, NOx

and PM
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The derived changeover phases provide Ruhrbahn a detailed path to fleet electrifica-
tion with technology recommendations and a prioritization of routes. The high level of
detail in the previous analysis ensures that the electrification concepts fulfill the tech-
nical and operational constraints and are tailored to the current market. A further ad-
vantage from the detailed analysis is that the consequences are transparent to the dif-
ferent departments of Ruhrbahn and external stakeholders. The operational planning
department can for example consider the adapted bus runs in their planning, and the
infrastructure department has a transparent scenario regarding when and where infra-
structure is required. This high level of transparency reduces the hurdles to realization
and fertilizes the larger roll-out of BEB.






7 Summary and Conclusion

One of the major challenges for public transport operators (PTO) in the coming years
regards the substantial electrification of bus fleets. Among different technological al-
ternatives, the battery electric bus (BEB) has especially gained substantial market
shares in recent years and is viewed as the enabler for a larger rollout. However, its
implementation entails several constraints regarding technical design and operational
planning. The overall performance is determined to a large extent by the characteris-
tics of the battery. The battery energy content defines the range of the BEB which is in
most cases shorter than that of conventional buses. This requires frequent charging
events whose duration are furthermore influenced by the charging capabilities of the
battery. The limited range and additional downtimes due to charging determine the
number of vehicles required for operation. This leads to the fact that operational con-
straints must be considered even during the early stage of strategic planning.

The general field of electrification planning comprises several research disciplines
such as electrical engineering, operational research, or economics. However, a com-
prehensive planning approach combining the current state of research in the different
disciplines is absent. The present thesis addresses this gap and provides a software-
based planning approach for the strategic planning of BEB fleets in the public
transport domain.

The BEB concepts available on the market share a common full electric drivetrain.
The two dominant concepts are depot charging and opportunity charging, which differ
in terms of their battery characteristics. While depot-charging BEB are optimized for a
long range, opportunity-charging BEB are designed for high-charging capability and
therefore reduced downtimes. Regardless of the charging strategy, a further distin-
guishing factor concerns the cooling and heating system. Heating at low temperatures
entails a high thermal demand which can be covered by a full electric heating or a hy-
brid heating system with a fuel heater. While the heat generation by a fuel heater does
not impact the range of the BEB, the full electric heating causes a significant range
reduction. The planning complexity for PTOs is furthermore caused by the large varie-
ty of different technical solutions which differ for example regarding the manufacturer,
vehicle size or current development status as well as dependence on the local situation
in terms of route characteristics and climate conditions. Thus, simulation models are
required which enable an analysis of the performance of a certain concept at the local
scenario.

145
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The simulation framework developed in this thesis is entitled the BEB system model
and provides interfaces to planning tools currently used at PTO and further third party
applications that provide required data for BEB simulation. The models can be divided
into the categories technological (infrastructure, vehicle, and aging model), economi-
cal (life cycle cost calculation) and environmental (emission calculation). The vehicle
and infrastructure models enable an analysis of the technical performance of a certain
BEB on a defined route by considering the specific local situation. The results of the
application of the vehicle and infrastructure model forms the input for the aging and
lifetime model. The component lifetime is calculated based on the planned operation
so that scenario-specific results are gained. The next step in the toolchain is described
by the life cycle cost calculation (LCC) which enables a monetization of the technical
configuration and operational consequences. In addition, the mitigation potential is
assessed via the emission calculation. The final set of results enables a cost-benefit
analysis and neutral comparison of BEB alternatives.

The developed technical and operational analysis build on the BEB system model and
is applied in three scenarios: The first regards the general assessment of the technical
feasibility of electrification. Batch processing enables a fast calculation even for large
scenarios with several hundred vehicles and a wide range of considered BEB concepts.
The second application aims at the detailed analysis of the technical and operational
constraints and their interaction. The reasons for technically infeasible scenarios can
be overserved and mitigation measures can be investigated such as the setup of charg-
ing infrastructure at terminal stops. The third application addresses operational ad-
justments for depot-charging battery buses. An energy-based vehicle scheduling ena-
bles the generation of tailored operating schemes for a given BEB type, ensuring that
all technical constraints are fulfilled and that a technically feasible scenario is pro-
duced.

The application of the technical and operational analysis and the integrated BEB sys-
tem within the case study has proven the functionality of the planning approach. A
long-term electrification concept with technological recommendations and concrete
changeover phases could be determined for the PTO Ruhrbahn. Beginning with an
export of the diesel bus operational planning, the BEB system model has been applied
to determine the energy demand, evaluate charging opportunities, and generate an
adapted operating scheme for each considered BEB concept. The subsequent LCC cal-
culation monetized the results and provided a comprehensive basis for the develop-
ment of technological recommendations and changeover phases for about 200 vehicles
in a 12-year planning horizon.
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A Appendix

A.1 Abbreviations and Glossary

Term Definition

BEB Battery electric bus

Block Sequence of trips (service and deadhead) operated by one
vehicle starting from and ending at the depot

Bus Run Combination of blocks at a certain day

Bus Stop Place where a bus stops for passenger access

Charging Station Infrastructure at a certain location to charge the battery of
BEB

CO, Carbon Dioxide

Commercial Speed
(6(0)

Deadhead Trip
Deadheading
Depot

Depot Charging
DOD

Drivetrain

Dwell Time
GGA

Grid Connection
LCC

NOx

Operating Scheme
Opportunity
Charging

PM

PTA

PTO

Pull-In Trip

Average speed in service trip operation

Coefficient of performance describing heat pump efficiency
Trip without passengers

Deadhead trip operation

Location where buses are parked and maintained

BEB charging concept with exclusive charging in the depot
Battery depth of discharge

Combination of inverter, motor and (where necessary) gear-
box

Duration of scheduled presence at a bus stop
Grouping genetic algorithm

Connection to the electricity grid

Life cycle costs

Nitrous oxides

Set of bus runs describing the entire fleet operation

BEB charging concept with charging at the depot and at loca-
tions on the route

Particular matter

Public Transport Authority
Public Transport Operator
Deadhead trip to the bus depot
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Term Definition

Pull-Out Trip Deadhead trip from the bus depot

Route A defined set of ways connecting bus stops
Service Trip Trip in regular passenger service

SOC Battery state of charge

Terminal Stop
Track
Trip

Trip Sequence
Vehicle Scheduling
Worst-Case

Bus stop at the beginning or the end of a route
Path described by geo locations

One-way bus trip from one location to another potentially
passing by several bus stops

Series of subsequently operated trips between charging events
Process of assigning trips to blocks and blocks to vehicles

Worst scenario that could be expected under given circum-
stances
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Electric buses are entering public transport bus fleets and in-
troduce a new level of complexity in the strategic planning of
public transport operators. Although numerous research activi-
ties focus on the field of electrification planning, there is thus
far an absence of a comprehensive planning approach for the
public transport domain covering all thematic areas, from tech-
nical design over operational planning to the assessment of
lifecycle costs. The present thesis closes this gap by providing
a software-based planning approach whose applicability has
been proven through various case studies.

The novelty of this approach regards the high level of detail
for all planning phases, which is enabled by the developed
software toolchain utilizing state-of-the-art simulation and op-
timization methods as well as interfaces with existing planning
software and third-party data. Efficient calculation methods
facilitate analysis of large scenarios and a wide range of tech-
nical alternatives. The consequences of electrification with bat-
tery electric buses are elucidated for all stakeholders involved
in the electrification process, such as operational planning and
infrastructure departments. Furthermore, aggregated and nor-
malized figures are provided to allow a neutral comparison of
technical alternatives.
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