Szeged Final Use Case
Report
A.11: Replacing diesel bus lines by
extending trolleybus network with trolleyhybrids
C.6: Multipurpose use of infrastructure for
(re)charging trolley-hybrids & e-vehicles
Deliverable

2.20

Authors

Attila Náday, SZKT
Dr. István Tibor Tóth, USZ
Dr. Zoltán Ádám Németh, SZKT
Norbert Újhelyi, SZKT

Status

F

Document’s privacy

Public

Reviewed by

Yannick Bousse, UITP
Helmut Berends, Berends Consult
Wolfgang Backhaus, Rupprecht

This project has received funding from the European
Union’s Horizon 2020 research and innovation
programme under grant agreement No 636012.

D2.20 Szeged Final Use Case Report

SUMMARY SHEET
Programme

Horizon 2020

Contract N.

636012

Project Title

Electrification of public transport in cities

Acronym

ELIPTIC

Coordinator

Free Hanseatic City Of Bremen

Web-site

http://www.eliptic-project.eu/

Starting date

1 June 2015

Number of months

36 months

Deliverable N.

2.20

Deliverable Title

Szeged Final Use Cases Report

Milestones

N/a

Version

0.5

Date of issue

22/06/2018

Distribution

External

Dissemination level

Public

Abstract

This document gives an overview of the results of the Use Case within framework
of Pillar A in Szeged (Hungary). The concept of Pillar A is that trolleybus hybrids
can be used to extend/replace an existing diesel bus line. The pillar A in Szeged
is about to investigate and show the concept of converting an existing diesel-bus
line into an electric, operated with battery-powered hybrid trolleybuses. In the
study there are different type of analysis of the case. The results obtained in
ELIPTIC could be implemented in further projects.
This document gives an overview of the results of the Use Case within framework
of Pillar C in Szeged (Hungary). The concept of Pillar C is that electric vehicles
can be supported cost-efficiently by integrating them into existing electric public
transport infrastructure. The pillar C use case in Szeged is about to study and
demonstration of multi-purpose charger technology for hybrid trolleys and evehicles. In the study there are different types of analysis of the case. The
demonstration is a technology-critical part and after the end of ELIPTIC, further
projects could be implemented which could utilize the results of this study.

Keywords

Szeged Use Case, electric public transport, multi-purpose e-charger, hybrid
trolleybus technology, TCO, electric vehicle, e-mobility, trolleybus line extension

Critical risks

-

This report is subject to a disclaimer and copyright. This report has been carried out under a contract awarded by the European
Commission, contract number: 636012. The content of this publication is the sole responsibility of ELIPTIC.

|1

D2.20 Szeged Final Use Case Report

Document change log Pillar A
Version

Date

Main area of changes

Organisation

Comments

0.1

05/12/2017

All chapters

SZKT, USZ

0.1 Draft version

0.2

17/01/2018

1, 3, 4, 7

SZKT, USZ

0.2 Draft version

0.3

22/02/2018

5,7,8

SZKT, USZ

0.2 Draft version

0.4

05/06/2018

All chapters

SZKT, USZ

0.2 Draft version

Document change log Pillar C
Version

Date

Main area of changes

Organisation

Comments

0.1

18/02/2018

All chapters

SZKT, USZ

0.1 Draft version

0.2

21/02/2018

All chapters

SZKT, USZ

0.2 Draft version

0.3

23/02/2018

All chapters

SZKT, USZ

0.3 Draft version

0.4

04/06/2018

All chapters

SZKT, USZ

0.4 Draft version

0.5

04/06/2018

All chapters

SZKT, USZ

1.0 Final version

Partner Contribution Pillar A
Company

Name

Description of the partner contribution

SZEGEDI
TUDOMÁNYEGYETEM (USZ)

Dr. István Tibor Tóth

Cooperation, consultation,

SIEMENS AG

Diego Salzillo Arriaga

SWOT analysis

RWTH Aachen University
(RWTH)

Fabian Meishner, Dirk
Uwe Sauer

Simulation

Università degli Studi di Roma
La Sapienza (UNIROMA)

Maria Vittoria Corazza

KPI table

|2

D2.20 Szeged Final Use Case Report

Partner Contribution Pillar C
Company

Name

Description of the partner contribution

SZEGEDI
TUDOMÁNYEGYETEM (USZ)

Dr. István Tibor Tóth

Consultation, Co-writer, Feasibility study

SIEMENS AG

Diego Salzillo Arriaga

SWOT analysis

VDV/Berends-Consult

Jens Schmitz
Helmut Berends

Consultation, review of the whole document

/

|3

D2.20 Szeged Final Use Case Report

ACRONYMS
BMS:

Battery Management System

CAPEX:

Capital expenditure

CBA:

Cost Benefit Analysis

CVD:

Clean Vehicles Directive (EU)

ELIPTIC:

Electrification of Public Transport in Cities (HORIZON 2020 R&D programme)

EU:

European Union

HUF:

Hungarian forint (currency)

KPI:

Key Performance indicators

MVP:

Modern Városok Program (Hungarian Government‘s program for development of Modern
Cities)

OPEX:

Operating expenses

PT:

Public Transport

PTO:

Public Transport Operators

SOC:

State of charge at batteries (%)

SWOT:

Strenght Weaknesses Opportunities Threats, a mode of analysis

SZKT:

Szegedi Közlekedési Kft. / Szeged Transportation Ltd.

USZ:

Szegedi Tudományegyetem / University of Szeged

WP:

Working Package

|4

D2.20 Szeged Final Use Case Report

Table of Contents
SUMMARY SHEET .................................................................................................... 1
Document change log Pillar A ................................................................................. 2
Document change log Pillar C ................................................................................. 2
Partner Contribution Pillar A ................................................................................... 2
Partner Contribution Pillar C ................................................................................... 3
Table of Figures ........................................................................................................ 7
List of Tables ............................................................................................................ 8
1.

Executive summary ......................................................................................... 10
A.11: Replacing diesel bus lines by extending trolleybus network with trolley-hybrids ............. 10
C.6: Multipurpose use of infrastructure for (re)charging trolley-hybrids & e-vehicles ............... 11

2.
3.

Introduction ..................................................................................................... 13
Use Case Overview ......................................................................................... 15
A.11: Replacing diesel bus lines by extending trolleybus network with trolley-hybrids ............. 15
Scope ............................................................................................................................................ 15
Objectives ..................................................................................................................................... 15
Use case background .................................................................................................................... 15
Detailed description of the Use Case ........................................................................................... 17
C.6: Multipurpose use of infrastructure for (re)charging trolley-hybrids & e-vehicles ............... 19
Scope ............................................................................................................................................ 19
Objectives ..................................................................................................................................... 19
Technical analysis ......................................................................................................................... 19
Infrastructure-location ................................................................................................................. 21
Charger technical parameters ...................................................................................................... 22
Experiences of charger set-up and operation .............................................................................. 23
Implementing the charger (execution of Demonstration) ........................................................... 26

4.

Methodology .................................................................................................... 30
A.11: Replacing diesel bus lines by extending trolleybus network with trolley-hybrids ............. 30
Feasibility Studies ......................................................................................................................... 30
Planning the demonstrations ....................................................................................................... 30
Simulations methodology (Provided by RWTH) ........................................................................... 30
C.6: Multipurpose use of infrastructure for (re)charging trolley-hybrids & e-vehicles ............... 32
USZ Feasibility study Methodology .............................................................................................. 33
SWOT analysis methodology ........................................................................................................ 33
Process evaluation methodology A.11 and C.6 ............................................................................ 34

|5

D2.20 Szeged Final Use Case Report

5.

Main evaluation results ................................................................................... 35
A.11: Replacing diesel bus lines by extending trolleybus network with trolley-hybrids ............. 35
Demonstration .............................................................................................................................. 35
Passenger questionnaires (Provided by USZ): .............................................................................. 36
A11 KPIs (contributed partner: UNIROMA) .................................................................................. 40
SWOT analysis of A.11 .................................................................................................................. 45
SWOT Results................................................................................................................................ 47
SWOT Summary / Interpretation.................................................................................................. 50
Simulation of A.11 (Provided by RWTH) ....................................................................................... 51
Situation Analysis.......................................................................................................................... 51
Project Description and Definition ............................................................................................... 52
Technical Parameters ................................................................................................................... 54
Cost Positions ............................................................................................................................... 62
Profitability Assessment ............................................................................................................... 64
Status Quo .................................................................................................................................... 67
Scaling Number of Operating Buses ............................................................................................. 69
External Aspects ........................................................................................................................... 72
Impact Assessment of Assumptions ............................................................................................. 74
Investment Recommendation ...................................................................................................... 78
Process evaluation drivers and barriers: Trolley buses ................................................................ 79
C.6: Multipurpose use of infrastructure for (re)charging trolley-hybrids & e-vehicles ............... 79
Demand analysis ........................................................................................................................... 79
Analysis of legal aspects ............................................................................................................... 80
Financial feasibility ....................................................................................................................... 81
Impacts ......................................................................................................................................... 81
SWOT analysis results C6 .............................................................................................................. 82
Summary ....................................................................................................................................... 83
Process evaluation drivers and barriers: Multi-purpose use of electric PT infrastructure .......... 84

6.

Follow-up after the Use Case ......................................................................... 85
A.11: Replacing diesel bus lines by extending trolleybus network with trolley-hybrids ............. 85
C.6: Multipurpose use of infrastructure for (re)charging trolley-hybrids & e-vehicles ............... 85

7.

Conclusions ..................................................................................................... 88
A.11: Replacing diesel bus lines by extending trolleybus network with trolley-hybrids ............. 88
C.6: Multipurpose use of infrastructure for (re)charging trolley-hybrids & e-vehicles ............... 88

8.

Appendix .......................................................................................................... 91

9.

Bibliography .................................................................................................... 92

|6

D2.20 Szeged Final Use Case Report

Table of Figures
Figure 1: Trolleybus network of Szeged (source: SZKT) .......................................... 16
Figure 2: Hybrid trolleybus and battery pack (source: SZKT) ................................... 16
Figure 3: Hybrid trolleybus on the route of 77A bus in residental area (source: SZKT)
................................................................................................................................. 18
Figure 4: Passenger questionnaire with students of the USZ on 77A trolley line
(source: USZ) ........................................................................................................... 18
Figure 5:
Diagram of the planned multi-purpose e-vehicle charger left: energy
source from existing catenary, right: energy source from city electric grid ............... 20
Figure 6:
The 600V DC network of Szeged with the power converters. No 2 is the
chosen trolley depot converter (source: SZKT) ........................................................ 21
Figure 7:
E-chargers in the area of Szeged (source: www.villanyautosok.hu) ... 22
Figure 8:
Charging characteristics of hybrid trolleybuses (source: SZKT) .......... 23
Figure 9:
First public AC charger in Szeged (source: www.szkt.hu) ................... 24
Figure 10: First public AC charger at Szeged in use (source: www.szkt.hu) ........ 24
Figure 11: Consumptions - in October 2017 were technical problems with the
charger (source: SZKT) ............................................................................................ 26
Figure 12: First public multipurpose charger at the trolleybus depot (Source:
SZKT) after technical installation and before the test. Left: trolleybus charger device,
right: e-car charger. .................................................................................................. 27
Figure 13: Opening ceremony of the first public multipurpose charger at Szeged
(trolleybus depot) (Source: SZKT.hu) ....................................................................... 28
Figure 14: e-car and trolleybus charger point (Source: SZKT.hu) ............................ 28
Figure 15: Energy consumption (Wh/charging) of the charger in the test period
(Source: SZKT.hu). ................................................................................................... 29
Figure 16: A11 use case multi-stage demonstration strategy ................................... 32
Figure 17: Passenger questionnaire (source: USZ) .................................................. 36
Figure 18: Passenger questionnaire (source: USZ) .................................................. 37
Figure 19: Passenger questionnaire (source: USZ) .................................................. 37
Figure 20: Passenger questionnaire (source: USZ) .................................................. 38
Figure 21: Passenger questionnaire (source: USZ) .................................................. 38
Figure 22: Passenger questionnaire (source: USZ) .................................................. 39
Figure 23: Passenger questionnaire (source: USZ) .................................................. 39
Figure 24: Passenger questionnaire (source: USZ) .................................................. 40
25. Figure: Szeged modal share............................................................................... 46
Figure 26: Catenary infrastructure in Szeged ........................................................... 52
Figure 27: Energy transfer under catenary (picture by Marcin Połom and Mikołaj
Bartłomiejczyk) ......................................................................................................... 53

|7

D2.20 Szeged Final Use Case Report

Figure 28: Route of line 77A ..................................................................................... 54
Figure 29: Ikarus Skoda TR187.2 ............................................................................. 56
Figure 30: Wiring of the modules .............................................................................. 58
Figure 31: Battery Management in Szeged [23] ....................................................... 59
Figure 32: Battery usage in average ......................................................................... 60
Figure 33: Assumed cyclic lifetime expectancy for Kokam Li-ion NMC batteries
(Kokam) .................................................................................................................... 61
Figure 34: Worst-Case-Scenario Line 77A (Mo-Fr) .................................................. 65
Figure 35: Cost comparison of status quo in absolute numbers (one bus) ............... 67
Figure 36: Cost comparison of status quo in € per vehicle km (one bus) ................. 68
Figure 37: Cost comparison of status quo in € per person km (one bus) ................. 69
Figure 38: Cost comparison of scaled (infrastructure) scenario in € per vehicle-km. 71
Figure 39: Cost comparison of scaled (infrastructure) scenario in € per passenger-km
................................................................................................................................. 71
Figure 40: Cost comparison of scaled (infrastructure) scenario with environmental
costs in € per vehicle-km .......................................................................................... 73
Figure 41: Cost comparison of scaled (infrastructure) scenario with environmental
costs in € per passenger-km..................................................................................... 74
Figure 42: Sensitivity analysis over diesel and electricity price (18 years / 2x battery
replacement / same reliability / no environmental costs / construction costs of 300k €
per km infrastructure) in costs per vehicle-km .......................................................... 76
Figure 43: Graphical determination of the internal rate of return .............................. 78

List of Tables
1. Table: Energy consumption data of AC charger ................................................... 25
2. Table: Some basic measured parameters of the demonstration .......................... 35
3. Table: KPIs of A11 ................................................................................................ 40
4. Table: SWOT analysis .......................................................................................... 47
5. Table: Route 77A characteristics .......................................................................... 54
6. Table: Technical input parameters and their values ............................................. 55
7. Table: Key figures of the applied Kokam cells and modules [22] .......................... 57
8. Table: Specific Emissions for Diesel buses .......................................................... 62
9. Table: Szeged cost parameters ............................................................................ 63
10. Table: Simulation input parameters .................................................................... 64
11. Table: Investigated scenarios and their respective parameters .......................... 66

|8

D2.20 Szeged Final Use Case Report

12. Table: Charging infrastructure costs scaled to the operation of 5 buses on 77A,
assuming 300,000 €/km construction costs .............................................................. 70
13. Table: Emissions and Environmental Costs, based on EU Clean Vehicles
Directive.................................................................................................................... 72
14. Table: SWOT analysis results C6 ....................................................................... 82

|9

D2.20 Szeged Final Use Case Report

1. Executive summary
A.11: Replacing diesel bus lines by extending trolleybus network
with trolley-hybrids
This report contains a brief information about the Use Case A11 of Szeged. The report was
created and compiled by the electric public transport operator of Szeged (SZKT). The report
describes:
 The studies which are made by SZKT, University of Szeged (USZ) and other scientific
project partners;
 The preparation and realization steps of the actual demonstrations, and;
 The conclusions and follow-up activities of the Use Case.
The preparation for autonomous, battery trolleybus plant at SZKT was realized within a midterm research and development plan. Within the big project: ”Development of Szeged’s
Electrical Public Transport” (ended in 2015), the overhead catenary input cable system of
trolleybus lines was renewed and extended, which is a big part of Szeged’s electrical public
transport (PT) network. During the same project, 13 pieces of Ikarus-Skoda Tr187.2 type
trolleybuses were procured which have a 7km range in battery mode. This core catenary
system, which has 60% power utilization, can be extended by autonomous battery mode to
reach those sub-urban parts of the city where catenary systems are not feasible to be built up.
These systems promise longer battery life and movement of lighter battery packs comparing
to overnight charging systems. Besides this, the charging procedure of in-motion charging can
provide easier traffic management. As an experiment, in 2016 within the EU financed ELIPTIC
project (Horizon 2020), SZKT on two occasions successfully organized a two week long
demonstration/test on bus line 77A with Ikarus-Skoda trolleybuses.
 Joint with the C6 use case (see next section) in the ELIPTIC project, in which SZKT tested
and demonstrated a multi-purpose charger for e-cars and battery hybrid trolleybuses, the
bus replacement with extended trolley lines and chargers at the end-station would be a
real development strategy for the electric PT of Szeged.
 The main result from the demonstrations for SZKT is the feasibility of the trolley-batteryhybrid capabilities. Regardless of the successful demonstrations and the measured good
social acceptance, similar to the acceptance of the trolleybus technology , the continuous
operation of a hybrid line based on the existing fleet is considered as premature. The
difficulties (technical, financial) were also examined in the accompanying studies.
 The further development of the technology will be supported by new projects that
originated partly from the experiences of this use case.
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C.6: Multipurpose use of infrastructure for (re)charging trolleyhybrids & e-vehicles
This report contains a brief information about the Use Case C6 of Szeged. The report was
created and compiled by the electric public transport operator of Szeged (SZKT). The report
describes:
 The studies which are made by SZKT, USZ and other scientific project partners;
 The preparation and realization steps of the actual demonstration, and;
 The conclusions and follow-up activities of the Use Case.
SZKT planned to install, remodel and test the first public electrical multipurpose charging
station for trolley-hybrid-buses, e-bikes and e-cars in the city of Szeged based on the results
of a feasibility study. The study has to support the decisions attached to the demonstration it
made in parallel and there were major changes during the project, e.g. the legal barriers.
During the set-up period of the project, it was not decided that the demonstration would be
realized with a prototype charger. When the ‘TEST 1’ demonstration of A11 Use Case was
successfully realized, it became a short-term possibility to charge the hybrid trolleybuses at a
temporary end-station where the hybrid trolley lines would start.
SZKT plays a major role in the electric public transport of Szeged, but with the spread of private
transportation modes, in particular private electric cars, SZKT cannot lead the path of
innovation in local e-mobility only with the traditional trolleybus and tram technologies.
It is an obvious option to exploit the existing modern infrastructure to serve new technologies.
The assessment of new options, the localisation, test and demonstration of technology are the
main objectives of the C6 Use Case.
The options for multipurpose utilization were selected regarding technological, legal and
economic aspects. The regulatory environment was also taken into account environment,
which significantly changed over the duration of the project, which - despite the government's
supportive intention - is slower than expected (energy price control, e-charger and e-vehicle
support systems).
The choice of placing the multi-purpose technology was restricted due to the legal framework.
However, even though the charger is placed at the depot of SZKT, the charger cannot only
be used for charging trolley hybrids, but was made publicly accessible for a short period so
that also passenger cars could use the charger. SZKT uses the existing PT infrastructure to
feed the charger (power converter of the SZKT trolleybus depot) and therefore we could avoid
high infrastructure investments.
The selected technology was coordinated with the potential developers / suppliers and SZKT
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issued an open tender for the delivery of the charging station required for demonstration. The
tender was successful but the delivery and the start of the demonstration was delayed due to
technological difficulties.
In the spring of 2018 SZKT had tested the developed the charger and partially opened it for
public users. In 31/05/2018, SZKT had opened the charger for permanent public service. The
demonstration will continue beyond the ELIPTIC project period.
The project has pioneered the difficulties encountered in developing and installing such a
charging device. The gained experience is useful and valuable for SZKT and it offers new
solutions to the development of urban mobility by evolving partially self-propelled trolley lines
using end-point charging solutions (as it was successfully demonstrated in the A11 Use Case).
In the future, the unique technology of the multi-purpose chargers could be a technical risk for
operators. Without large series of equipment, the technical support would be critical. The local
politics also look at such projects as experimentations and could not give big efforts to
implement in a normal service. Once the public chargers spread in the City, the financial
background of the charging has to be managed. Hopefully we could think further about the use
case in new projects with EU/national supports.
SZKT declared the rational development based on this project here in Szeged and for other
similar PT systems and this is a usable experience for similar cities, strategy makers and
mobility planners.
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2. Introduction
The overall aim of ELIPTIC was to develop new concepts and business cases to optimise
existing electric infrastructure and rolling stock use, saving both money and energy. ELIPTIC
advocates electrification of the public transport sector and helps to develop political support
for the electrification of public transport across Europe.
ELIPTIC looks at three thematic pillars:
 Pillar A: Safe integration of ebuses into existing electric PT infrastructure through
(re)charging e-buses “en route”, upgrading trolleybus networks with battery buses or
trolley-hybrids and automatic wiring/de-wiring technology;
 Pillar B: Upgrading and/or regenerating electric public transport systems (flywheel,
reversible substations);
 Pillar C: Multi-purpose use of electric public transport infrastructure: safe (re)charging of
non-public transport vehicles (pedelecs, electric cars/ taxis, utility trucks).
With a strong focus on end users, ELIPTIC analysed 20 use cases within the three thematic
pillars. The project supported the Europe-wide uptake and exploitation of results by developing
strategies and guidelines, decision-making support tools (e.g. option generator) and policy
recommendations for implementation schemes for upgrading and/or regenerating electric
public transport systems. Partners and other cities have benefited from ELIPTIC's stakeholder
involvement and user forum approach. ELIPTIC addresses the challenge of “transforming the
use of conventionally fuelled vehicles in urban areas” by focusing on increasing the capacity
of electric public transport, reducing the need for individual travel in urban areas and by
expanding electric intermodal options (e.g. linking e-cars charging to tram infrastructure) for
long-distance commuters. The project strengthens the role of electric public transport, leading
to both a significant reduction in fossil fuel consumption and to an improvement in air quality
through reduced local emissions.
This document describes the demonstration steps and the feasibility study in the A11 use case
as it was planned in the Set up report. The results (simulations, analyses) of the use case are
also documented within this report.

This report describes the preparation and realization steps of the demonstration and the
generation of the feasibility study C6 as it was planned in the Set up report. Beyond technical
issues, the legal background was also a major subject of this use case, which could also be a
barrier in some similar projects. The results of the use case (simulations, analyses, studies,
experiments) and the potential regarding further developments are published in this report. For
stakeholders and strategy makers we defined our experiences in the conclusions.
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SZKT is following the project’s guidance document for dissemination and deployment
activities, but also examined the possibilities for local dissemination options within ELIPTIC
project framework. SZKT decided to promote in future related projects (MVP, TROLLEY 2.0),
the achievements, results (both positive and negative) and experiences with its multi-functional
electric vehicle charger.
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3. Use Case Overview
A.11: Replacing diesel bus lines by extending trolleybus network
with trolley-hybrids
Scope
In the demonstration phase, the project focused on the technical, operational questions and
opportunities of the technology and the social acceptance of hybrid trolleybus technology. In
the analysis, also the economic, legal questions and barriers were examined.

Objectives
Short-term objectives:
The short-term objective during the project is to demonstrate the technological feasibility of
this development for SZKT, for the City-politicians (Municipality) and for the citizens (not only
for the passengers) also. The demonstrations of the Use Case will give the possibility to
measure many key parameters and context parameters. These parameters will give a base
for wide comparison of the different Use Cases in the ELIPTIC project (and other projects).
The technical-experiences of the Use Case will be used by SZKT in the near future for planning
trolleybus line extensions. In Szeged, it was the first time battery powered trolleybuses are
examined in a scientific project. There are different areas like traction battery technology,
overhead wire technology, transport organisation, financial which are involved in this Use Case
and experiments in these areas are necessary to spread the technology.
Long-term objectives:
The long-term objectives in the Use Case is that this project will prove the financial and legal
feasibility of this development. After the demonstration SZKT had found some tender support
to extend the electric PT grid with this technology and this will lead to a decrease in the local
environmental impact of buses. If we could increase the electric transport at the expense of
combustion engine transport this would cause a direct reduction of the local pollution.
In the long term we also expect this Use Case to support the development of good practice for
this technology through the actual feasibility study, guidelines, policy recommendations and
business models and thus would help to reach some goals of the EU in the PT-transport like
decreasing the use of conventionally-fuelled cars in cities by 2030 (and phasing them out by
2050) as well as the emissions reduction target of 60% by 2050, as laid down in the Transport
White Paper, Roadmap to a Single European Transport Area.

Use case background
Szeged is the third largest city in Hungary near the southern border of the country. The city
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has about 170 000 inhabitants. The trolley and tramlines are operated by the Szegedi
Közlekedési Kft. (SZKT) and our company runs about 60 trolleybuses, 13 of them are
articulated battery hybrids. These trolleybuses would be used for demonstration in the A11 use
case.

Figure 1: Trolleybus network of Szeged (source: SZKT)

Figure 2: Hybrid trolleybus and battery pack (source: SZKT)
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Detailed description of the Use Case
In the preparation phase (October 2015) SZKT made some initial tests (‘TEST 0’) to define the
basic capabilities and technical limits. The real range of electric vehicles highly depends on
environmental parameters e.g. outside temperature. It is important to the passengers - and
traction batteries also - to keep the temperature in the comfort-zone which requires high energy
in winter or in summer and therefore reduce the possible range. That is why we’d planned the
demonstrations in moderate-temperature periods but it also means that this circumstance has
to be examined well but not in these demonstrations.
A basic passenger-questionnaire has been done to explore the social awareness and support
these technologies.
As demand-analysis we’d examined some possible bus lines to change hybrid trolley lines.
The possible bus-lines had to fit partly an existing trolley overhead wire and mustn’t be to high
capacity because the limited number of trolleys.
In the scope of infrastructure and operation there weren’t any difficulties.
The legal background of a temporary trolley line was explored in this project. We had to
consider that the bus service company has a separate (from SZKT) service contract with the
Municipality for bus lines.
After the preparation phase we’d made the first demonstration (‘TEST 1’) in real environment.
In April of 2016 we’d organised a 15 days long demonstration on the bus line 77A. The
trolleybuses are running parallel with the bus service. During the demonstrations we’d
collected technical data with on-board data logger and USZ take a passenger survey focusing
on the general ELIPTIC project parameters (KPI).
At the infrastructure-side that was the first time in Szeged when the trolley service used
overhead catenary connection roofs for fast connecting the trolleys after a self-moving section.
In 2016 summer/autumn period SZKT used the hybrid trolley fleet during special events (open
air theatre, country fairs, air-show, etc.) without catenary system, to demonstrate (‘TEST 2’)
the potential of autonomous technology.
In September of 2016 SZKT organised another demonstration (‘TEST 3’) on bus line 77A with
a passenger questioning during the demonstration this time the bus service was already
replaced by the trolleys. We’d measured the acceptance of the trolley extension by asking the
passengers in more steps linked to the demonstrations: TEST 1 and TEST 3.
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Figure 3: Hybrid trolleybus on the route of 77A bus in residental area (source: SZKT)

Figure 4: Passenger questionnaire with students of the USZ on 77A trolley line
(source: USZ)
After the (main) demonstrations would be possible to give direct proposal to the Municipality
to finalize a hybrid trolley line. Despite demonstrations were successful it would require too
many hybrids from the actual trolley fleet, what is the main backbone of the traditional trolley
fleet.
During demonstrations there were many data provision for other project partners in ELIPTIC
(telephone conferences, interviews, questioners) about our actual project and the context
conditions, backgrounds.
During ELIPTIC project SZKT also use dissemination activities according to the ELIPTIC’s
dissemination strategy on every public event which was project related.
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C.6: Multipurpose use of infrastructure for (re)charging trolleyhybrids & e-vehicles
Scope
It is essential for the project to uncover the technical, economic, legal, and operational
conditions and opportunities based on technical and economic background. For the sake of
clarity, it is inevitable to present the starting state and the possible outputs as detailed as
possible.

Objectives
This Feasibility Study mainly targets to investigate and show the concept of multipurpose use
of the existing electric infrastructure for charging public transport Trolley-Hybrids and different
custom traffic e-vehicles from e-scooter to e-car. Based on the information and results
obtained, the ultimate goal is to determinate whether it can be achieved technically, legally,
and financially.
Short-term objectives:
The demonstration will prove the potential in this technology in connection with the existing
hybrid trolleybus fleet. The study defines the technological, legal and other parameters of a
multi-functional e-vehicle charger station. The study will give guidance to SZKT to define
requirements for next developments (vehicle and infrastructure parameters). The SZKT have
partners in this business, like power supply companies, technology companies, infrastructure
developers, and gave a good pathfinder sample for the City of Szeged.
Long-term objectives:
The ELIPTIC Use Case will promote e-traffic modes in the future mobility of Szeged and draw
the attention of Szeged’s municipality for these tested electro-mobility development
possibilities.

Technical analysis
At the beginning of the project, it was technical feasibility question to decide the multipurpose
charger system. The possible two systems shown on the Figure 5. The trolley-catenary system
sourced charger would generate many tasks:
 Energy problems: the Counting and sale of energy from the grid because these energy
source is dedicated for electric public transportation. The losses of the primer
transformation from city grid to Trolley wires could not be measured well.
 The stability of the grid would complicate the stabile energy transformation according
to the requested power of an e-car. The voltage level hardly changed because of
variable consumptions of the trolleybuses and recuperations. In extreme situations,
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the voltage level between the overhead wires could be 400V DC – 1000V DC but from
the earth it could me much further and therefore robust electronic systems would be
necessary to manage such situations and keep the charger output safe.
The ‘multi-purpose’ usage criteria would be fulfilled by another way if the charger would be
also usable for cars and trolleybuses. SZKT has selected this option. The differences between
the two systems shown on the Figure 5. The figure below shows the planned multi-purpose evehicle charging station supplied from existing trolley/tram catenary system and an
independent multipurpose e-vehicle and hybrid trolley charging station supplied from the city
power grid.

Figure 5: Diagram
of
the
planned
multi-purpose
e-vehicle
charger
left: energy source from existing catenary, right: energy source from city
electric grid
From a technical point of view, it is an important task to interrupt the overhead electric
connection and create a new one for the trolley hybrid.
From the beginning, it was assumed that without e-chargers the number of the e-cars would
not be able to increase significantly. Parallel to this project we tested several e-cars at the
SZKT as service-cars to get real impressions about the user needs.
In 2016, we contacted an electricity company what was interested in operating and installing
public chargers. After some discussions, it was clear that big electricity companies and
technological companies are not interested to develop special prototype technologies that we
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need to charge our trolleybuses.

Infrastructure-location
The power supply network was upgraded until 2011, with eight small power converters (1.6
MW), one medium (2.0 MW) and one central high current converter (3.0 MW). Current (2017)
capacity utilization of current converters is approx. 60%. Much of the cable network has been
renewed in the form of earth cable, and a small part (mainly trolley lines and single-track
tramlines not undergoing renovation) still use an old aerial cable.
The central part of Szeged is well covered with the electric public transport infrastructure. 600V
DC is available along the tram and trolley-bus lines. Technically, it is possible to connect
different users like e-bikes, e-cars, etc. to the PT network.

Figure 6: The 600V DC network of Szeged with the power converters. No 2 is the
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chosen trolley depot converter (source: SZKT)
After we have chosen the technical solution of multi-purpose charger (fed from a PT’s power
converter) it was evident that we have to examine our power system and where it could be
installed for the demonstration. Because of the regulation of catenary system building and
modifying, the only viable way it was to choose an SZKT owned area that is already accessible
for public. The power converter at the trolleybus depot was the first possible option because
there was enough space to deploy a charger station and the power capacity is ensured.
The licensing of the multi-functional EV charger also forced us to use the trolleybus depot for
the demonstration because at another public space a complicated and long authorisation
process would have been necessary. SZKT has found a place to install the EV charger and
hold the demonstration within own premises but on an accessible spot to the public. When we
selected the location of the charging device it was important to have enough power source
(from own or city grid) within a short distance with high capacity. SZKT’s trolley bus depots, is
an available location, which is accessible for general users, close (50m away) to a current
inverter building and relatively close to the entrance of the depot.

Figure 7: E-chargers in the area of Szeged (source: www.villanyautosok.hu)

Charger technical parameters
After all, we had started to search for a technology-developer company that could produce a
prototype unit of the planned multipurpose, trolleybus and e-car (electric vehicles) charger
because specific features of trolley charging process. The trolleybus charging function was
almost unknown for the possible developers. To define the basic charging characteristic
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parameters SZKT made some measurements regarding the charging currents of the
trolleybus.

80
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40
20

Charging Amp(A),
SOC(%)

100

IKARUS-SKODA trolleybus battery charging
characteristic (T-451)

0
0

10

SOC

20

30

40

Charging current

50

60

70

Charging time (min)

Figure 8: Charging characteristics of hybrid trolleybuses (source: SZKT)
We defined due to a market analysis the desired power that is necessary to keep the
demonstration in the City. Next to the operational fast charger, a higher power capacity
necessary to cut a dash that is the ‘lightning charger’ with 50kW charging power.

Experiences of charger set-up and operation
In October 2016, SZKT opened the first public e-charger station in Szeged for e-cars (next to
SZKT’s parking house).
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Figure 9: First public AC charger in Szeged (source: www.szkt.hu)

Figure 10: First public AC charger at Szeged in use (source: www.szkt.hu)
This charger was financed outside of the ELIPTIC project (SZKT’s own funds). We get
experiments about charger installation tasks like technical questions (expected power grid
quality, installation works, etc.), the interests of the energy provider companies, and the
authorisation procedure. We took more than one year in service experience with 22kW fast
AC charger and we collected consumption data and consumer practice of the public chargers.
A summary of the collected data is shown in the table below:
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1. Table: Energy consumption data of AC charger
Month

Total used
Number of charging
energy by
(right)
charger (kWh left)

Total charged
energy (kWh left)

Average charged
energy / vehicle (kWh
- right)

2016.10

244,4

15

223,6

14,9

2016.11

208,6

14

184,2

13,2

2016.12

276,5

22

192,4

8,7

2017.01

226,5

14

147,6

10,5

2017.02

254,8

12

118,8

9,9

2017.03

239,6

24

198,8

8,3

2017.04

311,7

34

272,9

8,0

2017.05

432,4

44

388,4

8,8

2017.06

560,7

34

442,1

13,0

2017.07

558,0

40

500,9

12,5

2017.08

654,8

52

554,2

10,7

2017.09

660,9

69

609,1

8,8

2017.10

221,8

17

151,8

8,9

2017.11

434,4

38

382,6

10,1

2017.12

458,2

39

430,5

11,0

2018.01

333,9

31

313,2

10,1
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Public 22kW AC charger (source SZKT)
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Total usedenergy by charger (kWh - left)

Total charged energy (kWh - left)

Number of charging (right)

Average charged energy / vehicle (kWh - right)

Figure 11: Consumptions - in October 2017 were technical problems with the charger
(source: SZKT)
Attention should be drawn to the fact that there is a noticeable difference between the
consumption by the charger and the amount of energy charged by customers. This difference
will also be indispensable, for example, during subsequent pricing.
Other experiments from the public charger operating is the critical user habits that was
occurred when a technical problem caused a large setback of the consumption, long-than the
problem solved.

Implementing the charger (execution of Demonstration)
 Based on the technical expectations, SZKT published a tender on 24/04/2017;
 SZKT and e-töltő Kft. (winner of the tender, supplier) signed the contract on
23/06/2017. The price of the charger was 13.800.000,- HUF (~44.500,- EUR);
 The supplier technically installed and tested the charger with a passenger e-car in
01/2018;

|26

D2.20 Szeged Final Use Case Report

 The supplier and SZKT tested the charger with a trolleybus in 02/2018. The fine tune
of the devices was necessary:

o Increasing of the power rate of the trolley charger would be
necessary.
o Some basic technical problem of unique manufacturing occurs
(safety-door switch)
o Software development was necessary.
o Android mobile application crashes
o Emergency shutdowns due to power electronic failures
o sw problems
o hw problems
 In April of 2018, SZKT had opened the charger for public in test service (free of
charge).

Figure 12: First public multipurpose charger at the trolleybus depot (Source: SZKT)
after
technical
installation
and
before
the
test.
Left: trolleybus charger device, right: e-car charger.
 After testing and fine setting of the charger, SZKT had announced the public opening
ceremony of the charger in 31/05/2018.
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Figure 13: Opening ceremony of the first public multipurpose charger at Szeged
(trolleybus depot) (Source: SZKT.hu)

Figure 14: e-car and trolleybus charger point (Source: SZKT.hu)
 After a mid-term operation period (2-4 months), it will be necessary to evaluate the
service parameters like technical availability and energy consumption to plan the longterm service beyond the project.
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Figure 15: Energy consumption (Wh/charging) of the charger in the test period (Source:
SZKT.hu).
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4. Methodology
A.11: Replacing diesel bus lines by extending trolleybus network
with trolley-hybrids
Feasibility Studies
 For studies, we would measure technical parameters with the on-board data recorder of
the trolleybuses. These data later saved from the vehicles offline and processed.
 Basic constant technical parameters of the vehicles were calculated from the technical
documentation of the trolleys.
 The USZ organised three passenger questionnaires with students. The last two of them
were comparable. The row data of questionnaires processed by the USZ.

Planning the demonstrations
 In the preparation phase we had to take into consider to the legal and business
background of city transportation. The service contract of the bus company must not be
hurt. The first demonstration (TEST 2) was kept as a parallel service on a peripheral line
and therefore there could not be too many passengers to travel. This demonstration was
necessary to ascertain the reliability of the hybrids.
 Gradually SZKT getting trust more and more in this technology and after successful
previous steps SZKT organised the exchange of the full bus line on route 77A. The SZKT
must not generate risks in the public transportation of Szeged through the realisation of
the project.

Simulations methodology
The Simulation made for two e-bus use cases Oberhausen and Szeged. The result of the
simulation of Oberhausen only shown here for comparison the results of Szeged.
The data for the simulation is collected by RWTH from SZKT. Technical parameters originate
from the vehicle manufacturer (technical documentation). The measured and financial data
(like energy consumption) sourcing from SZKT measurements and calculations.
The conversion of diesel bus fleet into electric powered is today one of the most important
tasks for public transport operators. At the moment, there are several test-operations in
different European (big) cities, mainly in the frame of European Commission funded projects
(ZeEUS, eLIPTIC Quellen). Besides the demonstration of the general technical functionality,
finding Business Cases is a crucial task, since the operation with the new technology should
be at least not significantly more expensive than compared to Diesel, besides having clear
societal and environmental benefits.
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Within this context, the presented work focuses on the detailed comparison of two different
technological concepts, demonstrated within European cities, for the introduction of electric
buses:
 Opportunity-charging with medium battery capacity and medium power / energy from tram
grid;
 Trolley-Hybrid buses (Trolley buses equipped with batteries).
The investigations are based on already existing and potential future electric bus network and
real operation in different cities. They are performed in direct cooperation with the respective
public transport operators to obtain meaningful results. A comparison of the different
approaches is one important target of the work. The overall aim is to find the most convincing
configuration of charging locations, charging power and battery capacity, resulting in promising
electric bus business-cases for each individual city.
Therefore, detailed simulations are performed in order to calculate the Total-Cost of Ownership
(TCO), comprising all technical investment- and running costs over a certain period under
consideration. The battery, representing an important cost-factor of the new system, is
particularly considered regarding the expected lifetime in different operation scenarios.
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Figure 16: A11 use case multi-stage demonstration strategy

C.6: Multipurpose use of infrastructure for (re)charging trolleyhybrids & e-vehicles
The first steps in the project were mainly research of literature and data mining to explore the
legal conditions and the expected consequences as can be seen above in the legal, technical,
operational studies.
Evaluation of basic technical and possible operational data to plan the optimum place and
parameters of the charger or chargers was partly weighting and modelling at the same time.
The strategy was to obtain measurable data that makes it possible to evaluate in addition to
technical feasibility the economic condition of operation.
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USZ Feasibility study Methodology
The first steps in the project were mainly literary research and data mining to explore the legal
conditions and the expected consequences as can be seen above in the legal, technical,
operational studies.
Evaluate basic technical and possible operational data to plan the optimum place and
parameters of the charger or chargers was partly weighting and modelling at the same time.
The strategy was to obtain measurable data that makes it possible to evaluate in addition to
technical feasibility the economic condition of operation.
For ELIPTIC Partners we aggregated Context parameters and non-ELIPTIC scenarios KPIs.
When the demonstration would be realized the operational parameters (technical and
economic data) would be collected, processed, and evaluated in the study.
University of Szeged plans an additional survey during spring 2018 involving students, which
would be organized after the handover of the multifunctional EV charger and will be based on
the opinion of users and citizens.

SWOT analysis methodology
The Strength, Weakness, Opportunity and Threat (SWOT) analysis within eLIPTIC is based
on the qualitative data provided by the use-cases with regard to their particular technology
concept. The core of the data was obtained via a structured questionnaire and semi-structured
interviews. Through the comprehensive questionnaire, data regarding the viability of the
technology in the city/use case specific framework was acquired. The subsequent interviews,
as follow-up of the questionnaire, targeted to clarify and validate the answers given so far, to
discuss unclear issues and to collect further information. The obtained data was then validated
twice: by use case representatives and by project internal experts.
The SWOT analysis is one of the most frequently used tools for strategic planning. The
underlying logic of a SWOT analysis is to group the internal, i.e. strength and weaknesses,
and external issues, i.e. opportunities and threats. In doing a SWOT analysis for the innovative
technology concepts, which are not in use yet, drivers, barriers and prospects with regard to
the new technology concepts to support decision makers (and cities) shall be identified. The
SWOT analysis was thereby conducted for each use case in its respective setting, taking into
account technological, operational, financial as well as societal and environmental issues
(coherently with the KPI evaluation categories of task 3.1 and 3.3).
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Process evaluation methodology A.11 and C.6
The process evaluation of ELIPTIC assessed project activities in order to identify barriers and
drivers during the implementation phase of all use cases. Data was collected through surveys,
individual semi-structured interviews (face-to-face and via telephone) as well as pillar-specific
focus groups, with use case managers and local evaluation managers. The interviews and
focus groups were held at different stages throughout the project; the begging phase of the
project, the interim stage and the final stage. The questions were adapted to the particular
project phases, and focused on status, impacts, successes and problems in the
implementation of use cases. All interviews and focus groups requested critical reflection on
project processes as well as recommendations from use case and evaluation managers.
Before data analysis, the data was encrypted to protect the informers’ identities. Using the
Qualitative Data Analysis software NVivo, all interviews and focus group notes were thoroughly
assessed and coded. Patterns in the data were identified and similar statements were sorted
into drivers and barriers within the following categories:
Cooperation and Communication; Operation; User Perceptions; Spatial planning; Financial
Framework; Political Framework; Regulatory Framework; Environmental Conditions
As part of the data analysis, the frequency of occurrence of key themes in the data was counted
in order to indicate the relevance of the respective themes. The findings of the process
evaluation portray drivers and barriers on a use case cluster level that were agreed upon with
the other supporting partners University Gdansk (Cost-benefit analysis) and Siemens (SWOTanalysis): I) In-motion charging (Pillar A / trolley-hybrid cluster), II) opportunity charging (Pillar
A cluster), III) Energy storage and optimization of energy use (Pillar B cluster) and IV) Multipurpose use of electric PT infrastructure (Pillar C cluster). The findings will serve as the basis
for information and recommendations for other European cities in the implementation of
electric public transport measures.
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5. Main evaluation results
A.11: Replacing diesel bus lines by extending trolleybus network
with trolley-hybrids
Demonstration
Truth the demonstration the SZKT focused on the organisation of the trolley line and managing
the possible technical or operational problems (like discharged or slow recharging).
2. Table: Some basic measured parameters of the demonstration
TEST 1

TEST 3

Line

77A

10 trolley
line

77A

Vehicle nr.

T-454

T-455

Date

20/04/201
6

21/04/201
6

Run (km)

191,4

171,7

218
,3

245
,6

93,
7

187,8

Energy
from
catenary
(kWh)

341

341

374

446

180

427

Recuperat
ed energy
to catenary
(kWh)

19

52

15

20

19

67

Energy
consumpti
on(kWh)

322

289

359

426

161

360

Heating
(kWh)

7

11

11

14

0

9

T456

10 trolley line

T462

T455

T458

28/09/2016
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Specific
energy
consumpti
on
(heating)
(kWh/km)

1,65

1,62

1,5
9

1,6
8

1,7
2

1,87

Passenger questionnaires (Provided by USZ):
The result of the questionnaires shows in the following tables. The two main inquires were
made in the same way with similar conditions in order to keep them comparable. As it shown
the general social acceptance of the trolley technology is convincing for us.

Do you know there are hybrid trolleybuses in
transportation in Szeged?

October 2016 (n=890)

74%

26%

May 2016 (n=620)

75%

25%

0%

20%

40%
yes

60%

80%

100%

no

Figure 17: Passenger questionnaire (source: USZ)
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Do you consider necessity to change buses using
hybrid trolleybuses in Szeged by modifying some
bus lines?
30%
25%
20%
15%
10%
5%
0%
1 (no)

2

3

4

5

6

May 2016 (n=620)

7

8

9

10 I don't
(very know
much)

October 2016 (n=890)

Figure 18: Passenger questionnaire (source: USZ)

Do you like passenger comfort of hybrid
trolleybuses?
45%
40%
35%
30%
25%
20%
15%
10%
5%
0%
1 (no)

2

3

4

5

May 2016 (n=620)

6

7

8

9

10 I don't
(very know
much)

October 2016 (n=890)

Figure 19: Passenger questionnaire (source: USZ)
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Hybrid trolleybus quieter as a bus.
50%
45%
40%
35%
30%
25%
20%
15%
10%
5%
0%

May 2016 (n=620)

October 2016 (n=890)

Figure 20: Passenger questionnaire (source: USZ)

Would you like by modification of some bus lines
would be operated by hybrid trolleybuses?
25%
20%
15%
10%
5%
0%
1 (no)

2

3

4

5

May 2016 (n=620)

6

7

8

9

10
I don't
(very know
much)

October 2016 (n=890)

Figure 21: Passenger questionnaire (source: USZ)
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How much important for
you keeping air pollution
low in Szeged?

Do you feel any difference
between a bus and a hybrid
in passenger comfort?
72%
72%

5 (very important)

worse

21%
19%

4

no difference

7%
6%
1%
1%
0%
0%
0%
1%

3
2
1 (not important)
I don't know
0%

others (better)
more comfortable
more quiet
0

20% 40% 60% 80%

October 2016 (n=890)

100

200

300

400

October 2016 (corrected n=620)

May 2016 (n=620)

May 2016 (n=620)

Figure 22: Passenger questionnaire (source: USZ)

Do you prefer public
transport powered by
electricity?
no
yes
not relevant
0%

20%

40%

October 2016 (n=890)

60%

80% 100%

May 2016 (n=620)

Figure 23: Passenger questionnaire (source: USZ)
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Would you like network of bus and trolleybus
lines of Szeged will be modified because of
expansion of hybrid trolleybuses?
30%
25%
20%
15%
10%
5%
0%
1 (no)

2

3

4

5

6

May 2016 (n=620)

7

8

9

10 I don't
(very know
much)

October 2016 (n=890)

Figure 24: Passenger questionnaire (source: USZ)

A11 KPIs (contributed partner: UNIROMA)
3. Table: KPIs of A11

KPIa)

NO ELIPTIC
Unit of
Scenario
a)
Measurement
Valuea)

ELIPTIC Scenario
Final Valuea)

ELIPTIC
Scenario
data
collection
ending
date

Comments

2x (2 driver + 1 spare
driver)

Ost1

man/vehicle

4

6.00

09/10/2016

Ost2

manmonth/vehicle

2

1,55

09/10/2016 working months / 15 days

Ost3

man/vehicle

670 working hour = 4,67
on demonstration.

no data

0,55

2016

Trolleybus maintenance
workshop
average
number: 33 Trolleybus
fleet: 60
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IKARUS-SKODA trolleybus

Osu1

pass/h

204

248.00

09/10/2016 capacity: 124 passenger x 2

Osu2

km/veh

448.80

149,6

09/10/2016 Working days.

Osu5

vehicles/route
km

2

3.00

Eco1

kEURO/vehicle

no data

1153.86

Eco6

kEURO/vehicle

no data

787,6 kEUR

Eco10

kEURO/vehicle

no data

15,3

Eco15

kEURO/vehicle

no data

0

Eco22

kEURO/per
charging
operation

0

0

Ein 2

Euro/vehicle

0

680 092

Ecn
1_1

MJ/vkm

16.4

8,71

vehicles / peak hour
Working days: 2 vehicle on
the line + 1 reserve vehicle
09/10/2016
in
case
insufficient
charging.
SZKT Trolleybus fleet
average operating cost
without depreciation 2016:
09/10/2016 746 HUF, IKARUS-SKODA
trolleybuses depreciation:
61016 HUF (2016: 1 EUR=
308.66 HUF)
18,75 m IKARUS-SKODA
type
battery
hybrid
trolleybus (2014). Vehicle
price with spare parts:
2014
799500EUR - Spare parts
(in the contract) : 11864,2
EUR = 787635,8 EUR
Spare parts in the vehicle
procurement contract plus
2014
additional special spare
parts.
During the test there were
no extra disposal costs.
There is a company-based
disposal cost in the
operating cost. Specially
2016
the used batteries are
exchanged by the battery
manufacturer free of
charge beyond the price of
the new batteries.
There were no necessary
extra
recharging
infrastructure. We used
2016
the existing trolleybus
catenary system (grid) in
the city.
Subsidy: 86,35% EU grant
for
the
vehicle
procurement,
amount
2014
without price of spare
parts.
10/2016: 2,42 kWh/km:
8,71 MJ/km (without
energy transformation
10/2016 losses). Hybrid trolleybus
energy consumption
almost the same than
traditional trolleybuses.
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Ecn
1_2

MJ/vkm

16.4

9,31

2016

Ecn 9

MJ/vehicle

0

1451

2016

Eno1

%

Eem1

g/vkm

1200.4

1405

2016

Eem2

g/vkm

6.828

0.44

2016

Eem3

g/vkm

15.93

3.01

2016

Eem4

g/vkm

0.091

0.44

2016

%

Survey made
only in ELIPTIC
- case in the
demonstration.

71

09/2016

%

Survey made
only in ELIPTIC
- case in the
demonstration.

67

09/2016

%

Survey made
only in ELIPTIC
- case in the
demonstration.

Ppa1

Ppa2_1

Ppa3

No data

69

09/2016

Daily measuring and
calculating show big
difference between drivers
what is independent from
hybrid technology and
couldn’t calculate winter
and summer climate
conditions (heating/air
conditioning).
2016
trolleybus
fleet
consumption with energy
transformation
losses.
Hybrid trolleybus energy
consumption almost the
same than traditional
trolleybuses.
Daily
measuring and calculating
show
big
difference
between drivers what is
independent from hybrid
technology and couldn't
calculate
winter
and
summer climate conditions
(heating/air conditioning).
Ecn9= Ecn1_2 * Osu2
We didn't collect these
data.
543,3 g/kWh (2014, BKK SZTE)
0,171 g/kWh (2014, BKK SZTE)
1,162 g/kWh (2014, BKK SZTE)
0,170 g/kWh (2014, BKK SZTE)
Do you consider necessity
to change buses using
hybrid trolleybuses in
Szeged by modifying some
bus lines? 867 answers,
10%=not, 100% = absolute
Would you like network of
bus and trolleybus lines of
Szeged will be modified
because of expansion of
hybrid trolleybuses? 857
answers, 10%=not, 100% =
absolute
Would you like by
modification of some bus
lines would be operated by
hybrid trolleybuses? 868
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answers, 10%=not, 100% =
absolute

Ppa4

Ppa5

Pdr1

Pdr2

%

Survey made
only in ELIPTIC
- case in the
demonstration.

%

Survey made
only in ELIPTIC
- case in the
demonstration.

75

77

09/2016

Do you like passenger
comfort
of
hybrid
trolleybuses? 876 answers,
10%=not, 100% = absolute

09/2016

Is Hybrid trolleybus quieter
than bus? 884 answers,
10%=not, 100% = absolute
quieter

%

Survey made
only in ELIPTIC
- case in the
demonstration.

85

09/2016

%

Survey made
only in ELIPTIC
- case in the
demonstration.

85

09/2016

Anonymous survey was
organised, the drivers also
could be passengers and
therefore the answers
influenced many other
personal
circumstances
(e.g.. they could have
strong opinion about the
actual line track which
didn't connected the
comfort and acceptance),
the answers were too
extreme or failed to
evaluate. Generally, the
drivers
didn't
feel
difference between a
hybrid trolleybus and a
similar aged diesel bus.
Until the hybrids are the
newest cars in the fleet the
driving and acceptance are
placed over the other
vehicles.
Anonymous survey was
organised, the drivers also
could be passengers and
therefore the answers
influenced many other
personal
circumstances
(e.g.. they could have
strong opinion about the
actual line track which
didn't connected the
comfort and acceptance),
the answers were too
extreme or failed to
evaluate. Generally, the
drivers
didn't
feel
difference between a
hybrid trolleybus and a
similar aged diesel bus.
Until the hybrids are the
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OLei1

narrative

Only possible
free of charge
yet.

OLei2

narrative

No specific
regulation.

narrative

Under wide
range
industrial and
social
discussion.
Government
started the
Jedlik Ános
Plan to spread
electric

OLei3

New regulation:
"170/2017. (VI. 29.) Korm.
rendelet
az elektromos
gépjárműtöltési
szolgáltatás egyes
kérdéseiről" 29/04/2017 :
170/2017. (VI.29)
Government Decree
on some aspects of the
electric vehicle service. It
takes possible to charge evehicles for fee but there
is no wide practice in
Hungary until now in this
business.
443/2017. (XII.27.)
Government decree
on some public tasks
related to the
dissemination of
electromagnetic hazards
/
Regulation: "2007. évi
LXXXVI. törvény
a villamos energiáról" :
LXXXVI. law
about the electricity
energy (2007). The usage
of the power supply for
vehicles within the
transport company is
allowed. The usage of the
power supply for third
parties is regulated as
energy trading SZKT can
sell energy only non-profit
because SZKT is not an
energy trader.
For
EU/National/Government
decision makers: The
legislation of electricpublic transportation
hadn't been changed.
There is no specify
legislation for electrichybrid trolleybuses. The
operating cost of the
trolleybus and hybrid
trolleybus are significantly
higher than standard

01/2018

01/2018

01/2018

newest cars in the fleet the
driving and acceptance are
placed over the other
vehicles.
New
regulation:
"170/2017. (VI. 29.) Korm.
rendelet
az
elektromos
gépjárműtöltési
szolgáltatás
egyes
kérdéseiről" 29/04/2017 :
170/2017.
(VI.29)
Government
Decree
on some aspects of the
electric vehicle service. It
takes possible to charge evehicles for fee but there is
no wide practice in
Hungary until now in this
business.
443/2017.
(XII.27.)
Government
decree
on some public tasks
related
to
the
dissemination
of
electromagnetic hazards
/
Regulation:
"2007. évi
LXXXVI.
törvény
a villamos energiáról" :
LXXXVI.
law
about
the
electricity
energy (2007). The usage
of the power supply for
vehicles
within
the
transport company is
allowed. The usage of the
power supply for third
parties is regulated as
energy trading SZKT can
sell energy only non-profit
because SZKT is not an
energy trader.
For
EU/National/Government
decision makers:
The
legislation of electricpublic
transportation
hadn't been changed.
There is no specify
legislation for electrichybrid trolleybuses. The
operating cost of the
trolleybus and hybrid
trolleybus are significantly
higher than standard diesel
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mobility in the
country.

narrative

Under wide
range
industrial and
social
discussion.
Government
started the
Jedlik Ános
Plan to spread
electric
mobility in the
country.

diesel bus. State-subsidies
would be necessary no
only for vehicle
procurements but for the
operate also.

For Local decision
makers (Municipalities,
Operators, PT
companies): The
trolleybus extension
with hybrid trolley
technology based on an
existing trolley grid is a
real alternative (in the
scope of technology
and economy) of the
eventually developing
e-bus technology.

bus. State-subsidies would
be necessary no only for
vehicle procurements but
for the operate also.

01/2018

For Local decision makers
(Municipalities, Operators,
PT
companies):
The
trolleybus extension with
hybrid trolley technology
based on an existing trolley
grid is a real alternative (in
the scope of technology
and
economy)
ofthe
eventually developing ebus technology.

SWOT analysis of A.11
Szeged A.11
Title

“Replacing diesel bus lines by extending trolleybus network with hybrid
trolley-hybrids”

Partner

SZKT

Objective

“Demonstrating the technical feasibility of extending existing trolleybus
routes to replace existing diesel bus routes”

Sources

Szeged Use case Set-Up Report (D2.19)
Detailed Use Case Scenario Descriptions (D4.1)
Szeged Use Case Questionnaire (27.01.2017)
Szeged A.11 Use case Interview (17.05.2017)
ELIPTIC User Forums and Workshops

Reviewed by

Attila Náday and Norbert Újhelyi
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Pedestrian

22.0%

23.0%

Cycling
Tam/Light Rail
Trolleybus

17.0%

19.0%

Bus (Diesel)
Car

11.4%

7.6%

25. Figure: Szeged modal share

City Size
Small
(171 952)

Modal Share
Public
(1.65)

Prosperity
Emerging
(€7 800)

TS Development
07/10

The city of Szeged, with a population of 170 000, is Hungary’s third largest city, located in the
country’s south close to the border with Serbia and Romania. With a share of 38%, the public
transport plays a considerable role in the entire transport system of Szeged.1
Currently, the public transport is dominated by diesel buses (50%), whereas trolleybuses
(30%) and tram (20%) still account for a considerable amount of passenger travels within the
public transport (25. FigureFigure 1).2 The public transport network of Szeged is operated by
SZKT (Szeged Transport Ltd.) and DAKK Zrt., as SZKT runs the trolleybus and tramlines and
DAKK Zrt. the bus lines. 3 Both transport operators are publicly owned: SZKT by the
Municipality of Szeged and DAKK Zrt. by the state. Like in the other use cases in this cluster,
the objective of this use case is to evaluate the possibility of replacing current diesel bus lines
with hybrid-trolleybuses. The relatively high share of diesel buses combined with a medium
share of trolleybuses among the public transport modes, offers a great potential for this
concept in Szeged.
SZKT’s electric network consists of 6 trolleybus lines, with a total length of 34.3 km, and 5 tram
lines with a total length of 31.1 km, in an interconnected structure. The working-day peak
vehicle fleet is 23 trams and 42 trolleybuses. The network serves 170 stations and provides
an annual mileage of 3.9 million km, transporting 34 million passengers. In the present
|46
exercise, trolleybus “Line 5” would be extended to cover existing bus “Line 72”. The “ELIPTIC
line” has a total length of 13.2 km, of which 56% is not covered by the catenary. The total

1

Q, B.1.2
Szeged Use Case Questionnaire, B.1.2, B.2.1
3
Szeged Use Case Set Up Report, p.9
2
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extension length is 3.2 km (6.4 km as round-trip total), which is feasible under the
characteristics of the existing hybrid vehicles.
The vehicles’ technical setup consists of Skoda articulated (18.75 m) buses with an 80 kWh
battery (weighing 740 kg) with a State-Of-Charge (SOC) range of 40 - 85%, corresponding to
a 32 kWh net capacity. The driving range varies broadly between 5 km in the worst case (full
passenger load, maximum heating / cooling), 7.2 km (full passenger load, no cooling or
heating) and 20 km (expected real-life range with 10% of maximum capacity passenger load,
driving during off-peak hours)

SWOT Results
4. Table: SWOT analysis
Technology
Topic

Development Status

Technical Characteristics

Subtopic

SWOT

Technology Readiness Level

W Technology concept is not ready for full
commercial application, key components (traction
battery, semi-automated wiring system) are
available on the market, no standardization
problems, however currently used traction battery
faces charging restrictions in extreme conditions
(<0-3°C and >40°C), time-consuming preheating/cooling is necessary

S Hybrid trolleybuses have neither advantages
nor disadvantages regarding their availability and
advantages regarding their energy efficiency
Basic technical characteristics compared to diesel buses
(availability, reliability,
W Hybrid trolleybuses have disadvantages
efficiency, safety, other)
regarding their reliability compared to diesel
buses, because diesel buses are assumed to be
more mature in their technology development
status

Driving range

W Vehicle driving range in autonomous mode is
limited (20km in optimal conditions: no rush-hour,
10 % passenger load; 5km in worst case
scenario), especially in extreme weather
conditions, and currently not sufficient for
operational requirements in Szeged
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S Energy load on grid is increased due to
parallel charging and driving, whereas the effect
on the grid is considered as weak, thus no
adverse effects on the grid assumed

Effect on grid

T Considering a full (=feasible) roll-out of hybrid
trolleybuses an update of the power supply
system, including substations, is necessary

Technical Integration

W Necessary repeated connection and
disconnection to overhead wires during
operation, what requires additional wiring roofs,
which cannot be installed everywhere where
needed

Wiring Roofs

Operations
Topic

Subtopic

SWOT

Planning and
Implementation

Planning and implementation
effort

S Required planning and implementation effort
for setting- up a new line is on the same level for
hybrid trolleybuses compared to alternative bus
traction systems

Operational Integration

Schedule, route, time
adjustments

W Unfavourable operational adjustments are
required when replacing diesel bus lines by
hybrid trolleybus lines, in detail the line layout
may has to be change

Maintenance

S Hybrid trolleybuses have similar maintenance
requirements compared to full electric battery
buses

Maintenance effort

W Additional collector roofs, cause an increased
maintenance effort for the infrastructure

Staff

Staff availability within
company

S Main occupational roles/qualifications within
SZKT to ensure the service of hybrid trolleybuses
1) electrical diagnostics, (2) trolleybus driver, (3)
trolleybus grid mechanics, which are fully staffed

Financial
Topic

Subtopic

SWOT

Fulfilment of Investment
Criteria

Investment Criteria

W Investment criteria of SZKT (price, possible
subsidies, operational costs, lifecycle costs) are
partly fulfilled
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Financing

T Funding to finance the implementation and
operation of hybrid trolleybuses after the
termination of the ELIPTIC project is partly
available/not fully secure and strongly relies on
governmental support

Funding

T Financial viability of the hybrid trolleybus is
hardly dependent on available subsidies,
especially for the procurement of vehicles

Society and Environment
Topic

Urban Area

Environment

Stakeholder (within PTO)

Stakeholder

Legal and Political
Framework

Legal and Political
Framework

Subtopic

SWOT

Increase public transport
usage rate

S Hybrid trolleybuses have a superior driving
comfort in comparisons to diesel buses, what
makes it likely that the passenger satisfaction
level can be increased and thus the public
transport usage rate

Environmental performance

S Hybrid trolleybuses have a superior
environmental performance compared to diesel
buses, since they have no local exhaust
emissions (CO2, NO2, NOx and PM 10) and
lower noise emissions

Stakeholder company

S Stakeholders within SZKT have moderate
supportive (drivers, maintenance staff) or highly
supportive attitude (office staff) towards the
implementation of hybrid trolleybuses, while only
the office staff has high influence on the project
realization, which leads to no expected difficulties

External stakeholders

O Main stakeholders (e.g. municipality, energy
provider, citizens) either have a supportive or
neutral attitude towards hybrid trolleybuses,
whereas their influence on a successful
implementation and operation varies

Legal Frameworks:

T Energy and grid related laws exacerbate the
authorization of additional trolleybus catenary
infrastructure, what slows down the extension of
a (hybrid) trolleybus service

Strategy (European, national,
local)

O Hybrid trolleybus concept in line with EU
targets for the public transport system (cut GHG
emissions by 60 % by 20150, CO2-free city
logistics in major urban centres by 2030)
O Hungarian transport strategy is likely to
become more supportive for electric mobility
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O Hybrid trolleybus concept in line with
Szeged’s aim ensure a high share of electric
public transport modes within the public transport
system through a controlled allocation of service
contracts

Job Market

Local job market situation

O Staff with required qualifications for the
operation of hybrid trolleybuses (1) electrical
diagnostics, (2) driver, (3) trolleybus grid
mechanic, is fully available on the local job
market

SWOT Summary / Interpretation
The introduction of hybrid trolleybuses in Szeged is still at a very early stage of development.
The technology evaluation is weak, mostly due to the evaluated battery technology, which
does not perform to the requirements of the use case. Wiring and de-wiring is seen as
troublesome still, as they increase maintenance efforts, and route layouts may need to be
changed to accommodate for the new electric operation. The technology, however, is
perceived as superior to diesel in comfort and environmental performance, which could help
take advantage of funding, promotion and support from Hungary’s government in line with EU
directives and environmental goals.
The following SWOT strategic pairs can be derived from the results:
Battery technology is crucial to the concept of hybrid trolleybuses, and as such, best practices
may be adopted from similar use cases (Gdynia A.9, Eberswalde A.10, etc.), or
complementary charging strategies (in-motion, opportunity and overnight) may be managed
for an optimal energy management. This, in turn, may help develop a charging schedule and
strategy that allows for the installation of wiring roofs at the most suitable locations.
SZKT’s strength in its expertise and staff specialized in operation and maintenance may
overcome the notion of the technology being less reliable mature than diesel buses, and exploit
the potential cost savings, especially in vehicle maintenance.
Szeged’s most opportunities, however, may lie beyond the technical aspects, and more
towards Hungary’s strategy regarding electrification of transport. The prospect of the
Hungarian transportation strategy is becoming supportive of electric mobility, together with the
technology concept’s alignment with EU targets and Szeged’s aim to ensure a higher share of
electric modes become a powerful policy incentive to support emerging technologies and
investment in the concept. Undivided support on behalf of the authorities and SZKT itself could
overcome the current weakness of the concept’s financial viability and partly fulfilled
investment criteria, especially beyond ELIPTIC. The same could prove truth for the
authorization of additional catenary infrastructure, and possibly of opportunity and depot
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charging points, if required.

Simulation of A.11 (Provided by RWTH)
Szeged is located in southern Hungary near the borders to Serbia and Romania. With a
population of 169,000, it is the fourth largest city in Hungary. Szeged has an area of 281 km 2
and is called "The City of Sunshine" because of the frequent sunshine with 2,100 hours of
sunshine per year. The head office in Szeged is responsible for the entire southeast region of
the country. After a devastating tidal wave in 1879, the city had to be almost completely rebuilt
and took its present form. Szeged is the national centre for the food industry in Hungary. It is
the main educational centre in the region with important universities and medical institutions4.
The first trolleybus in Szeged was introduced in 1979. The trolleys were given their current
route structure in 1985, concentrating on the city centre and the new development areas in the
north-eastern part of the city. In the last decade, car traffic in Szeged has increased immensely,
with the number of passengers on local public transport falling sharply due to ageing and wear
and tear. In 2003, the Szeged Transport Company (SZKT) decided to renew and restructure
its trolleybus and tram fleets. After joining the EU in 2004, the city was guaranteed national
funds for the reconstruction of electric transport5.
In 2008, an investment was made in the areas of trolleybus network, fleet and the construction
of new depots and power supply, which had a total value of approx. 100 million euros. This
modernization and the newly built trolley routes, which made many of the city's hot spots
accessible, led to the hope that the number of passengers on local public transport would rise
again.

Situation Analysis
The Szeged public transport planning aims to further expand the existing electrical transport
infrastructure in order to cover as many areas of local public transport as possible. Current
diesel buses are to be replaced in the future. The overhead line infrastructure in Szeged has
existed since 1979 and has been continuously expanded since then. The current status of the
overhead line infrastructure is shown in Error! Reference source not found., whereby the
rolley network is shown in blue. However, as the expansion of the overhead line infrastructure
involves high costs, which vary between 300,000 - 900,000 € per kilometre, depending on the
complexity of the line to be travelled, more trolley hybrid buses have been planned for local
public transport since 2013.
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https://www.darmstadt.de/standort/interkulturelles-und-internationales/szeged-ungarn/

Ádám Németh, "Report on the authorization and implementation of the reconstruction of Szeged Híd utca / Vár utca
trolleybus junction's," Szeged, 2012.
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Figure 26: Catenary infrastructure in Szeged6
The use of trolley hybrids makes new approaches to electric bus operation possible, in which
an overhead line is not necessary on all lines in Szeged. In districts where there is no overhead
line, the buses operate in battery mode, just like an ordinary electric bus. During the period in
which the bus is under the catenary, the power of the bus, identical to the principle of a tram,
is provided by it. In addition, the battery is charged through the overhead line during operation.
The use of trolley hybrids opens up completely new approaches to planning a city's public
transport system, as these can also replace diesel buses in the future.
The aim of the use case is to show how replacing diesel buses with trolley hybrids can be a
business case. In addition to the advantages of emission-free buses and lower noise levels, a
special focus is placed on long-term technical reliability and cost efficiency.

Project Description and Definition
The project was launched by SZKT in 2013. In order to test and demonstrate the use | of
5 2a
trolley hybrid bus, test operations were carried out on diesel bus line 77A. On this line, the
operations of the two trolley hybrids theoretically (according to schedule) start at 3:58 a.m. and

6

Maximilian Dörrbecker. (2010) Tramway and trolleybus map of Szeged.
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4:27 a.m. during the week and end at 10:52 p.m. and 8:03 p.m. respectively. After each bus
round, the buses pause at Bartók tér bus station for 18 or 19 minutes, depending on the bus
schedule to be departed. Bartók tér is therefore not a regular bus stop, but a bus station. This
is used by the buses during breaks in order not to block the traffic any further.
For part of the route (5.8 km), the power required by the bus is provided by the overhead line.
The overhead line infrastructure has a voltage of 600-750 V DC and has been in operation for
decades to supply trams and trolley buses. The energy is transmitted by pantographs located
on the roof of the trolley hybrids (Figure 27).

Figure 27: Energy transfer under catenary (picture by Marcin Połom and Mikołaj
Bartłomiejczyk)

For the other part of the route (7.4 km) the energy is provided by the battery. The length of bus
lap 77A from “Mars tér (autóbusz-állomás)” to "Völgyérhát utca" and back again is 13.2 km.
From the "Mars tér (autóbusz-állomás)" stop to the "Csillag tér (Budapesti körút)" stop there is
an overhead line infrastructure with a total length of 5.8 km. The path from the stop "Csillag tér
(Budapesti körút)" to "Völgyérhát utca" and return, with a total length of 7.4 km, is covered by
the battery (Figure 28).
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Figure 28: Route of line 77A

5. Table: Route 77A characteristics
Route characteristics
Length (Round trip)

13.2 km

Circulation time

46 min

Distance in battery mode

7.4 km

Distance under catenary

5.8 km

Operation hours per day

18 h

Average speed

17-20 km/h

Technical Parameters
In the following, the most important technical parameters used for the simulation are
presented.
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6. Table: Technical input parameters and their values
Vehicles (Ikarus Skoda TR 187.2)
Quantity / type

Value

Price per vehicle

680,000 €

Number of buses

2

Empty load

19,570 kg

Maximal weight

30,000 kg

Max. battery volume

1000 l

Length, height, width

18 m x 2.55 m x 3.45 m

Number of seats / standing rooms

50 / 75

Avrg. power aux. consumer during drive

14 kW

Avrg. power aux. consumer at depot

0 kW

Avrg. power aux. consumer during pause

3 kW

Avrg. power aux. consumer in worst case

32 kW

Lifetime

18 years

Maintenance

2,000 €/quarter

Battery systems (Kokam 81 kWh)
Quantity / type

Value

Cell chemistry

Li-Ion Nickel Manganese Cobalt (NMC)

Gravimetric energy density per cell

0.16866 kWh/kg

Gravimetric energy density packaging

0.109 kWh/kg

Fixed weight of packaging

740 kg

Efficiency charging / discharging

96 %

Minimal SOC

40 %

Maximal SOC

85%

Nominal cell voltage

3.7 V

C-rate charging

1.6C (10 Sec) / 1C cont.

C-rate discharging

3C (10 Sec) / 1C cont.
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Lifetime (calendrical / cyclical)

>= 6 years Assumption / 3000 full cycles

Electricity Costs (CO2)
Emissions by electricity generation

257 g/kWh

General
Quantity / type

Value

Average number of passengers

48 (40 %)

Average passenger weight

75 kg

Discount rate

4%

Period under review

18 years

The values listed in Table 6 represent only the most important input parameters of the
simulation, which are necessary for the calculations of the economic costs. However, further
general information on the bus and battery used is provided below on order to illustrate the
business case.
The two Ikarus Skoda TR187.2 trolley hybrids, which are operated by SZKT in Szeged on line
77A, are standard 18m low-floor buses with comparatively high purchase costs of around €
680,000 each (without battery). The maximum speed of these buses is 70 km/h. They offer
space for a total of 125 passengers (75 standing and 50 seats).

Figure 29: Ikarus Skoda TR187.2
The empty weight of the buses without battery and passengers is approx. 19.5 tons. The
permissible total weight of 30,000 kg must not be exceeded for legal reasons. An average
passenger weight of 75 kg is assumed. With a maximum of 125 passengers and a built-in
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battery with a total weight of 740 kg, the total weight is 29,685 kg. The permissible total weight
is therefore not exceeded during the journeys.
An average auxiliary consumption of 14 kW was assumed in this work. The worst-case
scenario for ancillary consumers occurs, for example, on very cold winter days. It should be
noted that heating alone can require power of up to 25 kW. In this work, a worst-case value of
32 kW auxiliary consumption is assumed for the 18 m bus. The simulation results in an average
consumption value of 1.69 kWh/km, which is almost identical to operational values. In the worst
case the consumption according to the simulation is 3.76 kWh/km.
The battery in the Trolley-Hybrid consists of DOW-Kokam modules with 2.74 kWh energy
capacity each. A module consists of 14 individual battery cells. General information on the
Kokam cells and modules used is shown in the following table.

7. Table: Key figures of the applied Kokam cells and modules [22]
Kokam Cell (KBM 216)
Quantity / type

Value

Cell chemistry

LiIon - Nickel Manganese Cobalt (NMC)

Nominal Cell Voltage

3.7 V

Cell Capacity

53 Ah

Kokam Cell (1 Modul = 14 cells)
Quantity / type

Value

Energy

2.74 kWh

Weight

22 kg

Minimum Voltage

42 V

Nominal Voltage

51.8 V

Maximum Voltage

58.8 V

Continous Discharge Current

1C

Peak Charge Current

1.6 C (10 sec)

Peak Discharge Current

159 A (3 C) (10 sec.)

Lifetime (calendrical / cyclical)

>=6 years / 19.000 FCE (@12,5% DOD)
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The battery in the Skoda TR187.2 consists of 30 Dow-Kokam modules. 15 module series
circuits are connected in parallel, resulting in a total nominal voltage of 777 V in one string.
The wiring of the battery is shown in Figure 30.

Figure 30: Wiring of the modules

The battery cells can be discharged with a maximum current of 3C (according to the datasheet,
[Error! Reference source not found.]), i.e. 243 kW, for a maximum of 10 seconds. Thus, the
battery can supply the electric motor, which has a rated power of 248 kW, even under full load.
The continuous charging power of the battery is 1 C and thus translates to a power of 81 kW.
The maximum charging power of the battery is 130 kW at 1.6 C for a maximum of 10 seconds.

|58

D2.20 Szeged Final Use Case Report

The battery currently used in the trolley bus has an energy capacity of 81 kWh. The gravimetric
energy density is 0.16866 kWh/kg at cell level and 0.109 kWh/kg at pack level, with a total
weight of 740 kg. However, the battery management system limits the pack to be used only
from a state of charge (SOCmin) of 40% up to a SOCmax of 85%. It is shown in Figure 31.

Figure 31: Battery Management in Szeged [23]

In the example chosen, the usable energy is 36.45 kWh. A span of 4% DOD, i.e. 3.2 kWh, is
assigned to the reserve of the bus. However, the output of the simulation shows that in
standard operation, i.e. under normal conditions, the battery only has a DOD value of 12.5%.
The SOC of the battery varies between 85% and 68.5% (Figure 32).
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Figure 32: Battery usage in average
Under these conditions, 19,000 equivalent full cycles (FCE) can be expected (Figure 33Error!
Reference source not found.) according to the estimates in the data sheet of the Kokam
KBM 216 batteries [Error! Reference source not found.]. With normal operation and 12.5%
DOD, this value would transfer to 152,000 cycles. The bus schedules show that the buses run
19 cycles per day. Approximately, a bus runs 19*6 cycles per week and therefore approx. 5928
cycles per year. At 152,000 cycles, a bus would theoretically only change the battery every 25
years, considering only the cyclic ageing.
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Assumed cyclic lifetime expectancy for Kokam Li-ion NMC batteries
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Figure 33: Assumed cyclic lifetime expectancy for Kokam Li-ion NMC batteries
(Kokam)
It can be expected that the cyclic life of the two trolley hybrids on line 77A in Szeged will not
determine the overall battery life. Most likely, the calendrical life of the battery will determine
its wear. The observation period of the project is 18 years. Since the batteries probably have
a service life of 6-12 years, it is assumed in this work that the batteries are replaced once or
twice in the observation period.
The aim is to make the best possible investment decision to continue the electrification of the
transport structure in Szeged. All relevant cost items contributing to the life cycle costs of line
77A are analysed and listed. Among other things, the simulation is used to analyse a
comparison of the cost positions of the trolley hybrid buses and the diesel buses, which would
run under the same operating conditions. Both are then compared by means of the TCO. In
this paper it is assumed that the investment decision had to be made today, in this case
05/2018. Therefore, the EU6 emission standard is chosen for the 18m diesel buses under
consideration, as this is the current standard for buses built and registered after 1 January
2013. The output of the scenario calculator shows the emission values for the diesel bus used.
The values are based on the work of Professor Ralph Pütz, who analysed the emissions of
various diesel vehicles depending on the various emission standards in real operation in his
work [Error! Reference source not found.]. The conversion was done here with a factor of
9.86, since one litre of diesel contains around 9.86 kWh of energy.
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8. Table: Specific Emissions for Diesel buses
Specific Emissions
Standard

Euro 6

Fuel [l/100km]

63.23

CO2 [g/kWh]

265.7

NOx [g/kWh]

0.2

PM [g/kWh]

0.001

Cost Positions
This chapter shows the assumptions and conditions under which the simulation results are
obtained. The investment costs of the project are listed in 9. Table together with the respective
payment date. At this point, the costs of the buses with the corresponding accessories
(battery), the costs of the infrastructure and the costs of energy (electricity or diesel costs) are
subdivided.
For the costs that are initially incurred, e.g. for the construction of the infrastructure, values are
taken that are mainly occupied from the operators and partly by other sources. These are
indicated at the appropriate place. However, other costs, such as the price of electricity or
diesel costs, show developments over the period under consideration. First, this investigation
adopts price trends that are most likely to be assumed based on the number of sources
confirming this development. On the basis of this (50% increase in electricity prices and 50%
increase in diesel prices in 2018-2036), further analyses will be carried out. However, in order
to consider other developments, sensitivity analyses are carried out in Chapter ‘Impact
Assessment of Assumptions‘ in order to be able to evaluate the investment decision in various
future developments. In addition, assumptions are made about the technologies that will be
replaced during the observation period. Parameters that can technically persist beyond the
observation period are taken into account via the residual value.
It is assumed that the prices of energy sources (here: diesel and electricity) will increase over
the course of the observation period. In contrast, the assumptions for the power electronics
and batteries of the trolley hybrid buses are based on a reduction in price over the years. This
assumption is due to economies of scale or learning effects that can be expected with the
increase in production of these components in the future. The renewal of the infrastructure
(catenary, substations etc.) is not considered in this work, as the service life of at least 25 years
is assumed. Therefore, a scaled maintenance cost (for the 3 km overhead wire of the project)
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of 3,000 € per quarter is assumed.

9. Table: Szeged cost parameters
Bus & battery
Cost type

Value per unit

Vehicle

680,000 €

Maintenance

2,000 €/quarter

Battery system

750 €/kWh –
225 €/kWh

Payment
date
Initially

Lifetime
expectancy
18 years

Price
trend
-

Periodic over
18 years
Initially +
interim
replacement

-

-

6 respective
9 years

linear
digression

Payment
date
Initially

Lifetime
expectancy
25 years

Price
trend
-

Periodic

-

-

Infrastructure
Cost type

Value per unit

Infrastructure (combined,
average)

500,000 €/km
(300,000 –
900,000 €/km)
3,000 €/quarter

Maintenance of
infrastructure (Scaled)
Electricity
Cost type

Value

Payment date

Price
trend
+ 0.27 €cents/year

Electricity price

0.10 (start) –
0.15 (18y)
€/kWh

Periodic

Cost type

Value

Payment date

Vehicle

350,000 €

Initially

Price
trend
-

Maintenance

2,000 €/ Quartal

Periodic

-

Diesel bus
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0.90 – 1.35 €/l

Diesel

Periodic

Linear
growth

Profitability Assessment
10. Table: Simulation input parameters

Variables

Values

Battery capacity

81 kWh

Charging power of catenary (offered)

200 kW

Charging power of charging station at depot

0 kW

Given period

18 years

Assuming loss of capacity

Yes (for Worst-Case
estimation)

Assuming maximum utilization
Assuming high power for auxiliary consumers

Figure 32 explains the average power profile for working days (Mon-Fri). Now, a look at the
worst-case scenario of the battery is taken, as this is decisive for the design of the battery.
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Figure 34: Worst-Case-Scenario Line 77A (Mo-Fr)
The (theoretical) traction/recuperation power of the vehicle is shown in Figure 34 in yellow
(‘p_trac’), the average auxiliary consumption of the bus in red (‘p_aux_consumers’), the
performance of the infrastructure in green (‘p_charging’) and the SOC course of the battery in
blue. A possible worst-case scenario is a trip on a very cold winter day with a maximum number
of passengers (here 125) and thus very high power requirements for traction and ancillary
consumers. The traction power can also be negative. This is called recuperation/regenerative
braking and describes the energy that is fed back into the battery or the grid while braking.
A specific energy consumption of 3.76 kWh/km in worst case operation was calculated. The
battery management is selected in such a way that a minimum SOC of 40% can be achieved,
which is not even the case in the simulated worst case. Although battery management has
been chosen so that only SOC values of 40-85% can be achieved, theoretically leading to a
cyclic life expectancy of 25 years, the minimum SOC achieved is around 53 %. In this case,
the battery would have been significantly oversized with 81 kWh for this application.
It is further assumed that the battery is replaced once or twice during the period under
consideration. A residual value of around 5 % of the invest is assumed each, while the invest
costs decrease for every new pack.
In the following subchapters, different scenarios are compared with each other. The
comparison follows a fixed pattern, which is broken down in 11. TableError! Reference
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source not found..
This compares the use of trolley hybrids with and without costs (varying between 300,000 and
900,000 € per kilometre) for the construction of a catenary network with the use of diesel buses.

11. Table: Investigated scenarios and their respective parameters
TH / 1x
replac
ement
/ no
constr.
costs

Electric
Bus 1x
Battery
Replacem
ent 6y
12y

Electric
Bus No
battery
replacem
ent with
reserve
12y

Timeframe
Infrastructure
costs
Vehicle lifetime

Vehicle residual
value end of
service life
Battery
replacement
Battery residual
value end of
service life
Vehicle Reserve
Mileage per
bus (18y)
Expected
average

Diesel
EU6 12y

Electric
Bus 1x
battery
replace
ment
15y

Diesel EU6

18 y
-

300k
€/km

500k
€/km

700k
€/km

900k
€/km

18 y

-

12y
(reacquisition
necessary)

5 % of invest
1x (after 9 years) respective 2x (after 6/12 years)

-

5 % of invest

-

no
1,650,366 km

40 % (48 persons)
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passenger
occupancy

Status Quo
Total costs - Status quo
4,000,000 €
€3,606,941.09
3,500,000 €
€3,112,832.38
3,000,000 €
€2,618,723.68

363,688 €

363,688 €
Energy

2,500,000 €
€2,124,614.97
2,000,000 €

363,688 €
Infrastructure NPV
€2,375,400.74

363,688 €

Battery (6y/12y repl.)

€1,881,292.04
1,500,000 €

€1,383,451.91
363,688 €

1,000,000 €

€1,389,952.99

€1,387,183.33

Maintenance

€893,074.62
Vehicles Total
€820,724.48

€151,911.56
€78,042.61
€126,593.00

€78,042.61
€126,593.00

€78,042.61
€126,593.00

€78,042.61
€126,593.00

€78,042.61
€126,593.00

€663,216.64

€663,216.64

€663,216.64

€663,216.64

€663,216.64

500,000 €

€227,867.00
€341,361.51

0€
1x battery
1x battery
1x battery
1x battery
1x battery
replacement / no replacement / 300k replacement / 500k replacement / 700k replacement / 900k
constr. Costs

Diesel Bus EU6

Figure 35: Cost comparison of status quo in absolute numbers (one bus)
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Total costs per kilometer
status quo
€2.50
€2.20

€1.90

€2.00
€1.60
€1.50

€1.30

€0.85
€0.22

€0.50

€0.22
Energy

€0.22

Infrastructure

€1.44

€0.22
€1.00

€0.22

Batteries

€1.14
€0.84

€0.84
€0.54

Maintenance
Vehicles

€0.09
€0.06
€0.08

€0.06
€0.08

€0.06
€0.08

€0.06
€0.08

€0.06
€0.08

€0.40

€0.40

€0.40

€0.40

€0.40

€0.50

€0.14
€0.21

€1x battery replacement 1x battery replacement 1x battery replacement 1x battery replacement 1x battery replacement
/ no constr. Costs
/ 300k
/ 500k
/ 700k
/ 900k

Diesel Bus EU6

Figure 36: Cost comparison of status quo in € per vehicle km (one bus)
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Total costs per person kilometer
status quo

0.05 €

0.046 €

0.05 €
0.040 €

0.005 €

0.04 €
0.033 €

0.04 €
0.03 €

0.027 €

0.03 €

0.005 €

0.005 €

0.005 €

Energy
Infrastructure

0.030 €

Batteries

0.024 €
0.02 €

0.018 €

0.018 €

0.018 €
0.011 €

Vehicles

0.02 €

0.005 €

0.01 €

0.002 €
0.001 €
0.002 €

0.001 €
0.002 €

0.001 €
0.002 €

0.001 €
0.002 €

0.001 €
0.002 €

0.008 €

0.008 €

0.008 €

0.008 €

0.008 €

0.01 €

Maintenance

0.010 €

0.003 €
0.004 €

0.00 €
1x battery replacement 1x battery replacement 1x battery replacement 1x battery replacement 1x battery replacement
/ no constr. Costs
/ 300k
/ 500k
/ 700k
/ 900k

Diesel Bus EU6

Figure 37: Cost comparison of status quo in € per person km (one bus)
Figure 35 to Figure 37 show the cost comparison between trolley and diesel buses for the
status quo (here the use of ONE bus on the line), plotted against the total costs as well as per
vehicle and passenger kilometre. It can be seen that the trolleybus has higher vehicle costs
(blue), but lower energy costs (light blue). Assuming that no new overhead line had to be
installed (left bar), but that the existing network can be used to recharge the hybrid buses, the
technical operating costs are the same as those of the diesel bus (bar on the right). This can
also be explained by the longer service life of the trolley system, which is assumed at 18 years.

Scaling Number of Operating Buses
It must be noted that the infrastructure of the overhead contact lines is generally not only built
for/used by one trolley hybrid bus (of Line 77A). Theoretically, the entire trolley bus fleet could
use the infrastructure at different times, which is practically unrealistic. According to the
operators in Szeged, it is assumed that in average 1.5 trolley buses are used per kilometre of
infrastructure. For the route line 77A with 2.9 km infrastructure, this paper therefor examines
the economies of scale for the number of 5 buses.
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Table Error! Reference source not found. shows the scaling of the infrastructure. After
caling, no further calculation with absolute numbers is permitted.

12. Table: Charging infrastructure costs scaled to the operation of 5 buses on 77A,
assuming 300,000 €/km construction costs

Infrastructure
Total

893,075 €

(1 bus)

 0.54 €/km

Scaled infrastructure costs per bus

178,615 €

(5 buses)

 0.11 €/km
Figure 38 and Figure 39 show the total TCO taking into account economies of scale for the
trolley hybrid including the structure of the infrastructure (stated by the construction costs per
km) and also without taking into account the construction of infrastructure (left bar). It should
be noted, however, that the costs for maintaining the infrastructure are still included in the
beam without building the infrastructure. By sharing the lifecycle costs for building the
infrastructure, the total costs of the electric solutions are significantly reduced, especially for
high values of construction costs. The costs for the scenario without new construction are also
reduced, as maintenance of the infrastructure is now divided between several vehicles. This
makes it more economical than the diesel bus, and the electrification of simple routes is also
becoming more economical.
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Total cost per kilometer
scaled
1.20 €
€1.05
€0.99
1.00 €

€0.93
€0.87

€0.22
€0.22

€0.78

€0.84

€0.22

0.80 €
€0.22

Energy

€0.22
0.60 €

0.40 €

€0.11

€0.17

€0.23

€0.29
Infrastructure
€0.50

€0.02
€0.06

€0.06

€0.06

€0.06

€0.06

€0.08

€0.08

€0.08

€0.08

€0.08

Batteries
Maintenance
Vehicles

€0.14
0.20 €

€0.40

€0.40

€0.40

€0.40

€0.40
€0.21

0.00 €
1x battery replacement 1x battery replacement 1x battery replacement 1x battery replacement 1x battery replacement
/ no constr. Costs
/ 300k
/ 500k
/ 700k
/ 900k

Diesel Bus EU6

Figure 38: Cost comparison of scaled (infrastructure) scenario in € per vehicle-km

Total cost per person kilometer
scaled
0.025 €
0.022 €
0.021 €
0.019 €

0.020 €

0.005 €

0.018 €
0.005 €

0.016 €

0.005 €
0.005 €

0.015 €

Energy

0.005 €
0.002 €
0.010 €

0.018 €

0.004 €

0.005 €

0.006 €
Infrastructure
0.010 €

0.000 €
0.001 €

0.001 €

0.001 €

0.001 €

0.001 €

0.002 €

0.002 €

0.002 €

0.002 €

0.002 €

Batteries
Maintenance
Vehicles

0.003 €

0.005 €
0.008 €

0.008 €

0.008 €

0.008 €

0.008 €
0.004 €

0.000 €
1x battery replacement 1x battery replacement 1x battery replacement 1x battery replacement 1x battery replacement
/ no constr. Costs
/ 300k
/ 500k
/ 700k
/ 900k

Diesel Bus EU6

Figure 39: Cost comparison of scaled (infrastructure) scenario in € per passenger-km
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External Aspects
The previous subchapters dealt exclusively with investment decisions from the operator's
perspective (business management perspective). However, the decisive factor for the use and
introduction of electric mobility is not only the financial perspective of bus operators, but also
the political will to achieve climate protection and air pollution targets. The reduction of
greenhouse gases emitted by public transport is directly linked to climate protection. Other
external factors are risks associated with the project. In investment calculations, however, the
risk of the project is taken into account using the costing interest rate at which the cash flows
are discounted in the individual analysis periods (here 18 years). Other factors such as the
development of energy prices and diesel prices are taken into account in the sensitivity
analyses.
Below are listed the emissions caused by the considered diesel buses of the emission standard
EU 6 and the CO2 emissions necessary for power generation for the operation of the
trolleybuses. The 18 m diesel buses consume approximately 63.23 l of diesel per 100 km. For
the generation of 1 kWh of electrical energy, with the Hungarian power generation mix,
approximately 260 grams of CO2 are emitted7. Taken the total energy consumption, emissions
of approx. 1620.6 tons of CO2 have been calculated over the period under consideration. The
costs caused by noise are usually expressed in €/km for diesel buses. These amount to 0.0768
Euro per km for 18 m diesel buses in the inner city area. In 13. Table, this value was calculated
on the total number of kilometres driven in this project.

13. Table: Emissions and Environmental Costs, based on EU Clean Vehicles Directive
Type

Trolley Hybrid

Fuel

-

CO2

~ 1,069 t

NOx

Costs – EU
CVD

Euro 6

Costs – EU CVD

1,043,600
22,567.35 €

2,734.1 t

57,687 €

-

1.294 t

4,004 €

PM

-

0.010566 t

646.4 €

Noise

-

0.0768 €/km

89,141 €

If the values from 13. Table are added to the TCO including economies of scale, the costs of
the overall project result from an economic point of view (Figure 40 and Figure 41).
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Total cost per kilometer
scaled with Environment
€1.20
€1.06
€1.00
€0.94

€1.00
€0.88
€0.79
€0.80

€0.01

€0.93
€0.22

€0.01

€0.09

€0.22

€0.01
€0.22

Environment

€0.22

€0.22
€0.60

€0.01

€0.01

€0.11

€0.17

€0.23

€0.29

Energy
€0.50

Infrastructure

€0.02
€0.06

€0.06

€0.06

€0.06

€0.06

Batteries

€0.08

€0.08

€0.08

€0.08

€0.08

Maintenance

€0.40

Vehicles
€0.14
€0.20

€0.40

€0.40

€0.40

€0.40

€0.40
€0.21

€1x battery replacement 1x battery replacement 1x battery replacement 1x battery replacement 1x battery replacement
/ no constr. Costs
/ 300k
/ 500k
/ 700k
/ 900k

Diesel Bus EU6

Figure 40: Cost comparison of scaled (infrastructure) scenario with environmental
costs in € per vehicle-km
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Total cost per person kilometer
scaled with Environment
0.025 €
0.022 €
0.021 €
0.020 €
0.020 €

0.018 €
0.017 €
0.000 €

0.015 €

0.019 €
0.005 €

0.000 €

0.002 €

0.005 €

0.000 €
0.005 €

Environment

0.005 €

0.005 €
0.002 €
0.010 €

0.000 €

0.000 €

0.004 €

0.005 €

Energy

0.006 €
0.010 €

0.000 €
0.001 €

0.001 €

0.001 €

0.001 €

0.001 €

0.002 €

0.002 €

0.002 €

0.002 €

0.002 €

Infrastructure
Batteries
Maintenance
Vehicles

0.005 €

0.003 €
0.008 €

0.008 €

0.008 €

0.008 €

0.008 €
0.004 €

0.000 €
1x battery replacement 1x battery replacement 1x battery replacement 1x battery replacement 1x battery replacement
/ no constr. Costs
/ 300k
/ 500k
/ 700k
/ 900k

Diesel Bus EU6

Figure 41: Cost comparison of scaled (infrastructure) scenario with environmental
costs in € per passenger-km
It turns out that the environmental costs for the diesel bus are significantly higher than for the
electric bus. This is mainly due to the higher CO2 and noise penalty costs. Due to the use of
nuclear power, which is certainly ecologically questionable, the electricity mix in Hungary is
significantly more CO2 neutral than, for example, Germany. Noise is a subjective sensation
that is difficult to grasp, but the electric bus should be certainly more pleasant for residents and
passengers.
It can be seen that the additional external costs are also bringing scenarios including
construction of more expensive infrastructure (500,000 €/km) into the economic sphere.

Impact Assessment of Assumptions
Future price developments for electricity and diesel can never be predicted exactly. The results
of the previous chapters should therefore be considered with caution and apply only to the
assumptions and conditions given. However, there are possibilities of applying the
developments of the entire TCO over different price developments. This can be achieved by
the sensitivity analyses.
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The assumed price trends for fuel and electricity are therefore analysed more in detail. Both
are estimated to grow around 50% over the next 18 years which are seen as high but decent
numbers. Nevertheless, for the sensitivity analyses both trends are varied between 30% and
150% in order to identify the dependency of the TCO on the prognoses. The results are
displayed in Figure 42Error! Reference source not found., stated in costs per vehicle
kilometre. A positive value (delta TCO (Electric – Diesel)) means a more economical operation
of the diesel bus. While the cost difference between the trends (60 % step width) for electricity
is around 0.05 €/km for each solution, the corresponding cost difference for diesel amounts up
to nearly 0.10 €/km. This is caused by the higher energy consumption of the combustion
engine.
It can be seen that, depending on the different price developments, the trolley hybrid bus can
still be economic, even if infrastructure had to be constructed (with costs of around 300,000
€/km, which is realistic for easy routes without crossing, curves etc.).
The vehicle price has a very large influence on the TCO of electric bus projects. Assuming that
the purchase price of the electric vehicle (chassis with powertrain, but without battery)
approaches that of the diesel, a clear economic efficiency becomes clear regardless of all
energy price developments (light blue curve).
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delta TCO per vehicle-km (Electric - Diesel)
18 years / 4 % / 2x battery replacement / 300k €/km infrastructure

0.20 €

0.10 €

diesel price trend

0.00 €
30%

-0.10 €

60%

90%

120%

150%

electricity price
trend
30%

-0.20 €

-0.30 €

90%

150%

50% same veh. Price
-0.40 €

Figure 42: Sensitivity analysis over diesel and electricity price (18 years / 2x battery
replacement / same reliability / no environmental costs / construction costs of 300k €
per km infrastructure) in costs per vehicle-km
Another uncertain factor which is still part of broad scientific researches is the durability of
battery cells used in electric vehicles. Since the batteries in trolley hybrids do not play a
decisive role in the costs, and the number of necessary replacements is therefore hardly
significant, this will not be discussed here.
The last non-transparent parameter analysed is the discount rate which is used for calculating
the present values of the costs. Throughout the simulations a discount rate of 4% was
consistently assumed. While rates between 3% to up to 15% may be common in capital
budgeting depending on project conditions, the slightest variation of the discount rate could
translate into a change of the investment decision. The German Federal Ministry of Finance
(BMF) states a rate of 1% which does not include inflation and default risks regarding project
and businesses involved [Error! Reference source not found.]. The risk premium usually
takes the biggest share of the discount rate. In this context, the risks for Szeged as well as the
following are determined to be fairly low. They are partly funded precursor projects which shall
pave the way for future concepts. Furthermore, the companies involved are municipal public
transport operators and through external financing support financially stable. These factors
reason the relatively low discount rate of 4%. However, since this number is also based on
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assumptions, it can be important to know how the variation of the discount rate can impact the
final decision. Instead of making use of the sensitivity analysis, this time the method for
determining the internal rate of return shall assist. In order to achieve the rate-dependent net
present values of this project, the costs for Euro 6 diesel buses can be seen as revenues since
they are saved by switching to the electric alternative. From those revenues the costs for the
specific electric bus-solutions are deducted.
In Figure 43Error! Reference source not found., the internal rate of the optimized solution is
determined exemplarily for the 18 year trolley hybrid bus scenario with two times battery
replacement, no reserve and environmental costs, but with scaled infrastructure (assuming a
construction with costs of 300,000 €/km). Discount rates of 4%, 12% and 20% were assumed
for the calculations of the corresponding net present values, stated in € per vehicle-km. It can
be read that the electrical system is economical from an internal interest rate of about 12%.
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Internal Rate of Return
18 years / 2x battery replacement / no reserve / scaled / without environment / with
construction (300k €/km)
24%
22%

20%

20%
18%
16%
14%
12%

12%

10%
8%
6%

4%

4%
2%
-0.030 €

-0.020 €

-0.010 €

0%
0.000 €

0.010 €

0.020 €

0.030 €

0.040 €

NPV in €/vehicle-km (Electric - Diesel Bus TCO)

Figure 43: Graphical determination of the internal rate of return

Investment Recommendation
The investigations show that the use of trolley hybrid buses is an economical alternative to
diesel buses. This is particularly the case if the infrastructure already exists. Then, mainly due
to the lower energy costs, the electrical variant is clearly preferable assuming the same
availability. Additional positive environmental aspects such as reduced noise and the
avoidance of local emissions underpin the sensible operation from an economic point of view.
Under certain conditions, it may also make sense to set up a new partial overhead line
infrastructure that allows recharging during the journey, as it is examined now in Czech city of
Prague. Technical obstacles/limitations are the current carrying capacity of the collectors,
which is a special problem when the vehicle is standing, and the performance of the battery
inverters. This is especially the case with de facto electric buses (single insulation), as the
devices must be galvanically insulated and are therefore considerably heavier. Double-
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insulated trolleybuses get by with lighter power electronics and can therefore also provide
higher charging capacities.

Process evaluation drivers and barriers: Trolley buses
In use cases which focused on the extension of trolley bus networks (Pillar A - Trolley buses),
the most prominent drivers appeared to be strong public and political support for trolley buses.
The positive local image of trolley buses is illustrated by supportive media coverage and a
generally high popularity of trolley buses among local citizens. To many citizens, the trolleys
represent reliability, durability and clean technology. In some cases, trolley buses are
considered a city symbol, which marks the cities as pioneers for e-mobility. Thus, the trolley
buses positively affect the image of those cities. Moreover, municipalities and local politicians
had set a supportive political framework for the extension of trolley buses, through local lowemission plans, commitments to improve energy efficiency as well as higher investments into
trolleybus companies.
Several use cases faced operational challenges, particularly with the supply of trolley bus
components. Partners experienced long delays through suppliers, or were not able not find
sufficiently specialized suppliers at all. This was explained by partners by a general lack of
expertise on trolley buses, due to a strong focus on the diesel bus industry in public transport.
As a further complication, battery and charging systems of the newly introduced hybrid trolley
buses were sensitive to technical failures and often unreliable in operation. Many other barriers
to the seamless implementation of use cases were staff-related. New technology requirements
pose the problem of missing staff qualifications for driving, handling and maintenance of
electric vehicles. In order to solve this problem, additional staff training measures would be
required in the future, and some partners considered outsourcing the maintenance servicing,
as well as hiring of new staff.

C.6: Multipurpose use of infrastructure for (re)charging trolleyhybrids & e-vehicles
Demand analysis
Based on market analysis SZKT and USZ examined the options available on the market of
vehicle chargers and how standard solutions can be tailored based on user’s needs.
In this step, SZKT and USZ had to consider SZKT’s special needs in order to charge
trolleybuses also. To have a broader picture on the demand in city of Szeged we considered
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the following criteria:
 The number of e-vehicles in Szeged;
 As Szeged is the largest city of Csongrád county we also had to consider the number
of e-vehicles of the whole county;
 Manufacturers of e-vehicles (partial data was available);
 Type of plugins/ connectors used for e-vehicles in order to serve a wide range of
different electric mobility solutions;
 Analysis of typical energy consumptions of standard types of e-vehicles;
 As SZKT would like to use the EV-charger for different events in the city (air-show,
days of Szeged) the possibility of displacement of charger had to be checked;
 To integrate in SZKT’s plans regarding our R&D activities we had to examine the future
options to extend the functions of the charger.

Analysis of legal aspects
The legal feasibility incorporates the main regulations concerning the following scopes:







Technical/ application regulations (handicaps) of e-vehicles;
Government procurement support for e-vehicles;
Public charger operational regulation;
Electricity-energy trading regulation;
Infrastructure/environment regulations (restricted charging slots for parking garages);
Even though the general background should be the same in EU we didn’t scope the
EU regulations because the National Implementing Regulations had to been take into
account in the realisation level of such complex business;
 Thereby the local level (Municipality) also does not have a large effect on the
regulation;
 About the Government strategy there were many news and impressions trough the
project but here we are focusing on the already released rights/strategies.
The Government promote e-mobility and the connecting strategies as a potential National keysector addressing keywords as e-charger industry, self-driving technology, e-bus industry the
regulation doesn’t reach the necessary stable level for market-based growth of e-mobility.
Some communication like the plan of excise-duty for charging electricity already discourage
the market. The energy companies owned by the State have a favourable environment against
private multi-national energy companies but they could not use the opportunity to spread emobility.
In the tender documentation of the charger, the connection of to the catenary was not specified
as this part of the system (including umbrella on the catenary) is designed and installed by
SZKT. We solved the problem of accurate connection of current collector and overhead
catenary by using a solution called “umbrella” successfully tested in Pillar A of ELIPTIC project.
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Financial feasibility
During the demonstration, it is planned that SZKT provides the service free of charge that is
also justifiable in order to assess user habits. Currently in Hungary, the majority of public
charging points are free of charge, but a legal background already exists to collect a fee for
the service provided. The actual state of Hungarian market and the low number of electric
vehicles both does not promote the spread of payable charging services.
Considering legal aspects when the market will develop further it will be necessary to make
these charging services payable at least in case of charging points with public ownership,
because the operational and energy cost cannot be cross-financed from other public services.

Impacts
In the following part are enumerated the anticipated impacts of the multifunctional chargers in
the public transport, in urban traffic and expected impacts for end-users.
Equipment Impacts
Currently in Szeged, multi-functional chargers are not present. The charger will open the
possibility to increase the electrical transport coverage. The new tool can be the beginning of
a new era if it will be suitable to provide the widest range of vehicles with the most common
standard connectors constantly and fast enough.
Organizational Impacts
It is very important to have the appropriate team of skilled personnel for the operation period.
Other important factors related to the location of the charger are the requirements of the
area/environment and the energy supply, the designation and cleaning of the environment.
Operational Impacts
Decisive effects on operations:
 User operating procedures. The rules under which consumer can use the device;
 Operating centre procedures. The hardware and software connection and reliability;
 Operating centre/user relationships.
Developmental Impacts
In order to promote and optimize these chargers the developmental impacts have to be
planned, such as:
 Specific activities to be performed by the user in support of development of the system;
 Resources required to develop;
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 Privacy and security implications.
Site or Facility Impacts
The territorial access and service potentially supportive building or office modification
requirements. The operational opportunities can be improved and costs can be reduced by
exploiting the synergy of sales of various services.
Security and Privacy Impacts
For public utilisation intentional or accidental damages, unauthorized use of parking space or
just limiting access, have to be cared so security and privacy factors have to influence the
development, design, and continued operation of the proposed system.
The developer’s standard design vandal-proof and weatherproof for outdoor installation that
fulfilled these requirements.

SWOT analysis results C6
14. Table: SWOT analysis results C6
Strength

Weakness

 Using the trolleybus power grid to supply the
charging points offers the possibility to operate
more charging points per interface (2-6)
compared to the supply by the public distribution
grid (2), based on 50 kW charging stations
 Implementation of technology concept pushes
the adoption of electric vehicles and therefore
leads indirectly to a reduction of local transport
related environmental emissions (CO2, CO, NOx,
PM10)

 Technology concept is not ready for full
commercial application (overhead DC hybrid
trolleybus charger not market available), since there
is no multimodal charger available on the market

Opportunity

Threat

 Energy efficiency can be enhanced by the
application of efficient energy transformers and
an intelligent energy management system

 Governmental action plan for the expansion of
charging points is focuses on charging points
supplied by the public distribution grid (no niche
solutions like technology concept)

 Potential synergy by installing charging points
supplied by the trolleybus power grid in suburbs
in order to support park and ride strategies, as
well as to extend the trolleybus service

 Existing trolleybus power grid is not able to power
the aimed (multimodal) charging points, caused
by voltage and current variations in the grid,
additional investments in power electronics would be
necessary to make the technology concept feasible
 Lifecycle cost are higher, compared electric vehicle
charging points supplied by the public distribution
grid, higher initial CAPEX, higher OPEX

 Funding security: not available or not fully secure,
whereas main funding sources are European public
funding, national/regional public funding,
investments by industry/manufacturers, own
investments, leasing, bank loans
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 Low number of electric vehicles (complementary
good) in Szeged, what is caused by high relative
procurement costs for electric cars in relation to the
average income level (no substantial barrier)
 No legal way to sell energy from public charging
points for SZKT, caused by the current energy
market regulations (major concept barrier)

The technological concept finds its strength in the possibility of supporting the growth of electric
mobility in Szeged from the robustness of the city’s trolley infrastructure. The intention is,
however, weakened by technological, regulatory and financial constraints. One of the
concept’s weaknesses is the lack of technical readiness for the chosen multimodal charger,
which also implies a higher lifecycle cost for the technology. Clear opportunities are seen in
additional components to enhance energy efficiency and a better energy management, as well
as in the possibility of extended trolleybus service into the suburbs, and incorporating park and
ride strategies to the system. Threats to the technology include the current low number of
electric vehicles in Szeged, and no clear available funding for the concept after ELIPTIC.
Energy regulations currently do not allow the commercialization of energy from the trolley grid,
further complicating a successful implementation of the concept.
Generally speaking the successful deployment of the multi-functional charger is a positive
result as the development of technical background from behalf of SZKT also. SZKT is also
happy to see that the legal background during the project has evolved and legislation was
clarified. This fact helped SZKT to prove, that financial and legal feasibility of the use case is
possible at Szeged.

Summary
The results of the SWOT analysis confirms the decision to choose the examined technology
based on a common power converter because the high power capacity allows to choose a
strong charger for e-cars which is necessary to propagate the project later.
The weakness of this prototype technology also proved by the actual technical problem.
However, there could be financial difficulties in case of long-term service because of the
demonstration and test nature of this project we had not investigated these.
The Government action plan this time only forced to spread the standard charger solutions but
therefore the possible technology companies are focusing onto the standards solutions now.
The risk of an unsuccessful technical project could be critical for public-owned companies and
Municipalities because they could generate political attention and this could push back the
spreading of the technology.
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Goals achieved:
 The addressed objectives of the Feasibility study were reached concerning the
definition of the technological, legal and other parameters of a multi-functional evehicle charger station;
 The study also gives guidance for next developments of SZKT and City of Szeged;
 Truth the execution of the demonstration SZKT build up relationship with professional
players in this business.
 Test of the prototype and open the public service of the charger.

Process evaluation drivers and barriers: Multi-purpose use of electric
PT infrastructure
The use cases focused on multi-purpose use of electric public transport infrastructure (Pillar
C) faced mostly regulatory challenges. The legal unclarity of the sale of electricity was the most
prominent issue for all use cases. In several countries, the legality of energy and fiscal issues
concerning the use of electric transport infrastructure are not clearly defined. In some use
cases, the sale of electricity was tolerated temporarily, despite being only partially legal. In
other cases, new laws on this issue were in the process of being formulated, however this is a
lengthy and ongoing procedure, which led to further uncertainties and delays in the
implementation of use cases. For one use case, however, the sale of electricity did not pose a
legal problem. In this particular city, the sale of electricity works through a licensing system,
with which the use case partners were already experienced.
Other legal unclarities for use cases were caused by the lack of billing regulations for pricing
of energy and service, as well as for the measurement of energy input into electric vehicles.
Further difficulties were the determination of charging sites due to restricting infrastructure
regulations, and the lack of available devices that allowed the use of existing PT networks for
charging purposes. Some drivers for Pillar C use cases were infrastructural advantages in the
installation of charging points. For instance, where public parking spaces are managed by the
city, site determination for charging points is facilitated and building permissions are
unnecessary, which reduces the regulatory burdens for use cases to a large extent.
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6. Follow-up after the Use Case
A.11: Replacing diesel bus lines by extending the trolleybus
network with trolley-hybrids
 After the ELIPTIC demonstrations, the hybrid trolleybus fleet will run as part of the
traditional trolley fleet except for special events and cases like roadworks etc. The
demonstration was the first technology-focused experiment to reach the limit of the existing
battery technologies. The proven technical parameters of the cars meet the expectations
of the operator (SZKT), however, there would be more tests to ascertain that these trolleys
could provide continuous hybrid service, particularly at extreme weather conditions. The
low number of hybrid trolleys does not allow to organise peripheral (low-traffic) trolley line
with unnecessary oversized (articulated) trolleybuses.
 In this use case the overhead catenary system was definitely out from the scope of
investigation except from the connecting roofs which was now tested first time at Szeged.
This simple and fast trolley connection possibility already has been used after the
demonstration many times and it is going to be an everyday technology at the SZKT.
 In the next step within call of Electric Mobility Europe (ERA-NET Co-fund, Horizon 2020)
SZKT was selected as partner in Trolley 2.0 project together with University of Szeged and
Evopro Bus Kft. – the subsidy contract is currently under signature at Ministry for National
Economy. Within the framework of this project, it is planned to put into circulation and test
the prototype Modulo of Evopro with composite frame, which was a part of the national
strategy for bus manufacturing. The next step of the development plan is to design and
evolve a test line of self-autonomous battery driven trolleybuses with in-motion charging,
including the procurement of 5 vehicles. During a 4-5 year long test plant a more precise
economic modelling is possible about the sustainability of this transport sub-sector,
because the bottleneck in rentability of e-buses is still the upkeep and lifetime of batteries.
If the batteries need to be renewed within 4-5 years, during this time, it is possible to collect
enough information about the test vehicle and sustainability of the plant, within real
weather, passenger and traffic conditions.

C.6: Multipurpose use of infrastructure for (re)charging trolleyhybrids & e-vehicles
Since the demonstration has just started SZKT will continue testing the charger in mid-term
period and hold the public-demonstration in the trolleybus depot. After then, if a stable
configuration would be reached, it will be used in future-projects or used as temporary
infrastructure in case of special events.
After the demonstration in the ELIPTIC project period, the SZKT should continue to use as is
the only one DC fast charger in the city, according to the needs and the costs of the service.
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The Municipality also could be interested to keep the service ongoing because of political
benefits. Thanks to compact design of the chargers, these could also be used in other places
of the city for temporary occasions like fairs. The trolleybus charger definitely would be able to
charge at new off-line end-stations which was already shown in the ELIPTIC A11 use case.
This could be a real benefit in case the actual trolley lines would be affected and a temporary
line section is necessary to take up.
If SZKT would get any e-cars for service activities the e-car charger will be their charger. In
case the legal background and the market practice reaches a necessary level of development
it would be possible to use the charger for payment.
Plans for expansion:
SZKT is considering the possibilities for long-term testing of e-car service fleet because in the
city centre it is definitely the best solution to serve our businesses (service cars for tramways,
trolleybuses, infrastructure and public parking service). This fast charger already allows easier
charging of the SZKT’s e-fleet.
In the next step within the Electric Mobility Europe (ERA-NET Co-fund, Horizon 2020) call,
SZKT was selected as partner in Trolley 2.0 project together with University of Szeged and
Evopro Bus Kft. – the subsidy contract is currently under signature at Ministry for National
Economy. Within the framework of this project it is planned to put into circulation and test the
prototype Modulo of Evopro with composite frame which was as a part of the national strategy
for bus manufacturing.
The next step of the development plan is to design and evolve a test line of self-autonomous
battery driven trolleybuses, including the procurement of 5 vehicles. However, this project is
built up to test and demonstrate the in-motion charging possibilities (as it is shown in the
ELIPTIC A11 Use Case); this charger also could be tested or installed permanently at the new
end-station of the hybrid trolley line.
During a 4-5 year long test plan, a more precise economic modelling is possible about the
sustainability of this transport sub-sector, because the bottleneck in profitability of e-buses is
still the maintenance and lifetime of batteries. The batteries need to be renewed within 4-5
years and during this time it is possible to collect enough information about the test vehicle
and sustainability of the plant, within real weather, passenger and traffic conditions.
Further research:
Since SZKT bought the hybrid trolleys, the regulations of the electric vehicles and the trends
in this market have been developed. The charging of cars is almost fully developed.
It makes sense to compare the technical solutions and charging procedure of high
performance EV charging with already existing products (e-bus, e-truck, electric industrial
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equipment) on the market due to standardization.
The specific parameters of trolleybus technology: the charge of batteries is handled by onboard electronics within a wide range of voltage (the overhead voltage does not depend on
the battery of vehicle, therefore needs to be completely separated from that).
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7. Conclusions
A.11: Replacing diesel bus lines by extending trolleybus network
with trolley-hybrids
Existing hybrid trolley fleet and grid could be managed easily to test new routes and
technologies, but the existence of a trolleybus network of course already determines the
potential cities for a take up of the trolley-battery-hybrid technology in Europe. In the situation
of Szeged, the trolley lines are concentrated in the city centre with high capacity articulated
vehicles which is not an optimal environment to explore hybrid side-lines.
The demonstrations of the trolley-battery hybrid concept was a possibility for the trolleybus
operator SZKT to test the technical borders of the in-motion charging approach. However,
even with simulations getting more precise, real environment-test still seems to be necessary
to check the limits. Such tests and demonstrations could not be realized by little companies
like SZKT without existing fleet and technical environment. It would need great efforts to get
trolleybuses and install grid just for demonstration purposes. The financial background of the
cities and operators could be hardly different but it seems that they are required for new
investments.
The context of the PT-system of Szeged and SZKT determines which aspects are the most
important in this study for us. Even though the financial background of investment of the trolley
system and long term operational costs are secured, SZKT is currently focusing on the
technological limits. The reason is that the catenary system and the existing fleet has to be
operated with or without new lines.
Strict comparison with the low cost of ownership (LCO) of diesel bus system is validated by
the final km price of the bus operator and SZKT’s financial balance. It is evident that there has
to be political commitment to keep and spread, if possible, the electric technologies against
diesel PT, but the Municipality has to pay the extra cost of the electric PT against diesel system.
For decision makers, the high social acceptance is a supporting force to keep up with the
hybrid PT developments.
External costs (like emissions) will be able to be defined following the EU Clean Vehicles
Directive respective its implementation into national procurement rules.

C.6: Multipurpose use of infrastructure for (re)charging trolleyhybrids & e-vehicles
The most of experiences and impacts of the project is highly relevant for SZKT and reflects
the aspect of an operator company. Thereby our conclusions could be useful for PT operator
companies with similar profile or other infrastructure operator companies (like charger
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operators) and local stakeholders whom are in contact with these companies (Municipalities,
PTO-s, strategy-makers, etc.).
Combination of the chargers for trolleybuses - where trolley-battery-hybrid buses run – and
chargers for other e-vehicles to a multipurpose charging approach is possible. The key solution
for the same projects is the charger technology of the hybrid trolleybus charger. For SZKT the
evident benefit of using the existing current collector (not external charger plug) is the safe and
simple procedure. In this way, a developed hybrid trolleybus technology could manage
standard e-car chargers (plugs) and therefore could get energy from standard chargers as
well.
The development of the prototype technology (trolleybus charger) indicates technical risks in
case some required parameters could not be proven or during the process, such as when the
tender was issued, this was not raised. SZKT did not choose to use directly the tram/trolleybus
energy grid to run charging infrastructure because it could generate other problems like errors
caused by feeding energy quality. Despite the charger not being in service yet, due to the
technological problem that occurred at the prototype phase, once these complications are
resolved, there will be continuous services.
The new and adopted trolleybus charger is different from other commercial chargers because
of the individual charging technology of SZKT’s trolley fleet. This already shows a weakness
of the individual technology developments.
An operator like SZKT would have enough stable technical and economic background for such
developments but more special technical and practical knowledge would be beneficial for
better project realization; some technical tasks concerning the prototype unit would be
avoidable (e.g. power load on nominal rate at trolleybus charger cases shut off in the testing
period).
Large production/technology companies strongly prefer their existing (usually standard)
product line and are not flexible enough to develop new projects.
Little technology-involved companies could have difficulties to prove a stable economic
background for prototype-developing, testing and could have some deadline problems.
The technology could not be tested especially for mid- and long term. If more fine-tuning,
testing would be necessary, a small technology partner could be a risk for the future. Despite
this, a big company could also lose interest to support these technologies after it is put in
operation (or could keep on an unsustainable price).
Most of the problems connected to the technical side would be avoided or could be mitigated
if the hybrid trolleybuses would be fitted onto standard fast-chargers (e.g. would be charged
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with CCS standard plugs). The technical design of the charger allows using it in a mobile
manner. It can decrease the licensing procedures, and it allows for partial traffic planning for
shorter periods.
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8. Appendix
Datasheet of e-car charger
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