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1 Executive Summary
The report describes the development of business cases in the three different
thematic Eliptic pillars. The work is based on a series of three workshops with the
respective partners. In addition, detailed simulations are used to evaluate the electric
bus projects in detail.
Three different scenarios are investigated for Pillar A, i.e. the introduction of electric
buses using the existing infrastructure:
-

Opportunity Charging using existing DC infrastructure

 Oberhausen

-

Opportunity Charging using existing AC infrastructure

 Barcelona

-

Trolley Hybrid Buses (Battery Trolleybus)

 Szeged

For each of the three concepts, the development of a business case is
comprehensively presented for a representative city. It turns out that under certain
conditions the projects can already be economic from today's point of view. The most
important thing is to assume that the systems have the same availability as diesel
buses. The higher investment costs can be compensated by lower running costs
(energy costs) and longer life expectancy.
Also for Pillar B, i.e. the increase of the operational efficiency of the electric local
transport, the way in the direction of a business case is shown. For this purpose, the
results of the studies from Brussels and Gdynia are briefly presented and then a
theoretical study is conducted on a line in German cities of Mülheim/Oberhausen.
The theoretical findings are backed up by measurements.
For Pillar C, i.e. the use of the existing infrastructure for charging electric cars etc.,
the most important steps on the way to a business case are presented. This includes
a needs analysis in the first step, which is shown using Barcelona as an example.
The technical topics are illustrated using Oberhausen and London as examples. The
legal framework, which represent an important issue, if not the most important, is
also discussed.

14-Jun-18
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2 Development of Business Cases: Workshop
Series and Simulation Methodology
This chapter describes the basic elements of a business case by introducing
economic theory and methodology. It is then explained how the business case
development was designed from a WP4 perspective. The simulation-based process
is discussed in more detail.
Figure 2.1 shows the basic path from use case to business case from WP4
perspective. The development is based on two important tools: a workshop series
and the RWTH simulation chain. Both are dealt with in detail in the following
subchapters.

Tool
Workshop 1

RWTH Simulations

Workshop 2

RWTH Simulations and Business
Case investigations

Workshop 3
Figure 2.1
14-Jun-18

Task
Definition of Use Case Scenario
Data collection

First TCO calculations
Optimization of scenario
Presentation of first results
Re-adjustment of input parameters
Exchange of experience from real operation

Adjusted TCO calculation
- including scaling effects
- including CBA
Presentation of final results
Final re-adjustment
Definition of Business Case

WP4 way from Use Case To Business Case
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2.1 Workshop series
The workshop series forms a crucial part of WP4. Within the whole ELIPTIC runtime,
three workshops have been conducted together with each Use Case city and the
respective partners. Based on the results of the first workshop series, a further
cooperation to reach the project goals (business cases and development schemes)
has been started and readjusted by means of the 2nd and 3rd workshop.
2.1.1 First Series
The first workshop series started on 23rd of September 2015 with the first event at
STOAG depot in Oberhausen. Within eight months, from September ’15 to April ’16,
RWTH, accompanied by the project coordinators (Rupprecht Consult and Bremen
SUBV), have conducted meetings/conferences with the partners of each Eliptic-city,
each including the transport operators and local research/evaluation support.
The overall aim was to establish a better understanding of the respective use case
scenarios, aims and approaches. Thereby, barriers and difficulties in implementing
the individual plans have been pointed out by the partners, which is an important
input for the Business Case development.
The general workshop procedure included a short introduction round, mostly followed
up by a detailed presentation of the use case partners in charge. The approach and
the obstacles were pointed out to enable a common understanding. The evaluation
(WP3) was another point on the agenda. Discussions on the possibilities of data
collection and processing have taken place, which is also an important input for the
development of business cases and derivation of development schemes.
Project management issues, including e.g. risk assessment or reporting, have also
been addressed within the workshops. They were concluded with a presentation of
RWTH on their specialty and the software-based planning approach. A subsequent
discussion on the further proceeding closed the meeting and clarified the tasks on
both sides until the next workshop.
Table 1 lists the conducted first workshops with their respective date and location.

14-Jun-18
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Table 1

First WP4 workshop series
Date

Use Case

Pillar

Use Case Partner

Location

23.09.2015

Oberhausen

A7,C5

STOAG, RWTH,

STOAG
Oberhausen

06.11.2015

Bremen

A1,C1

BSAG

BSAG Bremen

09.11.2015

Leipzig

A6,C4

LVB, Fraunhofer

Leipzig

12.11.2015

Eberswalde

A10

BBG, Fraunhofer

Leipzig

03.12.2015

Barcelona

A4,C3

TMB, CENIT-UPC

Barcelona

12.01.2016

London

A2,C2

TfL

London

28.01.2016

Brussels

A3,B2

STIB, VUB

Brussels

04.03.2016

Szeged

A11,C6

SZKT, USZ

Szeged

16.03.2016

Gdynia

A8,A9

PKT, UG

Gdynia

17.03.2016

Warsaw

A5

MZA, PIMOT,
Warsaw Trams

Warsaw

11.04.2016

Lanciano

B3

Sangritana, Asstra

Telco

14-Jun-18
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2.1.2 Second Series
The second series started in Barcelona at the end of October 2016. The content of
these workshops consisted of the presentation of the first results from the RWTH
simulations as well as a general exchange of experiences about the current
demonstrations/projects. The knowledge gained from this was used to adapt the
simulations and was extremely beneficial for the development of business cases. The
meetings were again accompanied by a representative of the project coordinator.
Table 2 gives an overview:
Table 2

Second WP4 workshop series
Date

Use Case

Pillar

Use Case Partner

Location

28.10.2016

Barcelona

A4,C3

TMB, CENIT-UPC

Barcelona

02.11.2016 /
29.05.2017

Oberhausen

A7,C5

STOAG, RWTH

STOAG
Oberhausen

07.11.2016

London

A2,C2

TfL

TfL London

09.03.2017

Bremen

A1,C1

BSAG

BSAG Bremen

11.05.2017

Gdynia, Szeged,
Eberswalde

A8-10, C6

BBG, PKT, UG, SZKT

Berlin

12.06.2017

Lanciano

B3

Sangritana, Asstra

Rome

01.08.2017

Brussels

A3

STIB

Brussels

10.08.2017

Leipzig

A6,C4

LVB

Telco

25.09.2017

Warsaw

A5

MZA, PIMOT,
Warsaw Trams

Warsaw

14-Jun-18
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2.1.3 Third series
The final workshop series started on October 10, 2017 in Oberhausen. These
meetings are used to define the final business cases and to question the partners
about the development schemes. The final results of the respective projects are
discussed. At this point, the simulations should be largely complete and allow the
final reports to be written. The meetings were again accompanied by a representative
of the project management. Table 3 gives an overview:
Table 3

Third WP4 workshop series
Date

Use Case

Pillar

Partner

Location

10.10.2017

Oberhausen

A7,C5

STOAG, RWTH

STOAG
Oberhausen

06.11.2017

Barcelona

A4,C3

TMB, CENIT-UPC

Barcelona

01.02.2018

London

A2,C2

TfL

TfL London

02.02.2018

Brussels

A3

STIB

Brussels

28.02.2018

Leipzig

A6,C4

LVB

VDV AEE
symposium
(Dresden)

11.04.2018

Gdynia, Szeged,
Eberswalde

A8-10, C6

BBG, PKT, UG,
SZKT

Berlin

25.04.2018

Warsaw

A5

MZA, PIMOT,
Warsaw Trams

Bremen

-

Lanciano

B3

Sangritana,
Asstra

-

-

Bremen

A1,C1

BSAG

-

14-Jun-18
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2.2 RWTH software-based approach
2.2.1 Economic Theory and Methodology
Since the main task of this work is to create a business case, the idea and definition
of business case will be clarified first. Afterwards, the net present value method, the
cost-benefit analysis and the sensitivity analysis which are part of the profitability
assessment, will be amplified.

2.2.1.1 Business Case
Part of every major investment decision should be a comprehensive analysis of all
relevant aspects concerning the investment, with the aim to point out its
advantageousness over other decisions. For this purpose, a business case
represents all essential components to justify or to prevent the use of funds [1].
A business case is a recommendation to decision makers to take a particular course of
action for the organization, supported by an analysis of its benefits, costs and risks
compared to the realistic alternatives, with an explanation of how it can best be
implemented [2].

Starting with an overview of the problem statement and situation analysis, the
business case reflects the solution option including its significant benefits, decision
bases and possible impacts first, to introduce decision-makers into the circumstances
of the case. Furthermore, the project has to be defined and differentiated from
alternatives by presenting assumptions made, calculated parameters and input data.
A business case without the inclusion of alternative options would not offer the
possibility of decision-making which would in turn take the meaning of business case.
That is why at least the continuation of the status quo has to be considered and
compared with [3].
Since economic assessment is always in the focus of management thinking and
action, the analysis has to be covered by a sound consideration of estimated project
costs and their accurate date or time frame. A business case may be therefore also
defined as the practical implementation and application of the various methods of
capital budgeting [4]. One method that exploits the net present value (NPV) criterion
is a frequently used tool to emphasize and strengthen an investment decision by
calculating cost savings and financial advantages (chapter 2.2.1.2). In order to avoid
a one dimensional approach, also nonmonetary aspects, i.e. opportunities,
framework conditions or risks, have to be examined as they can have critical
influence on decisions and in some cases even overshadow financial arguments. A
final evaluation completes the profitability analysis. For this, economic
methodologies, like the sensitivity analysis or the cost-benefit analysis which
14-Jun-18
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quantifies nonmonetary aspects to achieve a more comprehensive economic
indicator, can be made use of (chapter 2.2.1.4, chapter 2.2.1.5).
Decision proposals complemented by a reasoned recommendation highlight the
conclusion of any business case. It should be noted that decision makers may
choose to take a path other than advised in the business case, but without proposing
one specific course of action that could potentially create the most value, the
investment analysis would be a mere discussion paper [2].
2.2.1.2 Net Present Value
Goal of every economical action is the efficient use of resources, i.e. optimal inputoutput-ratio. Capital budgeting serves therefore as a sort of economic efficiency
calculation helping to assess the monetary advantageousness of a single investment
or to choose between investment alternatives which would mutually exclude each
other technically. Thus, modern finance focuses mainly on the net present value
criterion which is arguably the most used tool of dynamic capital budgeting. This
indicator suggests that those projects are of interest which will produce a positive net
present value. Unlike static methods which neglect the time value of money, dynamic
methods of capital budgeting focus on the present value taking the time factor into
account. Prospective revenues and also expenses are worth less at this present
moment the further they take place into the future. By calculating present values,
arising payments which differ in amount, timing and duration gain comparability.
The net present value method is usually based on the assumption of the perfect
capital market, i.e. investments as well as financing are possible in any extent [5]. In
perfect capital markets debit (𝑑𝑡 ) and credit interest rates (𝑐𝑡 ) are equal, in contrast
to the imperfect capital market in which credit interest rates are usually lower than
debit interest rates. This uniform rate is known as discount rate (𝑟𝑡 ) and equals the
market interest rate plus risk premium, whereby higher rates indicate more risk over
time. If the interest rates for all partial periods of the total planning time frame stay
constant, a special case occurs. Under these conditions the time index can be
ignored, thus applies [5]:
𝑑 = 𝑐 = 𝑟.

(2.1)

For the following calculations the mentioned special case will be made use of as it
facilitates budgeting and is usually considered by modern finance and literature [5].
The net present value (𝑁𝑃𝑉) of an investment is the total of all cash flows (𝐶𝐹𝑡 ) over
a set time period (𝑇) discounted by the discount rate (𝑟) to the date 𝑡 = 0:
14-Jun-18
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𝑁𝑃𝑉 = ∑𝑇𝑡=0 𝐶𝐹𝑡 (1 + 𝑟)−𝑡

(2.2)

It expresses by how much the current wealth of an investor increases if the
considered investment is realized. This is the one and only criterion if an investor
aims for maximum return under the conditions of a perfect capital market. Business
administration advises against implementing an investment with negative net present
value:
𝑁𝑃𝑉 > 0 → 𝑒𝑥𝑒𝑐𝑢𝑡𝑒 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡

(2.3)

𝑁𝑃𝑉 ≤ 0 → 𝑟𝑒𝑗𝑒𝑐𝑡 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡

(2.4)

A positive NPV means that an investment is profitable and exceeds the presumed
discount rate. If the NPV is negative, riskless investment at market interest rate
should be preferred instead.
Nevertheless, attention should be paid when assuming the existence of a perfect
market since it remains questionable what discount rate would be given under less
ideal conditions, especially when debit and credit interest rates differ. Another
weakness of methods relying on present values could lie in the subjective estimation
of future cash flows as well as the discount rate which is a key figure that depends on
assumed risks and may vary widely in practice. That is why assumptions made have
to be justified by well-founded argumentation.
Besides, capital budgeting limits itself to financial variables and supports thereby a
rather business economic position. For the unconsidered nonmonetary aspects,
which can be as decisive from a general economic view, methodologies like the costbenefit analysis can be consulted.
2.2.1.3 Internal Rate of Return
Another dynamic capital budgeting method is concerned with the determination of the
internal rate of return. This key figure indicates for which discount rate the net
present value, i.e. the total present value of all cash flows, of a potential investment
becomes zero. Investment projects with discount rates below that value can be
realized since they achieve returns in terms of a positive net present value. The
internal rate is determined by the net present value equation.

14-Jun-18
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Thereby, the net present value is set equal to zero (𝑁𝑃𝑉 = 0) and solved for the
internal rate IRR [6]:
∑𝑇𝑡=0 𝐶𝐹𝑡 (1 + 𝐼𝑅𝑅)−𝑡 = 0

(2.5)

Depending on the series of payments (𝑇) finding the roots of the equation can
become problematic since it may be composed of a polynomial of higher order.
Therefore, calculation functions and programs have been developed to determine the
the internal rate iteratively in practice.
Besides, by means of interpolation the value of 𝐼𝑅𝑅 can be estimated by
approximation. In that context, two discount rates have to be chosen which lead to
one positive and one negative net present value. By graphical determination the two
net present values are plotted in a line chart and linked by a straight line. The point of
intersection with the axis of the discount rate is an approximate value (𝑟 ∗ ) for the
internal rate. For more accuracy, the point of intersection can be calculated by the
linear equation:
𝑟 −𝑟

1
𝑟 ∗ = 𝑟1 − 𝑁𝑃𝑉1 ∗ 𝑁𝑃𝑉2 −𝑁𝑃𝑉
2

(2.6)

1

With this new discount rate the corresponding 𝑁𝑃𝑉 can be calculated. If the result is
not close enough to zero, the algorithm can be repeated until sufficient accuracy is
achieved. Therefore, the calculated positive (negative) net present value and its
discount rate substitute the already used positive (negative) net present value and its
corresponding discount rate. The closer the two discount rates (𝑟1 , 𝑟2) are, the smaller
the interpolation error becomes.
Other than the calculation issues by polynomials of higher order, depending on the
stream of payments, several internal rates of return may exist. This can be the case if
the sign of cash flows changes multiple times over the period of the project [6].
2.2.1.4 Cost-Benefit Analysis
Similar to the net present value, the cost-benefit analysis (CBA) provides a decision
basis on whether or not an investment can be realized or which investment options
should be prioritized [7]. However, while capital budgeting or cost accounting
methods regard the profitability of only one part of the economy (micro-economic
view), the cost-benefit analysis considers the economy as a whole (macro-economic
view) [7]. It bases on welfare economics which aims at maximizing or, more
specifically, optimizing societal wealth. More precisely, a company represents only a
14-Jun-18
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small part of the overall economy and orients itself mostly on business standards,
according to which revenues have to exceed costs. This fact does not exclude that a
large number of external parties may also benefit in different ways from the
company’s success though. This again means that even if a business is not costefficient it still could be beneficial from a national economic view, for example, by
raising living standards. For this reason the cost-benefit analysis is frequently applied
in environmental economics to measure and assess positive as well as negative
effects that could be caused by a project [8].
In order to achieve comparability between costs, benefits and other affecting impacts,
these factors have to be estimated and measured monetary. In some cases, it may
lead to inaccuracies since it is not always possible to determine their exact financial
values. Subjectivity is once more a point of criticism similar to the mentioned capital
budgeting methods. Furthermore, if effects are expected over time, cost and benefit
flows have to be discounted to receive their present values. While deducting costs
from benefits, investment decisions with negative results should always be
dismissed.
Knowing that the cost-benefit analysis examines the societal benefit of a project and
focuses on the bigger picture compared to, for example, capital budgeting methods, it
is from great importance to make use of this tool in order to develop a broad
economic evaluation.
2.2.1.5 Sensitivity Analysis
The sensitivity analysis is a methodology originated from economic sciences, but is
meanwhile made use of in many scopes of application. It studies the sensitivity in the
output of a mathematical model when changes in its inputs occur [9]. Therefore, the
variation of input conditions can be performed local or global. While local implies that
parameters are changed one at a time, global methods analyze the influence on
results when several parameters are varied simultaneously [10].
The sensitivity analysis is a common method in profitability analyses. In order to
determine the economic efficiency of investments, usually, assumptions have to be
made first, for example, when quantifying future cash flows. This generally involves
some uncertainties. That is the reason why the profitability of an investment could be
strongly dependent on the accuracy of those estimations. In this context, sensitivity
analysis points out how sensitive the profitability responds to input changes and
identifies parameters which cause the greatest volatility on the output. Those key
input parameters are needed to be prioritized and researched on a broader data
base for a more precise determination and to eliminate unexpected uncertainties.
14-Jun-18
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The identification of those could also mean the reduction of uncertainty in
parameterizations of future works connected to the present topic.
However, a complete breakdown of all relevant data would have been too timeconsuming since the number of cycles (𝑛) strongly increases with each input
added (𝑖) . In addition, the range of uncertainty and, therefore, the number of
variations (𝑣) can lead to even higher running times of the calculations.
𝑛𝑙𝑜𝑐𝑎𝑙 = 𝑣 ∗ 𝑖

(2.7)

𝑛𝑔𝑙𝑜𝑏𝑎𝑙 = 𝑣 𝑖

(2.8)

For those reasons, only those parameters will be analyzed which were perceived as
more uncertain and significant for their respective business case. In this regard, a
method with less computational effort was made use of, called screening. It is a
rather qualitative sensitivity analysis which aims at filtering the most outputinfluencing factors with highest uncertainty only. Screening has been designed to
deal efficiently with models containing a high number of input parameters. As a
drawback, it tends to provide partly subjective, qualitative measures, i.e. input
parameters are ranked due to their importance, but do not quantify how much a given
factor is more important than another [9]. However, screening serves as a helpful
method for a first evaluation to figure out which inputs should be treated with caution
and get more focus when determining their values.
Moreover, the number of variations was kept low which may have harmed the validity
of the analysis and should be reviewed with caution. An explanation for the chosen
parameters, the implementation of the sensitivity analysis and the subsequent results
follow in the corresponding final evaluations of the business cases (see chapter 3).
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2.2.2 Simulation Toolchain
In order to evaluate technical solutions and identify promising Business Cases within
Pillar A, RWTH will apply its software based e-bus planning approach. This chapter
will explain the approach in general and present the data that is needed.

Figure 2.2 shows the general process. At first, comprehensive data has to be
collected. A detailed overview is given in chapter 2.3.1. Based on this input, the load
profiles and energy consumptions of the respective vehicles are calculated. This
serves as input for the scenario calculation, where the total cost of operation (TCO) is
calculated.

production of
data base

Figure 2.2

calculation of load
profile / energy
consumption

scenarios
calculation &
optimization

General simulation process

The bus lines under investigation have to be mapped first (see Figure 2.3). The
mapping includes traffic lights, speed zones, curves and the height profile.

Figure 2.3
14-Jun-18
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For each of the mapped routes and based on the vehicles technical parameters, the
load profile and energy consumption are calculated with help of a vehicle- and drivermodel (Figure 2.4).

Vehicle- and
Drivermodel
Route profile

Figure 2.4

Efficiency
Powertrain

- traction

- engine

resistances

- power el.

- recuperation

- battery

Pel

Transforming route profile into load profile

Having the load profile for each route, the costs of all relevant components can be
calculated for the different scenarios (Figure 2.5 shows the considered technical
components). The calculation also takes into account:
- ageing of components, maintenance costs
- price/cost developments
- residual values
- penalty costs if i.e. the schedule can’t be fulfilled or the SOC of the battery
goes beneath a certain threshold
- staff costs

The expected TCO is given as final result.
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Figure 2.5 – Technical System under consideration

In a subsequent optimization (see Figure 2.6), the input parameters (energy-capacity
of the battery and position and rated power of charging stations) can be adjusted by
an evolutionary algorithm in order to find the configuration having the lowest TCO.
Optimization

Scenario
Load/energy
consumption profile
Battery Capacity

Fitness function
Algorithm
adjusts configuration

Simulation
TCO

Location and Power
of Charging Stations

Penalties

Data Base
Schedules
Parameters

Figure 2.6

14-Jun-18

Optimized configuration with
lowest TCO

Scenario calculation & optimization loop
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2.2.2.1 Required Data Input
This chapter shows the most important input data.
2.2.2.1.1 Bus Network
-

lines, routes and circulation plans of the electric busses
position, power and costs of charging station(s)
route segments under catenary (for trolley-hybrids)

2.2.2.1.2 Vehicles
For each vehicle in use:
Table 4

Software input data: Vehicles

Manufacturer / Type
Empty load
Maximal weight
Max. battery volume
Length, Height, Width
Number of seats
Number of standing rooms
Max. power traction machine
Max. power auxiliary consumers
Avrg. power aux. consumer during drive
Avrg. power aux. consumer at depot
Avrg. power aux. consumer at pause
Avrg. power aux. consumer at charging station
Avrg. power aux. consumer worst case
Drag coefficient
Distribution electrical/mechanical brake (recuperation rate)
Coupling type
Price
Lifetime Hours (expected / certified)
Maintenance Costs

14-Jun-18

Unit
kg
kg
l
m

kW
kW
kW
kW
kW
kW
kW
%
€
h
€/t
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2.2.2.1.3 Battery System
For each battery system in use:
Table 5

Software input data: Battery system

Manufacturer / Type
Cell chemistry
Gravimetric energy density per cell
Gravimetric energy density packing
Fixed weight packaging
Volumetric energy density per cell
Volumetric energy density packaging
Fixed volume of packaging
Efficiency charging
Efficiency discharging
Minimal SOC
Maximal SOC
Initial SOC (moving out of depot)
Standstill SOC
Nominal Cell Voltage
SOC/OCV curve
C-rate charging
C-rate discharging
System costs / price
Maintenance costs
Lifetime (certified)

14-Jun-18

kWh/kg
kWh/kg
kg
kWh/l
kWh/l
kWh/l
%
%
%
%
%
%
V
C
C
€
€
y & cycles
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2.2.2.1.4 Electric Connection & Charging System
Relevant technical components for charging the busses.
Table 6

Software input data: Electric connection & charging system

Electricity Costs
Price electrical production
Price electrical production trend
System usage charge per kW (+ growth)
System usage charge per kWh (+ growth)
Price EEG ( + growth/trend) (for Germany)
Energy Tax ( + growth)
Value Added Tax
Terminal Costs (fixed part)
Terminal costs per m
building costs surcharge (fixed)
building costs surcharge per kW
Emissions by electricity generation

€
€/t or %/t
€
€
€ or %
€ or %
%
€
€
€
€
g/kWh

Power electronics and recharger
Lifetime hours
Lifetime cycles
efficiency
Price
Price per kW
Maintenance costs per kW
Maintenance costs per cycle

h
n
%
€
€/kW
€/kW
€/n

Transformers
efficiency
Lifetime hours
Lifetime cycles
Price total
Price per kW

14-Jun-18

%
h
n
€
€/kW

RWTH Aachen | 2 4

D4.2: Final Business Cases

2.2.2.2 Environmental Costs
For the further course of this report, external aspects become a key factor since the
reasons for the transition to electric-driven vehicles are not primarily financial ones.
The arguably most important objective of electric mobility is the reduction of health
and environment harming emissions produced by diesel engines. The consequences
of those exhaust gases are reflected in correspondingly high environmental costs
which were analyzed and determined in a report published by the Federal
Environment Agency (UBA) of Germany [11] and in the European Clean vehicles
directive [12]. Such costs may be less relevant from a business perspective, since
public transport operators do not have to bear them. However, an economic
assessment enables to estimate the benefits of environmental policies which may
prevent significant costs for national economies.
In order to achieve useful estimations, the UBA developed a methodological
convention that should support the validity of the extensively calculated results. The
comprehensive convention includes different approaches and methods to determine
environmental costs and suggests which assumptions should be therefore made [11].
The given cost rates represent averages because they are still afflicted with
uncertainties, but can be used safely for profitability analyses. They cover expenses
arisen as result of damaging climate, health, crop, biodiversity and material. While
CO2 is the main reason for the greenhouse effect, nitrogen oxide (NOx) and
particulate matter (PM) can cause, amongst others, severe health issues in urban
areas where they are inhaled in low emission heights. It should be noted that a
minimum average value was adopted regarding the costs for PM 10 which labels
particles with a diameter of less than 10 µm. This means, to some extent, PM 10 also
contains particles of much less diameters, e.g. PM2.5. Their smaller sizes allow them
to penetrate easily deeper into the lung, hence be much more dangerous for the
human body. Consequently, the costs for PM2.5 are estimated to be about ten times
higher than for PM10.
In Table 7 the most harmful gases emitted by diesel buses and their monetarily
estimated impact are listed for the EU. In countries with denser population and higher
income, such as Germany and Spain, emission costs usually exceed the average for
EU countries due to higher environmental damage and their greater willingness to
pay for preventions. As those characteristics apply on Oberhausen, Barcelona and
Bremen, the environmental costs stated by UBA can be assumed reasonably as
minimum averages for the upcoming business cases.
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Another external aspect, which can be prevented by implementing electric vehicles in
daily transport, is noise pollution. The UBA estimated therefore average costs as well
which arise during daytime within urban areas.
Table 7

Ø Environmental costs (for urban areas) [11]

Pollution type

Costs – UBA [11]

Costs – EU CVD [12]

CO2

145 €/t

30 €/t

NOx

10,300 €/t

4,400 €/t

PM10

36,300 €/t

87,000 €/t

Noise

0.0968 €/km

0.0768 €/km

The calculated diesel bus emissions are based on emission standards Euro 5 and
Euro 6 which apply to buses manufactured after 1st October 2008 respectively
1st January 2013. While Table 8 presents the emission limits for diesel buses above
3.5 t, the actual emission values determined for each project base on the work of
Professor Ralph Pütz [13]. In order to establish a model for ecological and
economical investigations of buses in public transport, he measured their pollutant
emissions depending on velocity.
Table 8

Emission standards1

Emission limits for diesel trucks and buses > 3.5 t
Standard

Euro 5

Euro 6

Date

01.10.2008

01.01.2013

Test

ESC&ELR / ETC

WHSC / WHTC

CO [g/kWh]

1.5 / 4

1.5 / 4

NMHC [g/kWh]

0.46 / 1.65

0.13 / 0.16

NOx [g/kWh]

2/2

0.4 / 0.46

PM [g/kWh]

0.02 / 0.03

0.01 / 0.01

The environmental costs play an important part for the profitability of the investment
decisions and are elaborated in the further process of the business cases. Since
these costs are more of concern for the national economy rather than for bus
operators, municipal administrations should subsidize e-buses by the savings made.

1

https://www.dieselnet.com/standards/eu/hd.php
14-Jun-18
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3 Pillar A: Final Business Cases
Figure 3.1 shows the use case clustering. These are differentiated according to their
charging and battery concept. With regard to charging, a rough distinction is made
between opportunity (or fast) charging, overnight (or depot) charging and charging on
route during the journey. In addition, opportunity charging is differentiated according
to the grid connection. A distinction is made between energy withdrawal from the
public (AC) and local public transport grid, which can be either on the AC or DC side.
The batteries are divided into three classes according to their energy capacity and
(relative) charging power.

Figure 3.1

Clustering of Pillar A Use Cases

A detailed business case study is carried out for a corresponding example city in
each cluster, except Bremen (explanation see chapter 3.3.1), marked in bold in
Figure 3.1. The results of the remaining cities are furthermore included in an overall
assessment of a general business case for each of the five classes.
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Table 9

1

Clustering of Business Cases

Opportunity Charging / Medium Capacity & Medium Power / Energy
from Tram or Metro grid (DC)
A7: Use of tram infrastructure (catenary and sub-station) for (re)charging ebuses

Oberhausen
Methodology / Investigation:
- test-operation (STOAG)
- simulation of lines 966/962 (RWTH)
A6: (Re)charging of ebuses using tram infrastructure
Leipzig

Methodology / Investigation:
- test-operation (LVB)
- simulation/survey (Fraunhofer IVI)
A5: Use of tram infrastructure for recharging e-buses

Warsaw

2

-

feasibility Study / possibly Demonstration (MZA, PIMOT)
SWOT analysis (Siemens)

Opportunity Charging / Low-Medium Capacity & Medium-High Power /
Energy from public or Tram/Metro grid (AC)
A4: Opportunity (re)charging of electric buses based on metro infrastructure

Barcelona

Methodology / Investigation:
- Test-operation (TMB), evaluation (CENIT)
- simulation of line H16 (RWTH)
A3: Progressive electrification of hybrid bus network, using existing tram and
underground electric Infrastructure

Brussels

Methodology / Investigation:
- feasibility studies (STIB & VUB)
- SWOT (Siemens)
A2: Opportunity (re)charging of ebuses and/or plug-in hybrid buses (using
metro infrastructure)

London

14-Jun-18

Methodology / Investigation:
- study/analysis (TfL)
- SWOT (Siemens)
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3

Overnight Depot charging
A1: Use of tram infrastructure (catenary and sub-station) for (re)charging ebuses

Bremen
Methodology / Investigation:
- test-operation (BSAG)
simulation of lines 29/52 (RWTH)
4

Charging on route (Trolley-Hybrid)
A11: Replacing diesel bus lines by extending trolleybus network with trolleyhybrids

Szeged

Methodology / Investigation:
- feasibility studies (SZKT)
- demonstration test (SZKT)
- simulation (RWTH)
A10: Replacing diesel bus lines by extending trolleybus network with trolleyhybrids

Eberswalde
Methodology / Investigation:
- feasibility study (BBG, Fraunhofer IVI)
- SWOT (Siemens)
A8: Opportunity of (re)charging of e-buses connecting Tri-city agglomeration
based on trolleybus infrastructure
Methodology / Investigation:
- feasibility studies (PKT)
- cost-benefit-analysis (UG, PKT)
- SWOT (Siemens)
Gdynia

A9: Replacing diesel bus lines by extending trolleybus network with trolleyhybrids
Methodology / Investigation:
- feasibility studies (PKT)
- cost-benefit-analysis (UG, PKT)
- simulation (RWTH)
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3.1 Opportunity Charging / Energy from DC Tram or Metro grid
3.1.1 Oberhausen
With a population of about 210,000 spread over 77 km², the city of Oberhausen is
part of the Ruhr region, Germany’s largest urban agglomeration and one of its
industrial centres. The Ruhr region is located in the western federal state of
Northrine-Westfalia and forms the operation area of the transport association
‘Verkehrsverbund Rhein-Ruhr’ (VRR). While being available for eight million people
living in sixteen cities and seven counties, the VRR employs regional trains, trams
and bus services over an area of about 7,300 km² and approximately 15,300 km of
route network. It consists of 38 companies transporting annually 1.143 billion
passengers over an operated distance of 279 million km [14].
As a member of the regional transport association VRR, the ‘STOAG Stadtwerke
Oberhausen GmbH’ (STOAG) operates as the local transport organization in
Oberhausen. Overall, it provides 123 buses and 6 trams on 39 lines covering a total
line length of 578 km. As diesel buses are the standard operated vehicle type, two
hybrid- and two fully electric buses complete the bus fleet. All buses operated by
STOAG are standardized low-floor vehicles equipped with air-condition and on
average not older than five years. In Table 10, the key figures for operation by
STOAG are summarized.
On weekdays operation runs usually from 4 am in the morning till 1 am in the night in
intervals of 20 or 30 minutes, while on weekends the service at night is non-stop on
all available night lines.
Table 10

Operation key figures of STOAG 2014/2015 [14]

Operation figures

Numbers

Total number of lines (day/night)

28 / 11

Total line length

578 km

Total number of stations

334

Total number of buses (articulated/standard)

123 (72 / 51)

Total number of staff (driver, technical, administration)

391 (313 / 33 / 45)

Total number of transported passengers per year

36 million
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3.1.1.1 Situation Analysis
Nowadays mostly buses with diesel engines are operated by public transport
organizations. These are the cause for health and environment harming emissions as
well as noise pollution in urban areas. In order to guarantee an environment-friendlier
future and to reduce the dependency on fossil fuels, STOAG, among other transport
operators, promotes alternative urban bus drive systems to replace the conventional
combustion engines. Hence, on 4th October 2015 STOAG started an electric mobility
project in cooperation with the transport association VRR which involves the daily
operation of two battery-electric buses in Oberhausen. The 12 m-standard buses
have been each in service on their assigned routes which have been equipped with
required charging technology. The two bus lines were chosen in particular and have
been considered suitable for first practical examinations because they offer proximity
to the already existing DC tram infrastructure enabling easy and cost-saving charging
possibilities.
Besides demonstrating the added value of emission-free and low-noise public
transportations, the main objective of this project is to assess the reliable and longterm applicability of electric buses in combination with interim charging in practice,
usually referred to as opportunity charging. By implementing low-cost charging
systems along bus routes, the deployed electric vehicles have the possibility to be
recharged during daily operation. Therefore, the battery can be designed significantly
smaller which in turn results in the reduction of bus weight and battery costs. In this
case the opportunity of cost-effective interim charging is given by the existing DC
power infrastructure of the local tram network. In order to ensure fast-charging, the
technical feasibility has to be proven by examining the suitability and reliability of
vehicle and technology. Furthermore, the integration of the charging devices into the
urban environment and their interaction can be observed which especially in city
areas is important and should not be ignored.
In addition to technical examination and advancement, such as extending lifetime
and durability of the technologies as well as improving operating times of the electric
buses, the implementation of this project can also mirror financial factors, concerning
a potential transformation of the public transport sector in future.
3.1.1.2 Project Description and Definition
The project, which was started on 4th October 2015 by the transport association
VRR and STOAG, aims at examining battery-electric buses in practice and making
them acceptable for everyday operations. The concept included the conversion of
two bus lines (line 962 and line 966) by installing compatible infrastructure. On each
line one electric bus has commenced operations. Besides charging overnight at the
14-Jun-18
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bus depot, regular recharging can be performed at the terminal stations by means of
the mentioned DC tram infrastructure. Therefore, the energy is taken either from the
tram catenary at the train station ‘Sterkrade’ (bus line 962) or from the substation at
the station ‘Neumarkt’ (bus line 966), as shown in Figure 3.2 and Figure 3.3. These
solutions share the big advantage of using already available systems, saving
additional space and costs.
Both buses need around 1 hour for a full circulation including a pause of 14 minutes
respectively 19 minutes which are composed of a three-minute buffer for reducing
delays plus charging time. With a line length of 15.62 km the electric bus on line 962
reaches a daily distance of 310 km on weekdays, while the bus that operates on line
966 drives a daily distance of 170 km with a line length of slightly above 2 km less.

Figure 3.2
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Schematic sketch of the bus route of line 962 [14]
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Figure 3.3

Schematic sketch of the bus route of line 966 [14]

The two charging devices at the terminal stations each provide charging capacity of
220 kW by means of the existing tram infrastructure, i.e. a catenary at line 962
(Figure 3.4) respectively a substation at line 966 (Figure 3.5). While the substation at
Neumarkt is already equipped with required technology and, additionally, offers
weather-protected positioning of the charger, the charging location at Sterkrade
benefits from the nearby tram catenary and the sufficient space for devices and
waiting positions for buses (Figure 3.6). Furthermore, a mast transmits the energy
through a conductive pantograph which is placed on the roof of the bus (Figure 3.7).
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Figure 3.4
Schematic sketch of the bus charging from the tram catenary at
Sterkrade [14]

Figure 3.5
Schematic sketch of the bus charging from the tram substation at
Neumarkt [14]
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Figure 3.6

Charging infrastructure at the station Sterkrade [14]

Figure 3.7

Charging infrastructure at the station Neumarkt and pantograph [14]

After official hours the batteries can be fully recharged with a charging capacity of 20
kW at the bus depot overnight via plug-in. However, the installed charging units at
each terminus enable the possibility of equipping the two buses with relatively small
traction batteries without the requirement of charging during operation at the depot.
Nevertheless, by dimensioning the storage capacity of each battery with 200 kWh, a
big buffer has been considered in case of unforeseen events. More precisely, up to
three charging cycles may be omitted which in turn leads to the relatively big battery.
While the chargers themselves are from Ekoenergetyka which provides the
appropriate devices for the buses manufactured by Solaris, the remaining equipment
needed for the energy transmission have been made available and installed by
Siemens (Table 11).
Table 11

Manufacturers involved

Technology

Company

Battery-electric buses

Solaris Bus & Coach S.A

Battery cells

A123 Systems, Inc.

Pantograph

SCHUNK GmbH & Co. KG

Charger

Ekoenergetyka

Charging infrastructure

Siemens AG
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3.1.1.2.1 Technical Parameters
In the following only the most important parameters and their values are presented
filtered in Table 12. The shown data is processed by the RWTH design tool to
simulate the operation of the two electric buses and calculate their TCO. The table
only contains of technical parameters with financial parameters following in the
upcoming chapter about cost positions (chapter 3.1.1.2.2).

Table 12

Technical input parameters and their values

Vehicles (Solaris Urbino 12 electric)
Quantity / type

Value

Number of buses

2

Empty load

12,490 kg

Maximal weight

21,000 kg

Max. battery volume

1,000 l

Length, height, width

12 m x 2.55 m x 3.45 m

Number of seats / standing rooms

28 / 42

Avrg. power aux. consumer during drive

8 kW

Avrg. power aux. consumer at depot

0 kW

Avrg. power aux. consumer during pause

2 kW

Avrg. power aux. consumer in worst case

25 kW

Lifetime hours (expected/certified)

175200 h

Battery systems (Impact 200 kWh)
Quantity / type

Value

Cell chemistry

Lithium iron phosphate (LiFePO4)

Gravimetric energy density per cell

0.13 kWh/kg

Gravimetric energy density packaging

0.086 kWh/kg

Efficiency charging / discharging

96 %

Minimal SOC

10 %

Maximal SOC

90 %

Nominal cell voltage

3.3 V

C-rate charging

1C

C-rate discharging

2C

Expected Lifetime (calendrical / cyclical)

>12 years / 2000 full cycles

14-Jun-18

RWTH Aachen | 3 6

D4.2: Final Business Cases

Power electronics
Quantity / type

Value

Max. power at terminals

220 kW

Max. power at depot

50 kW

Lifetime (calendrical)

>15 years

General
Quantity / type

Value

Timetable buffer time

3 min

Minimal charging duration

2.1 min

Average number of passengers

17.5

Average passenger weight

75 kg

Discount rate

4%

Period under review

12 years

Both electric buses of the model ‘Urbino 12 electric’ comply with the standard of
12 m-diesel buses operated by the STOAG and are therefore equipped with
low-floor technology and air conditioning. They each offer space for 70 passengers in
total, distributed over 28 seats and 42 standing rooms. The average scenario
considers a regular occupancy of 25% which translates to an absolute number of
17.5 passengers.
The empty weight of the Urbino 12 is around 12.5 t without adding neither the battery
nor the passenger weight. Considering the gravimetric energy density of the cells and
packaging of a 200 kWh lithium iron phosphate (LiFePO4 or LFP) battery, the weight
of the traction battery itself results in around 2.3 t which sums up to a total bus weight
of 14.8 t. With a fully occupied bus this would translate to a maximum weight of just
above 20 t. In this regard adjustments had to be made concerning the restriction for
the maximum vehicle weight which is restricted to 19 t for a 12 m electric bus by
regulation. However, this is not a value which leads to practical results and can
therefore be neglected for this case. In this context, the maximum permissible weight
for each bus is set to 21 t for the simulations.
The quantification of the auxiliary consumers is based on real measured data. In
average a power consumption of 8 kW is assumed during the drives, while the
consumption on cold winter days can be much higher as a result of the extensive
usage of the heating system which can solely cause an average power value of up to
25 kW. This aspect has to be considered to hedge against worst case scenarios and,
thereby, guarantee a sufficiently big battery. Thereby, the average energy
14-Jun-18
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consumption is approximately 1.3 kWh/km, including traction and auxiliary
components, which is confirmed by STOAG.
As it is common practice, the state of charge (SOC) is ranged between 10 % and
90 % of the batteries’ storage capacity to manage the optimal durability. The LFP
cells are assumed to have a calendrical life expectancy of around 12 years (or even
more) and a cyclical lifespan of around 2000 equivalent full cycles (EFC) at 100 %
depth of discharge (DOD) (Figure 3.8).

Wöhler curve for LiFePO4
30,000
25,000

EFC

20,000
15,000
10,000
5,000
0
0%

Figure 3.8

10%

20%

30%

40%

50%
DOD

60%

70%

80%

90%

100%

(Assumed) Cyclical lifespan of LFP as a function of the DOD

The battery systems are divided in five modules of 40 kWh each. This leads to
another restriction concerning the feasible composition of the storage capacity which
has to be a factor of 40. By respecting this restriction, it potentially leads to less
favorable simulation results, but is necessary in order to ensure the practical
implementation.
All projects discussed in this work entail each an investment decision. This means,
by offering the option of decision-making, alternatives have to exist in the first place.
In the case of Eliptic, the main and only relevant alternative so far is the continuation
of the status quo, i.e. the use of conventional buses. Therefore, the simulation
toolchain is also used to investigate the operation of two standard diesel buses under
similar conditions as on the lines 962/966 and calculates their TCO for comparison.
Regarding this, the simulations are executed in dependency on the nowadays
common emission standard EU6. The values presented in Table 13 are derived from
the work of Professor Ralph Pütz who detailed the amount of gases emitted by diesel
buses depending on emission standard and velocity [13].
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Table 13

Project-dependent emissions calculated

Specific emission values (Standard bus)
Standard

Euro 5

Euro 6

Fuel [l/100km]

43

40

CO2 [g/kWh]

262

264

NOx [g/kWh]

1.24

0.12

PM [g/kWh]

0.0186

0.001

The period under review and, with that, the intended operating time of the electric
vehicles is by default limited to 12 years which equals the average operating life of a
diesel bus. However, the certified lifetime of the Solaris Urbino 12 electric amounts
up to at least 15 years.
3.1.1.2.2 Cost positions
Following the technical parameters, the investment costs and their payment date are
listed in Table 14. These are needed for capital budgeting and presented in the
upcoming subchapter. As shown, besides the expenses for bus and battery, a big
part apparently accrues for the new charging infrastructure. Furthermore, the tariff for
railway electrification systems determines the electricity costs for charging.
While some costs are initial investment expenses and fixed, others arise over the
considered 12/15 years which means less accuracy due to fluctuations. In this
regard, assumptions have to be made regarding future price trends for electricity and
fuel as well as for some of the deployed technologies which may be replaced after a
certain period. For those system lives which outlast the period under review, a
residual value is taken into account in the final calculations.
As future costs tend to increase for electricity, prices for battery and power electronic
systems are expected to decrease slightly with rising sales over the years.
Furthermore, they are part of sound researches at the moment. Their objective is not
only to improve technically, but also economically since the high costs are one of the
reasons why electric mobility did not reach a broad public popularity yet. However,
the replacement and repurchase of the charging infrastructure will not be necessary
since a life expectancy of more than 12 years is guaranteed by the manufacturers.
With the calendric life span of LFP cells reaching presumably at least 12 years, a
battery replacement is mainly dependent on the cyclical durability whose examination
is part of the simulations.
14-Jun-18
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Table 14

Cost parameters for battery-electric bus (Oberhausen)

Bus & battery
Cost type

Value per unit

Vehicle

300,000 €

Maintenance

4,500 €/quarter

Battery system

1,000 €/kWh

Payment
date
Initially

Lifetime
expectancy
15 years

Price
trend
-

Periodic over
12/15 years
Initially +
interim
replacement

-

Simple
degression
Simple
degression

Lifetime
expectancy

> 10 years
(calendric)

Infrastructure
Cost type

Value per unit

Coupling (mast etc.)

18,500 €

Payment
date
Initially

Price
trend
Simple
degression

Charging station at depot

16,000 €

Initially

Charging
220 kW
station at
terminals
Installations at depot

93,000 €

Initially

1,000 €

Initially

-

Installation and
construction costs at
terminals
Electricity

367,000 €

Initially

-

Cost type

Value

Electricity price

0.15 (start) –
0.225 (12y)
€/kWh

Simple
degression
15 years

Payment
date
Periodic over
12/15 years

Simple
degression

Price
trend
+ 0.625 €cents/year

For comparative simulations the operation costs for a diesel bus are summarized,
regarding the continuation of the status quo (Table 15). While the vehicle and
maintenance costs do not differ significantly in consideration of the total costs, no
expenses for charging devices or installations have to be paid. However, fuel prices
empirically exceed electricity prices by far which will be also proven by the upcoming
simulations.
14-Jun-18
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Table 15

Cost parameters for standard diesel bus (Oberhausen)

Diesel Bus
Cost type

Value

Payment date

Vehicle

240,000 €

Initially

Maintenance

4,500 €/quarter

Fuel price

1.00 (start) 1.50 €/l (12y)

Periodic over
12/15 years
Periodic over
12/15 years

Lifetime
Price trend
expectancy
12 years
-

constant

-

+ 4.17 €cents/year

The primary parameters which will be part of further evaluations are the costs for
battery, charging station and energy. By adjusting the storage capacities, the
batteries’ packaging and operating costs could proportionally change as well.
Depending on size and life cycles, a replacement of the battery system could be
inevitable. This will be, amongst others, object of the upcoming investigations.
Determining future price trends for electricity and fuel is a challenge that brings along
a high amount of uncertainty since they are dependent on many external factors, e.g.
the raise of the EEG (German Renewable Energy Sources Act) levy. Although history
usually showed price increases in that sector and prognoses confirm further
increases over the next years, the steepness of their growth is not easy to predict.
Moreover, the previous price development for fuel displayed an unexpected price
drop from 2012 till early 20162. This fact mirrors the mentioned uncertainty quite well.
Nevertheless, for the upcoming cost calculations both trends, for diesel as well as
electricity, are estimated to grow about 50% over the period under review. These
numbers are deduced from a report on behalf of the Federal Ministry of Economics
and Energy (BMWi) [15]. These uncertain parameters will be targeted in the later
sensitivity analysis to reduce the risk of receiving overly positive or distorted results
(chapter 3.1.1.3.4).

2 https://www.adac.de/infotestrat/tanken-kraftstoffe-und-antrieb/kraftstoffpreise/kraftstoff-durchschnittspreise/
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3.1.1.3 Profitability Assessment
In the following the simulations of the operation of the two electric buses how they
are in service right now are presented. The input variables are shown in Table 16.
The battery of each bus has a storage capacity of 200 kWh. The chargers at the
terminal stations are designed to provide an electrical power of up to 220 kW, while
the depot chargers shall provide 20 kW. The simulations are construed for scenarios
involving the maximum passenger number and the maximum power consumption by
auxiliary components to prepare for the worst case, while the loss of battery capacity
has to be considered due to aging in order to be as close to reality as possible. As
mentioned before, the period under review is 12, respective 15 years, which should
offer an appropriate duration for meaningful analyses and cost calculations.
These values serve as the starting scenario for further comparisons and
optimizations. Furthermore, attention should be paid regarding the costs which arise
for the whole project, i.e. for the operation of two battery-electric buses, unless
specified differently.
Table 16

Simulation input variables

Variables

Values

Battery capacity

200 kWh

Charging power of charging station at ‘Sterkrade’

220 kW

Charging power of charging station at ‘Neumarkt’

220 kW

Charging power of charging station at depot

20 kW

Given period

12/15 years

Assuming loss of capacity

Yes
(for worst case
examination)

Assuming maximum utilization
Assuming high power for auxiliary consumers

Regarding the simulations of the 200 kWh-solution, Figure 3.9 illustrates the average
power consumption that occurs on weekdays during operations on line 962. This
specific result was chosen deliberately since the performance on line 962 is higher
due to the longer distance and operating hours compared to line 966. While the
yellow curve (p_trac) shows the consumption and recuperation caused by traction,
the red (p_aux_consumers) and green (p_charging) curves represent the auxiliary
components respectively the recharging of the battery at the terminal stations and at
14-Jun-18

RWTH Aachen | 4 2

D4.2: Final Business Cases

the depot. Furthermore, the blue curve represents the state of charge (SOC) which
plays a central role for designing the battery size. The average scenario shows 19
constant cycles over the day with a battery storage use of just below 10% per cycle.
In consideration of the preferred buffer which should enable an omission of up to 3
charging cycles, it can be stated that the 200 kWh-battery was designed too big from
this angle.

Figure 3.9

Average case scenario of line 962 (Mo-Fr)

Reviewing the worst case scenario which is characterized by an auxiliary
consumption of up to 25 kW during operation the DOD amounts up to 20%. This
would still translate to a buffer of more than 3 cycles (Figure 3.10). Hence, it can be
certainly predicted that the storage capacity is not optimal for this project, even with
regard to permanent worst case conditions. This oversizing leads to more battery
weight and also more costs and could therefore be part of further optimizations.
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Figure 3.10

Worst case scenario of line 962 (Mo-Fr)

Additionally, the simulation result for battery replacement confirm the overly big size
since the battery not only does not need to be replaced during the operating duration
but has even a small residual value left after the considered 12 years (Figure 3.11).
This can be explained by the short cycles which lead to a longer cyclical lifespan of
the cells.

Figure 3.11

14-Jun-18
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This knowledge can be certified with the assumed ‘Wöhler-curve’ for LiFePO4 which
shows 20,000 equivalent full cycles at a DOD of 10 % (Figure 3.12) [16]. Taking 19
cycles per day with an average DOD of 10 % into account, it sums up to a total
lifetime of 8,322 full cycles over 12 years which is far below the cyclical limit for
LiFePO4. This leads to the conclusion that the battery lifetime is determined by the
calendric ageing and that a smaller battery could offer a more optimized solution for
this project.

Wöhler curve for LiFePO4
30,000
25,000

EFC

20,000
15,000
10,000
5,000
0
0%
Figure 3.12

10%

20%

30%

40%

50%
60%
70%
80%
90%
DOD
Expected cyclical lifetime of the lithium iron phosphate battery

100%

In the following subchapters, different scenarios are compared with each other. The
comparison follows a fixed pattern, which is broken down in Table 17.
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Table 17

Timeframe

Investigated scenarios and their respective parameters
Electric Bus
No battery
replacement
12y

Electric Bus
1x Battery
Replacement
6y 12y

Electric Bus
No battery
replacement
with reserve
12y

Diesel EU6
12y

Electric Bus
1x battery
replacement
15y

Diesel EU6
15y

12 years

12 years

12 years

12 years

15 years

15 years

12y

15y

12y

Vehicle
lifetime

>12y

(reacquisition
necessary)

Vehicle
residual value

5 % of invest

end of service life

Battery
No
replacement

1x after 6
years

Battery
residual value

5 % of invest

No

-

Mileage
per bus
Expected
average
passenger
occupancy

14-Jun-18

No

No

-

5 % of
invest

end of service life

Vehicle
Reserve

No

+1 vehicle

No

1,043,734 km

No

No

1,304,667 km

40 % (28 persons)
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3.1.1.3.1 Status Quo
The results are divided in costs for vehicles, maintenance, battery, infrastructure and
energy. Infrastructure includes constructional and installation costs, the purchase of
power electronics and their maintenance. The vehicle price bears around a fifth of the
total costs, while the other factors account approximately for equal shares.
Figure 3.13 to Figure 3.15 compare the discounted TCO of the electric bus project
with EU6 diesel buses, stated in absolute numbers (Figure 3.13), in costs per vehicle
km (Figure 3.14) and costs per passenger km (Figure 3.15). As expected, the TCO of
the battery electric buses, the way they are operated in this project, exceed the costs
of conventional buses by far. Assuming the acceptance of a required reserve vehicle,
they amount to almost twice as much.
With a longer period of observation (15 years), the gap is closed a little, as the
electric bus has a longer life expectancy and a diesel bus purchase is assumed after
12 years.
However, the direct comparison makes little sense when looking at only two vehicles
(instead of a scenario with more vehicles and lines which makes use of synergies)
and will therefore be expanded in the coming subchapters.
Total costs - status quo
Vehicles Total

3,500,000 €

Maintenance

2,552,233.30 €
2,321,708.32 €
442,475.51 €
2,000,000 €

Infrastructure NPV

Energy

2,930,749.81 €

3,000,000 €
2,500,000 €

Batteries NPV

442,475.51 €

2,679,771.78 €
442,475.51 €
546,073.48 €
661,149.84 €
1,633,182.07 €

661,149.84 €
1,500,000 €

661,149.84 €

1,000,000 €

387,508.06 €

663,000.00 €
1,014,339.27 €

581,262.09 €
618,033.04 €

249,312.83 €

249,312.83 €

581,262.09 €

581,262.09 €

500,000 €

373,969.24 €

2,054,432.47 €

821,904.58 €
346,267.81 €

871,893.13 €

591,998.24 €
295,358.00 €

410,219.44 €

465,009.67 €

583,342.06 €

629,873.76 €

Diesel EU6 / 12 y

Electric Bus / 1x
battery replacement
/ no reserve / 15y

Diesel EU6 15y

0€
Electric Bus / no
replacement / no
reserve / 12 y

Figure 3.13
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Electric Bus / 1x
Electric Bus / no
replacement / no replacement / with
reserve / 12 y
reserve / 12y

Cost comparison of Status quo in absolute numbers
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Total costs per kilometer - status quo
Vehicles

Maintenance

Batteries

Infrastructure

Energy

1.60 €

1.40 €
1.40 €

1.22 €
1.20 €

1.11 €

1.00 €

0.21 €

0.21 €
1.03 €

0.21 €
0.32 €

0.80 €

0.32 €

0.60 €

0.19 €

0.21 €

0.78 €

0.32 €
0.28 €
0.30 €

0.25 €
0.39 €

0.39 €
0.18 €

0.23 €

0.40 €

0.12 €
0.20 €

0.28 €

0.12 €
0.28 €

0.79 €

0.16 €

0.17 €

0.11 €

0.22 €

0.22 €

0.24 €

Electric Bus / 1x
battery
replacement / no
reserve / 15y

Diesel EU6 15y

0.42 €

0.00 €

Electric Bus / no
Electric Bus / 1x
Electric Bus / no Diesel EU6 / 12 y
replacement / no replacement / no replacement / with
reserve / 12 y
reserve / 12 y
reserve / 12y

Figure 3.14

Cost comparison of Status quo in € per vehicle-km

Total costs per person kilometer - status quo
Vehicles

Maintenance

Batteries

Infrastructure

Energy

0.06 €

0.050 €
0.05 €

0.044 €
0.040 €

0.04 €

0.008 €
0.037 €

0.008 €
0.011 €

0.008 €
0.011 €
0.02 €

0.007 €

0.01 €

0.007 €

0.028 €

0.011 €

0.03 €

0.010 €
0.011 €

0.004 €

0.004 €

0.010 €

0.010 €

0.028 €

0.009 €
0.014 €

0.014 €
0.006 €

0.008 €
0.006 €

0.006 €

0.004 €

0.008 €

0.008 €

0.009 €

Electric Bus / 1x
battery
replacement / no
reserve / 15y

Diesel EU6 15y

0.015 €

0.00 €

Electric Bus / no Electric Bus / 1x Electric Bus / no Diesel EU6 / 12 y
replacement / no replacement / no replacement / with
reserve / 12 y
reserve / 12 y
reserve / 12y

Figure 3.15
14-Jun-18

Cost comparison of Status quo in € per person km
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3.1.1.3.2 Scaling Number of Operating Buses
Since the implementation of such a project or, more precisely, the installation of
charging infrastructure for just two vehicles is not promising yet and does not display
the most economical option, the operation of more than one electric bus on each line
is evaluated to achieve economies of scale.
By respecting pausing times to avoid bottlenecks and common bus schedules by
STOAG, containing intervals of 20 minutes, the assumption of three buses per line is
made for following calculations in
Table 18. The considered infrastructure costs include all expenses related to the
chargers at the terminal stations from which all circulating buses would benefit. This
means a decline by around 200,000 € per bus compared to the previous unscaled
values, delivering a significant reduction of around 60 % for the infrastructure costs
per vehicle and passenger kilometre. A further consideration of absolute numbers is
not permitted with this scaling.
Table 18

Opportunity charging infrastructure costs scaled to the operation of 3
buses per bus line

Infrastructure
Total

661,150 €

(1 bus per bus line)

0.317 €/km
Charging Station at depot per bus

34,037 €

Charging stations at terminals

0.0326 €/km
593,075 €

(1 bus per bus line / 2 total)
 Construction
 Coupling
 Power electronics





Terminal costs per bus

296,537 €

371,000 €
36,075 €
186,000 €

(1 bus per bus line / 2 total)

Scaled terminal costs per bus

98,846 €

(3 buses per bus line / 6 total)

 0.0947 €/km
Scaled total costs per bus

0.1273 €/km

(3 buses per bus line / 6 total)

14-Jun-18
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Figure 3.16 and Figure 3.17 show the adjusted cost comparisons in € per vehicle and
passenger km. A significant reduction in the infrastructure part can be recognized.
The introduction of three buses instead of just one on each line would transfer to
around 17 % less costs and bring the electrical concept closer to economic
efficiency, especially when looking at a timeframe of 15 years. However, the
assumption of equal availability (no reserve) is already an important condition.

Total cost per kilometer - scaled
Vehicles

1.40 €

Maintenance

Batteries

Infrastructure

Energy

1.21 €
1.20 €

1.00 €

1.03 €

0.21 €

0.21 €

0.13 €

0.92 €

0.13 €

0.21 €

0.28 €

0.13 €

0.60 €

0.30 €
0.19 €

0.39 €

0.10 €

0.39 €

0.18 €
0.23 €

0.40 €
0.12 €

0.79 €

0.78 €

0.21 €

0.80 €

0.88 €

0.12 €

0.17 €

0.11 €

0.22 €

0.22 €

0.16 €

0.42 €

0.20 €
0.28 €

0.28 €

Szenario: no
replacement no
reserve 12y 4%

Szenario: with
replacement no
reserve 12y 4%

0.24 €

0.00 €

Figure 3.16
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Szenario: no
replacement with
reserve 12y 4%

Szenario: Diesel
EU6 12y 4%

Electric with
Diesel EU6 15y 4%
battery
replacement no
reserve 15y 4%

Cost comparison of scaled (infrastructure) scenario in € per vehicle-km
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Total cost per person kilometer - without environment - scaled
Vehicles

Maintenance

Batteries

Infrastructure

Energy

0.050 €
0.043 €

0.045 €
0.040 €

0.037 €

0.008 €

0.008 €

0.005 €

0.033 €

0.035 €
0.030 €

0.031 €

0.005 €
0.025 €

0.007 €

0.010 €

0.005 €
0.020 €

0.011 €
0.007 €

0.014 €

0.004 €

0.014 €

0.006 €
0.008 €

0.015 €
0.004 €

0.028 €

0.028 €

0.008 €

0.004 €

0.006 €

0.010 €

0.004 €

0.006 €

0.015 €
0.005 €

0.010 €

0.010 €

0.008 €

0.008 €

0.009 €

0.000 €
Szenario: no
replacement no
reserve 12y 4%

Figure 3.17

Szenario: with
Szenario: no
Szenario: Diesel
replacement no replacement with
EU6 12y 4%
reserve 12y 4%
reserve 12y 4%

Electric with Diesel EU6 15y 4%
battery
replacement no
reserve 15y 4%

Cost comparison of scaled (infrastructure) scenario in € per passenger
km

3.1.1.3.3 External Aspects
Since the previous subchapters only considered financial factors relevant for capital
budgeting, nonmonetary aspects were completely neglected. The most decisive
benefits of electric mobility are yet not financial but environmental ones though.
These opportunities to generate welfare from a health and nature perspective have
not been analysed yet and are part of the cost-benefit analysis results. Other external
aspects are risks which the project could be exposed to. These include, for example,
technical issues of battery and infrastructure. However, as risks are already taken
into account in previous parameters like maintenance costs and discount rate, the
focus will be only on environmental factors in the following.
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Environmental aspects are the main reasons considering a conversion to electric
mobility. Regarding the greenhouse effect and the substantial health issues, they
might even overshadow financial factors to some extent. Without being able to
estimate the monetary values of the external aspects, direct comparisons with
financial parameters on a profound basis can be challenging though. For this
purpose, the Federal Environment Agency (UBA) of Germany developed a method
convention for quantifying costs which arise for environmental damages caused by
emissions in inner cities (see chapter 2.2.2.2.).
In Table 19 the amount of gases emitted by two diesel buses under the project’s
conditions are presented for emission standards Euro 5 and Euro 6. The diesel
buses consume around 42 l respectively 40 l per 100 km, depending on emission
standard. For comparison, the inner city emissions of an average diesel car covering
the same total distance and consuming 6 l per 100 km are listed as well [11]. In
addition, the amount of CO2 produced by supplying charging energy for the traction
batteries of the two electric buses is taken into account. The German power mix
consists currently of about 30% renewable energies. As long as electric vehicles are
not fully powered by renewable energies, they will be also connected indirectly to
greenhouse effect causing CO2-gases.
Table 19

Total amount of emissions over 12 years

Type

Battery bus

Euro 5 Bus

Euro 6 Bus

Fuel [l]

-

893,580

838,000

CO2 [t]

1,702

2,341

2,196

NOx [t]

-

11.132

1.0074

PM [t]

-

0.16981

0.00849

The costs of just below 0.10 €/km for noise pollution are minimum averages since
they were determined for daytime. Considering the several night lines that are in
service on weekends, the total noise pollution costs would definitely turn out to be
higher since they are quantified to be almost twice as high during night (Table 20).
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Table 20

Environmental costs split by emission standards over 12 years

Environmental costs, based on UBA
Type

Euro 5

Euro 6

CO2

266,000 €

250,000 €

NOx

90,000 €

8,100 €

PM

4,800 €

240 €

Noise

158,000 €

158,000 €

Compared to the estimations of UBA, the costs for diesel buses are even lower and
can be seen as minimum averages. This conservative approach shall ensure the
validity of this cost-benefit analysis with the goal to not handle the advantages of
electric mobility too positively or biased. The costs calculated by UBA amount up to
416,000 € for a Euro 6 bus for 12 years of operation.
By adding the environmental costs to the TCO, total “savings” of up to 100,000 € per
electric bus compared to Euro 6 diesel buses would be generated.
By including economies of scale to the calculations and thereby the operation of
three buses per line, the profitability of electric buses becomes more significant
(Figure 3.18 and Figure 3.19).
It leads to a total cost reduction of up to 16 % compared to Euro 6 diesel buses (for
12 years and no battery replacement). Considering a period of 15 years, the
difference between Diesel and electric bus becomes even less and the electric bus
would be overall economic efficient, assuming a battery lifetime of at least 15 years.
This as can be seen as the most optimistic scenario.
For the further course of this case, only the complete scenario, which includes the
scaling number of buses operated and external aspects, is analysed. The
continuation of considering the base scenario is not highly significant and not
practical for the upcoming results.

14-Jun-18
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Total cost per kilometer - scaled - with environment
Vehicles

Maintenance

1.40 €
1.20 €

1.02 €

1.00 €

0.09 €

0.80 €

0.21 €

0.60 €

0.13 €
0.19 €

0.40 €

0.12 €

0.20 €

0.28 €

Batteries
1.31 €

1.13 €

0.09 €

0.09 €

0.21 €

0.21 €

0.13 €

0.13 €

0.28 €

0.30 €

0.18 €

Infrastructure

Environment

0.98 €

0.96 €

0.98 €

0.20 €

0.09 €

0.19 €

0.21 €
0.10 €

0.39 €

0.39 €

0.23 €

0.12 €
0.28 €

Energy

0.17 €

0.11 €

0.16 €

0.22 €

0.22 €

0.24 €

0.42 €

0.00 €
Szenario: no
replacement no
reserve 12y 4%

Figure 3.18

Szenario: with
Szenario: no
replacement no replacement with
reserve 12y 4%
reserve 12y 4%

Szenario: Diesel
EU6 12y 4%

Electric with
Diesel EU6 15y 4%
battery
replacement no
reserve 15y 4%

Cost comparison of scaled (infrastructure) scenario including costs for
environmental effects in € per vehicle-km

Total cost per person kilometer - scaled - with environment
Vehicles

0.050 €
0.045 €

Maintenance
0.040 €

0.040 €

0.036 €

0.035 €

0.003 €

0.030 €

0.008 €

0.025 €

Batteries

0.047 €

0.003 €

0.008 €

0.008 €

0.005 €

0.005 €

0.010 €

0.007 €

0.015 €

0.004 €

0.010 €

0.011 €

Energy

Environment

0.003 €

0.005 €

0.020 €

Infrastructure

0.035 €
0.007 €

0.003 €

0.035 €
0.007 €

0.007 €
0.014 €

0.006 €

0.004 €

0.034 €

0.004 €

0.014 €

0.008 €
0.006 €

0.004 €

0.008 €

0.008 €

0.006 €

0.015 €

0.005 €

0.010 €

0.010 €

0.009 €

0.000 €
Szenario: no
replacement no
reserve 12y 4%

Figure 3.19
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Szenario: with
Szenario: no
Szenario: Diesel
replacement no replacement with
EU6 12y 4%
reserve 12y 4%
reserve 12y 4%

Electric with Diesel EU6 15y 4%
battery
replacement no
reserve 15y 4%

Cost comparison of scaled (infrastructure) scenario including costs for
environmental effects in € per passenger km
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3.1.1.3.4 Impact Assessment of Assumptions
Making assumptions results usually in uncertainty regarding the affected parameters
which in turn may lead to inaccuracies in the final project costs. In order to react to
that, sensitivity analyses can assist in clarifying the extent of uncertainty. However,
since a broad analysis of all parameters would be too time consuming and exceed
the capacities, only those factors will be reviewed by a local variation which are
predicted to be the most uncertain and impactful.
The assumed price trends for fuel and electricity are therefore analysed more in
detail. Both are estimated to grow around 50% over the next 12 years which are seen
as high but decent numbers. Nevertheless, for the sensitivity analyses both trends
are varied between 30% and 150% to identify the dependency of the TCO on the
prognoses. The results are displayed in Figure 3.20 in absolute numbers. 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 0.09 €/km. This is caused by the higher energy
consumption of the combustion engine. However, only under the most favourable
forecasts (30% electricity and 150% diesel trend) the electric bus can achieve
economic efficiency (deep blue bar).
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delta TCO per vehicle-km (Electric - Diesel)
12 years / 4 % / no battery replacement

electricity price
trend

0.30 €

30%
0.25 €

90%

0.20 €

150%
50% w. bat.
repl.
50% same
veh. Price

0.15 €

0.10 €

0.05 €

0.00 €
30%

60%

90%

120%

150%

diesel price
trend

-0.05 €

-0.10 €

Figure 3.20

Sensitivity analysis over diesel and electricity price (12 years / no
battery replacement / same reliability / no env. costs) 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. The initial simulations assumed
that a replacement of LFP-batteries would not be necessary during the period under
review, concerning calendric and cyclical aging. This was reflected in one-off costs
for the batteries which led to lower project expenses. However, to additionally ensure
the consideration of such a replacement scenario, the repurchase of the batteries
after six years is analysed (violet graph in Figure 3.20). The price trend for the
batteries is characterized by a decrease of 40% over the upcoming 12 years [17]. It
turns out that the electric bus, assuming a battery replacement, will not yet become
economical even with the cost developments that are favourable for it.
A further sensitivity was carried out on the vehicle price (light blue line in Figure
3.20). Assuming equal cost for electric (chassis including powertrain but without
battery!) and diesel buses, which should be achievable due to increasing production
capacities in the future, profitability is already evident from a diesel price increase of
about 105% over 12 years. This assumes an electricity price increase of 50% and no
battery replacement.
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The last non-transparent parameter analysed for Oberhausen 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 [18]. The risk premium usually takes the biggest share of the
discount rate. In this context, the risks for Oberhausen 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 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 3.21, the internal rate of the optimized solution is determined exemplarily
for the 12 year electric bus scenario without battery replacement, reserve and
environmental costs, but with scaled infrastructure. 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 13%.

14-Jun-18

RWTH Aachen | 5 7

D4.2: Final Business Cases

Internal Rate of Return
12 years / no battery replacement / no reserve / scaled / without environment
24%
22%

20%

20%
18%
16%
14%

12%

12%
10%
8%
4%

6%
4%
2%
-0.150 €

-0.100 €

-0.050 €

0%
0.000 €

0.050 €

0.100 €

0.150 €

0.200 €

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

Figure 3.21

Graphical determination of the internal rate of return

3.1.1.3.5 Investment Recommendation
Simulations showed that the electric mobility project by STOAG is not economical
from a business perspective the way it is implemented right now under given
circumstances with just one bus on each line. However, given the fact that this
project serves as a forerunner and provides more practical knowledge about the use
of electric buses in the public transport sector and, additionally, is even co-financed
by a promotional program, the implementation of this specific project will be reflected
in the profitability of similar future projects. In this context, further investigations
outlined that not only economical but also technical efficiency can be achieved by
generating economies of scale and/or by adapting a national economic perspective.
The benefits of dividing the infrastructure costs on more than just one vehicle can be
shown. This insight is important for future expansions and can be transferred to other
transport sectors as well since it demonstrates how the efficiency of electric mobility
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grows with rising numbers of vehicles per charging station. This concept would also
lead indirectly to decreasing system prices.
The environmental benefits of electric mobility can outperform the financial drawback
for Oberhausen. The quantification of these nonmonetary aspects, which are
arguably the main reason to establish electric driving vehicles, shows clearly the
huge issues involved by combustion engines and makes them comparable.
By summing up the economies of scale and especially environmental costs, electric
buses should be given a thought of implementation. Even the uncertainty of some
parameters like fuel and electricity price trends do not change the profitability
crucially. Furthermore, technical and financial risks can be minimized by repurchase
of the batteries and by assuming higher discount rates.
From an overall economic view an investment in battery-electric buses is
recommended, if mature technology and high availability of all components is
ensured. Taking a business economic standpoint, it should be ensured that enough
buses are assigned per line to achieve higher efficiency and thereby get closer to
economic operation.

3.1.2 Leipzig
A very similar technical project was carried out in Leipzig. The scientific support and
evaluation was carried out by project partner 'Fraunhofer IVI'.
For more information, see the final Use Case Report.
3.1.3 Warsaw
The biggest challenge was to find a suitable manufacturer of charging infrastructure.
In the end, only one manufacturer (Medcom) offered a 40 kW DC charging station. A
test of this did not follow within the project duration.
For more information, see the final Use Case Report.
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3.2 Opportunity Charging / Energy from AC Tram or Metro grid
3.2.1 Barcelona
Located 120 km south of the French border at the Mediterranean Sea, Barcelona is
the second largest Spanish city and the capital of the autonomous community of
Catalonia. By recording a municipal population of 1.6 million spread over 101 km², it
has one of the densest populations in Europe. The larger catchment area of the
metropolitan region counts for more than 4.7 million inhabitants. Furthermore,
Barcelona is one of the big centres for tourism with more than 7 million visitors
annually. This is, amongst others, due to its cultural and economic richness.
Barcelona’s multimodal public transport consists of a densely developed network of
railways, cable railways, buses, cars and bikes which have to meet the daily demand
of 1.4 million passengers. While various transport operators are involved (Figure
3.22), the Autoritat del Transport Metropolità (ATM) provides most services with an
integrated fare system.
2.68% 6.38%
1.34%
Tram (ATM)

39.93%

Metro (FGC)
Train (RENFE)
Metro (TMB)
Bus (TMB)

49.66%

Figure 3.22

Modal split of public transport [19]

By forming 90% of Barcelona’s public transport sector, Transports Metropolitans de
Barcelona (TMB) is the main operator offering the widest metro and bus network
(Table 21). The metro is the primary option exploited by travellers in the inner city,
while bus lines provide mobility throughout the whole metropolitan area. Hence, the
bus network includes a variety of vehicle types, i.e. 538 diesel, 390 gas, 129 hybrid
and 3 electric buses, on average about 10 years old. All buses adopt the standards
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of low-floor technology and air-conditioning to offer passengers a comfortable
traveling experience3.
Table 21

Operation key figures of TMB 2015/2016 [20]

Operation figures

Numbers (metro / bus)

Total number of lines

8 / 100

Total line length

119 km / 873 km

Total number of stations

156 / 2,548

Total number of fleet

171 / 1,060

Total number of staff

3,555 / 4,221

Total number of journeys per year

385 million / 188 million

3.2.1.1 Situation Analysis
After Madrid was affected by smog in recent history, a driving ban has been imposed
on particular vehicles for the inner city area ever since. This can and should be seen
as a crucial example of what air pollution might cause in future, especially in
metropolitan areas. As Barcelona surpasses the Spanish capital in population density
and is a popular destination for tourists, it is considered as one of Europe’s
problematic cases as well. However, the relatively high number of CNG buses
operated by TMB proves efforts to reduce PM and NOx emissions by implementing
environment-friendlier solutions.
Coordinated with city council guidelines, since May 2016 TMB has been part of the
electric mobility project which examines the integration of two battery-electric buses
on the same route by means of opportunity charging. Both buses are currently in test
operation, while the required infrastructure is being expanded to enable recharging
during operation at each terminal. This is the reason why relatively small traction
batteries with less storage capacity can be used without making adjustments
regarding total driving distance. The charging stations at the depot complement the
concept by providing energy overnight.
Besides freeing the air of pollutants, the practical evaluation of electric mobility in
daily public transport is a key opportunity to substantiate the role of Barcelona as a
pioneer for innovation and future-oriented projects. It gives insights about a still

3

https://www.tmb.cat/en/about-tmb/get-to-know-us/transport-figures
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largely un-researched field, which may determine the future, and opens doors for its
improvement, both technical and financial. Finally, the conversion from combustion
engine to electric motor would lead to sustainability and welfare by improving
traveller comfort and attracting people’s attention for the environment.
3.2.1.2 Project Description
In cooperation with the city council and the research centre CENIT, TMB as the main
bus operator in Barcelona has been deploying two ‘Solaris Urbino 18 electric’ since
May 2016. The objective of this project is to examine the technical and financial
feasibility of electric buses which exploit recharging during daily operation and, with
that, to obtain comparability with other solutions.
This concept needs the installation of appropriate charging infrastructure to ensure
opportunity charging. Therefore, the two terminals of bus line H16 are being
equipped each with a charging station which can use the public electrical grid
respectively the existing metro infrastructure to take energy from. As the
infrastructure is still in installation phase (as of March 2017) at the terminal ‘Fòrum’,
the buses are currently operating only in test mode. By recharging with lower power
at depot overnight, the batteries will be able to recover from fast-charging and the
operator can additionally profit from the more favourable electricity prices, since the
depot is connected to the metro grid, too.
The operation of the articulated buses starts daily around 5 AM and ends around
11 PM in intervals between seven and eleven minutes (Figure 3.23). A whole
circulation takes 160 minutes including 30 minutes of pause. With a length of 12.2 km
from terminal to terminal, 20,000 passengers are transported daily on line H16, while
a daily distance of 200 km is covered per bus.
The project involves two charging devices at the terminals ‘Plaça del Nou’ and
‘Fòrum’ which shall each provide the 18 m buses with 400 kW (respective 500 kW) of
electrical power. In order to be able to connect the charger at ‘Plaça del Nou’ to the
public electrical grid, extensive constructional measures, cable laying and the
installation of required systems, such as a transformer, had to be carried out. The
imminent implementation of the charger at ‘Fòrum’ uses already existing
infrastructure of the metro and therefore enables savings regarding electrical
components, but still does not get around costly constructional measures and cable
laying due to the distance from bus station to metro network. The energy is finally
transmitted through the connection of mast and pantograph. Furthermore, overnightcharging is made available by two units which provide electrical power of up to 50
kW, also transmitted by the pantograph through a mast. This concept of interim
charging during operation enables the possibility to dimension the traction batteries
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relatively small, especially since no buffer is desired by TMB and the buses are
obligated to recharge unexceptionally at terminals.

Figure 3.23

Schematic sketch of the bus route of line H16 [19]

The charging stations are procured from Endesa, which is the biggest energy supply
company in Spain and also provides the energy from the public electrical grid at
‘Plaça del Nou’. The battery cell anode consists of lithium titanate oxide (LTO). This
choice supports the dimensioning of the 125 kWh batteries since LTO cells are
characterized by high charging/discharging rates and enable fast-charging.
3.2.1.2.1 Technical Parameters
In Table 22 the technical input parameters are summarized which are needed for the
RWTH simulations. They help to reproduce the operation of the two electric buses
over 12/15 years and, in a further step, to calculate the total cost of ownership by
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means of the cost positions which are presented during the next subchapter (chapter
3.2.1.2.2). The data is mostly provided by TMB, else acquired by research or by
truthful assumptions.
Table 22

Technical input parameters and their values

Vehicles (Solaris Urbino 18 electric)
Quantity / type

Value

Number of buses

2

Empty load

17000 kg

Maximal weight

28000 kg

Max. battery volume

2000 l

Length, height, width

18 m x 2.55 m x 3.25 m

Number of seats / standing rooms

50 / 60

Avrg. power aux. consumer during drive

12 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 hours (expected/certified)

175200 h

Battery systems (Toshiba LTO SCiB 20 Ah)
Quantity / type

Value

Cell chemistry

Lithium titanate oxide (Li4Ti5O12) anode

Gravimetric energy density per cell

-

Gravimetric energy density packaging

0.0446 kWh/kg

Efficiency charging / discharging

96 %

Minimal SOC

0%

Maximal SOC

100 %

Nominal cell voltage

2.3 V

C-rate charging

5C

C-rate discharging

5C

Expected Lifetime (calendrical / cyclical)

>12 years / 8000 full cycles

Transformers
Quantity / type

Unit

Rated power

1 MVA

Efficiency

99 %

Lifetime

> 20 years
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Power electronics
Quantity / type

Value

Max. power at terminals

400/500 kW

Max. power at depot

50 kW

Lifetime (calendrical)

>15 years

General
Quantity / type

Value

Timetable buffer time

0 min

Minimal charging duration

2 min

Average number of passengers

40 (36 %)

Average passenger weight

68 kg

Discount rate

4%

Period under review

12 years

The Solaris ‘Urbino 18 electric’ is an articulated bus with 18 m length and offers
space for up to 110 passengers. The empty load is 17 t which translates to an
average total weight of 22.5 t including 40 passengers and a 125 kWh LTO battery
with a weight of 2.8 tons. Regarding a fully occupied bus with 110 passengers, the
total weight amounts up to 27.3 t which is below the restriction of 28 t for articulated
buses.
Based on an energy consumption of 2 kWh/km the auxiliary consumers are
determined to account for 12 kW during driving operations and 3 kW during pauses.
As auxiliary consumption is highly temperature-dependent, operation has to be
ensured also on cold winter and hot summer days when the buses make extensive
use of heating or air conditioning, which should be the more relevant case for
Barcelona. Therefor a worst case auxiliary consumption of 32 kW is considered. On
that basis batteries and chargers have to be dimensioned appropriately.
The used LTO battery is divided in five modules of 25 kWh which forms a restriction
regarding possible optimizations (different battery configurations). LTO cells are
characterized by less energy density compared to the LFP cells used e.g. in
Oberhausen, but enable to charge faster due to higher power density. The charging
rate is several times higher compared to LFP. Furthermore, the calendrical lifespan
of LTO cells is expected to reach the period under review of 12 years, while offering
a high cyclical lifespan of about 8000 full cycles as well (Figure 3.24).
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EFC

Wöhler curve for LTO cells
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Figure 3.24
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(Assumed) Cyclical lifespan of LTO as a function of the DOD

In order to gain comparability between electric and diesel buses the emission values
play a crucial role for the upcoming cost-benefit analysis and thereby for the final
profitability evaluation of this project (Table 23). In this context, the high fuel
consumptions of Euro 5 and Euro 6 vehicles stand out. These are commonly
estimated to be about 55 litres per 100 km for articulated service buses. The present
numbers can be explained by the route profiles which are characterized by low
average speed. Compared to the route profiles of Oberhausen, the buses in
Barcelona record a speed of around 13 km/h which is around 10 km/h slower than
the buses drive in the German city.
Table 23

Project-dependent emissions calculated

Specific emission values articulated bus in urban operation
Standard

Euro 5

Euro 6

Fuel [l/100km]

78

73

CO2 [g/kWh]

262

262

NOx [g/kWh]

1.62

0.15

PM [g/kWh]

0.0188

0.001
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3.2.1.2.2 Cost Positions
The cost positions consisting of payment amount and date are important for the
further calculations of the TCO. These include costs for bus, battery, infrastructure
and electricity (Table 24).
The total expenses for one articulated electric bus including battery are characterized
by significant initial costs which are twice as high as for an alternative diesel bus
(Table 25). These are composed of the overly high price for the mere vehicle and the
high price for LTO batteries which are about 50% more expensive than LFP.
Additionally, battery replacements after six years are planned for Barcelona, which
leads to further raises of the expenses. In that regard, the battery price is estimated
to decrease by 40% over the period under review. All other components are
expected to last technically longer than 12/15 years and will not be repurchased
during that time.
A big portion of the costs arise for the infrastructure of the electric buses. These can
be derived from major efforts for constructional and installation work. Cable laying
and the purchase and implementation of a transformer for energy extraction from the
public electric grid, furthermore, the high distance to the metro grid connection are
responsible for that. Due to the required availability of high power capacities, the
prices for charging stations are correspondingly high, too.
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Table 24

Cost parameters for battery-electric bus (Barcelona)

Bus & battery
Cost type

Value per unit

Vehicle

532,000 €

Maintenance

4,500 €/quarter

Battery system

1,500 €/kWh

Payment
date
Initially

Lifetime
expectancy
15 years

Price
trend
-

Periodic over
12/15 years
Initially +
interim
replacement

-

Simple
degression
Simple
degression

Lifetime
expectancy

> 10 years
(calendric)

Infrastructure
Cost type

Value per unit

Coupling (mast etc.)

18,500 €

Payment
date
Initially

Charging station at depot
50 kW

35,000 €

Initially

Charging
station at
terminals
Maintenance

170,000 €

Initially

Simple
degression

5,00 €/kW

Periodic over
12 years

-

705,000 €

Initially

-

400 kW

Installation and
construction costs at
terminals
Electricity
Cost type
Fòrum
Electricity price

Pl del Nou

15 years

Price
trend
Simple
degression
Simple
degression

Value

Payment date

Price trend

0.06 (start) – 0.09
(12y) €/kWh
0.1 (start) – 0.15
(12y) €/kWh

Periodic over
12/15 years

+ 0.25 €cents/year
+ 0.416 €cents/year

The electricity from the public network is provided by Endesa which charges
0.10 €/kWh in total. By connecting the chargers at ‘Fòrum’ and at the depot to the
metro grid, TMB can make use of a discounted tariff of 0.06 €/kWh. The fuel price for
diesel is usually slightly lower with 0.93 €/l compared to Germany (Oberhausen).
Both price trends, for electricity and fuel, are estimated to increase about 50% over
the upcoming 12 years.
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Table 25

Cost parameters for articulated diesel bus (Barcelona)

Diesel Bus
Cost type

Value

Payment date

Price trend

Vehicle

350,000 €

Initially

-

Maintenance

4,500 €/quarter

-

Fuel

0.93 - 1.40 €/l

Periodic over 12
years
Periodic over 12
years

Linear
growth (3.9
€-cents/year)

3.2.1.3 Profitability Assessment

In the following, the planned conditions of the project which include two electric
buses with battery capacities of 125 kWh, two chargers of 400 kW at the terminals for
opportunity charging and the overnight chargers of 50 kW at the depot are analysed.
Furthermore, alternative solutions (regarding battery capacity and charging power)
have been presented and contrasted. Since the optimizations did not show any major
cost savings, this will not be discussed here in the further. The simulation of two
diesel buses under corresponding conditions is executed to determine the profitability
of the electric solutions. The assessment is thereby reviewed from a business
perspective as well as from a national economic perspective. After examining the
impact of uncertain parameters and assumptions, a recommendation regarding the
investment decision finalizes the case.

Table 26 lists the entered values for the variables of the base solution. To guarantee
operation during worst case considerations, the loss of battery capacity, which leads
to cell aging, the maximum passenger utilization and the highest consumption by
auxiliary components have to be assumed. These variables are in the focus of further
analyses and adjustments. It should be again noted that the presented results
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summarize the project costs which consist of the total cost of ownership of two
electric buses.

Table 26

Simulation input variables

Variables

Values

Battery capacity

125 kWh

Charging power of charging station at ‘Fòrum’

400 kW

Charging power of charging station at ‘Pl del Nou’

400 kW

Charging power of charging station at depot

50 kW

Given period

12 years

Assuming loss of capacity

Yes (For worst case
examination)

Assuming maximum utilization
Assuming high power for auxiliary consumers

The simulations regarding the power curves for average (Figure 3.25) and worst case
(Figure 3.26) scenarios show some little room for improvement, since there is still
unused capacity during operation. The route profiles and bus schedules are similar
for all weekdays and are characterized by 15 charging cycles per day.
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Figure 3.25

Barcelona average case scenario (Mo-Fr)

Figure 3.26

Barcelona worst case scenario (Mo-Fr)

With a DOD of 25% for the average scenario about 16,425 equivalent full cycles are
executed after 12 years. Since this is lower than the expected maximum number of
possible full cycles at 25% (Figure 3.27), the battery should last over the period
under review, regarding cyclical aging. However, due to uncertainties about the
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calendrical aging of lithium ion batteries, the repurchase after halftime is also
assumed to guarantee optimal operation during that period (
Figure 3.28). In this context, the price is set to decrease about 24% over the next six
years which translates to an absolute battery price of 1150 €/kWh.

EFC

Wöhler curve for LTO cells
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Figure 3.27

Expected Cyclical lifetime of LTO

Figure 3.28

Battery purchases per bus
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In the following subchapters, different scenarios are compared with each other. The
comparison follows a fixed pattern, which is broken down in Table 27.
Table 27

Timeframe

Investigated scenarios and their respective parameters
Electric Bus
No battery
replacement
12y

Electric Bus
1x Battery
Replacement
6y 12y

Electric Bus
No battery
replacement
with reserve
12y

Diesel EU6
12y

Electric Bus
1x battery
replacement
15y

Diesel EU6
15y

12 years

12 years

12 years

12 years

15 years

15 years

12y

15y

12y

Vehicle
lifetime

>12y

(reacquisition
necessary)

Vehicle
residual
value end of

5 % of invest

service life

Battery
replaceme
nt

No

Battery
residual
value end of

1x after 6
years

No

-

No

-

5 % of
invest

5 % of invest

service life

Vehicle
Reserve
Mileage
per bus
Expected
average
passenger
occupancy

14-Jun-18
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No

+1 vehicle

No

875,264 km

No

No

1,094,080 km

40 % (44 persons)
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3.2.1.3.1 Status Quo
The simulation of the base scenario results in very high fixed costs of vehicle and
infrastructure as expected due to the previously listed high cost positions (see Table
24). By accounting for around 90% of the TCO, there is not much room available for
improvements. Especially, when considering that the battery storage capacity is
already relatively low compared to e.g. the case of Oberhausen. Due to the high
margin and the high fixed costs, it is questionable if economic efficiency by
optimization (different battery/charger configuration) is even achievable at this point.
For this reason, no further optimization possibilities are to be shown here.
In the following (Figure 3.29 to Figure 3.31) the TCO of the status quo electric
solution and the respective diesel bus operation Euro 6 are compared for an
investigation timeframe of 12 and 15 years. In analogy to Oberhausen, the project
costs for the electric system are significantly higher, summing up to an almost double
value when the requirement of a reserve vehicle is assumed. Again, with a longer
period of observation (15 years), the financial gap is closed a little, as the electric bus
has a longer lifetime expectancy and a diesel bus purchase is assumed after 12
years.
Total costs - status quo
Vehicles Total

Maintenance

Batteries NPV

Infrastructure NPV

Energy

4,500,000 €

4,010,392.27 €
4,000,000 €

3,400,209.88 €

3,500,000 €

3,188,221.36 €

3,000,000 €

368,550.61 €

368,550.61 €

2,500,000 €

1,000,000 €

454,825.92 €

249,312.83 €

2,213,113.33 €

575,277.33 €

373,969.24 €

1,181,857.57 €
1,440,102.40 €

1,166,845.51 €

249,312.83 €
1,547,610.31 €

500,000 €

2,768,887.74 €

544,933.21 €

2,000,000 €

363,288.81 €

3,517,988.92 €

1,175,328.91 €

1,175,328.91 €
1,175,328.91 €

1,500,000 €

368,550.61 €

1,031,740.21 €

1,031,740.21 €

Electric Bus / no
replacement / no
reserve / 12 y

Electric Bus / 1x
replacement / no
reserve / 12 y

550,515.27 €
295,358.00 €

410,219.44 €

1,035,432.17 €

918,565.90 €

Electric Bus / 1x
battery replacement
/ no reserve / 15y

Diesel EU6 / 15y

346,267.81 €
700,000.00 €

0€

Figure 3.29
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Electric Bus / no
replacement / with
reserve / 12y

Diesel EU6 / 12 y
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Total cost per kilometer - status quo
Vehicles

Maintenance

2.50 €

Batteries

Infrastructure

Energy

2.29 €
1.94 €

2.00 €

0.21 €

1.82 €
0.21 €
0.21 €

1.50 €

1.61 €

0.67 €

0.67 €

0.21 €

1.26 €

0.67 €

1.27 €

0.31 €
0.54 €

1.00 €

0.33 €

0.21 €
0.14 €

0.21 €

0.66 €

0.67 €
0.25 €

0.14 €

0.50 €

0.88 €
0.59 €

0.59 €

0.20 €

0.13 €

0.19 €

0.40 €

0.47 €

0.42 €

0.00 €
Szenario: no
replacement no
reserve 12y 4%

Figure 3.30

Szenario: with
Szenario: no
replacement no replacement with
reserve 12y 4%
reserve 12y 4%

Szenario: Diesel
EU6 12y 4%

Electric with
Diesel EU6 15y 4%
battery
replacement no
reserve 15y 4%

Cost comparison of Status quo in costs per vehicle km

Total cost per person kilometer - status quo
Vehicles

Maintenance

Batteries

Infrastructure

Energy

0.06 €
0.052 €
0.05 €
0.041 €
0.04 €

0.005 €

0.03 €

0.015 €

0.02 €

0.005 €
0.003 €

0.044 €
0.005 €

0.005 €

0.029 €

0.015 €
0.007 €
0.007 €

0.005 €

0.005 €

0.029 €

0.012 €
0.015 €

0.015 €
0.006 €

0.003 €

0.01 €

0.020 €
0.013 €

0.037 €

0.015 €

0.013 €

0.004 €

0.003 €

0.004 €

0.009 €

0.011 €

0.010 €

0.00 €
Szenario: no
replacement no
reserve 12y 4%

Figure 3.31
14-Jun-18

Szenario: with
Szenario: no
replacement no replacement with
reserve 12y 4%
reserve 12y 4%

Szenario: Diesel
EU6 12y 4%

Electric with
Diesel EU6 15y 4%
battery
replacement no
reserve 15y 4%

Cost comparison of Status quo in costs per passenger km
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3.2.1.3.2 Scaling Number of Operating Buses
In this subchapter the number of operating buses on line H16 is increased in order to
achieve economies of scale. This allows the usage of charging infrastructure by more
than two electric buses.
By observing circulation and pause times, eight electric buses can simultaneously be
in service on line H16. In the following Table 28, the charging infrastructure costs at
the two terminals are divided over eight vehicles. The costs regarding the depot
infrastructure are not considered since each bus is assigned one depot charger. The
scaled infrastructure costs per bus decrease about 40%, which is significant and
necessary in order to create a business case. By doing this scaling, a further
consideration of absolute numbers is not permitted.
Table 28

Charging infrastructure costs scaled to the operation of 8 buses on H16

Infrastructure
Total

1,175,329 €

(2 buses)

 0.67 €/km
Charging Station at depot per bus

47,125 €

Charging stations at terminals

 0.0538 €/km
1,081,075 €

(2 buses)
 Construction
 Coupling
 Power electronics





Terminal costs per bus

540,537 €

705,000 €
36,075 €
340,000 €

(2 buses)

Scaled terminal costs per bus

135,134 €

(8 buses)

 0.154 €/km
Scaled total costs per bus

0.208 €/km

(8 buses)

14-Jun-18
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By means of economies of scale the electric solutions become more economical.
They do yet not reach the low level of diesel buses for a timeframe of 12 years, but
are already competitive regarding 12 years (see Figure 3.32 and Figure 3.33). This is
due to the expected longer service life of the technical components, with the
exception of the battery. The charts show that electrical vehicles in public transport
can already keep up from a business perspective and, furthermore, show great
promise with improving and more cost-efficient technologies in future.

Total cost per kilometer - scaled
Vehicles

Maintenance

Batteries

Infrastructure

Energy

2.00 €

1.83 €
1.80 €

0.21 €
1.60 €

1.48 €
1.36 €

1.40 €

0.21 €

0.21 €
0.21 €
0.21 €

1.00 €

0.21 €

0.80 €

1.24 €

1.27 €

0.31 €

0.21 €

1.20 €

1.26 €

0.21 €
0.21 €

0.33 €

0.67 €

0.17 €

0.66 €

0.25 €
0.14 €

0.60 €

0.14 €
0.88 €

0.40 €

0.59 €
0.20 €

0.20 €

0.59 €
0.40 €

0.13 €

0.19 €

0.47 €

0.42 €

0.00 €

Electric Bus / no Electric Bus / 1x Electric Bus / no Diesel EU6 / 12 y Electric Bus / 1x Diesel EU6 / 15y
replacement / no replacement / no replacement /
battery
reserve / 12 y
reserve / 12 y with reserve / 12y
replacement / no
reserve / 15y

Figure 3.32

14-Jun-18
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Total cost per person kilometer - scaled
Vehicles

Maintenance

0.045 €

Batteries

Infrastructure

Energy

0.042 €

0.040 €

0.005 €
0.034 €

0.035 €

0.031 €

0.005 €
0.029 €

0.005 €

0.030 €

0.005 €

0.025 €

0.005 €

0.020 €

0.005 €

0.015 €

0.003 €

0.005 €

0.015 €

0.004 €

0.015 €

0.006 €

0.003 €
0.020 €

0.013 €

0.029 €

0.005 €

0.007 €

0.010 €
0.005 €

0.028 €

0.007 €

0.005 €

0.004 €

0.013 €
0.009 €

0.003 €

0.004 €

0.011 €

0.010 €

0.000 €
Electric Bus / no
replacement / no
reserve / 12 y

Figure 3.33

Electric Bus / 1x
Electric Bus / no
replacement / no replacement / with
reserve / 12 y
reserve / 12y

Diesel EU6 / 12 y

Electric Bus / 1x
Diesel EU6 / 15y
battery replacement
/ no reserve / 15y

Cost comparison of scaled (infrastructure) scenario in € per pers.-km

3.2.1.3.3 External Aspects
After reviewing the project from a business perspective, a national economic
assessment which considers nonmonetary benefits and risks is pending. In this
context, a cost-benefit analysis shall support the evaluation of external aspects and
make them monetarily comparable to financial ones. Therefore, external aspects
have to be identified first before they can be assigned financial values.
Starting with risks, besides the typical technical uncertainties which are involved by
electric mobility, political ones are of biggest concern for the case of Barcelona.
Technical risks are not estimated to be very high since research is meanwhile
relatively advanced in this sector by now and these projects are prototypes in the
public transport sector. Particularly in Barcelona, the buses are still in test mode to
gain some practical experience before sending the electric vehicles into daily
operation. Furthermore, technical issues are already considered by maintenance and
replacement of precarious components, such as the battery. However, political risks
could be of higher importance due to changes of the municipal government of
Barcelona [19]. Although the current administration sees a central subject in electric
14-Jun-18
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mobility, some uncertainties exist regarding the deployment of the use case as well
as the financing of the project. Nevertheless, the extents of both risks and their
monetary considerations are hardly determinable since there is not much known
about them. That is why those risks can be included roughly in the discount rate.
Dependent on the level of the risks a higher rate has to be assumed. This issue is
dealt with in chapter 3.2.1.3.4 during the calculations of the internal rate of return.
Further external aspects which form the main issues covered in this chapter are the
environmental factors, occurring due to harmful gases and noise emitted by
combustion engines. Environmental benefits are the main reason to establish electric
mobility and ensure future welfare for human and nature. In this context, the total
emissions of diesel buses of the standards Euro 5 and Euro 6 are listed in Table 29.
These numbers result over the total distance of 1,750,000 km during the period of 12
years. Furthermore, the CO2 emissions of the electric solutions have to be
considered as well since the charging processes lead to increased energy
production.
Table 29

Total amount of emissions over 12 years

Type

Electric bus

Euro 5 Bus

Euro 6 Bus

Fuel [l]

-

1,363,800

1,278,900

CO2 [t]

1,893

3,573

3,351

NOx [t]

-

22.107

1.9631

PM [t]

-

0.25631

0.012815

Spain belongs to the most developed EU countries considering the generation of
renewable energy. Such sources provide 37% of its electricity mix4. This translates to
relatively low CO2 emissions of about 400 g/kWh which is 30% less than the emission
factor for Germany.
Table 30 lists the particular costs for each emission type, depending on standard.
They turn out to be quite high even for an articulated bus. The cause for that are the
route profiles which are characterized by slow average bus speeds of 13 km/h.
These in turn involve higher fuel consumption.
Table 30

4

Environmental costs split by emission standards

http://www.ree.es/sites/default/files/downloadable/ree-corporate-responsibility-report-2015-v2_1.pdf
14-Jun-18
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Environmental costs, based on UBA
Type

Euro 5

Euro 6

CO2

405,190 €

379,990 €

NOx

178,090 €

15,813 €

PM

7,277 €

364 €

Noise

132,530 €

132,530 €

By taking environmental factors and economies of scales into account, i.e. the
operation of eight buses on line H16 instead of only two, the overall economic
efficiency of the electric solutions becomes visible (Figure 3.34 and Figure 3.35). The
difference can be seen in the longer period under consideration. The main reason for
this is the low cost of CO2 emissions, as the electric drives are more energy efficient
and Spain has an advantageous energy mix.
This proves that by expansion, electric mobility is quite able to keep up with
conventional drive technologies from a national economic perspective.

Total cost per kilometer - scaled - with environment
Vehicles

Maintenance

Batteries

Infrastructure

Energy

Environment

2.50 €

1.95 €
2.00 €

1.48 €
1.50 €

0.12 €
0.21 €
0.21 €

1.00 €

0.21 €
0.14 €

1.60 €

0.12 €
0.21 €

0.12 €
0.21 €

0.21 €

0.21 €
0.33 €

1.57 €
0.30 €

0.88 €
0.59 €

0.59 €

Szenario: no
replacement no
reserve 12y 4%

Szenario: with
replacement no
reserve 12y 4%

0.29 €

0.67 €
0.20 €

0.25 €
0.13 €

0.19 €

0.40 €

0.47 €

0.42 €

0.14 €

0.50 €

1.35 €
0.12 €
0.21 €
0.17 €

0.31 €
0.21 €

1.55 €

0.66 €

0.00 €

Figure 3.34

14-Jun-18

Szenario: no
replacement with
reserve 12y 4%

Szenario: Diesel EU6 Electric with battery
12y 4%
replacement no
reserve 15y 4%

Diesel EU6 15y 4%

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
Vehicles

Maintenance

Batteries

Infrastructure

Energy

Environment

0.050 €

0.044 €
0.045 €

0.003 €
0.040 €

0.034 €

0.035 €

0.003 €

0.030 €

0.005 €

0.025 €

0.036 €

0.005 €

0.003 €

0.005 €

0.005 €

0.015 €

0.003 €

0.007 €

0.005 €
0.005 €

0.005 €

0.020 €

0.036 €

0.007 €

0.007 €

0.013 €

0.013 €

Szenario: no
replacement no
reserve 12y 4%

Szenario: with
replacement no
reserve 12y 4%

0.007 €

0.005 €
0.005 €

0.015 €

0.004 €

0.015 €

0.006 €
0.020 €

0.005 €

0.031 €
0.003 €

0.003 €

0.010 €

0.035 €

0.004 €

0.003 €

0.004 €

0.009 €

0.011 €

0.010 €

0.000 €

Figure 3.35

Szenario: no
replacement with
reserve 12y 4%

Szenario: Diesel EU6 Electric with battery Diesel EU6 15y 4%
12y 4%
replacement no
reserve 15y 4%

Cost comparison of scaled (infrastructure) scenario with environmental
costs in € per person km

3.2.1.3.4 Impact Assessment of Assumptions
In order to counteract to uncertainties of some assumptions and estimations, some
parameters are reviewed more deeply in this subchapter. By means of local
sensitivity analyses, affected parameters are varied and resulting costs are
evaluated. Furthermore, the internal rates of return are determined to hedge against
higher discount rates.
Two of the most uncertain factors are the price trends of fuel and electricity. While
both are assumed to grow about 50% throughout the period under review, the
variation of the trends between 30% and 150% shall present the extents that
variances involve. In Figure 3.36 those trends, which would have the biggest impact
regarding the profitability of this project, were chosen to be illustrated.
It is shown that, under favourable conditions, economic efficiency can be achieved
for all electrical scenarios. Assuming an increase in electricity prices of 30% (blue
line), the electric bus, assuming no battery replacement, becomes economical from a
diesel price increase of about 80% (characterized by a negative TCO difference). For
150% (green line), the corresponding diesel value is 120%. Here, too, the strong
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dependence of the diesel price is evident, the development of which is the decisive
factor from a financial point of view.
delta TCO per vehicle-km (Electric - Diesel)
12 years / 4 % / no battery replacement

electricity price trend
30%

0.30 €

90%
0.20 €

150%

50% w. bat repl
0.10 €
50% same veh.
Price
0.00 €
30%

60%

90%

120%

150%

diesel price trend

-0.10 €

-0.20 €

-0.30 €

-0.40 €

Figure 3.36

Sensitivity analysis over diesel and electricity price (12 years / no
battery replacement / same reliability / no env. costs) in costs per
vehicle-km

The LTO battery is the cause of other uncertain factors such as its future price and its
durability. While a price drop of 40% is assumed over the next 12 years, diverging
trends could impact the outcome of this project since battery repurchases are
planned after 6 years. The repurchase of batteries is impactful, but not overall
decisive. It further reduces the efficiency of the electric bus (purple line) by around 10
cents per kilometre. Although battery replacement is planned to increase reliability
and ensure trouble-free operation of the buses, the necessity of more than one
battery per bus over the period of 12 years is not certain.
Assuming the same vehicle price, a scenario that should appear realistic in the future
due to growing production figures, the electric bus is economically viable across all
energy price influences (light blue line).
14-Jun-18
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Next, the discount rate is assessed which has been set to 4% throughout the cost
calculations. It is a fairly non-transparent value consisting of risks which are not easy
to predict. As mentioned before in the previous subchapter the risks are also shaped
by political circumstances unlike the Oberhausen case. Additionally, the default risks
could be determined to be higher than in Germany due to the financial situation of the
country. These factors could justify higher discount rates and change the outcome of
the investment decision. For this purpose, the internal rate of return is determined to
identify the limit for the discount rate. By falling below this value, the operation of
electric buses becomes unprofitable. The TCO of two Euro 6 diesel buses are
therefore considered as revenues and subtracted from the TCO of the electric bus
solutions. In Figure 3.37, the internal rate of the optimized solution is determined
exemplarily for the 12 year electric bus scenario without battery replacement, reserve
and environmental costs, but with scaled infrastructure. 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 13%.

Internal Rate of Return
12 years / no battery replacement / no reserve / scaled / without environment
24%
20%

22%
20%
18%
16%
14%

12%

12%
10%
8%
4%

6%
4%
2%
0%
-0.080 € -0.060 € -0.040 € -0.020 € 0.000 €

0.020 €

0.040 €

0.060 €

0.080 €

0.100 €

0.120 €

NPV in €/km (Electric - Diesel Bus TCO)
Figure 3.37
14-Jun-18

Graphical determination of the internal rate of return
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3.2.1.3.5 Investment Recommendation
Due to the high costs for infrastructure and buses the project started by TMB is not
able to achieve profitability under the currently implemented conditions, neither from
a business economic perspective nor from a national one. Despite the inefficiency of
the base scenario, its implementation can still be justified since it provides lots of
practical experience and information in the field of electric-mobility for future
concepts.
However, this case serves as perfect example for the technical and financial
efficiency of electric mobility with increasing number of operated vehicles. By making
use of economies of scale, i.e. operating eight electric buses on H16 and dividing the
infrastructure costs over them, the electric solutions become competitive. When
adding environmental aspects as well, the conversion from conventional engines into
the sustainable driving systems should not even be questioned anymore.
The deeper analyses of uncertain price trends for energy and battery reveal that
even under worst case assumptions electric buses are still competitive and promising
for future projects under similar conditions. The fairly high internal rates of return
furthermore confirm the efficiency and hedge against higher risks which have not
been considered in the discount rate yet.
3.2.2 London
For more information, see the final Use Case Report.
3.2.3 Brussels
For more information, see the final Use Case Report.

14-Jun-18
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3.3 Overnight Depot charging
3.3.1 Bremen
Bremen is the only application that goes for a pure overnight charging concept. The
integration into existing infrastructure is not in the foreground. For this reason, a more
detailed analysis should not be made at this point.
Some studies on the Bremen Use Case, which also include a comparison with
Oberhausen and Barcelona, were presented at the IEEE VPPC 2017 conference and
are available in the form of a paper [21].

For more information, see the final Use Case Report.

14-Jun-18
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3.4 Charging on route (Trolley-Hybrid)
3.4.1 Szeged
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 km2 and is also 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 south-east 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 institutions5.
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 transport6.
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.
3.4.1.1 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 Figure 3.38, whereby the trolley network is shown in blue. However, as the

5 https://www.darmstadt.de/standort/interkulturelles-und-internationales/szeged-ungarn/
6

Ádám Németh, "Report on the authorization and implementation of the reconstruction of Szeged Híd utca / Vár
utca trolleybus junction's," Szeged, 2012.

14-Jun-18

RWTH Aachen | 8 6

D4.2: Final Business Cases

expansion of the overhead line infrastructure involves high costs, which vary between
300,000 - 900,000 € per kilometer, depending on the complexity of the line to be
travelled, more trolley hybrid buses have been planned for local public transport
since 2013.

Figure 3.38

Catenery infrastructure in Szeged7

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.

7 Maximilian Dörrbecker. (2010) Tramway and trolleybus map of Szeged.
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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.
3.4.1.2 Project Description and Definition
The project was launched by SZKT in 2013. In order to test and demonstrate the use
of a 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 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 3.39).

Figure 3.39 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
14-Jun-18
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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 3.40).

Figure 3.40

Route of line 77A

Table 31

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
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3.4.1.2.1 Technical Parameters
In the following, the most important technical parameters used for the simulation are
presented.

Table 32

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.

Lifetime (calendrical / cyclical)

>= 6 years Assumption / 3000 full cycles
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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 32 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 3.41

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 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.
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An average auxiliary consumption of 14 kW was assumed in this work. The worstcase 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.

Table 33

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)

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 3.42.
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Figure 3.42

Wiring of the modules

The battery cells can be discharged with a maximum current of 3C (according to the
datasheet, [22]), 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.
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 3.43.
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Figure 3.43

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
3.44).

Figure 3.44

Battery usage in average

Under these conditions, 19,000 equivalent full cycles (FCE) can be expected (Figure
3.45) according to the estimates in the data sheet of the Kokam KBM 216 batteries
[22]. With normal operation and 12.5% DOD, this value would transfer to 152,000
cycles. The bus schedules and Figure 3.7 show that the buses run 19 cycles per
14-Jun-18

RWTH Aachen | 9 4

D4.2: Final Business Cases

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.
Assumed cyclic lifetime expectancy for Kokam Li-ion NMC batteries
30,000
25,000

EFC

20,000

15,000
10,000
5,000
0
0%

Figure 3.45
(Kokam)

10%

20%

30%

40%
50%
DOD

60%

70%

80%

90%

100%

Assumed cyclic lifetime expectancy for Kokam Li-ion NMC batteries

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 analyzed and listed. Among other things, the
simulation is used to analyze 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 analyzed the emissions
of various diesel vehicles depending on the various emission standards in real
operation in his work [13]. 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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Table 34

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

3.4.1.2.2 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 Table 35
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 20182036), further analyses will be carried out. However, in order to consider other
developments, sensitivity analyses are carried out in Chapter 3.4.1.3.4 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.
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Therefore, a scaled maintenance cost (for the 3 km overhead wire of the project) of
3,000 € per quarter is assumed.
Table 35

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
degression

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

0.90 – 1.35 €/l

Periodic

Linear
growth

Diesel bus

14-Jun-18

RWTH Aachen | 9 7

D4.2: Final Business Cases

3.4.1.3 Profitability Assessment
Table 36 shows the simulation input parameters.
Table 36

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 3.44 in chapter 0 explains the average power profile for working days (MonFri). Now, a look at the worst-case scenario of the battery is taken, as this is decisive
for the design of the battery.

Figure 3.46

14-Jun-18
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The (theoretical) traction/recuperation power of the vehicle is shown in Figure 3.46 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 Table 37.
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.
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Table 37

Investigated scenarios and their respective parameters
TH / 1x
replaceme
nt / no
constr.
costs

Electric Bus
1x Battery
Replacemen
t 6y 12y

Electric Bus
No battery
replacement
with reserve
12y

Timeframe
Infrastructurec
osts
Vehicle
lifetime
Vehicle residual
value end of service

Diesel EU6
12y

Electric Bus 1x
battery
replacement
15y

Diesel EU6

18 y
-

300k
€/km

500k
€/km

700k
€/km

900k
€/km

-

12y

18 y

(reacquisition
necessary)

5 % of invest

life

Battery
replacement
Battery residual
value end of service

1x (after 9 years) respective 2x (after 6/12 years)

-

5 % of invest

-

life

Vehicle
Reserve
Mileage per
bus (18y)
Expected
average
passenger
occupancy

14-Jun-18

no

1,650,366 km

40 % (48 persons)
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3.4.1.3.1 Status Quo
Total costs - status quo
Vehicles Total

Maintenance

Battery (6y/12y repl.)

Infrastructure NPV

Energy

4,000,000 €
3,606,941.09 €
3,500,000 €
3,112,832.38 €
3,000,000 €
2,618,723.68 €
2,500,000 €

1,500,000 €

2,375,400.74 €

363,688.09 €
1,383,451.91 €

1,881,292.04 €
1,389,952.99 €

1,387,183.33 €
893,074.62 €

363,688.09 €
1,000,000 €

363,688.09 €

363,688.09 €

2,124,614.97 €
2,000,000 €

363,688.09 €

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

Figure 3.47
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Cost comparison of status quo in absolute numbers (one bus)

Total costs per kilometer - status quo
Vehicles

2.50 €

Maintenance

Batteries

Infrastructure

Energy
2.20 €

1.90 €

2.00 €
1.60 €
1.50 €

1.30 €

0.85 €
0.22 €

0.50 €

0.22 €

0.22 €
1.44 €

0.22 €
1.00 €

0.22 €

1.14 €

0.84 €

0.84 €
0.54 €

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 €

0.00 €
1x battery
replacement / no
constr. Costs

Figure 3.48
14-Jun-18

1x battery
1x battery
1x battery
1x battery
replacement / 300k replacement / 500k replacement / 700k replacement / 900k

0.50 €
0.14 €

0.21 €
Diesel Bus EU6

Cost comparison of status quo in € per vehicle km (one bus)
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Total costs per person kilometer - status quo
Vehicles

Maintenance

Batteries

Infrastructure

Energy

0.05 €
0.046 €

0.05 €
0.005 €
0.040 €

0.04 €
0.005 €
0.033 €

0.04 €

0.005 €

0.03 €

0.027 €
0.030 €

0.03 €

0.005 €
0.024 €

0.02 €

0.018 €

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 €

0.018 €

0.018 €

0.011 €
0.010 €

0.003 €

0.01 €

0.004 €

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

Figure 3.49

1x battery
replacement /
500k

1x battery
replacement /
700k

1x battery
replacement /
900k

Diesel Bus EU6

Cost comparison of status quo in € per person km (one bus)

Figure 3.47 to Figure 3.49 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.
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3.4.1.3.2 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.
Table 38 shows the scaling of the infrastructure. After scaling, no further calculation
with absolute numbers is permitted.
Table 38

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 3.50 and
Figure 3.51 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.
14-Jun-18
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Total cost per kilometer - scaled
Vehicles

1.20 €

Maintenance

Batteries

Infrastructure

Energy

1.05 €
0.99 €
0.93 €

1.00 €

0.87 €

0.22 €

0.84 €

0.22 €

0.78 €

0.22 €

0.80 €

0.22 €
0.22 €

0.60 €

0.08 €

0.11 €
0.06 €
0.08 €

0.40 €

0.40 €

0.02 €

0.06 €
0.40 €

0.29 €

0.23 €

0.17 €

0.50 €

0.06 €
0.08 €

0.06 €
0.08 €

0.06 €
0.08 €

0.40 €

0.40 €

0.40 €

0.14 €
0.20 €

0.21 €
0.00 €
1x battery
replacement / no
constr. Costs

Figure 3.50

1x battery
1x battery
1x battery
1x battery
replacement / 300k replacement / 500k replacement / 700k replacement / 900k

Diesel Bus EU6

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

Total cost per person kilometer - scaled
Vehicles

Maintenance

Batteries

Infrastructure

Energy

0.025 €

0.022 €
0.021 €
0.019 €

0.020 €

0.018 €

0.005 €
0.005 €

0.016 €

0.018 €

0.005 €
0.005 €

0.015 €

0.005 €
0.000 €

0.001 €
0.002 €

0.010 €

0.002 €
0.001 €
0.002 €

0.004 €
0.001 €
0.002 €

0.005 €

0.006 €
0.010 €

0.001 €
0.002 €

0.001 €
0.002 €
0.003 €

0.005 €

0.008 €

0.008 €

0.008 €

0.008 €

0.008 €
0.004 €

0.000 €

1x battery
replacement / no
constr. Costs

Figure 3.51
14-Jun-18

1x battery
replacement /
300k

1x battery
replacement /
500k

1x battery
replacement /
700k

1x battery
replacement /
900k
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Cost comparison of scaled (infrastructure) scenario in € per passengerRWTH Aachen | 1 0 4
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km

3.4.1.3.3 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
chapter 3.4.1.3.4 on the basis of 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 emitted8.
Taken the total energy consumption, emissions of approx. 1620.6 tons of CO 2 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 Table 39, this value was calculated on the
total number of kilometres driven in this project.
Table 39

8

Emmissions 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 €

Bruno Lajoie Olivier Corradi. (2018, May) www.electricitymap.org
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If the values from Table 3.8 are added to the TCO including economies of scale, the
costs of the overall project result from an economic point of view (Figure 3.52 and
Figure 3.53).
Total cost per kilometer - scaled - with environment
Vehicles

Maintenance

Batteries

Infrastructure

Energy

Environment

1.20 €

1.06 €
1.00 €
0.94 €

1.00 €

0.88 €

0.80 €

0.79 €

0.01 €

0.01 €

0.22 €

0.93 €

0.22 €

0.01 €

0.09 €

0.22 €
0.22 €

0.22 €
0.11 €

0.60 €

0.02 €
0.06 €
0.40 €

0.01 €

0.01 €

0.17 €

0.23 €

0.29 €
0.50 €

0.06 €

0.06 €

0.06 €

0.06 €

0.08 €

0.08 €

0.08 €

0.08 €

0.08 €

0.40 €

0.40 €

0.40 €

0.40 €

0.40 €

0.14 €
0.20 €

0.21 €
0.00 €
1x battery replacement / no
constr. Costs

Figure 3.52

1x battery replacement /
300k

1x battery replacement /
500k

1x battery replacement /
700k

1x battery replacement /
900k

Diesel Bus EU6

Cost comparison of scaled (infrastructure) scenario with environmental
costs in € per vehicle-km

Total cost per person kilometer - scaled - with environment
Vehicles

0.025 €

0.020 €

0.017 €
0.000 €
0.015 €

Maintenance

0.018 €
0.000 €
0.005 €

0.005 €
0.002 €

0.000 €

0.010 €

Batteries
0.020 €
0.000 €
0.005 €
0.004 €

Infrastructure
0.021 €
0.000 €
0.005 €

0.005 €

Energy

Environment

0.022 €
0.000 €
0.005 €

0.019 €
0.002 €

0.006 €
0.010 €

0.001 €

0.001 €

0.001 €

0.001 €

0.001 €

0.002 €

0.002 €

0.002 €

0.002 €

0.002 €

0.008 €

0.008 €

0.008 €

0.008 €

0.008 €

0.003 €

0.005 €

0.004 €
0.000 €

1x battery
replacement / no
constr. Costs

Figure 3.53
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1x battery
replacement / 300k

1x battery
1x battery
1x battery
replacement / 500k replacement / 700k replacement / 900k
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Cost comparison of scaled (infrastructure) scenario with environmental
costs in € per passenger-km
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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.

3.4.1.3.4 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 presented in the theoretical part of
this paper in chapter 2.2.1.5.
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 3.54, 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 €

90%
150%

-0.30 €

50% same
veh. Price
-0.40 €

Figure 3.54

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 [18]. 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
assumptions, it can be important to know how the variation of the discount rate can
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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 3.55, 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%.
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 3.55
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3.4.1.3.5 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-insulated trolleybuses get by with lighter power electronics and can therefore
also provide higher charging capacities.
3.4.2 Gdynia
For more information, see the final Use Case Report.
3.4.3 Eberswalde
For more information, see the final Use Case Report.

14-Jun-18

RWTH Aachen | 1 1 0

D4.2: Final Business Cases

3.5 Conclusion
The general question of whether it is basically a business case to connect chargers
for electric buses to the existing PT infrastructure cannot be answered clearly. The
intention behind this approach is to save time and money by using the existing
infrastructure. General statements cannot be made with regard to both time and
costs, as the individual projects differ too much. So it is also very location-dependent
within a city as far as e.g. the approval and building time of a new construction is
concerned.
When considering the costs for the connection to the DC grid in Oberhausen, the
question arises whether this represents a reduced effort compared to a public grid
connection. Furthermore, there are only a few chargers available on the market that
can handle fluctuating DC input voltages. This makes them comparatively expensive
and the reliability must also increase in order to make this approach successful.
However, the experience gained in Oberhausen, which is after all a technical first
demonstration, is very valuable for further such projects.
The connection to the AC auxiliary supply network of the Metro, as shown in
Barcelona, seems to be a promising approach today, even if the installation costs
between metro and public connection are roughly balanced.
The current biggest advantage of using the existing infrastructure is the use of
discounted electricity, as the metro and tram operators are large electricity customers
and have corresponding tariffs. Tax concessions for rail vehicles are also valid for
electric buses. An exception is the EEG levy in Germany, where final clarification of
the legal treatment of electric buses and rail vehicles is pending.
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Energy Costs Barcelona line H16
12 years of operation / 2 buses
€500,000.00

€464,131.90

€450,000.00
€400,000.00

€368,550.61

€350,000.00
€300,000.00
€250,000.00
€200,000.00
€150,000.00
€100,000.00
€50,000.00
€CS Forum: metro tariff 0.06 €/kWh

Figure 3.56

CS Forum: public tariff 0.1 €/kWh

Comparison of total energy costs of the Barcelona Status Quo Scenario
with different electricity tariffs at the charging station located near
‘Forum’

Figure 3.56 shows the energy costs in Barcelona, assuming an energy price of 0.06
€/kWh (metro grid) and 0.10 €/kWh (public grid) at the charging point located near
‘Fòrum’. It can be seen that the connection to the metro network, as it is
demonstrated, will save significant costs of around 100,000 € when two buses are
used. Of course, this number is further enhanced by the use of additional vehicles.
To sum up: With the same technical availability and similar installation costs, an
advantage can already be derived here today when connecting to the existing AC
network of the Metro operator. Due to the different technical approach, however, the
findings are not to be transferred by definition to DC networks. Here too, however, a
business case is possible in the future through the use of technically mature
chargers.
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4 Pillar B: Innovative energy storage systems to
increase operational efficiency

B1: Recuperation of braking energy from trams: refurbishment of a flywheel
storage system
Bremen*
Methodology / Investigation:
- study to restart the system (BSAG)
- if successful: study on performance (BSAG)
B2: Optimised braking energy recovery in light rail network
Brussels

Methodology / Investigation:
- system modelling (STIB)
- SWOT analysis (Siemens)
B3: Optimised braking energy recovery in trolleybus network

Gdynia

Methodology / Investigation:
- demonstration (PKT)
B4: Light rail (tram) operation for rural rail track

Lanciano

Methodology / Investigation:
- Feasibility study (Sangritana, Asstra)
- SWOT analysis (Siemens)

* The investigation was abandoned. The system could not be put back into operation.
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4.1 Use Case Results
Several investigations and demonstrations were carried out within the scope of the
project in different cities. Here, the most important findings are briefly summarized
again.
4.1.1 Brussels
As part of the investigations following the Ticket2Kyoto project [24], in which
efficiency measures in the metro network were investigated and the application of a
reversible substation was demonstrated, three tram lines were examined: Lines 7, 19
and 94. The investigations were supported both by measurements and simulations.
Detailed explanations and results can be found here: [25] [26]
The following is only a brief summary of the most important findings.
4.1.1.1 Methodology
Both simulations and measurements were carried out to quantify and evaluate the
energy loss and savings potential.
4.1.1.1.1 Measurements
The measurements were carried out on three lines (7,19,94). The aim of the
measurements was to determine the brake energy actually dissipated depending on
the route.
A vehicle was equipped with data loggers and measured in operation on the various
routes. Figure 4.1 shows the measurement configuration. For detailed explanation
and results refer to chapter ‘measurements’ in [26].
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Figure 4.1 Measuring points in the tram [26]

4.1.1.1.2 Simulations
In the context of [27], a tool for simulating such networks has been developed.
It basically consists of a vehicle model to calculate the route-dependent load profile
and a network model which allows to calculate the resulting power flows.
Again, for detailed explanation on the simulation methodology refer to chapter
‘Simulations’ in [26].
4.1.1.2 Results
4.1.1.2.1 Line 94
Measurement data from 13 days are available for line 94, 4 weekend days and 9
working days. At first glance, it appears that the loss in the braking resistor on this
line is negligibly low compared to the drive and auxiliary energy. This shows that the
auxiliary consumption plays a decisive role and is sometimes higher than the
required drive energy. This strongly depends on external factors such as the outside
temperature (heating consumes a lot of energy in winter). However, this will not be
discussed in detail here. Figure 4.2 shows the dependence of the dissipated braking
energy (via braking resistor) over the route position. The variation can be explained
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by the long gradient as well as the electrical connection which happens some
stations beforehand.

Figure 4.2

Line profile and dissipated braking energy (qualitative representation)
vs. line position [26]

Overall, the line is very receptive and it is difficult to increase efficiency by recovering
braking energy.

Figure 4.3 shows the energy flow and losses. The part that is lost by means of the
braking resistors (blue on the right) is very little. Recovering all braking energy would
translate to a reduction of net energy consumption by only 1.8%.
Accordingly, only a further connection of the network should be considered as an
opportunity for improvement.
The greatest energy saving potential is offered by the auxiliary consumers.
Improvements can be achieved there, for example, through the use of LED lights or
improved door controls.
For detailed explanations and results refer to results chapter of ‘Line 94’ in [26].
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Figure 4.3

Sankey diagram of vehicle energy flow [26]

4.1.1.2.2 Line 7
With 16.1 km it is the longest investigated tram line. For this line, measurements
have been recorded on eight days (2 weekend). This happened in the summertime,
with mild temperatures.
Results show that the main part of the qualitatively represented energy losses (red
bars) occurs at the end of the line, again in an electrically separated segment (
Figure 4.4).
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Figure 4.4
Line profile and dissipated braking energy (qualitative representation)
vs. line position [26]

Overall, also this line is very receptive and it is difficult to increase efficiency by
recovering braking energy.
The part that is lost by means of the braking resistors (red bars on the right) is very
little (determination not listed here, but in [26]) . Recovering all braking energy would
translate to a reduced net energy consumption by only 3.7% [26].
Accordingly, a connection of the network segments should be considered as an
opportunity for improvement.
The greatest energy saving potential is again offered by the auxiliary consumers in
analogy to line 94.
For detailed explanations and results refer to results chapter of ‘Line 7’ in [26].

4.1.1.2.3 Line 19
The measurements on line 19 were taken on 10 days in May, June and September.
This line is characterized by increased brake losses and is therefore of greater
interest.
It can be seen that the biggest part of energy lost is between ‘Miroir’ and ‘Groot
Bijgaarden’ (Figure 4.5). this is due to the fact, that this segment is completely
electrically isolated from the rest of the network.
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Figure 4.5

Line profile and dissipated braking energy (qualitative representation)
vs. line position [26]

Due to the electric separation, the line is, partly, not as receptive as lines 7 and 94.
Measurements state, that up to 17% of the braking energy are lost in the resistors,
translating to around 7.1% of the net grid consumption of the whole line. The
numbers are significantly higher in the isolated segment.
Again, it must also be stated that the energy consumed by auxiliaries amounts to half
of the vehicle consumption.
Using a wayside energy recovery system could, in the best case, save 205
MWh/year, yielding 13,800 €. The author states, this would translate to a payback
time of 12-13 years and is therefore reserved against such solution. Again, it seems
more useful to connect the isolated parts to the rest of the network.
4.1.1.3 Conclusion
The measurements showed that the lines examined are already very receptive and
that savings from storing lost braking energy are very small. An exception is an
electrically insulated section on line 19, which has a significant savings potential.
However, there is also the question of whether the use of a stationary system makes
sense or alternatively the possibility of an electrical connection should be considered.
It was also found that auxiliary consumers account for 40 to 50 percent of total
energy consumption. Efficiency improvements can play a major role here.
For more, see chapter ‘Conclusion’ in [26].

14-Jun-18

RWTH Aachen | 1 1 9

D4.2: Final Business Cases

4.1.2 Gdynia
In Gdynia, both the connection of two previously isolated grid segments and the use
of a stationary supercapacitor storage in the trolley grid are investigated. The latter is
not discussed here.
Figure 4.6 shows the basic scheme. The new connection links two substations and
thus enables an improved way of energy recuperation by increasing the grid’s
receptivity.

Figure 4.6

Bilateral supply in Gdynia – basic scheme [28]

Figure 4.7 shows the results before and after implementation. The increase in
recovery effectiveness is significant. It can also be read that the voltage drops
beyond different critical thresholds are significantly reduced or even completely
eliminated.
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Figure 4.7

Results of bilateral supply in Gdynia [28]

For detailed information and explanation see the Final Use Case Report.
4.1.3 Bremen
In Bremen, the restarting of a flywheel that has been shut down should be checked.
Due to the manufacturer's insolvency in the meantime and the resulting lack of
competence, the plan had to be settled early.
For more information, see the ‘Bremen Use Case Set Up Report’ [29] and the Final
Use Case Report.
4.1.4 Lanciano
The aim of the use case is to provide an urban tram way through the use of existing
but unused train routes for tram-type services. Since this project occupies a special
position from a technical point of view, it will not be discussed here any further.
For detailed information see the Final Use Case Report.
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4.2 Towards a Business Case – Determination of optimal system
design and positioning
Finding a business case for the use of efficiency improvement systems, based on
storage systems or inverters, requires detailed research. This starts with the basic
decision whether a stationary or on-board system should be applied. In both cases, it
is necessary to examine systemically at which points of the network the greatest
losses occur in order to install corresponding systems there. This process can be
simulation-based and supported by measurements. If a suitable position is found, a
system design including economic evaluation is required. The following example
illustrates the process in Oberhausen.
4.2.1 Small Case Study – Oberhausen/Mülheim
As part of the project, a simulation tool was developed to determine the suitability of
local transport networks for the initial stages of an energy recovery system.
In this chapter a short study on the potential of an energy storage system on tram
line 112 in Mülheim/Oberhausen will be carried out.
This line is interesting for various reasons. On the one hand, it is very long and in its
outer areas is not connected to other route grids or at least far away from them,
which suggests a significant loss of braking energy there. On the other hand,
additional electrical consumers are now connected to this line in the form of charging
stations for electric buses and electric cars, which can significantly change the overall
view.
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4.2.1.1 Theoretical considerations
The results in this chapter refer to the simulation and are of a purely theoretical
nature in this step. They are to be validated by measurement results in the following.

Figure 4.8

Course of line 112 © OpenStreetMap contributors

The route, shown in Figure 4.8 left, runs from Oberhausen Sterkrade to Mühlheim
Holthausen. It is a relatively long route with a total length of just over 16 km.
Furthermore, the route is only connected with other tram lines in the Mühlheim Main
station area. As a result, it can be assumed that at least in the upper and middle part
of the route, the other tram lines will no longer have any influence there. For this
reason, the route for this application example is also considered in isolation, as
shown in Figure 4.8 on the right.
The vehicles used on the route are type MGT6D from DUEWAG / Siemens with the
characteristics shown in Table 40.
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Table 40

Vehicle characterisitcs of MGT6D9 used on the investigated line

Item

Value

Weight

32 t

Length

28.6 m

Width

2.3 m

Height

3.37 m

Track width

1000 mm

Traction power

4*103 kW

With help of a vehicle model, following values have been calculated.
Table 41

Simulated vehicle performance figures

Simulated data
Driving Time
Traction Energy
Recuperated Energy

Way Out
43 min
51.4 kWh
22.2 kWh

Way Back
45 min
44.1 kWh
23.3 kWh

The difference in the required drive energy between the outward and return path can
be explained by the slope profile shown in Figure 4.9, where the path on the outward
area has to use approx. 5 kWh to climb the gradient, whereas the path on the return
can recuperate approx. 2.5 kWh.

9

„Strassenbahn-Online,“ 2017. [Online]. Available: www.strassenbahn-online.de. [access on 11th
April 2018].
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Figure 4.9

Slope profile of line 112

The route is mainly served with a 15-minute interval. In the evening we change to a
30-minute rhythm. A total of 146 scheduled trips are carried out on one working day.
Table 42

Start
05:06
20:20

Schedule of line 112

End
20:20
23:20

Interval
15 min
30 min

4.2.1.1.1 Simulation of Status Quo
The first step to analyze a scenario is to simulate it in its actual state. This is the only
way to have a comparison for the later simulation with energy recovery system and to
be able to precisely quantify savings.
The most revealing result of this simulation is the energy balance shown in Figure
4.10, which shows how much energy was used by all vehicles during the day (red),
how much was recuperated (yellow), how much was lost in the braking resistor
(purple) and in the line resistor (green) and how much the substations therefore had
to feed into the network in total (blue). It can be seen that operation starts at 05:06
AM and the influence of the change of the interval at 8:20 PM. The lines appear
smooth in this graphic, because the changes take place in the seconds range and so,
due to the low temporal resolution of the graph, only an average value of this can be
seen.
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Figure 4.10

Energy balance in the actual state depending on the time of day

The energy consumed by the vehicles (red) is greater than the energy fed in by the
substations (blue), as this also contains recuperated braking energy (yellow).
The values are also listed in Table 43. This results in a recuperated energy efficiency
of 47.7 %. In addition, there are ohmic losses in the line resistors throughout the day,
which mean that although the vehicles can recuperate almost 50% of the energy
used, the substations have to feed in a total of 80% of the energy required.
Table 43

Status Quo energy balance

Energy consumed by vehicles

6.77 MWh

Energy recuperated by vehicles

3.27 MWh

Energy lost in braking resistor

1.71 MWh

Energy lost in transmission line resistance

0.19 MWh

Energy fed by substations

5.42 MWh

Degree of utilization 𝜼𝒓𝒆

47.7 %
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In relation to the individual trams, the energy lost in the braking resistor is shown in
Figure 4.11. Here, again, an increase in the average losses indicates the change in
the clock rate that occurs at Tram 128 (8:20 PM). Furthermore, an average loss of
11.8 kWh per tram results for all trams. Values occur between approx. 9 kWh and 15
kWh in the time window from 05:06 to 20:20 and between approx. 12 kWh and 15
kWh in the time window from 20:20 until the end of operation. When looking at an
individual tram (here and in the following always number 70), it can be seen that the
losses occur relatively evenly over the entire distance, as shown in Figure 4.12 on
the left.

Figure 4.11

Braking resistor losses with regard to single trams

Figure 4.12

Course of losses in the braking resistor of a single tram
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In the next step, an analysis is carried out in order to find the best possible location
for a (stationary) energy recovery system. For this purpose, the route is divided into
terminals (discrete route points) with a distance of 50 m each. At each of these points
the theoretically usable braking energy is determined, which is reduced by ohmic
losses (yellow) and the voltage band (red) which limits the transmissible energy.
The solution shown in Figure 4.13 is obtained. It is estimated that in the best case
scenario, 801 kWh can be used by a storage. This must be positioned at Terminal
169. It can also be seen that in the second part of the route (from Terminal 150) more
energy can theoretically be regained. This is because, as shown in Figure 4.9, there
is a steep slope at the back of the route enabling a higher amount of energy which
can be recovered.

Figure 4.13

Estimated usable energy depending on the terminal

4.2.1.1.2 Simulation with ideal Energy Storage
In the second simulation step, the scenario is simulated again with an ideal energy
storage at Terminal 169, previously identified as optimal position. The ideal energy
storage is modeled without capacity and performance limitations. This is done in
order to get a basic idea for the dimensioning of a real storage, since the average
amount of energy taken up and down can be derived from it.
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Figure 4.14

Energy balance of the simulation with an ideal energy storage at
Terminal 169, depending on the time of day

Table 44

Energy balance for simulation with an ideal energy storage at Termnal
169

With ideal storage at
Terminal 169

Status quo (without
energy storage)

Energy consumed by vehicles

6.77 MWh

6.77 MWh

Energy recuperated by vehicles

3.27 MWh

3.27 MWh

Energy lost in braking resistor

0.74 MWh

1.71 MWh

Energy lost in transmission line
resistance

0.22 MWh

0.19 MWh

Energy fed by substations

5.07 MWh

5.42 MWh

Degree of utilization 𝜼𝒓𝒆

76.5 %

47.7 %

14-Jun-18

RWTH Aachen | 1 2 9

D4.2: Final Business Cases

Looking at the energy balance, shown in Figure 4.14 and Table 44, several effects
that occur due to the presence of the energy storage can be seen directly. Firstly, as
expected, the loss in the braking resistors is reduced by a total of 0.97 MWh. The
utilization rate thus rises to 76.5%. Secondly, the energy fed into the line by the
substations is reduced by 0.35 MWh. The losses in line resistance increase only very
slightly by 0.03 MWh. This is probably due to the fact that although much more
energy is converted in the grid, the storage reduces the average path length over
which the recuperated energy must be transmitted.
Figure 4.15 shows the state energy of the storage system. As shown, it rises sharply
over a day, resulting in an offset of exactly the missing 0.59 MWh at the end of the
day. This means that more energy is stored in the storage than it can feed back into
the grid. The reason for this is that the storage should theoretically only supply
energy to vehicles located exactly between the two substations between which the
storage is also located. If a vehicle is located behind one of the two substations, the
system does not see any voltage drop, as the substation can provide enough power
so that its own clamping voltage never falls below U_DC. On the right in Figure 4.15
an enlarged section of the charge state curve is shown. It can be seen that in
addition to some larger cycles, which are in the order of 1 kWh, there are many small
microcycles.

Figure 4.15

State of Energy of the ideal storage

Looking at the individual trams, the picture shown in figure 6.10 shows the energy
lost in the braking resistor. The total average loss for all trams is reduced from 11.8
to 5.3 kWh per tram. It can also be seen that the presence of the storage system
apparently equalizes the differences that result from the change of the service
interval. For the entire period, the values range between 4 and 7 kWh.
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Figure 4.16

Losses in the braking resistor in relation to the individual trams in the
scenario with an ideal energy storage

When looking at the tram with the number 70, the sphere of influence of the energy
storage is very clearly visible. The losses occur only at the beginning and at the end
of the route, in the middle part, on the other hand, the storage is able to absorb the
entire power loss occurring, as shown in Figure 4.17 on the left. When summed up,
the course shown on the right in Figure 4.17 results.

Figure 4.17
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4.2.1.2 Measurements
Within the frame of the project, measurements were carried out on line 112 of
Oberhausen/Mülheim to obtain real operational values for validating the theoretical
considerations.
The measurements have been performed in close cooperation with transport
operators ‘Ruhrbahn’ and ‘STOAG’.
Figure 4.18 shows the measurement setup. Data loggers have been installed on
three vehicles, two substations and a route switch, supplying the electric bus and car
charging stations at ‘Sterkrade’. On all vehicles, the total current and voltage at the
current collector are recorded. In addition, the current of the engines, braking
resistors and auxiliary consumers are logged on one of the three vehicles (‘Vehicle 1’
in the figure). All current/voltage values are saved in a time interval of 500 ms.
Additionally, GPS antennas have been installed on all vehicles to store their positions
every minute.

Figure 4.18

Measurement setup

The measurements were carried out over several days of operation.
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Figure 4.19

Vehicle voltage, total current, braking resistor current and auxiliary
current over one day of operation

Figure 4.19 shows the voltage curve at the pantograph, the total current of the
vehicle, as well as the currents of the braking resistors and auxiliary units over the
course of an operating day. It is noticeable that a large part of the energy is
recuperated (negative red currents), but also a not insignificant part is burnt in
braking resistors (orange). The exact figure of the losses is shown in Figure 4.20.
Over the course of one day, nearly 190 kWh of energy are dissipated in the vehicles’
braking resistors.
Figure 4.21 shows the braking resistor losses over one trip from ‘Mülheim
Hauptfriedhof’ to ‘Oberhausen Neumarkt’ between 14:20 and 15:15. They sum up to
around 14 kWh. Doing the same investigation for a trip in the morning results in
losses of about 10 kWh. These values correspond to the simulative ones shown in
Figure 4.11, which on average are around 12 kWh.
The simulative calculation of brake losses can therefore be largely validated by the
measurement results.
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Figure 4.20

Figure 4.21
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Braking energy losses over one day of operation

Braking energy losses over one trip (Mülheim Hauptfriedhof to OB
Neumarkt)
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4.2.1.3 Conclusion and Outlook
The measurements confirmed the basic assumptions about losses on line 112. They
amount to 10 to 15 kWh losses per tour (one train from one terminal station to the
other), which amounts in theory to losses in all vehicles of about 1700 kWh per day.
According to theoretical considerations, a well-positioned and dimensioned stationary
energy storage could reduce the losses in the braking resistors of all vehicles by
around 900 kWh per day. This would also reduce the energy supplied by all
substations by 350 kWh, which is the relevant value to look at. Assuming an energy
price of 0.15 €/kWh, this could save energy costs of around 19,000 € per year.
Taking into account the CO2 emissions from electricity production in Germany of
today about 500 g/kWh10, around 64 t of CO2 savings per year can be achieved with
the system (without considering its production). Assuming penalty costs of 145 €/t
(see Table 7 chapter 2.2.2.2) this would translate to additional “savings” (from a
common wealth point of view) of around 9,300 € per year.
A possible storage system could consist of Li-Ion LTO batteries, which are
characterized by high performance and cycle stability. Further investigations, which
will not be discussed here but in further publications, show that the capacity of this
storage does not have to be very large, but is in the range around 10 kWh. The
corresponding power electronics would require an output of about 400 kW.
This enables, at least theoretically, an economical operation of such an energy
recovery system on line 112.

10

https://de.statista.com/statistik/daten/studie/38897/umfrage/co2-emissionsfaktor-fuer-den-strommixin-deutschland-seit-1990/
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5 Pillar C: Multi-purpose use of electric public
transport infrastructure
C1: From uniqueness to system: Extension of existing multimodal mobility
hub station
Bremen
Methodology / Investigation:
- User survey/user behaviour (BSAG / moveabout)
- SWOT (Siemens)
C2: Use of metro sub-station for (re)charging TfL support fleet vehicles (ecars & e-vans) and zero-emission capable taxis (rapid charging hubs).
London

Methodology / Investigation:
- feasibility studies / analysis / demonstration (TfL)
- SWOT analysis (Siemens)
C3: Use of metro/tram infrastructure for recharging e-cars (municipal fleet
and private e-cars)

Barcelona

Methodology / Investigation:
- feasibility studies (B.SM)
- SWOT analysis (Siemens)
C4: Use tram network sub-stations for (re) charging e-vehicles

Leipzig

Methodology / Investigation:
- feasibility Study (LVB)
- SWOT analysis (Siemens)
C5: Fast-charging stations for e-cars powered from the tram network

Oberhause
n

Methodology / Investigation:
- test-operation (STOAG)
C6: Multipurpose use of infrastructure for (re)charging trolley-hybrid-buses,
e-bikes and e-cars

Szeged
-
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feasibility study (SZKT)
SWOT analysis (Siemens)
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The challenges in implementing projects, dealing with the multi-purpose use of
electric public transport infrastructure, arise both from a technical and regulatory
perspective. They also differ with regard to country specific requirements (energy
law, etc.).
The individual steps required are shown in the further chapters in form of a generic
Pillar C business case. In each sub-step, special reference is made using a use case
example.
The general approach is divided in:

1) Demand analysis
o Finding suitable locations, necessary efforts, partners required
 Barcelona (BSM)

2) Technical implementation
o Issues to have in mind when connecting to the DC and AC grid
 Oberhausen and London

3) Regulatory frameworks
o Legal framework when using/re-selling “train”-energy
 Leipzig (and Oberhausen)
Unfortunately, a business case is not yet visible in this pillar. This is mainly due to
technical (when connecting to the DC grid) and legal obstacles. The most important
necessary steps and findings will be summarized in the following.
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5.1 Demand Analysis
An important component is the fundamental consideration of where suitable locations
for future charging stations could be. This was carried out in great detail in Barcelona
in particular, which is why reference should is made here to this use case.
5.1.1 Barcelona
5.1.1.1 Investigation of existing EV infrastructure
In a first step, the existing EV infrastructure is evaluated and an outlook for the future
is given. Figure 5.1 shows the recent electric vehicle (EV) charging points (left) and
parking slots, managed by BSM (Barcelona Municipality Service). As of 2015, there
have been 680 charging points and 1,300 electric cars in the city.
In the near future, Barcelona wants to place “one fast charger every 6 minutes of
driving”, which translates to every 2 km within the city and every 6 km outside (see
Figure 5.2.
For more detailed information see chapter 1 in [30].

Figure 5.1

14-Jun-18

Network of EV charging points and BSM parking slots for electric
vehicles [30]
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Figure 5.2

Existing and proposed fast charging points [30]

5.1.1.2 Energy Use of Railway Network
Barcelona’s metro grid has more than 100 stations and transports nearly half a
million people per year. Additionally, there are two tram networks. In total, they serve
6 lines on 29.2 km of track.
Figure 5.3 shows the typical electrical layout, according to [30]. Charging stations
could be connected to the DC side, or to the high (with new transformer) or low
voltage side of the metro’s own AC distribution grid.

14-Jun-18
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Figure 5.3

Typical railway electrical layout [30]

In a next step, BSM facilities are searched that are close to a railway station. The aim
is to find parking lots where a connection to the railway grid is technically possible
and useful. For this reason, a map has been developed, combining both the
information about parking lots as well as railway lines and stations (see Figure 5.4).

For more information, especially about important selection criteria, see chapter 3 in
[30].
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Figure 5.4
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parking lots and railway lines [30]
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5.2 Technical implementation
The concept of connecting electric car charging stations to the local transport grid
has been technically examined in Oberhausen (connection to the DC grid) and
London (AC grid).
5.2.1 Oberhausen – Connection to DC grid
The following text is an excerpt taken from [31]:
“The existing DC tram infrastructure can also be used for fast-charging of other
electric vehicles like private e-cars and LEVs. Unfortunately, at the beginning of the
project there are no charging stations available on the market, which can be operated
with input voltages of 600/750 volts DC (+ 20% / ‐ 30%), allowing for the immediate
implementation of this technological solution/concept.
Hence STOAG in cooperation with the Energieversorgung Oberhausen AG (EVO)
decided to demonstrate how such fast-charging stations can be relatively cost
effectively implemented in cities and thus enhance the introduction of privately and
commercially used electric vehicles.
In November 2017 such three fast-charging stations, from polish manufacturer
EkoEnergetyka, were put into operation at the Oberhausen-Sterkrade train station.
The electric power is taken from with 750 V DC tram catenary and transformed for
the fast-charging stations powered with 50 kW usable by cars and LEVs. Via an
unlockable two disconnectable circuit-breaker (see cabinet no 1 in Figure 5.5), an
overvoltage protection and a catenary mast disconnecting switch the fast-charging
devices for the electric bus and the three charging stations for the road vehicles are
connected with the tram catenary. The special feature of this technical solution is that
the batteries can be recharged significantly faster than by a conventional
technology.“
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Figure 5.5

Schematic Sketch of Fast-charging for e-Vehicles from the Tram
Catenary at the Train Station Sterkrade [31]

The technical difficulty lies in the use of the highly fluctuating DC input voltage (750 V
+20%/‐30%).
Furthermore, the charger must be galvanically isolated, as normal electric cars (and
also buses) do not have double insulation.
An (dual or single) active bridge is used as the basic circuit to provide the required
isolation by means of a transformer. However, the exact structure, especially the
input side, is not known and in the responsibility of the manufacturer.

Figure 5.6

Possible circuit: Three-Phase Dual Active Bridge DC/DC converter

The concept itself has been successfully demonstrated.
Technically, the most important obstacle, however, is the absence of calibrated DC
current meters.
This makes it impossible to resell the energy quantitatively to an end customer with
legal security. As an intermediate solution there is the possibility of using a voucher,
with which a full charge, independent of the amount of energy, is made possible at a
fixed price.
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A valuable conclusion is taken from [31]:
“Pillar C Drivers and Barriers
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.
The deployment of fast-charging infrastructure for e-cars and LEVs powered from the
existing tram network has been successful in terms of getting a good understanding
of the technical and organisational issues to solve and the operation of the
infrastructure. The lessons learnt from this process have been valuable and can be
summarised as follows:
Policy/Strategical issues
 To utilize nationwide uniform solutions for fast- charging infrastructure/ services
for e-cars.
 To highlight the various funding and subsidies opportunities in a better and
more attractive way.
 It would be desirable if for the users standards would be available like e.g.
invoicing of costs incurred.
14-Jun-18
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Legal aspects
 There are still some points that need to be resolved like contract for invoicing
the charged energy at the shared charging station for e-cars powered from the
tram network
 To get a full permission from the verification authority (Eichamt) for the certified
DC counter is crucial in order to guarantee smooth operation of the charging
infrastructure.
 There is a lack of a legal basis to empower the responsible regulatory bodies to
monitor the parking situation (parking offenders) at the locations of the charging
points.

Technical/operational aspects
 It would be desirable if more suppliers would be available on the market.
 On the other hand the competing foreign suppliers are not familiar with German
standards/specifications and the associated technical documentation does not
always meet the contracting partner expectations. This results in a long initial
operation.”

5.2.2 London – Connection to AC grid
In London, the existing AC low-voltage infrastructure of the Underground is used to
recharge electric cars. Special attention is paid to trouble-free operation. For
example, the car chargers should not have any negative mains perturbations and
thus become dangerous for the LU network. Regulatory issues are not in the
foreground here, as no energy is sold on to third parties, but only used to recharge
internal fleet vehicles.
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Figure 5.7

Power quality [32]
figure on top:
figure in center:
bottom figure:
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voltage and current in phase and perfectly
sinusoidal (no distortion);
measurement at charging point: current clearly
distorted
generated Harmonics
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Figure 5.7 illustrates the term ‘power quality’.
Without any interference, current and voltage in the grid are in phase and perfectly
sinusoidal. Reactive power, caused by inductive and capacitive elements, generates
a phase shift between current and voltage. Fast-switching elements, such as those
used in today's battery chargers, chop up the current and thus distort the perfect
sinusoidal shape. This creates harmonics in the network, which are a multiple of the
fundamental oscillation and, in the worst case, can interfere with other devices.
For this reason, TfL performs power quality measurements at their LU grid connected
charging points. In doing so, they want to ensure that the repercussions are to an
acceptable extent.
The investigations are still ongoing (as of May 2018). First results can be found in the
final Use Case Report.

5.3 Legal framework
The legal framework is a very crucial issue within this Pillar and the biggest obstacle
of a business case.
5.3.1 Leipzig – Energy law study
A study was carried out by lawyers on behalf of Leipzig. The results are published in
the respective report. Some of the main findings will be summarized here, based on
[33].
The current practice is that the public transport operator is the final electricity
consumer and the PT grid is regarded as ‘black bock’ (see Figure 5.8).
If now this construction is changed in order to be able to release energy to the
outside in accordance with the law (e.g. to charge buses and cars), the situation
becomes considerably more complicated (Figure 5.9).
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Figure 5.8

Current Practice: PT grid as black box [33]

Figure 5.9

Future mobility requirements – a detailed look into the PT grid [33]
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If a more detailed look into the PT grid is taken, several questions arise [33]:
“Is there a suitable legal framework for
o energy storage?
o Recovery and use of brake energy?
o Charging e-buses and other electric vehicles with electricity taken from
the PT Grid?
o Selling of electricity to third parties?
o Feeding recovered brake energy and energy taken out of storage
facilities into the public electricity grid?
New challenges:
o How can PT operator distinct the different events of energy
consumption and energy generation?
o Set up of a coherent metering concept
o Distinction between discounted electricity consumption and nondiscounted energy consumption
o How can PT operator avoid multiple taxation and levies?
o New market role for PT operators: 1. energy utility and 2. operator of a
general supply network (that may underly regulation and supervision)
o Who operates charging points, who sells the electricity (and where
does the electricity used for the charging of vehicles come from?
o Interactions between PT grid and public electricity network”
If a public transport grid was used to deliver energy to third parties, it would
technically become a public distribution network and energy regulations apply (taken
from [33].
o Obligations towards other stakeholders (e.g. granting of grid access,
transparency, no discrimination)
o Network charges (EEG levy, tax)
o Reporting obligations
o Electricity fed into the public electricity network
 Balancing
 Grid services
 Power purchase agreement / exchange authorization
From a technical point of view, the absence of calibrated DC measuring devices
makes an energy-accurate billing impossible at the moment (see the experiences
from Oberhausen in chapter 5.2.1.).
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When taking a further detailed look into the system, from a legal point of view, every
event of regenerative braking would be understood as ‘electricity generation’ and a
distinction regarding the further use of the energy (traction for other vehicles, energy
to charge cars/buses) would be necessary. This would involve a technically
unfeasible measurement effort. This shall not be discussed in detail here. A detailed
description of this problem can be found in the final report of the lawyers.
The attorneys state the following general policy recommendations for multi-purpose
electric PT infrastructure [33]:
“Need for a clear framework that regulates the role of public transport operators
working on the intersection of mobility and energy:
o Clarity about requirements
o PT operators should not face risk to lose public subsidies
o New e-mobility related technologies and applications need to be
covered by energy
o law (energy storage, recuperation, etc.) without excessive
measurement
requirements
o Reduce complexity of legal requirements “

In summary, it can be said that the detailed implementation of (German) energy law
is from a technical point of view only extremely difficult to implement, since it would
require the use of countless, calibrated measuring devices that record practically
every energy flow in the local transport network. Among other things, this also
includes every braking process of a train vehicle, since this is theoretically an energy
generation process.
At this point, simplifying measures must be envisaged that also enable a technically
feasible implementation.
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