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Abstract - This paper presents a financial forecasting method
for innovative urban transport systems. The Monte Carlo
simulation accounts for future uncertainties such as
technology-related and market risks. The method is based
on a total cost of ownership (TCO) approach and exemplary
results are shown for the introduction of an innovative
electric bus system in the city of Berlin. The input
parameters are stochastically modeled including future
adverse events as well as favorable scenarios for the years
2013, 2020 and 2030. In contrast to determined future
scenarios which provide only discrete results, the probability
distribution of future system TCO is assessed. The
simulation reveals when alternative technologies reach the
TCO break-even. The results can be used to derive a
technology roadmap. Furthermore, using a suitable
visualization the decision-making process for complex
investments typical for technology changes (e. g.
replacement of a complete bus fleet) is supported.

Keywords - evaluation of innovative bus systems, forecasting
method, Monte Carlo simulation, stochastic model, TCO

I. INTRODUCTION

Driven by ecological issues such as noise exposure
and emission level as well as in view of the fact that fossil
fuel becomes increasingly scarce and expensive, growing
efforts to become less dependent from fossil fuels are
necessary. Concerning these matters, public transport
authorities are considering different options to decrease
the dependency on oil and to reduce emissions caused by
public transport particularly in conurbations:

a. grid bound electric trams or trolley buses
b. Dbattery-powered electric buses

Due to the lack of acceptance towards the installation
of new overhead wires in city centers and limited
operational flexibility, neither grid-bound tram nor grid-
bound bus operations are feasible options in many cities.
The achieved progress in the  battery-based
electromobility in recent years facilitates new options for
public transport authorities to cope with the mentioned
issues. Authorities around the globe are initiating electric
bus trials in order to evaluate a possible substitution of
deployed diesel buses. Fig. 1 shows feasible bus system
options for conurbations.
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Fig. 1. Feasible electric bus systems in conurbations.
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However, battery electric buses which are charged
overnight (typically in the bus depot) need very large
batteries which can easily add up to 5,000 kg to the curb
weight. This additional mass is a “no-go criterion” for
most practical applications. “Opportunity charging”
during the regular operation can solve this issue but it
adds extra complexity to the technology planning process.

Several research projects on electric buses with
opportunity charging have been reported but commercial
systems solutions are not available, yet. Battery
management, battery durability and capacity as well as
air-conditioning concepts and charging infrastructure have
to be improved before market entry.

Additionally, bus operators and mass transit
authorities are faced with high investment requirements
for the deployment of electric buses. For these future
investments several crucial uncertainties have to be
considered which leads to a more complex decision
making process. The occurrence of high investment
requirements paired with future wuncertainties is
characteristic for innovative technologies. In the context
of the electrification of urban buses the uncertainties are
caused by technology-related risk such as a shortened
battery lifetime causing high battery replacement costs
and market uncertainties expressed by unpredictable
developments of energy prices.

Nowadays, the public transport sector tends to make
investment decisions based on valuation methods
considering determined future scenarios without assigning
a probability to the respective outcomes. The
contemporary research publications reveal a lack of
appropriate valuation methods acknowledging
uncertainties associated with innovative electromobility
technologies. This paper focus on the demonstration of a
financial valuation model supporting the decision making
process in context of electric urban bus systems by taking
uncertainties into account. The problem of transport
authorities assessing the future cost of diesel- and electric-



operated buses under uncertain conditions and deriving an
investment decision are addressed by this paper.

The financial model is based on a total cost of
ownership model advanced by a forecasting approach
applying probability distributions. On the basis of a
current electric bus project in Berlin, Germany a financial
forecasting is conducted for a diesel bus as well as for an
electric bus system involving fast-charging technology
[1]. The applied approach implies the determination of the
main cost drivers featuring a relative high degree of
technical and price uncertainty. Subsequently, a Monte
Carlo simulation is conducted in order to assess the
possible probability distribution of future TCO outcomes.
The following sections outline how the application of
Monte Carlo simulations benefits the technology
assessment by considering uncertainties. The stochastic
method is demonstrated for technology planning in the
field of battery electric bus systems.

II. METHODOLOGY

For the TCO forecasting, a stochastic system
simulation is employed. The basis of the system
simulation is a stochastic model, which represents the
system structure and stochastically modeled input
parameters, representing the boundary conditions of the
system.

As a first step the TCO model of diesel and electric
bus systems is derived from the E-Bus project in Berlin,
taking technical and price uncertainties of main cost
drivers into account as seen in Fig. 2.

By modeling the system with its elements,
relationships and boundaries in a system model [2], the
structure of the system becomes more transparent and
manageable. It allows finding interdependences,
sensitivities and possible threshold values.
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Fig. 2. Composition of the applied TCO model indicating the
stochastic input parameters.

The system structure is derived from system
engineering approaches such as the design structure
matrix. Based on the system structure a deterministic
Monte Carlo model can be defined. Input parameters are
stochastically modeled variables which are driven by out-
side influences. The model is not static due to changing
conditions and has to be updated continuously.

As a second step, three scenarios are defined,
describing the input parameters of diesel and electric bus
systems for a current scenario in 2013, for a possible
scenario in 2020 and finally for the year 2030. The
assumptions for the year 2013 and the forecasted
scenarios for 2020 and 2030 are derived from the
mentioned project and validated by recently published
research papers [3], [4], [S], [6]. Recognizing the
uncertainty within the input parameters, a price range for
each input parameter is determined consisting of an
optimistic (0), most likely (m) and pessimistic (p) value.

As a third step the key cost drivers, with relative high
uncertainties reflected by the span of the input parameters,
are identified by means of a regression analysis. It is
important to state that the parameters showing a high
degree of uncertainty are also main cost drivers. This
circumstance underlines the necessity of assigning
probabilities to possible TCO outcomes depending on the
volatility of the input data. The variation of estimated
parameters results from several price-affecting factors.
Hence, different assumptions on production scenarios and
technology readiness lead to a range of possible
economies of scale and cost degressions. In particular,
these technical uncertainties are in evidence considering
innovative technologies such as electric bus systems.
Furthermore, price uncertainties of operating cost for
diesel or electricity consumption lead to forecasts with
low confidence. Back-testing of oil price forecasts
revealed a significant lack of accuracy [7]. In order to
cope with these uncertainties the ranges of the input
parameters were derived as mentioned from several
different sources. The cost drivers are shown in Table I.

For modeling the input parameters, the project
evaluated and review technique (PERT) [8] is used. PERT
has its origin in the military network planning. The
technique is widely used to plan projects under
uncertainty which is typically the case in R&D programs.
As an input for the PERT distribution estimations of the o,
m and p-value for input parameters are carried out. With
these three parameters and the factor k, which represents
the weight of the most likely scenario, a beta-distribution
is derived [9].

The expected mean value of the Beta-PERT
distribution can be obtained from:
__ otkm+p
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With the standard deviation of a Beta-PERT distribution:
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TABLE 1
KEY COST DRIVERS WITH A HIGH DEGREE OF UNCERTAINTY

2013 2020 2030
Min. Exp. Max. Min. Exp. Max. Min. Exp. Max.
Battery system 120 140 280 60 72 144 15,5 25 50
60kWh [T€]
Diesel price [€/1]* | 0.90 1.10 1.30 1.07 1.37 1.73 1.20 1.68 1.90
Electricity price 0.09 0.11 0.12 0.12 0.13 0.15 0.13 0.15 0.17
[€/kWh]*

*industrial prices for public transport companies in Germany

Input data can be obtained from internal or external
studies, as well as subjective expert estimations.

Specialized internal or external experts with specific
knowledge in a particular field (e. g. battery technology)
can estimate certain input parameters even if they do not
have a grasp of the entire system. This is an important
enabler for an effective information search. The stochastic
modeling and simulation of other key performance
indicators have been described in more detail by
Spangenberg and Goehlich [10].

As the fourth and final step, the TCO model including
the parameter variations is employed to provide the input
data for the stochastic modeling. Based on stochastic
input data the stochastic distribution of the TCO is
iteratively compute by the Monte Carlo simulation.

III. STOCHASTIC TCO SIMULATION FOR THE
E-BUS BERLIN PROJECT

The E-Bus Berlin project is quite a representative use
case for the methodology presented. The project aims to
electrify a complete urban bus line in the city center of
Berlin as seen in Fig. 3.

Investing in new types of vehicles is a high-risk issue
for public transport authorities. On the one hand the
vehicles should be compatible to existing operational
procedures. On the other hand the new technology should
be upscalabe to a significant share of the fleet, because
diversity in a fleet leads to higher cost of maintanance and
operation. Therefore a long-range technology roadmap is
needed to plan vehicle investments, technologies and
ressources required, based on the expected market trends.
Strategic decisions in the technology roadmapping
process are based on the TCO forecasts. Based on the
track profile, the systems parameters like energy
consumption, milage and battery size are defined.

Fig. 3. Bus transportation in Berlin city center [11].

For each of the three most uncertain factors with the
highest impact on the TCO three values are defined as
shown in Table 1.

Electricity prices show less volatility than diesel
prices due to the growing share of renewable energies in
electricity generation, what makes the production cost of
renewable electricity quite predictable, because of their
long investment cycles and the high share of initial
investment cost. Moreover, investment cost and durability
of Dbatteries are quite uncertain due to unknown
developments in the battery research field. In the worst
case the durability of batteries is not sufficient over the
whole lifecycle, and thus causes high replacement cost.
This doubles the cost of batteries, represented by twice
the expected cost as a maximum value.

Based on the defined input parameters the TCOs for
the different technological system alternatives are
computed by a Monte Carlo simulation with 10,000
iterations using the software @Risk. The results are
shown as histograms with the TCO per kilometer on the
horizontal and the relative frequency on the vertical axis
as seen in Fig. 4, Fig. 5, Fig. 6 and Fig. 7.

IV. RESULTS

The resulting histograms for the years 2013, 2020 and
2030 as seen in Fig. 4, Fig. 5 and Fig. 6, respectively,
show that standard deviation of the TCO of the electric
bus systems will decrease over the years as well as the
gap to the diesel bus. This results from the decreasing
battery prices, relatively stable electricity prices and rising
diesel prices. One major benefit of the stochastic
simulation is that allows the identification of adverse
events, if all input parameters coincidentally feature
unfavorable events. Although they occur rarely, they can
cause serious consequences for companies and have to be
taken into account.
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Fig. 4. TCO of diesel and electric-bus systems for the year 2013.
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Fig. 5. TCO of diesel and electric-bus systems for the year 2020.
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Fig. 6. TCO of diesel and electric-bus systems for the year 2013.

Furthermore the predicted TCO-Delta between the
alternatives can be analyzed as shown in Fig. 7. In the
year 2013 there is a financial gap of 0.99 Euro per
kilometer, which is about 26%. As a result electric bus
projects have to be supported by governmental grant or by
company-intern cross-subsidization. The graph also
shows significant potentials especially for the years from
2020 on. In the year 2030 the electric opportunity
charging bus will likely be the most cost efficient
alternative.
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Fig. 7. TCO Delta development of an electric opportunity charging bus.

In the context of the investment cycles of circa ten years
public transport authorities should include these forecast
results in their technology roadmaps and should consider
to introduce innovative electric buses in their fleets well
enough in advance. One first step to establish electric bus
technologies could be in form of pilot projects.

V. DISCUSSION

Conventional financial valuation methods of
technologies are based on determined future scenarios and
provide only discrete financial results. The presented
approach accounts for future uncertainties such as
technology-related and market risks. The stochastic
simulation facilitates the valuation of complex innovative
systems and provides a visualization of the outcome
variation including assigned probabilities. This allows the
identification of extreme TCO values if all input
parameters coincidentally feature unfavorable events.

Using a suitable visualization the decision-making
process is supported for complex investments which are
typical for technology changes such as the replacement of
conventional buses in favor of electric bus systems.
Moreover, the simulation reveals when alternative
technologies reach a TCO break-even.

TCO is a major decision making criterion and the
results of the financial valuation can be used to derive a
technology = roadmap. However, supplementary
approaches are required to include non-financial aspects
such as social acceptance, environmental sustainability or
strategic intentions such as strategic alliances which
possibly also effect the final investment decision.

Applying the financial valuation method to an electric
bus project in Berlin showed that electric buses can be
operated without subsidies in the next decade. However,
due to the long investment cycles of urban buses
(typically 8-12 years) transport authorities should
consider to introduce innovative electric buses in their
fleets well enough in advance.
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