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Abstract: This paper shows the results of an in-depth techno-economic analysis of the public transport
sector in a small to midsize city and its surrounding area. Public battery-electric and hydrogen fuel
cell buses are comparatively evaluated by means of a total cost of ownership (TCO) model building
on historical data and a projection of market prices. Additionally, a structural analysis of the public
transport system of a specific city is performed, assessing best fitting bus lines for the use of electric
or hydrogen busses, which is supported by a brief acceptance evaluation of the local citizens. The
TCO results for electric buses show a strong cost decrease until the year 2030, reaching 23.5% lower
TCOs compared to the conventional diesel bus. The optimal electric bus charging system will be the
opportunity (pantograph) charging infrastructure. However, the opportunity charging method is
applicable under the assumption that several buses share the same station and there is a “hotspot”
where as many as possible bus lines converge. In the case of electric buses for the year 2020, the
parameter which influenced the most on the TCO was the battery cost, opposite to the year 2030
in where the bus body cost and fuel cost parameters are the ones that dominate the TCO, due to
the learning rate of the batteries. For H2 buses, finding a hotspot is not crucial because they have a
similar range to the diesel ones as well as a similar refueling time. H2 buses until 2030 still have 15.4%
higher TCO than the diesel bus system. Considering the benefits of a hypothetical scaling-up effect
of hydrogen infrastructures in the region, the hydrogen cost could drop to 5 €/kg. In this case, the
overall TCO of the hydrogen solution would drop to a slightly lower TCO than the diesel solution
in 2030. Therefore, hydrogen buses can be competitive in small to midsize cities, even with limited
routes. For hydrogen buses, the bus body and fuel cost make up a large part of the TCO. Reducing
the fuel cost will be an important aspect to reduce the total TCO of the hydrogen bus.

Keywords: electric bus; hydrogen bus; zero-emission buses (ZEB); city bus; public transport; total
cost of ownership (TCO)

1. Introduction

The deployment of battery-electric buses and hydrogen fuel cell buses within the pub-
lic transportation sector plays an important role in decreasing the exhaust gas emissions of
transportation [1]. The introduction of both technologies has accelerated quickly in the last
decade, influenced by national energy policies and driven by environmental requirements
more than by commercial considerations. With the subsidies from government funding,
many cities are increasingly committing to the electrification of their bus fleets [2].

Several studies show positive predictions for the introduction of zero-emission
buses [3–6]. One article makes an attempt to simulate the number of zero-emission buses
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(ZEB) in European Union (EU) member countries in two-time horizons: 2025 and 2030 and
to forecast the number of clean vehicles in the precise time horizons [3]. One study predicts
that the economic sustainability of the buses achieves parity with their fossil fuel equivalent
by 2030 when the indirect costs to human health and climate change are included [4]. One
other study shows that assuming battery-electric bus adoption beginning in the year-2020,
cumulative break-even occurs somewhere between 2030 and 2037 depending on the rate of
battery cost decline and diesel-bus purchase prices [5].

However, at the same time, a paper emphasizes that most European countries will
likely not be able to replace conventional diesel buses with replacement buses by 2050 [6].
As a result, the timing of the introduction of buses will depend on advances in technology.

The development of several charging methods is particularly important for electric
buses. With the pervasiveness of electric vehicles and increased demand for fast charging,
stationary high-power fast-charging is becoming more widespread, especially for the
purpose of serving pure electric buses with large-capacity onboard batteries [7]. Moreover,
recently, dynamic wireless power transfer (DWPT) technologies have been developed,
which enable buses to charge in motion and overcome the drawback (short service range)
with opportunity charging [8].

However, there are currently various barriers to the widespread adoption of electric
and hydrogen buses. The technical barriers of electric buses are mostly associated with
battery technology. A significant challenge is the relatively low energy density of batteries,
which is directly related to a price issue on buses [3]. Therefore, the recent development in
battery technology has increased the potential of electric buses to be a viable solution for
public transport. Additionally, already an attempt was made to compare the possibility
of the functioning of buses, trams, and trolleybuses socio-economic, environmental and
technological conditions [9].

However, there are several renewable bus technologies to choose between and it
can be difficult to know what alternative is preferable. So, one article developed a multi-
criteria assessment (MCA) method to support assessments of public bus technologies’
sustainability [10].

Specially, the results obtained by 12 m-long electric bus with the opportunity charging
model outperformed the others, although it usually implies more vehicles due to the
charging time spent on-route [11].

To commercialize electric buses, there are also significant considerations about the
construction of infrastructure. Various studies show about detail review of infrastruc-
ture [12,13]. One paper presents an electrical infrastructure planning method for transit
systems that operate with partially grid-connected vehicles incorporating onboard bat-
teries [12]. One other paper presents an exhaustive driving cycle and passenger load
sensitivity analysis for the most common city bus powertrain topologies [13].

Although the charging infrastructure and the battery capacity are in shortage to
operate electric buses popularly, it has sufficient effects as a means of public transportation
when used in the small downtown routes where the operation distances are short [14].
Moreover, the operation range remains a challenge for passenger electric vehicles but for
electric public buses it may not be considered as a problem if the operation of buses is well
managed in terms of charging and route planning [3]. Additionally, unlike diesel buses,
electric buses require a dedicated charging infrastructure for their operation resulting in
increasing the initial costs. This infrastructure, however, have a longer lifetime than the
buses and one charging unit can be utilized by several buses. Therefore, the eventual cost
impact on the life cycle cost of the bus fleet operation is not that remarkable [15].

Unlike battery buses, line configuration is not an economic driver for hydrogen bus
operations. The current range of H2 buses is sufficient to cover the expected daily mileage.
However, for hydrogen mobility, the supply infrastructure and the associated fuel costs
are of crucial importance. Its development is associated with high investment costs and
legal obligations (BImSchG, BetrSichV), which could be a hurdle for transport companies
for an initial small-scale trial of the technology. In this paper, to compare the costs of the
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internal combustion diesel buses with the costs of the electric and hydrogen busses, the
Total Cost of Ownership (TCO) has been evaluated. This value, expressed in €/km is of
fundamental importance since the economic performance will be the most crucial for the
future development of these new technologies [16,17].

There are only a few research studies that show a total cost of ownership (TCO)
analysis of alternative power train technologies for specific cities [1,15,18–23]. In each
case study, several scenarios specialized in the cities were presented, with each presenting
various research focuses. Some studies have focused on the placing of charging infrastruc-
ture of electric buses suitable for cities, and a scenario has been set with weight on the
charging schedule accordingly [1,21,22]. Particularly, in studies targeting small to midsize
cities, they have different strategies to build up several scenarios with the cost parameters.
They suggest specific scenarios according to an energy storage system replacement [16],
infrastructure construction cost [18], investment cost [19], and different battery types [20].

However, there is no comprehensive study presenting a future TCO scenario spe-
cialized in a small to midsize city by predicting the cost development trend of several
parameters, through a comparison of past and present cost for electric and hydrogen buses.
In this research, plenty of datasets based on market prices and multiple literature reviews
present the differentiation from other studies.

This study presents TCO models of city bus configurations to assess public transport
in a small to midsize city to be suitable for the transition to alternative power train tech-
nologies. Several TCO scenarios are examined in order to assess the influence of each factor.
As a result, the economical comparison to currently dominant conventional diesel city
buses can be conducted at a glance.

2. Methodology

The total cost of ownership (TCO) has been identified as one of the main decision
factors for the viability of investment for all types of buses [18,24]. TCO considers all
expenses linked to owning and operation of public buses and is used to calculate the cost
experienced during the entire life cycle [19,24].

TCO consists of purchase costs and the running costs for maintenance, operation and
fuel cost and infrastructure costs, including its CAPEX and OPEX, all with consideration
of their lifetime [25]. TCO has been calculated based on operational data and values from
literatures. Although various efforts have been made to calculate the TCO of electric and
hydrogen buses, in the literature, there is a lot of uncertainty in the estimation of TCO. As
those buses have not been manufactured yet in large-volume series, it is difficult to estimate
the related costs precisely. Additionally, because their production is not mature enough
when compared to conventional public buses, it is hard to estimate the technological
development of alternative buses in terms of costs [15]. In particular, differences in the
taxation policies of the energy in different countries make the overall cost calculation quite
difficult [15], but in this study they are not considered.

The TCO analysis presented in this study increases accuracy with the expansion of the
data pool obtained from detailed literature research. The flowchart of building up the TCO
model is given as in Figure 1. In order to establish TCO models, first an analysis of the
Offenburg bus line is required, which selects a suitable bus line to replace with electric or
hydrogen buses. For e-bus additionally, it should determine the battery capacity required
based on the total length of the line and the distance traveled per day.

With data from literature review, the annuity method is applied to calculate the
TCO. It is used to calculate present values considering interest rate and lifetime and
gain comparability of cash flows which differ in timing and amount. In this method, all
payments should convert into equal annual amount. This annual rate is called an annuity, a:

a = I0· fwg = I0
i(1 + i)n

(1 + i)n − 1
(1)



Energies 2021, 14, 4384 4 of 31

During the conversion, the investment I0 is multiplied by the annuity derivation rate,
fwg. The rate fwg is the reciprocal of the NPV factor, where i is the interest rate (or discount
rate) and n is the whole lifetime of the product.
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3. Bus System in Small to Midsize Cities
3.1. Structural Analysis in a Small to Midsize City in Germany: Offenburg

It is a well-known fact that there is a strong interdependence between settlement
structure and transport system. Spatial and settlement structures influence the demand
for transport to different degrees. For structural analysis, we chose a small to midsize city,
because mostly this kind of city does not offer a rail-bound local public transport system so
we can neglect the mode choice of users and its effects in the TCO analysis. In this respect,
our methodology is a generic one that can be applied to other small to midsize cities. A
common international definition of a small city is not available; therefore, we prefer to use
the term small to midsize cities which covers the cities with a population of up to 100,000.
Applicability of methodology to other small to midsize cities with similar settings and
comparability would be therefore straightforward.

In this section, firstly, traffic demand in Offenburg is analyzed, then the structural
characteristics of the bus system in the city of Offenburg and surrounding are evaluated
and possible transport lines for battery-electric and hydrogen operation are determined.
The results of these structural analyses are briefly presented in this section.

Offenburg is the largest city in the Ortenau district with a population of around 60,000
and as a regional center, is divided into central locations within the Southern Upper Rhine
region in Germany. The spatial distribution of the population among the neighborhoods
shows a typical picture of urban areas with high density in the center and relatively low
density in the suburban and rural areas. About one-third of the population in the city of
Offenburg is between 18 and 45 years old. Another third is between 45 and 65 years old.
Twenty-two percent of the total population is older than 65 and about 16.5% is between 0
and 18 years old. In the city of Offenburg, about 67% of households (30,264 in total) are
one- and two-person households, with the highest proportion of these in the city center.

An important indicator that explains the spatial-structural relationships in a quite
simple way is the commuter balance. As the headquarters of a large number of nationally
and internationally important small and medium-sized as well as large companies, the
city of Offenburg generates transport demand primarily through incoming commuters.
However, there are no current statistics on the modal split of commuters in Offenburg and
their detailed spatial distribution. To examine the transport demand and to scrutinize the
public transport system regarding the bus system and electrification, there is a need for
a detailed traffic model. In this study, we used a Germany-wide traffic demand model
VALIDATE (PTV Group) [15] which is commercially available.
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The VALIDATE traffic model is a calibrated model that provides car and truck loads
for the entire German main road network. It consists of:

- an attributed network model of the main road network,
- the traffic volumes and thus the demand (typical working day demand matrices

Tuesday–Thursday) for cars and trucks and
- the assignment of the demand to the network.

The network is derived from a digital road network (NAVTEQ) [26]. It consists of
about 2 million nodes, about 120 million links and 10,193 traffic cells. The traffic behavior
or traffic demand was derived from the national survey data [27]. The resulting demand
matrices were calibrated with the data (based on the counted cross-sectional traffic volumes
DTVw) from 70,000 counting points. Subsequently, this traffic demand is assigned to the
network using the VISUM traffic modeling software (PTV Group) [28]. As a result of this
assignment, information is available on route choice between source-destination relations
and hourly as well as (work-) daily loads.

After the traffic assignment, there is a demand for approx. 8 million relations that are
used throughout Germany. Each relation has information about the routes used, which
consist of several nodes and edges. Since traffic is always destination-oriented and purpose-
bound, conclusions can be drawn from Figure 2 about the activity patterns in Offenburg
and the surrounding area. With more than 20,000 trips per day (marked in red), the city of
Offenburg is of course one of the most important traffic generators in the region.

Furthermore, the commuter links (black bars) show that the majority of commuters
commute between neighboring cities. The share of commuters who commute far beyond
the municipal boundaries is lower in comparison.

Basic analysis of traffic demand gives us sound information about the travel patterns
of private transport in the region. However, we need additional information on the public
transport system in the region, to completely understand the demand structure and to
define the lines to be electrified. Therefore, in the second part of the structural analysis, we
evaluated the public transport system in the region.

Main data resources for the analysis are the data extracted from the central stop
directory (zHV) [15] and individual timetables of the existing lines.

The structural analysis follows the following steps:

1. Processing of data from zHV

# Conversion of csv tables (information about stops regarding coordinates, oper-
ator, name . . . ) into GIS format.

2. Digitization of the existing timetables

# Conversion of pdf tables into table format

3. Merging of the stops and timetables in GIS

# Assignment of the stops or lines to the respective timetables

Since the data about routes on the road network are not available, they are additionally
generated by digitizing the stops and timetables, in which the stops are mapped as point
feature in GIS and their coordinates are used to query the route between each stop via
Google Directions API.

Furthermore, service frequencies of the lines are derived from the above-mentioned
digitized schedules, i.e., number of trips per weekday/weekend are aggregated between
stops. In this way, the trip lengths of the lines are presented differentiated by time (Veh.
km/day/week/year). This information forms the core of the structural analyses.

After an evaluation of the detailed analysis of the characteristics of the structures
presented here, the following evaluation criteria emerge for the selection of lines with
hydrogen and battery electric operation:

- Accessibility
- Potential of modal shift
- Quality of infrastructure
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Accessibility can be considered as a spatial as well as a social, economic, psychological
or legal phenomenon. In this study, we define the accessibility as an indicator of the
connection quality of the transport system. Here we use the proportion of the population
living within a certain radius of the stops to determine accessibility. According to the
simple accessibility indicator, almost all districts in Offenburg and the surrounding area
are within a 500 m radius of a bus stop.

From the population’s point of view, the attractiveness of the public transport service is
mainly measured by the accessibility and connection quality of the public transport system.
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The concept of modal shift is generally based on the idea of shifting transport demand
from private motorized transport to public transport and/or non-motorized transport.

Modal shift measures are usually based on a combination of push and pull factors:
users are persuaded to change their mode of transport if the benefits of choosing a more
environmentally friendly alternative or an alternative that makes more sense for society
as a whole exceed the benefits of choosing their own car. Measures that increase the
attractiveness of public transport or bicycles thus “pull” demand away from private cars.
Conversely, appropriate measures (such as 30 km/h zones and parking management) can
make private transport less attractive (=push).

Approaches to modal shift reach their limits wherever individual stages of typical
trip chains are particularly car dependent. Conversely, measures that make car use less
attractive for individual trip chains (such as consistent parking management in the city
center) can also influence the model choice of individuals in favor of public transport.

In this context, the degree of car dependency and the accessibility quality were used
as decisive criteria for the shift potential. As shown as synthesis map in Figure 2, some
districts in Offenburg and the surrounding area have potential for modal shift. The areas
marked in red have a high dependency on private car (high traffic volume) and a relatively
poor degree of public transport infrastructure in terms of connectivity. The areas marked
in yellow also have a very high traffic volume, but at the same time a good degree of
connectivity and accessibility. In this context, it would make sense to convert the lines
operating in the areas marked in yellow to hydrogen and battery-electric propulsion.

In summary, the decisive characteristics for the selection of suitable lines are the
annual mileage of the lines (thereby, among other things, reducing pollutant emissions
possible), routing through the city center (quiet and clean ride) and the potential of higher
passenger numbers. In particular, the city bus lines (S1 to S9) and the regional line (R106)
would be recommended for operation with hydrogen and battery-electric vehicles (Figure 3,
Appendix A).
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Besides evaluating various structural characteristics for selecting suitable lines, an-
other aspect, namely, acceptance, is a very important factor affecting the use of suggested
lines with hydrogen and battery electric powered bus systems.

3.2. Acceptance Study in a Small to Midsize City in Germany: Offenburg

In addition to the evaluation of various structural characteristics of the city of Of-
fenburg, insights from the population residing in the region are also an important source
of information when it comes to the findings on the acceptance of hydrogen and battery
electric powered bus systems. The use of such vehicles has been widely discussed in
recent years. However, at present, they are still an unknown means of transport among
the population. Only a few have already tested or observed such a vehicle. In this study,
we have also conducted CATI and on-site surveys to investigate existing knowledge of
hydrogen and battery electric buses among the population, their acceptance, and intention
to use them.

Figure 4 shows the result of a questionnaire about Offenburg citizens’ acceptance
of the hydrogen bus from 150 participants. Overall, the evaluation outcome of H2 buses
was very positive. As can be seen in Figure 4, a large proportion of respondents rated
H2 buses as a sustainable, environmentally friendly, and attractive means of transport. In
addition, respondents expressed that they would like to ride H2 buses and consider them
an environmentally friendly means of transportation and would be proud to use them.
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Figure 4. Result of questionnaire about Offenburg citizen’s acceptance with hydrogen bus.

This suggests that there is a demand for eco-friendly buses from citizens, which
motivates this study.

4. Electric Bus Implementation
4.1. Vehicles Costs

The purchase cost of the electric bus is largely divided by different charging methods.
This study focused on depot charging and pantograph charging electric buses. The depot
charging method is the most widely used and is also called overnight charging because it
is a method of charging the bus at nighttime when is not operating. Pantograph charging
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uses roof-mounted equipment that charges completely the battery system within minutes,
consistent with the concept of opportunity charging, which charges several times a day
during run time [29].

Table 1 shows the costs for the individual vehicle components of these two charging
systems. The base vehicle body has no cost differences due to a high degree of technical
consistency. For a diesel vehicle, the drive system cost must also include an automatic
transmission and exhaust gas after-treatment systems, whereas these are not required for
an electric bus. However, in addition to the electric motor, significantly more complex
power electronics are required, which account for a significant part of the costs for electric
buses [30].

Table 1. Purchase costs of electric battery buses for two different charging methods.

Category Overnight Charging
E-Bus

Pantograph
Charging E-Bus Unit

Vehicle body 210 210 k€
Drive system and power

electronics 105 105 k€

Bus side charging components 5 15 k€
Total costs 320 330 k€

Figure 5 shows the investigated costs of 12 m e-bus, varying from 235,000–420,000 €
without batteries. Most research papers refer that purchase costs of electric buses are
2.5–3 times higher than diesel buses [22,31], but they consider battery costs. The average
price is around 300,000 €, with little change in price compared to the average price five
years ago and today [1,18–22,31–33].
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Figure 5. Purchase costs of 12 m electric buses excluding the batteries.

Since this report separately calculates the impact of each factor on the bus on the price,
we attempt to separate the price of the battery and the vehicle body. Nevertheless, since
many studies report the price of an e-bus including batteries, it was used to determine the
suitability of the expected body price.

Figure 6 shows the investigated costs of e-bus, varying from 430,000–750,000 € with
batteries [20,29,34–37]. Unlike Figure 4, the change in bus price from 2009 to 2018 is
remarkable, and this is expected to be due to the change in battery price. The vehicle cost
including the battery in 2020, was calculated based on a 260 kWh electric bus with a body
price of 300,000 € and a battery price of 667 €/kWh. Looking at the trend of e-bus price
fluctuations, it can be seen that the expected value is reached in 2020. In other words, the
price of the bus body, which is already expected to be around 300,000 euros (Figure 4), is
expected to be a possible price in light of the trend of falling battery prices, which will be
studied in more detail by looking at the change in battery price in the next section.
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Figure 6. Vehicle body cost including the batteries in the past decade from 2009 to 2018 vs. expected
price in 2020 [20,34–38].

4.2. Battery Prices

The battery of an electric bus is a major price driving element in the TCO model.
Additionally, electric energy storage systems have a limited life of around six–seven years,
which is usually half of the life of electric buses. However, unlike the costs of electric buses,
battery price showed a high reduction in the last 10 years. With the increasing demand for
lithium-ion batteries from electric vehicles, the battery manufacturing industry is growing
up dramatically, which puts pressure on battery prices [29].

However, the battery technology still has not been mature enough in terms of durabil-
ity, costs and energy density for a breakthrough of large-scale commercialization of electric
city buses. Therefore, the improvement of battery costs is expected since the technology is
still developing [15].

Figure 7 presents an overview of different estimates reported in 2008–2018 to trace the
costs of Li-ion battery packs from battery electric vehicle manufacturers. The data points
reveal that costs are coming down, but with large uncertainties on past, current and future
costs of the dominating Li-ion technology. Learning rates based on an experience curve
following from cumulative installed Li-ion battery storage capacity have been estimated to
between 15% and 16% in the reviewed literature. The rate of decline for market leaders is
much lower than for the whole industry and has declined by 10% annually [38].

The issue here is that the price of the battery is often mixed with the batteries on
the personal electric vehicles and the buses. E-buses have different battery pack prices
compared with personal EVs. However, because the technology development of battery
affects both EVs and e-buses, the outlook presented in the study still can be considered to
measure the downward trend.

Bloomberg New Energy Finance (BNEF) 2018 study shows reliable battery price data
that are consistently mentioned in several papers and include forecasts till 2030 [29]. The
price for battery packs overall has fallen by 24% since 2016 and 79% since 2010. The historic
learning rate for EV lithium-ion battery prices from 2010–2018 was around 18%. Based on
this, expected battery prices continue to decline, reaching 86.4 €/kWh ($96/kWh) in 2025
and 63 €/kWh ($70/kWh) in 2030 [29].
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Figure 7. Li-ion battery pack costs based on data from literature reviews.

However, there is a huge gap between battery pack costs in the academic literature and
actual supply prices in the real e-bus battery market. As storage technology advances, rapid
declines in prices are emphasized in all studies, but the actual market price of batteries
applied in bus purchases is far from the expected drop in the research.

In 2018, actual market prices for high-capacity batteries range from 600–700 €/kWh.
Low-capacity batteries, commonly used for pantograph charging, are priced from
1000–1200 €/kWh [18,21,30,39,40]. This value was confirmed even at meetings with various
e-bus manufacturers, and it is determined to be the actual price. Although the results of
many studies of the literature review are two–three times higher from the actual prices,
they are meaningful because they allow us to look ahead to a price trend.

4.3. Energy Consumption

The choice of the size of the battery in an e-bus depends heavily on how many
kilometers per day it will be required to run. Therefore, in the largest cities, where the daily
distance travelled by a bus can often exceed 300 km/day, operators are more likely to deploy
e-buses with larger batteries, but small to midsize cities with average driving distances of
around 160 km/day, are better served by cheaper e-buses with smaller batteries [29].

In addition, these small batteries provide the vehicle with high energy consumption.
Figure 6 shows the vehicle efficiency of the e-bus from 2015 to 2018.

In Figure 8, the fuel efficiencies presented in several reports range from 0.675 kWh/km
up to 2.1 kWh/km [2,29,31,41–45]. In particular, the efficiency of the 374 kWh battery
model proposed by Chinese electric bus company Brand Yutong in 2018 [44] is 1 kWh/km,
reflecting the latest technological growth. That is, as of 2018, the average efficiency value is
1.3 kWh/km, but due to the predicted growth, the energy consumption value in this report
is defined as 1.1 kWh/km.
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Figure 8. Energy consumption of electric buses from 2015 to 2018.

4.4. Electricity Price in Germany

The flow of electricity prices has a significant impact on the TCO results. Figure 9
shows BDEW’s electricity price analysis for 2019 and future outlook according to EEG
surcharge. Electricity prices up to 2019 represent prices charged to companies with an
annual consumption of 160 MWh to 20 GWh [46]. Electricity prices have been rising until
2019, but the main reason in recent years is the EEG surcharge. Particularly in the period
from 2012 to 2015, the EEG surcharge was strongly influenced by shifting effects between
the years [41,46].
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Figure 9. BDEW electricity price analysis 1998–2019 and EEG surcharge changes up to 2035, and 1 ct
(cent) defined as 0.01 €.
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Given the expectation of a high EEG account surplus, it can be assumed that for the
future the surcharge will remain essentially stable. In this study, it is assumed that the
electricity trading price remains constant after 2019. As a result, the total price of electricity
also declines as the EEG-surcharge decreases, reaching 16.63 ct/kWh (0.1663 €/kWh)
in 2035.

4.5. Electric Bus Operation Conditions for Two Scenarios

In response to citizens’ demand for emission-free buses and the trend of other cities
that are moving to e-bus, the Offenburg city is considering introducing a new type of bus
to reduce greenhouse gas emissions.

In this city, sixteen 12 m-buses and two articulated buses operate in bus line S1 to S9
on weekdays. With bus line analysis, we present an approach to analyzing the costs and
benefits of electric bus fleet operation concerning different charging scenarios.

- In the first scenario, only one depot charging station is placed for 2 electric buses.
- In the second scenario, 5 depot or 1 pantograph charging stations are considered for

11 electric buses.

The analysis is focused on minimizing the total cost of ownership (TCO) depending
on the cost parameters. The bus size, route duration and energy consumption are constant
to make fair comparisons. Even though we only consider a case example, and the results
are not universal, it gives an overview of cost analysis for public electric buses in a small to
midsize city.

4.5.1. Depot Charging: 2 Buses Scenario

Offenburg city bus lines S5 and S7 are the shortest of all the bus lines and have rarely
high hills. In respect to the structural analysis, these two city bus lines are chosen as focus
in the “2 buses scenario” for battery electric buses.

In Table 2, the daily route is 169 km long per vehicle, and therefore required capacity
is 185.9 kWh considering energy consumption of 1.1 kWh/km. Since depot charging
maximizes bus usage by charging once a day at night, extra capacity is required for safety
reasons. Moreover, by way of precaution, for waiting time for passengers to get off and on,
or for an unexpected stop or accident, an additional capacity of the battery is required to
be calculated. Therefore, by adding up around 30% of the total, 260 kWh was determined
as the capacity of mounted batteries for the route S5 and S7.

Table 2. Line information of line S5 and S7 for 2 buses scenario.

Category Mon.–Fri. Sat. Unit

Daily distance 169 125 km/day/vehicle
Required capacity, energy consumption: 1.1 kWh/km 185.9 137.5 kWh/day/vehicle

Required battery capacity 260 200 kWh/day/vehicle
Number of days per year 261 52 day
Required number of bus 2 1 vehicle

4.5.2. Pantograph Charging: 11 Buses Scenario

Pantograph charging allows fast charging with high power from 300 to 450 kW, with
short waiting times at the bus stops. Because one charging station can handle around
10 buses or more with controlled operation schedules, switching to the electric bus as much
as the charging station can afford, minimizes costs.

All city buses pass through the Offenburg central station. The time and distance to
reach the destination and return to the station are different for each line (Table 3). S5 and
S7 have the shortest route, and S6 and S8 have two to four times longer routes than other
lines. Based on that, for line S6 and S8, the battery capacity requirement is higher, and the
charging time is also longer than others.
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All buses stop just for around 2 min at the bus stop in front of train station. In addition,
because about 10 buses have to share one charging station, buses that take a long time to
charge are not suitable for pantograph charging.

Table 3. Line information of line S5 and S7 for 2 buses scenario.

Line Required
No. of Bus

Route
[km]

Duration
[min]

Required Capacity
[kWh]

Charging Time
[min]

S1 2 7.5 29 8.25 1
S2 2 7.7 26 8.47 1
S3 2 8.9 27 9.79 1
S4 2 7.3 32 8.03 1
S5 1 2.6 12 2.86 0.5
S6 2 34 50 37.4 6
S7 1 3.4 14 3.74 0.5
S8 2 16.6 52 18.26 2
S9 1 10.2 40 11.11 1.5

The battery pack of the bus produced by each manufacturer has a certain capacity, and
in the case of the pantograph model, it is approximately 90 kWh. Additionally, if it has an
insufficient capacity, the C-rate will be too high during fast charging. This puts a strain on
the battery and causes a rapid shortening of its lifespan. Technical issues are not covered in
detail in this study, so further discussions are required. Of course, there are lines that can
be arranged with a smaller capacity, but in the case of Offenburg City, since the bus is not
only responsible for one line but also is shared, it is not possible to choose a battery pack
with a different capacity for each line. Therefore, collectively, a 90 kWh battery pack was
employed in this study.

Therefore, with the exception of the two routes, the remaining lines can be recharged
between a minimum of 30 s and a maximum of 2 min once every hour under a battery
capacity of 90 kWh and a charging power of 300 kW. That is, with proper rescheduling, a
single charging station can handle all 11 buses running on routes S1–S5, S7, and S9.

4.6. Economic Parameters for E-Bus Scenarios

The values of the variables required for each scenario were determined based on liter-
ature reviews. Parameters related to the depot/pantograph charging bus and parameters
of the diesel bus to be compared with the results of the electric bus TCO were set.

4.6.1. Depot Charging Scenario

Table 4 presents the CAPEX parameters for the bus procurement for overnight charg-
ing bus type, as well as the respective battery costs in 2020/2030 and the cost of the
depot-charging station, including the grid connection and construction expenses, as well as
an additional cost for a power transformer. Moreover, as OPEX parameters, the electricity
cost and maintenance and operational costs for bus and charger respectively are included.

Table 4. Economical parameters for the depot charging scenario.

Parameter Value Unit

Vehicle cost in 2020 300,000 €
Vehicle cost in 2030 250,000 €
Battery cost in 2020 667 €/kWh
Battery cost in 2030 100 €/kWh

Depot charging station cost in 2020 28,500 €
Depot charging station cost in 2030 18,500 €

Grid connection & Planning & Transformer cost 15,500 €
Electricity cost in 2020 0.181 €/kWh
Electricity cost in 2030 0.167 €/kWh

Maintenance & Operation cost (Bus) 0.11 €/km
Maintenance & Operation cost (Charger) 0.14 €/kWh

Interest rate 5 %
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The annual interest rate (or discount rate) for the scenario is determined as 5% by
currents research (Table 5). Therefore, in the analysis, all of the yearly costs were discounted
with discount rate, 5% using Equation (1).

Table 5. Literature review of discount rates for the TCO analysis.

Discount Rate, % Year Source

7 2007 [45]
3 2015 [46]
3 2016 [47]
7 2016 [47]
5 2017 [48]

2.5 2018 [43]
4 2018 [18]
5 2018 [21]

3.6 2020 [49]

4.6.2. Pantograph Charging Scenario

The categories of main parameters that affect the price of the pantograph charging
scenario are the same as the depot charging one. Compared to the overnight e-bus charging
method, the price of the opportunity charging bus is slightly increased by the charging
component [25].

In the pantograph charging, the prices of batteries are located in approximately twice
that of depot charging as Table 4 presents. Since the expected high-capacity battery price
in 2030 is 150 €/kWh, we assume that the low-capacity battery using for the pantograph
charging bus is 200 €/kWh based on empirical data (Table 6).

Table 6. Economical parameters for the pantograph charging scenario.

Parameter Value Unit

Vehicle cost in 2020 330,000 €
Vehicle cost in 2030 280,000 €
Battery cost in 2020 1200 €/kWh
Battery cost in 2030 200 €/kWh

Pantograph charging station cost 457,000 €
Coupling system and transformer cost 58,500 €

Maintenance and operation cost (charger) 5000 €/year

The lifetime of the bus varies from 10 to 20 years, but considering the total research,
12 years is a reasonable value for the e-bus lifetime. The battery service life is assumed to
be 6.5 years in 2020 and 7 years in 2030 for both charging strategies and subsequent battery
replacement. To calculate total annual infrastructure costs, the interest rate is set at 5%. The
CAPEX parameters are derived annually based on Equation (1).

5. Hydrogen Bus Implementation
5.1. Bus Fleet Sizing

While the overall range driven per day by each bus does not appear to be a crucial
parameter for assessing an opportunity charging based scenario with charging occurring
directly at bus stops, this becomes a crucial point for the hydrogen option. A refueling
event during the business hours would lead to unavailability of the bus which duration
cannot be neglected and would impact the bus services. This impact is more important the
more the refueling station is located outside the inner city, at the bus depot for instance.
To properly address this question, an Anylogic© based model was developed to simulate
the bus services based on public timetables and geographical data, taking the range of
hydrogen buses into account as limiting factor, as well as the impact on the bus services of
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a refueling event during operations if needed. The Figure 10 depicts the overall structure
of the model developed.
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We ran this model on each of the city lines (operating in the inner city only) and it
showed that the diesel buses could be replaced 1:1 by hydrogen buses (with typical range
of 350–400 km), which would refuel before or after their daily service, at a refueling station
likely to be located in or close to the bus depot. Beside this, the overall mileage driven by
each bus yearly was also part of the results delivered by this model and summarized in the
Table 7.

Table 7. Summary of results generated by the model.

Line S1/S2 S3 S4 S5/S7 S6 S8 S9

Annual mileage
[km p.a.] 256,500 161,000 148,000 95,000 205,500 184,000 43,500

Number of buses required 4 2 2 2 3 2 1
Max Daily mileage per bus [km] 246 308 283 181 262 327 166

Annual H2 consumption
[T/y] 20.5 12.9 11.9 7.6 16.5 14.7 3.5

5.2. Vehicles Costs

The purchase of H2 buses is today still mostly linked to public funded projects. In
the TCO evaluation we propose in this paper, the data are based on current meta-studies
conducted throughout Europe. The data are based on the publications of the FCH JU
(fuel cell and hydrogen joint undertaking) and is related to demonstration projects such
as CUTE, HyFLEET, CHIC, JIVE1&2 [50], but also to manufacturer interviews. Since
2009, the cost of purchasing an H2 bus has decreased by more than 60% [50] and was
already below the FCHJU 2020 targets in 2018. Vehicle manufacturers foresee these costs
approaching the 400 k€ thresholds in the near future [50] while prices are expected to
remain relatively stable over the next decade according to a prospective study a Roland
Berger [51]. Nevertheless, the joint procurement strategy [52] pushed by the fuel cell
hydrogen joint undertaking (FCHJU) at a European level is expected to lower production
costs for hydrogen buses through increased production batch and optimized production
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chains. This approach is already developed at national level, as for instance in France [53]
and might contribute to effectively decrease acquisition costs for transport companies. The
FCHJU study NewBusFuel, which aggregated and analyzed 2017 results of recent reference
projects dealing with the implementation of hydrogen buses in the public transportation
sector across Europe, suggests 430 k€ as a benchmark from 2023 [54]. This value is taken as
the reference value for the reference scenario developed in this paper while a prospective
scenario with acquisition cost of 360 k€ each bus also considered for the 2030 horizon.

5.2.1. Specific Consumption

For the specific consumption of hydrogen buses, Ballard, one of the main providers for
fuel cells for buses reports an average consumption of “less than 9 kg/100 km” [55], also
taking the consumption of auxiliary (air conditioning, heating etc.) into account. The CHIC
project monitoring the operation of 54 fuel cell buses in Europe and Canada between 2010
and 2016 showed an average consumption of 9 kg H2/100 km for 12 m buses considered
in our study. This average showed however, significant variations depending on road
profiles, local climate, and general traffic conditions. While this value appears realistic
for current vehicles for the use case of Offenburg, targets set by manufacturer for the
coming years see a specific consumption below 8 kg/100 km. The FCH-JU also assumes a
gradual reduction of the hydrogen consumption to 7.6 kg H2/100 km in 2023. A reference
consumption of 8 kg/100 km was finally selected for the present calculation, in a slightly
conservative approach.

5.2.2. Maintenance Costs

The bus lifetime is set at 12 years of operation [54]. During this time span, the power
train consisting of the fuel cell, the buffer battery and some peripheral equipment is
assumed to be replaced after 6 years of operation. The assumed maintenance interval
and costs for this operation are summarized in the Table 8 and are sourced from the
NewBusFuel study [54].

Table 8. Parameters set for TCO calculation—hydrogen implementation.

Parameter Hypothesis

Bus-acquisition costs Current: 430 k€
Prospective 2030: 360 k€

Lifetime bus 12 years
Lifetime power train 6 years

Replacement power train Current: 50 k€
Prospective: 40 k€

Yearly bus maintenance costs (regular maintenance)) 0.11 €/km
Hydrogen specific consumption 8 kg/100 km

5.3. Fuel Costs: Hydrogen Onsite Production through Electrolysis

Different options exist for the sourcing of hydrogen required to operate the buses.
Hydrogen can be produced mainly from steam methane reforming (so-called gray or blue
hydrogen depending on carbon capture or not), or from water electrolysis. This later case
is generally preferred to decentralized applications aiming to produce hydrogen without
CO2-emissions. The subsequent condition is feeding the electrolyzer with renewable
electricity. In this paper, we assume the renewable electricity to be purchased at typical
market price with negligible premium. Two scenarios have been investigated in order to
evaluate the fuel costs based on onsite production and distribution through electrolysis.
The first relies on a techno-economic dataset reflecting the current technology and power
costs (reference year 2020), while the second bases on projections for 2030.

The component of the production and distribution installations were sized to be able
to supply the entire fleet of 16 buses while operating at 80% load. This leads to an installed
capacity of 800 kW electrolysis and a storage size of 500 kg to cover the supply of the whole
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bus fleet for one day (in order to achieve high reliability of the bus service even in the case
of a component failure). The general techno-economic assumptions are summarized in the
Table 9. For the year 2020, the electricity costs are assumed to be 0.18 €/kWh (see electricity
price data previously presented in the battery section). A second scenario was evaluated
for the year 2030, taking a reduction of the technology investment costs into account (i.e.,
electrolyzer and storage reduced by 30%), as well as a reduction of the electricity cost
(dropped to 0.1 €/kWh). The significant electricity cost reduction assumed here mainly
reflects the change in the German regulation which occurred at the beginning of 2021,
allowing to exempt electrolysis installations from paying renewable energy taxes (EEG) in
certain conditions.

Table 9. Parameters set for hydrogen costs calculation.

H2 Refueling Station Value Unit

Electrolyzer nominal power 800 kW
Specific energy consumption 55 kWh/kg

Nominal production rate 14 kg/h
Investment costs—electrolyzer 720,000 €

Maintenance costs—electrolyzer 3% % of investment costs
Investment costs—stack (2 replacements in 20 y

lifetime) 30% % of investment costs

Storage nominal pressure 440 bar
Storage nominal capacity 500 kg
Investment costs—storage 500,000 €

Maintenance costs—storage 3% % of investment costs
Buffer storage nominal pressure 20 bar
Buffer storage nominal capacity 5 kg

Investment costs—buffer storage 7500 €
Maintenance costs—buffer storage 3% % of investment costs

Compressor nominal power 50 kW
Investment costs—compressor 136,500 €

Maintenance costs—compressor 5% % of investment costs
Number of compressors 2 -

Based on this assumptions, the resulting hydrogen production costs were evaluated
to 13.1 €/kg in 2020 and 7.6 €/kg in 2030, assuming a discount rate of 5%. While these
values appear relatively high to make the hydrogen-based solution cost competitive, this
approach nevertheless enables to decarbonize this transport application while having no
impact on current operations organization. This fuel costs have been then used to perform
a total cost of ownership calculation at the level of the whole city bus fleet. Additionally,
a sensitivity analysis was later performed for the 2030 scenario to further investigate the
impact of fuel cost on the TCO for the hydrogen solution (fuel costs varying from 7.6 to
5 €/kg). Hydrogen infrastructure costs are indeed strongly impacted by sizing effects,
which lead to reduced costs. Assuming a broad development of hydrogen applications in
the region for the next decade, the resulting generation and distribution costs would be
significantly lowered by making benefit of scaling effects.

6. Diesel Bus Implementation

Cost-effective parameters of the diesel bus are also collected to compare the TCO with
the electric bus (Table 10). As one of OPEX parameters, the average price of a diesel bus
is set to 250,000 €. An important parameter in CAPEX on diesel buses is the diesel price.
The diesel market price in Germany for 2020 is 1.24 €/L and for 2030 is predicted to be
1.37 €/L. The diesel price for the public bus operated by the city should be different from
the selling price, but it was calculated assuming that the selling price includes the M&O of
the refueling station. Therefore, the M&O cost presented here purely refers to the cost of
the bus.
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Table 10. Economical parameters for the diesel bus.

Parameter Value Unit Source

Vehicle cost 250,000 € [56]
Diesel cost in 2020 1.24 €/L [57]
Diesel cost in 2030 1.37 €/L [57]
Vehicle efficiency 0.3904 L/km [58]

Maintenance and operation cost 0.25 €/km [59]

7. Results and Discussion
7.1. Battery Electric Bus
7.1.1. 2 Buses Scenario

The e-Bus TCO for the Offenburg bus lines S5 and S7 carried out an analysis for
2020 and 2030 simultaneously with the 5% discount rate. As a result, the TCO in 2020 is
2.026 €/km while the TCO in 2030 is 1.279 €/km.

In Figure 11, the remarkable difference between 2020 and 2030 is the battery prices. In
2030, battery prices share drops from 33% to 7% according to research trends. Therefore,
other factors take up a bigger share position; in particular, bus costs become about half of
the total share with 47%. The price of electricity has a larger portion than the price of the
battery, which exerts a greater influence on the total cost.
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Figure 11. TCO estimations for battery electric bus with depot charging: (a) in 2020; (b) in 2030.

7.1.2. 11 Buses Scenario

Pantograph charging can be used, assuming the city realizes economies of scale
through rapid electrification of public buses. The scenario was set with 11 buses that could
use one pantograph charging station at the maximum, focusing on the line suitable for the
electric bus previously determined, and the result is shown in Figure 12.
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Figure 12. Battery electric bus TCO results for 11 buses scenario with two charging methods.

Figure 12 represents that the pantograph bus scenario is more cost-effective than the
depot bus. Although the pantograph bus price is higher than the depot charging bus due to
the characteristics of opportunity charging, it requires smaller battery capacities that have
lower prices. Additionally, it is possible to cover the route with less electricity, resulting in
lower TCO.

In 2020, depot charging has a TCO value that is 0.26 €/km higher than pantograph
charging. However, in 2030, the difference between the two models is only 0.005 €/km,
due to fluctuations in battery prices. The pantograph batteries, which are just needed as a
small capacity, save a lot of money as of 2020, but the cost of the battery will be lower in
2030, so the cost-saving effect according to the capacity is not significant.

In other words, it is difficult to determine the advantage of the depot and pantograph
models in terms of price based on the TCO results in 2030. However, the pantograph model
has more managing and planning aspects, because the lines have to match the pantograph
availability. However, it has the advantage, that the vehicles can be charged during the day,
which will correspond better to PV feed-in, especially in the future with more renewable
energy sources.

7.2. Hydrogen Fuel Cell Bus

Data presented in Sections 5.2 and 5.3 serve as inputs for the TCO calculation, overhead
and personal costs excluded. As for hydrogen production costs, a discount rate of 5% was
again assumed. TCOs in €/km were calculated for the different bus lines both for 2020
and 2030. The TCOs reduction of roughly 30% for almost each line is mostly due to two
factors, the electricity cost reduction and the price drop of the investment costs linked to
the H2 technologies, which will strongly depend on their penetration rate into the market.
The TCOs computed values are summarized in Table 11. for datasets related to 2020 and
Table 12. for dataset related to 2030. Note that for S5/7 and S9, the maintenance costs
might be significantly lower as calculated due to the limited mileage driven by the buses
for operating these lines.
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Table 11. TCO calculated for dataset related to 2020.

S1/S2 S3 S4 S5/S7 S6 S8 S9

Bus €/km 0.757 0.603 0.656 1.021 0.708 0.527 1.115
FC €/km 0.077 0.061 0.067 0.104 0.072 0.054 0.113

H2 fuel €/km 1.048 1.048 1.048 1.048 1.048 1.048 1.048
M&O €/km 0.11 0.11 0.11 0.11 0.11 0.11 0.11

TOTAL €/km 1.992 1.822 1.881 2.283 1.938 1.739 2.386

Table 12. TCO calculated for dataset related to 2030.

S1/S2 S3 S4 S5/S7 S6 S8 S9

Bus €/km 0.633 0.505 0.549 0.855 0.593 0.441 0.934
FC €/km 0.061 0.049 0.053 0.083 0.058 0.043 0.091

H2 fuel €/km 0.608 0.608 0.608 0.608 0.608 0.608 0.608
M&O €/km 0.11 0.11 0.11 0.11 0.11 0.11 0.11

TOTAL €/km 1.412 1.272 1.32 1.656 1.369 1.202 1.743

For both scenarios the different TCOs of each line are strongly influenced by the
distance driven per year by each bus. Indeed, the more distance each single bus drives per
year, the less bus and FC costs will weight on the TCO.

Nevertheless, the decrease in the TCOs from 2020 to 2030 is mostly due to the reduction
in H2 production cost. Figure 13 shows how the costs are split. The results obtained for the
line S8 are represented, since it is the line for which the lowest TCO has been obtained for
H2 busses. The TCO goes indeed from 1.739 €/km in 2020 to 1.202 €/km in 2030.
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Figure 13. Hydrogen fuel cell bus TCO evolution costs for line S1/S2.

7.3. Comparison between Electric and Hydrogen Bus

The scope of the comparison of battery and hydrogen bus solutions with the exist-
ing diesel bus fleet has been limited to the inner-city bus system (so called city busses),
enabling to consider a captive fleet big enough to legitimate the erecting of a dedicated
fueling/charging infrastructure and consisting of busses with homogeneous characteristics.
Nevertheless, the further investigation of regional lines could likely reveal patterns making
them good candidates for a switch to hydrogen busses, while the implementation of a
battery-based solution for those lines might reach some limitations. Hence, the results
of this comparative analysis should not be interpreted as an overall statement on the
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competitiveness of one technology against the other, but rather on the suitability of the two
investigated solutions for a given network topology and fixed services requirements.

The TCO of the pantograph charging bus in 2020/2030 built up for 11 Offenburg city
buses. Figure 14 shows the result of the determined scenarios for the electric, hydrogen
and diesel buses.
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Figure 14. TCO estimations for 11 buses scenario: (a) in 2020; (b) in 2030 with the sensitivity analysis of battery prices for
e-buses and hydrogen costs for fuel cell bus in 2030 results.

In 2030, the pantograph charging bus is the cheapest, followed by depot charging
buses, diesel buses, and lastly hydrogen buses. In the pantograph charging scenario, the
e-bus cost accounts for the biggest share, followed by electricity prices and M&O costs.
Compared with diesel buses, TCO results are as low as 0.288 €/km for the pantograph bus.
In 2030, electric buses have a lower TCO than diesel buses are a result of the expected rise
in diesel prices and a massive drop in battery prices. The price of the battery is expected to
fall to 80% less than in 2020, which has the biggest impact on price changes.

However, these results are due to the scenario of using 11 buses that can make the
maximum use of the pantograph charging station. Depending on the number of buses, the
availability of the charging station will decrease, which increases TCO results.

The results for the H2 bus solution show higher costs compared to all other inves-
tigated solutions, notably for the 2020 scenario. The 2030 scenario shows a reduction of
the gap between the cost for the conventional diesel solution and the hydrogen solution,
despite 20% additional costs remaining for the hydrogen solution. This cost reduction is
mainly achieved by the reduction of CAPEX costs and the reduction of fuel costs achieved
by changes in the regulation for electricity consumption.

In addition, the Figure 14b shows the sensitivity analysis based on the 2030 model.
It gives an overview of how the values of the TCO model can change as the values of
various variables change. Variables to which price fluctuations are applied are battery
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prices for electric buses and hydrogen costs for fuel cell buses, and the range of each price is
determined by the minimum and maximum values based on past data and future forecasts
(Table 13).

Table 13. Sensitivity analysis of battery prices for e-buses and hydrogen costs for fuel cell bus in 2030
results.

Parameter
Battery Prices

for Depot Buses
[€/kWh]

Battery Prices for
Pantograph Buses

[€/kWh]

Hydrogen Costs for
Pantograph Buses

[€/kg]

Optimistic 50 100 5
Base 100 200 7.6

Pessimistic 150 300 10.2

Changes in battery prices in 2030 do not have a significant impact on electric bus
TCO results. Since it has already been predicted that the battery price will fall significantly
compared to 2020, the price fluctuation at the declined price is not large within the total
TCO in 2030.

However, for the hydrogen bus scenario, the benefits of a hypothetical scaling-up
effect of hydrogen infrastructures in the region are driven by additional demand beside the
Offenburg city bus system. The hydrogen cost as a result could drop to 5 €/kg. In this case,
the overall TCO of the hydrogen solution would drop to 1.206 €/km, which is lower than
the TCO for the diesel solution in 2030. In this case, the cost parity is achieved also for the
fuel cell bus. This technology switch would still have no impact on operations and still
allow full routes flexibility in the long term.

Additionally, more sensitivity analysis was performed based on the pantograph
scenario model which has the best results in 2030. It gives an overview of how the values
of the TCO model can change as the values of various variables change. Variables to which
price fluctuations are applied are price and lifetime of bus and battery, and the range of
each value is determined by the minimum and maximum values based on past data and
future forecasts (Tables 13 and 14).

Table 14. Sensitivity analysis of price and lifetime of bus and battery based on the result of pantograph
model in 2030.

Parameter Vehicle Body Prices
[k€]

Lifetime of a Vehicle
Body [Year]

Lifetime of a Battery
[Year]

Optimistic 196 15.6 9.75
Base 280 12 6.5

Pessimistic 364 8.4 3.25

Changes in bus and battery prices also have a major impact on TCO electric buses.
While the price of the battery changes from 200 €/kWh to 300 €/kWh from 50% to 150%,
the bus has a narrow price range of 70–130%, from a minimum of 364,000 € to 196,000 €.

The lifetime of buses and batteries are also key variables in the TCO model. According
to actual market research, e-bus can be used under proper management for up to 20 years.
The battery is also estimated to take 10 years to its nominal capacity falls below 80% of its
initial rated capacity. These increases in lifespan result in lowering the TCO.

Figure 15 shows the change in TCO result according to the change in lifetimes and
prices of the model. The induced change in the e-bus TCO is expected to drop and increase
by 0.148 €/km with the bus price changes. In the battery, a decrease, and an increase of up
to 0.024 €/km have less impact on the TCO than the bus, although the battery has even a
rather big price range.
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Figure 15. Sensitivity analysis in 2030 results: (a) vehicle body price and lifetime of e-buses; (b) battery prices and lifetime.

The result of TCO fluctuates also as the life expectancy of each e-bus and battery
increases. As the lifetime value increases, the TCO value decreases, so that, unlike the
previous price change graphs, the decline curve is drawn. The differences in e-bus lifetimes
affect more strongly TCO results than the other parameter because the price of the bus is
accounting for the biggest part as 47% of the total result from the pantograph charging
scenario in 2030. The lifetime sensitivity results of the battery do not cause a significant
change in the total TCO, because 7% accounts for a small portion of the result.

8. Conclusions and Outlook

Consequently, the TCO models can be used in finding economical solutions for a full
emission-free bus introduction into the public transport system. In the study, the depot
and pantograph charging electric bus, and hydrogen bus models were compared with the
diesel bus TCO. The results indicate that the short-range fully electric bus scenario with
shared opportunity charging infrastructure is the most economical solution in 2030.

However, the pantograph charging method is applicable under the assumption that
several buses share the same station. In Offenburg’s case, all 11 buses stop in front of the
train station, so there was no difficulty in selecting the location of the Pantograph charging
station. Therefore, for the analysis of other cities, finding a bus station where a certain
number of buses gather acts as an important key factor.

On the other hand, the H2 solution, while showing greater flexibility and having
less impact on current operations remains significantly impacted by higher CAPEX and
fuel costs for the current time. If the expected cost reduction targets are achieved in the
next decade, the main driver for the competitiveness of hydrogen solution would be the
fuel costs. A TCO parity with the diesel solution is reachable under the assumption of
large-scale hydrogen infrastructure, leading to decreased fuel costs making benefit of
economies of scale, while possibly serving different uses in the region, hence contributing
to decarbonize different sectors or applications. In the considered use case, the utilization
rate of the buses remains moderate in overall. Extending the use case to the operation
of hydrogen busses on the existing regional lines would possibly further highlight the
advantages of strength of the hydrogen solution in an integrated regional approach.

The main advantage of H2 buses is that they have a similar range to the diesel one as
well as a similar refueling time. That brings to an easier logistic approach, making possible
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the substitution of 1 diesel bus with 1 H2 bus, almost regardless to the topology of the
considered network/line.

The positive survey results of Offenburg citizens’ acceptance of hydrogen buses
(Figure 4) motivate the study and suggest that the city is ready for change. Based on their
increased requirements of emission-free buses, a bold decision of the city is needed to get
started with this revolutionary change in public transport.

This study is also related to other small to midsize cities, as these generally have
similar public bus lines and schedules. These public bus lines in small to midsize cities will
gradually increase economic competitiveness with alternative powertrains compared with
existing diesel buses.

Research can continue to support this transformation by taking into account the
complex relationships in public transport, and to make alternative powertrain city bus
transport a sustainable reality. Such a transformation necessitates changes in the value
chain of public transport with considerations of new business models, new traffic system
designs, and operations.
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Appendix A

Structure analysis for bus lines in Offenburg: the city bus lines (Table A1, S1 to S9)
and the regional lines (R106, R301) would be recommended for operation with hydrogen
and battery-electric vehicles.
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Table A1. Structure analysis for bus lines in Offenburg: the city bus lines (S1 to S9) and the regional lines (R106, R301).

Line S1: Albersbösch–Einkaufszentren/OT–Bahnhof/ZOB–
Ortenau Klinikum–Rammersweier–Zell-Weierbach

Abtsberghalle

Line S2: Alberbösch–Messe–Zentrum–Bahnhof-ZOB–
Kulturforum–Zell

Weierbach–Abstberghalle

1 
 

Line S1: Albersbösch–Einkaufszentren/OT–Bahnhof/ZOB–

Ortenau Klinikum–Rammersweier–Zell-Weierbach 

Abtsberghalle 

Line S2: Alberbösch–Messe–Zentrum–Bahnhof-ZOB–

Kulturforum–Zell Weierbach–Abstberghalle 

  

Line S3: Hildboltsweier–Messe–Zentrum–Bahnhof/ZOB–

Waltersweier–Weier 
Line S4: Windschläg–Bohlsbach–Bahnhof/ZOB–Landratsamt 

1 
 

Line S1: Albersbösch–Einkaufszentren/OT–Bahnhof/ZOB–

Ortenau Klinikum–Rammersweier–Zell-Weierbach 

Abtsberghalle 

Line S2: Alberbösch–Messe–Zentrum–Bahnhof-ZOB–

Kulturforum–Zell Weierbach–Abstberghalle 

  

Line S3: Hildboltsweier–Messe–Zentrum–Bahnhof/ZOB–

Waltersweier–Weier 
Line S4: Windschläg–Bohlsbach–Bahnhof/ZOB–Landratsamt 

Line S3: Hildboltsweier–Messe–Zentrum–Bahnhof/ZOB–
Waltersweier–Weier Line S4: Windschläg–Bohlsbach–Bahnhof/ZOB–Landratsamt

 

2 

  

Line S5: Bahnhof/ZOB–Ortenau Klinikum–Oberrh. Pflege-

Therapiezentrum–Aufstehungskirche 

Line S6: Bahnhof/ZOB–Zentrum–Messe–Uffhofen–Eigersweier–

Zunsweier–Diersburg 

  

 

2 

  

Line S5: Bahnhof/ZOB–Ortenau Klinikum–Oberrh. Pflege-

Therapiezentrum–Aufstehungskirche 

Line S6: Bahnhof/ZOB–Zentrum–Messe–Uffhofen–Eigersweier–

Zunsweier–Diersburg 
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Table A1. Cont.

Line S5: Bahnhof/ZOB–Ortenau Klinikum–Oberrh.
Pflege-Therapiezentrum–Aufstehungskirche

Line S6: Bahnhof/ZOB–Zentrum–Messe–Uffhofen–
Eigersweier–Zunsweier–Diersburg

 

2 

  

Line S5: Bahnhof/ZOB–Ortenau Klinikum–Oberrh. Pflege-

Therapiezentrum–Aufstehungskirche 

Line S6: Bahnhof/ZOB–Zentrum–Messe–Uffhofen–Eigersweier–

Zunsweier–Diersburg 

  

 

2 

  

Line S5: Bahnhof/ZOB–Ortenau Klinikum–Oberrh. Pflege-

Therapiezentrum–Aufstehungskirche 

Line S6: Bahnhof/ZOB–Zentrum–Messe–Uffhofen–Eigersweier–

Zunsweier–Diersburg 

  

Line S7:
Bahnhof/ZOB–Zentrum–Kulturforum–Auferstehungskirche

Line S8: Bahnhof/ZOB–Zentrum–Kreisschulzentrum–
Hochschule–Uffhofen–Eigersweier

 

3 

Line S7: Bahnhof/ZOB–Zentrum–Kulturforum–

Auferstehungskirche 
Line S8: Bahnhof/ZOB–Zentrum–Kreisschulzentrum–

Hochschule–Uffhofen–Eigersweier 

  

Line S9: Schulzentrum Nord–Bahnhof/ZOB–Zentrum–

Fessenbach–Zell-Weierbach Riedle 
Line R106: (Lahr–Offenburg-) Altenheim–Kehl 

 

3 

Line S7: Bahnhof/ZOB–Zentrum–Kulturforum–

Auferstehungskirche 
Line S8: Bahnhof/ZOB–Zentrum–Kreisschulzentrum–

Hochschule–Uffhofen–Eigersweier 

  

Line S9: Schulzentrum Nord–Bahnhof/ZOB–Zentrum–

Fessenbach–Zell-Weierbach Riedle 
Line R106: (Lahr–Offenburg-) Altenheim–Kehl 
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Table A1. Cont.

Line S9: Schulzentrum
Nord–Bahnhof/ZOB–Zentrum–Fessenbach–Zell-Weierbach

Riedle
Line R106: (Lahr–Offenburg-) Altenheim–Kehl 

4 

  

Linie 106_2: Schweighausen–Seelbach–Lahr–Altenheim (-

Offenburg–Kehl) 
Line R301: Offenburg–Altenheim–Kehl 

  

 

4 

  

Linie 106_2: Schweighausen–Seelbach–Lahr–Altenheim (-

Offenburg–Kehl) 
Line R301: Offenburg–Altenheim–Kehl 

  

Linie 106_2: Schweighausen–Seelbach–Lahr–Altenheim
(-Offenburg–Kehl) Line R301: Offenburg–Altenheim–Kehl

 

4 

  

Linie 106_2: Schweighausen–Seelbach–Lahr–Altenheim (-

Offenburg–Kehl) 
Line R301: Offenburg–Altenheim–Kehl 

  

 

4 

  

Linie 106_2: Schweighausen–Seelbach–Lahr–Altenheim (-

Offenburg–Kehl) 
Line R301: Offenburg–Altenheim–Kehl 
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