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Abstract: To manifest locally zero-emission operation in the railway sector, the classic electric
trains are not always the most favorable option. The optimum powertrain technology in terms
of technological, economic, and ecological targets is subject to various aspects. Depending on
the specific circumstances, the methodology outlined in this paper allows for the identification
of the most suitable variant through a technology-neutral assessment. Considering both the
vehicles and infrastructures, the approach with a scientifically sound and validated database
is a valuable tool in aiding an informed decision on the favorable alternative.
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1 Introduction

Rail transport holds the potential to be one of the most environmentally friendly forms of mo-
bility. Nevertheless, only about 56 % of the European railway network is electrified, employing
catenary lines to enable the operation of locally emission-free electric-powered railcars [1]. As
a consequence, 44 % is still largely served by diesel-powered trains, resulting in the emission
of large quantities of greenhouse gases and air pollutants.

Given the aggravating climate conditions [2], the European goal is to gradually decarbonize all
sectors and to achieve climate neutrality by 2050 [3]. With a standard operating life of 30 years
for railcars [4], existing DMU (Diesel Multiple Unit) must be replaced by sustainable propulsion
systems within the next 10 years. Electrification of the affected lines is therefore a logical
choice; however, it incurs significant costs for the acquisition and maintenance of the catenary
line. To compensate for this, the operation of EMU (Electric Multiple Unit) requires a high driv-
ing frequency and substantial transport capacity. This often does not apply to especially re-
gional lines in sparsely populated regions [5,6].

Accordingly, alternative technologies such as BEMU (Battery Electric Multiple Unit) and HEMU
(Hydrogen Electric Multiple Unit) are becoming appropriate possibilities to close the gaps in
electrification with zero local emissions. A major challenge for the converting of existing diesel-
powered lines is that there is a need for new vehicles and additional infrastructure. As the
various technologies all have their advantages and disadvantages, a universally optimal solu-
tion regardless of the area of application does not exist. Instead, the technologies must be
evaluated on a case-by-case basis considering the specific boundary conditions.
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Decarbonizing the rail passenger traffic has been addressed in several publications. Pagen-
kopf et al. [7] focus on the vehicles and examines the availability and suitability of battery-
electric and hydrogen-electric trains for use on non-electrified routes. In a rather simplistic way,
reference is made to the costs of purchase as well as the costs and emissions during operation.
A key message is that alternative forms of propulsion still face a lack of competitiveness
against conventional technologies. In turn, Herbert and Scholz [8] and Pertl et al. [9] discuss
the infrastructures required for an decentralized hydrogen-based operation of railcars. They
primarily concentrate on the economic and operational conditions of renewable hydrogen pro-
duction regarding potential areas of application. Both studies conclude that hydrogen technol-
ogy will become competitive by 2030. Moreover, they expect considerable cost reductions in
the long term, which could boost the use of hydrogen in the rail sector. A consideration of
vehicles and infrastructures can be found in Wille et al. [4], Klebsch et al. [5,6], Mller [10],
Wittemann and Meinelt [11] or Frank and Gnann [12]. In these, the technological and economic
evaluation of alternative propulsion systems is carried out on the basis of specific examples.
The quintessence is that the use of electric-powered trains via catenary line will continue to be
the most suitable option for a majority of applications in the future. Nevertheless, the battery-
electric and hydrogen-electric trains represent promising variants to serve in one case shorter
distances of 40 to 100 km and in the other case longer distances of up to 1000 km.

With respect to profound decision-making as to which alternative is in favor, this paper ad-
dresses a technology-neutral comparison of vehicles and infrastructures. The technologies are
subjected to a comprehensive and holistic analysis, taking into account technological, eco-
nomic and ecological aspects. As part of the proposed toolchain (see section 2), the evaluation
is based on a longitudinal dynamics simulation of the vehicles as well as a life cycle assess-
ment and a dynamic investment calculation of the technologies. Applying the specified bound-
ary conditions (see section 3), individual criteria such as greenhouse gas emissions, costs,
powertrain mass/volume, driving range and refueling/recharging time are estimated by means
of a valid database (see section 4). A use-value analysis finally helps to identify the benefits
and drawbacks of each technology.

2 Methodology

2.1 Longitudinal Dynamics Simulation

The starting point for this toolchain is a longitudinal dynamics simulation of the vehicles. In this
paper, it is primarily used to calculate the power/energy demand of the vehicle, which results
from overcoming all the driving resistances and supplying the propulsion system plus auxiliary
consumers. These auxiliary units encompass components such as those of the powertrain,
HVAC (Heating, Ventilation and Air Conditioning) or thermal management. The total required
power is thus composed of the power of the electric machine and the power of the auxiliary
consumers. This power must be provided by the on-board energy storage system. Taking into
account the efficiencies of the corresponding components, the energy demand results from
integrating the power over time. In fact, the actual energy consumption experiences seasonal
fluctuations due to heating or cooling of passenger cabins in winter and summer. This paper
focuses on the energy demand during the transition period, as it is representative of the aver-
age annual energy consumption of the investigated railway route.

Seite 2 von 13



18. Symposium Energieinnovation, 14.-16.02.2024, Graz/Austria

2.2 Life Cycle Assessment

The toolchain also includes a life cycle assessment to evaluate the environmental footprint in
terms of resource demands and greenhouse gas emissions of each technology. Beside the
vehicle, the analysis considers the required infrastructure. The basis for the analysis is an
accurate database using reliable figures from the latest academic publications, newest manu-
facturer information and sound expert knowledge. As these values are subject to variations, a
baseline scenario is defined to represent the state of the art, plus an optimistic and a pessi-
mistic scenario to cover those ranges of uncertainty.

The life cycle assessment applied here refers to the principles and guidelines of ONORM EN
ISO 14040 [13] and ONORM EN ISO 14044 [14]. It consists of a definition of the scope, a life
cycle inventory, a life cycle impact assessment, and an interpretation of the results. Depending
on the purpose, it can be carried out for either all or single life cycle phases. Figure 1 depicts
a complete life cycle, which is divided into (a) pre-use or production phase including extraction
and processing, (b) use phase including operation and maintenance as well as (c) post-use or
end-of-life phase including recycling and disposal [15,16].

Operation

of Vehicle and
° : Infrastructure

Figure 1: Life cycle phases Figure 2: Life cycle inventory

However, this paper focuses on a simplified evaluation as some aspects are not considered
due to lack of consistent data. First, only resource demands and greenhouse gas emissions
are quantified, with the environmental impact assessment being neglected. Second, the anal-
ysis is limited to the pre-use and use phases and excludes the post-use phase. As shown in
Figure 2, the approach involves the materials and energy sources required for production and
operation of the vehicles and infrastructures. The greenhouse gas emissions, expressed in
CO--equivalents, are calculated from the carbon footprints of the materials and energy source
used. The materials are allocated to the emissions generated from “cradle-to-gate” during ex-
traction and processing. In the case of energy sources, the emitted greenhouse gases are
made up of indirect CO»-emissions from production (“well-to-tank”) and direct CO»-emissions
from operation ("tank-to-wheel”).

2.3 Dynamic Investment Calculation

To determine the specific expenses of purchasing and operating the vehicles plus infrastruc-
tures, the database is expanded to include corresponding monetary values. The existing wide
cost ranges are again taken into account with the baseline, optimistic and pessimistic scenar-
ios. According to ONORM M 7140 [17], the cost analysis is performed individually for CAPEX
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(CAPital EXpenditures), i.e. capital-based expenses (investment) and OPEX (OPerational EX-
penditures), i.e. operation-based expenses (maintenance) and consumption-based expenses
(energy). Both form the TCO (Total Costs of Ownership). However, the time value of expend-
itures changes, especially over long observation periods. With this in mind, the costs are cal-
culated dynamically taking into account interest and inflation [18]. Future payments are there-
fore compounded at

14,
S

1, Equation 1

where the real interest rate i, is the nominal interest rate i,, adjusted for the inflation rate j.
Assuming a nominal interest rate of 2.5 % [19] and an inflation rate of 2.0 % [20] in the medium
to long term, this results in a real interest rate of 0.49 %. Annual expenses E; at time t are
incurred for reinvestment, maintenance, and energy. Reinvestment takes place if a component
reaches its end-of-life within the observation period. In this paper T = 30 years is defined, as
this corresponds to the typical operating life of railcars. The future value of the expenses is
computed according to

E.=Ey-(1+i.)% Equation 2

At the end of the observation period, components may have a residual value that needs to be
discounted. Considering the initial investment I, the lifetime t; and the residual useful life ¢, of
each component, the revenue Ry is given as

t
Ry =—I, t_r (1 + i) Tt Equation 3
l

2.4 Use-Value Analysis

A use-value analysis is essential for the systematic evaluation of technologies using multiple
criteria. For the scientific comparison of the vehicles and infrastructures, this paper proposes
a classification in rail-specific technical and operational, economic, and ecological aspects.
The rating scale applied ranges from 0 to 5, with a score of 0 indicating an unsatisfactory result
and a score of 5 an excellent result. The technical aspect includes criteria such as powertrain
mass/volume, constructional effort, technological maturity, and durability; the operational as-
pect comprises criteria such as driving range, recharging/refueling time, grid stress, timetable
stability and synergy effect. When assessing the economic aspect, capital and operational ex-
penses are taken into account, while the ecological aspect is considered in terms of resource
use, greenhouse gas and particle emissions plus area demand. The figures used to evaluate
the individual criteria are part of the database used.

3 Boundary Conditions

3.1 Railway Route

The comparison of technologies is performed using the example of the “Muhlkreisbahn” in
Austria, which is still operated by conventional diesel railcars. The railway route is a regional
railway line with a relatively long and steep track and poses highly dynamic requirements. It is
a standard-gauge, single-track line with a distance of around 60 km. The height difference
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between the lowest and highest point is more than 350 m (see Figure 3), which results in a
maximum inclination of roughly 50 %o. The route includes a total number of 19 stations. Given
a maximum speed of currently 80 km/h, the operating time per cycle is around 75 min. Trains
depart from both terminus stations every 120 min. Four vehicles, including breakdown re-
serves, are needed for regular operation. With three trains in alternating operation, this results
in 6 cycles and 355 km per train. The data is taken from the study by Pertl et al. [9].
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Figure 3: Altitude and speed profile Figure 4: Specifications of technologies

3.2 Specifications

In conducting the energy demand of the vehicle, the commercial software AVL CRUISE™ M
is used to model each propulsion system. These models include all relevant components as
well as vehicle-related parameters (e.g. maximum acceleration and speed, mass, length, etc.)
and track-related parameters (e.g. altitude, inclination, wind, temperature, etc.). Except for the
propulsion system, the vehicles are considered identical, i.e. the powertrain models only differ
in their components. The specifications of the vehicles (see Figure 4) enable at least a round
trip without the need for recharging or refueling. Accordingly, the BEMU and HEMU are as-
sumed to have a higher mass than the DMU and EMU. The efficiencies are described by cor-
responding characteristic curves depending on the actual operating point. With respect to op-
eration, the efficiency ranges are 30 to 40 % for the DMU, 80 to 90 % for the EMU, 72 to 81 %
for the BEMU and 40 to 50 % for the HEMU [4,5,10,12].

The energy demand of the vehicle represents the basis for calculating the energy demand of
the infrastructure, which depends on the efficiency, power rating and operating time of the
respective facility. The efficiency ranges applied are 85 to 90 % for the DMU, 94 to 96 % for
the EMU, 88 to 93 % for the BEMU and 72 to 81 % for the HEMU. The efficiency of the elec-
trolysis is taken into account at 60 to 70 % [4,5,10,12]. The specifications of the infrastructures
(see Figure 4) ensure a short recharging or refueling time and in the special case of DMU and
HEMU a sufficient supply of fuel.

Another important aspect is the lifetime of the vehicle and infrastructure components. Due to
operational ageing, these components may be renewed or replaced within the period under
consideration. As a result, this is reflected in increased emissions or costs. The DMU does not
need any major replacements in terms of vehicles and infrastructure within 30 years. The same
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applies to the EMU for the vehicles; concerning its infrastructure, components of the catenary
line with higher wear and tear must be replaced within 20 years, while all other components
last 50 years or longer. However, the BEMU and HEMU necessitates more frequent replace-
ment. In the instance of using an LTO (Lithium Titanium Oxide) battery, replacement is required
after 20,000 cycles for the BEMU and after 60,000 cycles for the HEMU. When utilizing PEM
(Polymer Electrolyte Membrane) technology for the HEMU, fuel cells must be replaced after
30,000 hours and the electrolysis after 80,000 hours of operation [4,5,12,21-25].

3.3 Energy Sources

Beyond the energy demand of vehicles and infrastructure, the energy source plays a substan-
tial role in the process of comparing the technologies. On the one hand, aspects such as the
carbon footprint and costs are greatly influenced by where the energy comes from and how it
is generated and distributed. On the other hand, the production and transport of energy have
an eminent impact on issues such as availability or resilience.

Regarding climate and environmental protection, it is only rational to pursue operations based
on renewable energies in the medium to long term. Such energy sources, devoid of local emis-
sions of greenhouse gases and air pollutants, become imperative for future applications. The
analyses conducted in this work have revealed that utilizing electricity from the energy mix still
involves considerable amounts of CO, through indirect emissions. For the sake of simplicity,
only electricity from renewable energies is taken into further account. However, operation ex-
clusively on the basis of renewable energies cannot be taken for granted at present. Renewa-
ble hydrogen is not available on the market in the quantities required for train operation and
must be produced decentralized. But even the electricity drawn from the grid is not yet fully
renewable. As of today, the supply of renewable electricity is only possible in direct coupling
with a renewable power generation plant. This fact needs to be considered when deciding on
a propulsion system.

For the following comparison, an emission factor of 321 kg(CO.)/MWh for conventional diesel
and 14 kg(CO,)/MWh for renewable electricity is applied [26]. In addition, costs of 147 to
204 €/MWh for fossil diesel [4,5,8,10,12,27] and 126 to 239 €/MWh for renewable electricity
including grid fees, taxes and levies [4,5,8,10,12,28-30] are assumed. In the case of hydrogen
production on-site, it should be highlighted that e.g. in Austria or Germany the electricity supply
is currently exempt from grid fees if the electrolysis system is drawn directly from a renewable
power generation plant without using the public grid. Taking into account the typical price com-
position, hydrogen can be produced at around 40 % lower electricity costs [22,31].

4 Results

4.1 Energy Consumption

The energy consumption of vehicles and infrastructure has a significant influence on the car-
bon footprint and costs of the different technologies. The relevant boundary conditions for de-
termining the energy demands were discussed in the previous section. Table 1 provides the
resulting energy consumption of the vehicles and infrastructures related to the total mileage of
the vehicles, considering the efficiencies in the baseline scenario. While the results from the
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optimistic and pessimistic scenario are not explicitly presented, they are factored into the quan-
tification of the CO2-emissions and costs. The same applies to the energy demands of elec-
trolysis. Since hydrogen production lies beyond the system boundary defined, it is excluded
from Table 1. The decrease in efficiency due to degradation was neglected.

Table 1: Specific energy consumption of technologies

Technology DMU EMU BEMU HEMU
Vehicle 17.8 kWh/km 5.8 kWh/km 6.5 kWh/km 11.0 kWh/km
Infrastructure | 0.01 kWh/km 0.3 kWh/km 0.7 kWh/km 1.2 kWh/km

4.2 CO2-Emissions

In Figure 5 the results from the life cycle assessment are illustrated. The bar represents the
baseline scenario, and both ends of the whisker indicate the optimistic and pessimistic sce-
nario. As expected, the DMU causes the highest COz-impact. In contrast, the alternatives ac-
count for only 13 % to 26 % of the CO»-emissions. Most of them are attributed to the vehicles,
while the infrastructures take for a lesser share. The EMU stands as the sole exception, where
the infrastructure has a higher carbon footprint than the vehicles. This is due to the enormous
amount of material required to install the catenary system. Specifically, the quantities of con-
crete, steel, copper and aluminum add up to 75 to 147 t/km, which is 67 to 113 t(CO2)/km
[24,25,32,33]. In comparison, the emissions of the BEMU and HEMU are only half as low. The
most significant contribution stems from the production of the vehicle body and the powertrain
components. Attention should be directed towards the batteries at 58 to 177 kg(CO2)/kWh,
hydrogen tanks at 8 to 16 kg(CO.)/kWh and fuel cells at 20 to 35 kg(CO2)/kW, as these com-
ponents demand certain quantities of critical elements characterized by high carbon footprint
[34—41]. These include lithium, nickel, manganese, cobalt, titanium, phosphate, carbon fiber
and platin. Additionally, Figure 6 illustrates the cumulated CO.-emissions over time. Apart from
the considerable annual CO2-emissions caused by the DMU, the EMU has a substantial initial
carbon footprint. The BEMU and HEMU are less conspicuous in both respects.
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Figure 5: Total COz-emissions of technologies Figure 6: COz-emissions of technologies over time
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4.3 Total Costs

Figure 7 shows notable differences in costs among the technologies. These stem from the
unique expenses associated with vehicles and infrastructures, influenced by factors such as
technological maturity, experience, availability, lifetimes as well as energy prices and mileage.
Considering four vehicles each, except for the BEMU, which is calculated with five vehicles for
timetable stability, the DMU has the lowest costs, while the EMU exhibits the highest costs;
BEMU and HEMU are in between. The cost intensity of the EMU is primarily attributed to the
extensive construction work involved in installing the catenary system, as indicated in
[4,5,10,12] at 0.9 to 1.8 M€/km. Contrarily, the purchase of a four-part train examined here is
lower priced at 7.1 to 10.6 M€. For BEMU, the purchase is around 9.4 to 12.0 M€, for HEMU
around 10.1 to 12.8 M€ [5,7,8,10,12]. At 1.0 to 3.0 M€ per charging station or hydrogen station,
their infrastructures are comparatively less significant [4,5,10,12,42,43]. Regarding operation,
the expenses of the alternatives are in a similar range, with the EMU being the most cost
intensive. Based on [4,5,8,10,12], the maintenance of the vehicles of EMU and BEMU are
considered at 0.7 to 2.4 €/km, the HEMU at 0.9 to 2.7 €/km. For the maintenance of the infra-
structures annual costs of 300 to 600 k€/a (EMU), 2.5 to 36 k€/a (BEMU) and 36 to 120 k€/a
were used. In terms of energy, the electricity required for hydrogen production was assumed
to be exempted from grid charges. The full price was applied for electricity drawn from the
public grid. In Figure 8 also the progression of costs over time is depicted. The DMU shows a
linear annual increase, which is almost the same for the HEMU at a higher cost level. Greater
conspicuousness is observed in case of the BEMU and EMU, where the replacement of the
batteries is just as evident as the replacement of parts of the catenary line. The considerable
residual values of the catenary system after 30 years should also be acknowledged.
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Figure 7: Total costs of technologies Figure 8: Costs of technologies over time
g

4.4 Technology Comparison

Limiting the comparison to CO2-emissions and costs alone would be narrow-minded. Based
on a use-value analysis, the assessment of the technologies is therefore extended to include
the evaluation criteria presented in section 2.4. From technical, operational, economic, and
ecological perspectives, this allows for a qualitative demonstration of the potential of the tech-
nologies. The final results are depicted in Figure 9 and discussed below.
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Ecological: The assessment includes the CO»>-emissions discussed in section 4.2 as well as
the particle emissions determined by [44,45] and area demands estimated from [24,25,32,33].
As becomes evident, the HEMU yields the most favorable score. In a direct comparison, the
EMU exhibits CO2-emissions twice as high, a 7.5 % greater particle load attributed to particle
abrasion from the catenary line, and roughly a four times higher area demand for the construc-
tion of the catenary system. The lower rating for the BEMU is attributed to the higher number
of vehicles and the larger battery.

Economical: When examining the capital and operational expenditures, the HEMU appears
to be the most advantageous option among the alternatives. In consideration of the findings
from section 4.3, this is mainly due to the significantly expensive infrastructure of the EMU,
while the BEMU incurs higher costs primarily caused by the additional vehicle.

Technical: The BEMU and HEMU achieve the lowest scores, as they are disadvantageous in
terms of their powertrain mass and volume. Assuming LTO batteries, PEM fuel cells and
Type IV hydrogen tanks, the powertrain of the BEMU amounts to 31.8 t and 26.2 m3, that of
the HEMU to 12.7 t and 24.3 m*. This makes them heavier and bulkier than the EMU, poten-
tially influencing axle load and seating capacity. Furthermore, battery and hydrogen technology
are yet less technologically mature and have shorter lifetimes.

Operational: With respect to performing an uninterrupted operation the EMU is generally more
beneficial. For the HEMU, the tank capacity is adequate for daily refueling either before starting
or after completing the timetable, with refueling taking around 23 min. In the case of the BEMU,
there are limitations as recharging is necessary after each round trip, requiring about 45 min
per charging process. The substantial load on the electricity grid can be considered a challenge
for both EMU and BEMU. Moreover, the HEMU offers the highest potential for creating syner-
gies with other forms of mobility within the region of application.

Ecological

0 Ecological:
CO2-emissions, particle emissions,

area demand

Economical:
capital / operational expenditures

Economical Technical:
powertrain mass / volume, construc-
tional effort, technological majority,

Operational

abMu durability / reliability
DEMU .
Operational:
BEMU driving range, recharging / refueling
Technical HEMU time, grid stress, timetable stability,

synergy potential

Figure 9: Comparison of technologies

5 Conclusion

In general, it can be stated that there is no single ideal alternative that is equally suitable for
all diesel routes. Decision-makers seeking a new transport solution for their railway networks
must evaluate the options on an individual basis. In terms of technological, economic, and
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ecological targets, the suitability of these alternative technologies depends on various aspects
such as operating conditions, costs, or emissions savings. In addition to the necessity for re-
newable energy, e.g. the material and energy demands for the production and operation of
vehicles and infrastructures are of crucial importance.

Hence, this paper addresses a comprehensive and holistic evaluation of the vehicles and in-
frastructures to fulfill the requirement of comparing different technologies on a scientific level
in a neutral and transparent manner. The methodical toolchain proposed is based on a longi-
tudinal dynamics simulation of the vehicles as well as a life cycle assessment, a dynamic in-
vestment calculation and a use-value analysis of the vehicles and infrastructures. Applying a
valid database consisting of specific figures from latest academic publications, newest manu-
facturer information and sound specialist knowledge, this allows for a quantification of re-
sources, greenhouse gas emissions and costs plus a determination of rail-specific technical
and operational criteria such as powertrain masses/volumes, driving ranges and refueling/re-
charging times.

Within this paper, the approach was applied to the “Muhlkreisbahn”, a relatively long and steep
railway track with a daily mileage of approximately 1040 km. The comparison was conducted
using an observation period of 30 years, as this corresponds to the typical operating life of
railcars. The classic diesel trains served as a benchmark; the classic electric trains as well as
the new battery-electric and hydrogen-electric trains were examined as alternatives. Renewa-
ble electricity and hydrogen were assumed as energy sources. Taking into account the typical
efficiencies and lifetimes of the components as well as the given boundary conditions, the
hydrogen variant proved to be potentially the most favorable option for this scenario, followed
by the catenary variant and the battery variant.

In summary, the methodology presented offers a technology-open assessment of the different
propulsion systems and infrastructure facilities from a technological, economic, and ecological
point of view. This allows the technologies to be compared with each other on the basis of
technological, economic and ecological aspects. The results and findings can ultimately make
a valuable contribution to supporting the decision-making process in terms of the most suitable
alternative.
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