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The article presents the currently used technologies and solutions for rail vehicle drive systems that can be used

in the future. The most popular systems used in locomotives and multiple units are described. In addition,
modern solutions such as bi-mode locomotives and hybrid vehicles are shown. The article also discusses the
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possibility of using ultracapacitors, batteries, or fuel cells in order to increase the efficiency of the powertrain of
a rail vehicle. The selection of the appropriate solution depends on the intended use of the vehicle and the
assumed traction characteristics and requires a thorough analysis including, among others, modeling of the
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1. Introduction

Rail transport is one of the important branches of devel-
opment in the context of the transport of both goods and
people. The land connection between Europe and Asia, as
well as the convenience of traveling by rail on short and
medium-length routes, make the development of rail vehi-
cles an area in which a lot of work is carried out. Still,
a large part of the rolling stock owned by Polish carriers are
vehicles powered by systems that include internal combus-
tion engines. Figure 1 shows the share of diesel locomo-
tives in all locomotives operated in Poland over the years
(2003-2018). It changed over time, but remained constantly
at the level of over 50%.
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Fig. 1. The structure of the rolling stock in Poland in 2003-2018 [10]

The structure of the rolling stock is closely related to the
available infrastructure. Figure 2 shows the distribution of
electrified and non-electrified lines on the map of Poland.
Lines with different characteristics are adjacent to each
other, and non-electrified lines constitute a large part of the
Polish railway network, which in 2021 consisted of 19.3
thousand km [3]. Electrified lines have a length of 12.1
thousand km. It should be noted, however, that it is the non-
electrified lines that allow the development of transport on
a local scale and allow people to move from smaller towns
to agglomerations, e.g. to their work or schools.

100 km

Fig. 2. Map of Polish electrified (yellow line) and non-electrified (green
line) railway lines as of 18.03.2023 [8]

One of the most important factors influencing the de-
velopment of internal combustion engines in rail vehicles
are the successively introduced exhaust emission standards.
The latest document on this issue in the context of the
NRMM category, which also includes rail vehicles, is the
"Regulation of the European Parliament and of the Council
(EVU) 2016/1628 of September 14, 2016. The regulation
introduces subsequent stages determining the maximum
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emission values of toxic compounds. The dynamics of
changes in the maximum emission values of toxic com-
pounds for stages IlIA, I11B, and V are presented in Fig. 3.
Over the years, more restrictive values have been intro-
duced for the emission of hydrocarbons, nitrogen oxides,
and particulate matter.
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Fig. 3. Change of the permissible maximum emission values of harmful
substances for Stage IlIA, 11IB, and V [17]

Rail vehicles, due to the nature of the use of internal
combustion engines and the desire to work in stationary
conditions, are tested in the NRSC test, and the result is the
value of specific emission in g/kWh. The procedure for
locomotives and DMUs is in accordance with 1SO 8178,
type F. In this case, the test determines three operating
points covering the entire range of possible loads and en-
gine speeds, to which weighting factors are assigned, de-
termining the impact on the final value of specific emission
(Table 1). It should be noted, however, that idling is of the
greatest importance, as much as 0.6.

Table 1. 1ISO 8178, type F exhaust emission measurement test cycle [5]
Mode number| 1 [2 3|4 (5| 6 |7| 8 |9|10 11
Torque [%] 100 (75]|50(25[10(100|75| 50 |25|10 0
Speed

Rated speed Intermediate speed Low

idle

Locomotives
lo2s[-[-[-|-] - [-Joas[-[-] o060

Type F

2. Diesel locomotives

Diesel locomotives had their heyday in Poland in the
times of the People's Republic of Poland. A small degree of
electrification was conducive to the development of diesel
rolling stock. At that time locomotives popular in Poland,
such as: SM42, ST44, SM30, ST43, and SM48 were pro-
duced. Characteristic for diesel locomotives is the power
transmission system based on an electric gear, where the
power on the crankshaft is converted into electricity using
the main generator. A diagram showing the construction of
a vehicle with such architecture is shown in Fig. 4. Fuel is
supplied to the internal combustion engine, then mechanical
energy is supplied to the main generator via the shaft. The
electric energy is sent through the control element to the
electric motor, which drives the wheels of the locomotive
wheelset through the transmission. At the same time, some
of the electricity on the shaft coming out of the internal
combustion engine is used to drive an auxiliary generator

that provides electricity to power the batteries, lights,
HVAC, compressors, etc.

Main
Alternator Auxiliary
Alternator
. Battery
D Drive shaft Lights
Engine HVAC
Compressor
Electric
Power motor,
control Pinion/gear
Wheel Rail

Fig. 4. Diesel locomotive powertrain architecture scheme [24]

New generation engines that meet Stage V requirements
must be equipped with an extensive off-engine exhaust
aftertreatment system. Due to the degree of its complexity
and the amount of space occupied, manufacturers try to
create systems that can be adapted to specific customer
needs. An example is the modular system offered by MAN
(Fig. 5). It has been designed to meet Stage V requirements.
The main advantages include the ability to configure the
system to match the shape of the system to the designed
vehicle and versatility, as one system can be combined with
a wide range of engines that are used in different types of
non-road vehicles (e.g. forestry, mining or water vehicles).
When designing a vehicle or making a retrofit, the possibil-
ity of free configuration of the system allows designers to
better use the available space, as well as to build the system
in a way that facilitates maintenance or repair work. The
modular system also allows for easier replacement in the
event of damage, thanks to which the time a vehicle is out
of service is significantly reduced.

Fig. 5. MAN Modular Exhaust aftertreatment System [16]

3. Diesel multiple units
Due to the need to connect the drive system and passen-
ger space, diesel multiple units are an area of intensive
construction work. The development of the drive system in
a way that interferes with the areas intended for passengers
as little as possible resulted in the separation of two basic
types of drive system solutions [6]. These are:
— mounting the engine under the vehicle frame and me-
chanical connection of the engine with the drive trolley
— using a separate engine compartment with a generator
(electric transmission).
Depending on the adopted solution, internal combustion
engines with power ranging from 300 to 500 kW are used
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for the DMUs. More compact in-line engines (usually six-
cylinder) are used, mounted under the floor, or larger en-
gines, even V12, when they are installed in the engine
compartment. In connection with the trends in rail vehicles,
there is a tendency to build modules that can then be uni-
versally used in various vehicles on a plug & play basis.
One of the signs of this approach is the creation of Power-
pack solutions that integrate the combustion engine with the
transmission and other elements of the drive system. An
example of such a solution is PowerPack Series 1800 from
MTU (technical data shown in Table 2). An important fea-
ture of this module is the ability to choose one of three
types of gears [23]. The manufacturer allows the ordering
party to choose:
— six-speed mechanical transmission with retarder and
optional reverse gear
— electric transmission with a permanent magnet synchro-
nous generator or an asynchronous generator
— two-stage hydraulic transmission.
The choice of transmission allows the use of such
a module regardless of the adopted vehicle architecture,
which is an advantage for both the module manufacturer
(reduced technology development costs), the rolling stock
manufacturer (possibility of using one solution in many
vehicles), and the final recipient (simplified service).
Different versions of the solution are available to meet
Stage V requirements. Their power ratings range from 315
to 375 kW at 1800 rpm. The ratio of the cylinder diameter
to its stroke is 128/166 mm. The engine has 6 cylinders
with a displacement of 2.14 dm? each, which translates into
a displacement of 12.8 dm® The Stage V aftertreatment
system consists of: DOC, DPF, and SCR. MTU's Power-
Pack is shown in Fig. 6.

Table 2. MTU PowerPack Series 1800 technical data [23]

Configuration 6H

Rated power 315-375 kW
Rated speed 1800 rpm
Bore/stroke 128 mm/166 mm
Displacement 2.14dm?
Displacement, total 12.8dm®
Emission qualification EU Stage V
Exhaust aftertreatment system DOC, DPF, SCR

Fig. 6. MTU PowerPack 6H 1800 [23]

4. Hybrid and bi-mode solutions
Due to the development of drive systems used in vehi-
cles in general, modern hybrid drives have also been used

in rail vehicles. Their main task is to increase the efficiency

of the system, reduce energy consumption and emissions of

harmful substances. This trend is common for all types of

non-road machinery. The author of the article [9] states that

the development of powertrains faces two major challenges:

increasing working parameters and decreased fuel con-

sumption. These two design assumptions are often contra-

dictory to each other and make development more complex.

That’s why introducing more efficient electrified or hybrid

solutions becomes more and more popular. The basic ele-

ments of such systems include in the case of locomotives:

— internal combustion engine as the main source of pro-
pulsion

— main generator with traction rectifiers

— traction motors cooperating with axial gears

— high-performance battery

— DC/AC power converter and auxiliary converters

— drive control and diagnostics.

It is also worth noting the basic difference between bi-
mode and hybrid solutions used in rail vehicles. Due to the
presence of electrical systems in the classic solutions of
drive systems, these terms are not always interpreted unam-
biguously, and are often used interchangeably, despite the
differences that are easy to identify. It should be noted that
a characteristic feature of the hybrid drive is the desire to
optimize the operation of the system and achieve the syner-
gy effect. For this purpose, the various drive sources form
a single, more complex system. However, they require
energy storage. Bi-mode solutions isolate the individual
drive sources used, and so, for example, in the case of lo-
comotives, sometimes they work as a diesel locomotive,
and sometimes as an electric one (the systems do not inter-
act with each other). Examples of such solutions can be
Pesa Gama Dual Power (111DE) or Siemens Vectron Dual
Power. Arrangement of devices on the 111DE locomotive
is shown in Fig. 7. As the authors of the publication [19]
indicate, such a vehicle can be used both in freight and
passenger traffic. The advantage is the possibility of smooth
travel on electrified and non-electrified lines. Thanks to
this, bi-mode solutions fit into the assumptions of inter-
modal transport. However, they do not allow to manage the
flow of energy in the drive because they do not have an
element capable of accumulating to the necessary extend.

Fig. 7. Arrangement of devices on the 111DE locomotive [19]: 1 — power

generator, 2 — set of SCR catalysts, 3 — set of engine coolers, 4 — panto-

graph, 5 — main air tanks, 6 — compressor module, 7 — panel module, 8 —

traction inverter cabinet, 9— cooling column with braking resistor, 10 —

high-voltage cabinet 11 — ETCS cabinet, 12 — low voltage cabinet with

traction motor fan, 13 — line choke, 14— battery box, 15 — fuel tank, 16 —
air conditioner
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Due to the characteristics of the drive system and the
specificity of the tasks performed, it seems to be particular-
ly advantageous to use hybrid solutions in the DMUs. It is
possible to install a parallel hybrid system which shows
particular advantages in the conditions of frequent stops
and starts, which are an inherent element of regional and
agglomeration traffic. In addition, it is possible to use the
recuperation of kinetic energy during braking in order to
increase the efficiency of the entire system and save energy.
A popular system solution in the DMUs is the use of
a hybrid PowerPack. An example of such a device may be
the 1800 Series from MTU. The module consists of an
internal combustion engine, a gearbox with an electric mo-
tor (parallel hybrid), a set of batteries, a cooling system, and
an exhaust system. The Hybrid PowerPack 6H 1800 is
shown in Fig. 8, while an example of the installation on
a rail vehicle is shown in Fig. 9. It should be noted that the
design assumes the use of only a mechanical transmission,
excluding the use of a system with an electric transmission.
The PowerPack must, therefore be mounted under the floor
of the vehicle, whereby the batteries can be attached to the
roof or under the floor due to the electrical connection.
Mounting on the roof allows for a larger area of the low
floor and saves space for the installation of other devices
that should be placed under the vehicle frame. In addition,
it is easier to solve the issue of cooling the batteries, which
is also of great importance.

Fig. 8.MTU Hybrid PowerPack 6H 1800 structure [23]: 1 — engine, 2 —
power transmission, 3 — battery system, 4 — cooling system, 5 — exhaust
system

Fig. 9. MTU Hybrid PowerPack 6H 1800 installation [23]

The parameters of the device are presented in Table 3.
Depending on the selected version, the combustion engine
power is 315 or 375 kW at a rotational speed of 1800 rpm.
The ratio of the bore to stroke is 128 to 166 mm. The en-
gine has a 6-cylinder with an in-line configuration, and
each cylinder has a displacement of 2.14 dm®, which trans-
lates into a displacement of 12.8 dm®. It is adapted to meet
the requirements of Stage V. Thanks to the use of a hybrid
system, the PowerPack has the possibility of energy recu-
peration, boost mode, and the ability to drive only using the
142 kW electric motor. MTU combines its hybrid Power-
Pack solutions with battery modules with a capacity of 34.4
kW. The number of modules can be selected individually
for each designed vehicle. The exhaust system is equipped
with DOC, DPF, and SCR to meet Stage 5 requirements.
The operation of the system is supervised by an intelligent
automation system used to optimize its operation. Technical
data of the PowerPack are shown in Table 3.

Table 3. MTU Hybrid PowerPack 6H 1800 technical data [23]
Combustion engine types

6H 1800 R76 315 kW
6H 1800 R86 375 kW
Speed 1800 rpm
Bore/stroke 128 mm/166 mm
Cylinder 6/in line
configuration
Displacement 2.14 dm?
Displacement, 12.8 dm®
total
Emission Stage V
qualification
Standard equipment
E-Drive For recuperating, boosting and pure electric drive;
142 kW
Energy Li-lon batteries incl. battery management system and
storage conditioning system. Underfloor or roof installation.

34.4 kWh per battery module

Mechanical gearbox with integrated reversing func-
tion/Mechanical gearbox without integrated reversing
function

Transmission

Cooling Integrated in PowerPack, electrically driven

system

Exhaust gas EU Stage V, aftertreatment combi system with DOC,
aftertreatment | DPF and SCR; reducing agent injection with sup-
system pling and dosing unit

IDM (Intelli- | Smart automation system to optimize the operation
gent Drive of the Hybrid PowerPack based on GPS and track
Manager) data

On-board 3P~AC, 400 V/50 Hz; up to 70 kVA

power supply

The choice of a bi-mode or hybrid solution should be
preceded by a broad recognition of needs, a series of simu-
lations and comparisons. Power demand should be deter-
mined based on traction characteristics and potential gains
and losses. Both financial and energy terms should be de-
termined. Due to the above, the creation of an appropriate
drive system is a difficult process that requires experience,
but also multi-criteria optimization. Modeling the fuel con-
sumption and energy flow is a demanding study. Article
[15] shows the mathematical model demonstarting the
synergy of HEV. It also shows different types of energy
management systems. For example, they can be based on:

COMBUSTION ENGINES, 2024;196(1)

49



Comparison and analysis of modern combustion powertrain systems of rail vehicles

heuristic hypotheses, statistical optimisation, stochastic-
dynamic programming, algorithms of the equivalent fuel
consumption strategy, and particle swarm optimisation.
Variety of available approaches is another challenge as
modeling every type makes it necessary to perform many
characteristics and assumptions. Preparing models for dif-
ferent architectures requires a lot of resources for the re-
search and development phase, increasing the price of the
vehicle design. Moreover, the negative influence of a vehi-
cle life cycle can be reduced using new types of oxygenated
fuels, reducing emissions of PM and NO [11, 12].

One of the important aspects of hybrid drives is the en-
ergy storage system. Its selection should be preceded by
a thorough analysis of its usefulness in a given vehicle on
the basis of its traction characteristics, but also the nature of
work or route profiles. Choosing the right solution is not
easy, and it can help, for example, by optimization, which
helps to quantitatively select the best solution in given
conditions and under certain boundary conditions. When
selecting an energy storage element in a hybrid system, its
operational parameters should be considered, such as:

— mass

— efficiency

— energy density
— power density
— lifetime.

However, it is also worth considering aspects related to
the production and recycling of the energy storage system.
In order to evaluate the solutions, the following can be
compared:

— energy consumption of production and recycling
— production and recycling emissions

— resources needed for production

— recyclable.

One of the most popular technology decades ago, and at
the same time the simplest ways to store energy is the use
of flywheels and thus the storage of mechanical (kinetic)
energy. In this way, energy can be easily stored, provided
that it is used in a short time. However, this technology is
mainly used in bus projects.

Currently, the most popular way to store energy is the
use of batteries, i.e. the use of electrochemical energy. Pri-
marily, lithium-ion batteries are used, which are currently
popular in all areas of life.

Saft company offers a battery system of various capaci-
ties, which consists of blocks of cells connected in sets of
108, 180 or 360 cells. Thanks to this, the capacities of 7.5,
125, and 25 kWh are achieved, respectively. Technical
data of a single cell are shown in Table 4.

Li-ion batteries disadvantage is safety and average pow-
er density. In addition, there are significant fluctuations
between their capacity depending on the temperature. This
presents scientists with the challenge of developing a tech-
nology that will allow the creation of electrochemical bat-
teries with a higher power and energy density, and at the
same time ensure safe and durable use. A partial answer to
these needs is the development of solid electrolyte battery
technology. Replacing the electrolyte in a liquid state with
a solid substance allows for several advantages. The level
of safety is increased because there is no risk of fire or

explosion. The energy density is higher compared to lithi-
um-ion batteries [25]. This technology also creates the
possibility of using cathodes from new materials due to the
greater potential of anodes with a solid electrolyte. For this
reason, that technology is considered to be the future of
energy storage development in vehicle drives. Solid electro-
Iytes can be divided into: polymeric, inorganic, and compo-
site materials. However, before it can be disseminated on
a large scale, scientists need to solve the problems arising
from the use of solid electrolytes related to the electrochem-
ical properties of the electrolyte. Comparison of Li-lon and
solid state battery schemes is shown in Fig. 10. Moreover
nanocomposites and hybrids are used for Li-lon batteries to
achieve new, improved characteristics [13].

Table 4. Saft LP 28MTi Li-ion power cell technical data [20]

Nominal characteristics at +25°C

Nominal voltage [V] 2.25
Energy [Wh] 63
Gravimetric energy [Wh/kg] 78
Mechanical characteristics

Width [mm] 148
Heigth [mm] 101.7
Depth [mm] 26.5
Weight [g] 810

Cell typical operating conditions at +25°C

Typical cut off voltage [V] 1.6

Constant current
Constant voltage

Charging method

Charging voltage [V] 2.7 £0.05
Maximum continuous 280
charge/discharge current [A]

Maximum pulse charge/discharge 450

current 30 s [A]

Cycling performances 20 000 cycles (80% DOD)

1.6 mil cycles (3% DOD)

l Separator l

£ ;
\ /

Li-intercalation, /' Graphite Li-intercalation

compounds compounds SSE

Graphite

l,.iqu}vd Electrolyte :
LiCo0, = Li, (Co0,+xe +xLi* 6C*xe +xLi" =Li,C,

Fig. 10. Comparative diagram of Li-ion battery (left) and solid-state
battery (right) [25]

Another concept is to use electricity directly through the
use of ultracapacitors. No chemical reaction takes place in
them, which allows for durability. In addition, they allow
for quick loading and unloading. The development possibil-
ities of increasing the capacitance of capacitors are limited
only by the possibility of obtaining larger surfaces of their
electrodes and reducing the distance between them. Super-
capacitors can be divided into [14]:

— Pseudocapacitors or Redox Capacitors
— Electric double layer capacitors (EDLCs)
— Hybrid capacitors.

The most important quantity characterizing supercapaci-

tors is specific capacitance, which defines the capacitance
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per unit mass. The value depends on the material used, but
the creation method also has an impact.

=_i-ion battery

10 ——Supercapacitor battery

Acceleration 0-100km/h (s)

wm

SOC (%)
Fig. 11. HEV acceleration 0-100 km/h [7]

When it comes to technology performance, supercapaci-
tors show great stability in the power output compared to
the li-ion battery. Figure 11 shows the comparison of accel-
eration of a vehicle powered by these power sources. De-
creasing SOC has a significant influence on electrochemical
battery power and therefore acceleration time increases. It
can be assumed that that supercapacitor can be used in
a wider range of SOC without compromising the vehicles
performance.

Figure 12 shows a comparison of the energy density and
power density of various energy storage devices. Superca-
pacitors and li-ion batteries have a similar range of energy
density but the power density is higher in supercapacitors.
Fuel cells have high energy densities and low power densi-
ties. however, they are becoming more and more popular
due to the possibility of creating zero-emission energy
using hydrogen. It’s one of the possible ways to achieve
climate neutrality

1000

100 Lithium-ion
o batteries
=
L
g/ Ni-metal
10 batteries
z
g Super-capacitors
S
> 1
2
9}
c
a
94 Electrolytic
capacitors
0.01
0.01 01 1 10 100

power density (kW/kg)

Fig. 12. Ragone plot of energy density vs power density of various energy
storage devices including supercapacitors [26]

Hydrogen fuel cells have a number of advantages, the
most important of which are a simple principle of operation
negligible emission of harmful substances, and relatively
large values of efficiency [4]. The electrical efficiency of
a typical cell is in the range of 40-60%, and the total effi-

ciency can reach 80-90% during electricity generation. Key
factor that needs to be considered is the production of hy-
drogen. There’s a variety of different methods and “brown”
and “green” hydrogen can be separated [21]. Green meth-
ods are sustainable and these can be:
— Electrolysis of water using renewable power
— Steam methane reforming with carbon capture and stor-
age techniques
— Gasification of biomass and biogas to produce syngas
— Fermentation of biowastes to produce H,, CO, CO,.
Brown methods, on the other hand are considered to be
unsustainable and these can be:
— Steam methane reforming
— Coal gasification
— Qil partial oxidation.
Apart from hydrogen production, also its storage is
a widely developed issue. The most popular architecture
uses 35 MPa compressed hydrogen [2]. This technology
offers good storage capacity at a low cost for regional pas-
senger transport. Unfortunately, there’s no technology in
sight enabling to reach higher energy densities required for
ensuring the constant high-power demand of a mainline
locomotive.
In the cells, only a chemical reaction of hydrogen with
oxygen takes place:

2H2 + 02: 2H20 (1)

The first rail vehicle using hydrogen fuel cells is the Co-
radia iLint manufactured by Alstom.

Fuel Cells

Hydrogen Tanks

/
e

The Traction
Inverter

I

XS

The Auxiliary
Converter

The Traction
Motor

Lithium-lon
Batteries

Fig. 13. Scheme of the Coradia iLint powertrain [22]

The construction of the vehicle is relatively simple (Fig.
13). Two compressed hydrogen (35 MPa) tanks and PEM
fuel cells [18] are located on the roof of the vehicle. A lithi-
um-ion battery that can store excess energy generated by
the fuel cell has been placed under the floor of the vehicle.
An auxiliary generator has been installed next to it, which
provides power for devices such as sliding doors, HVAC,
etc. Traction converters and traction motors are located near
the drive trolleys. The presented vehicle does not have
a combustion engine, but it is possible to use hybrid vehi-
cles combining combustion and hydrogen drive as an in-
termediate link on the way to complete zero-emissions.
Such a vehicle could support non-electrified traction. Au-
thors of [21] state that hydrogen powered vehicles should
be considered when long-term technical, environmental
and/or economic factors make electrification a poor option.
Table 5 shows technical data of a Ballard’s FCmove™-XD
fuel cell (Fig. 14). System power reaches 100 kW with
a wide range of operating current and voltage.
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Table 5. Ballard FCmoveXD fuel cell technical data [1]

Net system power [kW] 100 (+2)

Operating system current [A] 20-360

Operating system voltage [V] 280-560

Dimension L x W x H [mm] Roof 1714 x 812 x 360
Top (excluding air filter)
Engine 1240 x 572 x 702
Bay (excluding air filter)

Dry weight [kg] 275

Environmental protection 1P67

Start-up temperature [°C] -25

Environmental operating (-30)—(+50)

temperature [°C]

Short-term storage temperature (-40)-( +80)

[Cl

Peak efficiency [%] 57

Idle power [kW] 9

Nominal radiator coolant outlet 70

temperature [°C]

Fig. 14 Ballard FCmoveXD fuel cell [1]

5. Conclusions
Rail vehicles powered by powertrains containing inter-
nal combustion engines remain an important part of

transport in Poland. The level of electrification of the net-
works means that they will be used for many years to come.
Design changes related to the development of drive systems
for diesel locomotives and DMUs include mainly the de-
velopment of exhaust gas aftertreatment systems. New
possibilities are provided by the hybridization of systems
and the creation of bi-mode vehicles. Bi-mode locomotives
can be used for intermodal transport. Diesel multiple units
can be equipped with hybrid powerpacks. Creating a hybrid
vehicle requires the installation of an energy storage sys-
tem. It can be a li-ion battery, a supercapacitor, or a fuel
cell. Each of these methods is being developed. Work is
being carried out on batteries with solid state electrolyte
and materials for supercapacitors, which will ensure their
high capacity. Fuel cells also have been dynamically devel-
oping for years, thanks to which they can successfully pow-
er vehicles, including rail vehicles such as shown the Cora-
dia iLint translation.

Comparison of the weight and dimensions of a fuel cell
and an MTU 6R 1300 engine shows that power per unit
mass and per unit volume are similar (Table 6). That com-
parison shows that a modern fuel cell can be competitive
when it comes to replacing combustion engines on non-
electrified lines. Another technical problem is the storage of
hydrogen used to power the fuel cell. Mounting hydrogen
tanks takes a valuable place that is very much needed dur-
ing designing a rail vehicle. Many devices used in vehicles
are necessary for securing high level of passengers comfort
but also to provide safety in rail transport. Because of that,
it’s not an easy task to find more space to mount hydrogen
tanks. This can lead to a small range of a vehicle.

Table 6. Comparison of Ballard FCmoveXD fuel cell and MTU 63 1300 C
diesel engine [1, 23]

FCmove-XD | MTU 6R 1300 MTU 6R 1300
C 20 C 60

Weight 275 kg 1140 kg 1140 kg
Power 100 kW 320 kW 390 kw
Volume 0.5dm® 1.7 dm? 1.7 dm?
Power 200 kw/dm® | 188 kw/dm® 230 kW/dm®
to volume ratio
Power 0.36 kW/kg 0.28 kW/kg 0.34 kW/kg
to mass ratio

There’s no possibility to choose one powertrain archi-
tecture that suits all of the vehicles and their scope of work.
Exact analysis is needed including modelling of the power-
train and its management. This leads to a variety of solu-
tions offered by rolling stock producers.

Nomenclature

AC alternating current NO, oxide

DC direct current NRMM non-road mobile machinery

DMU diesel multiple unit NRSC non-road steady cycle

DOC  diesel oxidation catalyst PEM  proton exchange membrane

DPF  diesel particle filter PM particulate matter

HVAC heating, ventilation, air conditioning SCR  selective catalytic reduction

ISO Organization for Standardization SOC  state of charge
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