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Goverde, R.M.P. Analysis of Hybrid

and Plug-In Hybrid Alternative

Propulsion Systems for Regional

Diesel-Electric Multiple Unit Trains.

Energies 2021, 14, 5920. https://

doi.org/10.3390/en14185920

Academic Editors: Tomáš Skrúcaný,
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Abstract: This paper presents a simulation-based analysis of hybrid and plug-in hybrid propulsion
system concepts for diesel-electric multiple unit regional railway vehicles. These alternative concepts
primarily aim to remove emissions in terminal stops with longer stabling periods, with additional
benefits reflected in the reduction of overall fuel consumption, produced emissions, and monetary
costs. The alternative systems behavior is modeled using a backward-looking quasi-static simulation
approach, with the implemented energy management strategy based on a finite state machine
control. A comparative assessment of alternative propulsion systems is carried out in a case study
of a selected regional railway line operated by Arriva, the largest regional railway undertaking
in the Netherlands. The conversion of a standard diesel-electric multiple unit vehicle, currently
operating on the network, demonstrated a potential GHG reduction of 9.43–56.92% and an energy
cost reduction of 9.69–55.46%, depending on the type of service (express or stopping), energy storage
technology selection (lithium-ion battery or double-layer capacitor), electricity production (green or
grey electricity), and charging facilities configuration (charging in terminal stations with or without
additional charging possibility during short intermediate stops) used. As part of a bigger project
aiming to identify optimal transitional solutions towards emissions-free trains, the outcomes of this
study will help in the future fleet planning.

Keywords: regional railways; diesel-electric multiple units; hybrid propulsion systems; plug-in
hybrid propulsion systems; energy management strategy; GHG emissions; energy costs

1. Introduction

The transport sector is facing numerous challenges in meeting the greenhouse gas
(GHG) emissions reduction targets defined in various international treaties [1,2] and im-
proving energy efficiency and reducing operational costs [3]. Achieving carbon-neutral
railway operation by 2050 [4] is being mainly sought through the synergetic electrifica-
tion of railway lines and production of traction electricity from renewables. While this
instrument is economically viable for the highly utilized main corridors, regional railway
lines, which is the main subject in this study, require identification of alternative options for
the predominantly diesel traction. Replacing the typically employed diesel multiple units
(DMU) with battery-electric multiple unit (BEMU) [5–8] and/or fuel-cell multiple unit
(FCMU) vehicles [9–11] offers a potentially carbon-neutral final solution for catenary-free
operation. However, a “zero-one” transition such as this is hindered by numerous aspects
related primarily to the vehicle range, technology maturity and availability, relatively
high hydrogen and accompanying infrastructure costs, as well as the long lifecycle of
the existing diesel-driven rolling stock. Thus, this dynamic transition process requires
further exploitation of DMUs, while constantly improving their energy and environmental
performance by implementing novel technological solutions in order to meet increasingly
stringent emission reduction requirements.
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Vehicle hybridization, achieved by adding an energy storage system (ESS), enables the
storing of braking energy and support to the internal combustion engine (ICE), resulting in
a significant reduction in fuel consumption and related emissions [12]. Hybrid and plug-in
hybrid propulsion systems are increasingly being developed and used in road transport
with the aim to improve vehicle fuel economy [13] and reduce emissions [14]. A number of
hybrid electric vehicles (HEV) and plug-in hybrid electric vehicles (PHEV) became commer-
cially available over the last two decades [15,16], which is likewise reflected in the extensive
research efforts on their development as reported in the literature [17]. Despite potentially
great benefits from DMU hybridization, as confirmed in several research projects [18–21],
hybridization of railway powertrains is still in the early development stages. Due to a
comparably smaller market for railway vehicles, only a small number of hybrid DMUs
exist [22–26], mainly as prototypes. Plug-in hybrid systems offer further exploitation of
the benefits offered by the ESS using an external electric power source for their charging
during stabling periods. However, practical implementation of a plug-in hybrid concept
in the railway sector is limited to shunting locomotives thus far [27–30], with no reported
applications nor literature concerning commercial passenger transport. Utilization of fast
charging facilities in stations is considered mainly for BEMUs operation, as a comple-
ment to partially electrified regional railway lines [31–35] or in tram networks [36], which
represent other use cases than the main subject of the present study.

Energy management strategies (EMS) are the main driver of the fuel economy in
hybrid vehicles. Consequently, the reported literature on hybrid DMUs focusses primarily
on their development and implementation. Their aim is to minimize energy consumption
by managing the power flows from different energy sources in the system. Dynamic
programming (DP), as a global optimization method, is widely used in EMS optimization
for hybrid railway vehicles [37–39]. It was also used in deriving a fuel-optimal combined
driving and energy management strategy [40]. Although DP allows for deriving a glob-
ally optimal EMS, it is mainly employed for off-line controller optimization, with several
drawbacks hindering its real-time applications. These include its requirements for perfect
information on the future duty cycle, the extensive calculation time, frequent switches in
power distribution, and the inability to deal with variables that include counters due to its
non-causal nature, i.e., propagation backward in time. Therefore, the EMS obtained from
the DP is mainly used in defining other causal controllers [41], or as a benchmark in evalu-
ating real-time algorithms [42,43]. The equivalent consumption minimization strategies
(ECMS) [44] and Pontryagin’s minimum principle (PMP) optimal control strategies [45,46]
belong to a group of instantaneous optimization methods that can be used in defining
causal controllers. The effectiveness of these methods depends on how the future driving
conditions and critical parameters, namely the equivalent coefficient in ECMS and the
initial value of the co-state in PMP, are estimated [47]. Additionally, whether a certain
EMS can be used online is decided by computation cost and storage memory require-
ment [48], posing additional challenges in practical applications of such causal controllers.
Compared to the previous optimization-based methods, rule-based (RB) algorithms use
event-triggered Boolean rules in determining the power ratio between different power
sources in the system. These rules can be derived from heuristics or fuzzy rules based on
experts’ knowledge [49]. Although RB algorithms cannot guarantee optimality, they were
widely used in defining real-time EMSs [50,51], mainly due to their low computation time
and easy implementation, while also showing promising benefits in terms of fuel savings
and emissions reduction.

The present paper contributes to a bigger project realized in cooperation with Arriva,
the largest regional railway undertaking (RU) in the Netherlands, aiming to specify and
assess potential innovations in reducing total GHG emissions on a regional non-electrified
network in the provinces of Friesland and Groningen. Additionally, requirements of
emission-free and noise-free operation in terminal station areas with longer stabling periods
(above 5 min) are imposed for the current DMU fleet, with foreseen operation until 2035.
The development of detailed simulation models is required to incorporate numerous



Energies 2021, 14, 5920 3 of 29

factors and case-specific constraints affecting trains’ performance, and to capture their
technological and operational characteristics. With this in mind, and considering previously
discussed aspects and identified knowledge gaps, the main contributions of this paper
are twofold:

1. A method to support a hypothetical conversion of a conventional regional DMU
vehicle to its hybrid and plug-in hybrid counterparts, equipped with the prominent
ESS technologies and newly developed causal and easy-to-implement real-time power
control, allowing for a realistic estimation of fuel savings;

2. A comparative analysis of alternative propulsion systems in a case study of a selected
benchmark vehicle and railway line in the northern Netherlands, providing the
railway undertaking with an assessment of potential benefits in terms of reduction of
produced GHG emissions and energy costs.

The remainder of the paper is organized as follows. Section 2 presents a description of
standard, hybrid, and plug-in hybrid propulsion systems. A detailed simulation model
and the real-time power control are presented in Section 3. A Dutch case study comprising
of different systems, railway services, and charging scenarios is given in Section 4, followed
by a discussion in Section 5. The concluding remarks and future work efforts are outlined
in Section 6.

2. Configuration of Standard, Hybrid, and Plug-In Hybrid Propulsion Systems

Various propulsion system configurations can be found in regional DMU vehicles
based on their type of power transmission from the ICE to the wheels, i.e., an electrical,
hydraulic, or mechanical transmission [52]. We limit our analysis to electrical transmission,
namely to diesel-electric multiple units (DEMU), as the only traction option present in
the northern Netherlands. The power-plant of a standard DEMU (Figure 1a) consists of
an ICE powering an AC electric generator (G). The diesel generator (ICE-G) set powers
an AC electric motor (EM) via the rectifier and inverter. With EM acting as a generator
during braking, the regenerated energy is, in this case, dissipated through a braking resistor
(rheostat), connected to the DC link via a DC/DC converter. We assume total electrification
of mechanical auxiliaries, such as hydraulic pump and compressor, with auxiliary systems
connected to the DC link via a DC/AC inverter.

Hybridization of a DEMU can be accomplished with a properly sized and imple-
mented ESS. Numerous ESS technologies have emerged in the transport sector [53]. In
order to assess the influence of the ESS technology selection for a hybrid diesel-electric
multiple unit (HDEMU), we considered the two alternative ESSs that are especially suited
for onboard railway applications: Lithium-ion batteries (LB) and double-layer capacitors
(DLC) [54]. Compared to LBs, which are characterized by a high energy density, limited
power density, and relatively short lifetime, DLCs feature a high number of duty cycles,
low energy density, and a high-power density that allows the ESS to store all the energy
coming from regenerative braking in a short time period, and to release it to the EM during
acceleration [55]. There are different approaches to ESS implementation into the system,
i.e., by a direct connection to the DC link [56,57] or via bidirectional DC/DC converters [51].
As the application of the DC/DC converter provides the ability to achieve an active control
of each power source and match its voltage to the DC bus voltage [47], we adopted the
latter approach (Figure 1b).

Typically, PHEVs use an electric vehicle supply equipment (EVSE) port and correspond-
ing connector for charging the ESS. For further conversion to a plug-in hybrid diesel-electric
multiple unit (PHDEMU), we considered adding a pantograph (or a contact shoe) connected
to the DC link via a line inductor in case of a DC external power grid, or via a transformer
and AC/DC converter in case of an AC external power source (Figure 1c).
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Figure 1. Simplified schematic representation of (a) standard, (b) hybrid, and (c) plug-in hybrid
system architectures for a diesel-electric multiple unit vehicle.

3. Modeling and Control of Alternative Propulsion Systems
3.1. Simulation Model

A backward-looking quasi-static simulation approach [43,58] was adopted in model-
ing the dynamics of the previously described system architectures. The simulation model
was developed in the MATLAB®/Simulink© environment using the OPEUS Simulink
toolbox [59]. The model of a hybrid DEMU [37] was extended to include different power
sources (i.e., ICE, pantograph, LB, and DLC) and to capture the dynamics of ESSs using
typically available parameters published by the manufacturers. The simulation model
(Figure 2) allowed for the simulation of different configurations by disconnecting com-
ponents not included in the respective system. According to the backward orientation
of the model, the inputs encompass the train velocity and geometry profiles of the track,
and the main outputs are cumulative fuel and electricity demand. The arrows designate
the numerical evaluation sequence, opposite to the physical power flow. Due to the high
efficiencies of the power converters, their dynamics were omitted in the model, with their
efficiencies assumed to be ~100%. However, they were considered in the physical system
for controlling the power flows and dispatching different system components according to
the implemented energy management strategy (see Section 3.2). The braking rheostat was
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used only for assessing the balance of power flows in the system. The description of the
low-order models for the system components is provided in the remainder of this section.

Figure 2. Layout of the simulation model for the assessment of the alternative diesel-electric multiple-unit propulsion
system configurations.

3.1.1. Vehicle

With the given velocity and track geometry profiles as input signals, the tractive or
braking effort at the wheel Fw [N] is determined by

Fw(v(t)) = mv·a(t) + Rv(v(t)) + Rg(γ(s(t))) + Rc(φ(s(t))) (1)

with
Rv(v(t)) = r0 + r1·v(t) + r2·v(t)2 (2)

Rg(γ(s(t))) = mv·g· sin(γ(s(t))) (3)

Rc(φ(s(t))) =

{
mv· 4.91

φ−30 if φ < 300 m

mv· 6.3
φ−55 if φ ≥ 300 m

(4)

where t [s] is the time; v [m/s] is the vehicle velocity; s =
∫ t

0 v(τ)dτ [m] is the distance
travelled; a = dv/dt [m/s2] is the acceleration; mv [kg] is the total mass of the vehicle,
i.e., mv = (1 + λ)·mtare + mpax, where λ denotes the factor accounting for rotating masses,
mtare [kg] the vehicle tare weight, and mpax [kg] the cumulative passengers weight. The ve-
hicle resistance Rv [N] includes roll resistance and air resistance, modelled using the Davis
equation [60], with vehicle-specific coefficients r0 [N], r1 [N/(m/s)], and r2 [N/(m/s)2];
Rg [N] is the grade resistance, with g = 9.81

[
m/s2] denoting the gravitational acceleration,

and γ [rad] the angle of the slope [61]; and the curve resistance Rc [N] is calculated using
Roeckl’s formula [62], with φ [m] denoting the curve radius. With the given wheel diameter,
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dw [m], and the vehicle velocity, v, the torque at the wheel, Tw [Nm], and its rotational
speed, ωw [rad/s], can be calculated by [37,43].

Tw = Fw·
dw

2
(5)

ωw = 2· v
dw

. (6)

3.1.2. Axle Gear

The power from the EM shaft to the wheels is transmitted via the axle gear, with
the constant gear ratio iag and the constant efficiency of the gearbox ηag. The torque
TEM [Nm] and the rotational speed ωEM [rad/s] at the mechanical input of the axle gear
result from [37,43].

TEM =


Tw

iag·ηag
if Tw ≥ 0

Tw·ηag
iag

if Tw < 0
(7)

ωEM = ωw·iag. (8)

3.1.3. Electric Motor

Based on the operation mode (motor or generator), and with the EM efficiency ηEM =
fEM(TEM, ωEM) determined by a linear 2D-interpolation in the efficiency map, the electric
power of the electric motor PEM [W] can be determined by [37,43].

PEM =

{
TEM·ωEM

ηEM
if TEM ≥ 0

TEM·ωEM·ηEM if TEM < 0.
(9)

3.1.4. Auxiliaries

The total auxiliaries power Paux [W] is modelled as the sum of the constant term
Paux,const [W], representing constant consumers, such as lighting and the heating, ventilation
and air conditioning (HVAC) system, and the variable term, which accounts for the cooling
power [58], where we introduce the coefficient pcool, representing the proportion of the
total traction power required for cooling the main traction components, i.e.:

Paux(t) = Paux,const + pcool·|PEM(t)|. (10)

3.1.5. Diesel Generator Set

The diesel generator (ICE-G) set is the prime mover in all the propulsion system
configurations considered. Given the requested power from the ICE-G set (electrical output
power of the generator) PG [W], the mechanical output power of the ICE PICE [W] is
calculated by:

PICE =
PG

ηG
, (11)

where the efficiency ηG = fG(TG, ωICE) is determined by a linear 2D-interpolation in
the efficiency map of the generator. The existence of a DC link between the ICE-G and
the EM allows for the independent rotational speed of the EM and ICE-G set, with the
optimal ICE-G set rotational speed ωICE [rad/s] pre-calculated using the Nelder-Mead
simplex method [63] for different possible levels of requested power, while accounting
for the efficiency of the generator and ICE-specific fuel consumption. With the specific
fuel consumption, ψ = fICE(PICE, ωICE) [kg/Ws], determined by a 2D-interpolation of the
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static ICE map, and the density of the fuel, ρ [kg/l], the cumulative ICE fuel consumption
BICE [l] follows from [37,43].

BICE(t) =
t∫

0

PICE(τ)·ψ(τ)
ρ

dτ. (12)

3.1.6. Pantograph

A pantograph is introduced in PHDEMU configurations for connecting to the grid
and charging the ESS during stops. With the power received via pantograph Ppan [W], the
total electrical energy consumed Epan [Ws] at time instant t results from:

Epan(t) =
t∫

0

Ppan(τ)dτ. (13)

3.1.7. Lithium-Ion Battery

The simplified simulation model of a lithium-ion battery (LB) reflects the equivalent
electrical circuit presented in Figure 3. It comprises of a state-of-charge (SoC)-dependent
voltage source, UOC [V], and a constant internal resistance, RLB [Ω], which account for
ohmic losses and depend on the direction of the battery current ILB [A], i.e., charging or
discharging phase.

Figure 3. Equivalent electrical circuit for the lithium-ion battery-based energy storage system.

Given the power provided from the battery PLB [W], battery SoC σLB ∈ [0, 1], open
circuit voltage UOC, and an internal resistance RLB, the battery current and terminal voltage
ULB [V] are defined by [64]:

ILB(t) =
UOC(σLB(t))−

√
UOC(σLB(t))

2 − 4·PLB(t)·RLB(ILB(t))

2·RLB(ILB(t))
(14)

ULB(t) = UOC(σLB(t))− RLB(ILB(t))·ILB(t). (15)

With the initial SoC σLB(0) and nominal battery capacity QLB [As], the battery SoC at
time instant t results from:

σLB(t) = σLB(0)−
1

QLB
·

t∫
0

ILB(τ)dτ. (16)

We limited the maximum (discharging) power Pmax
LB [W] and minimum (charging)

power Pmin
LB [W] by the maximum and minimum current, Imax

LB [A] and Imin
LB [A], respectively,

while keeping the limits of the SoC σ ∈
[
σmin

LB , σmax
LB

]
, battery voltage ULB ∈

[
Umin

LB , Umax
LB
]
,

and satisfying the limitations defined by the manufacturer, i.e.:
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Pmax
LB (t) =

(
UOC(σLB(t))− Rdch

LB ·Imax
LB (t)

)
·Imax

LB (t) (17)

Pmin
LB (t) =

(
UOC(σLB(t))− Rch

LB·Imin
LB (t)

)
·Imin

LB (t) (18)

with

Imax
LB (t) = min

{(
UOC(σLB(t))−Umin

LB

Rdch
LB

)
,

((
σLB(t)− σmin

LB
)
·QLB

∆t

)
, Imax,dch

LB (t)

}
(19)

Imin
LB (t) = max

{(
UOC(σLB(t))−Umax

LB

Rch
LB

)
,
(
(σLB(t)− σmax

LB )·QLB

∆t

)
, Imax,ch

LB (t)

}
, (20)

where ·t [s] is the simulation (integration) time step, and Imax,dch
LB and Imax,ch

LB are the
maximum discharging and charging current defined by the manufacturer, respectively.
Typically, peak (pulse) current values exceeding a defined threshold are allowed for a short
amount of time, preventing the damaging of LB. Therefore, we define the last term in (19)
and (20) by:

Imax,dch
LB (t) =

{
Ipeak,dch
LB if tdch

cnt (t) < tdch
peak

Icont,dch
LB if tdch

cnt (t) ≥ tdch
peak

(21)

Imax,ch
LB (t) =

{
Ipeak,ch
LB if tch

cnt(t) < tch
peak

Icont,ch
LB if tch

cnt(t) ≥ tch
peak,

(22)

where Icont,dch
LB [A] and Icont,ch

LB [A] are the allowed maximum continuous discharging/

charging current values given by the manufacturer; Ipeak,dch
LB [A] and Ipeak,ch

LB [A] are the
peak (pulse) discharging/charging current values provided by the manufacturer, allowed
for the limited time period tdch

peak [s] and tch
peak [s]; tdch

cnt [s] and tch
cnt [s] are the introduced

discharging/charging counters increased in every time step by the sample time as long as
the current value exceeds the allowed maximum continuous values, which are reset in case
of a switch between discharging and charging phases. We did not consider the thermal
dynamics of the LB, as these characteristics are hardly available, and we assumed that the
thermal limitations on the LB were satisfied with the previously defined constraints on the
maximum power.

3.1.8. Double-Layer Capacitor

The DLC can be represented with the equivalent electrical circuit shown in Figure 4.
It is comprised of an internal resistance RDLC [Ω] in series with a capacitance CDLC [F],
both in parallel to a self-discharging resistance Rdch [Ω]. Due to the large value of Rdch
and a duty cycle characterized by short steady-state times, the losses caused by the self-
discharging resistance can be neglected [43], thus preventing the necessity of additional
filtering capacitance for braking the algebraic loop [65].

Figure 4. Equivalent electrical circuit for the double-layer capacitor-based energy storage system.
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Compared to the LB, the DLC has a unique electrostatic energy storage characteristic
with its SoC σDLC being linearly related to its terminal voltage UDLC [V] [48], which then
can be determined by:

UDLC(σDLC(t)) = σDLC(t)·
(

Umax
DLC −Umin

DLC

)
+ Umin

DLC, (23)

where Umin
DLC [V] and Umax

DLC [V] are the maximum and minimum voltage of DLC, respectively.
Similar to the LB model, the DLC current IDLC [A] results from:

IDLC(t) =
UDLC(σDLC(t))−

√
UDLC(σDLC(t))

2 − 4·PDLC(t)·RDLC

2·RDLC
. (24)

With the initial SoC σDLC(0), and using (23) and (24), the resulting SoC follows from:

σDLC(t) = σDLC(0)−
1

CDLC·
(
Umax

DLC −Umin
DLC

) · t∫
0

IDLC(τ)dτ. (25)

The maximum and minimum power of the DLC (Pmax
DLC [W] and Pmin

DLC [W], respectively)
are limited by the current of the DLC. Either the maximum (minimum) current is reached in
order to keep the voltage constrained UDLC ∈

[
Umin

DLC, Umax
DLC

]
, or the maximum (minimum)

permitted current for the DLC is reached, i.e.:

Pmax
DLC(t) = UDLC(σDLC(t))·Imax

DLC(t) (26)

Pmin
DLC(t) = UDLC(σDLC(t))·Imin

DLC(t) (27)

with

Imax
DLC(t) = min

{(
UDLC(σDLC(t))−Umin

DLC
)
·CDLC

∆t
, Imax,dch

DLC

}
(28)

Imin
DLC(t) = max

{(
UDLC(σDLC(t))−Umax

DLC
)
·CDLC

∆t
, Imax,ch

DLC

}
, (29)

where Imax,dch
DLC [A] and Imax,ch

DLC [A] are the maximum discharging and charging current
values provided by the manufacturer, respectively.

3.2. Energy Management Strategy

The aim of the EMS implemented in the control unit (see Figure 2) is to distribute
total demanded power for traction and auxiliaries between different power sources in the
system, while satisfying the following requirements, according to the level of priority:

1. Removing emissions and noise in terminal stops by switching off the ICE and supply-
ing auxiliary systems from an ESS or electric power grid;

2. Improving fuel economy by maximizing regenerative braking energy and its later use
in powering traction and auxiliary systems;

3. Increasing overall ICE-G efficiency by avoiding low load operation;
4. Supporting ICE-G by an ESS during high power demand phases (acceleration).

In order to fulfill these requirements, a real-time control based on a finite state machine
(FSM) was proposed for both HDEMU and PHDEMU configurations, which is applicable
to any of the two considered ESS technologies, i.e., ESS ∈ {LB, DLC}. FSM controls can
provide effective and implementable management of complex systems, such as hybrid
railway vehicles [66,67]. They can be easily programmed in microcontrollers [68], which
are then used for dispatching different power sources in the system by controlling their
unidirectional or bi-directional converters. The presented EMS thus allows for realistic and
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achievable estimations of potential fuel savings for the different configurations considered
in this paper.

3.2.1. FSM Control for HDEMU Vehicle

The FSM control for HDEMU is shown in Figure 5. It consists of five states (S1–S5)
representing typical operation modes of a propulsion system, and corresponding triggers
(T1–T5) covering all theoretically possible transitions between states, irrespective of the
degree of hybridization, i.e., relative ICE-G set to ESS power ratio. A line-specific critical
track section between the defined critical position, scr [m], and the position of the terminal
stop, sts [m], was introduced to ensure a maximally charged ESS when reaching the
terminal stop. ESS discharge processes were disabled in this section and ESS was being
charged from regenerative braking energy and/or ICE-G set. Additionally, a SoC limit
σlim

ESS ∈
(
σmin

ESS , σmax
ESS

)
was defined to prevent excessive ESS charge from ICE-G set and the

dissipation of braking energy. Both, scr and σlim
ESS were calibrated from an estimated duty

cycle for a particular railway line and vehicle configuration. To avoid frequent switches
between ESS charging and discharging operation modes that might cause damage and
degradation, a hysteresis cycle for the SoC, σ

hyst
ESS ∈

(
σmin

ESS , σlim
ESS
)
, was implemented by

introducing a dynamic binary indicator Flag(t) ∈ {0, 1}, with Flag(0) = 0. An optimal
level of electrical power from the ICE-G set Popt

G [W] corresponds to its optimal efficiency
region. Power flows corresponding to the different states and the triggers for the transition
to each particular state were defined as follows.

Figure 5. Finite state machine control for hybrid propulsion system.

Under the pure ICE state (S1), total demanded power Pdem(t) = PEM(t) + Paux(t) is
provided by ICE-G set, and the ESS converter is switched off. Depending on the requested
power level and ESS characteristics (maximum power), this state is active if ESS reaches its
SoC limiting values and/or the vehicle is located within the critical track section, i.e.:

T1 :
(

Pdem(t) ≥ Popt
G ∧

(
σESS(t) = σmin

ESS ∨ scr ≤ s(t) < sts
))

∨
(

0 ≤ Pdem(t) < Popt
G ∧ Pdem(t) ≤ Pmax

ESS (t) ∧ σESS(t) ≥ σlim
ESS ∧ scr ≤ s(t) < sts

)
∨
(

Pdem(t) < Popt
G ∧ Pdem(t) > Pmax

ESS (t) ∧ σESS(t) ≥ σlim
ESS

) (30)



Energies 2021, 14, 5920 11 of 29

S1 :


PESS(t) = 0
PG(t) = Pdem(t)
Flag(t) = Flag(t− ∆t).

(31)

In the pure ESS state (S2), the ESS provides the total requested power, with ICE running
with no load on idling speed, or switched off if the terminal stop is reached. This state is
enabled outside of the critical track section and its activation depends on the SoC value
and the implemented hysteresis, defined by:

T2 :
(
0 ≤ Pdem(t) ≤ Pmax

ESS (t)
)
∧ (s(t) < scr ∨ s(t) = sts)

∧
(

Flag(t− ∆t) = 0∨
(

Flag(t− ∆t) = 1∧ σESS(t) ≥ σmin
ESS + σ

hyst
ESS

)) (32)

S2 :


PESS(t) = Pdem(t)
PG(t) = 0
Flag(t) = 0.

(33)

Similar as in the previous state, the boost state (S3) is enabled outside of the critical track
section, and for particular SoC values and implemented hysteresis cycle. In this state, ESS
provides support for the ICE-G set by providing a portion of high requested power, i.e.:

T3 : Pdem(t) > Popt
G ∧ Pdem(t) > Pmax

ESS (t) ∧ σESS(t) > σmin
ESS ∧ (s(t) < scr ∨ s(t) = sts)

∧
(

Flag(t− ∆t) = 0∨
(

Flag(t− ∆t) = 1∧ σESS(t) ≥ σmin
ESS + σ

hyst
ESS

)) (34)

S3 :


PESS(t) = min

{
Pmax

ESS (t), Paux(t),
(

Pdem(t)− Popt
ICE

)}
PG(t) = Pdem(t)− PESS(t)
Flag(t) = 0.

(35)

Under the load level increase state (S4), which features a low power demand, the ICE-G
set provides the excess power that is used for recharging the ESS, defined by:

T4 :
(

Pdem(t) < Popt
G ∧ Pdem(t) > Pmax

ESS (t) ∧ σESS(t) < σlim
ESS

)
∨
((

0 ≤ Pdem(t) < Popt
G ∧ Pdem(t) ≤ Pmax

ESS (t)

∧
((

σESS(t) < σlim
ESS ∧ scr ≤ s(t) < sts

)
∨
(

Flag(t− ∆t) = 1∧ σESS(t) < σmin
ESS + σ

hyst
ESS

)) (36)

S4 :


PESS(t) = max

{
Pmin

ESS (t),
(

Pdem(t)− Popt
G

)}
PG(t) = Pdem(t)− PESS(t)
Flag(t) = 1.

(37)

The recuperation state (S5) is active during braking, with the negative power values
at the DC link, which is used for recharging the ESS. The power distributed to the ESS is
limited with its maximum charging power, with the excess power dissipated at the braking
rheostat, and ICE running with no load at idling speed, i.e.:

T5 : Pdem(t) < 0 (38)

S5 :


PESS(t) = max

{
Pmin

ESS (t), Pdem(t)
}

PG(t) = 0
Flag(t) = Flag(t− ∆t).

(39)

3.2.2. FSM Control for PHDEMU Vehicle

The FSM control for PHDEMU is shown in Figure 6. The previously defined FSM
control was extended with the additional state (S6) for the operational mode in stations
equipped with charging facilities, together with the corresponding transition conditions.
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Figure 6. Finite state machine control for plug-in hybrid propulsion system.

The EMS is defined by introducing a binary indicator bel(s(t)) ∈ {0, 1}, to represent
the track electrification status. Operational characteristics related to the critical track section
were removed due to the existence of external power sources in terminal stops, resulting in
the following transition triggers:

T1 : bel(s(t)) = 0∧
((

Pdem(t) ≥ Popt
G ∧ σESS(t) = σmin

ESS

)
∨
(

Pdem(t) < Popt
G ∧ Pdem(t) > Pmax

ESS (t) ∧ σESS(t) ≥ σlim
ESS

)) (40)

T2 : bel(s(t)) = 0∧ 0 ≤ Pdem(t) ≤ Pmax
ESS (t)

∧
(

Flag(t− ∆t) = 0∨
(

Flag(t− ∆t) = 1∧ σESS(t) ≥ σmin
ESS + σ

hyst
ESS

)) (41)

T3 : bel(s(t)) = 0∧ Pdem(t) > Popt
G ∧ Pdem(t) > Pmax

ESS (t) ∧ σESS(t) > σmin
ESS

∧
(

Flag(t− ∆t) = 0∨
(

Flag(t− ∆t) = 1∧ σESS(t) ≥ σmin
ESS + σ

hyst
ESS

)) (42)

T4 : bel(s(t)) = 0∧
((

Pdem(t) < Popt
G ∧ Pdem(t) > Pmax

ESS (t) ∧ σESS(t) < σlim
ESS

)
∨
(

0 ≤ Pdem(t) < Popt
G ∧ Pdem(t) ≤ Pmax

ESS (t) ∧ Flag(t− ∆t) = 1∧ σESS(t) < σmin
ESS + σ

hyst
ESS

)) (43)

T5 : Pdem(t) < 0 (44)

T6 : bel(s(t)) = 1. (45)

The power distribution for the states S1–S5 remained the same as in the previous
case. Under the newly added pure electric state (S6), the ICE is switched off in case of a
stop duration longer than 5 min, or switched to idle operation with no load otherwise.
Depending on the maximum power from the grid Pmax

pan [W] and the maximum charging
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power of ESS, electric power from the grid is used for supplying the auxiliaries and
recharging the ESS, i.e.:

S6 :


PESS(t) = max

{
Pmin

ESS (t),
(

Pdem(t)− Pmax
pan

)}
PG(t) = 0
Ppan(t) = Pdem(t)− PESS(t)
Flag(t) = Flag(t− ∆t).

(46)

4. Case Study of the Dutch Northern Regional Railway Lines

The simulation methodology proposed in the previous section was applied in esti-
mating the energy consumption for each of the considered alternative propulsion systems,
followed by the calculation of related GHG emissions and energy costs. The following
sub-sections provide the description of the selected benchmark DEMU and railway line,
followed by a detailed comparative analysis of the different scenarios.

4.1. Benchmark Railway Vehicle

A two-coach DEMU of the type Gelenktriebwagen (GTW) 2/6 from the Swiss man-
ufacturer Stadler, currently employed on the network by the RU Arriva Nederland, was
selected as the benchmark vehicle for this study. The power-module of GTW 2/6 is located
between the two passenger coaches and contains two identical propulsion systems, shown
in Figure 1a. Simulation parameters for a standard GTW 2/6 DEMU are given in Table 1.
The EM, G, and ICE characteristic maps for the GTW 2/6 were reconstructed using data
provided in [69], with the available efficiency map of EM linearly scaled in order to comply
with the maximum requested power for traction and auxiliaries, the maximum available
power from ICE-G set at the DC link (Figure 7a), and an ICE-specific fuel consumption
map (Figure 7b) reconstructed using similarly sized ICE and Willan’s lines technique [70].

Table 1. Standard GTW 2/6 DEMU simulation parameters.

Parameter Unit Value Description

mtare t 70.4 Tare weight 1

λ - 0.05 Rotating mass factor 2

mpax t 7 Total passengers weight 3

r0 N 1001 Davis equation coefficient (constant term) 2

r1 N/(km/h) 22.3 Davis equation coefficient (linear term) 2

r2 N/(km/h)2 0.1 Davis equation coefficient (quadratic term) 2

dw m 0.86 Powered wheel diameter 4

iag - 1.7218 Axle gear ratio 5

ηag - 0.97 Axle gear efficiency 6

vmax km/h 140 Maximum velocity 4

amax m/s2 1.05 Maximum acceleration 2

amin m/s2 −1 Maximum deceleration 2

Fmax
w kN 80 Maximum (starting) tractive effort at the wheel 4

Pmax
w kW 600 Maximum power at the wheel 4

Prated
EM kW 2 × 400 EM rated power 1

Prated
ICE kW 2 × 390 ICE rated power 1

Paux,const kW 50 Constant auxiliaries power 3

pcool - 0.01 Cooling power coefficient 3

ρ g/L 825 Fuel density (diesel) 6

Source: 1 Giro Batalla and Feenstra [71]; 2 Personal communication with Arriva; 3 Assumed values; 4 Stadler Bussnang AG [72]; 5 Calculated
as the ratio between the maximum rotational speed of the GTW’s EM provided in [71] and the maximum rotational speed of the wheel
derived from the maximum vehicle speed; 6 Adopted from Prohl [59].
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Figure 7. (a) Efficiency map of an electric motor; (b) specific fuel consumption of an internal consumption engine; and
(c) lithium-ion battery module open circuit voltage as a function of state-of-charge.

Commercially available LB or DLC modules with proven railway applications were
considered for DEMU hybridization in order to obtain as realistic estimations as possible. A
Toshiba SCiB™ module, type 1–23, contains 24 Li-ion cells, arranged in 2 parallel branches
with 12 cells in series. The cells are based on a Li nickel manganese cobalt oxide (NMC)
chemistry with a Li titanium oxide (LTO) anode, which offers a good compromise between
energy density, power density, and achievable lifetime [73,74]. Due to the unavailability
of the open-circuit voltage characteristic as a function of SoC, the function from [75] was
adopted and scaled according to voltage limits for the SCiB™ module (Figure 7c). A
BMOD0063 module from the manufacturer Maxwell Technologies was selected as the DLC
technology. It contains 48 cells, with 6 parallel series of 8 cells each, and it is especially
suited for heavy-duty transport applications, such as trains and buses [76]. Detailed
characteristics of the selected LB and DLC modules are given in Table 2.

Table 2. Parameters of the selected lithium-ion battery and double-layer capacitor modules.

Parameter Unit Value Description

LB module 1

QLB Ah 45 Nominal capacity
Icont,ch
LB /Icont,dch

LB A −160/160 Minimum/maximum continuous current

Ipeak,ch
LB /Ipeak,dch

LB
A −350/350 Minimum/maximum pulse current

tdch
peak/tdch

peak s 10 Allowed time for pulse current

Umin
LB /Umax

LB V 18/32.4 Minimum/maximum voltage
Rch

LB/Rdch
LB Ω 0.006 Internal resistance charge/discharge

σmin
LB /σmax

LB % 10/90 Minimum/maximum SoC 2

Emax
LB kWh 1.24 Energy content

Euse
LB kWh 0.922 Usable energy content 3

mLB kg 15 Weight

DLC module 4

CDLC F 63 Rated capacitance
Imax,ch
DLC /Imax,dch

DLC A −240/240 Minimum/maximum continuous current
Umin

DLC/Umax
DLC V 12.5/125 Minimum/maximum voltage

RDLC Ω 0.018 Internal resistance
EDLC kWh 0.14 Energy content
mDLC kg 61 Weight

Source: 1 Extracted value from specifications and data sheets in [74] unless otherwise indicated; 2 Adopted values for simulation purposes;
3 Based on allowed SoC range; 4 Extracted values from specifications and data sheets in [76].

The total required number of modules was derived from the energy requirement
of supplying the auxiliaries in terminal stops according to the extended layover time in
terminal stops of 30 min, resulting in 28 LB modules and 179 DLC modules. Train weight
was adjusted to account for the added ESSs. An additional weight of 1000 kg was assumed
for the converters and other equipment and 150 kg for the pantograph. Since the additional
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mass affects both acceleration and braking performance, it was accounted for in the velocity
profile calculation and simulations for each of the alternative vehicle configurations.

4.2. Benchmark Railway Line Selection

The main railway line on the network between the cities Leeuwarden and Groningen
was selected for the train simulations (Figure 8). Compared to the rest of the network,
the provision of the two different services on this line (stopping and express) allowed for
an impact assessment of the stopping frequency on the total energy consumption. Two
different scenarios were considered for the plug-in hybrid concepts regarding the charging
facilities location:

1. Charging facilities located only in terminal stations with long layover times;
2. Charging facilities located in terminal stations and an additional fast charging facility

located in Buitenpost, a common short stop for the two services.

Figure 8. (a) Position and (b) schematic representation of the Northern lines in the Netherlands; and
(c) track layout for the railway line Leeuwarden-Groningen with indicated locations for charging
facilities, stops for stopping and express service, track geometry, and maximum allowed speed.
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The vehicle round trip, based on the actual periodic timetable and rolling stock
circulation plan (Table 3), was analyzed to account for the difference in line resistances and
maximum speed limits for the two opposite directions. A dwell time of 30 s was presumed
for all intermediate stops. For the scenarios including the additional charging location in
Buitenpost, this time was extended to 2 min at this particular stop.

Table 3. Distance between stops and departure times for the line Leeuwarden (Lw) to Groningen
(Gn).

Station Distance (km)

Departure Time (hh:mm)

Stopping Service 1 Express Service

Lw→ Gn Gn→ Lw Lw→ Gn Gn→ Lw

Leeuwarden 0 hh: 51 hh + 2:40
(arrival) hh: 44 hh + 2:16

(arrival)
Leeuwarden C. 3.34 hh: 54 hh + 2:35 - -

Hurdegaryp 9.83 hh + 1:01 hh + 2:30 - -
Feanwalden 14.00 hh + 1:05 hh + 2:25 - -

De Westereen 17.24 hh + 1:08 hh + 2:20 - -
Buitenpost 24.74 hh + 1:16 hh + 2:15 hh + 1:00 hh + 2:00
Grijskerk 35.71 hh + 1:23 hh + 2:06 - -
Zuidhorn 42.35 hh + 1:30 hh + 2:01 - -

Groningen 54.05 hh + 1:39
(arrival) hh + 1:51 hh + 1:18

(arrival) hh + 1:42

Source: 1 Stopping service departure times also reported in [37].

4.3. Comparative Assessment Results

Energy consumption for each of the alternative scenarios was estimated using the
MATLAB®/Simulink© simulation model described in Section 3, with the adopted fixed
time step ∆t = 0.1 s, the ode3 (Bogacki-Shampine) solver used for numerical integration,
and implemented hysteresis cycles of σ

hyst
LB = 5% and σ

hyst
DLC = 20% for LB and DLC,

respectively. Due to its causal nature, the proposed FSM control cannot guarantee the SoC
sustenance. Therefore, each HDEMU and PHDEMU configuration was simulated twice,
with the initial SoC set to σESS = 50%, and then replaced with the final value obtained in the
first simulation run. This allowed for a fair comparison between different configurations.
The maximum power from the grid Pmax

pan was determined from the national railway traction
grid characteristics, namely 1500 V DC voltage and current limitation of 2000 A [77]. To
account for a difference in weight due to additional components, optimized vehicle speed
profiles that comply with the timetable, vehicle, and track parameters were pre-calculated
using a bi-section algorithm [78] for each vehicle configuration. For the sake of brevity,
detailed simulation results are given in Appendix A (Figures A1–A3), with the main results
summarized in Table 4.

The obtained energy consumption was used afterwards in quantifying the total GHG
emissions and energy costs, using a consumption-based approach [79], by multiplying the
amount of fuel or electricity consumed with the corresponding emission factor and unit
cost, respectively. A well-to-wheel approach [80] was adopted in deriving the emission
factors to allow for a credible comparison between GHG emissions of different energy
carriers, namely diesel fuel and electricity in our case, and to comply with the international
norms [81]. Emission factors and energy prices representative for the Netherlands and the
year 2020 were used to reflect the analyzed case study and to account for the most recent
trends. An emission factor for diesel with 2.6% biofuel content of 3.23 kgCO2e/l and for
grey electricity reflecting a national power mix of 0.556 kgCO2e/kWh [82] were assumed.
Since all national trains on the electrified lines run on the electricity produced from wind
power since 2017 [83], an alternative scenario considered the utilization of green electricity
coming from the same source, with the emission factor equal to zero. For the calculation of
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energy costs, an average diesel price of 1.237 EUR/l [84] and a railway traction electricity
price of 0.024137 EUR/kWh [77] were adopted.

Table 4. Energy consumption, GHG emissions, and energy costs for standard, hybrid, and plug-in hybrid vehicle configurations.

Service Configuration ESS Charging Option 1
Energy Consumption GHG

Emissions 2

[kgCO2e]

Energy Costs
[EUR]Fuel

[L]
Electricity

[kWh]

Stopping

DEMU - - 106.31 - 343.38 131.51

HDEMU
LB - 92.01 - 297.19 113.82

DLC - 72.43 - 233.95 89.60

PHDEMU

LB
TSs 75.77 41.01 267.54

(244.74) 94.72

TSs + IS 75.84 47.44 271.34
(244.96) 94.96

DLC
TSs 50.38 63.43 197.99

(162.73) 63.85

TSs + IS 46.04 100.55 204.62
(148.71) 59.38

Express

DEMU - - 140.40 - 453.49 173.67

HDEMU
LB - 126.80 - 409.56 156.85

DLC - 87.11 - 281.37 107.76

PHDEMU

LB
TSs 106.61 49.61 371.93

(344.35) 133.07

TSs + IS 118.58 49.84 410.72
(383.01) 147.89

DLC
TSs 61.98 83.48 246.61

(200.20) 78.68

TSs + IS 60.49 104.81 253.66
(195.38) 77.36

Note: 1 TS: Terminal stop, IS: Intermediate stop; 2 The values in brackets were calculated for the scenarios that consider green electricity for
ESS charging.

The estimated GHG emissions (Table 4) showed significant benefits from hybridization,
primarily as a consequence of reduced diesel consumption. Both total GHG emissions
for each alternative scenario and estimated relative emissions reduction compared to the
standard DEMU are shown in Figure 9. Emission reductions compared to a standard
DEMU vehicle range between 9.43% and 56.92%, depending on the type of service and
vehicle/charging configuration. The results indicated the stopping pattern, ESS technology
selection, and the charging facilities location had a considerable influence. In general, a
positive effect from further conversion of a particular hybrid vehicle to its plug-in hybrid
counterpart was observed. The DLC ESS demonstrated better performance compared to
the LB ESS, both in hybrid and plug-in hybrid alternatives, mainly due to its higher power
density and the ability to recuperate total available regenerative braking energy. While the
additional charging location at the intermediate stop resulted in further emission reductions
for the DLC-based ESS, it showed negative effects for the LB ESS. Finally, utilization of
green instead of grey electricity contributed to a further emission reduction of ~6–8% and
~10–16% for PHDEMUs with LB and DLC-based ESS, respectively.
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Figure 9. Total GHG emissions depending on the propulsion system, charging location, and electricity production configu-
rations; and estimated potential reduction compared to a standard diesel-electric multiple unit.

Similar to the GHG emissions, results on energy costs (Table 4 and Figure 10) indicated
higher benefits from DLC-based configurations, with cost reductions of 31.87–55.46%
compared to 9.69–27.97% savings for vehicles with LB ESS, and with plug-in hybrid vehicles
showing better performance than their hybrid counterparts for each scenario. The same
negative effect from an additional charging facility in the intermediate stop for PHDEMU
with LB ESS was observed. In general, energy cost savings resulted predominantly from
the reduction in diesel consumption and a high diesel-to-electricity price ratio.

Figure 10. Estimated fuel costs for different propulsion system and charging location configuration, and potential reduction
compared to a standard diesel-electric multiple unit.
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5. Discussion

The results of the comparative analysis indicate promising potential benefits from the
hybridization of a DEMU. A further conversion to its plug-in hybrid counterpart allowed
for significantly greater energy savings and the reduction in GHG emissions and costs in all
scenarios. The results also provided insight into numerous interrelated factors influencing
the vehicle performance, which are further elaborated in this section.

The comparison of estimated energy consumption for the stopping and express service
showed considerable impact on the stopping frequency and applied timetable. While
frequent stops in the first case offered a higher amount of braking energy, they also
required more energy for the high-power acceleration phases. Even though these energy
levels were much lower for the considered express service with only one intermediate stop,
the obtained total energy demand was higher in all analyzed scenarios. This was mainly
due to the short running times defined by the timetable, requiring vehicles running at
the maximum speed and preventing them from using the benefits of coasting operation
(see speed diagrams in Appendix A). Energy-efficient timetabling approaches [85] could
potentially contribute to revising the existing timetable and reducing the overall energy
demand for train operation.

The selection of ESS technology plays an important role in defining future powertrain
solutions, as identified in the results for HDEMU and PHDEMU vehicles. The DLC-based
ESS demonstrated significantly better performance compared to the LB, mainly as a conse-
quence of the differences in their physical characteristics. Due to the low power density, the
LB ESS could not cover high power fluctuations, both during traction and braking phases,
causing a lack of support to the ICE and significant dissipation of braking energy. On the
other hand, DLC allowed for recuperation of total regenerative braking energy and ICE
operation in the most-efficient region. However, due to its low energy density, and consid-
ering the main criteria in sizing the ESS, it comes at the price of a high total weight, reaching
almost 11 tonnes in this case. This raises the question of the feasibility of such a solution,
requiring further investigation into the physical constraints [86], including the available
volumetric space on the vehicle and maximum axle load as defined by EN 15528 [87],
which, in our case, was 20 tonnes corresponding to the track category C for the Northern
lines [77]. Combining the individual benefits of LBs and DLCs into a hybrid ESS [88] could
be an effective approach in overcoming the limitation of a single-technology ESS. However,
this raises significant challenges in terms of the optimal sizing, the complexity of energy
management, and the integration of such a solution into the system.

The identified impact of infrastructure and vehicle characteristics, applied timetable,
and technology selection imply the need for a comprehensive line-by-line and vehicle-
by-vehicle analysis in the case of heterogeneous rolling stock fleets operating on multiple
lines. Additionally, external factors and their variability, such as ambient temperature and
number of passengers, should be considered. Variations in the number of passengers during
the day, and the ambient temperature depending on the season, could potentially have a
significant influence on the auxiliaries power load and the overall energy consumption.

Emissions from train operation not only arise due to the fuel or electricity consumption,
but also result from a number of direct and indirect sources, including vehicle produc-
tion and infrastructure construction [89]. Although international standards on emissions
calculation and declaration [81] stipulate consideration of only well-to-wheel emissions,
the emissions resulting from the production and disposal/replacement of additional sys-
tem components, including ESSs and stationary charging facilities in our case, should be
identified. For instance, recent studies estimated GHG emissions from battery production
for electric cars to be in the span of 150–200 kgCO2e per kWh of battery capacity [90],
contributing 31–46% to the total GHG impact from vehicle production [91]. Even though
these relative contributions would be significantly lower for railway vehicles due to their
much higher utilization and longer life cycle, further investigation in terms of detailed life
cycle assessment (LCA) [92] is needed in order to assess the overall environmental impact
of a particular solution.
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Similar to the GHG emissions, next to the fuel/energy-related costs, other investment
costs will occur when rolling out a new propulsion system concept. These monetary costs
are related to a particular technology and its lifetime, and include initial, maintenance,
and replacement costs. Considering the obtained fuel savings for different solutions, high
vehicle utilization, and foreseen operation for the next 15 years, it can be assumed that
the investment costs would be compensated with the energy savings in a relatively short
period of time. However, a comprehensive life cycle costs (LCC) analysis [93] would allow
for identification of overall costs and benefits in this investment decision process.

6. Conclusions

This paper presented a comparative assessment of standard, hybrid, and plug-in
hybrid propulsion system alternatives for regional diesel-electric multiple unit vehicles.
The analysis encompassed the development of a detailed simulation model, which consid-
ered different energy storage technologies, namely lithium-ion battery and double-layer
capacitor, and the real-time energy management strategies based on finite state machines.
Focusing on the regional railway services in the Netherlands, we investigated the hy-
pothetical conversion of a conventional benchmark vehicle found on the network, and
provided a simulation-based assessment in terms of overall energy consumption, related
greenhouse gas emissions, and monetary costs. With the energy storage systems sized
to ensure emission-free and noise-free train operation in terminal stations, the results
indicated higher potential benefits from implementing the double-layer capacitor instead
of the lithium-ion battery, with an identified need for further investigation on its practical
implementation due to the high associated weight. Compared to the standard vehicle,
these benefits are reflected in emissions and cost reduction that exceeded 55% for certain
scenarios. Positive effects from further conversion of a hybrid to a plug-in hybrid system
were observed, with significant impacts of the stopping patterns (type of service), timetable,
and the charging facilities configuration.

The presented research is part of a larger project aiming to identify optimal solutions
for reducing the total well-to-wheel and life cycle emissions on the regional non-electrified
network in the northern Netherlands by analyzing different technical, operational, and
policy measures. In this context, extensions of the present work will consider remaining
rolling stock and lines, as well as testing and validation of the proposed method using
field test data. Further extensions to the current research will include investigation of
hydrogen-powered propulsion systems and upstream processes related to the production
of alternative fuels, such as biofuels and hydrogen, through a detailed well-to-wheel
analysis. The overall impact of vehicle production or refurbishment will be evaluated
through LCA and LCC approaches.
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Nomenclature

Abbreviations
AC Alternating current
BEMU Battery-electric multiple unit
DC Direct current
DEMU Diesel-electric multiple unit
DLC Double-layer capacitor
DMU Diesel multiple unit
DP Dynamic programming
ECMS Equivalent consumption minimization strategy
EM Electric motor
EMS Energy management strategy
ESS Energy storage system
EVSE Electric vehicle supply equipment
FCMU Fuel-cell multiple unit
FSM Finite state machine
G Generator
GHG Greenhouse gasses
GTW Gelenktriebwagen
HDEMU Hybrid diesel-electric multiple unit
HEV Hybrid electric vehicle
HVAC Heating, ventilation, and air conditioning
ICE Internal combustion engine
IS Intermediate stop
LB Lithium-ion battery
LCA Life cycle assessment
LCC Life cycle costs
LTO Li titanium oxide
NMC Nickel manganese cobalt
PHDEMU Plug-in hybrid diesel-electric multiple unit
PHEV Plug-in hybrid electric vehicle
PMP Pontryagin’s minimum principle
RB Rule-based
RU Railway undertaking
SoC State-of-charge
TS Terminal stop
Parameters
amax Maximum acceleration

[
m/s2]

amin Maximum deceleration
[
m/s2]

CDLC Capacitance of the double-layer capacitor [F]
dw Wheel diameter [m]
EDLC Energy content of the double-layer capacitor [Kwh]
Emax

LB Energy content of the battery [Kwh]
Euse

LB Usable energy content of the battery [Kwh]
Fmax

w Maximum (starting) tractive effort at the wheel [N]
g Gravitational acceleration

[
m/s2]

iag Constant gear ratio [−]
Imax,ch
DLC Allowed maximum charging current for double-layer capacitor [A]

Imax,dch
DLC Allowed maximum discharging current for double-layer capacitor [A]

Icont,ch
LB Allowed maximum continuous charging current of the battery [A]

Icont,dch
LB Allowed maximum continuous discharging current of the battery [A]

Ipeak,ch
LB Allowed peak (pulse) charging current of the battery [A]

Ipeak,dch
LB Allowed peak (pulse) discharging current of the battery [A]

mDLC Weight of the double-layer capacitor [kg]
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mLB Weight of the battery [kg]
mpax Total weight of passengers [kg]
mtare Empty vehicle mass [kg]
mv Total vehicle mass [kg]
Paux,const Constant auxiliaries power [W]
pcool Cooling power coefficient [−]
Prated

EM Rated power of the electric motor [W]

Popt
G Optimal level of electrical power from the diesel generator [W]

Prated
ICE Rated power of the internal combustion engine [W]

Pmax
pan Maximum power from the charging grid [W]

QLB Nominal capacity of the battery [As]
Rdch Self-discharging resistance of the double-layer capacitor [Ω]
RDLC Internal resistance of the double-layer capacitor [Ω]
Rch

LB Battery internal resistance during charging [Ω]
Rdch

LB Battery internal resistance during discharging [Ω]
r0 Davis equation coefficient (constant term) [N]
r1 Davis equation coefficient (linear term) [N/(M/S)]
r2 Davis equation coefficient (quadratic term) [N/(M/S)2]
scr Line-specific critical track section [m]
sts Position of the terminal stop [m]
tch
peak Time limit for the allowed battery pulse charging current [s]

tdch
peak Time limit for the allowed battery pulse discharging current [s]

Umax
DLC Maximum voltage of the double-layer capacitor [V]

Umin
DLC Minimum voltage of the double-layer capacitor [V]

Umax
LB Maximum battery voltage [V]

Umin
LB Minimum battery voltage [V]

vmax Maximum velocity [m/s]
∆t Simulation (integration) time step [s]
ηag Constant efficiency of the gearbox [−]
λ Rotating mass factor [−]
ρ Fuel density [kg/L]
σ

hyst
ESS Energy storage system hysteresis cycle for the state-of-charge [−]

σlim
ESS State-of-charge limit for the energy storage system [−]

σmin
ESS Minimum state-of-charge for the energy storage system [−]

σmax
LB Maximum battery state-of-charge [−]

σmin
LB Minimum battery state-of-charge [−]

Dynamic variables
a Vehicle acceleration [m/s2]
bel Binary indicator for the track electrification status [−]
BICE Total fuel consumption [L]
Epan Total electrical energy consumption [Ws]
Flag Binary indicator for the state-of-charge hysteresis cycle [−]
Fw Tractive/braking effort at the wheel [N]
IDLC Current of the double-layer capacitor [A]
Imax
DLC Maximum current of the double-layer capacitor [A]

Imin
DLC Minimum current of the double-layer capacitor [A]

ILB Battery current [A]
Imax
LB Maximum battery current [A]

Imax,ch
LB Maximum battery charging current defined by the manufacturer [A]

Imax,dch
LB Maximum battery discharging current defined by the manufacturer [A]

Imin
LB Minimum battery current [A]
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Paux Total auxiliaries power [W]
Pdem Total requested power for traction and auxiliaries [W]
PDLC Power of the double-layer capacitor [W]
Pmax

DLC Maximum power of the double-layer capacitor [W]
Pmin

DLC Minimum power of the double-layer capacitor [W]
PEM Electric power of the electric motor [W]
Pmax

ESS Maximum power of the energy storage system [W]
Pmin

ESS Minimum power of the energy storage system [W]
PG Electrical output power of the generator [W]
PICE Mechanical output power of the internal combustion engine [W]
PLB Power of the battery [W]
Pmax

LB Maximum power of the battery [W]
Pmin

LB Minimum power of the battery [W]
Ppan Electric power received via pantograph [W]
Rc Curve resistances [N]
Rg Grade resistances [N]
RLB Battery internal resistance [Ω]
Rv Vehicle resistances [N]
s Distance traveled [m]
t Time [s]
tch
cnt Battery pulse charging time counter [s]

tdch
cnt Battery pulse discharging time counter [s]

TEM Torque at the mechanical output of the electric motor [Nm]
Tw Torque at the wheel [Nm]
UDLC Terminal voltage of the double-layer capacitor [V]
ULB Battery terminal voltage [V]
UOC Battery open circuit voltage [V]
v Vehicle velocity [m/s]
γ Angle of the slope [rad]
ηEM Efficiency of the electric motor [−]
ηG Efficiency of the generator [−]
σDLC State-of-charge of the double-layer capacitor [−]
σLB Battery state-of-charge [−]
φ Curve radius [m]
ψ Specific fuel consumption [Kg/Ws]
ωEM Rotational speed of the electric motor [rad/s]
ωICE Rotational speed of the internal combustion engine [rad/s]
ωw Rotational speed of the wheel [rad/s]
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Appendix A

Figure A1. Simulation results for a standard DEMU vehicle on (a) stopping service and (b) express service.

Figure A2. Simulation results for a HDEMU vehicle on stopping and express service, respectively: (a,b) with LB ESS; and
(c,d) with DLC ESS.
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Figure A3. Simulation results for a PHDEMU vehicle on stopping and express service, respectively: (a,b) LB ESS with
charging at TSs; (c,d) LB ESS with charging at TSs and IS; (e,f) DLC ESS with charging at TSs; and (g,h) DLC ESS with
charging at TSs and IS.
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