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Abstract: Although rail is one of the most sustainable transport systems, there is still room to reduce
its energy demand. In particular, during the braking of DC powered trains, a significant amount of
energy is wasted. The recent developments in energy storage system technologies, combined with the
widely used technique of regenerative braking, can considerably increase energy saving. This paper
explores this theme, quantifying the amount of braking energy that can be potentially recovered
in a real case study, starting from the experimental data measured on-board train. A simplified
numerical model of the recovery process has been implemented. Adopting it, the energy that can
be saved, with one or two energy storage systems, has been quantified for each possible position
along the track. The procedure allows to determine the optimal position. Further findings about the
impact of voltage level on the efficiency of the recovery process have been reported. The optimal
level of voltage has been determined, also considering the additional losses in the catenary, both
during the traction and braking phase of the train. Moreover, it allows dimensioning of stationary
storage systems considering two different energy management strategies and their impact on the
peak of stored energy. The proposed approach will be presented with reference to the concrete case
of a specific route on the Italian rail network, analyzing a train in normal commuter service and the
obtained results will be discussed. In the best situation, about the 73% of the braking energy can
be recovered.

Keywords: railway system; regenerative braking; stationary energy storage system; energy and
power measurement

1. Introduction

The modern railway system is widely recognized as one of the most sustainable modes
of transport. However, there is still an operating margin to improve energy efficiency and
further increase its environmental benefits. The monitoring activity performed within the
European project 16ENG04 MyRailS [1] has provided interesting data on the wasted energy
of railway and metro traction units. From the energy analysis performed on experimental
data recorded during the monitoring of different railway traction-units in commercial
service, it results that a value ranging from few percentage points up to 50% of the traction
energy is dissipated, and it can reach several hundreds of kilowatts per hour for a single
journey. Of course, these shares vary remarkably with line characteristics, towed mass
and supply voltage amplitude; the recovery of such amount of energy could improve
efficiency of the electric transport reducing overall CO2 emissions. To this aim, several com-
plementary strategies that improve the energy management can be employed: timetable
optimization, reversible substations or ESSs [2–4]. All these energy recovery strategies are
based on the regenerative braking. The inherent capacity of the electric motors to act as
generator during the braking phase of the train is already widespread. In AC railway, the
intrinsically bidirectional operation mode of the power supply system allows for easier
reuse of this energy without any additional costs. On the other hand, about 44% of the
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railway networks are supplied in DC [5], where the braking energy can be reused only
by other trains within the same network that need energy at the same time, since the
traditional supply substations are unidirectional. In fact, they are equipped with diode
rectifiers to transfer the power from the main AC grid to the overhead contact line [6],
which carries the power to the trains through the pantograph [7]. In this condition, it is
evident that this possibility of recovery is strongly influenced by the dynamic conditions of
the line. In particular, if there is no other train in traction, in the same moment and thus
able to absorb, this energy must be dissipated on-board train. This can significantly limit
the amount of recoverable energy.

To overcome the described limitations, line receptivity can be considerably improved
installing reversible substations that allow for return of the regenerated energy to the main
grid. This option requires significant investments to modify the traditional substations
substituting the already present converters with modern bidirectional ones and, on the
other hand, can produce undesired disturbances to the AC grid [8,9]. A possible alternative
to take fully advantage of the regenerative braking is to accumulate the excess part of
the braking energy in on-board ESSs and reuse it when the train is in traction phase.
Nevertheless, this approach has a first disadvantage: all vehicles must be equipped with
their own ESS. However, this is not easily applicable to the vehicles already in service
and of course impacts significantly on the costs. A further drawback in the adoption of
on-board ESSs entails higher traction energy consumptions due to the increase in vehicle
mass [10,11]. An alternative to overcome the restrictions in terms of weight and volume is
to install stationary ESSs nearby the substations. Stationary ESSs can recover the energy
generated from several trains on the line and release it as soon as needed [12–15]. This
solution works without any modification to the vehicles already in service. The main
drawback of the stationary ESSs is that the relative distance between train and ESS limits
the amount of the recoverable energy (this is due to resistive losses in the catenary and
limitation in voltage increasing during energy injection as it will be better explained in
the following) so effectiveness of the energy recovery depends on the ESS location along
the line. It is, therefore, important to try to determine the best position that maximizes
the recovery.

In the literature, several articles address the maximizing of energy recovery introduc-
ing a stationary ESS: for instance, in [16] is described a study that estimates the energy that
can be potentially recovered into the primary grid installing stationary ESSs, investigating
different types of braking (mixed electrical and mechanical or totally electrical). In [17],
a newly proposed topology based on a bypass DC loop connected in parallel with the
original catenary circuit is proposed to improve the utilization rate of the ESSs. In [18]
is developed a control algorithm to manage the energy accumulated in ABS (Auxiliary
Battery Substations) installed in traditional 3 kV DC railway networks to face the peak
current absorbed by the trains in traction phase. In [19] is proposed a computational
model developed to evaluate the energy savings and the stabilizing effect of the overhead
line voltage due to ESS. In [20] is proposed a method for choosing the optimal siting and
sizing of stationary supercapacitors based on particle swarm algorithm. However, to the
best of authors’ knowledge, few articles explore this theme starting from measurements
collected on-site. With this aim, the paper presents a procedure that performs a complete
design of the ESS to maximize the energy recovery selecting the best storage position and
selecting also the voltage level that represents the best tradeoff between line losses and
braking energy recovery. Moreover, the procedure considers different energy management
strategies in order to determine the required size of the ESSs.

The procedure will be presented with reference to a specific case of study considering
a E464 train, owned by Trenitalia, in commercial service on the line Bologna–Rimini.
The procedure is based on measurements performed on-board train of the actual energy
flows associated with train position used in combination with a simplified model of the
considered line. In the following, Section 2 (The Measurement System) describes the
on-board train measurement system and the monitored quantities, whereas Section 3
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(Methodology Description and Experimental Results) shows the application of the method.
Finally, Section 4 (Conclusions) draws the conclusions.

2. The Measurement System

The data used for this research have been recorded during an extensive measurement
campaign conducted on board the train E464 operating on the Italian rail network. The
measurement campaign lasted about 3 months with over 1 terabyte of data recorded and
it is a part of the activities within the European project 16ENG04 MyRailS [1]. Figure 1a
provides a schematic of the E464 locomotive traction unit and the monitored quantities.
Voltage (VP) and Current (IP) at the pantograph have been measured to quantify the energy
absorbed by the train during traction (IP < 0) and the energy sent back to the catenary
during braking (IP > 0). Instead, the supply voltage and the currents in both rheostats
(IRA and IRB) have been measured to estimate the energy wasted on-board train. Note that
the voltage drop across the resistors has been indirectly determined by the voltage after
the inductance (VF) and the one between the two series-connected capacitances (VHF half
filter). The block diagram of the proposed measurement system is shown in Figure 1b. The
system used for the on-site measurements is based on the National Instruments Compact
Rio 9034. A GPS Module that produces a 1 Pulse Per Second (PPS) signal from the GPS
timing receiver with an accuracy of 100 ns and accomplishes the task of keeping the system
synchronized to absolute time. The module also provides information about latitude and
longitude of the train, useful to correlate the real-time measurements to the position of the
train. In order to build up a complete measurement system, proper signal conditioning has
been designed. Voltage and current transducers, suitable to adapt signals amplitude to the
digital conversion stage, have been selected since the nominal voltage and current levels
of the monitored quantities are considerably higher than the input range of the voltage
modules. For currents, open loop Hall effect transducers were employed. In particular,
LEM HOP 800-sb transducers, that feature a measuring range of ±1600 A, are suitable to
acquire the current in the rheostats and the current absorbed by the auxiliary systems. For
the pantograph and the traction current instead, LEM HOP 2000 transducers, that features a
measuring range of ±3000 A, have been used. The transducers have an openable magnetic
core, that allows the installation without modifying the already present electrical wiring.
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Both transducer models feature a flat frequency response from DC to 10 kHz and a
rated accuracy lower than 2%. Resistive-capacitive voltage dividers were used to acquire



Energies 2021, 14, 2560 4 of 16

the voltages VP, VF and VHF. In particular, three Ultravolt compensated dividers have been
employed. These transducers feature a primary voltage of 40 kV, a nominal transducer
ratio of 1000/1 and provide a bandwidth from DC to 10 MHz. The acquisition stage has
been implemented with the cRIO 9034 that is equipped with an embedded controller with
1.91 GHz real-time processor, 2 GB RAM DDR3 and houses two 4-channel NI 9223 voltage
modules. The voltage modules feature 4 differential input channels, 16-bit resolution and
an operating range of ± 10 V. The data acquisition has been performed at 50 kHz that
allows a continuous monitoring of the signals without leading rapidly to an unmanageable
amount of data and, at the same time, allows to analyze typical fast transient phenomena
that can occur on-board train.

3. Methodology Description and Experimental Results

As mentioned before, this paragraph presents the design of a stationary ESS selecting
the position that maximizes the recovery of the braking energy, basing on the energy flows
quantified from the data acquired with the described on-board measurement system. To
describe the methodology, we will focus the attention on a specific route, but similar results
can be obtained with other routes. The study has been carried on the Rimini–Bologna route
that covers a distance of 115 km and lasts one hour and a half in all. The values reported in
the following refer to a round trip performed on 1 January 2021 by a E464 loco with seven
carriages towed (weight 316 ton). The amount of energy absorbed by the train traveling the
route was considerable (3.4 MWh) while, during the braking stages, the amount of energy
injected back to the catenary does not overcome 19 kWh overall, against a total amount of
dissipated energy of 418 kWh (that is 12% of traction energy). In other words, less than 5%
of the braking energy is recovered. This is a particular condition that is probably caused
by the low number of trains due to the travel restrictions in force during the pandemic.
Regardless, it is an interesting case study to consider for our purposes.

The continuous monitoring of the energy flows at the pantograph and those in the
rheostats, together with the position of the train, allows to know the energy generated and
absorbed by the train in any position. Figure 2 reports the values per second of the power
regenerated by the train during the route from Riccione to Bologna (blue line) and those
related to the return trip from Bologna to Riccione (red line). The peak level of the braking
power recorded along the monitored route is of about 2.8 MW.

As it can be noted, in both cases most of the braking events occur when the train
approaches the next station. Moreover, the braking effort is quite similar if we compare the
two trips but, during the return, the braking events are displaced on the right with respect
to the stations because of the opposite direction of the train. It can be worth focusing on a
single typical braking event to quantify the energy fluxes and the peak levels of power that
have to be managed. In Figure 3 is reported a braking event occurred traveling outward,
just before approaching the substation of Forlì. During the braking, the train generates a
peak power of about 2.4 MW and the amount of energy related to each pulse of power has
order of magnitude of few tens of kilowatt. Therefore, to fully exploit the braking energy,
fast energy ESSs are required [21].



Energies 2021, 14, 2560 5 of 16
Energies 2021, 14, 2560 5 of 17 
 

 

 

Figure 2. Braking power along the line Bologna–Rimini. 

 
Figure 3. Power fluxes during a braking event. 

Although the technology to employ is not object of this research activity, an 
appropriate choice to manage this kind of power fluxes is the Li-ion capacitor [22]. This 
technology has a higher power density as compared to the standard lithium-ion batteries 
and energy density greater than standard electrostatic double-layer capacitors [22–24]. As 
previously mentioned, the ESS position can strongly influence the amount of recovered 
energy (Figure 4a). In fact, the energy recovery process during the braking can be modeled 
as in Figure 4b, where the train is modeled as a current generator that injects power to the 
line, the ESS is modeled as a current sink and R(d) models the railway track between the 
position of loco (ݔ୲୰ୟ୧୬) and the position of ESS (ݔୱ୳ୠ) and thus it is a function of the relative 
distance d (݀ = ୲୰ୟ୧୬ݔ |  :ୱ୳ୠ|). This model can be analytically expressed as followsݔ −

۔ۖەۖ
ۓ ୧ܲ୬୨ =  ୮ܸ ∙ ୮                          ୠܲ୰ܫ = ୧ܲ୬୨ + ܲୢ ୧ୱ                    ୮ܸ = ୱܸ୳ୠ + ܴሺ݀) ∙ ୮           ୱܲܫ = μ ∙ ୱܸ୳ୠ ∙ ୮                     (1)ܫ

where, ୱܸ୳ୠ represents the operating voltage of the substation in which the ESS is located, ୠܲ୰ is the braking power generated by the motor that is split into ୧ܲ୬୨, the part injected 
and ܲୢ ୧ୱ, the part dissipated, and ୱܲ is the stored power. 

Figure 2. Braking power along the line Bologna–Rimini.

Energies 2021, 14, 2560 5 of 17 
 

 

 

Figure 2. Braking power along the line Bologna–Rimini. 

 
Figure 3. Power fluxes during a braking event. 

Although the technology to employ is not object of this research activity, an 
appropriate choice to manage this kind of power fluxes is the Li-ion capacitor [22]. This 
technology has a higher power density as compared to the standard lithium-ion batteries 
and energy density greater than standard electrostatic double-layer capacitors [22–24]. As 
previously mentioned, the ESS position can strongly influence the amount of recovered 
energy (Figure 4a). In fact, the energy recovery process during the braking can be modeled 
as in Figure 4b, where the train is modeled as a current generator that injects power to the 
line, the ESS is modeled as a current sink and R(d) models the railway track between the 
position of loco (ݔ୲୰ୟ୧୬) and the position of ESS (ݔୱ୳ୠ) and thus it is a function of the relative 
distance d (݀ = ୲୰ୟ୧୬ݔ |  :ୱ୳ୠ|). This model can be analytically expressed as followsݔ −

۔ۖەۖ
ۓ ୧ܲ୬୨ =  ୮ܸ ∙ ୮                          ୠܲ୰ܫ = ୧ܲ୬୨ + ܲୢ ୧ୱ                    ୮ܸ = ୱܸ୳ୠ + ܴሺ݀) ∙ ୮           ୱܲܫ = μ ∙ ୱܸ୳ୠ ∙ ୮                     (1)ܫ

where, ୱܸ୳ୠ represents the operating voltage of the substation in which the ESS is located, ୠܲ୰ is the braking power generated by the motor that is split into ୧ܲ୬୨, the part injected 
and ܲୢ ୧ୱ, the part dissipated, and ୱܲ is the stored power. 

Figure 3. Power fluxes during a braking event.

Although the technology to employ is not object of this research activity, an ap-
propriate choice to manage this kind of power fluxes is the Li-ion capacitor [22]. This
technology has a higher power density as compared to the standard lithium-ion batteries
and energy density greater than standard electrostatic double-layer capacitors [22–24]. As
previously mentioned, the ESS position can strongly influence the amount of recovered
energy (Figure 4a). In fact, the energy recovery process during the braking can be modeled
as in Figure 4b, where the train is modeled as a current generator that injects power to the
line, the ESS is modeled as a current sink and R(d) models the railway track between the
position of loco (xtrain) and the position of ESS (xsub) and thus it is a function of the relative
distance d (d = | xtrain − xsub|). This model can be analytically expressed as follows:

Pinj = Vp·Ip
Pbr = Pinj + Pdis
Vp = Vsub + R(d)·Ip
Ps = µ·Vsub·Ip

(1)

where, Vsub represents the operating voltage of the substation in which the ESS is located,
Pbr is the braking power generated by the motor that is split into Pinj, the part injected and
Pdis, the part dissipated, and Ps is the stored power.
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The parameter µ has been included in the model to take into account the efficiency
of the Storage Management System (SMS). The only input of this model is the braking
power (Pbr) that can be evaluated for each second and for each position of the train from
experimental measured data adopting the following Equation (2):

Pdis =
VF
2 ·
(

IRA + IRB
)

Pinj = Vp·Ip
Pbr = Pinj + Pdis

(2)

with the symbolism used in Figure 1a.
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It is worthwhile noting that the values averaged over a second of the measured quanti-
ties reported in (2), denoted by the overbar, are obviously different from the corresponding
values reported in (1) as the introduction of the ESS modifies the working conditions and
so these new values have to be calculated as a solution of equation system (1).

It must be underlined that not all the braking power can be injected in the line. In fact,
the control system self-limits the amount of current injected when it detects that the line is
not able to receive it. In more detail, when the train tries to send energy to the catenary,
the voltage at the pantograph increases. However, if the voltage overcomes a predefined
threshold (3800 V in the considered system), the on-board train control system starts the
dissipation in the rheostats to reduce the current injected in the supply line and, in times, to
limit the voltage increment within the maximum range allowable (3900 V maximum [25]).
In particular, the current Ip must satisfy the constraint (3) and thus the power Pinj must
satisfy the constraint (4):

Ip(d) ≤
Vmax −Vsub

R(d)
= Ip,max(d) . (3)

Pinj(d) ≤ Vmax·
Vmax −Vsub

R(d)
= Pinj,max(d) . (4)

Once the maximum value for Pinj is reached, any additional braking power is dissi-
pated on board (Pdis) on the breaking rheostats. Therefore, Pinj can be calculated as follows:

Pinj =

{
Pbr i f Pbr < Pinj,max
Pinj,max otherwise

(5)
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It is apparent that the value of R(d) can heavily influence the share of Pbr that can be
injected. The value of the resistance R(d) can be obtained multiplying the line kilometric
resistance, r, by the distance between train and ESS:

R(d) = r·d = (rc + rt)·|xtrain − xsub|. (6)

where r is given by the sum of resistive parameters due to the contact line (rc) and the
resistance of the track (rt), that can be evaluated using the following equations:

rc = ρcu·
1000

Sc
, (7)

rt =
0.9
m

, (8)

where Sc is the cross section of the line, ρcu the resistivity of the copper and m the mass per
m of the track [26]. The values of rc and rt, calculated with parameters provided by the
system operator for the considered track, are, respectively 0.041 Ω/km and 0.0150 Ω/km.

Starting from the quantities measured at different time instants, it is possible to know
for each train position the values of Pbr and R(d). The value of Vsub is considered a
constant system parameter and then also Ip,max and Pinj,max can be calculated. Therefore,
it is possible to solve the system in (1) under the constraints (3) and (4) obtaining new
values for Vp, Ip, Pdis that would occur in presence of a stationary ESS, and also Ps, that
is the estimated storage needing. The obtained results depend on the position of the ESS
(xsub).Therefore, repeating the analysis for all the possible positions allows to determine
the one that maximizes the stored energy. For the SMS a complete charge/discharge cycle
efficiency of 95% was considered.

In the analysis conducted, the possible recovery by other trains is not considered, so
the braking energy can be recovered only by ESS. This simplifying hypothesis represents a
worst-case scenario from both point of view, ESS sizing and line losses. As a first step, the
analysis has been conducted considering that Vsub = 3700 V, that is, the average value of
the line voltage level obtained from the measurements; therefore, this is the case obtainable
by simply adding an ESS to the existing infrastructure, without any other modification.
This case is represented with a black line in Figure 5; the plot shows the total amount of
stored energy (obtained integrating PS) during the analyzed round trip, versus the position
of the ESS on the line. It can be noted that the position of the ESS that maximizes the
energy recovery is close to Imola with a maximum of recoverable energy of about 125 kWh.
Therefore, the addition of a stationary ESS, under the current operating conditions of the
line (actual voltage level), allows a recovery of the 35% of braking energy (increases the
energy savings of the 30% compared to the measured value). Observing the simplified
model of Figure 4b, it is apparent that the substation voltage level limits the amount of
energy recovered: since there is the Vp limitation above described, the maximum current
injected is limited by the voltage drop on the R(x), thus a greater value of Vsub entails a
lower amount of power injected in the system.

Despite the nominal value of the considered traction system being 3000 V, it is common
practice for rail system operators to adopt a significantly higher voltage (3700 V in the
actual case) because an increase in voltage level allows the same power transfer with a
lower absorbed current during traction stage of trains and, consequently, lower losses on
the line. Regardless, it is evident that this kind of practice heavily impacts on the amount
of recovered energy (see (4)): a voltage reduction should be considered as tradeoff between
the additional losses and the energy surplus that can be potentially recovered.

For this reason, to evaluate how the reduction of the line voltage affects the recovered
energy, the numerical analysis was repeated varying the voltage level Vsub in a range from
the actual voltage (3700 V) to 2800 V. From the system (1), establishing a different supply
voltage Vsub and considering as input of the model the measured value of the braking
power Pbra, the values of Vp, Ip and, consequently, of Pinj and Ps, for the new supply
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voltage considered can be estimated, obtaining the other curves in Figure 5. Note that
at lower voltage levels, the recovered energy increases as expected and the variation of
recovered energy decreases with the position. Reducing voltage level in the substation
and thus on the line, the maximum recovered energy increases, reaching about 276 kWh
(see blue line), so it is more than doubled and the position of the ESS that maximizes the
recoverable energy moves towards Faenza. As in Faenza there is not a supply substation,
this location is not suitable. In fact, the ESS is assumed to be located only in correspondence
of an electrical substation, in order to reduce installation and maintenance effort, and not
along the intermediate sections between two substations.
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For this reason, in the following analyses we considered the ESS located in the substa-
tion of Forlì.

Figure 6 provides the results of a detailed energy analysis with the ESS located in Forlì,
reporting separately both the energy losses in the overhead contact line during recovery
and the losses of SMS. In particular, at a line voltage of 3700 V (1st bar), the total amount of
recovered energy is 114 kWh, but the energy dissipated in the line on the recovery path is
2 kWh and 6 kWh are dissipated for the losses of the SMS, so the energy actually stored in
the system is 106 kWh. The effect of voltage reduction acts both increasing considerably
the recovered energy, but also slightly increasing the dissipation losses for the recovery (the
train is able to inject more energy in the line and can recover energy at greater distances,
but this implies additional losses).

The optimization algorithm acts in a similar way, varying voltage level and considering
all possible combinations of the positions of the two storage devices. In Figure 7 is reported
the total amount of energy that can be recovered versus the positions of the two energy
ESSs on the line at 3700 V.

The positions that maximize the energy recovery are in correspondence of Cesena
and Castel S. Pietro with 222.1 kWh, but this configuration would require an additional
electrical substation that is not currently present in Castel S. Pietro.
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Figure 6. Energy analysis with a stationary ESS in Forlì on varying the supply line voltage.

Possible alternative positions with nearly the same amount of recovered energy
(219.2 kWh) are Cesena and Imola where there are two supply substations in order to
minimize the installation costs. With two ESSs, the net stored energy is nearly doubled
(204 kWh) compared to the case with one (106 kWh) in the same supply conditions (see
Figure 5). Similarly to what has been done for one ESS, the analysis has been performed
varying Vsub, obtaining the surface in Figure 8 for a supply voltage level of 3300 V.
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Figure 7. Recovered energy on varying the location of the two ESSs with the actual supply
voltage level.
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voltage level.

It was observed that 3300 V is a good compromise and, as it will be clarified with the
energy analyses in the following, a further voltage reduction does not introduce substantial
improvements in terms of energy savings.

Additionally, in this case, the results lead to a best ESS collocation in the substations
of Cesena and Imola with about 362 kWh of recovered energy. Comparing Figure 7 with
Figure 8, it can be noted that reducing the voltage level the variation of the recovered
energy decreases with the position, as already seen before in the case of one ESS.

Figure 9 provides the stored energy shares and the losses during the braking phase
for a configuration of the line with two operating ESSs, installed in Cesena and Imola,
respectively. Note that as mentioned before, reducing voltage under 3300 does not give
substantial improvements, because the increment in recovery is almost completely canceled
by the increase in losses (the total dissipated on the line and by the SMS).

Regardless, to complete the energy balance and to correctly evaluate the actual conve-
nience of a voltage reduction, as previously motivated, the additional losses during traction
phase have to be evaluated. To this aim, the model has been modified, adding a simplified
substation model as shown in Figure 10, in order to take into account the traction phase. It
is based on a series connection of a voltage source with a diode and a resistor of 0.01 Ω,
that is the equivalent source resistance (Req) provided in the EN 50641 standard [27].

The net balance is positive and with a voltage reduction of about 25% (2800 V), the net
stored energy was incremented of about 160% (274 kWh). With a voltage level of 2800 V,
the on-board dissipation drops to 91 kWh (21% of the braking energy), but 72 kWh (16.5%
of the braking energy) is still dissipated by line and SMS in total. To reduce such amount
of energy waste or to obtain the same recovery requirements with a higher voltage level, it
is possible to consider the installation of two energy storage devices. The model reported
in Figure 10 schematizes a single substation, anyway under the hypothesis of same Vsub
for all the substations, the model can be extended simply accounting the comprehensive
resistive path as the parallel connection of the resistive paths related to each substation.
Without the adoption of a ESS, the losses estimated with this model of the line, due to the
measured traction current, resulted in 56 kWh.
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Figure 9. Energy analysis with two stationary ESSs in Cesena and Imola on varying the supply
line voltage.
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Figure 10. Schematic of the train running between the substation and the ESS.

To analyze the energy dissipation introducing a ESS, it is important to define the
strategy adopted to manage the stored energy. In fact, the ESS is charged during the braking
phases while delivers energy in the following traction stage. Two different simplified
control strategies for the discharging process of the system are considered in the following:
the first strategy is based on the assumption that, when the ESS is charged, it operates
in concurrence with all the other substations to supply the train, while, according to the
second strategy, the ESS is used as priority source so that only when it is fully discharged,
other sources supply the train.

As for dissipation, Table 1 reports a comprehensive analysis of the losses during
traction, taking into account the different discharge strategies and the adoption of one or
two ESSs. The first column reports values very close to the one estimated during traction
without ESS, so the simple introduction of these devices has a minor impact on losses. On
the contrary, it can be noted that the voltage reduction has a more remarkable impact, in
fact the losses reach a value of 133 kWh for 2800 V of supply voltage in case of energy ESS
not prioritized. Regardless, the increase is more pronounced with prioritization. Moreover,
as it can be noted from the last two rows in Table 1, the adoption of two ESSs limits the
increase in losses for lower voltage levels. To compare the improvement in energy savings,
taking into account both storage and losses, in Table 2 the saved energies for the whole
system are reported, net of the 56 kWh that would have been dissipated anyway without
ESS. For higher voltage values, the adoption of two ESSs triples (3700 V) or doubles (3600 V)
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the net amount of energy saved. Beyond a certain level of reduction, the increment in
energy recovery was cancelled by additional losses and, therefore, there are no benefits
from further reductions. The optimum levels are indicated in Table 2 in bold type. They
are 3000 V for a single ESS both in case of prioritized ESS and concurrent system. Instead,
in case of two ESSs operating on the line, the voltage level that maximizes the net saved
energy is 3300 V.

Table 1. Energy dissipated on the line in traction.

Substation Voltage (V) 3700 3600 3500 3300 3000 2800

1 ESS not prioritized (kWh) 53 ± 3 55 ± 3 58 ± 3 64 ± 3 77 ± 4 90 ± 5

1 ESS prioritized (kWh) 57 ± 3 63 ± 3 71 ± 3 85 ± 4 112 ± 5 133 ± 5

2 ESSs not prioritized (kWh) 52 ± 3 53 ± 3 56 ± 3 62 ± 3 77 ± 4 89 ± 5

2 ESSs prioritized (kWh) 56 ± 3 63 ± 2 69 ± 3 80 ± 4 99 ± 5 114 ± 5

Table 2. Net amount of saved energy for the whole system.

Substation Voltage (V) 3700 3600 3500 3300 3000 2800

1 ESS not prioritized (kWh) 109 ± 6 156 ± 7 188 ± 8 229 ± 9 247 ± 9 240 ± 9

1 ESS prioritized (kWh) 105 ± 6 148 ± 7 175 ± 8 208 ± 9 212 ± 10 197 ± 10

2 ESSs not prioritized (kWh) 208 ± 7 272 ± 8 303 ± 7 316 ± 6 306 ± 5 291 ± 6

2 ESSs prioritized (kWh) 204 ± 7 262 ± 8 290 ± 7 299 ± 6 284 ± 6 266 ± 7

The uncertainty on the measured quantity Pbra has lower influence on the system
with respect to the variability of R(d). In fact, R(d) computed as in (6), takes into account
resistance of rail, catenary, contact, etc., all parameters that can greatly vary with wear,
environmental factor and/or specific implementation characteristics. To evaluate the
sensitivity of the model to the variability of input parameters a traditional worst-case
tolerance analysis has been performed considering all possible permutations for both Pbra
and R. The individual variables are placed at their tolerance limits in order to make the
measurement as large or as small as possible. The worst-case model does not consider
the distribution of the individual variables, but rather that those variables do not exceed
their respective limits. To establish the interval of tolerance for Pbra, the uncertainties
on voltage and current have been propagated on the braking power for each position
of the train, then tolerance on Pbra has been determined multiplying the propagated
uncertainty by

√
3 thus assuming a uniform distribution. For what regard kilometric

resistance, a 10% of tolerance has been considered [26]. In Tables 1 and 2 has been reported
the tolerance as result of the difference between the maximum and the minimum obtained
on the multiple executions. After choosing the optimum voltage level, last crucial aspect
in the ESS design is to determine its optimal sizing [28]. An accurate knowledge of the
power fluxes is fundamental to carry out a fine-tuned analysis for dimensioning the ESS:
oversizing could lead to an unnecessary volume and costs increase, while an undersized
ESS can considerably increase the energy dissipated in the rheostats on-board trains and,
consequently, limit the energy recovered.

The sizing method must take into account that the ESS is charged during the braking
phases while delivers energy when there are trains in traction on the line, so not all the
net saved energy must be contemporarily stored. Moreover, the size depends also on the
strategy adopted to manage the stored energy. Figure 11 reports the level of stored energy
adopting the different strategies versus time with one ESS and a substation voltage level of
3300 V. In the upper chart in Figure 11, if the ESS operates in concurrence with the other
supply systems on the line, it reaches a peak value of stored energy of 67 kWh and its
likelihood of discharging is limited, because it is in competition with other energy sources.
Instead, if the energy in the ESS is delivered with a higher priority with respect to the
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other supply systems (lower chart in Figure 11), the peak value of energy stored during
the round trip is 22.6 kWh. In fact, a prioritized usage of the ESS facilitates its charge and
discharge cycles.
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The same analysis has been carried out also in case of two ESSs. In Figures 12 and 13
are separately provided the values of energy accumulated in the two ESSs during the round
trip. As it can be noted, in case of concurrent strategy (see upper charts), both the ESSs
have to manage a lower amount of energy on average, and the peak values reached are of
31.2 kWh and 27.9 kWh, respectively.

Conversely, with a prioritized control strategy (lower charts), the peak levels reached
in case of two ESSs (28.4 kWh and 25.2 kWh) are comparable with the case of one ESS, but
with a much lower average stored energy. In order to recover the maximum amount of
energy, the ESS size has to be close to the maximum value obtained during the time.
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It is be worth noting that, for this specific application, the employment of two ESSs
allows for the installation of systems with reduced size compared to the case with one
ESS. For the prioritized management, the comparison between the case with two ESSs and
that with one, can be misleading. In fact, it seems that in the case with two ESSs, it needs
greater peak energies but the total recovery is considerably higher; therefore, they are not
directly comparable. However, economic considerations can lead also to the adoption
of systems with size enough to cover the peak level only with a certain probability (e.g.
95% percentiles). This aspect is not explored because it is outside the scope of this paper.
Detailed analyses on the cost model for different energy storage technologies can be found
in [29].

4. Conclusions

This paper discusses a methodology based on experimental data measured on-board
train quantifying the amount of energy that can be recovered adopting ESSs located in
supply substations along a well-defined railway line. The procedure allows to determine
the optimal position of one or two ESSs varying the operating voltage of the line. The only
addition of a stationary ESS, keeping the current working conditions of the line, allows
a recovery of the 35% of braking energy (compared to the 5% without ESS). To further
increase the amount of recovered energy, an optimal value for supply voltage, as tradeoff
between the losses in the catenary and the energy surplus that can be potentially recovered,
was proposed. In case of two ESSs, the optimal voltage level is very close to the actual level
of the line. Finally, the optimal sizing of the ESS was calculated taking into account the
charging and discharging cycles during the time. The results show that, in the considered
case study, the employment of one more ESSs (two instead of one) allows for an increase in
the energy recovery by 38% with a lower total installed capacity 59 vs. 67 kWh (see case of
concurrent strategy at 3300 V in Table 2). Moreover, the results show that the optimal sizing
heavily depends on the control strategy used to manage the stored energy. A prioritized
strategy highly reduces the size of ESS with a limited increase in the losses.
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Nomenclature

ESS Energy Storage System
VP Pantograph voltage
IP Pantograph current
IRA Current in the first rheostat
IRB Current in the second rheostat
VF Voltage after the filter inductance
VHF Half filter voltage
R Resistance between train and ESS
d Distance between train and ESS
xtrain Position of the train
xsub Position of the ESS
Pinj Power injected by the train
Pbr Braking power
Pdis Power dissipated on-board train
Vsub Supply voltage of the substation
Ps Stored power
SMS Storage Management System
µ SMS efficiency
Vmax Maximum value of the voltage at the pantograph
Ip,max Maximum value of the pantograph current
Pinj,max Maximum value of the injected power
r Line kilometric resistance
rc Contact line resistance
rt Track resistance
Sc Cross section of the line
ρcu Resistivity of the copper
m mass per m of the track
Req Equivalent source resistance of the substation model
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