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Highlights:

What are the main findings?
• Catenary-powered transport systems do not need substantial infrastructure updates to support a

huge increase in load demand that can reach up to 4 times the current daily energy demand.
• A neutral impact on the overall operational efficiency of the catenary system can be achieved if the

round-trip efficiency of the converter–battery block is at least 90.0%. Some scenarios with bigger
battery pack capacity require 94.4% of round-trip efficiency.

What is the implication of the main finding?
• Scalability of catenary-powered systems: The work demonstrates that trolleybus networks (case

study) are a scalable, robust, future-proof option for cities looking to electrify or expand their
public transportation without incurring significant costs related to infrastructure reinforcement.

• Efficiency requirements for battery systems integration: Achieving the mentioned levels of
round-trip efficiency for the converter–battery block might become more challenging, potentially
requiring more stringent system monitoring and optimization.

Abstract: Catenary-powered networks are expected to play a pivotal role in urban energy transition,
due to the larger deployment of electric public transport, in-motion-charging (IMC) vehicles, and
catenary-backed electric vehicle chargers. However, there are technical challenges that must be
overcome to ensure the successful utilization of existing networks without compromising vehicle
performance or compliance with network standards. This paper aims to validate the use of battery
energy storage systems (BESS) built from second-life batteries as a means of retrofitting catenary-
powered traction networks. The objective is to increase the network robustness without creating a
negative impact on its overall operational efficiency. Consequently, more electrification projects can be
implemented using the same network infrastructure without substantial modifications. Furthermore,
a power management scheme is presented which allows the voltage and current range allowed in the
catenary network and the BESS maximum charging rate to be controlled from user-defined values.
The proposed control scheme is adept at customizing the BESS size for the specific application under
consideration. Validation is performed on a case study of the trolleybus system in Bologna, Italy.

Keywords: catenary systems; in-motion-charging; energy storage systems; second-life batteries;
energy savings

1. Introduction

Reducing reliance on fossil fuels has become a key objective for the European Union [1].
A central strategy in achieving this objective is the electrification of mobility, particularly
within urban settings. In European cities, this goal is being pursued by supporting the im-
plementation of catenary-powered mass transportation systems, which include trolleybus
systems and rail-based transport systems (RTSs) such as tramways, subways, and railways.
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However, as urban transportation systems increasingly embrace electrification, technical
challenges emerge in the network infrastructure. They include issues such as high voltage
drops in areas distant from substations and elevated transmission loss. These challenges
become especially significant in a future context where urban transportation networks
are expected to evolve into an infrastructure accommodating smart devices, such as elec-
tric vehicles (EVs) and renewable energy sources (RESs). The literature presents works
involving the integration of EVs in trolleygrids [2–4], railways [5–7], and tramways [8]. The
integration of renewable energy sources integration into catenaries is explored in [9–12].

Furthermore, the transformation of urban transport systems also paves the way for
future vehicle fleets. In the realm of trolleybus systems, these fleets are anticipated to
consist of a next-generation of trolleybuses known as in-motion-charging (IMC). In contrast
to conventional trolleybuses, which require an overhead contact line (OCL) for their entire
route, IMC trolleybuses are equipped with an on-board battery that enables operation also
in sections where an OCL is not available [13–16]. The battery is instead recharged along
sections where the vehicle is connected to the OCL by requesting additional power from
the network. The increase in required power needed to supply both vehicle traction and
battery charging introduces technical difficulties related to high voltage drops and network
ohmic loss. Voltage levels falling below a certain limit can lead to a loss of power to the
trolleybus. This may result in speed reduction, or in extreme cases, a complete stop if the
voltage drops significantly.

Some works, such as [17–20], propose improving the stability of the network by act-
ing on the OCL’s supply points, i.e., the traction substations (TSs), replacing the classical
adopted diode rectifiers with active converters. However, this solution requires consider-
able investment and does not fully solve the problem of voltage drops in the OCL sections
far from the TSs. As demonstrated in [21–24], an attractive solution can be achieved through
the utilization of battery-based stationary energy storage systems (BESSs) placed at specific
points along the OCL. An essential consideration regarding the deployment of mid-line
BESSs for voltage drop reduction lies in the equilibrium between the loss incurred by the
battery pack and converter versus the savings resulting from diminished loss within the
network. A considerable body of research has been conducted on the utilization of energy
storage systems (ESSs) for the recovery of braking energy in transportation networks, with
a particular focus on tramways [25–27] and railways systems [28,29], where the overall
energy savings have been demonstrated. However, if the primary objective of ESS usage is
to reduce voltage drop, there is a lack of the literature on the interplay evaluation between
internal ESS loss and the network’s ohmic loss reduction, which is crucial for understanding
the overall efficacy and trade-offs of such applications.

This work aims to validate BESSs as a solution in the process of retrofitting catenary-
powered transportation networks. The objective is to enhance the network’s robustness,
which would facilitate a significant expansion in the number of vehicles that can operate in
the catenary system, as well as the integration of emerging devices and new bus fleets. As
a case study, the trolleygrid of Bologna (Italy) was selected because it is set to undergo the
electrification of bus fleets as IMC trolleybuses. The BESS units are created by reorganizing
decommissioned battery packs from IMC vehicles, establishing an environmentally and
economically virtuous circle. The batteries have reached the end of their useful life for
traction applications but still possess a residual capacity of approximately 70–80% and can
be used for non-power-intensive stationary applications [30,31].

The value of this research lies in the clarification of the association between loss
reduction in the OCL of urban transportation networks due to an overall rise in the OCL
voltage level and the BESS’s loss during charge and discharge (C&D) processes. This
is particularly relevant for the application where voltage drop reduction is the major
objective of BESS usage in the OCL. This analysis aims to clarify the advantages and
disadvantages in terms of energy impact, in the view of offering a clear understanding
of the implications for transportation companies that are considering similar advances in
their network infrastructure. Furthermore, we also propose a power management scheme
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adapted for integrating BESSs into the midsection of OCLs. The control scheme facilitates a
user-interface definition for the BESS maximum C&D rates and also maximum/minimum
voltages and current levels allowed in the OCL, taking into account technical compliance.
This is of particular significance in the context of the utilization of second-life batteries
(SLBs) as BESSs, as they are unable to operate with the original C&D rates that are typical
of new batteries [32,33].

The manuscript is structured as follows. Section 2 presents the simulation procedure
employed to analyze DC catenary-powered transportation systems. Section 3 defines the
voltage drop minimization problem, taking into account the technical constraints on the
BESS and on the OCL infrastructure. The proposed power management scheme is also
explained. Section 4 briefly presents the infrastructure of the trolleybus system in Bologna,
Italy, which is the case study for this work. It also explains the hypothetical scenarios where
conventional bus routes are electrified as IMC trolleybuses. Section 5 presents the results
regarding the impact of second-life-based BESSs on the refereed trolleygrid together with
general suggestions on their use. Finally, a conclusion of the work is presented in Section 6.

2. Simulation Procedure for Catenary-Powered System Analysis

The simulation of catenary-powered transportation systems takes into account three
main elements:

• The OCL, which in the case of trolleybus systems consists of positive and negative
conductors. For RTSs, the negative conductor is replaced by grounded rails that close
the electrical circuit.

• The electrical power supply infrastructure, which includes the TSs and the supply
feeders for connection to the OCLs.

• The load, represented by the moving vehicles connected to the OCL.

Alongside these main elements, technical developments consider the integration of addi-
tional devices. For illustration purposes, a trolleybus system, used as the case study, is
depicted in Figure 1, where a BESS is connected to the OCL.

Figure 1. Electric schematic for powering DC trolleygrids considering the operation of a mid-
line BESS.

The calculation of the catenary system state is performed using two simulation tools.
The first one is a Simulink model that generates the vehicle’s power absorption or injection
(in the case of braking) over time. Further details on this process can be found in [34]. The
second tool is a DC power flow algorithm that takes as input the information about the
main elements already described and outputs the catenary voltage at each point and the
current in every branch. In this algorithm, the network nodes can be divided into power
nodes and voltage nodes. In the former ones, power is taken as input, and voltage is to be
calculated; in the latter ones, voltage is taken as input, and power is to be calculated. All the
electrical characteristics of the DC network are described by the nodal conductance matrix
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G, which correlates voltages and currents at the network nodes. This matrix contains all
the information necessary to describe the length and resistance of the wires that comprise
the OCL, the supply feeders, the topology of the network, and the positions of the vehicles
operating in the network, which vary over time. The current injection at a given node k can
be presented as follows [35,36]:

Ik = VkGkk + ∑
m∈Ωk

VmGkm, (1)

where Vk is the voltage of node k and Ωk is the set of nodes m adjacent to node k having
voltage Vm, with k varying from 1 up to the total number of nodes N. Each element of the
conductance matrix is given as follows:

Gkm = Gmk = − 1
rkm

, Gkk = ∑
m∈Ωk

1
rkm

, (2)

where rkm is the branch resistance between nodes k an m. In general, a conductance matrix
is sparse because Gkm = 0 whenever there is no connection between the two nodes. The
power injection at a given node k can be represented by the following equation:

Pk = V2
k Gkk + Vk ∑

m∈Ωk

VmGkm. (3)

The resulting non-linear system is solved through numerical methods, such as Newton–
Raphson. The vehicles operating at the OCL are modeled as power nodes, where their
power values are taken as the model’s input and translated into voltages through an itera-
tive process. TSs are modeled as voltage nodes in series with the compounded resistance
of the transformer and rectification unit. Their voltage values are given by the substation
nominal open-circuit voltage at the rectifier output (see Figure 1). Furthermore, ground
resistance is also considered. The simulation algorithm performs a daily analysis with a
time step of 1 s, thus enabling the acquisition of dynamic changes in the network as a series
of 86,400 snapshots (i.e., solutions). The entire simulation procedure is in accordance with
the flowchart presented in Figure 2 which is explained as follows.

Step 1: The algorithm starts by importing the data pertaining to the vehicles’ positions
and power, initializes a time counter, and creates the conductance matrices for the positive
and negative poles, in the case of a trolleybus system. In RTSs, since the circuit is closed
through the grounded rails, only the positive pole needs to be modeled. The trolleybuses’
powers, for the case under study, were generated based on a Simulink model that emulates
the behavior of conventional and IMC trolleybuses, described in [34].

Step 2: The iterative process solves the non-linear system (3). In a trolleybus network,
the voltages at the positive and negative poles are calculated individually, and the vehicles’
voltages are obtained by taking the difference between the potentials at the positive and
negative poles. In an RTS, only the voltages at the positive pole need to be calculated.

Step 3: Convergence is achieved when the percentage difference between the vehicles’
input power (Pin) and the power values calculated (Pcalc) through the iterative process is
lower than 0.1%.

Step 4: Decision step that verifies if the BESS actuates in the system or not.
Step 5: The BESS injects or absorbs a current based on the control trans-characteristics,

as detailed in Section 3.
Step 6: A check on the time counter (represented by t in Figure 2) is performed to

determine if the end of the day has been reached, at which point the simulation stops.
If this has not been reached, the time counter and conductance matrices are updated to
account for changes in the number, position, and power of the vehicles in operation.
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Figure 2. Flowchart of the catenary-powered traction system simulation procedure. Pin is the vehicles’
input power, Pcalc is the vehicles’ power calculated by the iterative process, Vmeas is the voltage
measured at the BESS connection point, and Vc and Vd are the voltages for activating the BESS
charging and discharging modes (see Section 3).

3. Voltage Drop Reduction in OCLs Considering Technical Constraints
3.1. Problem Formulation

It is assumed that the battery pack is connected to the OCL via a DC/DC converter as
depicted in Figure 3. The BESS is designed to reduce the voltage drop in the middle of the
OCL in an operation that controls the current injected by the BESS (IH) depending on the
voltage measurement at the output of the converter (VH). Consequently, the voltage level
reduction along the OCL, due to an expanded fleet with IMC buses (VIMC) and the present
conventional fleet (Vconv), can be minimized. Considering the limitations imposed by the
battery C&D rate, voltage, and current limitations in the OCL, the minimization problem
can be represented by (4), subject to the contracts (5):

Minimize: (Vconv − VIMC), (4)

Subject to:


Vmin

OCL ≤ VH ≤ Vmax
OCL

IH ≤ Imax
OCL

Ibatt ≤ Imax
batt

, (5)

where Vmin
OCL and Vmax

OCL are the minimum and maximum voltages along the OCL; Imax
OCL is the

maximum continuous current along the OCL; and Ibatt is the battery pack current and Imax
batt

is its maximum value, limited by the charging rate (C-rate).
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Figure 3. Schematic of a BESS connected to the OCL of a trolleygrid.

3.2. Proposed BESS Power Management Scheme

The BESS control operates under two conditions: the first is in accordance with the
standard battery C&D processes, where the storage current varies linearly with OCL
voltage; the second is in relation to the limited C&D, where the converter output current is
constrained by the current on the battery side. Furthermore, the derived behaviour also
considers the round-trip efficiency of the compounded block comprising batteries and
the converter.

The power balance of the battery during C&D can be described by the following relations:

charging → Pbatt = ηbattPL, (6)

discharging → Pbatt =
1

ηbatt
PL, (7)

where Pbatt is the battery power, PL is the power exchanged between the battery and the
low voltage side of the converter, and ηbatt is the battery efficiency. The power balance of
the converter during C&D can be described by the following relationships:

charging → PL = ηconvPH, (8)

discharging → PL =
1

ηconv
PH, (9)

where PH is the power exchanged between the converter high voltage side and the OCL
(refer to Figure 3); ηconv is the converter efficiency. Hence, Pbatt and PH can be put in relation
by means of the round-trip efficiency of the compounded block of battery and converter:

charging → Pbatt = ηrtPH, (10)

discharging → Pbatt =
1

ηrt
PH, (11)

where the round-trip efficiency of the block compounded by the battery and converter is
defined as follows:

ηrt = ηbattηconv. (12)

Equations (10) and (11) can be rewritten in terms of voltage and currents as

charging → Vbatt Ibatt = ηrtVH IH, (13)

discharging → Vbatt Ibatt =
1

ηrt
VH IH, (14)

where Vbatt is the battery voltage.



Smart Cities 2024, 7 3859

The C&D modes of the BESS are generally ruled by Equations (15) and (16) when no
C-rate limitation is considered [23].

charging → IH = sc(VH − Vc), (15)

discharging → IH = sd(VH − Vd), (16)

where Vd is the voltage threshold measured at the connection point to the OCL that activates
the BESS discharging mode. Conversely, the charging mode of the BESS is activated if the
voltage level goes above the value Vc. Parameters sd and sc represent the discharging and
charging slopes, respectively, and are calculated as follows:

charging → sc =
Imax
H

Vmax
H − VH

, (17)

discharging → sd =
Imax
H

VH − Vmin
H

, (18)

where Vmax
H and Vmin

H are the maximum and minimum voltages desired at the BESS
connection point; Imax

H is the maximum current at the converter’s high voltage side.
Making reference to (13) and (14), the maximum converter output current Imax

H for
C&D takes the form:

charging → Imax
H =

1
ηrt

Imax
batt

Vbatt
VH

, (19)

discharging → Imax
H = −ηrt Imax

batt
Vbatt
VH

. (20)

For the charging process, the intersection between curves (15) and (19) leads to the border-
line voltage value:

charging → VH|bor =
Vc

2
+

√
V2

c
4

+
1

ηrt

Imax
batt Vbatt

sc
, (21)

from where IH starts to be ruled by (19) due to the C-rate limitation. For the discharging
process, the intersection between (16) and (20) leads to the borderline voltage value:

discharging → VH|bor =
Vd
2

+

√
V2

d
4

− ηrt
Imax
batt Vbatt

sd
, (22)

from which (20) starts to rule IH.
To ensure that (22) results always in real values, the following inequality must be satisfied.

V2
d − ηrt

4Imax
batt Vbatt

sd
≥ 0. (23)

This means that current limitation during discharging occurs only if battery capacity C is
lower than:

C =
1

ηrt

sdV2
d

4Imax
batt Vbatt

. (24)

The resulting possible values that IH and Ibatt can assume are described through the
graph of Figure 4 together with the limitation imposed by the battery C-rate for different
round-trip efficiencies. One can observe that, in the presented case, Ibatt never exceeds the
Imax
batt value regardless of the compounded block efficiency.
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Figure 4. Control trans-characteristics considering different ηrt values. Solid lines represent IH,
dashed lines represent Ibatt, dot-dashed lines indicate the current limitation imposed by battery
C-rate. The blue area represents the discharge region, the green one represents the charging region,
and the red area represents the idle region. Limitations on voltage and current of the OCL are
represented by the wine-colored dashed lines.

3.3. Catenary-Powered Transportation System Efficiency Analysis

One of the key considerations in deploying the BESS in catenary systems relates to
the additional loss that its operation can introduce in the system. The evaluation of this
aspect entails an analysis of the daily energy ETSs injected into the FS by the substations,
the energy Eveh absorbed by the operating vehicles, the energy EBESS|ch absorbed by the
BESS during the charging, and the energy EBESS|ds injected during discharging. The total
network loss, Lnet, can be defined as

Lnet = ETSs − (Eveh + LBESS), (25)

where the term LBESS represents the BESS loss given by

LBESS = EBESS|ch − EBESS|ds = EBESS|ch(1 − η2
rt). (26)

The whole system loss can be then defined as

Lsys = Lnet + LBESS, (27)

hence the overall system efficiency ηsys is defined as

ηsys =
Eveh
ETSs

=
Eveh

Eveh + Lnet + LBESS
. (28)

A minimum round-trip efficiency for each BESS size under examination can be de-
termined to ensure that the BESS operation does not contribute to an increase in overall
system loss. This condition is achieved if the BESS’s loss is compensated by ohmic loss
reduction in the OCL. This efficiency value is designated as the break-even efficiency (ηrt|bk)
and is calculated on the condition that the network loss in the absence of the BESS operation
Lnet|NoBESS is equal to the network loss with the BESS operation Lnet|BESS plus the BESS
loss, i.e.:

Lnet|NoBESS = Lnet|BESS + LBESS. (29)

Defining ∆L as the difference between network loss without and with the BESS

∆L = Lnet|NoBESS − Lnet|BESS, (30)

and making reference to (26), (29) becomes

∆L = EBESS|ch(1 − η2
rt|bk). (31)
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The BESS break-even efficiency can be expressed as

ηrt|bk =

√
1 − ∆L

EBESS|ch
. (32)

4. Case Study Definition

The electrical infrastructure of Bologna’s trolleygrid consists of multiple feeding
sections (FSs) supplied by TSs, which are typically situated at one or both ends. Figure 1
depicts an electrical schematic analogous to that of the FS named Marconi Trento-Trieste
(FS MTT), which will serve as a reference in the study. In the FS MTT, the TS Marconi (TS
M) supplies the system from the left side while the TS Trento-Trieste (TS TT) supplies from
the right side.

A 12-pulse diode rectifier provides a DC voltage at the output of the TS with a rated
value of 750 V. In accordance with the standard EN 50163 [37], the variation of the DC
network’s voltage level must remain within the 500–1000 V range at all points within the
network. A TS is connected to the OCL through supply feeders and reinforcement feeders,
as represented by dashed lines in Figure 5. The outward journey for the trolleybuses
operating within the FS MTT commences in the vicinity of the TS M position, traversing the
southern side of the FS and concluding in the vicinity of the TS TT, situated at a distance
of 2200 m. The return journey of the trolleybuses covers a distance of 2500 m on the
north side. The mid-line BESS was selected to be located at a distance of 900 m from the
TS TT on a site outside the city’s historic medieval walls, which presents no particular
implementation constraints.

Figure 5. Topology of the FS MTT. Green circles indicate the position of supply feeders; yellow ones
indicate the positions of reinforcement feeders and voltage stabilizers; the blue circle indicates the
mid-line BESS position. The TS BESSs are positioned near the TS M and TS TT. Dashed lines represent
the connection with the TSs. Arrows indicate the trolleybuses’ travel directions.

4.1. Trolleybuses Operation in FS MTT

At present, two trolleybus lines are in operation within the FS MTT: line 14 and line 15.
In addition, there are other lines within the same FS that are operated with buses equipped
with diesel engines. One example is line 19, which has a considerable number of vehicles
in operation.

In the upcoming plans for the development of electric urban mobility, lines 14 and
15 have been identified as potential candidates for the introduction of IMC trolleybuses.
Similarly, line 19 will also undergo a switch to electric with vehicles equipped with IMC
technology. Consequently, the scenario studied in this paper, referred to as the IMC scenario
(IMC|S), considers lines 14, 15, and 19, all operated through IMC trolleybuses. Figure 6
depicts the number of vehicles running simultaneously in the analyzed FS during the day
based on the timetables available at [38]. In the present scenario, only lines 14 and 15 utilize
the OCL. On average, within an interval of 15 min, there are between 5 and 6 operating
trolleybuses operating during the rush hours with a peak of 8 vehicles (Figure 6a). In
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the future, when line 19 is also considered under the same FS, the maximum number of
trolleybuses in circulation will simultaneously reach 11 with an average of 8 in the morning
peak (Figure 6b).
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Figure 6. Number of vehicles running in the FS MTT during the day. (a) Number of vehicles during
operation of lines 14 and 15. (b): Number of vehicles during operation of lines 14, 15, and 19.

In order to gain a fair understanding of the evolution of power demand in IMC|S,
this case is compared to the present condition which is then assumed to be a reference
and indicated as the base-case scenario (BC|S). A comparison between BC|S and IMC|S
scenarios in terms of currents at the output of TS M and TS TT over a one-day trolleybus
system operation is shown in Figure 7. The current levels and their main time evolution
for the BC|S were verified by means of a one-day measurement campaign carried out on
TS TT [34] and is reported in the curve named base-case scenario measurements (BC|S
Meas.) in Figure 7b. The reported voltage and current evolution results from averaging
windows of 15 min. The comparison between the daily energy demand in the two scenarios
is summarized in Table 1. The daily energy demanded increased by almost 300% for IMC|S.
This notable increase is not solely attributable to the additional power required by IMC
trolleybuses for charging the on-board battery. Rather, it is also a consequence of the fact
that, in contrast to standard trolleybuses, the IMC types do not inject braking energy back
into the network.
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Figure 7. Simulation results of currents in TS-M and TS-TT in an average window of 15 min.
(a) Simulation results of current in TS-M. (b) Simulation results of current in TS-TT in comparison
with current measurements.

Table 1. Daily energy for TS TT and TS M in the considered scenarios.

Traction Substation Meas. BC|S IMC|S

Trento-Trieste 827 kWh 921 kWh 3774 kWh
Marconi - 1283 kWh 5017 kWh
Total - 2204 kWh 8791 kWh

As visible in Figure 8, the elevated demand for power in IMC|S resulted in unaccept-
able voltage drops along the OCL. It can be observed that the voltage levels reached 400 V
in a section that extends for approximately 800 m, which violates the minimum voltage
level of 500 V permitted for network operation. This condition can occur when more than
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two trolleybuses operate consecutively in a critical area, making operation infeasible. The
introduction of a mid-line BESS is specifically meant to circumvent this condition.
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Figure 8. Voltage along the OCL for BC|S and IMC|S. Maximum (dot-dashed lines) and minimum
values (solid lines). Black dashed line indicates the minimum allowed network voltage.

5. Analysis and Results

This section analyzes the results obtained by the simulation of the trolleygrid in the
presence of the mid-line BESS under the operating conditions assumed for the scenario
IMC|S detailed in Section 4.1. The analysis consists of evaluating voltage drop and current
level reductions along the OCL for different BESS sizes. From these data, the operational
efficiency of the trolleybus system with the C&D operations of the BESS is analyzed.

5.1. Considerations on Battery Pack and Control Technique

Based on the characteristics of Bologna’s trolleygrid and the routes of different bus
lines, IMC trolleybuses were designed to be equipped with battery packs with a nominal
capacity of 60 kWh. In order to emulate the reuse condition of battery packs once they have
reached the end of their useful life for traction applications, the BESS was constructed on
the assumption that the useful capacity of the battery pack would be reduced according to
a capacity loss of 20% due to the effects of aging and deterioration [31]. It was also assumed
that one cycle of C&D would be carried out each day. Furthermore, the BESS was operated
within a state of charge (SOC) range that always remained between 30% and 80% of its
nominal capacity (Cnom), which ensured that the net BESS energy (EBESS|net) was always
below the remaining capacity (Crem), which is the battery energy after considering capacity
loss. The daily simulation of the trolleybus system assumed that the BESS operated in
discharging mode during periods of high power demand. This occurred in the morning
between 06:00 and 11:00 and in the evening between 16:00 and 21:00 (see Figure 7). The
charging process occurred between 00:00 and 06:00 when few vehicles operated within the
network. Table 2 presents the results of the simulation, which shows the battery parameters
considering the aforementioned characteristics of SLBs. It illustrates the number of single
IMC trolleybus batteries that comprise the BESS, resulting in Cnom values of 120 kWh,
240 kWh, 360 kWh, and 480 kWh, as well as Crem.

Table 2. Information on used IMC trolleybuses batteries to compose the BESS in function of idle
region discharging voltage Vd.

Vd IMC Batteries Count Cnom Crem EBESS|net SOC Range

650 V 2 120 kWh 96 kWh 54 kWh 35.0–80.0%
660 V 4 240 kWh 192 kWh 111 kWh 33.5–80.0%
670 V 6 360 kWh 288 kWh 165 kWh 34.0–80.0%
680 V 8 480 kWh 384 kWh 234 kWh 31.0–80.0%

The BESS actuation in the trolleygrid was carried out by fixing the maximum current
Imax
H injected into the network at 450 A, in accordance with the guidelines specified in EN
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50119:2009, Annex A [39]. The minimum voltage at the BESS connection point, Vmin
H , was

set to 600 V. The values for the threshold voltage Vd were determined by analyzing the
voltage at the BESS connection point for scenario IMC|S, taking into account the control
parameters previously defined and the BESS capacities. These values were fixed at 650 V,
660 V, 670 V, and 680 V. As the value of Vd increased, the operational range of the BESS
extended to larger voltage values, necessitating a larger BESS size.

In light of the reduced performance expected from the SLB-based BESS, the C&D
operations were defined to never exceed a current equal to 1C. As demonstrated in [31],
under such conditions an efficiency ηbatt = 95% could be assumed for the battery. The
complexities involved in predicting SLB efficiency under higher C&D rates made this
study exclusively consider a fixed maximum C-rate. It was assumed that the converter
operated within a high-efficiency power range, and thus an approximate constant efficiency
ηconv = 95% was set. Consequently, a fixed round-trip efficiency ηrt = 90% was assumed
for the compounded block of the converter and battery (corresponding to the blue curve in
Figure 4).

5.2. Beneficial Effects of Using Second-Life-Based BESS in Catenary Systems for Bus
Fleet Electrification

The OCL voltage profile for scenario IMC|S is depicted in Figure 9, both without a
BESS and with various nominal BESS capacities. It can be observed that the usage of BESS
with a capacity of 120 kWh (i.e., 2 IMC batteries) did not provide significant improvements
and did not even allow for maintaining the minimum voltage level above 500 V. This
was due to the limitation imposed by the 1C discharging. It can be observed that as the
number of batteries composing the BESS increased, there was a gradual increase in the
OCL voltage level both in minimum voltage levels, 95% inter-percentile range, and average
values. In the absence of a BESS, the voltage at the minimum voltage point (red arrow in
Figure 9a) increased by 21%, 36%, 49%, and 61% for the respective considered capacities.
As shown in Figure 10, the opposite trend was observed with the OCL’s current, with the
maximum value decreasing as the size of the BESS increased. A decrease in the current at
the maximum point (red arrow in Figure 10a) by 26%, 45%, 62%, and 65% was achieved for
the different considered capacities. The utilization of a capacity of 480 kWh (equivalent
to 8 IMC trolleybus batteries) enabled the voltage profile to be maintained at a high level,
with a minimum value that never fell below 550 V throughout the entire daily operation of
the trolleybus system.
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Figure 9. Voltage along the OCL considering the mid-line BESS operation in the network. TS-M is
located at the extreme points on the right and left. TS-TT is around the middle position, at 2200 m.
(a) Maximum (dot-dashed lines) and minimum voltage values (solid lines) along the OCL. Minimum
allowed network voltage (black dashed line). The blue arrow indicates the mid-line BESS position.
The red arrow indicates the minimum voltage point. (b) Average voltage values along the OCL
(dotted lines) and 95% inter-percentile range (solid lines).
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Figure 10. Current along the OCL considering the mid-line BESS operation in the network. TS-M is
located at the extreme points on the right and left. TS-TT is located around the middle position, at
2200 m. (a) Maximum (dot-dashed lines) and minimum (solid lines) current values along the OCL.
The red arrow indicates the maximum current point. The blue arrow indicates the mid-line BESS
position. (b) The 95% inter-percentile range (solid lines) of current along the OCL.

The daily values of energies, losses, and efficiencies are presented in Table 3. It can be
observed that there was a decrease in the OCL ohmic loss due to the overall increase in the
OCL voltage level as the BESS capacity increased. However, the internal BESS loss increased
due to the higher current handled by the device. This process resulted in a trade-off where
the loss during the BESS C&D process exceeded the reductions in the OCL ohmic loss. This
is evidenced by the increasing value of ηrt|bk required to maintain a neutral impact on the
catenary-powered traction system’s operation. In the worst-case scenario, employing a
480 kWh BESS necessitates ηrt|bk = 94.6%. It is worth noting that even in the cases where
the system loss increased, the system efficiency remained practically unchanged, close to
95.5%. This result allows us to conclude that the use of the mid-line BESS made of SLBs has
a quasi-neutral impact on the operating efficiency of the entire system, under the conditions
specified in this work.

Table 3. Daily energy values used for the trolleybus system efficiency analysis.

Vd ETSs Eveh EBESS|ch EBESS|ds Lnet LBESS Lsys ηrt ηsys ηrt|bk

- 8789 kWh 8406 kWh - - 383 kWh - 383 kWh - 95.6% -
650 V 8789 kWh 8406 kWh 60 kWh 49 kWh 372 kWh 11 kWh 383 kWh 90.4% 95.6% 90.0%
660 V 8793 kWh 8406 kWh 123 kWh 100 kWh 364 kWh 23 kWh 387 kWh 90.2% 95.6% 91.8%
670 V 8800 kWh 8406 kWh 184 kWh 149 kWh 359 kWh 35 kWh 394 kWh 90.0% 95.5% 93.1%
680 V 8811 kWh 8406 kWh 260 kWh 211 kWh 356 kWh 49 kWh 405 kWh 90.1% 95.4% 94.6%

In a context where transportation companies can reuse their own decommissioned
IMC batteries, the second-life-based BESS appears to be a promising option for enabling
electrification projects without major infrastructure updates. However, it is crucial to
maintain high BESS efficiency to ensure the catenary system operation without additional
loss. SLBs may be the optimal choice for transportation companies without volume con-
straints in the local area of the device installation. In this case, it is necessary to include
more decommissioned battery packs in the BESS to guarantee high efficiency of the device
operation, rather than providing an increase in C&D rate levels. When space limitations
are a major concern, opting for new batteries is a more advisable solution, as their nominal
C-rate levels can be reached without significant efficiency decreases, which reduces the
required battery capacity, thus minimizing the necessary space.

5.3. Comparison with Alternative Solutions for Reducing Voltage Drops

Alternative approaches are available for transportation companies to address voltage
drops instead of solely relying on a BESS installed in mid-line positions. Some common
alternatives include the following:
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1. Reinforcement feeders (RFs) connecting vulnerable catenary positions to substations.
2. Implementing voltage regulation (VR) of substations by adjusting transformer taps.
3. Implementing dynamic regulation of substation voltage using controlled rectifiers.

Each solution has its own set of advantages and disadvantages. Reinforcement feeders
connecting distant OCL positions, particularly through underground infrastructures that
travel across the city center, may cause inconveniences if substations are distant from
areas experiencing significant voltage drops. While increasing the voltage at the output of
substations by adjusting transformer taps provides a relatively straightforward solution, it
presents challenges in scenarios where both conventional and IMC trolleybuses operate.
There is, indeed, a higher risk that the catenary voltage exceeds safety limits due to the
braking energy injected by conventional trolleybuses. Moreover, the assumption that all
IMC trolleybuses’ braking energy is stored in on-board batteries may not always hold
true, particularly if the batteries are already fully charged, potentially resulting in energy
injection into the trolleygrid and violating voltage limits. Additionally, the actuation
typically requires the system to be de-energized. Consequently, transportation companies
using transformers capable of tap changers must set a fixed voltage level for the referenced
TS, without the possibility of adjusting the transformer tap while the system is energized.
Implementing dynamic voltage regulation via controlled rectifiers is costly and might
not always yield effective results. Proper management of voltage drops along the line
necessitates real-time monitoring and communication with substations for opportune
rectifier action.

For the city of Bologna, the alternative solution of using additional RFs is illustrated
in Figure 11, where a feeder (illustrated by a blue dashed line) connects the vulnerable
OCL position (orange circle) to a stronger one. The effect in the network’s voltage profile in
comparison to the solutions using a mid-line BESS is exhibited in Figure 12. It is visible
from the voltage profile that the inclusion of the RF was enough to keep the voltage under
the limits of operation, for the studied case.

Figure 11. Topology of FS-MTT with an additional reinforcement feeder indicated by the blue dashed
line. Green circles indicate the position of supply feeders and the extreme points of the FS; yellow
ones indicate the positions of additional supply feeders and voltage stabilizers; the orange circle
indicates the vulnerable OCL position. Arrows indicate the trolleybuses’ travel directions.
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Figure 12. Maximum (dot-dashed lines) and minimum voltage values (solid lines) along the OCL in
case of additional RF. Minimum voltages in the case of RF use are shown in the dashed violet line.
The blue arrow indicates the reinforcement feeder position. The red arrow indicates the minimum
voltage point.
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To illustrate the impact of increasing the TS voltage level by changing the transformer’s
tap, two VR cases were presented, where the voltage values are defined based on the
minimum required substation voltages needed to ensure that the catenary system maintains
a minimum of 500 V throughout the entire day of operation. In the first case (VR Case 1),
both substations had their rated voltages increased to 800 V (as shown in Figure 13). The
increase in the voltage levels in TS-M is observable when comparing the extremes of the
OCL, which are at a higher level (around 700 V), to the voltage level of the simulations
considering BESS actuation (around 630 V). Similarly, the same voltage level increase in
TS-TT is observable when comparing the curves at the position around 2200 m, where the
refereed TS was nearby.
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Figure 13. Maximum (dot-dashed lines) and minimum voltage values (solid lines) along the OCL in
the case of the VRs in both TSs by changing transformer’s tap. Minimum voltages in the case of the
VRs are shown in the dashed violet line. The red arrow indicates the minimum voltage point.

In the second case (VR Case 2), only TS-TT had its rated voltage increased to 850 V,
while TS-M remained at 750 V (Figure 14). This can be observed because only the OCL
voltage near TS-TT position (2200 m) was increased (around 770 V), while the voltage
level in the proximities of TS-M (extreme OCL positions) remained at the same levels in
comparison with the simulations considering the BESS actuation. It is worth mentioning
that this situation is feasible because TSs use diode rectification, which prevents reverse
power flow between substations at different voltage levels.

A comparative analysis of voltage increase across various methods utilized for reduc-
ing voltage drop is presented in Table 4. It refers to the minimum voltage value acquired
in the network during a daily operation. By observing the results, one can conclude that
both the RF solution as well as the one involving transformer tap regulation can keep the
voltage level above the minimum required threshold of 500 V. However, the greater voltage
increase happened when BESSs of 360 kWh and 480 kWh were used, being able to raise
the voltage by 35.6% and 37.6%, respectively. This increase was compared to the minimum
voltage of 404 V when no methods for voltage increase were employed. Using a 240 kWh
is comparable to employing tap-changing regulation in the transformer of both TSs (VR
Case 1). The two solutions result in a 29.9% and 31.4% increase in voltage, respectively,
compared with the minimum voltage of 404 V.
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Figure 14. Maximum (dot-dashed lines) and minimum voltage values (solid lines) along the OCL in
the case of VR only in the TS-TT by changing the transformer’s tap. Minimum voltages in the case of
VR are shown in the dashed violet line. The red arrow indicates the minimum voltage point.
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Table 4. Quantitative comparison between the presented methods to reduce voltage drops.

No BESS 120 kWh 240 kWh 360 kWh 480 kWh RF VR Case 1 VR Case 2

Minimum Voltage 404 V 474 V 522 V 548 V 556 V 503 V 531 V 514 V
Voltage Increase - 17.3% 29.9% 35.6% 37.6% 24.5% 31.4% 27.2%

Although the solutions of including additional RFs and the increase of the voltage
level using transformers with variable tap seems viable, the utilization of a mid-line BESS
might be preferable for future catenary systems due to the following reasons:

• With the anticipated prevalence of IMC vehicles, repurposing SLBs from decommis-
sioned ones can become a cost-effective option for transportation companies. The
primary expenditure would be on the converter, rather than acquiring batteries, which
would significantly reduce costs.

• Future catenary infrastructures are expected to incorporate PV systems. Mid-line
BESSs can effectively capture surplus power generated by PV panels during periods
when there are no nearby vehicles to absorb it. This approach mitigates energy losses
that would be lost in PV curtailments by storing excess energy in mid-line BESS units.

• By strategically increasing the voltage level of the entire system beyond the minimum
requirements (e.g., 500 V), overall voltage stability improves, thereby enhancing the
operation of vehicles within the catenary network. This goal is more easily achievable
through a power injection directly into the OCL by a storage solution due to the
possibility of dynamic control.

6. Conclusions

This work evaluated the use of second-life-based battery energy storage systems as
a solution in the process of retrofitting catenary-powered transportation systems. Taking
a trolleybus system in the city of Bologna as a case study, it was assumed that the BESS
would be constructed using batteries derived from the decommissioned battery packs of
the same IMC trolleybuses that will be operational in the network. Therefore, particular
considerations were made in terms of capacity loss, state of charge operating range, number
of charging and discharging cycles, maximum discharging rate, and battery efficiency. The
objective is to increase the overall voltage level and network’s robustness, which would
consequently allow a significant expansion in the number of vehicles to operate. This is
especially valuable in a context where the power demand of future catenary systems tends
to increase significantly due to the insertion of new devices, such as EV chargers and IMC
trolleybuses. For the trolleybus system under study, the retrofitting solution allows the
complete replacement of conventional trolleybuses currently operating in two bus lines
and diesel buses in a third line with IMC trolleybuses.

The importance of this study consists of understanding how the reduction of losses
in the OCL interacts with the losses in BESS operations due to the charge and discharge
processes. In general, it is possible to conclude that the introduction of mid-line storage
devices for purposes of voltage level increase in catenary networks can have a quasi-neutral
impact on the overall catenary system efficiency operation in the case of a BESS composed
of two decommissioned trolleybuses’ on-board batteries, where the round-trip efficiency
(battery and converter) required by the storage devices to guarantee a neutral efficiency
impact is around 90.0%. Nevertheless, in a more aggressive scenario where eight SLBs
are used, the necessary round-trip efficiency of the storage system required to guarantee a
neutral efficiency impact is 94.6%, which could be difficult to reach using decommissioned
devices. Other methods for mitigating voltage drops are indeed viable, including the
installation of additional reinforcement feeders linking vulnerable catenary points to more
robust ones, as well as the implementation of voltage regulation at substations through
transformer tap regulation mechanisms. Nevertheless, in the context of future catenary
environments, the utilization of a mid-line BESS emerges as the preferred option. This
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preference proceeds from its capability to facilitate dynamic voltage and power control
along the line and its potential for achieving greater reductions in voltage drop.

The analysis carried out in this work was conducted using a tailored power manage-
ment scheme able to control the battery pack C-rate, and the maximum values of voltage
and currents allowed at the OCL at a user-defined value. The control scheme was used to
size the BESS for the application under consideration. Future works can focus on using
battery depreciation models that incorporate environmental conditions and other factors to
deeply understand their impact on the overall efficiency of the catenary system. Addition-
ally, future research could compare the cost-effectiveness of using new versus second-life
batteries in retrofitting initiatives.
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