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ABSTRACT Fast charging stations (FCSs) for electric vehicles are associated with large power demands,
often coinciding with peak power demands from other consumers. This places significant strain on dis-
tribution networks (DNs). To address this issue, this paper proposes a promising method that harnesses
the untapped potential of electric railway systems (ERSs) and wasted regenerative braking energy (RBE)
of trains in combination with a battery energy storage system (BESS) to supply EV charging station
and participate in the FCS energy supply chain (FCS-ESCH). The proposed integrated approach, as the
intermodal sustainable electric transportation system (SETS), aims to reduce the peak power demand of
FCSs especially at strategic locations, such as parking areas close to electric railway stations and park-
and-ride areas. To achieve this goal, an operation-aware optimization model is developed that determines
the optimal sizes of the interfacing converter and the BESS, while also proceeding with optimal energy
exchange planning. A generic model for trains’ RBE production is proposed, as well, and adapted to the
operation-aware optimization model to verify the effectiveness of the proposed approach by conducting
simulations of a real case study that accurately replicates system behavior with the desired level of precision.
Furthermore, sensitivity analyses are performed to explore the impact of varying the power rating of the
interfacing converter responsible for transmitting RBE to the FCS-ESCH, as well as the per-unit price of
BESS energy capacity. The results showcase the potential of employing SETS as an efficient means to
mitigate the challenges associated with FCSs, especially peak shaving and cost reductions, paving the way
for a more sustainable electric transportation system.

INDEX TERMS Electric railway system, fast-charging station, optimal planning, optimal sizing, regenera-
tive braking energy.

NOMENCLATURE
INDICES
i Index for a time step of ERS simulation.
n Index for the train number.
v Index for the train velocity.
x Index for the train position.
t Index for a time step of the LP problem.

The associate editor coordinating the review of this manuscript and
approving it for publication was Shaohua Wan.

T Index for the final time step.
d Index for days.
wd Index for weekdays.
we Index for weekends.
w Index for weeks.
s Index for seasons.
y Index for years.

SIMULATION VARIABLES
Fi,n,x The driving/deterring force of the train [kN].
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Ftri,n,x Total resistive force against the train [kN].
ai,n,x The acceleration of the train [m/s2].
Vi,n,x The velocity of the train [m/s].
V2i,n,x The velocity of the train at the updated

position [m/s].
V1i,n,x The velocity of the train at the present posi-

tion at present time step [m/s].
Fdragi,n,x Aerodynamic resistive force [kN].

Fgradi,n,x Gradient resistive force [kN].
Fpi,n,x Curvature resistive force [kN].
PRBEd,t The available RBE [kW].
1x i,n,x The distance a train passes via specific

acceleration [km].

OPTIMIZATION VARIABLES
PGs,d,t Power flow from the DN to FCS [kW].
PRs,d,t Power flow from the ERS to the FCS [kW].
PRmax Power rating of RBE converter (maximum

power flow from the ERS to the FCS) [kW].
PRBEd,t The available RBE [kW].
SOCs,d,t BESS state of charge [kWh].
PESS BESS power rating [kW].
Pchs,d,t BESS charging power [kW].
Pdchs,d,t BESS discharging power [kW].
EESS The BESS energy capacity [kWh].
COG The cost of electricity purchased by FCS

from DN [$].
COS The operation/maintenance cost of the

BESS [$].
CIR The investment cost of the RBE

converter [$].
CIS The investment cost of the BESS [$].

PARAMETERS
Fvb The braking force of the train’s motors [kN].
TEv The tractive force of the train’s motors [kN].
Mi,n Mass of a train [tons].
Meff

i,n The effective mass of a train [tons].
st The set of positions in the vicinity of the sam-

ple station.
µcurve The coefficient of curvature resistive force for

a train.
ax The number of the trains’ axles.
ca The number of cars per train.
ar The frontal area of the train [m2].
Si,n Gradient percent of the ERS path.
R Rotating mass factor for the trains.
ri,n Curve radius of the ERS path [m].
PGmax Maximum power flow from the DN to

FCS [kW].
PLd,t The power demand of the FCS [kW].
η The RBE chain efficiency.
ηMotor The trains’ motor efficiency.

ηDrive The trains’ motor drive efficiency.
ηch The BESS charging efficiency.
ηdch The BESS discharging efficiency.
ηG The efficiency of the DN converter.
ηESS The efficiency of the BESS converter.
ηR The efficiency of the RBE converter.
1t The time operator for translating power to

energy.
σ The BESS leakage rate.
DoDmin The BESS minimum depth of discharge.
DoDmax The BESS maximum depth of discharge.
SOCin

s The BESS initial state of charge [kWh].
πG
s,d,t Price of the electricity purchased from DN

[$/kWh].
πRconv Per-unit price of the RBE Converter [$/kW].
πOM
ESS BESS operation/maintenance per-unit cost

[$/kWyear].
πP
ESS The power-related per-unit price of the BESS

[$/kW].
πE
ESS The energy-related per-unit price of the BESS

[$/kWh].
qws The number of weeks in each season.
Y The lifetime duration of the study [years].
DR The discount rate.

I. INTRODUCTION
The growing and everlasting demand for energy and its
environmental repercussions have turned into a widespread
concern throughout the world. In this regard, studying trans-
portation as a prominent sector of energy consumption and
air pollution is a necessary step toward urban sustainability
[1]. Since the energy consumption of electric transportation
is recognized more suitable in terms of environmental issues
than other conventional transportation modes, it is the most
applicable. However, electrified systems cannot be merely
assumed as a sustainable infrastructure for transportation
unless a systematic approach is applied [2].

One of the severe challenges facing electric transporta-
tion’s sustainable development is related to electric vehi-
cles (EVs) charging infrastructures. Fast-charging stations
(FCSs), with high-rated power and voltage, have drawn the
most attention among the chargers, recently. An outstanding
characteristic of them is their short-time charging duration
[3]. Besides, the penetration of FCSs into the market is much
easier than other types. Furthermore, lower operation cost and
higher efficiency while keeping the average state of charge
(SOC) of the batteries (for vehicle speed) are their other
distinguishing features [4]. As to practicalities, fast chargers
like ABB Terra 53, Tritium Veefil-RT, Tesla Supercharger,
EVTEC espresso & charge, and ABB Terra HP with rated
power ranging from 50 kW to 350 kW are commercially
available [5].

Although the FCSs are functionally and technically benefi-
cial, they bring about some problems that provoke the interest
to conduct this study to overcome the hurdle of using FCSs.
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TABLE 1. Comparison between this study and the existing literature on the integration of RBE and EV charging systems.

Firstly, not only does the FCSs supplying procedure stress the
distribution network (DN) because of the substantial required
power [6], but also their huge power demand on the DN has
time overlapwith other consumers’ power demand. Secondly,
since their development has some infrastructural setbacks
like huge capital cost [7], and limited choices of feasible
locations for establishment [8], [9], the inevitable increasing
penetration of EVs [3] is likely to exacerbate the situation
since the power demand is going to be more than the DN’s
bearing limits.

Therefore, the objective of this study is to resolve the dif-
ficulties of using FCSs, including their great power demand
and limited potential infrastructure. In the initial phase, the
pressing issue of the substantial power demand observed in
FCSs during peak periods has prompted research exploration
within the realm of urban sustainability and smart cities
[10]. Notably, there is a growing interest in investigating
the integration of various transportation modes as potential
solutions. Within this context, the Electric Railway System
(ERS) emerges as a particularly pertinent mode of electric
transportation, characterized by its significant power inter-
change with the electricity network. A distinctive feature
of ERS is the presence of dedicated traction power sub-
stations (TPS) [11] and their installations, which are often
equipped with higher extra capacity and extensive infrastruc-
ture to manage the dynamic and fluctuating power demands
[12]. Furthermore, the points of common coupling for these
TPSs are frequently connected to high-voltage transmission
networks [13]. Consequently, the DN experiences a more
substantial load impact from FCSs compared to the ERS.
Therefore, leveraging the advantages of ERS to mitigate the
strain on the DN imposed by FCSs is a strategically sensible
approach. This could involve harnessing the untapped poten-
tial of regenerative braking energy (RBE) produced by trains,
which traditionally dissipates as heat in conventional systems.
Redirecting this RBE into the FCS could contribute to a more
balanced energy distribution.

Moreover, to settle the issue of limited spatial degree
of freedom for the placement of FCSs, still, the synergy
between the ERS and the FCS could be a neat solution since
ERS could share its spaces so that the FCS could exploit
the ERS’s infrastructure as a step to fulfill the potential of

increasing EVs’ emergence. Accordingly, this study aims to
explore the integration of two crucial electric transportation
modes. This pursuit seeks to establish a Sustainable Electric
Transportation System (SETS) that effectively tackles the
challenges posed by FCSs. The proposed framework envi-
sions collaborative use of RBE and Battery Energy Storage
Systems (BESS), leveraging the intermittent nature of RBE.
This strategy has the potential to strengthen the FCS energy
supply chain (FCS-ESCH) and enhance the overall efficiency
of the transportation system.

A. LITERATURE REVIEW
The literature review initiates with two essential pillars, and
then it follows with the main idea of this study. The two
initiatives are the surveys on 1) The taken steps to mitigate
the negative effects of FCSs. 2) Applications of trains’ RBE.
Which results in a state-of-the-art idea: 3) The contribution
of trains’ RBE to FCS-ESCH.

To overcome the hurdles related to FCSs, the utilization
of an energy storage system (ESS) has been investigated in
some studies like [14], where the reduced value of power
demand has been achieved in [15], although the optimal siz-
ing of which has not been taken into account. Subsequently,
ESS’s sizing is taken into account in another research [3].
Moreover, researchers surveyed the photovoltaic (PV) energy
as a distributed generation (DG) in FCS supplying architec-
ture [6] that shows the profitability of mixing ESS and PV
panels. Likewise, this scenario is considered in [16] when
rule-based energy management has been defined. However,
simultaneous optimal sizing of the PV panel and the ESS
seems to be crucial in the economic viability of the FCS, since
investment costs of PV panels incur high costs to the FCS’s
owner; thus a feasibility study is needed which is taken into
account in [17]. With respect to taking a step to address the
infrastructural challenges like the lack of feasible locations
for constructing charging stations, mobile chargers are taken
into consideration in [18] to provide better availability, where
companies like EVESCO [19] and Volkswagen [20] have
offered mobile fast chargers to market. Nonetheless, such a
solution has the downside of production cost which should
be investigated to see if it is feasible or not.
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On the other hand, RBE in the ERS is a unique energy
source that is likely to play a similar role as DGs. RBE
is the electrical energy that could be recovered instead of
being wasted as heat during the trains’ braking procedure.
Some research (e.g. [21]) investigates threemain perspectives
on applications of RBE recovery, i.e. time scheduling for
supplying other trains, exploiting ESSs for saving energy, and
bilateral ERS substations that are elaborated as follows. Time
management for reusing the trains’ RBE in close accelerating
trains is not necessarily applicable because of the incompati-
bility of acceleration and braking times through the ERS [22],
and the attempts to adapt them to happen simultaneously may
result in operational restrictions. Subsequently, ESSs could
substantially contribute to serving the purpose of recovering
energy [23], although their usage may impose energy losses
and costs. Lastly, the bilateral substations concept contends
that selling back the energy to the main grid seems affordable
when the electricity market buys the energy at an interesting
price [24]. Later, using the regenerated energy for auxiliary
loads has been proposed in [25], when energy loss during
the DC to AC conversion is a serious hindrance. Besides,
the idea of reusing the energy for the train’s auxiliary load
is in vain since the amount of its demand is very low [26].
Subsequently, in [27], the author has considered the battery
of EVs as an ESS to exchange the energy through the ERS,
which is seen to be an extravagance with converting and
charging/discharging procedure, when the energy could be
used by the EVs themselves. However, there is an apparent
lack of research on RBE usage in EV-charging infrastruc-
tures, and the limited studies in this regard are surveyed as
follows.

Reference [22] stated that a service provider, selling the
energy to the FCS, could be a medium voltage distribu-
tion system operator or an external company like ERS. The
proposal suggests using ERS to supply FCS-ESCH with
trains’ RBE, leveraging its network advantage. However,
no prior investigation or mathematical model exists for this
integration.

In [1], ERS is proposed as a smart microgrid that tends to
manage the power flow collection and consequently delivers
it to EV charging stations in the form of an energy hub
without a modeled framework for a feasibility study. It just
discussed the possible architectures, challenges, advantages,
and obstacles related to the integration of DGs, ESSs, and
EV-charging infrastructures. In [32] also a bilateral system
has been proposed. In that system, EVs can supply accel-
erating trains or consume trains’ RBE. Nonetheless, the
feasibility study of such a system has not been presented in
the form of a mathematical framework. Moreover, in [28],
ERS-FCS integration’s functionality in the ELIPTIC project
is just pointed out where the FCS for individual vehicles
and public electric buses is considered. Another study related
to the Train2Car project in Madrid defines different energy
management strategies for integrating ERS and ESS into the
FCS-ESCH to control the power flow; however, the ESS

sizing and operation planning are not implemented studied
[29]. In a piece of recent research [30], such a configuration
has been propounded in which an energymanagement system
was taken into consideration. Nonetheless, this research has
neglected to provide a model for RBE. This research also
overlooks the cost of the RBE converter which prevents us
from using unlimited RBE generations and neither BESS nor
any of the converters in the configuration have been sized.
Ultimately, in [31], the authors just tried to minimize the total
line loss in a configuration in which RBE was considered to
be utilized in EV charging systems. Therefore, despite the
clear motivation for ERS-FCS integration, a comprehensive
feasibility study that considers the necessary constraints in
a rigorous mathematical framework has not been done in
the literature as shown in Table 1. This is why this study’s
contribution is as follows.

B. CONTRIBUTION
This study innovatively addresses gaps in the literature
regarding FCS for EVs, railway network integration, and
train-to-vehicle concepts. The previous studies have not fully
harnessed the potential of trains’ RBE. Moreover, all the few
articles published dealing with the integration of ERS into the
EV charging system discussed energy transfer and optimiza-
tion, without any specific attention to the sizing of existing
interface converters. Accordingly, the main contributions of
this study can be summarized as follows:

• Introduction of indirect train-to-vehicle technology in
park-and-ride areas, utilizing train RBE to charge EVs.

• Development of an operation-aware optimization model
for determining optimal converter size and BESS capac-
ity, proceeding with efficient energy exchange planning.

• Introduction of a tailored model for RBE generation,
offering a more accurate representation within the con-
text of FCS for EVs.

• Application of the approach to a real-world case study,
providing practical insights into the feasibility and ben-
efits of implementing SETS.

• Conducted sensitivity analyses, enriching findings, and
offering nuanced insights into system performance
under various configurations.

• Holistic mitigation of adverse impacts by establishing a
clear link between the harnessed RBE and BESS inte-
gration.

C. PAPER ORGANIZATION
The rest of the paper is organized as follows: Section II
describes the proposed SETS configuration, its technical
concerns, and subsequently, its operation-aware optimization
model is introduced. In Section III, the linear programming
(LP) problem of the operation-aware optimization model
is formulated and explained. Section IV presents the ERS
modeling and simulation process to achieve the RBE model.
In section V, numerical results are presented and parameter
impacts, energy exchanges, purchased electricity from DN,
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FIGURE 1. Proposed SETS configuration for utilizing RBE of trains.

and sensitivity analyses are discussed to explore the feasibil-
ity and effectiveness of employing SETS for a real case study.
Finally, the conclusions are presented in Section VI.

II. PROPOSED SETS PRINCIPLES
A. INTEGRATED CONFIGURATION AND TECHNICAL
CONCERNS
Use FCS and ERS and their energy supply systems, which
are DN and TPS, respectively, are the main parts of the
SETS. This integrated configuration also includes the RBE
and the BESS based on the DC system. To elaborate more,
the electricity network configuration of ERS could be a
DC-connected or an AC-connected system. AC-connected
systems face power quality problems such as inductive volt-
age drop, voltage or current imbalance, low power factor,
and harmonics; therefore, excessive compensating compo-
nents should be utilized. Furthermore, the neutral sections
between the phase rotation blocks cause a speed reduction of
trains and arc issues in AC-connected systems. Lastly, expen-
sive installations like booster transformers, autotransformers,
or other similar AC installations are the hurdles to their usage.
Therefore, employing DC-connected systems is preferable
for urban ERSs [1].

The configuration for the electricity network of FCS
also could be a DC-connected or an AC-connected system.
The AC-connected configuration though beneficial, having
a mature background in terms of technology and standards
of power electronic devices and also experimental references
like Tesla Supercharger and ABB Terra HP [33], is not rec-
ommended for such a mentioned integrated framework. The
more conversion stages in AC-connected systems between
the chargers, BESSs, and DGs increase the complexity and
the cost while decreasing the efficiency. Thus, a DC bus,
playing the role of an interface, is taken into consideration
to simplify electricity collection and delivery. However, uti-
lizing the DC-connected configuration for FCSs has some
challenges like galvanic isolation, protection, and metering,
which could be met by proposing a transformer, called a
solid-state transformer. Further, the mentioned transformer

provides the configuration with reasonable circumstances
that are compatible with the integration of DGs and ESSs
since it would replace both the conventional transformer and
AC/DC stage of FCS chargers to create the DC bus [33].
Since DC-connected configuration is preferable for both

urban ERS and FCS, the SETS’s items can be integrated at the
DC level. It is shown in Fig. 1 that TPS and DN are connected
to separate DC buses by dedicated step-down transformers
and rectifiers; ERS and the DC/DC stage of FCS chargers
are also connected to TPS-related and DN-related buses,
respectively. The idiosyncrasy of the integrated configuration
is the ERS connection to the FCS-related DC bus, unlike the
conventional non-integrated configuration. That is, further to
the DN, RBE generations with the companion of BESS are
going to feed the FCS through the DC bus.

B. OPERATION-AWARE OPTIMIZATION
The integrated configuration showed that the SETS consists
of a consumer which is the FCS load and the FCS-ESCH
which is a combination of the DN, RBE, and BESS. The
aim is to supply the consumer with the minimum cost of
investment and operation.

At this stage, to avoid the complexity of interactions among
different entities (e.g., ERS, distribution system operators,
FCS providers) a holistic approach based on social welfare
is considered to find the optimal operation-aware planning
for the energy exchanges in SETS and its component sizes.
Indeed, this holistic approach would prove that from a social
welfare point of view, the integration of ERS and FCS is likely
to prevent RBE from wasting and to cut energy obtained by
FCS from the DN.

A problem with a detailed set of objectives, constraints,
and decision variables for the explained operation-aware opti-
mization model is formulated in section III. To solve the
optimization problem, the following assumptions delineate a
framework:

1) The time step (t) of the optimization problem is five
minutes;
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2) The simulated RBE in the form of daily generation
profiles is obtained from the ERS simulation described
in section IV;

3) The daily profile of FCS power demand as the con-
sumer is known in advance by referencing literature
studies (PLd,t ); In practice, the FCS power demand pro-
file can be obtained by studying the type of EVs as well
as the charging behavior of consumers [3];

4) BESS is modeled as a set of electrochemical batteries
connected through a converter to the DC link;

5) Since the price of electricity that FCS purchases from
DN is different in each season, seasonal price profiles
(πG

s,t ) are taken into consideration. Besides, the daily
profile of the RBE and the FCS load are different on
weekdays and weekends. Thus, the profiles of decision
variables vary from weekdays to weekends and from
season to season.

6) The per-unit prices of BESS, related to its energy
capacity (πE

ESS), power rating (πP
ESS), and operation/

maintenance (πOM
ESS) are known in advance.

7) The per-unit price of the RBE converter, related to its
power rating (πRconv) is known in advance.

8) The interest rate of the market causes the opportu-
nity cost, considered by multiplying (1 + DR)−y to
operation/maintenance costs. This is how their present
values are calculated to be added to the investment
cost [34].

9) The problem is solved in the GAMS environment on a
Windows 10-based system with an Intel(R) Core(TM)
i7-6800K CPU 3.40GHz processor in 0.219 seconds,
using CPLEX v.12 as the solver [35].

III. OPTIMIZATION MODEL AND SOLUTION ALGORITHM
The operation-aware optimization model of the SETS frame-
work is formulated as an LP problem in this section. Themain
objective of the optimization model is to maximize social
welfare by minimizing the cost of investment and operation:

min
ψ

CIR + CIS +

∑
y

(1 + DR)−y.(COG + COS) (1)

The objective function (1) is the minimization of the over-
all cost of the SETS includes four terms. Note that the
cost of the existing infrastructure of ERS and FCS is not
taken into consideration. The first and second terms of the
objective function are the investment costs of the RBE con-
verter, and the BESS, respectively. The third and fourth
terms are the cost of electricity purchased from DN and the
operation/maintenance costs of the BESS over the lifetime
duration of the study, respectively. These costs are calculated
at the beginning of the lifetime duration of the study. This
is why the third and fourth terms are obtained by adding the
values of all years together when the annual discount rate is
considered; then they are added to the initial investment costs.
Consequently, the four terms are calculated by (2-5).

CIR = PRmax.πRconv (2)

The investment cost of the RBE converter, which is the
interface between the ERS and FCS, is calculated in (2) by
multiplying the maximum power flow transmitted from the
ERS to FCS, the power rating of the RBE converter, by the
per-unit power price. The investment cost of the BESS is
obtained in (3).

CIS = PESS.πP
ESS + EESS.πE

ESS (3)

The first and second terms, referring to the power rating
and energy capacity, respectively, affect the type and price
of the BESS individually. Therefore, they are multiplied by
their related per-unit prices separately. Equation (4) shows
the FCS cost of purchasing electricity from the DN in one
year. As mentioned in assumption number 5 in section II,
a representative week for each season is chosen to compute
the costs of operation.

COG =

∑
s

qws .(
∑
d

∑
t

(PGs,d,t .π
G
s,d,t .1t)), ∀s, ∀d, ∀t (4)

The set of decision variables ψ includes the investment cost
of the interfacing converter between the ERS and FCS, the
investment cost of the BESS, the cost of electricity purchased
by FCS from DN, the operation/maintenance cost of the
BESS, power flow transmission from the ERS to the FCS,
maximum power flow transmission from the ERS to FCS (the
power rating (size) of the related RBE converter), the power
rating of the BESS and its energy capacity, maximum power
flow transmission from the DN to the FCS, BESS discharging
and charging power, and finally, the SOC of BESS. It is noted
that the items with variable sizes are distinguished by a red
color surrounding them in Fig. 1.
According to (4), the weekly purchased electricity is

derived from the summations of energy and seasonal price
products over the time steps during a week. Consequently,
the weekly purchased electricity for each season is multiplied
by the number of weeks in the seasons to form the sea-
sonal purchased electricity. Ultimately, the summation of four
seasonal purchased electricity forms the yearly purchased
electricity.

Equation (5) delineates the costs of BESS operation/
maintenance in one year. The first term is obtained by mul-
tiplying the energy capacity of the BESS and the per-unit
annual cost of its operation/maintenance. The second term
presents the cost of BESS residual energy, which is the
cost of stored energy differences at the first and final time
steps of each day. Considering this cost in the cost function
ensures that the difference between the SOC of BESS at the
beginning and the end of the day is minimal, and applies the
impact of residual energy on the daily cost [36]. In prac-
tice, the difference in SOC can be drawn from the grid at
the end of each day, and the price of this energy in each
season also could be the one at the final time step of the
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representative day.

COS=EESS.πOM
ESS +

∑
s

qws .(
∑
d

(SOCs,d,T −SOC in
s ).π

G
s,d,T ),

∀s, ∀d (5)

The set of constraints (6–12) are binding the objective func-
tion (1). Constraint (6) enforces the power balance for the
system. Thus, the total of the FCS-ESCH items, including
the RBE, BESS, and DN, as the decision variables, should
be equal to the FCS load over the time steps.

PGs,d,t .ηG + (Pdchs,d,t − Pchs,d,t ).ηESS + PRs,d,t .ηR = PLd,t ,

∀s, ∀d, ∀t (6)

Constraint (7) models the limit of the DN’s power rating
which must not be greater than the existing FCS rating.

0 ≤ PGs,d,t ≤ PGmax, ∀s, ∀d,∀t (7)

Constraints (8) and (9) limit the power flow from the ERS to
FCS. In constraint (8) the power rating of the RBE converter
limits this power flow.

PRs,d,t ≤ PRmax, ∀s, ∀d,∀t (8)

PRs,d,t ≤ PRBEd,t , ∀s, ∀d,∀t (9)

In constraint (9) the power flow from the ERS to FCS is
limited to the amount of the available RBE.

For obtaining available RBE, the power rating of the RBE
converter as a limit is applied to the simulated RBE with
a time step of 1 second obtained from the ERS simulation
since the power flow has instantaneous peaks. Note that the
limited RBE is averaged over every 5 minutes to be adapted
to the operation-aware optimization model as the available
RBE. Accordingly, as the power rating of the RBE converter
is a variable, different generation profiles for the available
RBE could be derived and inputted into the optimization
model as a parameter. This is why a sensitivity analysis of the
power rating of the RBE converter and consequently over the
generation profiles for the available RBE as a complement to
the optimization model is performed to quantify the impact
of their changes on the optimal solutions. Ultimately, the
optimal solution for this decisive variable (power rating of
the RBE converter) is the one at which the objective function
of the optimization model, the overall cost of the SETS,
is minimal. The set of constraints (10-12) models the BESS.

SOCs,d,t = (1 − σ ).SOCs,d,t−1 + (Pchs,d,t .ηch − Pdchs,d,t/ηdch)

.1t,∀s, ∀d, ∀t (10)

(1 − DoDmax).EESS ≤ SOCs,d,t ≤ (1 − DoDmin).EESS,

∀s, ∀d, ∀t (11)

0 ≤ Pdchs,d,t ,P
ch
s,d,t ≤ PESS, ∀s, ∀d, ∀t (12)

The optimization variables are defined as:

ψ =

{
CIR,CIS,COG,COS,PRs,d,t ,P

R
max,PESS,

EESS,PGs,d,t ,P
dch
s,d,t ,P

ch
s,d,t , SOCs,d,t

}

FIGURE 2. ERS simulation flowchart.

The SOC of the BESS at each time step is calculated in
constraint (10), which is the sum of the previous SOC, the
charging power, and the discharging power with respective
efficiencies. Constraint (11) models the operating point limits
of the SOC by applying the maximum and minimum depth
of discharge. Constraint (12) also models the operating point
limits of the BESS power by limiting the charging and dis-
charging power of the BESS to the power rating. It is worth
mentioning that since the focus of this study is not on the
BESS attributes, advanced constraints like the degradation
and the lifetime of the BESS are not taken into account.

IV. ERS MODELING AND SIMULATION
This section presents the ERS generic simulation to deter-
mine the RBE’s daily profile so that it could be utilized in
the operation-aware optimization model of the SETS. The
simulation to obtain the RBE generation profile with the
time step of 1 second is done in the MATLAB environment
on a Windows 10-based system with an Intel(R) Core (TM)
i7-6800K CPU 3.40GHz processor.

To beginwith, the headway of the trains’ departures and the
passengers’ mass transported on each trip play essential roles
in ERS simulation, and it is their daily profiles that delineate
how the pattern of the energy exchanges could be. More-
over, specifications of the trains like the tractive and braking
forces of motors according to their velocities, aerodynamic
attributes, efficiencies, rotating mass factor, and the quantity
of the trains in a system, in addition to the specifications of
the path like gradient percent and curve radius during the path
and velocity constraints are the parameters that are provided
for the simulation process.

ERS simulation procedure, which is delineated in the
flowchart in Fig. 2, could be explained by investigating a
train’s movement between two stations, and then it could be
generalized to the whole path when other trains also start

VOLUME 11, 2023 121817



S. Najafi Larijani et al.: Operation-Aware System Design

departing. Accordingly, there are four stages of a train’s
movement between stations: acceleration, cruising, coasting,
and braking. At the acceleration stage, the driving force,
derived by (13), propels the train. The driving force is the net
result of the motors’ tractive force and the total resistive force
interaction.Moreover, the driving force is equal to the product
of the train’s mass and its acceleration too; this equality helps
determine the acceleration to be used in (20-21) to update
the position and the velocity of the train at each time step.
Note that the mass participating in these equations is the
mass of a train and its passengers. Subsequently, the driving
force is set to be equal to the total resistive force to create a
constant velocity at the cruising stage. Then, the driving force
is omitted while only the total resistive force is applied to
the train to cause negative acceleration at the coasting stage,
which is the neutral mode. Finally, at the braking stage, the
deterring force, derived by (14), is applied to the train to
stop it at the proper position, which is the next station. The
deterring force is the sum of the braking and total resistive
force.

Fi,n,x = TEv − F tr
i,n,x = M eff

i,n .ai,n,x , ∀i, ∀n, ∀v, ∀x (13)

Fi,n,x = Fvb − F tr
i,n,x = M eff

i,n .ai,n,x , ∀i, ∀n, ∀v, ∀x (14)

Here, M eff
i,n considers the effect of rotation on the mass by a

rotation mass factor as formulated in (15).

M eff
i,n = Mi,n.R, ∀i, ∀n (15)

The total resistance force is the summation of three forces:

F tr
i,n,x = Fdrag

i,n,x + Fgrad
i,n,x + Fp

i,n,x , ∀i, ∀n, ∀v, ∀x (16)

1. Aerodynamic resistive force: occurring because of friction
between train and air, and bearing and axles, obtained as
follows:

Fdrag
i,n,x = A + B.Vi,n,x + C .V 2

i,n,x , ∀i, ∀n, ∀v, ∀x (17)

2. Gradient resistive force: occurring because of the horizon-
tal component of the trains’ weight, which is calculated as
follows:

Fgrad
i,n,x = M eff

i,n .g.Si,n,x , ∀i, ∀n, ∀x (18)

3. Curvature resistive force: occurring because of centrifugal
movement of trains along the curves, obtained as follows:

Fp
i,n,x = M eff

i,n .g.µcurve.D/ri,n,x , ∀i, ∀n, ∀x (19)

A, B,C, and D are coefficients, determined experimentally.
The forces for a specific position are obtained as explained.

Subsequently, the position and velocity could be updated by
(20-21) at each time step to repeat the previous steps for
obtaining the forces all over the path.

V 2
2i,n,x − V 2

1i,n,x = 2.ai,n,x .1xi,n,x , ∀i, ∀n, ∀v, ∀x (20)

1xi,n,x = 0.5.ai,n,x .i2 + ai,n,x .i, ∀i, ∀n, ∀v, ∀x (21)

Ultimately, the forces applied to a train all over the path are
obtained up to this step. As delineated in Fig. 2, according

to the differing mass and headway profiles during the days,
other trains start departing in the next step, and the forces
applied to all trains all over the path could be obtained
by repeating previous steps. These forces are used then to
obtain the power interactions. It should be noted that during
each day, the power curvature contains positive and negative
values, representing power consumption and regeneration in
succession. Hence, in (22) summing the products of trains’
force and velocity obtains the RBE generation profile in the
vicinity of a sample station. The efficiency of the motor and
the drive also is considered according to (23).

PRBEd,i = |

∑
n

Fi,n,x .Vi,n,x |.η, ∀i, ∀n, ∀x ∈ st,∀Fi,n,x ≤ 0

(22)

η = ηMotor.ηDrive (23)

V. CASE STUDY AND RESULTS
The proposed optimizationmodel and RBEmodel are applied
to a realistic case study here to demonstrate the feasibility and
effectiveness of employing SETS to alleviate the setbacks of
FCS development. This case study is comprised of a FCS
based on reports from the literature, a real ERS, and real
prices for components and electricity according to the global
scale. The assumptions and the framework for the attributes of
these items are explained as follows in parameter properties.

A. PARAMETER PROPERTIES
The sets of data associated with the case study are explained
to see how the optimal solutions are going to be derived:

1) The FCS load: Due to the lack of a real local FCS load
profile as the case study, it is synthesized as follows. The
weekdays and weekend daily profiles of a FCS load reported
in [33] are normalized to the sample of a real DC-connected
FCS with the rated power of 675 kW, reported in [3] (shown
in Fig. 8).

2) RBE generations: Regarding the simulation of the RBE
generations, explained in the previous section, the specifica-
tions, and parameters of line number 6 of the Tehran Metro
transportation system, Tehran, Iran as the real case study are
presented in Table 2.

Besides, Fig. 3 (a) shows the tractive and braking forces of
trains’ motors at each velocity. The case study documents also
present the aerodynamic resistive force with a curve shown in
Fig. 3 (b). Moreover, the routine headways that could respond
to the passenger demand as well as the daily profiles of trains’
mass according to passenger demand for both weekdays and
weekends are shown in Figs. 3 (c) and 3 (d), respectively. The
other datasets related to the case study, including gradient,
curve, and speed limits according to the position of the path
in addition to the position of stations are provided in [37].
As to the location of the SETS establishment, the second

station of Tehran line-6 metro as a sample station is the
place near which the FCS is assumed to be located. Hence,
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FIGURE 3. Train movement figures. (a) Train tractive/braking forces, (b) Train aerodynamic force, (c) Departure headways, (d) Train mass.

TABLE 2. ERS simulation parameters.

by applying the ERS simulation process to the case study, the
RBE generation profile in the vicinity of the second station
as a result of trains’ braking in the vicinity could be derived
with the time step of 1 second.

The amount of available RBE, which could contribute to
the FCS-ESCH, is a stochastic variable that depends on sev-
eral uncertain factors. To name some of them, the availability
of other accelerating trains that could reuse the RBE while a
train is braking, delays in braking time, the reaction of drivers,
etc. could be mentioned. In the optimization model, we have
not considered such uncertainties. Instead, to consider their
effect, we have considered different generation profiles for
the available RBE according to different power ratings for

the converter between the ERS and FCS. Thus, the sensitivity
analysis over the power rating of the RBE converter and con-
sequently over the generation profiles for the available RBE
is performed both to determine the optimal solution for the
power rating of the RBE converter as explained in section III
and to meet the impact of uncertainties as mentioned here.
Accordingly, to obtain the available RBE, as explained in
section III, it is indispensable to apply the power rating of the
RBE converter to the simulated RBE generations as a limit
when the time step is 1 second to meet the instantaneous RBE
peaks.

Afterward, it needs to be averaged over every 5 minutes to
be adapted to the operation-aware optimization model.

Ultimately, the case study generation profiles for the avail-
able RBE for different power ratings of the RBE converter
over which the sensitivity analysis has been performed, are
shown in Fig. 4. The optimization problem, therefore, will
consider these generation profiles as parameter datasets for
the available RBE.

3) The investment costs of the BESS: The per-unit price
of the BESS energy capacity is 132$/kWh at the time in
which the case study is being analyzed and it is anticipated
that it is going to be decreased in the next years. Compa-
nies like Renault and Ford have publicly announced targets
of 80$/kWh by 2030 [38]. Therefore, a sensitivity analy-
sis is performed over the price of the per-unit price of the
BESS energy capacity to quantify its impact on the optimal
solutions.
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FIGURE 4. Available RBE generations for different power ratings of RBE converter: (a) Weekdays, (b) Weekends.

FIGURE 5. Whole RBE generations during a day.

FIGURE 6. The overall cost of SETS.

TABLE 3. Specifications of proposed sets.

4) Other specifications: The general specifications and
assumptions for the attributes of the case study are presented
in Table 3.

Up to this step, the case study has been presented thor-
oughly. The next step is performing the sensitivity analyses by
which the optimal solutions could be analyzed in the related

subsection as follows. Accordingly, the range of sensitivity
analysis over the per-unit price of the BESS energy capac-
ity is from 132$/kWh down to 80$/kWh as mentioned in
the parameter properties subsection; however, to explore the
range of sensitivity analysis over the power rating of the RBE
converter, the whole energy that could be transmitted to the
FCS during a day when the power rating of the RBE converter
has different values should be investigated. In this regard, the
power rating of the RBE converter over which the daily RBE
generation does not increase represents the range of related
sensitivity analysis since the greater ratings are not likely to
change optimal solutions. This range is 6000kW as shown in
Fig. 5.

B. SENSITIVITY ANALYSES
Here the sensitivity analyses over the power rating of the RBE
converter and the per-unit price of the BESS energy capacity
are performed. The aim of performing sensitivity analyses
is to investigate their impacts on the objective function of
the optimization problem which is the SETS overall cost
during the years, the BESS energy capacity, and the BESS
power rating. To commence, sensitivity analysis of the power
rating of the RBE converter affects the optimal solution of
the objective function. Fig. 6 indicates that the SETS overall
cost is 938339$ when there is no available RBE to feed the
FCS-ESCH. However, with the rise in the power rating of
the RBE converter and consequently in available RBE, the
SETS overall cost has a decreasing trend until it reaches its
minimum value when the power rating of the RBE converter
is 1500kW.

This is the overall optimum solution for the objective func-
tion of the LP problem which is 774373$. Hence, employing
the SETS causes a reduction of 17.47% in the overall cost
compared to the conventional system. Afterward, following
the rise in the power rating of the RBE converter, it can
be seen that the SETS overall cost has an increasing trend.
This increasing trend is suggestive of the fact that, with the
growth in the power rating of the converter to more than
1500 kW, although more free-of-charge RBE generation is
going to be available, the cost of the converter is going to
be so high that the free-of-charge RBE generations could not
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FIGURE 7. Optimal solutions through the sensitivity analyses (a) for BESS energy capacity (b) for BESS power rating.

compensate for the impact of converter cost on the SETS
overall cost. Nonetheless, unlike the sensitivity analysis over
the sensitivity analysis over the power rating of the RBE
converter, the sensitivity analysis over the per-unit price of the
BESS energy capacity has a negligible impact on the objec-
tive function of the LP problem which is the SETS overall
cost. For example, for the RBE converter power rating of
6000 kW, the SETS overall costs are 1635643$ and 1620341$
when the per-unit price of the BESS energy capacities are
132$/kWh and 80$/kWh, respectively.

For the RBE converter power rating of 1500 kW, the SETS
overall costs are 774373$ and 770574$ when the per-unit
price of the BESS energy capacities are 132$/kWh and
80$/kWh, respectively. This means that with the decrease
in the per-unit price of the BESS energy capacity from
132$/kWh down to 80$/kWh in the future, the implementa-
tion of the SETS is not merely more feasible and interesting
compared to today’s per-unit price as the SETS overall cost
will decrease for just %0.91 and %0.49 for RBE converter
power rating of 6000 kW and 1500 kW, respectively. In addi-
tion to the objective function of the LP problem, the behavior
of the BESS energy capacity and power rating when the sen-
sitivity analyses are performed are investigated here. Fig. 7
illustrates the impact of changes in both the power rating of
the RBE converter and the per-unit price of the BESS energy
capacity at the same time.

Fig. 7 (a) shows the optimal solutions for the BESS energy
capacity through sensitivity analyses. As to the effect of the
power rating of the RBE converter, when it increases, the
BESS energy capacity has an increasing trend until it reaches
its apex at about 700 kWh when the power rating of the RBE
converter is around 2500 kW, and the per-unit price of the
BESS energy capacity is 80$/kWh, and then after a short
decreasing trend, it remains relatively stable. This could be
interpreted by the fact that before the power rating of the
RBE converter reaches 2500 kW, there is a lack of sufficient
available RBE to meet the load demand, and the BESS should
manage to do that, but with the growth of the available RBE,
the need for BESS diminished. Note that although the BESS
energy capacity is maximum when the power rating of the
RBE converter is around 2500 kW, the overall optimum cost

of the SETS happens at the other point since there is no linear
relation between them. Besides, it is inferred from Fig. 7 (a)
that BESS energy capacity has generally an increasing trend
when the per-unit price decreases since the BESS with the
lower per-unit price for the energy capacity enables the
optimization model to choose the BESS with higher energy
capacity.

Fig. 7 (b) depicts the optimal solutions for the BESS power
rating through the sensitivity analyses, which is indicative of
the power rating of the BESS converter. It is indicated that
with the growth of the power rating of the RBE converter,
this variable steeply increases for all per-unit prices, reaching
a plateau of around 150 kW when the power rating of the
RBE converter is approximately 2500 kW. This is a behavior
similar to what BESS energy capacity shows. Therefore,
it could be mentioned that before a certain power rating of
the RBE converter which is 2500 kW, the power flow from
the ERS is not enough to feed the FCS, and BESS tends
to increase its contribution whereas with the growth of the
available RBE more than 2500 kW, the need for BESS is
obviated. It is noted that there is a gently rising trend for this
variable due to the reduction in the per-unit prices of BESS
energy capacity since the optimization model tends to choose
a higher power rating for the BESS when the per-unit price
becomes lower. The inclination of the optimization model
to prefer RBE to BESS in the FCS-ESCH ensues from the
distinction that could be drawn between their costs. That is,
employingRBEdepends on paying just for its converter while
its generation is free of charge; however, utilizing BESS relies
on paying both for the converter and the energy capacity.

With respect to the energy capacity and power rating of
the BESS when the power rating of the RBE converter has
its optimal value which is 1500kW according to Fig. 6, their
values start respectively from 36 kWh and 40 kW for the
per-unit price of 132 $/kWh and finish at 130 kWh and 60 kW
for the per-unit price of 80 $/kWh.

After the investigation into the optimal solution trends
through the sensitivity analyses, the discussions about how
the SETS can help DN to respond to the FCS demand
optimally are done as follows. In the following discussions,
the energy exchanges, and the impact of electricity prices
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FIGURE 8. Power balance in summer – power rating of RBE converter (Load is FCS): (a) 1500 kW (Weekdays), (b) 1500 kW (Weekends), (c) 6000 kW
(Weekdays), (d):6000 kW (Weekends).

on purchased electricity from DN are investigated. These
numerical results of optimal solutions vary according to the
different power ratings of the RBE converter. Nevertheless,
the two ratings leading to distinguished optimal solutions
with the current per-unit price of the BESS energy capacity
(132 $/kWh) are the focus here. One of them is the one at
which the objective function has been optimized (1500kW)
and another is the one over which the RBE generation during
the days does not increase (6000 kW) (Fig. 5).

C. ENERGY EXCHANGES
The power balance for the two power ratings of the RBE con-
verter during the sample days of a sample season, as shown in
Fig. 8, is considered here to investigate the effectiveness of the
SETS. With respect to power interactions, it can be inferred
from Fig. 8 that the optimal power flow from ERS accom-
panied by the BESS could feasibly contribute to FCS-ESCH.
It is shown that with the participation of RBE and BESS, the
peak power demand from the DN is reduced from 675 kW
down to almost 500 kW and 400 kW when the power rating
of the RBE converter is 1500kW and 6000 kW, respectively.

To conduct more surveys Figs. 8 (a, b) show that when
the power rating of the RBE converter is 1500kW, the RBE
covers about %66 and %42 of daily required energy in
FCS-ESCH on weekdays and weekends, respectively. Thus,
%34 (weekdays) and %58 (weekends) of daily required
energy in FCS-ESCH is acquired from the DN and BESS.

Nevertheless, when the power rating of the RBE con-
verter is 6000 kW, as shown in Figs. 8 (c, d), due to the

increase in the amount of available RBE which makes it
nearly sufficient to supply the whole load with the help of
the BESS, DN participation in the FCS-ESCH has nearly
faded at least on weekdays. That is, %95 and %84 of daily
required energy in FCS-ESCH on weekdays and weekends,
respectively, is provided by the RBE.

Thus, the more available RBE could be, the more the bur-
den on the DN could be reduced. However, the compromise
that shows to what extent reducing the burden on DN is
worth increasing the power rating of the RBE converter for
more available RBE has been forged by the optimization
model and shown in the last subsection. The optimal solutions
are affected not only by striking a compromise between the
free-of-charge RBE with a payable converter and electricity
purchased from DN but also by the difference in prices of
electricity purchased from the DN during the hours of the day.
Therefore, the impact of the difference in prices of electricity
purchased from the DN is also surveyed as follows.

D. PURCHASED ELECTRICITY FROM DN—THE
COMPARISON BETWEEN THE SETS AND CONVENTIONAL
SYSTEM
The profiles of the prices, power demand from the DN,
and load for the seasons during the days are indicated in
Figs. 9-12 to investigate the impact of changes in electric-
ity prices on optimal solutions. Besides, these figures have
highlighted the differences between the load that used to be
completely supplied by the DN in the conventional system
and the power demand from the DN in the SETS.
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FIGURE 9. Power demand – Weekends - power rating of RBE converter: 1500 kW. (a) Winter, (b) Spring, (c) Summer, (d) Autumn.

FIGURE 10. Power demand – Weekdays - power rating of RBE converter: 1500 kW (a) Winter, (b) Spring, (c) Summer, (d) Autumn.

According to Figs. 9 and 10, related to results of when
the power rating of the RBE converter is 1500kW, the daily
required energy in FCS-ESCH for the SETS is %59 and %35
of that energy for the conventional system on weekdays and
weekends, respectively.

Furthermore, According to Figs. 11 and 12, related to
results of when the power rating of the RBE converter is
6000 kW, the daily required energy in FCS-ESCH for the
SETS is about%17 and%5 of that energy for the conventional
system on weekdays and weekends, respectively.
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FIGURE 11. Power demand – Weekends - power rating of RBE converter:6000 kW. (a) Winter, (b) Spring, (c) Summer, (d) Autumn.

FIGURE 12. Power demand – Weekdays - power rating of RBE converter:6000kW. (a) Winter, (b) Spring, (c) Summer, (d) Autumn.

These differences are indicative of the amount of electricity
that is provided by the RBEwith the help of the BESS instead

of purchasing from the DN and time shifts in purchasing
electricity.
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To elaborate more, the differences are not just due to
the free-of-charge available RBE accompanied by the BESS
playing a role in FCS-ESCH, and the different prices of the
electricity during the hours of a day could also be a factor
for such differences as purchasing during the times of lower
prices for using when the prices are higher may be worth
paying for BESS for storing.

For example, it could be seen in Figs. 9 (a), 9 (d), 10 (a),
and 10 (d), that between 5 o’clock and 6 o’clock over which
the electricity price is lower, the SETS tends to purchase elec-
tricity more than the load demand to store in the BESS, and
then, during the peak power demand, the purchased electricity
from the DN is less than the load while the RBE and the BESS
are going to compensate for the unpurchased electricity. Thus,
the SETS could ease the burden on the DN in terms of both
the whole energy and the peak power demand.

By increasing the power ratings of the RBE converter, the
available RBE rises, and the difference between the demand
and the purchased electricity, as a result, will increase espe-
cially at peak times with higher prices. Accordingly, the
differences in Figs. 9-10, demonstrating the profiles of when
the power rating of the RBE converter is 1500kW, show that
the SETS has just damped the power demands moderately,
whereas Figs. 11-12, showing profiles of when the power
rating of the RBE converter is 6000kW, clear that the power
demand from the DN tends to reach zero value.

Note that the electricity prices in Iran are normalized to the
standard range which is common throughout the world and
the subsidy offered by the local government on electricity is
not taken into consideration. Having the same scale for the
electricity prices and the investment, operation, and mainte-
nance costs of the SETS makes accurate analyses possible.

VI. SUMMARY AND CONCLUSION
This study proposed a promising strategy to utilize unused
braking energy of trains combined with a BESS to supply EV
charging stations seeking to notably mitigate the peak power
demand of FCSs.

Accordingly, an operation-aware optimization model for
the SETS was developed to proceed with energy exchange
planning together with proposing optimal solutions for the
power rating and energy capacity of BESS and the power
rating of the interfacing converter. A generic model for RBE
and consequently a set of generation profiles according to dif-
ferent power ratings of the available RBEwere obtained to be
inputted into the optimization model. The model was applied
to a real case study, and numerical results were obtained that
proved the viability and efficacy of the SETS. The sensitivity
analyses over the per-unit price of the BESS energy capacity
and the power rating of the interfacing converter were done
and examined their impacts on the optimal solutions.

The results have indicated that different RBE generations
according to different power ratings of the RBE converter
could viably and optimally participate in FCS-ESCH. Ana-
lyzing energy exchanges and electricity prices reveals that
maximizing free RBE generation aligns with SETS’ goal of

reducing peak power demand from the grid. The results also
emphasize the importance of strategically timing electricity
purchases to avoid higher costs. The sensitivity analysis indi-
cated that the RBE generator should not exceed a power rating
of 1500 kW, as this is the optimal rating for minimizing
the overall cost of the SETS. It is found that the overall
cost of the SETS in this proposed optimum solution is lower
than the conventional system by about 17.47%. Meanwhile,
it is demonstrated that incorporating BESS is beneficial for
FCS-ESCH even when the per-unit price of BESS energy
capacity is 132 $/kWhwhile this price has a decreasing trend.
As the energy capacity and power rating of BESS increase
as the price decreases, they reach a peak at 700 kWh and
150 kW, respectively, when the RBE converter is around
2500 kW and the BESS price is 80 $/kW. In contrast, when
the RBE converter is at its optimum and the BESS price is
132 $/kW, the BESS size is smaller at 36 kWh and 40 kW.
This highlights that a moderate-sized BESS can be effective
in the optimization model. Accordingly, it is demonstrated
that ERS and BESS integration reduces peak demand from
675 kW to about 500 kW.

The study conducted a mathematical feasibility assess-
ment, and its conclusions are contingent on specific assump-
tions, namely, understanding real-time ERS operations and
simplifying BESS constraints related to factors like degrada-
tion and lifespan. Consequently, future endeavors could aim
to achieve optimal planning, accounting for the impact of
real-time uncertainties in ERS operations while also incorpo-
rating advanced constraints related to the BESS. Moreover,
studying the integration of photovoltaic generations in the
SETS is the scope of future work since they are likely to
contribute positively to FCS-ESCH.
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