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Abstract: This paper proposes the sizing optimization method and energy management strategy for
stationary hybrid energy storage system dedicated to DC power supply system. The hybrid energy
storage consists of two modules — supercapacitor, mainly dedicated to regenerative energy utilization
and electrochemical battery, aimed to peak power reduction. It is shown that the parameters of both
modules could be sized independently. The supercapacitor module parameters are sized, based on
the results of simulation determining the regenerative power, resulting limited catenary receptivity.
The simulation model of DC electrification system is validated by comparing the results of simulation
with the measurements of 15-min average power in 24-hour cycle as an average values of one year.
The battery module is sized based on the statistical data of 15-min substation power values
occurrences. The battery energy capacity, its maximum discharge C-rate and the conditions
determining its operation are optimized to achieve the maximum ratio of annual income resulting
from peak power reduction to annual operating cost resulting from battery aging process and total
life cycle. The case study prepared for typical 3 kV DC substation with mixed railway traffic shows
that peak power could be reduced by ~ 1 MW, giving ~ 10 years of payback period of battery module
installation, while the energy consumption could be decreased by 1.9 MWh/24 h, giving the payback
period of supercapacitor module installation ~ 7.5 years. The payback period of the whole energy
storage system (ESS) is ~ 8.4 years.

Keywords: hybrid energy storage system; DC traction substation; regenerative braking; peak power
shaving

1. Introduction

Over the last several years intensively increasing emission of CO, resulting from the burning of
fossil fuels have led to climate changes exerting an influence on both: ecosystems and public health
[1]. The mentioned fact have put a pressure on improving of energy efficiency of all stages of energy
conversion and utilization, including railway transportation systems [2] in order to limit CO:
emissions. In this area the significant role in the last several years have played an introduction of a
rolling stock with regenerative braking in a wide scale. In DC electrification systems the regenerative
energy could be used under condition of high catenary receptivity. Otherwise regenerative energy is
converted into heat in the braking resistors of trains. High receptivity of catenary could be insured
by other trains drawing power mode or by stationary devices such as ESS [3][4] or regenerative
inverters [5]. Among the stationary energy storage used for the purpose of regenerative power
utilization the most perspective are supercapacitors due to high power density, large number of
charge-discharge cycles and decreasing prices of supercapacitors [2], [6].

Beside of high energy consumption, the crucial problem of the up to date electric power systems
is appearance of load demand peaks [7]. The problem is especially significant in traction substations,
which power demand may be described as a stochastic process, since it depends on the railway traffic
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and its fluctuation on the track supplied by the substation. In many countries peak power for big
consumers is considered as energy consumption in half-hourly measurement periods, however for
instance in Poland the duration of measurement period is 15 min. The peak power demand charge in
case of traction substation consists 10-40 % of the total electricity charge [8], hence it is highly
desirable to decrease the quantity from financial point of view.

Numerous authors have undertaken the optimization problems for sizing, locating and energy
management strategy (EMS) of trackside supercapacitor energy storage. In [9] lannuzzi at al. have
proposed and experimentally validated optimization approach to ESS sizing. The approach considers
minimization of line losses, improvement of voltage profile and minimization of storage device size
and mass volume. In [10] Barrero at al. have shown the deep analysis of improvement of energy
efficiency in the metro line for the stationary energy storage for its variable size. The influence of the
traffic on the effectiveness of energy storage operation has been undertaken. Jalali and Farjah in
[11] have proposed use of an artificial intelligence methods of energy storage location optimization.
Finally, Sirmelis at al. in [12] have discussed the optimization of stationary supercacitor ESS sizing
optimization based on cost analysis.

At the same time the problem of peaks shaving have been undertaken by numerous
researchers. One of the most perspective methods of peak power reductionisuse of energy storage
[7]. In [13] Chua at al. have introduced the fuzzy control based method to forecast the power
demand peaks based on the previous day measure results. The effectiveness of the approach have
been confirmed experimentally. The significant contribution has been carried out by Fossati at al. in
[14], where the genetic algorithm based optimization model dedicated for sizing of ESS has been
introduced. As well the EMS based on fuzzy expert system has been optimized jointly with the
parameters of ESS. Moreover, the aging effect has been taken into account. The specific solution for
peak power reduction based on battery energy storage dedicated to traction load has been introduced
by Jarnut at al. in [15]. In [16] Ovalle at al. have introduced the sizing methodology for energy
storage system dedicated to DC railway system as an alternative to new traction substation
installation. Graber at al. in [17] have proposed the finance — based method to quantify the size and
location of the battery trackside ESS, to minimize annual cost of energy.

In [18] authors have presented the optimization method based in fuzzy logic dedicated traction
substation with energy storage end renewable power source. Ciccarelli at al. in [19] have proposed
the simplified control strategy for a trackside ESS to energy saving, voltage drops reduction and
maximum line current reduction.In[20] Zheng at al. have proposed the implementation of hybrid
energy storage consisting of supercapacitor and electrochemical battery on board of the rail transit
vehicle. Li at al. in [21] has proposed deep reinforcement learning based energy management strategy
for hybrid energy storage system applied in several DC traction substation. The proposed algorithm
lead to decrease of energy consumption and daily cost reduction. Hybrid energy storage are deeply
investigated as a solution for autonomous electric vehicles [22], [23], the chosen concepts of EMS
used in that area could be successfully transferred into area of stationary ESS hybrid.

This paper introduces the concept of hybrid energy storage system designed for two purposes:
utilization of regenerative energy and peak power reduction. Regenerative energy utilization is
carried out by supercapacitor part, while peak power demand is being decreased by discharging of
electrochemical battery in case if 15-min substation power exceeds the given limit (trigger power Prr).
During operation of electrochemical battery supercapacitor also takes part in battery peak current
limitation therefore reducing aging process. We have introduced the EMS dedicated for the solution
and energy storage system sizing optimization methodology. The sizing methodology is based on
the 24-h profile substation instantaneous power obtained by the simulation (for supercapacitor
sizing) and the 15-min power values obtained by the measurements from the last year (for battery
sizing). The histogram of the 15-min power values of traction substation enables to predict the
number of charge/discharge cycles of the battery per year as well as their depth of discharge,
which determines the aging process intensity for the given degree of peak power reduction (APavr)
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after installing of energy storage. The procedure is based on the aging model of the given
electrochemical battery.

The paper also presents the validation of simulation model of 3 kV DC power supply system
with limited receptivity based measurement data of 1-year 15-min power profile of traction
substation and simulation data of 24-h instantaneous power profile. Both data types are used for
parameters optimization hence the validation could be carried out optionally with optimization
procedure. The proposed energy storage optimization procedure with validation of power supply
model is presented in Fig. 2.

Fig. 1 presents the general scheme of connection of stationary hybrid energy storage system to
the DC busbar of 3 kV DC traction substation.The ESS consists of two modules: Supercapacitor — 1
and electrochemical battery — 2.
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Figure 1. General scheme of hybrid energy storage system connectionto DC busbar of traction substation, 1 —

supercapacitor module; 2 — electrochemical battery module.

The procedure of energy storage parameters sizing is presented in Fig. 2 and consists of the
following steps:

a) carrying out the measurements of the 15-min substation traction power during one year (the
historical data of 15-min power is available, hence the values are registered according to the
agreement with the DNO)

b) carrying out the simulation of the railway line based on the timetable of the trains” operation in
order to obtain the instantaneous values of the traction power for 24-h cycle, including the
regeneration power available. The regeneration power is available as theresult of the limited
overhead catenary receptivity. The 24-h cycle of instantaneous power profile is needed to carry
out theevaluation of annual regenerative energy

c) comparing the 15-min power obtained by the simulationin the previous point with an average
15-min power measured in the real substation in order to validate the correctness of the
simulation model. This point is not necessary for the sizing procedure, butprovides with the
validation of the simulation model with the real world

d) carrying out the second simulation of 24-h operation of the traction substation with the traffic
concentration near to the analyzed substation, given comparable valuewith the maximum 15-
min power during 1-year measurements

e) sizing the parameters of the supercapacitormodule: energy capacity and the power of DC/DC
converter based on the payback period value of the ESS installation, according to the known
methods[12]
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f) sizing the parameters of the battery moduleof the energy storage based on the histogram of the
15-min power measurements and simulation of the energy storage model with the 24-h values
with the traffic concentration.

In the proposed sizing procedure, particularly for sizing of electrochemical battery for peak
power demand reduction important step is carrying out the simulation of train traffic occurring
during peak power occurrence during l-year measurement process (step d).  The values of
substation power doesn’t include the direct data regarding the trafficc which should be
implemented in simulation model. Therefore the implemented traffic timetable is obtained by
modifying the timetable given by the railway infrastructure operator and implemented in step b.
Timetable modifications should be made alternately with comparing the peak power value after
simulation  the one measured in the physical substation.
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Figure 2. Flowchart of the proposed energy storage sizing method.

2. Validation of Simulation Model of DC Electrification System with Limited
Receptivity

The time profile of substation power is obtained by means of simulation model of an electrified
railway line with regenerative braking and limited catenary receptivity, as described in details in [24]
and in [25]. The simulation has been carried out for the real railway line. All the necessary parameters
[24] of the railway line have been taken from the real world, including timetable of train operation,
parameters of the rolling stock, vertical and horizontal profile, overhead catenary, returning rails,
substation internal resistances and others. Four types of rolling stock have been modeled: an electric
multiple unit (Type 1), two types of passenger carriage trains (Type 2 and 3) and freight train (Type
4), traction characteristics of the rolling stock are presented in Fig. 3. Table 1 presents the main
parameters of the rolling stock operating in the analyzed railway line, the parameters as well as the
traction characteristics have been taken from the manufacturers data.
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Figure 3. Traction characteristics and the traction current assuming the nominal pantograph voltage 3 kV of the

rolling stock under consideration.

Table 1. Rolling stock parameters used in the case study.

Type 1 Type 2 Type 3 Type 4
(electric multiple (passenger (passenger (freight train)
unit) carriage train 1) carriage train 2)
Mass (t) 280 330 430 1300
Auxiliary power 2x76 150 160 30
kW)
ao, ay, a, coefficients
in Davis equation of
rolling resistance
a 3.92 4.56 3.56 17.21
a 0 0.251 0.25 1.1
a 0.01 0.00446 0.00446 0.026
Efficiency 90 % 90 % 90 % 90 %

According to the procedure two simulations have been carried out: comprising normal train
operation according to the standard scenario timetable and according to the timetable with the train
traffic concentration occurring near to the traction substation, where the energy storage is considered
to be installed. The traffic concentration has been achieved by shifting train patters in time and
extension of their dwell time. The simulation has been iteratively repeated in order to obtain the
maximum value of 15-min substation power of the analyzed substation relatively close to the
maximum value provided by 1-year measurements. As far as traction substation is concerned, the
obtained model is the projection of the maximum 15-min substation load during one year. The
graphic timetable of trains operation is shown in Fig. 4, the train traffic concentration occurring near
to the analyzed traction substation is shown in Fig. 4. c). The real names of the stations have been
removed according to the request of traction energy supplier.
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Figure 4. Train timetable in 24-h cycle modelled in the simulation model with traffic damming around 6 p.m

near to Station 8 marked with the orange ellipse.

The longer is the period of measurement data acquisition, the more accurate the forecast of peak
power occurrences. The assumption has been made that in future period of ESS operation the
histogram of 15-min power is close to the histogram of the registered power values in the past. The
assumption is true if the passenger and goods flow doesn’t change in a large degree.

The values of 15-min power have been registered during 1 year on the points of connections of
traction substation to the medium voltage (15 kV) supplying grid.The values of the 15-min power are
obtained as follows (Eq. 1).

fo

(i), =4 [ plo)ar ey

=15 min

The values of traction power of traction substation has been obtained by subtraction the total
substation power (measured on the connections of supplying lines) and of the non-traction and
auxiliary power (as well measured in the corresponding connections of 15 kV switchgear).The
validation of the simulation model has been performed by comparing the 15-min power profile in 24-
h cycle, obtained by simulation, according to the timetable (without traffic concentration) with an
averaged 24-h, 15-min measured power profile, obtained according to Equation2.

1 365
RSMS(ti)=%ZRS(ti )n 2)

n=1

Furthermore, the 24-h energy consumption obtained by the simulation has been compared with
the average24-h energy consumption obtained by the measurements. The average 24-h energy
measured has been calculated according to Equation 3.
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Fig. 5 a) presents the comparison of 15-min averaged power obtained by the simulation and
average 15-min power obtained by the measurements. For two above variables the Pearson
correlation coefficient has been calculated, giving the value 0.61.Fig. 4 b) shows the correlation
diagram between the measured and simulated values of 15-min power. The measured average 24-h
energy consumption (Eq. 3)is 34.46 MWHh, while 24-h energy consumption obtained by simulation is
31.00 MWh, giving the relative difference of 10 %.
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Figure 5. a) Comparison of 15-min average power obtained by measurements and simulation; b) correlation

diagram of 15-min average power obtained by measurements and simulation.

The results of the validation confirm that the simulation model is consistent with the real railway
system.The distinguishing features of the validated model are the following:

the model contains 160 trains of different types operating during 24-h cycle,
trains of type 1 and 3 are equipped with regenerative braking, the model includes limited

receptivity of overhead catenary
In the available literature there are not many papers presenting validation of the simulation

models of the electrified railway transportation by comparing with the real world measurements.
The features listed above confirm a consistency of the simulation model with real railway
electrification system with regenerative braking and limited overhead catenary receptivity.Therefore,
it is justified to carry out the sizing process based on the results of the simulation.

3. Algorithm of ESS operation
The algorithm of the ESS operation should insure meeting the following conditions:
maximization use ofavailable excessive regenerative energy of the braking trains,
maximum decreasing of peak power and insuring that the peak power is below the new limit,
- maximization of a live cycle of the lithium-ion battery.

The proposed energy management algorithm belongs to the group of deterministic based rule
strategies. The algorithm of the EMS is depicted in Fig. 6. The algorithm is based on a real time value
of an average 15-min power calculated in according to Equation 4:

Purl)= [ pleki @)

to=15min

If the average 15-min power exceeds the given trigger power Pz, the battery is being discharged
and the demand power of traction substation is being partly covered by the battery (2), (4) in Fig. 5
a). The power of discharge depends on the value of power demanded by the traction substation. If
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the instantaneous substation power demand exceed the given limit, and supercapacitor state of
charge is above the given valuelscy, supercapacitor is being discharged. If an average
powerPavrcalculated acc. to Equation 4 value doesn’t exceed the given threshold value Pz, the
battery doesn’t work, it remains charged, while the supercapacitor operated according to the
algorithmshown in Fig. 6 b) — algorithm of SC.
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Figure 6. Flowchart of energy management strategy; a) general algorithm of hybrid ESS operation; b) algorithm
of supercapacitor operation.

Fig. 7 a) depicts an instantaneous values of the hybrid energy storage elements during battery
discharge.
In Fig. 7 b) there is shown 15-min average power during 24-h operation with and without hybrid
energy storage system. In the same figure the difference of the maximum 15-min power (APavr) is
depicted. It also can be noticed that during the most of 24-hperiod the 15-min power is lower with
ESS than without it. It is caused by decrease of the energy consumption due to the excessive
regenerative power stored in the supercapacitor. Only between 0:00 and 3:00 a.m. the power is of the
same value, because only freight trains are operating at that time (timetable Fig. 4) which are not
equipped with the regenerative braking.
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Figure 7. a) values of hybrid ESS elements instantaneous power trigger power exceeding; b) transients of 15-min
RMS substation power during 24-h cycle operation with and without hybrid ESS (APavr — value of the
difference of the maximum 15-min average power).

The parameters deciding about the effectiveness of the ESS operation and resulted cost savings
are:
- active energy saved by use of regenerative power (Ezirg),
- reduction of maximum 15-min power resulting from ESS operation (APavr).

4. Results and Discussion
4.1 Supercapacitor Module

The main role of supercapacitor module (1 in Fig. 1) is use of extensive regenerative energy of
braking trains. The influence of the supercapacitor parameters on the live cycle of the battery in
relation to peak current limitation is much less than their influence on regenerative energy use.
Therefore the criteria of battery life cycle is not considered in the supercapacitor sizing process. The
only criteria of the supercapacitor parameters sizing is investment payback period. The methodology
of sizing was presented in [12]. The payback period is calculated according to Equation 5.

CSC

PR =
b= ©)

Where Csc is the cost of supercapacitor module installation, calculated according to the cost
model [26], as follows (Eq. 6),

Csc = Coonc * Cope Poope +14myge -nge -, (6)

Whereas the annual savings resulting from the regenerative energy,as follows

CF, =35 -C, - Ey,, (7)

The optimization variables of supercapacitor sizing process are: power of DC/DC converter
Pocpc, numbers of cells connected in serious (n1sc) and number of cell connected in parallel (1sc)
inasupercapacitor pack. Serious number of cells is assumed 1000, giving the nominal voltage of
supercapacitor pack 2700 V. The minimum state of charge is assumed 50 % of the nominal voltage
(1350 V).The issue of optimal level of minimum state of charge of supercapacitor pack is undertaken
in [27].The price parameters used in the Equations (5-7) are shown in Table 2. The supercapacitors of
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3000 F capacitance and 2,7 V has been assumed, the internal resistance (0.29 m(2) has been taken from
the manufacturer data.

Table 2. The price parameters used in supercapacitor module sizing optimization procedure.

Parameter Value

Coc/pe 102000 ($)
CDC/DC 102($/kW)

csc 55(%)

Ceal 87.4 ($/MWh)

Fig. 8 a) shows the energy recovered by ESS and Fig. 8 b) the payback period, both as the
functionsof DC/DCconverterpower and numbers of cell branches connected in parallel (energy
capacitance). In the case study the payback period is minimum for
msc=3 and Pocpe= 900 kW, giving the value of 7,46 years. However, as the diagram shows, the range
of the parameters, where the values of payback period is close to the minimum is relatively extended
within the range of parameters.

Authors should discuss the results and how they can be interpreted from the perspective of
previous studies and of the working hypotheses. The findings and their implications should be
discussed in the broadest context possible. Future research directions may also be highlighted.

a) b)
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Figure 8. a) 24-h energy recovered by ESS; b) diagram of payback period values, both as a function ofinstalled

power of DC/DC converter and supercapacitor pack energy capacity.

4.2 Electrochemical Battery Module

The initial calculations indicate that the optimal energy capacity of superapacitor module in terms of
regenerative energy use is much too low to reduce the 15-min peak power demand. The usable energy capacity
of a superapacitor pack of the parameters nsc = 1000, msc = 3 and depth of discharge 50 % is 6,83 kWh,while the
energy capacity needed for 15-min peak power demand decrease by 1 MW is 250 kWh. Therefore for the purpose
of 15-min peak power demand the electrochemical battery is needed, due to the much lower ratio of energy
capacity to price of that energy storage, than supercapacitors.

As a electrochemical battery (1. in Fig. 1) it is considered to use LFP Li-ion batterydue to its appropriate
parameters, relatively low cost [6] and well described aging model [28].However the proposed procedure of
parameters optimization of the energy storage system is appropriate for other electrochemical battery types
potentially used in the considered application. The appropriate aging model should be used.

According to the proposed EMS, the parameter determining the reduction of 15-min max. power (APavr)
is the trigger value Ptr. Degree of the peak power reduction determines the number of cycles and battery depth
of discharge in each particular cycle of battery operation. The number of discharges results from the annual

number of each 15-min power presented in Fig. 9. The maximum achievable value of peak power reduction
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APavr depends on the battery energy capacity and discharge rate. In Fig. 9 there are also marked the values of

15-min peak power which could be avoided with battery of 500 Ah capacity and different values ofC-rates during

discharge.
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Figure 9. Histogram of 15-min power during one year of measurement #peak.

The relationship between trigger power Prr and degree of power reduction APavr is not linear,
it is shown in Fig. 10.

S O PSS e &
S, S S S S S S T S &

Figure 10. The relationship between value of trigger power P1r and the reduction of the peak power demand
APavr.

As it ismentioned above, the number of cycles and the DoD during each cycle depend on the
value of 15-min peak power reduction (APavr). The higher is the value APavr, the bigger is number
of battery cycles and depth of discharge of each cycle. According to the aging model of LFP battery
[28], the life cycle depends on the total electric charge flowing through the battery cells (An), C-rate
(©), and the temperature (T). The model formulated and validated based on the laboratory
measurements [28] is commonly used by number of researches. The loss of battery capacity is
expressed by Arrhenius Equation[28], as follows (Eq. 8),

8)

0. :B_exp[—317oo+37o.3xc}(Ah s

RT
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The crucial variable of the aging model is the total charge flowing through the battery An. For
this purpose it is necessary to determine the single cell charge Qe flowing during one discharge as
the function peak power reduction APavr. The results of the single cell charge Qe as the function of
APavr for assumed battery capacity and C-rate are depicted in Fig. 11.

90 T T T T T T T T T

80

0 i 4 4 L 4 1 4 4 4 1 4
P LSOO
L LSS LSS

AP, g kW]

Figure 11. Single battery cell charge flowing during discharge as the function of 15-min peak power reduction
(APavr) for different battery capacity and discharge C-rate.

Based on the single cell charge values shown in Fig. 11 as the function of peak power reduction

and the annual number of each peak power value occurrence the total annual cell charge could be
determined according to equation 9.

k
4, = z M peak (k) chll(k) )
i=1

The results of a total annual cell charge are shown in Fig. 12. The results show that the increase

of C-rate during discharge allows to obtain a higher reduction of peak powerAPavg, but it also leads
to an increaseof the cell annual chargeAn.
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Figure 12. Total annual cell charge flowing through the single battery cell as a function of 15-min peak power
reduction (APavr) for different battery capacity and discharge C-rate.
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Based on the annual cell current An and the aging model (Eq. 8) the value of charge terminating the life
cycle of the battery is determined. It is assumed that the battery life cycle is over after 20 % loss of the capacity
or after 12 years of operation. Based on this information the annual operation cost have been proposed, defined
as follows (Eq. 10).

Crev
e >12
_ Chenc + Cpepe Pyene 12 M
Cop = T e, e (10)
slipp <=

LFP

Where tirr is an expected time of battery life cycle resulting from the aging model(Eq. 8). For the low values
of an expected annual charge A, fure achieves the values significantly exceeding the time duration given by the
manufacturers. The first part of sum expression (Eq. 10) presents the value of the DC/DC converter annual
operation cost. It is assumed that the life cycle of the converter is 15 years. The power of DC/DC converter
assumed in (Eq. 10)is adjusted to the maximum C-rate during the battery discharge. The cost of LFP battery pack
is determined according to (Eq. 11), the model is taken from [26]:

Crop =124 -mpp 1y - Crip (11)

The annual cost savings resulting from the reduction of peak power demand is expressed according to (Eq.
12)
Coar =APp ~ € poer (12)
Where cpower is the price of the demanded power expressed in ($/MW-year). For each variant of the battery
parameters the ratio between annual cost savings and annual operation cost is proposed to be determined by
profitability index — « (Eq. 13)

(13)

The solution is assumed to be profitable if the index value a > 1. The price parameters of the battery module
are shown in Table 3.The LFP cells of 100 Ah has been assumed, the price has been taken from the manufacturer
data.

Table 3. The price parameters of LFP battery module used in optimization procedure.

Parameter Value

Cpower 38,273 ($/year)
CLFP 110 ($)

Cel 87.4 ($/MWh)

The values of profitability index o for the various parameters of energy capacity and C-rate are presented

inFig. 13wherethe parameters of the most profitable solution could be found.
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Figure 13. The values of a coefficient as a function of difference of 15-min peak power (APavr) for different

battery capacity and discharge C-rate.

The results of the a-index in Fig. 13 are presented as the function of the APavr. It provides the information
of the profitability of the demand power reduction. For the adaptation of the EMS for the selected battery
parameters the exact value of the trigger power P1r should be found and implemented. Having the values of the
APavr and battery parameters corresponding to the most favorable solutions in Fig. 13, the corresponding values
of the trigger power P1r could be found in Fig. 10.

The separate modules of ESS system: supercapacitor and battery could operate separately. The
optimization method of the supercapacitor module dedicated to regenerative energy use is described in section
4.1, the EMS is shown in Fig. 6 b). The battery module could operate separately for purpose of 15-min peak
power demand. Assuming only peak power reduction purpose of the battery operation, the influence of
supercapacitor on the total LFP battery peak current reduction is minimal, therefore the battery life cycle is
approximately the same in case with and without supercapacitor module.

Moreover, the investigation of battery module implementation for only the regenerative energy use instead
of the supercapacitor module have been investigated. The results has shown that the 24-h single LFP cell charge
Qeent in that case is 970 Ah. In this conditions the number of cycles is around 350 per 24 h. The battery operates in
a narrow range of SoC (around 12 %) but the average daily operation time is 8 hours and
20 min. According to the aging model the duration of the life-cycle for that condition of battery operation,
assuming discharge rate 2 C is between 3 and 5 years.

The cost of each modules of hybrid ESS as well as the annual savings and payback period of each element
and the total payback period of hybrid ESS are depicted in Table 4.

Table 4. Costs, savings and payback period values for each ESS module operating separately and together as

hybrid ESS.
Cost of SC ($) Cost of LFP ($) Saving resulting from SC Saving resulting from LFP
operation ($/year) operation ($/year)
425364 357818 59970 36124

Payback period of SC (years)

Payback period of LFP (years)

7,46

9,9

Total payback period (years)

8,41

5. Conclusions
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The paper presents the concept of trackside hybrid energy storage system dedicated to
regenerative energy usage and peak power demand reduction. The dedicated EMS is developed for
the hybrid ESS. The novel method of the battery module sizing of hybrid energy storage system is
proposed. The method is based on the historical data of the 15-min average power (or half-hourly
power) of traction substation during last year. Having the expected frequency of 15-min peak power
values the energy, C-rate during discharge and the threshold power P of energy management
strategy are determined to obtain the maximum index value «.

Meanwhile the sizing method of the supercapacitor module is based on the known methods
assuming simulation results of 24-h power profile of traction substation including the regenerative
power available, resulting from catenary receptivity limitation. The simulation model has been
validated based on the comparison with 15-min power measurements.

For the average peak power the 15-min degree of averaging has been used as it is a standard in
Polish power energy law. In energy tariffs in most countries half-hourly power value is used to
measure the peak demand. The presented EMS and the method of battery sizing is appropriate for
all degrees of averaging. The longer the period of power averaging is, the bigger the energy capacity
of battery ESS must be.

The case study with usage of traffic and Polish 3 kV DC railway power supply system data and
assuming the current energy storage elements’ prices and the prices of active energy and peak power
demand show that the supercapacitor module of ESS, dedicated to regenerative power utilization is
more profitable than the battery module for peak power demand. The battery unit with the optimum
parameters is around 16 % cheaper than the supercapacitor module. However the savings resulting
from the battery unit operation are around 40 % lower than from usage of the supercapacitor module.
The total payback period for the whole ESS is 8.4 years.

If we take into account permanent increase of energy cost for transport in Poland with shocking
increase in 2022 year effectiveness of ESS application in traction system will be much higher.
Amount of annual energy consumption by railways for traction purposes is about 2 400 000 MWh.
So only 10% reduction of traction energy consumption makes 240 000 MWh which gives CO:
reduction of roughly assessing 154565 t (due to fact that most of electrical energy generated in Poland
is in coal power plants- [29] - emission in 2024 is estimated 178,9 gCO2eq/M] i.e. 644,04 kg CO2/MWh).
Extra income added due to usage of European Emission allowances (16" of December 2024 it was
63,32 euro/t of CO2 [22]) makes nearly 9,8 mln euro, which would again boost effectiveness of ESS
installation.

Each module of the proposed hybrid ESS could operate in an autonomous way. The influence
of supercapacitor on the battery life cycle is minimal. Therefore, the schedule of any kind of
installation is flexible — at the beginning only supercapacitor or battery module could be installed and
operate separately while the second module could be installed in a further future.
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B
C
CDC/DC

cDC/DC

Cel
CFA

CLFP
cLFP
COP
cpower
CSC
cSC
CAP
DoD
E24reg
EMS

mLFP
mSC

nLFP
npeak

nSC

P15
P15MS

P155im
PAVR
PLFP

PLFPmax
PPSC
PSC

PSCmax
PTR
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total charge flowing through the battery (Ah)

pre-exponential factor

rate of battery discharge

constant cost of DC/DC converter manufacturing and
installation ($)

unit cost of DC/DC converter manufacturing and installation
($/kW)

unit price of active electric energy ($/MWh)

annual savings resulting from regenerative energy use by
supercapacitor module of ESS ($)

cost of LFP battery pack ($)

price of single LFP battery cell

annual operation cost of LFP module ($)

unit price of demand power ($/MW-year)

cost of supercapacitormodule installation ($)

price of single supercapacitor cell

annual savings resulting from peak power reduction ($)

depth of discharge

energy returned by SC module during 24-h operation (MWh)
average 24-h energy consumption during the preceding year
(MWh)

number of 15-min period during 24-h cycle ({1:96})

number of LFP battery cells connected in parallel

number of supercapacitors cells connected in parallel

number of 24-h periods during the preceding year ({1:365})
number of LFP battery cells connected in series

number of 15-min power measured values during 1-year
registration

number of supercapacitors cells connected in serious
instantaneous power (W)

15-min measured power (W)

15-min measured power for thel5-min period in 24-h cycle as an
average of the measured values in ti 15-min periods during the
preceding year (W)

15-min power obtained by the simulation (W)

average 15-min power calculated as an rolling average (W)
instantaneous power of LFP battery part of the ESS in connection
to 3kV DC (W)

maximum power of P-LFP assumed in EMS of ESS(W)

payback period of supercapacitor module installation (years)
instantaneous power of supercapacitor part of the ESS in
connection to 3 kV DC (W)

maximum power of P-SC assumed in EMS of ESS (W)
threshold value of the average rolling power (W)
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PTS power on a busbar of a traction substation (W)
Qcell LFP battery single cell charge during single discharge (Ah)
Qloss loss of battery capacity (%)
R gas constant
SoC state of charge
T temperature
tLFP duration in time of LFP battery life-cycle
usC state of charge of supercapacitor pack (V)
USCtr threshold state of charge of supercapacitor pack assumed in EMS
of ESS (V)
a profitability index of the battery module installation
APAVR difference of peak 15-min power of traction substation between
the cases with and without ESS
DNO Distribution Grid Operator
DoD Depth of Discharge
EMS Energy Management Strategy
ESS Energy Storage System
LFP LiFePO4 battery
SC Supercapacitor
SoC State of Charge
TE Tractive Effort
Appendix A

Appendix A.1

The appendix is an optional section that can contain details and data supplemental to the main
text—for example, explanations of experimental details that would disrupt the flow of the main text
but nonetheless remain crucial to understanding and reproducing the research shown; figures of
replicates for experiments of which representative data is shown in the main text can be added here
if brief, or as Supplementary data. Mathematical proofs of results not central to the paper can be

added as an appendix.
Table A1. This is a table caption.
Title 1 Title 2 Title 3
entry 1 Data data
entry 2 Data data !
Appendix B

All appendix sections must be cited in the main text. In the appendices, Figures, Tables, etc.
should be labeled starting with “A” —e.g., Figure A1, Figure A2, etc.
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