u] =,

This study examines the rolling stock that currently
employs or could be equipped with plug-in hybrid trac-
tion systems.

Existing methodologies for selecting energy storage
systems often limit their applicability, which creates cer-
tain constraints when choosing a solution for hybrid trac-
tion systems.

As a result of the study, a well-founded preliminary
selection of an energy storage system based on expert eval-
uation and the Harrington desirability function was car-
ried out.

Engaging experts in relevant fields makes it possible
to obtain up-to-date information on technology develop-
ment and assess whether parameters meet specific require-
ments. The application of methods for evaluating expert
consensus provides a foundation for using the results in
subsequent calculations.

Harrington desirability function makes it possible to
combine parameters with varying units of measurement
and other differences, yielding a single value that can sim-
plify decision-making.

Using expert-derived evaluations, weighting coeffi-
cients for various parameters were calculated for the
defined types of rolling stock.

In the current research, three types of energy stor-
age systems were selected for locomotives and multi-
ple-unit rolling stock, meeting the specified conditions.
These include battery, supercapacitor-based and fly-
wheel-based storage systems, with overall desirability
scores (without weighting coefficients) of 0.638, 0.636,
and 0.573, respectively.

Modifying the set of parameters, introducing addi-
tional constraints, and adjusting weighting coefficients in
conjunction with motion optimization tasks makes it pos-
sible to adapt the methodology to the requirements for spe-
cific projects for constructing or upgrading rolling stock
with plug-in hybrid traction systems

Keywords: plug-in hybrid traction systems, energy stor-
age system, Harrington desirability function
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1. Introduction

According to some estimates, transport is the source of
almost 1/5 of all CO, emissions [1] that occur as a result of
human activities. Most of these emissions arise from the use
of fuels that need to be burned to obtain energy.

Railroads account for approximately 1.9% of global fuel
consumption and generate 4.2% of emissions out of the total
volume of emissions from the transport sector [2].

Increasing consumption of fossil fuels leads to rapid
depletion of reserves, high volatility of their cost, climate
change; dependence on poorly controlled factors such as
political instability and military activities increase the cost of
rendering transport services.

These factors encourage designers to find ways to improve
environmental, economic, and operational indicators. Princi-
pal ones are to use green energy and improve energy efficiency.

How to Cite: Maslii, A., Buriakovskyi, S., Antonenko, R., Gevrasov, V., Maslii, A. (2025). Assessing
the applicability of energy storage system for plug-in hybrid traction system in rail rolling stock.
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In recent decades, the use of systems for recovery, accu-
mulation, and further use of stored energy in rail transport
has become increasingly popular.

Such solutions have been implemented in the form of
designing stationary (SESS) and on-board (OESS) energy stor-
age systems. SESSs are installed near stations or along tracks,
OESSs are assembled directly on rolling stock [3].

These systems may have significantly different implemen-
tation requirements depending on the functions performed,
for example, compensation for short-term voltage drops in the
network or storage of recuperation energy in a plug-in hybrid
traction system.

Each type of energy storage system (ESS), in turn, has
its distinctive set of general and specific characteristics [4],
which may meet the requirements in full or in part.

Scientific research aimed at improving the processes of se-
lection and assessment of compliance of ESS with application




requirements plays an important role for their implementa-
tion in rail transport. The selection can be conditionally divided
into several iterations. At the first stage, it is advisable to con-
sider ESSs that meet the basic requirements characteristic
of rolling stock, in particular operating temperature range,
calendar life, cost, etc. Subsequently, the initial choice can be
optimized taking into account specific operating conditions
and the current level of development of energy conversion
and storage technologies.

The correct choice of ESS affects the autonomy of rolling
stock and allows it to be used during power outages or in areas
where electrification is too expensive or complicated.

The results of such studies are needed in practice because
the compliance of ESSs with the established tasks is one of the
key components for making a decision on the application and
further operation of the system.

Therefore, studies on assessing the basic characteristics of
ESSs and the possibility of their use in plug-in hybrid traction
systems are relevant.

2. Literature review and problem statement

In reviews that examine hybrid rolling stock, one or
more ESS variants are mainly considered. These are battery
electrochemical energy storage (BESS), supercapacitor-based
storage (EDLC), flywheel inertial storage (FESS), and super-
conducting magnetic energy storage (SMES).

According to study [5], the functions of ESS depend on
the type of rolling stock, which can be divided into two large
groups: passenger and freight. The work focuses on reviewing
examples of real-world applications of ESSs in urban and re-
gional passenger rolling stock, in particular BESS, EDLC, and
fuel cells. The study does not provide a structured methodolo-
gy or algorithm for selecting the type of ESS depending on the
type of rolling stock or operating conditions. This is probably
due to the different approaches of rolling stock manufacturers
to the implementation of projects using ESSs and the lack of
uniform standards for such systems. The issues of ESS service
life are mentioned but remain beyond detailed consideration.
This may be due to the lack of access to operational data be-
cause of NDA or similar restrictions.

In contrast to [5], paper [6] provides an overview of the cur-
rent state of OESS application for a wider range of rolling stock
types, and the issues of ESS durability are discussed in more
detail. It also provides forecasts for the further development of
more environmentally friendly hybrid systems based on the use
of a combination of ESSs and hydrogen fuel cells. To assess the
effectiveness of the possible application of ESSs, the prospect of
modeling using digital twins and artificial intelligence technol-
ogies is emphasized. However, specific modeling tools are not
described in the study. A likely reason for the lack of analysis
of ESS selection methods may be the difficulty of collecting
reliable data on the procedures used by manufacturers.

An approach using real data for modeling is used in [7].
It considers a hybrid traction unit for a freight locomotive
using hydrogen fuel cells and lithium-ion batteries (LIB). The
methodology is based on data collected for a diesel locomotive
with electric transmission on specific routes. The required
battery capacity is simulated based on real data and compared
with previous analytical calculations. According to the authors,
the actual required battery capacity is larger than the values
obtained in previous studies. In [7], BESSs or hydrogen fuel
cells are considered and other types of ESSs are not included

in the calculations. This may be due to the authors focusing on
a specific application to be able to verify and compare the simu-
lation results with real data for specific locomotives and routes.

An approach considering real-world applications and a larger
number of ESS types than in [7] is used in [8]. In it, to ensure
the operation of electric LRV in cities on areas without electri-
fication, the authors propose a modernization using ESS. These
are LIBs with different chemistries, EDLCs, and lithium-ion ca-
pacitors (LiC). The choice of the feasibility of using a particular
type of ESS is made on the basis of their quantitative indicators
and requirements for operation routes. Although the authors
present an analysis of the possibilities of using BESS, EDLC, or
LiC, only LRVs are considered. Such an approach narrows the
scope of the results obtained and does not provide reasonable
conclusions regarding their use with other types of rolling stock.
This approach may be due to the fact that only rolling stock with
a small mass is suitable for operation in an urban environment
with dense construction. Therefore, other types of ESSs may not
meet technical or operational requirements.

A more comprehensive study, which is aimed at a wider
range of ESS types and rolling stock, is reported in [9]. The
paper highlights the advantages and disadvantages of various
ESSs, such as BESS, EDLC, FESS, SMES. The authors note
that EDLC is more often used for the accumulation of re-
generative braking energy (RB). To provide power on certain
non-electrified sections of the track, BESSs and their combi-
nations with EDLC are more typical. A general approach to
the selection of ESS is outlined without taking into account
the features of the route and specific operating modes; basic
gravimetric and volumetric indicators are taken into account.
In [9], the authors focused on general technical and economic
aspects, so the issues of operation, maintenance, and disposal
remained outside the scope of in-depth analysis. Despite the
mention of hybrid systems, the paper does not provide their
technical analysis and methods for selecting ESSs for different
types of rolling stock. The reasons for the unresolved issues
may lie in the large variability of operating conditions and
limited access to data from railroad operators.

In [10], the modernization of suburban diesel trains is
considered. The proposed option includes the implementa-
tion of a plug-in hybrid traction unit using BESS. The calcula-
tions and modeling for the given conditions indicate that such
plug-in hybrid systems allow for a significant reduction in fuel
consumption due to the accumulation and use of RB energy.
The authors focus on the characteristics that ESS should pro-
vide. Despite the consideration of various technical parame-
ters, the paper does not describe the methodology for selecting
a specific type of ESS. This is probably due to the narrow sub-
ject matter of the project or predetermined initial data.

The selection of an energy storage device using a multi-cri-
teria decision-making model (MCDM) taking into account
various specific requirements for network applications is pro-
posed in [11]. The analysis used data obtained from experts
and from literary sources. When selecting the necessary ener-
gy storage technology, the authors propose using the ordering
by similarity to the ideal solution (TOPSIS). This method
makes it possible to rank alternatives by their proximity to the
ideal solution and distance from the worst.

In [12], the results of studies on the selection of energy
storage technology are reported. The MCDM model is applied
using the decision-making method based on probabilistic dual
uncertain fuzzy sets (PDHFS) and expert assessments. In order
to analyze the applicability of a certain type of ESS, the authors
propose to take into account specific storage needs that have not



been taken into consideration in many previous studies. The
authors propose to divide the selection criteria into 4 groups:
technological, economic, environmental, and social.

The methodologies presented in [11, 12] are more general-
ized or tied to specific applications, while the issue of choos-
ing technologies for transport remains outside the scope of
consideration. One of the possible reasons for such limitations
may be the difficulty of involving specialists from all areas of
ESS application.

Study [13] reports the results of ESS selection for rail rolling
stock using the Harrington desirability function. Several types
of ESSs were analyzed, in particular BESS, EDLC, FESS. The
main quantitative parameters that influence decision-making
on the final choice of a specific type were determined. For
the considered ESS, in accordance with the established pa-
rameters, the general desirability coefficients were calculated.

At the same time, when choosing the ESS type, the issue
of determining the reliability of estimates and the influence of
weighting coefficients depending on the type of rolling stock
was not taken into account. Such limitations may be due to
the fact that the study focuses specifically on the selection of
ESSs, and not on the evaluation methodology.

Our review of the literature [5-13] demonstrates that despite
numerous studies in the field of ESS selection for hybrid traction
units and similar applications, there are a number of local prob-
lems that require further study. When choosing the ESS type,
a large amount of input data and restrictions imposed on projects
during their implementation should be taken into account. The
wide range of ESSs further complicates the task of selection.

The systematization of the identified aspects allows us
to state that most sources limit the scope of application, the
scope of parameters and characteristics or the type of ESS
that are taken into account when conducting research. Also,
most often, when involving experts, the results of assessing
the consistency of their opinions are not provided. Therefore,
it is advisable to conduct a study aimed at performing a sub-
stantiated initial selection of ESSs for plug-in hybrid traction
systems of rail rolling stock.

3. The aim and objectives of the study

The purpose of our study is to evaluate and initially select
the type of ESS that meets the basic requirements for use in
plug-in hybrid traction systems on railroad rolling stock. This
could make it possible to reduce the number of combinations
between ESSs and types of rolling stock and reduce the vol-
ume of further calculations.

To achieve this aim, the following objectives were accom-
plished:

- to analyze existing types of ESSs that can be used in hy-
brid plug-in traction systems of rail rolling stock;

-to determine the basic and common parameters of
different types of ESSs that would be most important for rail
rolling stock;

— to select a list of types of railroad rolling stock on which
plug-in hybrid traction systems can be implemented;

- to compile a table for expert assessment of parameters
and check the consistency of expert opinions using statistical
analysis tools;

- to determine the weighting factors according to applica-
tion and calculate the overall desirability of different ESSs for
a certain type of rolling stock (with the possible presence of
parameter weighting factors).

4. The study materials and methods

The object of our study is rail rolling stock, which in the
future could be retrofitted or built using hybrid plug-in trac-
tion systems.

Within the framework of the work, the following hy-
pothesis was proposed: at the first stage, the selection of ESS
for different types of rolling stock can be performed using
a combination of expert assessment methods and Harrington
desirability function.

The work assumed that as a result of the calculations,
the desirability value is characterized by a linear dependence
on the parameters being evaluated and does not depend on
whether they are quantitative or qualitative. It was also as-
sumed that the parameters proposed for expert assessment
are common to all types of ESSs considered in their analysis.

We have adopted the following simplification: ESSs are
categorized into generalized types according to their nature.
Detailed intragroup differences (for example, specific BESS
chemistry) were not considered at this stage.

For the evaluation, the experts were provided with two
questionnaires:

- in questionnaire No. 1, the experts assessed the impor-
tance of ESS parameters for a certain type of rolling stock on
a scale from 1 (minimal impact) to 5 (strong impact) on the
traction system;

—1in questionnaire No. 2, a list of ESS quality indicators is
provided, section 5.2. For the evaluation, a graduation from
1 to 10 was determined, the higher the expert assessed the pa-
rameter, the better, in his/her opinion, this indicator for the ESS.

Given that the evaluation was not carried out by the parame-
ter ranking method and the number of repeated assessments
could be very high, the intraclass correlation (ICC) method was
used to determine the consistency of expert opinions. ICC is
defined as the correlation between two measurements obtained
for one object: one measurement (a separate assessment or the
average of several assessments) and another measurement ob-
tained for the same object [14]. It makes it possible to determine
what proportion of the total variance of the results is due to real
differences between objects, and not to random or systematic
differences in the judgments of the assessors.

According to [15], a two-factor model with mixed effects
ICC (3, k) was chosen, which makes it possible to determine
the reliability of the average value of the assessments obtained
from a specific group of assessors.

With an ICC value below 0.5, the consistency is consid-
ered low, in the range of 0.5-0.75 - moderate, 0.75-0.9 - good,
above 0.9 the consistency is excellent.

For calculations, the Pingouin software library [16] was
used, which makes it possible to statistically analyze data
using various methods. The code execution environment was
determined to be Google Colaboratory.

To summarize the results of the expert survey and de-
termine the suitability of a particular type of ESS for hybrid
plug-in traction systems, the Harrington multi-criteria optimi-
zation method was used.

According to this method, each measurement or criterion
is converted into a dimensionless desirability scale, which
takes values in the interval from 0 to 1 [17]. This allows for
comprehensive work with criteria of different nature (quanti-
tative, qualitative, with different units of measurement).

It is generally accepted to divide the Harrington function
scale into 5 intervals: 0.8-1, 0.63-0.8, 0.37-0.63, 0.2-0.37, 0-0.2.
For convenience, corresponding linguistic assessments are



assigned to each interval: very good, good, satisfactory, poor,
Very poor.

The individual desirability of parameter d for a function
with a one-sided restriction is calculated from the following
formulas:

d; :exp[—exp(—le— )J, 1)
d= exp[—exp(kYi )J 2

where d; is the individual desirability of the parameter, Y; is the
value of parameter Xi after linear transformation, k is the coef-
ficient that determines the steepness of the desirability curve;
it is additional and may not be used.

In the case when the individual desirability increases with
the increase in the parameter value, formula (1) is used; when
the desirability decreases, formula (2) is applied.

The one-sided S-shaped curve of the Harrington desir-
ability function with intervals and linguistic counterparts,
constructed according to formula (1), is shown in Fig. 1.

where wi is the weight coefficient of the parameter; usual-
ly; the sum of the weights wi is taken equal to 1, d; is the
individual desirability of the i-th criterion; n is the number
of criteria.

When calculating overall desirability D according to for-
mulas (4), (5), we find it necessary to pay special attention
to the fact that it is zeroed in the presence of at least one
individual desirability di, which is equal to zero.

5. Results of research on the possible application
of ESSs for plug-in hybrid traction system

5.1. Analysis of ESS types that can be used in plug-in

hybrid traction systems
BESSs are characterized by acceptable gravimetric and
volumetric indicators, moderate requirements for mainte-
nance and operation, as well as high reliability [3, 6]. At the
same time, their disadvantages include limited charge-dis-
charge speed characteristics, problems with thermal accel-
eration [18], which complicates their use

1
Very Good
08 r——m 1t 7
Good
06 —————F—+— A1+ 11—
Satisfactory
04 —————F—— VY
Poor
02 r——mr—"741t—T T
Very Poor
0
2 -1 0 1 2 3 4 5

Fig. 1. S-shaped desirability curve

Since desirability can be calculated for parameters that are
different in nature, it is first necessary to convert the values to
a dimensionless scale. This can be done using a linear trans-
formation according to the following formula

Y; =by; + by X, (3

where b, and b, are free coefficients.

If it is necessary to set the limits for parameter values, af-
ter which desirability takes value 1 or becomes equal to zero,
one can additionally adjust by and b;.

The overall desirability is calculated as the geometric
mean from the following formula

D=\dy dip--dy, (4)

where D is the overall desirability, d; is the individual desir-
ability of the i-th criterion, n is the number of criteria.

The calculation according to formula (4) assumes that all
indicators of individual desirability have the same weight.
In cases where parameters may have different effects, it is
appropriate to use weighting factors that are set in advance
or determined during development. The calculation of overall
desirability with weighting factors is performed according to
the following formula

D=(dftdgt iy J2el, )

under conditions of large and short-term
peak loads.

EDLCs have high indicators of the num-
ber of charge-discharge cycles (cycle life),
specific power, and can effectively work un-
der high cyclic loads; the depth of discharge
can reach 0%. At the same time, they have
low specific energy density and high self-dis-
charge compared to conventional capacitors
and BESSs. This makes them promising for
use in light rail transport [8, 19] as the main
or additional component in combined types
of ESSs as part of plug-in hybrid traction sys-
tems. The amount of energy stored in FESS
depends on the mass of the rotor, its speed of
rotation, and friction losses [20].

The main means of improving their characteristics are
increasing the mass and/or increasing the speed of rotation
of the rotor, the use of composite materials and magnetic
bearings, as well as housings with pumped air. FESSs are very
close in their energy performance to EDLCs and can be con-
sidered for use in systems where it is necessary to compensate
for sudden peak jumps in load or voltage [21].

Due to the low specific energy density, the presence of
large flywheel masses, high self-discharge, gyroscopic effect,
and the danger posed by the flywheel in case of its destruc-
tion, the use of FESSs in rolling stock is limited.

Compressed air storage systems (CAESs) can be condi-
tionally divided by pressure level: low-pressure systems (usu-
ally their operating pressure is up to 1 MPa) and high-pressure
systems (operating range from 10 to 50 MPa) [22]. Such sys-
tems are characterized by low specific power, specific energy
density and efficiency, as well as the need to use large tanks.
However, it can be noted that CAESs are environmentally
friendly and could be used as additional components.

Hydraulic energy storage systems (HESs) operate on prin-
ciples similar to CAESs, but they use liquid instead of air. They
have high efficiency when working under frequent charge-dis-
charge cycles; their structure is quite simple. At the same time,
precession systems are required for control, and the energy
storage time ranges from a few seconds to minutes. Such char-
acteristics indicate their similarity to EDLCs [23] and the pos-
sible scope of their application for short-term repetitive loads.



SMESs have high values of specific power and cycle life
without deterioration of characteristics. However, the need to
use a complex cooling system and temperature maintenance
and low specific energy consumption significantly increase
the mass and cost of the system. As a result, their application
on transport is mainly experimental. However, work is un-
derway to improve their characteristics, which makes SMESs
promising for future use.

5. 2. Determining common ESS parameters that are
most suitable for use on rolling stock

To evaluate and compare different types of ESSs, it is ad-
visable to divide their characteristics into two groups:

- quantitative indicators that are subject to mathemati-
cal and statistical analysis and can be expressed in numer-
ical form;

- qualitative indicators that describe the properties of the
object and are difficult to express directly in numbers.

The choice of common indicators characteristic of dif-
ferent types of ESSs also depends on their operating modes.
For rail rolling stock, the main operating modes are accelera-
tion, constant speed movement, and braking.

As a result of analysis, the correspondence of the fre-
quency of use of various parameters for the listed modes was
obtained without reference to the type of rolling stock. This
dependence is shown in Fig. 2.

Specific energy
1=

~ Specific power

Volumetric
Cost " energy
density
Calendar life aCycle life
Acceleration —Constant speed driving ——Braking

Fig. 2. Correspondence of parameters to different
driving modes

Value 1 in the diagram corresponds to a high frequency
of use; zero: the parameter for the specified mode is almost
not used.

According to [3, 5, 7-9, 12] and dependences in Fig. 2, the
basic energy indicators by which ESSs are assessed are specific
energy Wh/kg, specific power W/kg; volumetric energy den-
sity Wh/1 (or Wh/m?3).

Important assessment criteria that can be attributed to
quantitative ones are the cost indicators of ESS, installation,
auxiliary equipment, and operation. In addition, indicators
that exert a significant impact on decision-making are calen-
dar life and cycle life until the minimum permissible capacity
is reached.

For rail vehicles, a large part of the system life cycle
is made up of operating costs. They are closely related to
the following group of characteristics: mean time between

failures (MTFB), operational safety, operating temperature
range, maintenance frequency (regularity), and environmen-
tal issues.

These indicators are accepted as common for the specified
types of ESSs.

5.3. Determining the types of rolling stock where
plug-in hybrid traction systems can be implemented

According to the resolution from the Cabinet of Ministers
in Ukraine [24], the following list of rolling stock has been
established: locomotives; multiple-unit rolling stock; locomo-
tive-hauled passenger cars; freight cars; special rolling stock
of railroad transport; components of rolling stock for railroad
transport.

For different types of rolling stock, the existence or du-
ration of driving modes may differ, which directly affects the
requirements for ESSs, for example [25, 26]. The directions of
energy flow for the main driving modes are shown in Fig. 3.

Considering that our research is focused on plug-in hybrid
traction systems and possible operating modes, Fig. 3, the fol-
lowing types of rolling stock were selected:

- passenger and freight locomotives;

- shunting locomotives performing work at stations and
hills (yard switcher);

- shunting locomotives performing removal work (trans-
fer locomotive);

- distributed traction multiple unit (MVRS);

- trains with engines in the main cars.

Special rolling stock also has prospects for implementing
ESSs, for example [26], but it requires separate additional re-
search because of specific operational requirements.

5. 4. Construction of tables for expert assessment of
parameters and determining the consistency among
experts’ opinions

For convenience of assessment, the questionnaires were
divided into two parts. The first included 17 parameters de-
fined in section 5. 2 and 6 types of rolling stock, section 5. 3.
The second questionnaire contained a list of qualitative
parameters that the experts assessed in accordance with the
ESS type.

Their assessment was carried out by a group of 8 experts.
In Table 1, part of the second questionnaire is given, with
parameter assessments from expert 5.

When checking the consistency, the ratings from each
expert were summarized in a common table. Further analy-
sis was performed according to formula (6) using the library
from [16]

MSR—-MSE

10C(3K) = sms (k1) sE”

(6)

where MSR is the mean square for rows (intersubject variance),
MSE is the mean square error (residual variance), k is the num-
ber of experts.

The calculation of consistency using the ICC (3, k) method
was performed for each specified type of rolling stock. The
results are given in Table 2.

The calculated ICC (3, k) value is in the range of 0.5-0.75
for all questionnaires and can be interpreted as moderate agree-
ment among the experts.

The F-statistic is necessary to test the null hypothesis that
the true ICC value is zero and indicates the statistical signifi-
cance of the result.
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Table 1
Expert 5 ratings
Parameter being evaluated ESS type
BESS | EDLC | FESS | CAES | HES | SMES
Operating temperature range 8 9 9 8 8 3
Calendar life 9 10 10 9 9 9
Operational safety 10 9 7 7 7 8
Overheating rate 7 6 6 6 6 4
Maintenance regularity 7 8 7 7 7 7
Quick replacement capability 8 8 6 6 6 5
Technology development potential 10 9 9 8 8 10
Environmental friendliness of operation 9 10 10 10 8 9
Environmental friendliness 8 9 8 9 7
Additional equipment 6 7 7 7 7 10
Table 2
Consistency among expert opinions
Rolling stock type ICC(3,k) | F-stat | p-Value | CI95%
Passenger 0.698 3.3 0.0001 | 0.42-0.87
Locomotives Freight 0.693 3.26 0.00012 | 0.41-0.87
Yard switcher 0.647 2.836 | 0.00069 | 0.32-0.85
Transfer locomotive 0.681 3.13 0.0002 | 0.39-0.87
Distributed | MVRS 0.547 2.2 0.0085 | 0.13-0.81
traction | With engines in the main cars 0.696 3.29 | 0.0001 | 0.42-0.87

The p-Value values less than 0.05 al-
low us to draw the following conclusion:
the agreement is not random but statis-
tically confirmed. CI95% shows that the
true ICC value is in the specified range
with a 95% probability. The obtained
CI95% indicators are in the interval be-
tween "acceptable” and "unstable”.

Based on the calculated values, a de-
cision was made on the validity of our
results and their further use in the study.

5. 5. Determining the weight co-
efficients and general desirability
of different types of ESSs for roll-
ing stock

The calculation of weight coefficients
was performed for each parameter as an
arithmetic mean estimate from all ex-
perts relative to the maximum value on
the established scale in questionnaire 1
for each type of rolling stock.

To calculate the desirability coeffi-
cient, the values of quantitative indicators
were taken from the literature [3, 5-7,
9, 20, 22, 23].

When calculating each individual de-
sirability coefficient, the upper limit, yy,
was set at 0.8 and equal to the maximum



indicator of this parameter among all types of ESSs; the lower
limit, y,, at 0.2, respectively.

For points y; and y,, the values on the dimensionless
scale y' were found from formula (7) for the case "the more,
the better” and formula (8) for the parameters "the less, the

better”, respectively. They are common for calcu-

A graphical distribution of overall desirability between
different types of rolling stock and ESS types is shown in Fig. 4.

Based on our results, it can be determined that the
most suitable ESSs for the established conditions are BESSs,
EDLCs, and FESSs.

lating all individual parameter desirability: Table 3
Coefficients for calculating individual desirability
! — —_ p—
n= ln( ln(yl ))’ ™ Parameter V' Vs by b,
/ Specific power, W/k; -0.4759 | 1.4999 | -0.6170 | 0.0014
2 :ln(—ln(yz)). ®) P P &
Specific energy, Wh/kg -0.4759 | 1.4999 | -0.5265 | 0.0101
The coefficients by and b, are calculated based | Volumetric energy density Wh/m?3, -0.4759 | 1.4999 | -0.4883 | 0.0000
on formula (31) and ?ef}’lend on the mlmtllnum aflld Cost per 1000 Wh 0.4759 | -1.4999 | -1.7195 | 0.0022
maximum values of the parameter. The results
. P . . . Permissible depth of discharge (DOD), % | -0.4759 | 1.4999 | -3.2985 | 0.0565
from our calculations of the required coefficients
are given in Table 3. Cycle life -0.4759 | 1.4999 | -0.6477 | 0.0000
The values of qualitative parameters were ob- | Calendar life -0.4759 | 1.4999 | -2.4517 | 0.1976
tained by averaging the estimates given by experts
in questionnaire 2 and taking into account the Table 4

characteristics from [3, 5-7, 9, 20, 22, 23].

Weighting factors

The transition from linguistic estimates to nu- s ; - F—— -
merical values was performed according to the fol- assenger locomotive reight locomotive
lowi . . Parameter Weightin Weight-

owing correspondences: very good - 0.95; good — Estimate ghting | o imate | Vei8
0.80; satisfactory — 0.63; poor — 0.20; very poor — 0.05. factor ing factor

Part of the calculated weight coefficients for pas- | Specific power, W/kg 4.625 0.07 4.375 0.065
senger and freight locomotives is given in Table 4. | gpecific energy, Wh/kg 4.375 0.066 4.625 0.069

The calculated overall desirability coefficients Volume energy density, Whym? 1250 0.06 1375 0,065
according to formulas (4), (5) are given in Table 5. & Y : . : ’

Table 5
General desirability coefficients for different types of rolling stock and ESSs

Overall desirability taking into account weighting factors according to the type of rolling stock Overall desirability

ESS type i i i i without weighting
Passengfe r FrelghF Yard switcher Transfer locomotive MVRS Tr‘alns Wlth. engines factors

locomotive | locomotive in the main cars

BESS 0.622 0.628 0.627 0.627 0.631 0.630 0.638
EDLC 0.627 0.618 0.623 0.622 0.631 0.628 0.636
FESS 0.567 0.559 0.565 0.561 0.570 0.566 0.573
CAES 0.284 0.283 0.287 0.283 0.289 0.285 0.290
HES 0.347 0.318 0.349 0.346 0.353 0.347 0.358
SMES 0.324 0.333 0.321 0.318 0.325 0.322 0.316
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—_

0.3

0.
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0

Passenger Freight Yard Transfer Trains with engines Overall desirability
locomotive locomotive switcher locomotive in the main cars ~ without weighting
factors
mBESS ®ELDC ®™FESS ®mCAES ®HES = SMES

Fig. 4. Distribution of desirability of different types of energy storage for rolling stock



6. Discussion of results based on the possible
application of ESSs for plug-in hybrid traction systems
of rolling stock

Our study used ESS characteristics, which include both
quantitative and qualitative indicators. A significant part
of them, for example, shown in Fig. 2, can be evaluated
according to the criteria "the more, the better” or "the less,
the better". However, although some of the indicators are
expressed in numerical values, their assessment may sig-
nificantly depend on the type of ESS and the tasks set. For
example, the operating temperature range of a certain type
of ESS may fully meet the criteria of one project and not fit
into the requirements for another at all. For such character-
istics, a linguistic scale was used, Fig. 1, the correspondence
of numerical values for which was determined using expert
assessments. This allows them to be used for general assess-
ment without reference to specific applications, which differs
from the approaches proposed in [7,10], which focus on
individual applied tasks.

The division of questionnaires makes it possible to de-
termine the most appropriate parameters for the system and
to involve experts from different fields, which increases the
quality of the assessment.

During the survey, experts were not limited to the number
of identical assessments or the mandatory use of all levels of
the scale. With this approach, methods focused on the analysis
of rank values, such as concordance or Spearman coefficients,
do not provide correct interpretation of the results because
of the loss of sensitivity to repeated values. The ICC (3, k)
method used in the study makes it possible to work with such
assessments. This becomes important during the initial selec-
tion of ESS type for plug-in hybrid systems since the specific
conditions at this stage may not be determined and objective
ranking of parameters by their importance is complicated.

Unlike work [12], in which expert assessments are used
without consistency analysis, the approach proposed in our
study makes it possible to immediately determine the reliabil-
ity and validity of the acquired data, Table 2. This also allows
for an informed decision to further use the data obtained or to
conduct a re-survey or replace the sample of experts.

Determining the importance of parameters and calculat-
ing their weight coefficients, Table 4, allows for an improve-
ment in the quality of the choice taking into account the type
of rolling stock.

Using the Harrington desirability coefficient provides an
informed initial choice of the most suitable type of ESS for
the established conditions. Bringing the value of many pa-
rameters, different in nature, to a single number optimizes the
decision-making process.

The methods used in our work do not require complex
mathematical implementation, unlike [11,12], and make it
possible to simplify the task of initial selection at the stage of
preliminary analysis. Further evaluation with the involvement
of additional and specific requirements and the use of more
complex MCDMs can be carried out for a smaller number of
predefined ESS options for specific types of rolling stock, Fig. 4.

As a result of the initial selection for further research,
according to Table 5, the ESSs with the highest desirability
coefficients were selected: BESS (0.638), EDLC (0.636), and
FESS (0.573). In addition to these ESSs, it is also worth consid-
ering the feasibility of their combination. Such solutions could
improve the overall characteristics of the system by using the
strengths of each type of ESS. However, analysis must also take

into account possible disadvantages, such as system complexi-
ty, increased cost of its installation, and maintenance.

Based on the results of our work, the following limitations
should be noted:

-not all available ESS characteristics were used in the
evaluation;

-most of the parameters used have almost the same
weight when calculating desirability, which is not always cor-
rect for all applications;

—numerical values of parameters obtained from literary
sources may not fully reflect the current state of technology
development;

- intragroup differences of different types of ESSs are left
outside the scope of this work and require further consideration;

- the type of the main power source of the rolling stock
was not taken into account at this stage of the study;

- 8 experts were involved in the evaluation, which affects
the reliability of the results, as can be seen from the CI95%
indicators in Table 3.

The following are among the shortcomings of the study:

- most of the parameters used have almost the same
weight when calculating desirability, which is not always cor-
rect for all applications;

- combinations of different types of ESSs are not taken
into account in the current study and require separate con-
sideration.

For future studies, to increase reliability, it is desirable to
increase the number of experts and explore the possibility of
using rank-order methods.

In subsequent iterations of the selection, it is advisable to
perform additional calculations for specific types of rolling
stock and supplement the list of parameters for evaluation. For
example, the type of main power source, maximum coupling
weight, overall dimensions, required power, capacity, etc.

In addition, it is necessary to take into account the parame-
ters of the track profile, the existence of a contact network,
speed modes of movement, and other similar requirements.
This creates the prerequisites for combining the tasks of se-
lecting the ESS type and optimizing train movement.

7. Conclusions

1. The following types of ESSs have been identified: BESS,
EDLCs, FESSs. Since no restrictions were set on the maxi-
mum mass, volume, or cost of the system at the first stage of
selection, the list also includes promising types of ESSs, such
as CAESs, HESs, and SMESs. Their application is currently
theoretical or experimental in nature but is possible in the
future with the advancement of technologies. This approach
makes it possible to expand the scope of consideration of ESS
types compared to previous studies.

2. A list of quantitative and qualitative parameters has
been formed that are common to different types of ESSs and
relate to rolling stock. The quantitative indicators include
specific power, energy and volumetric energy density, cost per
Wh, permissible depth of discharge, cycle life, calendar life.
The group of qualitative indicators includes parameters related
to temperature conditions of operation, maintenance, envi-
ronmental friendliness of manufacturing, operation, disposal,
and development potential of ESS technology. Assessment
taking into account the prospects of technology development
provides the opportunity to make a choice oriented towards
future requirements and trends.



3. A list of types of rail rolling stock was determined that
meets the general requirements for modernization using
hybrid traction units. The selected rolling stock was differen-
tiated by the main type of work performed: passenger, freight,
shunting locomotives, and MVRS. The selection of traction
units with different purposes makes it possible to compare
the importance of certain ESS parameters for a specific ap-
plication. At this stage, specific operating conditions were
not taken into account, which makes it possible to check the
correctness of the initial selection at subsequent stages using
additional requirements.

4. For the evaluation, a list of rolling stock types and ESS
parameters were determined, which were divided into two
tables. When conducting the evaluation, the following re-
quirements were set: for the first questionnaire, a scale from
1 to 5; for the second - from one to 10; without limiting the
number of repetitions or the need to use each assessment. The
questionnaires were given to 8 experts in the field of electric
drive and energy storage. The following consistency values
were calculated for locomotives using the ICC (3, k) meth-
od: passenger - 0.698; freight — 0.693; yard switcher - 0.647;
transfer locomotive- 0.681. For rolling stock with distributed
traction: MVRS - 0.547; with engines in the main cars - 0.696.
The calculated results are in the range of 0.5-0.75, which,
according to the accepted classification, means moderate
agreement among experts and justifies the further use of the
obtained estimates.

5. According to the calculated weighting factors, it can
be noted that the obtained values are almost the same for all
types of rolling stock and do not have a significant impact on
overall desirability. This is explained by the fact that the main
ESS parameters were evaluated without reference to specific
operating conditions or additional requirements by which the
importance of the indicators could be ranked. The calculated

overall desirability, without taking into account the weighting
factors, is for BESSs - 0.638; EDLCs - 0.636; FESSs - 0.573;
CAESs - 0.29; HESs - 0.358; SMESs - 0.316. Our results
are consistent with current trends in the use of ESSs on rail
rolling stock, which confirms the feasibility of conducting
a preliminary selection.
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