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Currently, the development of technical standards and functional 
operating standards of specific fuel and power consumption for railway 
traction on the railways of the Russian Federation and the CIS countries is 
carried out using methods developed back in the 60s of 20th century. The 
use of modern methods of data mining in calculating standards involves 
a preliminary study and selection of factors that have a significant impact on 
the amount of fuel and energy resource consumption.

The study is aimed at identifying differences in the nature of the impact 
of locomotive’s operation indicators, such as sectional and technical speed, 
train weight, axle load, on the amount of specific energy consumption for 
railway traction for various types of railway cargo rolling stock. Particular 
attention in the article is paid to determining the nature of the influence of 
factors on the specific energy consumption of container trains.

The work uses the Student’s t-test statistical data processing method 
used to determine the homogeneity of the studied samples, and the Pearson 
correlation analysis method for determining the coefficients of correlation 

between the specific energy consumption for railway traction and the factors 
that presumably affect the value of this consumption. The multiple linear 
regression method is used to build regression models describing the 
dependence of the specific energy consumption for train traction on the 
influencing factors under consideration.

The article contains the results of checking the homogeneity of the 
studied samples of specific energy consumption in the form of Student’s 
t-test values, scatter diagrams of the specific energy consumption depending 
on the value of the influencing factors, a description of the values ​​of the 
calculated correlation coefficients for each studied group of cargo trains. The 
study also focuses on possible reasons entailing difference in the nature and 
degree of influence of factors for different types of cargo rolling stock.

The study argues for the need to develop a methodology for standard 
setting regarding consumption of fuel and energy resources for train traction, 
which allows considering the influence of train composition using modern 
data analysis methods.

Keywords: railway transport, energy consumption analysis, energy consumption standardisation, train composition, correlation analysis, container 
trains.
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BACKGROUND
Currently, the process of analysis, planning 

and standardisation of fuel and energy resources 
(FER) for train traction on the railways of the 
Russian Federation and the CIS countries is 
governed by various regulatory documents in 
the field of planning, standardisation, analysis 
and forecasting of fuel and energy resource 
consumption for train traction 1.

The planned volume of FER consumption 
for train traction is determined at an enterprise 
within the framework of allocated funding 
limits and considering the planned volume of 
t r anspor ta t ion  opera t ions .  Then ,  the 
corresponding volumes are calculated at various 
levels of the organisational structure of the rail 
industry. The specific consumption of fuel and 
energy resource is used as the main indicator of 
the energy intensity of the transportation 
process per ride and is considered as the ratio 
of the volume of energy consumption to the 
volume of operations expressed in the 
corresponding units.

To motivate the departments involved to 
respect  the  p lanned volumes of  FER 
consumption, standards and rates for the specific 
consumption of fuel and energy resource for 
train traction are established: by type of resource 
(electric power, diesel fuel, gas, fuel oil, coal); 
by the level of standard and rate setting 
(technical standards, operational standards for 
locomotive crews, group standards for structural 
divisions and higher corporate entities); by type 
of traction; by type of traffic and operations 
performed; by work areas and by standardisation 
periods.

The most important vector for the analysis 
of the energy efficiency of the transportation 
process is establishment of technical and 
functional (for each operation) standards for 
locomotive crew rides. Technical standards for 
specific FER consumption are developed based 
on traffic mode maps depending on the series 
of rolling stock for each section, depending on 
the track profile with gradation by train weight, 
as well as axle load or train composition. The 
basic data for determining technical standards 

1 See, for example: STP BC 17.217–2012 Calculation of 
diesel fuel consumption rates for train traction for locomotive 
units of the Belarusian Railway. Minsk, Ministry of Transport 
and Communications of the Republic of Belarus, 2012, 23 p; 
Regulation on the planning and standardisation of fuel and 
energy resource consumption for train traction at JSC Russian 
Railways. Approved by the order of JSC Russian Railways 
dated May 17, 2019, No. 962/r.

are cumulated through trial rides of traction and 
energy mobile inspection laboratories, data on 
energy-optimal modes of train driving (using 
automated systems for constructing energy-
optimal train schedules), as well as traction 
calculations performed both manually and using 
modern software. Functional (for each 
operation) standards for specific FER 
consumption are being developed to consider 
running conditions that differ from the average 
statistical ones provided for in the technical 
standard. Functional standards consider energy 
consumption for individual technological 
operations, such as idle time of rolling stock in 
working condition, catching up on the delay of 
passenger and cargo trains to get into the 
schedule, warming up cars of multiple unit 
rolling stock at layover points, respecting speed 
limit warnings, stopping to respect prohibiting 
signals, unscheduled stops, testing the train 
brakes en route after a long stop not provided 
for by the train schedule, etc.

Due to the significant complexity of 
performing rides with involvement of a traction 
and energy mobile inspection laboratory and 
the use of software packages for performing 
traction calculations, in practice, train driving 
instructors responsible for heat engineering 
widely use the statistical method for determining 
technical rates for specific FER consumption. 
In this case, from the general set of journeys of 
locomotives of each series of traction rolling 
stock, and for corresponding type of traffic, with 
trains of the corresponding weight (or with the 
corresponding load on the car axle) on a specific 
section, those rides are selected that, in the 
opinion of the train driving instructor, are 
exemplary and performed under average 
statistical conditions. The average value of the 
specific fuel and energy consumption for the 
specified samples, considering the factors for 
seasonality, weather conditions, the use of 
optimal train control methods (determined 
based on the expert assessment method), is 
considered the specific rate, which can be 
adjusted in case of deviation from the considered 
conditions of performing trips. Thus, the value 
of the calculated specific energy consumption 
rate for train traction contains a significant share 
of subjectivity, and the selected rides may not 
fully consider the potential of energy-efficient 
train operation methods and may contain errors 
inherent in previous rate setting. Besides, when 
upgrading the system for analysing and 

• World of Transport and Transportation, 2024, Vol. 22, Iss. 4 (113), pp. 200–207

Vitovskaya, Victoria V., Davydov, Alexey I., Komyakov, Alexander A. The Influence of Train 
Composition on the Nature of the Impact of Factors Affecting Energy Consumption



202
standardising energy consumption for train 
traction, it is necessary to consider the 
capabilities of modern computing tools, as well 
as data mining methods.

The objective of the work was to study 
differences in the nature of the influence of 
factors on the value of specific electric power 
consumption for the types of cargo trains most 
widely used on the railways of Russia and the 
CIS countries.

MATERIALS AND METHODS
Many foreign [1–8] and domestic studies 

[9–15] are devoted to identifying and studying 
the factors influencing the energy consumption 
of a train.

Traditionally, the analysis focuses on the 
impact on the value of specific electric energy 
consumption wspec (SEC) of the following 
features of locomotive operation: sectional speed 
Vsec, technical speed Vtech, mass of the train mt, 
axle load q. To determine the nature of the impact 
of the listed factors on the value of SEC, an 
analysis is provided of data on more than 9000 
trips of electric trains made by locomotive crews 
of one of the operational locomotive depots of 
the West Siberian Railway for the period from 
October 2022 to April 2023. The main source of 
information on the values ​​of influencing factors 
is the data of the centralised train driver’s route 
processing system (CDRPS). The Microsoft 
Excel spreadsheet processor and the Visual Basic 
for Applications programming language allows 
calculating the values ​​of series of factors, 
information about which is contained in the 
reporting forms in an implicit form (SEC, train 
mass, axle load).

The study of the nature of the influence of 
factors is conducted for 5 groups of trains: the 
totality of all types of cargo trains (group 1), 
through trains (group 2), through trains weighing 
more than 5500 tons (group 3) and less than 5500 
tons (group 4) and container trains (group 5). 
This partition is explained by a few distinctive 
features in organisation of the transportation 
process for the rolling stock representing each 
group. For example, through trains weighing 
more than 5500 tons are often trains with bulk 
liquid cargo, trains with a high rate of utilisation 
of wagon load capacity. In turn, container trains 
have following distinctive features: low axle load 
of the wagon, relatively small mass of trains, the 
use of a special type of rolling stock, flatcars, for 
transportation of containers. Through trains 

weighing less than 5500 tons are allocated to 
a separate group due to the presence of similar 
features with container trains: low mass and axle 
load. The data set representing group 1 is the 
general sample in this study. The sample of the 
second group contains data on the journeys of all 
through trains, excluding data on the trips of 
container trains.

To check the presence of a dependence of the 
nature of the impact of factors on the type of 
rolling stock, we study the homogeneity of 
samples as for SEC of groups 2 and 5 and groups 
4 and 5 of trains using the Student t-test method 
[16]. The use of the traditional method of statistical 
analysis is acceptable, since the samples are 
independent of each other, and the number of 
observations in the samples is large [17].

The correlation analysis was preceded by 
building scatter diagrams wspec depending on the 
magnitude of the influencing factors under study.

The degree of influence and the nature of the 
impact of factors are determined using the 
Pearson correlation analysis method, including 
the calculation of the coefficients of correlation 
r and construction of correlation matrices.

The calculation of the coefficient of 
correlation is carried out according to the 
expression:
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where xi, yi are ith values ​​of random variables;
x , y  are average values of random variables;
n is sample size;
Sx, Sy are standard (average square) deviations 

of random variables.
The strength of the correlation is assessed in 

accordance with the Chaddock scale.
The construction of regression models for SEC 

relative to four factors under study is carried out 
using the multiple linear regression method. In 
this paper, two regression models are constructed. 
The first model is implemented based on the data 
of the general population, the second – ​on the data 
on the trips of container trains only. The samples 
are divided into two parts: data on 80 % of the 
trips are used directly in construction of the model, 
the remaining 20 % ​​(test sample) – ​in assessing 
the accuracy of the model. The general form of 
the resulting regression equations is described by 
the expression:
wspec = ∆0 + ∆1Vsec + ∆2Vmax + ∆3mt + ∆4q,	 (2)
where ∆j are jth coefficients of regression 
equation.
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The accuracy of the models is tested using 
the SEC values ​​of container trains from the test 
sample.

RESULTS
Based on the results of Student’s statistical 

analysis, Table 1 was compiled, which reflects 
the empirical temp t-criterion values ​​for the studied 
samples. The critical value of the criterion tcrit at 
a significance level of 0,05, determined according 
to the statistical table [18], is 1,96 for all studied 
samples, since the number of degrees of freedom 
in them exceeds 120.

According to the data in Table 1, all the 
studied samples of SEC of groups 2 and 5 
turned out to be heterogeneous. When 
compared with the samples of SEC of groups 
4 and 5, the samples are homogeneous in 9 out 
of 16 cases. The presence of heterogeneity in 
the compared samples allows us to conclude 
that there are differences in the nature of the 
impact of influencing factors (train weight, 
axle load, train speed, etc.) on the SEC value 
for the studied types of cargo trains. Moreover, 
heterogeneity with the samples of trains of 
group 4 may mean that the reason for 
differences in the nature of the impact of 
influencing factors on container trains 
compared to others is not associated only with 
their relatively small weight.

Before conducting the correlation analysis, 
the scatter diagrams of SEC value depending on 
the magnitude of the influencing factors were 
examined. As an example, Pic. 1 shows scatter 
diagrams for trips made in April 2023 for group 
1 under study. The diagrams have a  similar 
appearance for all studied train groups.

Visual analysis of scatter diagrams allows us 
to assume a  weak and very weak correlation 
between wspec and Vsec (Pic. 1a), between wspec and 
Vtech (Pic. 1b), medium and strong correlation 

between wspec and mt (Pic. 1c) and between wspec 
and q (Pic. 1d).

Let us consider the results of the study of 
correlations between wspec and sectional (Vsec) and 
technical (Vtech) speeds, train mass mt and axle 
load q.

Sectional speed Vsec is the average value of 
the train speed considering the time of stops, time 
for deceleration and acceleration. Technical 
speed Vtech, unlike sectional speed, does not 
consider the time of stops. Depending on the 
selected train operation mode, an increase in the 
average speed can lead to both an increase and 
a decrease in SEC [19]. The analysis has shown 
that the correlation between SEC and sectional 
speed Vsec and technical speed Vtech is characterised 
as weak. The coefficient of correlation with the 
sectional speed rVsec varies in the range from –0,17 
to 0,09, the coefficient of correlation with the 
technical speed rVtech – ​in the range from –0,12 
to 0,11. The largest negative coefficients of 
correlation by absolute value are characteristic 
of trains of group 3, and the largest positive ones 
are characteristic of trains of groups 4 and 5.

A  negative effect of the sectional and 
technical speed on SEC is noted for trains of 
group 3, which may be associated with significant 
energy consumption for accelerating trains 
weighing more than 5500 tons after a stop. The 
existence of statistically significant positive 
coefficients of correlation with the speeds of 
container trains and trains weighing less than 
5500 tons is due to the fact that the trains of the 
smallest mass in these groups, which, as a rule, 
have a higher specific consumption, also have 
the highest speed.

The correlation between SEC and the mass 
of the train, according to the scatter diagram in 
Pic. 1c, should be characterised as strong or very 
strong. The conducted correlation analysis 
yielded the following results:

Table 1
Empirical values ​​of the t-criterion for the studied samples [obtained by the authors]

Period Studied samples
Groups 2 and 5 Groups 4 and 5

odd direction even direction odd direction even direction
January -7,89 -8,69 1,12 -3,89
February -5,13 -3,06 1,23 0,08
March -5,92 -2,6 -0,73 0,13
April -5,76 -3,54 -0,09 -0,55
October -4,1 -7,76 3,01 -3,46
November -3,76 -4,28 4,88 -1,05
December -4,83 -5,46 4,15 -1,07
7 months -13,78 -13,08 5,25 -3,65
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–	 the coefficient of correlation of SEC with 
the mass of the train rm has negative values ​​for 
all the studied train groups during each time 
period;

–	 the modulus of the correlation coefficient 
rm has the highest values ​​for groups 1 and 4 and 
varies in the range from 0,91 to 0,67 with 
a predominance of a strong correlation;

–	 the smallest values ​​of the modulus of the 
correlation coefficient, in the range from 0,60 to 
0,21 with a  predominance of an average 
correlation, are characteristic of trains of groups 
3 and 5, even though the average masses of these 
groups differ by more than two times.

Pic. 2 shows a graph of the dependence of 
SEC on mt for trips in October. The lower values ​​
of rm for trains of group 3 may be due to the fact 
that for an electric locomotive with large masses 
of a  train, operating conditions are created in 
a  mode close to the nominal one, where the 
current loads have optimal values. A  further 

increase in the mass of the train will lead to an 
increase in SEC [20].

The range of values ​​of the masses meeting 
optimal values of SEC corresponds to the 
horizontal section of the approximating curve. 
The curve, having passed the minimum point, 
will begin to raise. However, this is not reflected 
in Pic. 2, since there are no data on operation of 
trains weighing more than 9000 tons on the 
section under study.

To clarify the reason for the weaker nature 
of the influence of the change in mt on SEC for 
container trains, scatter diagrams of the masses 
of trains were constructed depending on the 
number of axles for container trains (Pic.3a) 
and for the set of other groups of cargo trains 
(Pic.3b).

Based on the range of mass changes for each 
number of axles in Pic.3a, the increase in the 
mass of container trains is mainly due to the 
increase in the number of axles. The change in 

Pic. 1. Scatter diagrams of wspec values ​​depending on the value of:
a) – ​sectional speed Vsec, b) – ​technical speed Vtech,

c) – ​train mass mt, d) – ​axle load q [obtained by the authors].
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mass for other cargo trains is due to the increase 
in axle load to a greater extent than for container 
trains. This may explain the weaker effect of 
increasing mt on reducing SEC for container 
trains.

Increasing mt by adding axles leads to 
a  greater increase in the resistance to train 

movement than by increasing q, since some 
components of the main resistance to train 
movement do not depend on q, for example, air 
resistance.

The analysis of correlation of the relationship 
between the value of SEC and the car axle load 
q has the following results:

Pic. 2. Dependence of specific energy consumption on the train mass [obtained by the authors].
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–	coefficient of correlation of SEC with the 
axle load rq, like rm, has negative values ​​for all 
the studied samples;

–	modulus of the coefficient of correlation rq 
has the highest values ​​for the same groups of 
trains as the modulus rm and varies in the range 
from 0,83 to 0,91;

–	 the lowest values ​​of the modulus of the 
coefficient of correlation, in the range from 0,44 
to 0,78 with a  predominance of the average 
correlation relationship, are characteristic of 
trains of groups 4 and 5;

–	rq modules for container trains have values ​​
on average 1,4 times greater than rm modules, for 
other groups of trains  – ​on average 1,2 times 
greater.

The results of constructing regression models 
are shown in Table 2, which summarises the 
values ​​of ∆  regression coefficients, R2 
determination coefficients, p-values, and δ 
average values ​​of relative errors of models.

The use of model 1 for calculating wspec of 
container trains yielded an average relative error 
of 10,77 %, given that in the general population, 
container train traffic makes up 25,9 %.

Based on R2 value obtained for model 2, only 
65 % ​​of the wspec variance can be explained by 
the factors under consideration. Excluding the 
variables Vsec and Vtech does not increase R2 value, 
but the standard regression error decreases from 
3,41 to 1,29. To improve the accuracy of the 
second model, it is necessary to consider other 
influencing factors, such as weather conditions.

Preliminary regression analysis, considering 
additional factors, showed that it is possible to 
reduce δ to 4,87 % for model 2 and to 9,31 % for 

model 1. The second model has greater potential 
for increasing accuracy when weather conditions 
are included in it, which is the subject of further 
research. To confirm the presence of a relationship 
between the nature of the influence of factors on 
the value of specific energy consumption and the 
composition of trains, similar studies are required 
for other sections of the rail network.

CONCLUSION
The approaches to the analysis, planning, rate 

and standard setting of FER currently used on 
the railways of the Russian Federation and the 
CIS countries do not allow for the calculation of 
predicted values ​​of FER consumption for 
traction, considering the composition of trains.

The article contains the analysis of data on 
trips made on the territory of the Russian 
Federation within the boundaries of the West 
Siberian Railway. Checking the data on specific 
energy consumption using the Student’s t-test for 
different types of cargo trains showed the 
heterogeneity of the studied samples. The 
conducted Pearson correlation analysis allowed 
us to describe the nature and degree of the impact 
of influencing factors on the specific energy 
consumption of the studied types of cargo trains. 
Significant differences are noted in the influence 
of the mass of the train and axle load on the 
specific energy consumption of container trains 
and trains weighing more than 5500 tons.

Partition of trains according to characteristic 
features into separate groups allows for an 
individual selection of influencing factors that 
have a significant impact on energy consumption. 
This makes it possible to increase the accuracy 

Table 2
Results of construction and testing of regression models [obtained by the authors]

∆j-coefficient p-value R2 δ, %
Model 1(based on data on all trips)

∆0 133,223 0,81 10,77
Vsec -0,102 0,018
Vtech 0,179 0,001
mt -0,003 0
Q -3,192 0

Model 2 (based on data on container trains)
∆0 146,793 0,65 9,92
Vsec -0,097 0,251
Vech 0,165 0,108
mt -0,006 0
q -3,579 0
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of models for predicting the values ​​of specific 
energy consumption for each type of train.
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