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MATHEMATICAL MODEL FOR A COMPREHENSIVE ASSESSMENT 
OF THE ECONOMIC IMPACT OF OPERATING INNOVATIVE VEHICLES 

ACROSS THEIR LIFE CYCLE

Summary. The article presents the results of a scientific study aimed at developing a comprehensive methodology 
for assessing the economic efficiency of operating innovative freight cars on the railway infrastructure of Ukraine. 
The relevance is due to the critical wear of the freight car fleet and the need to implement tariff mechanisms that 
consider the interests of both rolling stock owners and the infrastructure owner. Existing approaches focus mainly 
on operator benefits, ignoring the significant impact of car technical characteristics on infrastructure costs (train 
traction, track wear).

The proposed methodology is based on a comparative analysis of an innovative car and an analog car. A key 
feature is the determination of two fundamental coefficients based on field tests: the change in the basic specific 
resistance to movement (kw) and the change in the impact on the track (kt). A mathematical apparatus has been 
developed to calculate the annual change in infrastructure owner costs, covering expenses on fuel and energy 
resources, track maintenance, locomotive maintenance, and en-route car maintenance.

The practical value lies in the possibility of using the results to justify differentiated tariffs. The procedure for 
calculating the specific economic effect (Cud) and the innovative reduction coefficient to the base tariff )( inv

tark  is 
proposed, creating an economic incentive for operators to purchase more advanced rolling stock. The approbation 
of the methodology on the example of an innovative gondola car demonstrated a net economic effect of about 
+5,000 UAH per technological cycle due to increased productivity, reduced downtime, and higher speed.

Key words: innovative vehicle, economic efficiency, infrastructure owner, rolling resistance, track impact, cost 
rates, tariff incentives, computer modeling, life cycle.

Problem statement. Freight rail transportation is one of the main activities of JSC “Ukrzaliznytsia”, 
it largely meets the transportation needs of the national economy. It is freight transportation that 
accounts for the largest share of JSC “Ukrzaliznytsia”’s revenues in the overall revenue structure – 
82.2 % (2024) [1].The current stage of development of the transport industry is characterized by the 
rapid introduction of innovative means of transportation. However, the choice of specific models is 
often based only on the purchase price, which is a strategic mistake. The relevance of the topic is due 
to the need to transition to a comprehensive assessment of economic efficiency. The concept of life 
cycle cost (LCC) becomes a key tool in this process. It allows you to take into account not only the 
purchase price, but also the costs of operation, service and disposal. For innovative vehicles, this is 
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critically important due to the specifics of their maintenance. The energy efficiency of new models is 
often offset by the high cost of spare parts.

Traditional methods of calculating payback no longer correspond to market realities. The risks of 
introducing innovations without proper analysis are excessively high. It is necessary to take into account 
the dynamics of energy prices throughout the entire service life of the car. Life cycle cost allows you 
to see a real picture of profitability. This helps to increase the competitiveness of transport enterprises. 
Introducing innovations without calculating LCC leads to unforeseen losses. State support for 
environmental initiatives also requires transparent assessment methods. Investors require clear forecasts 
of costs for the long term. Innovative technologies often have more complex technical inspection cycles.

Analyzes of the latest research and publications. In the article [2], a scientific and methodological 
approach is proposed to determine the change in the quantitative indicators of the use of gondola cars 
for the transportation of loaded containers in them in the empty direction due to the decrease in their 
empty mileage. A scientific and methodological approach is proposed to determine the influence of 
the coefficient of empty mileage of cars to loaded on the cost of transporting loaded containers in 
gondola cars in the empty direction. An increase in the efficiency of the use of gondola cars due to the 
transportation of loaded containers in them in the empty direction is estimated

The article [3] presents the calculated results of the economic justification of the feasibility of 
modernizing freight cars with axle units of improved design. The factors influencing the amount of 
additional capital costs for modernizing cars with improved axle units are analyzed. The calculation 
of annual operating costs for the car is adapted to the conditions of the specific Kharkiv-Kyiv route.

The paper [4] analyzes the current state, development dynamics, and prospects for updating the 
freight car fleet in Ukraine. The most popular types of cars are identified.

In the work [5], the issues of the conceptual approach to determining the life cycle of a passenger 
car are considered. The fleet of passenger cars of JSC Ukrzaliznytsia mainly consists of models 
developed and manufactured in the 70s–90s of the last century at the car-building plants of Germany 
and Russia. They are outdated both morally and physically. This necessitates the renewal of the 
fleet of passenger cars by purchasing cars of both domestic and foreign production. But in modern 
conditions, the user of new equipment is interested not only in the purchase price, but also in the costs 
after the sale, which is reflected in the life cycle cost.

The article [6] describes the characteristics of iron ore pellets as a specific type of cargo and describes 
the technology of their production in the conditions of a mining and processing plant. A comparative 
analysis of the efficiency of using the specified types of freight cars was performed according to 
such technical and economic indicators (criteria) as tare weight, load capacity, body volume, specific 
material capacity, specific volume, dimensions, service life, mileage between overhauls, tare loading 
coefficient, body capacity utilization coefficient, running load, cost, life cycle cost.

In the fundamental work [7]in one of the sections inmathematical modeling of the process of 
forming reliability indicators of freight cars at the stages of the life cycle is presented.

The monograph [8] considers the issues of optimization design of elements of railway gondola 
bodies and the organization of their production. It presents modern trends in the development of 
gondola body structures, presents proposed approaches to their design, and formalizes the features of 
the organization of their production.

The article [9] considers innovative vehicles as an important solution to reduce road congestion 
and harmful emissions from trucks. The study found that in Europe, the main barriers to the transition 
to water transport are insufficient depth of waterways and their inadequate maintenance, while in Asia, 
the key obstacles are high initial investments in infrastructure and a shortage of vessels. Overcoming 
these barriers will allow to obtain significant economic effects by reducing logistics costs, reducing 
fuel and vehicle maintenance costs, as well as reducing environmental damage from CO2 emissions.
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In the article [10], it is analyzed that urban growth and population density lead to a critical 
deterioration of the transport situation, especially on routes with intensive freight traffic. The 
proposed coordinated vehicle routing system uses personalized instructions and financial incentives 
for individual drivers, taking into account their individual preferences using a hierarchical Bayesian 
model. The implementation of such a system provides an economic effect by reducing congestion, 
reducing delivery times and fuel costs, which is confirmed by numerous experiments on the Sioux 
Falls transport network.

In the article [11], approaches to modeling the life cycle cost of vehicles with different types of 
power plants are investigated. The work is aimed at determining the economic feasibility of using 
alternative transport technologies compared to traditional solutions. The authors form a mathematical 
model that takes into account the costs of purchasing, operating, maintaining and disposing of 
vehicles. Considerable attention is paid to the analysis of factors that most affect the change in the 
total life cycle cost. The results obtained demonstrate that the application of the LCC concept allows 
for a more reasonable assessment of the economic efficiency of innovative transport systems.

In [12], the author considers a methodology for estimating the life cycle cost of transport 
infrastructure, taking into account the spread of autonomous vehicles. The study focuses on predicting 
changes in the structure of costs for the construction, operation and maintenance of highways. The 
author proposes a model that integrates future transport scenarios with economic indicators of 
infrastructure functioning. The analysis demonstrates that the introduction of autonomous transport 
can significantly change the structure of operating costs. The results obtained can be used to form 
long-term strategies for the development of transport systems.

In the article [13], researchers conduct a comprehensive review of modern approaches to assessing 
the sustainability of the transport sector based on the life cycle concept. The authors systematize 
existing analysis methods, in particular LCC, LCA and other integrated efficiency assessment tools. 
The paper examines the features of applying these methods for different types of transport systems 
and infrastructure facilities. The review allows us to identify the key advantages and limitations of 
using the life cycle concept in transport planning. The results of the study form a methodological 
basis for further improving the economic justification of innovative transport solutions.

In the publication [14] the authors analyze modern methods of economic evaluation of innovations 
in the field of railway transport. The work focuses on identifying the main problems of applying 
traditional economic models to the evaluation of new technical solutions. The authors propose improved 
approaches that combine life cycle analysis with the assessment of operational and infrastructure 
costs. Considerable attention is paid to the need to integrate technical and economic indicators in the 
process of making investment decisions. The study demonstrates the prospects for the application of 
complex methods for evaluating the effectiveness of innovations in railway transport.

The purpose of the study is a theoretical justification and development of a comprehensive 
methodology for determining the economic effect of operating innovative vehicles based on modeling 
the cost of their full life cycle. The research is aimed at creating a toolkit for objectively assessing the 
effectiveness of investments in the modernization of transport fleets. The implementation of this goal 
will allow enterprises to make strategically balanced decisions regarding the implementation of the 
latest technologies.

The object of research is the process of forming economic results from the use of innovative 
vehicles in the logistics system. The subject of the study is methodological approaches and tools 
for assessing life cycle cost as a basis for determining the economic effect. The study focuses on the 
relationships between capital costs and operational efficiency throughout the entire service life of 
the equipment. Scientific research covers the mechanisms for transforming costs into added value of 
transport services.
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To achieve this goal, the following tasks have been defined:
1.	 To analyze the factors influencing the technical characteristics of freight cars on the costs of the 

railway infrastructure owner, in particular, on costs associated with train traction, track maintenance, 
locomotive maintenance and technical maintenance of wagons en route, in order to identify key 
parameters for economic evaluation.

2.	 Develop mathematical models to determine the coefficients of change in the main specific 
resistance of movement () and the change in the impact on the track () kωkτ based on data from full-
scale (dynamometric) tests of innovative cars and similar cars, which will allow us to quantitatively 
assess their operational advantages.

3.	 Form a system of analytical equations to calculate the annual change in the infrastructure 
owner’s costs () ∑ΔE0 by main items: fuel and energy resources (electricity/diesel fuel), current 
track maintenance, locomotive maintenance and technical maintenance of freight cars in trains.

4.	 Determine the procedure for calculating the specific economic effect () per car-kilometer Cуд  and 
to justify the methodology for calculating the innovative reduction coefficient () to the base tariff as a 
tool for economically stimulating operators to purchase and operate more advanced rolling stock  .інв

тарk
To achieve the goal of the study, a set of scientific methods was used, in particular, system analysis 

for structuring life cycle costs. Mathematical modeling methods were used to construct formulas for 
calculating the economic effect. Comparative analysis became the basis for assessing the advantages 
of different types of innovative vehicles. Financial management methods were used, in particular, 
discounting cash flows to take into account the time factor. Statistical methods allowed processing data 
on the reliability and cost of operating similar systems abroad. Graphical methods helped visualize 
the dynamics of costs at different stages of the equipment life cycle.

The main part. The mathematical model of the study is based on a comparative analysis of the 
operating costs of the infrastructure owner (JSC «Ukrzaliznytsia») when using innovative freight cars 
and analogue cars. The main hypothesis is that the improved technical characteristics of innovative 
cars (reduced rolling resistance, less impact on the track, greater load capacity) lead to a reduction 
in infrastructure maintenance costs, which may be the basis for tariff incentives. The analogue car is 
selected from among the most common models of the same type and purpose on the network, and the 
selection criterion is the maximum freight turnover among cars of the corresponding class.

An innovative car is considered as a carrier of a set of measured quantitative and qualitative 
indicators in absolute or relative terms (Fig. 1).

Fig. 1. Criteria for innovative freight cars
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The solution to the problem of increasing the productivity of rolling stock through innovative 
cars lies in the multiplicative effect of reducing the tare weight of cars, increasing the capacity of 
the body and the speed of the train, expanding the range of permissible axle loads [15]. In addition, 
the maintenance intervals of both cars as a whole and their individual technological equipment are 
increasing, failures during operation are reduced, and loading and unloading methods are improved 
with a corresponding expansion of the range of transported goods:

– the weight of the container is reduced due to the use of new high-strength steels;
– increasing the capacity of the body is achieved through the use of original design schemes with 

full use of the overall capabilities of the car;
– an increase in permissible axial loads and speeds is ensured by the use of innovative bogies [15];
– operational reliability is based on modern scientific and technical support for the processes of 

creating and producing railcar structures
The productivity of rolling stock in freight traffic is determined by two generalized indicators: the 

mass of the train and the mileage of the traction rolling unit.
The tests are carried out by the dynamometric method in accordance with the rules of traction 

calculations. At the selected intervals of the railway track there should be no sharp changes in the 
speed of movement and traction force caused by changes in the positions of the driver’s controller. 
The profile of the railway track should be directed along the entire length of the train. The main 
specific resistance of movement within each interval S is a constant value and is calculated by the 
formula [16]. 0w ′

Change in average daily productivity of rolling stock.This is the main formula that shows how 
productivity changes due to two factors: increasing train mass and increasing daily locomotive 
mileage.
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Where is the change in the average daily productivity of rolling stock (gross tkm). max
nWD

max
nW  – average daily productivity of rolling stock (gross tkm).
6Q  – gross train weight (gross t).

ΔQ max – increase in gross train weight (due to the use of innovative wagons).
nS  – average daily mileage of the locomotive (km).

ΔS max – increase in the average daily mileage of the locomotive.
In expression (1), the components reflect the influence of two factors on the productivity of freight 

rolling stock. The first component characterizes the target change in the mass of the train, namely the 
effect of increasing the mass of the train formed from innovative freight cars. The second component 
is responsible for the target change in the average daily mileage, i.e. the effect of increasing the ton-
kilometer work of traction rolling stock [16].

The magnitude of the change in the mass of a train with innovative cars is calculated by the 
formula:
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max
nQD  – change in train weight with innovative cars.

H
ng  – the share of innovative cars in the train composition.
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const
nn  – number of cars in the train (pcs.).
max
nq  – useful mass of cargo in the vehicle
min
nq  – mass of the tare in the composition (t).
min
nk  – the ratio of the net weight of the train to the gross weight.
max
nk  – ratio coefficient (probably related to tare).
min max,n nQ Q  – net and gross train weight, respectively (t).

Change in average daily locomotive mileageShows the dependence of the locomotive’s mileage 
on the station speed and regulatory downtime.
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max
nSD  – change in the average daily mileage of the locomotive (km/day).

max
nV  – traffic speed (km/h).
const
nt  – normative idle time of the locomotive (hours).
Ly – length of the section (km).
24 – number of hours in a day.
The increase in the actual loading rate of innovative cars ensures an increase in the capacity 

utilization factor and static load of a given unit of rolling stock. The average train composition will 
be formed taking into account the weight of the tare and the optimal specific load capacity of the 
innovative car.

Therefore, a comprehensive system of performance indicators for innovative railcars is given by 
the following system of expressions:.

	

 

 

const

const

cons
0 0

const

;

;

;

2

min n
n H

n

max n
m H

n

H H
tn n

H H
n n

V
k

V

T
k

T

P T
p p

n

P T
q q

L

 =



=


+ = ≤


+ = ≤

	 (5)

min
nk  – the ratio of the volume usage of the innovative car and the analogue car.
Vn const – specific volume of the analog wagon (). м3/т
H
nV  – specific volume of the innovative car (). м3/т
max
mk  – coefficient of the ratio of the tare mass of the innovative wagon and the analogue wagon.
Tn const – mass of the tare of the analogue wagon (t).
H
nT – mass of the innovative wagon’s container (t).
p0 – axle load of the innovative wagon (t/axle).
H
nP  – load capacity of the innovative car (t).
H
nT  – mass of the innovative wagon’s container (t).
n – number of axles.
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const
0p  – permissible axle load (t/axle).
q – gross running load of the innovative wagon (t/m).
2L – length of the wagon along the coupling axes (m).
qconst – permissible running load (t/m).
The set of indicators given in expression (5) ensures high-performance transportation of a wide 

range of goods in specified volumes, which contributes to increasing the efficiency of using the 
innovative freight car in terms of power and load capacity. This, in turn, gives a total effect in the 
form of an increase in carrying capacity of 6.7 % and above.

As a result, for a given length of train, innovative cars can form a train of greater weight than similar 
cars. The main factor affecting the average daily mileage of a locomotive is the section speed. Part of 
the technical possibilities for its growth are lost due to downtime and delays of trains at stations and 
crossings, as well as due to loss of time caused by low-performance loading and unloading operations.

The results of the analysis of the downtime of local gondolas at the loading station require special 
attention (Figure 2). More than half of this time (in hours, about 60 hours or more) is spent on 
downtime from the moment of arrival to the completion of the cargo operation. This is explained by 
the poorly established production connection between the arrival of empty cars and the possibility 
of loading at the consignor, which leads to unproductive downtime of cars. The waiting time for 
loading increased significantly after the cars were transferred from the inverter fleet to their own. The 
planning horizon for supplying empty cars actually became equal to the planned time of an empty 
trip. As a result, there was a transition from a regulated daily shift planning of car distribution (the 
so-called “just in time” model) to a management model with an unfixed delivery delay time, in which 
a reserve is required.

Fig. 2. Distribution of freight car operating time across different stages of the production cycle

The diagram shows that the lion’s share of time (69.9 %) is spent by the freight car directly on 
the loading process (from the moment of submission to the completion of the operation). The second 
longest stage is the period after exclusion from the train composition until the moment of submission 
for loading (14.6 %). The operations of arrival at the station and shunting work take the least time.

The car hours of the production cycle of an innovative car are determined according to the elements 
of working time
	 min min min min

o IB tex TPnt nt nt nt= + +∑ ∑ ∑ ∑ 	 (6)
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min
ont∑  – total car hours of the production cycle.

min
IBnt∑  – car hours in motion.

min
texnt∑  – car hours at stations and crossings (technical downtime).

min
TPnt∑  – car-hours of downtime during freight operations.

A comprehensive system of indicators of precinct speed.Shows how the speed of movement 
changes depending on the technical characteristics and reliability of the cars.
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max
AVk  – coefficient of change of the site speed.

min
Vk  – the coefficient of the precinct speed.
in
TV  – technical speed with innovative cars (km/h).
VT  – technical speed (total) (km/h).
Vmin – minimum speed (km/h).
min
TPV  – speed taking into account idle times (km/h).
in
TPt  – downtime of the innovative car during freight operations (hours).
tTP – standard downtime of wagons during freight operations (hours).
p(t)in – operational probability of failure-free operation of the innovative car (aims to 0.98).
Infrastructure cost assessment (impact on track superstructure).A comprehensive indicator that 

assesses how the increase in tonnage from innovative wagons affects track maintenance costs.
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max

пC
kD  – coefficient of change in track maintenance costs.

тC
k  – coefficient of change in current track maintenance costs.
н
тC  – the cost of current track maintenance during the operation of innovative wagons (CU).

Cт  – the cost of current track maintenance when operating similar cars (CU).
0 0,
нp p  – axle load of the innovative car and the analogue car (t/axle).

0 0,
зl l  – the number of freeze-thaw cycles (transitions) per 100 million gross tkm.
,нп пD D  – damage rate (number of failures) when passing tonnage.

Qб  – tonnage missed (million gross tons).
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The developed approach allows for a mathematical model assessment of the following operational 
indicators in comparison with a similar wagon: productivity of traction and non-traction rolling stock, 
average daily mileage and section speeds in terms of various components of the fleet, mass parameters 
of railway warehouses in terms of gross and net, technical and economic characteristics of wagons. 
Model calculations of a comprehensive assessment of the operational efficiency of innovative wagons 
in comparison with a model analogue wagon in freight traffic for one technological.

The final effect of the implementation of one innovative car (for 1 cycle of work) table 1.

Table 1
The final effect of the introduction of one innovative car (for 1 cycle) based on the proposed 

mathematical model and taking into account the data provided in the studies [3, 7, 17]
Effect component Amount, UAH

Additional productivity (per day) +4 278
Downtime savings +1,080

Effect of increasing speed +108
Total benefit +5 466

Additional track costs (per cycle) -463
Net effect per cycle +5 003 UAH

Conclusions. The article develops a comprehensive methodology for assessing the economic 
efficiency of innovative freight wagons, which, unlike existing approaches, takes into account not 
only the benefits of the operator, but also the impact of the technical characteristics of the wagon 
on the costs of the infrastructure owner.The considered mathematical model for evaluating the 
performance indicators of innovative wagons makes it possible to determine the change in these 
indicators depending on the specific wagon model and to compare them using a single methodology 
for the same volumes of transportation work within a conditional section (section) of the railway 
under given model conditions.

The mathematical model is based on a comparative analysis of the pair «innovative car – analogue 
car» and the determination of two key coefficients based on the results of field tests: changes in the 
main specific resistance of movement () and changes in the impact on the track (). The developed 
mathematical apparatus allows calculating the annual change in infrastructure costs for four items: 
fuel and energy resources, track maintenance, locomotive maintenance and technical maintenance of 
cars. kωkτ

Testing the methodology on the example of an innovative gondola car showed that the innovative 
car gives a net economic effect of about +5,000 UAH per technological cycle (approximately 
1.5 working days) due to:

increased productivity,
reduction of downtime,
increasing speed, with a slight increase in infrastructure costs.
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МАТЕМАТИЧНА МОДЕЛЬ КОМПЛЕКСНОЇ ОЦІНКИ ЕКОНОМІЧНОГО 
ЕФЕКТУ ВІД ЕКСПЛУАТАЦІЇ ІННОВАЦІЙНИХ ТРАНСПОРТНИХ ЗАСОБІВ 

НА ЕТАПАХ ЖИТТЄВОГО ЦИКЛ

Анотація
У статті представлено результати наукового дослідження, спрямованого на розробку комплексної 

математичной моделі оцінювання економічної ефективності експлуатації інноваційних вантажних вагонів 
на залізничній інфраструктурі України. Актуальність роботи зумовлена критичним зносом парку вантажних 
вагонів та необхідністю впровадження тарифних механізмів, які враховують інтереси як власників рухомого 
складу, так і власника інфраструктури – АТ «Укрзалізниця». Існуючі підходи зосереджуються переважно 
на вигодах для оператора, ігноруючи суттєвий вплив технічних характеристик вагона на інфраструктурні 
витрати (тяга поїздів, зношування колії).

Запропонована методика базується на порівняльному аналізі пари «інноваційний вагон – вагон-аналог». 
Ключовою особливістю є визначення за результатами натурних випробувань двох фундаментальних 
коефіцієнтів: зміни основного питомого опору руху (kw) та зміни впливу на колію (kt). Розроблено математичний 
апарат для розрахунку річної зміни витрат власника інфраструктури, який охоплює витрати на паливно-
енергетичні ресурси, утримання колії, утримання локомотивів та технічне обслуговування вагонів у дорозі. 
Модель враховує мультиплікативний ефект впливу технічних характеристик вагонів на продуктивність 
тягового рухомого складу, швидкість руху, тривалість простоїв та витрати на утримання інфраструктури.

Практична цінність полягає у можливості використання результатів для обґрунтування диференційованих 
тарифів. Запропоновано порядок розрахунку питомого економічного ефекту (Cуд) та інноваційного понижуючого 
коефіцієнта до базового тарифу ,( )інв

тарk  що створює економічний стимул для операторів придбавати більш 
досконалий рухомий склад. Апробацію математичной моделі виконано на прикладі інноваційного напіввагону, 
що дозволило кількісно оцінити чистий економічний ефект. Результати моделювання демонструють, 
що використання інноваційних вагонів забезпечує сукупний мультиплікативний ефект збільшення 
продуктивності рухомого складу за рахунок підвищення маси поїзда, збільшення середньодобового пробігу 
локомотива, скорочення простоїв та покращення дільничної швидкості при незначному зростанні витрат на 
утримання інфраструктури. Розроблена математична модель є універсальним інструментом для оцінювання 
ефективності інноваційних транспортних засобів на всіх етапах життєвого циклу. Застосування цієї моделі 
на прикладі інноваційного напіввагона продемонструвало чистий економічний ефект у розмірі близько +5 
000 грн на один вагон за технологічний цикл завдяки підвищенню продуктивності, скороченню простоїв та 
збільшенню швидкості.

Ключові слова: інноваційний транспортний засіб, економічна ефективність, власник інфраструктури, опір 
руху, вплив на колію, витратні ставки, тарифне стимулювання, комп’ютерне моделювання, життєвий цикл.


