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Abstract

This article examines the impact of intermodal wagon technical specifications and railway
infrastructure parameters on electricity consumption in rail freight transport. To conduct this
investigation, a three-stage analytical model was developed. The first stage establishes core
assumptions, encompassing train lengths, rolling stock types, container configurations,
infrastructure constraints, and the characteristics of the energy-consumption model. The second stage
identifies technical constraints of specific wagons, determines representative train compositions, and
executes loading simulations. The third stage focuses on evaluating energy efficiency across diverse
loading scenarios. The case study demonstrates that specific energy consumption varies significantly
with wagon type, train mass, and route characteristics, challenging the use of static energy-
consumption values prevalent in current literature. Results indicate that 40-foot wagons incur high
energy penalties due to their tare weight and axle count, despite maximizing loading capacity. While
60-foot wagons consume less energy, they result in a high frequency of empty slots under a 20 t/axle
limit. Conversely, 80-foot wagons emerge as the most energy-efficient, particularly at a 22.5 t/axle
limit. Mixed consists offer a balance of operational flexibility and competitive performance.
Interestingly, extending train length from 600 m to 730 m increases volume but does not inherently
reduce unit energy consumption. These findings underscore the necessity of aligning wagon fleet
selection with infrastructure capabilities and cargo characteristics. Ultimately, this study provides
actionable recommendations for planning energy-efficient intermodal operations.

Keywords: railway wagon; intermodal transport; energy consumption; energy efficiency

1. Introduction

The primary objective of this study is to develop a method that supports intermodal operators
in optimizing container transport for energy efficiency. The research is informed by the professional
observations of one of the authors, who noted that energy efficiency increases significantly with
improved railway infrastructure parameters, the selection of an appropriate wagon fleet, and an
optimized loading strategy.

Intermodal transport includes, inter alia, the carriage of containers, semi-trailers, swap bodies
and road-vehicle combinations. The core principle of intermodal transport is the movement of these
ITUs (Intermodal Transport Units) using at least two different transport modes, without transshipping
the cargo itself [1,2].

The European Union (EU) Member States, in shaping sustainable development policy, support
the growth of intermodal transport by introducing various legal regulations that facilitate its
operation and enhance its competitiveness in relation to conventional road transport [3-5]. An
example of such regulations can be found in the TEN-T (Trans-European Transport Network) and AGTC
(European Agreement on Important International Combined Transport Lines and Related Installations)
agreements, which oblige the signatories, inter alia, to extend loading tracks at intermodal terminals
and handover stations to 740 metres, to increase the permissible axle load for freight traffic to 22.5 t,
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and to electrify loading tracks in such a way that they can be accessed by an electric locomotive
(without the need to use a diesel locomotive) [6]. Member States actively provide financial support
for the construction of new intermodal transport infrastructure and handling equipment [7-9].

However, discussions of sustainable development in intermodal transport rarely consider the
energetic effectiveness of intermodal rail freight. In particular, the academic literature does not
sufficiently examine how wagon-fleet selection and railway infrastructure parameters affect energy
consumption. On the one hand, railway lines used by intermodal trains differ in the axle-load limits
a wagon bogie may impose on the track, as well as in the maximum permitted train length. On the
other hand, intermodal wagons available on the market vary in tare weight, length, and capacity,
allowing them to carry containers of different sizes and gross weights.

These factors raise fundamental questions about how loading should be organized, with which
wagons as well as what parameters should be considered when selecting a railway route to transport
ITUs so as to reduce energy intensity while, at the same time, maximizing container count or total
cargo mass carried. To address these issues, we developed a three-stage research model, the stages
of which are described below.

Stage 1: Identification of input data — in this stage, the inputs to the research model were
specified. They include wagon parameters, train lengths, railway line characteristics, container types
in use and their gross weights. This stage also sets out the method for estimating energy consumption
and the operational parameters of the given train route. Some of these inputs shaped the loading
scenarios analysed technically in Stage 2 and had a material effect on the results obtained in Stage 3.

Stage 2: Simulation of container train loading (container consist) — Stage 2 comprised four
steps. In Step 1, constraints on the wagon fleet (axle loads and bending moments) were identified and
defined using physico-mechanical formulas. These were based on equilibrium equations for statically
determinate beams (in the case of 4-axle, 40- and 60-foot wagons) and statically indeterminate beams
(for 6-axle, 80-foot wagons) .In Step 2, using a purpose-built solver, the algorithm assembled train
consists composed of different wagon types, given a specified objective function and selected
constraints. Alongside heterogeneous consists, homogeneous consists (the most common service on
the European market) were also examined. In Step 3, loading scenarios were developed that varied
by train length, axle load, and wagon type. Step 4 set the assumptions and objective functions that
may guide operators in loading an intermodal train. Containers were then allocated manually to
wagons in each scenario using dedicated calculators.

Stage 3: Results analysis — in the final stage, we analysed total and unit energy consumption of
transporting a given set of containers under different loading scenarios. Based on these results, we
formulated conclusions and recommendations for intermodal operators.

The results highlight several key findings. First, longer trains do not always yield benefits. For
some wagon types, unit energy consumption is higher in longer than in shorter consists, driven,
among other things, by greater wagon tare weight and more axles, which increase rolling resistance
at the wheel-rail interface. Second, the case for 40-foot, four-axle wagons weakens as the permissible
axle load rises from 20 to 22.5 t/axle. Because 60- and 80-foot wagons have lower tare weight, they
can become more economical as higher axle loads allow better use of their payload capacity. Third,
the use of fixed unit energy-consumption values in rail freight, as often found in the literature, is not
justified. These values vary with train gross mass, route length, wagon type, train length, permissible
axle load, and other operational factors. Moreover, definitions of energy consumption per t-km are
inconsistent across authors. Most of them do not specify how they understand mass in this unit (for
example if it is gross mass of train or net cargo mass).

This paper is structured as follows: in Section 2, we discuss the research findings in the field;
Section 3 outlines the research algorithm; Section 4 presents a numerical example based on the
research model; Section 5 interprets the results; and Section 6 provides general conclusions.
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2. Literature Review

The production, storage, and distribution of energy represent substantial challenges for energy
system operators as well as for society and the environment, as these processes are frequently
associated with significant costs and greenhouse gas emissions [10,11]. In light of ongoing climate
change and the potential for a global increase in energy prices, increasing attention is being directed
toward the development of solutions that enable energy conservation and efficient energy
management [12-14]. In particular, energy efficiency in the transport sector is of critical importance,
as it remains one of the most energy-intensive sectors of the economy. Importantly, reductions in
energy consumption can be achieved not only through conventional measures, such as route
optimization [15,16], but also through less obvious strategies, including the optimal selection of
transport modes and loading strategies for freight transportation [17,18] — what will be demonstrated
using the example of intermodal transport.

The literature review was divided into three parts. The first part examined global trends related
to the electrification of transport, including railway transport. The second part reviewed methods for
optimizing the loading of intermodal trains. In our research we will investigate links between optimal
train loading and energy consumption. The final part analyzed approaches used to estimate energy
consumption in freight railway transport. One of these methods will be implemented in the model
presented in this scientific paper.

2.1. Transport Electrification

In global transport reports, electrification has been identified as one of the fastest-progressing
processes within the broader energy transition. Documents [19-24] emphasize that the electric vehicle
segment is currently developing very dynamically. At the beginning of 2020, it remained relatively
marginal; however, only four years later it had achieved a significant market share—particularly in
the passenger car segment. It has also been noted that electrification is not limited solely to passenger
cars. In recent years, a rapid development of electric two- and three-wheelers (especially in Asia) has
been observed, along with a growing —though slower—share of electric vehicles in freight, rail, and
bus transport [21,23]. The studies reviewed anticipate a further acceleration of transport
electrification in the period up to 2050/2060. Some reports [21,22,25] even present projections
according to which electric vehicles begin to dominate the structure of the entire operating fleet by
mid-century. Several analyses also foresee a substantial increase in electrification in heavy-duty
transport, albeit with a delay compared to the light-duty segment and with a significant role played
by hybrid solutions [21,25,26].

An important complement to this perspective is provided by reports dedicated to rail and
intermodal transport, prepared by the International Enerqy Agency, the International Union of Railways,
the International Union for Road-Rail Combined Transport, and Europe’s Rail Joint Undertaking [27-30].
These documents present rail as a transport mode that already makes extensive use of electric energy
and, owing to its low energy intensity and emissions, may play a key role in the decarbonization of
land-based freight transport. The energy transition in this sector is primarily associated with further
electrification of railway lines, improvements in the energy efficiency of rolling stock, and the
development of combined transport, in which rail assumes the most emission-intensive segments of
supply chains.

The most explicit and quantitatively developed approaches to energy intensity can be found in
reports [27-30]. These documents consistently demonstrate that rail freight transport is significantly
less energy-intensive than road transport and, for comparable cargo volumes, consumes several times
less energy overall. In the scenario analyses presented particularly in [27,28], reductions in transport
energy consumption are achieved primarily through modal shift from road to rail, improvements in
railway infrastructure parameters (such as line electrification), and the modernization and
enhancement of rolling stock performance. On the other hand, study [31] addresses reductions in
energy consumption in rail transport through decreasing the tare mass of freight wagons. It is shown
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that a lower wagon tare mass reduces the resistance forces that must be overcome to accelerate a
freight train over a given section of the route. Lower resistance forces consequently result in lower
energy consumption. The authors of [32] note that energy consumption varies depending on the type
of wagons used; however, they do not investigate the underlying causes of these differences. A
technical analysis of energy consumption in rail freight transport is undertaken in [33]. This analysis
considers route characteristics, types of wagon fleets and locomotives, number of axles, train mass
and length, operating speeds, axle loads, traction power supply systems, and related parameters.
Unfortunately, the article lacks a sensitivity analysis that would comprehensively illustrate how total
and unit energy consumption change for a given variant as a function of variations in individual
parameters.

Based on the literature review presented in this chapter, it can be concluded that there is a lack
of practical knowledge on how to optimize freight train loading from a technical and operational
perspective in order to reduce the energy intensity calculated per unit mass of transported cargo.
Moreover, the studies discussed do not provide specific quantitative values illustrating the extent to
which energy consumption on the railway network may be reduced as a result of improvements in
infrastructure parameters, such as increasing train length from 600 to 730 m or raising the permissible
axle load from 20 to 22.5 t/axle.

2.2. Optimal Loading an Intermodal Train

Among the few scholars to address this issue are those cited in [34]. The following conclusions
can be formulated: (1) 40-foot and 80-foot wagons allow for the transport of the largest number of 40-
foot containers; (2) 60-foot wagons are best suited to transporting 30-foot containers; (3) using 60- and
80-foot wagons allows transporting the greatest number of 20-foot containers.

In the international literature, optimal train loading is framed as the Train Load Planning
Problem (TLPP). It concerns the optimal assignment of containers to intermodal wagons according
to the following criteria [35-39]: (1) minimisation of loading time; (2) optimal use of human and
mechanical resources; (3) minimisation of train-loading costs; (4) optimal utilisation of the train’s
loading length; and (5) minimisation of penalties for leaving cargo in the storage yard.

In [40] , is defined as follows: there is a set of containers differing in length, weight, loading
priority, and stack positions that must be loaded onto wagons differing in length, tare weight, and
loading configurations. The solution is an allocation that minimises the number of container-handling
operations while maximising the number of loaded containers with the highest priority, subject to
constraints on permissible length, payload capacity, and wagon loading configurations. The
algorithm also enforces the permissible axle load — a key constraint determined by infrastructure
parameters and the railway infrastructure manager’s regulations.

Figure 1 presents sample loading schemes for 40-foot and 60-foot wagons. These schemes show
the maximum permissible container weight for each loading slot of a wagon.

wl w2

bBL ¢ 35.5 b3 | 1o a8 10
k1l b2 i 33 k3 be 28 | 0 | 28
b3 25 0.5 B7 | 39.5 1] ]

E-3 ) 52 a4 85 s6
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Figure 1. Loading instruction for 40" and 60" wagon. Source: [40].
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Loading schemes also prevent overloading at either end of a wagon. This can occur when a very
light container is placed at one end of the platform and a very heavy one at the other. In such cases,
even if no bogie axle is overloaded, the wagon may tilt forward or backward, creating a safety hazard.

In practice, loading schemes are often insufficient — for example, when they are imprecise or
offer too few configurations. In such cases, loading personnel use dedicated calculators to determine
wagon axle loads. These calculations apply basic equilibrium equations for statically and non-
statically determinate beams [40].

In [40], the authors split the optimal container-to-wagon assignment into two steps. First, they
computed the maximum permissible container weight for each loading slot across wagon types.
Second, they sorted containers in descending order of weight. For each slot, the weight limit from
step one was compared with the heaviest container available in the yard; if it could not be loaded,
the process continued down the list until a container satisfied all constraints — including slot-specific
limits and axle-load limits. Containers exceeding these limits were not loaded.

The TLPP has also been examined in numerous other publications [41-43]. These studies usually
considered 20- and 40-foot containers, which account for around 80-90% of the container market [44].
A common feature of the above studies is their focus on four-axle rail wagons. Container placement
on such wagons is relatively straightforward operationally, as they offer few loading configurations
and simple axle-load calculations. By contrast, six-axle platforms (80-foot wagons) present a more
complex loading problem, both mathematically and mechanically.

To address this gap, the present study examines the optimisation of train consists comprising
not only 40- and 60-foot four-axle wagons but also 80-foot six-axle wagons. Solving this problem is
considerably more complex than the approaches described in the international literature and — as will
be shown — requires a tailored strategy. The study investigates energy efficiency with respect to
wagon-fleet type, train length, permissible axle load, and other operational parameters and loading
strategies. This constitutes a novel contribution, as energy consumption in intermodal freight can be
expected to vary with these factors.

2.3. Methods for Estimating Energy Consumption in Rail Freight Transport

Electricity consumption in rail freight can be assessed in two ways: empirically, using meter
readings, or theoretically, using models that estimate consumption from formulae. Early methods
from the 1970s and 1980s — described in [45-48]. — required only a few inputs, such as line voltage,
current, and motor configuration. However, they relied on the simplifying assumption that energy
use is proportional to the ratio of actual traction to maximum traction. Subsequent work refined these
estimation methods. One study [49,50] noted that train energy consumption may depend on factors
such as:

e  Track parameters, such as curve radius, the type of rail pads (e.g., hard rubber, steel, soft
rubber), the track form (e.g., continuously welded, jointed), the ballast, and the grade.

e  Mechanical and physical parameters, including wheel radius, gear ratio, traction-system
efficiency, train length and frontal area, and wagon type.

e  Operational conditions, such as speed, acceleration, load, and the rotational inertia of moving
parts.

e  External factors, such as wind and climate, which can affect the slip ratio along with other
elements related to the track and the vehicle.

e  Driver behavior and driving style.

In subsequent years, growing attention to environmental protection led to methods that link
emissions to energy consumption. Notable approaches include MEET method (Methodologies for

Estimating Emissions from Transport), ARTEMIS (Assessment and Reliability of Transport Emission Models
and Inventory Systems), ETW (EcoTransIT World), mesoscopic models, which have been widely
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described in the literature [51-57]. The symbols used in these methods are listed in Table 1; some are
applied in the present article.

Table 1. The designations used in the energy consumption measurement.

Method
MEET ARTEMIS ETW Mesoscopic
number of stops (ny);
maximal velocity of the
route (V,ax ); the
maximal train payload

number of stops (ny);
maximal velocity of the route
(Vinax ); gross train weight

First appl.‘oach. (My;); mass of 10com9tlve (My); mass of locomotive
constants determined based on  (M,; average velocity .
.. . e . parameter related to the (M,,); average velocity
empirical observations (I/;wg) ; gravitation(g); trip . . . o
. s . trip altitude difference  (Vyy4); gravitation(g);
(By, By); average velocity altitude difference (h); . ) . .
. . (q), train gross mass trip altitude difference
(Vavg)s traveled distance (d); air y .
) i 2 . (M), train space (h); traveled distance
traveled distance (d); the density (p?); locomotive o . .
. . utilization rate (cg); (d); air density
maximal train payload (My);  front surface; number of , 4 .
@ wagon’s of the z — type (p*);locomotive front
= Second approach: stops per 100 km (ny);
2 . . . payload (MP,z); surface; number of stops
@ constants determined based on  aerodynamic and rolling ,
= .. . ; wagon’s of the z — per 100 km (ny);
s empirical observations resistance factors of tvpe max. bavload  aerodvnamic and rollin
= (Gy, Gy, G3); number of stops  locomotives and wagons P pay Y &

(MX,,z); empty traveled  resistance factors of

n); maximal velocity of the Ao, chia ek on el or); ) .
(n); Y (Cloctr Civag: Clock: Cwagr); distance (d°™*); loaded locomotives and wagons

route (Vnax); gravitation (g); surface rolling resistance

. . . traveled ch o cA el el o)
trip altitude difference (h); factors (c?, c?); number of . load (Cioct wag? “lock w agr)
) ; distance (d'°?¢); the  surface rolling resistance
traveled distance (d);the axles in wagons of the z — . 1 2
maximal train payload (M.). type (nZ,); number of the efficiency of the factors (¢, ¢*); number
w- typ axzs locomotive (€!°°). of axles in wagons of

Z — type wagons the z — type (ng,);

. ( . number of the z —
w?); train’s acceleration (ap); type wagons (wsthe
the efficiency of the yp 8 ;

efficiency of the

locomotive (€!°°). locomotive (1)

Source: Based on [51,52,56,57].

Knowledge of energy consumption in rail transport was comprehensively systematised in our
previous publication [57], which informed both the research model and the case study. In that work,
total energy consumption covered not only the energy needed to overcome rolling resistance but also
losses in the traction network and conversion losses in electricity generation. In the present study, we
do not include these factors, as unit CO, emissions from electricity generation are not calculated.

In the international literature, unit values of energy consumption are usually expressed as
kWh/tkm (or Wh/tkm) [58-61]. It is often unclear what these metrics include — for example, whether
they count the mass of locomotives and wagons or only the cargo. Nor is it always specified which
wagon types are used, the train’s operating speed, or the route followed. To ensure reliable and
comparable results, the units of energy consumption must therefore be defined explicitly — either
descriptively or by equation — as we do in this article.

3. Materials and Methods

The designs of railway wagons differ in terms of length, mass, number of bogies, and payload
capacity. These parameters significantly determine how well individual wagon types perform in
specific transport tasks. They have a direct impact on the degree of train utilization as well as on its
gross and net mass, and consequently on the unit energy consumption per ITU/TEU and per tonne
of gross or net cargo.
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In order to quantitatively illustrate these relationships, it is necessary to carry out simulations of
intermodal train loading, taking into account the structural constraints of wagons (e.g. payload
capacity) as well as railway infrastructure parameters, in particular permissible axle loads. The
implementation of this task also requires the formulation of appropriate models and mathematical
relationships. The results of the conducted research will make it possible to demonstrate the existence
of potential for energy optimization in rail intermodal transport, which has not yet been the subject
of such detailed analysis in the international literature.

The research model comprises three stages. Stage 1 defines the input assumptions, which largely
determine the final results. In Stage 2, the basic constraints for the analysed wagon fleet are expressed
as formulae. Train consists with both homogeneous and heterogeneous structures are then
assembled, forming the basis for loading scenarios developed in the next step; this stage concludes
with a simulation of train loading under those scenarios. Stage 3 analyses energy efficiency of
intermodal transport on a given route. Figure 2 illustrates the research model.

BASIC ASSUMPTIONS
STEP 1A4: Identification of wagon types STEP 1B: |dentification of container types loaded :;It-lE;altfn SZI:;iC"[‘ELEE;ﬁ;mf;I
under analysis and their parameters onte the wagon consist s tr?l;spun
STEP 2A: Determination of the length of STEP 2B: Determinztion of the gross mass of STEP 2C: 5pecification of train routs
intermodz] trains in operation loaded containers parameters
STEP 3A: Determination of railway fine
parameters
i
SIMULATION OF TRAIN LOADING
[]

STEP 1: identification of technical constraints for the wagon
fleet. application for checking bogie axle loads

¥

STEP 2: Assembly of wagon consists

¥

STEP 3: Development of loading scenarios

¥

STEP 4: simulated zllocstion of containers to wagons

1L

RESULTS AMALYSIS

.

STEP 1A: Determination of total ensrgy consumption in
individuzl scenarios

¥

STEP 224: Determination of unit energy consumption in
individuzl scenarios

Figure 2. Research model.

Definition of the terms used in the above model is provided below:

Stage 1 — Definition of the basic assumptions of the model

Step 1A: Identification of wagons and their parameters

The wagons used in intermodal transport are 40-, 60-, 80-, and 90-foot wagons. Their
designations are presented as follows (z): z = 1: 40-foot wagon, z = 2: 60-foot wagon, z = 3: 80-
foot wagon,z = 4: 90-foot wagon.
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For the purposes of this study, designations were introduced for the key parameters of the
respective wagon types: Y,; — diagnostic variable denoting the tare weight of a wagon of type z,
expressed in [t], Y,, — diagnostic variable denoting the payload capacity of a wagon of type z,
expressed in [t], Y,; — diagnostic variable denoting the capacity of a wagon of type z, expressed in
TEU. The capacities of wagons may be defined as follows: Y3 = 2 TEU, Y,3 = 3TEU, Y33 = 4 TEU (it
is worth mentioning that 1 TEU corresponds to the size of a 20-foot container), Y,, — diagnostic
variable denoting the length of a wagon of type z, expressed in [m].

Step 2A: Determination of intermodal wagon consists

In Western and Central Europe, where the standard track gauge of 1435 mm prevails, two train
lengths dominate in freight operations: 620 m and 750 m (or 740 m). The corresponding lengths of
wagon consist are 600 m and 730 m, respectively. These lengths exclude the locomotive (~20 m).

Step 3A: Determination of railway line parameters

Rail tracks on which freight trains operate are characterized by specific parameters. One such
parameter is the permissible axle load that a wagon bogie axle can exert on the track. Until recently,
on most European railway infrastructure, it was possible to operate freight trains mainly with a
maximum axle load of 20 tons per axle. However, in accordance with the AGTC and TEN-T
agreements, modernization works are underway that should, in the near future, make it possible to
run trains with an axle load of 22.5 t/axle on the main corridors of the European railway network. To
distinguish between railway line classes (f), the following designations have been introduced: f =
1: railway line with axle load up to 20 t/axle, f = 2: railway line with axle load up to 22.5 t/axle,
f = 3: railway line with axle load up to 25 t/axle, f = 4: railway line with axle load up to 18 t/axle.

Step 1B: Identification of container types loaded onto the wagon consist

A wide variety of container sizes are used worldwide. These include containers with lengths of
10-, 20-, 30-, 40-, and 45-foot. The following designations (a) have been introduced for them: a = 1:
20-foot container, a = 2: 40-foot container, a = 3: 30-foot container, a = 4: 10 — foot container,
a = 5: 45 — foot container.

The sizes of the discussed containers have been identified as follows (9,): 9; = 1 TEU, 9, =
2 TEU, 9; = 1.5 TEU, 9, = 0.5 TEU, 9s = 2.25 TEU.

Step 2B: Determination of the gross mass of loaded containers

The gross weight of a container depends on its tare weight and the weight of the loaded cargo.
The tare weight of a 20-foot container is approximately 2.2 t, while that of a 40-foot container is about
4.0 t. In both cases, around 26.0-28.0 t of cargo can be loaded into the transport vessel. Therefore, the
gross weight of a container of type a (m,) may be:

_([2.2,30.2]t,fora=1
Ma = { [4.0,32.0] t, for a = 2

Step 1C, 2C: Selection of the method for estimating energy consumption in rail transport and
Specification of train route parameters

At this stage, one of the methods described in the literature must be selected to estimate energy
consumption in intermodal rail transport. Then, for the chosen energy-consumption estimation
method, it is necessary to determine the parameters that influence the energy use of an electrified
intermodal train. In this analysis, one of the methods outlined in the literature review will be chosen.

Stage 2 — Assembly of wagon consists and simulation of the loading process

Step 1: Determination of technical constraints for the wagon fleet

Rail vehicles are subject to technical constraints that must be observed during loading. The main
ones are:

Constraint due to the wagon’s payload capacity limit

Each wagon has a specified payload capacity. Overloading can cause floor failure; therefore, the
total mass of containers loaded on a wagon of type z must not exceed the manufacturer’s rated

payload:
Z Z Mg X < Yoo [,

TeA iel, 1)
vzeZVk €Z,
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where: m; , — mass of the [ — th container of type a, x;, — is a binary decision variable equal
to 1 if container i is assigned to wagon k, and 0 otherwise. This variable determines whether the
mass of the container is included in the load of wagon k.

Constraint due to the wagon’s maximum capacity

Each wagon type has a specified capacity expressed in TEU; accordingly, the total TEU-
equivalent length of containers loaded on a wagon of type z must not exceed that wagon’s loading
length.

Zzﬁi,a'xlyk <Y, [TEU], Vz€ZVkE€Z )

a€cA i€l

where: ¥;, — TEU-equivalent length (e.g., 1 TEU for a 20-ft container, 2 TEU for a 40-ft
container) of the i — th container of type a.
Constraint due to the wagon’s permissible axle load

Freight train tracks are designed with specific strength parameters. One of these is the
permissible axle load that a wagon bogie axle may impose on the track. This constraint prevents
excessive overstressing of the infrastructure and can be expressed as follows:

R}
B ©
< ager [t/axle]

! - — permissible axle load in

where: Rj; — load on the jt—th bogie of a wagon of type z, a,

railway line class f.

The value R}, is determined differently for four-axle and six-axle wagons. For four-axle wagons,
the following equations must be solved:

a) The equation of vertical force equilibrium acting on the wagon between gravitational forces

2 2
DRe= D TEE Y Y my,  Vz=12 @)
t=1 je=1

jt= acA i€l

and track reaction forces:

where: Tj? — the portion of the wagon’s tare mass assigned to each bogie in z — th type of

wagon.
b) The bending moment distribution equations for the wagon:
(Re —Tf)-c* - Z Z Mg b7, =0 Vz=12,Vjt=2 (5)
a€A i€l

where: ¢? — axle spacing of a wagon of type z, b, — distance from the support point (R;) to
the center of gravity of the i — th container of type a on a wagon of type z.
The designations used in the above equations are illustrated below (see Figure 3).

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.0371.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 March 2026 d0i:10.20944/preprints202603.0371.v1

10 of 26

. @@
CZ
RE

(a) (b)

Figure 3. Example of the reaction forces for 4-axle wagons (a), 6-axle wagons (b).

An 80-foot wagon is statically indeterminate. To determine the support reactions of the 80-foot
wagon, its floor must be modeled as two independent, statically determinate spans. For six-axle
wagons, the following equations must be solved:

a) The equation of vertical force equilibrium acting on the wagon, i.e. gravitational forces and

3 3
DRE= D TEE Y Y m,  vz=3 ©)
je=1 jt=1

track reaction forces:

a€cA i€l

b) The bending moment distribution equations for the wagon:

(Rﬁ—Tj?)'cz‘szi.a'bfa=0. Vz=3,Vjt=1

a€cAi€l, (7)
(th—Tj?)'cz‘szi.a'bfa=0. Vz =3,Vjt =3

acA i€ly

The designations used in the above equations are illustrated above (see Figure 3).

Step 2: Formation of wagon consists

Rail wagons used for container transport can be configured in two ways. In the first, the train
consist is composed of a single wagon type — such formations are referred to as homogeneous
consists. The number of wagons in a homogeneous consist is given by the following formula:

LHT ) t
J [units]
Yz4

ZEZWZzI

where: LHT — length of the wagon consist.

Intermodal operators can also assemble consists from different wagon types; in this article, such
consists are referred to as heterogeneous consists.

When assembling such a consist, the operator may pursue different objective functions, for
example:

1. The operator may aim to minimise the total tare mass of all wagons (as infrastructure
managers usually charge higher access fees for heavier trains) (M,,,). His objective can be
formulated as the minimisation of the total wagon mass, expressed as the sum of the products of the
number of wagons of type z (XZ_, w?) and the mass of a wagon of type z (¥1).

2. The operator may select wagons for the consist so as to maximise their total payload
capacity expressed in tonnes (PLC), since greater carried volume increases transport revenueThis
objective can be formulated as the maximisation of the sum of the products of the number of wagons
of type z (X%_,w?) and the payload capacity of a wagon of type z (Y,;).

3. The operator may select wagons for the consist so as to maximise their total capacity or the
total number of slots expressed in TEU (LGH), as the more TEUs are transported, the greater the
revenue he can gain. This objective can be formulated as the maximisation of the total wagon
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capacity, expressed as the sum of the products of the number of wagons of type z (X%_, w?) and the
capacity of a wagon of type z (Yy3).

4. The operator may seek an optimal solution that simultaneously accounts for all the above
objective functions.

If the above functions will be implemented in Solver, it is worth remembering that, to ensure
that the program correctly determines the number of wagons, it is necessary to introduce a constraint
on the total length of all wagons (the train consist length):

0 < w? < Wiaw z w?-Y,, < LHT [m] 9

where: W, — availability of wagons of type z.

Step 3: Determination of loading scenarios

Based on the previous step, loading scenarios can be defined that differ by the type and number
of wagons used, train/consist length, and railway line class. The set of scenarios is denoted as:

V = {v:v =1,V} — where v is the scenario index.

Step 4: Simulated assignment of wagons to the consist

Once the wagon fleet and its technical constraints are known, the loading simulation can be
performed. During loading, the entity responsible for container allocation may, for example, aim to:

a) Maximise the utilisation of the loading space within the wagon consist (UT(v)) (same
equation as 2).

b) Transport the largest possible gross cargo mass (M2 °°

goods () (same equation as1)

or transport the largest possible net cargo mass (Mgssqs()):

;ggds(v) - Z z Z Z(mla tare) Xiky = MAX, Vv eV (10)

Z€EZ kEK; a€A i€l
— tare mass of the i —th container of type a selected for loading, x;;, —is a

where: m{%®

binary decision variable equal to 1 if container i is assigned to wagon k in v — th scenario, and 0
otherwise. This variable determines whether the mass of the container is included in the load of
wagon k. This concerns v — th variant.

Since no automated tool is available to perform the loading simulation in accordance with the
above objective functions, the process must be performed manually by analyzing the loading of each
wagon individually.

¢) Minimizing empty slots (ES(v)) within the wagon consist

The number of empty slots, expressed in TEU, is defined as the difference between the maximum
slots available in the consist under a given scenario LGH(v) and the actual number of slots utilised
in that consist UT (v).

Stage 3 — Analysis of results

Step 1A: Determination of total energy consumption

Once the loading simulation is complete, the train’s operational parameters can be compared. In
the final stage, the comparison focuses on total energy consumption of the locomotive(s) and the
specific energy consumption for each scenario. The general equation for the total energy consumption
of an intermodal train in the v — th scenario, calculated using the nt — th method, is given below:

TTW(U) =E"(v)- loc [kWh] (@
where nt = 4 (Mesoscopic method):
d
E*(v) = v [Pa(W) + pr(v) + Pe (V) + Pavx (V)]
avg (12)
d tr
+ng - m W (v) [kWh]

whereas: E*(v) — energy required to overcome train resistances in the v —th scenario,
Paux (V) — power auxiliary devices in the v —th scenario, p,(v) — power required to overcome
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aerodynamic resistance in the v —th scenario, py(v) — power required to overcome rolling
resistance in the v — the scenario, p;(v) — power required to overcome gradient resistance in the
v — th scenario.

Further explanations of the remaining symbols are provided in references [51,52,54,57].

Step 2A: Determination of energy consumption

The total energy consumed by the train in a given loading scenario is not entirely informative,
as it also includes the tare mass of the wagons. Therefore, to assess the energy use of the train more
precisely, it is necessary to calculate the energy consumption in accordance with the formula
described in [57], adapted for the purposes of this study:

per gross train t-km (FJ97°% (v))

ross .y _ Etrw (V) kWh
FJeres ) = d- M, V) [gross - tkm] (13
or per net cargo t-km (FJ™¢*(v)):
netg _ _ Ertw(@) kWh (14)
FJe ) = d - Mysias(v) [net — thkm
or per TEU (FJ"EY (v)):
_ Effy () [kWh (15)
A0 = [m
or per ITU (FJ'™Y(v)):
By (v) [kWh (16)
FT W) = UTN() | 1TU

where: UTN(v) — numer of ITU loaded in v — th scenario.

4. Case Study

In the first subsection of this case study, the impact of technical and operational factors on the
energy consumption of intermodal trains is examined. The model incorporates real values of
parameters related to wagons, containers, and the train itself. Subsequently, loading variants are
prepared in accordance with the principles defined in the model. These variants differ in terms of the
composition of wagons assigned to transport and the parameters of the railway line, particularly the
permissible axle loads (in this subsection, only trainsets with a length of 600 m are analyzed).

In the following stage, a simulation of wagon train loading is carried out for various variants, in
accordance with the assumptions adopted in the model. The loading simulation, subject to the
defined constraints, makes it possible to determine additional train parameters, such as gross train
mass, net cargo mass, and the number of empty loading slots. Based on the selected energy
consumption model, the input parameters, and the results obtained from the simulation, both unit
and total energy consumption are calculated for successive loading variants.

At the end of the subsection, representative characteristics illustrating energy consumption and
selected train operating parameters are presented, including the number of available slots, gross train
mass, and the number of loaded containers. This research approach allows for the identification of
correlations between energy consumption, operational practices, and the quality of the wagon fleet
used.

In the second subsection, a comparative analysis is conducted, in which variants involving 600
m long wagon consists are compared with variants involving trains with a length of 730 m.

The conducted research supports the thesis that the energy consumption of electric trains
depends not only on operating parameters (such as speed, gradient, and aerodynamic resistance),
but also on factors such as the type of wagons in operation, infrastructure parameters, and train
length.
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4.1. Algorithm Implementation, Calculations, and Results

Stage 1 — Definition of the basic model assumptions

Stage 1 begins with formulating the model’s basic assumptions. These assumptions largely
determine what will be tested, how it will be tested, and what results will be obtained in Stage 3.
Depending on the selected wagon fleet and the container types used for transport, there may be
variation in energy consumption and utilisation of the train’s available loading space.

In Step 1, we selected 40-, 60-, and 80-foot wagons for analysis. Ninety-foot wagons are less
common in international intermodal transport due to the limited availability of 45-foot containers
worldwide - these, along with 40-foot refrigerated containers with cooling units, are typically the
only units loaded onto such wagons. Consequently, this rolling-stock type was excluded from the
analysis. Table 2 presents illustrative parameters for 40-, 60-, and 80-foot wagons used in the analyses
that follow.

Table 2. Wagon parameters.

Type of wagon
Diagnostic variable z=1 z=2 z=
Tare weight of the wagon (Y,1[t]) 16 20 27,5
Payload capacity (Y,;[t]) 64,5 63 92
Loading capacity (Y,3[TEU]) 2 3 4
Total length (Y,,[m]) 13,63 19,64 27,1

Source: Based on [62].

In Step 2A, we determined the length of the wagon consists to be formed. To diversify the
scenarios, the study included both lengths of wagon consists listed in the previous section. It is
generally assumed that longer consists are more economical than shorter ones — a hypothesis to be
tested by the sensitivity analysis.

In Step 3A, we specified the class of railway lines on which the intermodal trains would operate.
Under the TEN-T Regulation, tracks should support an axle load of 22.5 t. However, lines limited to
20 t remain common. This constraint prevents optimal use of wagon payload capacity, as it often
leads to bogie-axle overloading. Lines allowing 25-tonne axle loads are relatively rare in Europe;
accordingly, the analysis was confined to operations under 20- and 22.5-tonne axle-load conditions.

In Step 1B, 20- and 40-foot containers were selected for further analysis, as they are the most
commonly used units in rail transport. Together, they account for approximately 90% (and up to 96%
in Poland [63]) of all ITUs handled. The list of container types and their dimensions is presented in
Table A 1in Appendix A.

In Step 2B, we specified the gross masses of the containers to be loaded. Values were generated
in Excel using the RAND() function. The analysis focused on high-gross-mass containers, which are
typically more difficult to load. Gross mass was sampled uniformly over 22-30 t (see Table A 1 in
Appendix A). Sampling also respected the constraint that the combined mass of the container and
the road vehicle carrying it on the road leg must not exceed the permissible limit for combined road
transport (44 t) [64].

In Step 1C, a method for estimating the energy consumption of intermodal trains was selected.
The mesoscopic method discussed in [57] was adopted; this method was implemented and validated
in an earlier paper.

In Step 2C, the train route parameters were specified, drawing on values reported in
[51,52,54,57]. These parameters are summarised in Table 3.

Table 3. Train and route parameters.

Parameter Unit Value
Locomotive weight (M) t 100
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Trip’s altitude difference (h) m 150
Locomotive efficiency (€'°¢) % 90
Air density (p?) kg/m? 1,225
Locomotive front surface (A4) m? 12,3
Gravitation (g) m/s? 9,81
Coefficients (clocL?/clyag/Clocr/Chagr/c*/€%) - 1.1/0.22/0.004/0.0006/0.0005/0.0006
Power of auxiliary devices (payx) kW 100
Distance (d) km 500
Number of stops per 100 km (n;) - 2
Average velocity (V,4) km/h 80
Number of wagon axles (nZ,) - z ; 1 z ; 2 z g 3

Source: Based on [51,52,54,57,62].

Stage 2 — Simulation of intermodal train loading (train consist)

In Step 1, a dedicated tool was prepared to calculate bogie axle loads for a given container type
during loading. It was implemented in MS Excel. For the tool to compute axle loads correctly, selected
technical parameters of intermodal wagons had to be specified — Table 4.

Table 4. Wagon parameters.

Parameter Value [m]
Axle spacing in the z type wagon (c'?3[m]) 8.0/14.2/10.58
Portion of the wagon’s tare weight (symmetric) (7}1‘2 [th 8.0/10.0
8.8,9.9%,8.9

Portion of the wagon’s tare weight (asymmetric) (Tﬁ[t]) *middle axle (jt = 2)

Distance of the centre of gravity of the i — th container of type a from the support point (Rj;) of the z type wagon

(bia[m])
Configuration — wagon 40-foot: Value [m]
2x20-foot 0.934/7.066
1x40-foot 4.0
Configuration — wagon 60-foot: Value [m]
3x20-foot 0.976/7.1/13.224
1x40-foot+1x20-foot 0.985/10.166
Configuration — wagon 80-foot: Value [m]
4x20-foot (wagon symmetry condition) 3.535/9.635
2x20-foot+1x40-foot (wagon symmetry condition) 3.535/9.635/6.564
2x40-foot(wagon symmetry condition) 6.564

Source: Based on [62].

In Step 2, wagon consists were assembled. Both homogeneous and heterogeneous consists were
considered. Homogeneous consists were obtained by dividing the nominal train length by the length
of a single wagon (Y,,). At this stage, only 600 m long wagon consists were considered. Mixed wagon
consists were generated using the function described in Section 4 (Stage 2, Step 2) in a spreadsheet
with the Solver add-in, which optimises fleet selection. In case of homogeneous type of wagon
consists the intermodal operator does not have any limits according to wagons amounts. In case of
homogeneous it was assumed that the intermodal operator had the following fleet available for
service: Wihoy = 7, Wiax = 54, Wi, = 15.

In Step 3, based on the previous step, loading scenarios were developed (Table A 2 in Appendix
A) that differed in permissible axle load (a,., = 20 t/axle, a},, = 22.5t/axle) and in the types of
wagons used. As noted earlier, the case study analysis was carried out for wagon consist LHT =
600 m. After the scenarios were defined, the tare mass of wagons, the total payload capacity in tonnes,
the total capacity in TEU, and the overall train length of wagon consists were analyzed. For sensitivity
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analysis purposes, an analogous assessment was performed for LHT = 730m (Table A 2 in
Appendix A).

In Step 4, a list of 82 containers was generated (Table A 1 in Appendix A), consisting of 50 20-ft
containers and 32 40-ft containers. Each unit was randomly assigned a gross mass within the range
of 22-30 t. This allowed for the simulation of container-to-wagon assignment. The adopted strategy
aimed to prioritize the dispatch of containers with the highest loading priority. Therefore, containers
were sorted in ascending order of priority value. Each ITU was then manually allocated to wagons
using a dedicated calculation tool. The results are summarized in Table A3 in Appendix A, including,
among others, the number of utilized slots within the train consist, the level of slot utilization (in %),
the payload utilization ratio, the number of loaded 20-ft and 40-ft containers, gross and net mass of
the loaded goods.

Stage 3 — Analysis of results

In Step 1A and Step 2A of Stage 3, the level of energy consumption for each scenario was
determined in accordance with the procedure outlined in Chapter 3. To enable this calculation, it was
first necessary to prepare the appropriate input parameters — Table 3. After performing the
calculations, the following results were obtained — Figure 4.

0.0260 20000

0.0240 18000

N
16000
0.0220

N
q

0.0200 .
0.0180

0.0160

0.0140

0.0120

0.0100

1 2 3 4

Scenario

14000
12000
10000 I Train 600 m [kWh/gross t-km]
8000 s Train 600 m [kWh/net t-km]
6000 Train 600 m [kWh]
4000
2000
0
6 7 8

From the figure, it can be seen that the total energy consumption in each scenario ranged from

Energy consumption

5

Figure 4. Total and unit energy consumption.

12.7 to 17.3 — the lowest value was observed for scenario 3 (12.7 MWh), and the highest in scenarios
1 and 5 (both 17.3 MWh). Energy consumption per gross train t-km ranged from 0.012 to 0.014 kWh.
The lowest value was observed in scenario 7 (0.012 kWh/gross-tkm), while the highest was recorded
for scenario 1 (0.014 kWh/gross-tkm). Energy consumption per net cargo t-km ranged from 0.019 to
0.024 kWh, with the lowest again in scenario 7 (0.019 kWh/net-tkm) and the highest for Scenario 1
and 5 (0.024 kWh/net-tkm). The largest reduction in unit energy consumption, expressed in
kWh/gross-tkm and kWh/net-tkm, was observed in the variants using 80-ft wagons when the
permissible axle load increased from 20 to 22.5 t/axle. Unit energy consumption was lower by 6% and
12%, respectively, in the variants with a 22.5 t/axle load compared to those with a 20 t/axle load. No
such changes were observed when 40-ft wagons were used.

To understand the differences in results posted above, in this Step, the analysis also covered:
TEUs transported per train; gross mass of transported containers; unused capacity (empty slots); and
the number of containers carried, broken down into 20- and 40-foot ITUs (see Figure 5).
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Figure 5. a) Utilisation analysis, b) number of ITU loaded and gross mass of the train.

From the above figures, the number of transported TEUs ranged from 75 to 88, depending on
the scenario. The lowest number of TEUs was recorded in Scenario 3 (75 TEUs), while the highest
occurred in scenarios 1, 5, 7, and 8 (88 TEUs). In these same scenarios, all loading slots were filled.
The highest number of empty slots was observed in scenarios 2 and 3 (13 TEUs). The gross weight of
trains across all scenarios ranged from 2,040 to 2,419 t. The lowest total train mass was recorded in
scenario 3 (2,040 t), while the highest occurred in scenarios 1 and 5 (2,419 t). The net cargo mass
(excluding the tare mass of containers) ranged from 1,179 to 1,432 t. The smallest net cargo mass was
obtained in scenario 3 (1,179 t), and the highest in scenarios 1, 5, 7, and 8 (1,432 t)

The gross mass of the loaded containers ranged from 1,335 to 1,615 t across all scenarios. The
lowest gross container mass was obtained in scenario 3 (1,335 t), while the highest occurred in
scenarios 1 and 5 (1,615 t). Each train was loaded with between 53 and 63 ITUs. The smallest number
of 20" containers was loaded in scenario 3 (31 units), and the largest in scenario 4 (39 units).
Conversely, the smallest number of 40" containers was loaded in scenario 2 (20 units), and the largest
in scenarios 1, 5, 6, 7, and 8 (25 units).

The unused payload capacity, expressed in t, ranged from 363 to 1,223 t. The lowest unused
capacity was found in scenario 6 (363 t, 81% utilization), while the highest occurred in scenarios 1
and 5 (1,223 t, 57% utilization).

4.2. Sensitivity Analysis

As part of the sensitivity analysis, the impact of extending the length of wagon consists from 600
m to 730 m on the characteristics discussed in the previous subsection was examined.

The descriptions of the scenarios involving 730 m wagon consists are presented in Table A 2 in
Appendix A. Since the main difference between these scenarios lies in the extended length of wagon
consists, they were designated as follows:

v’ — scenario number defined on the basis of the reference scenario.

A comparison was made of total and specific electricity consumption, expressed in kWh/gross-
tkm and kWh/net-tkm, for the given route (see Figure 6).
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Figure 6. a) Total energy consumption comparison for 600 and 730 m long wagon consist b) Unit energy

consumption comparison for 600 and 730 m long wagon consist.

Based on the figures above, total energy consumption increased across all scenarios by an
average of approximately 24%, ranging from 19% to 29% (from 12.7-17.3 MWh to 15.3-22.2 MWh).
Energy consumption, expressed in kWh/gross-tkm and kWh/net-tkm, fluctuated by scenario —
alternately rising and falling. It increased for scenarios v' = 1,2,5,6 compared with their baseline
counterparts v = 1,2,5,6 — by an average of 3.6-5.1%, while it decreased for scenarios v' =3,478
relative to v = 3,4,7,8 —by an average of 2.1-3.3%. In the variants with a permissible axle load of 22.5
t/axle, energy consumption expressed in kWh/gross-tkm and kWh/net-tkm was on average 2-12%
lower than in the variants with a 20 t/axle load. The lowest unit energy consumption was obtained in
the variants using 80-foot wagons with a 22.5 t/axle load. It amounted to 0.012 kWh/gross-tkm and
0.019 kWh/net-tkm for 600 m trains, and 0.011 kWh/gross-tkm and 0.018 kWh/net-tkm for 730 m
trains. The highest energy consumption was recorded in the variants using 40-foot wagons. It
amounted to 0.014 kWh/gross-tkm and 0.024 kWh/net-tkm for 600 m trains, and 0.015 kWh/gross-
tkm and 0.025 kWh/net-tkm for 730 m trains.

In the final stage of the sensitivity analysis, the impact of extending the train consist on increases
in the train’s gross mass and the net mass of the cargo as well as unit energy consumption comparison
expressed in kWh/TEU and kWh/ITU were examined (see Figure 7).
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Figure 7. a) Total gross- and net- cargo weight for 600 and 730 m long wagon consist b) Unit energy consumption

comparison for 600 and 730 m long wagon consist.

The first figure above indicates that both the gross mass of the train and the net cargo mass of
the transported cargo increased on average by 21-23% in the scenarios with 730 m trainsets. The gross
train mass rose from the range of 2,040-2,419 t to 2,507-2,969 t, while the net cargo mass increased
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from 1,350-1,432 t to 1,476-1,799 t. The second figure shows that the unit energy consumption,
expressed in kWh/TEU and kWh/ITU, was on average 3.21-6.82% higher in variants v' =1, 2,5, 6
compared with variants v = 1, 2, 5, 6, and on average 0.41-2.9% lower in variants v’ = 3, 4, 7, 8
compared with variants v =3, 4, 7, 8. The average energy consumption expressed in kWh/TEU and
kWh/ITU for variants with 600 m-long trains amounted to 174 and 242 kWh, respectively. or variants
with 730 m long wagon sets, the corresponding values were 178 and 246 kWh. In the variants with a
permissible axle load of 22.5 t/axle, energy consumption expressed in kWh/TEU and kWh/ITU was
on average 9-12 kWh lower than in the variants with a 20 t/axle load, for both 600 m and 730 m trains.
The lowest unit energy consumption was obtained in the variants using 80-ft wagons with a 22.5
t/axle load. It amounted to 153 kWh/TEU and 208 kWh/ITU for 730 m trains, and 153 kWh/TEU and
215 kWH/ITU for 600 m trains. The highest energy consumption was observed in the variants using
40-foot wagons. It amounted to 209 kWh/TEU and 285 kWh/ITU for 730 m trains, and 196 kWh/TEU
and 274 kWh/ITU for 600 m trains.

5. Discussion

Based on the research carried out and supported by empirical experience, the following
conclusions have been formulated:

e Energy consumption across all analysed scenarios ranged from 0.012 to 0.017 kWh/gross-tkm and
from 0.018 to 0.025 kWh/net-tkm. Comparable values for energy consumption expressed in
kWh/gross-tkm were reported in publications [65-68]. Significantly higher values, however, were
reported in studies such as [69-71]. Energy consumption values reported in the literature
inevitably differ. This variation arises from differences in freight-train operating parameters. The
main factors include gross train mass, number of wagon axles, distance travelled, average speed,
number of stops, rolling- and aerodynamic-resistance coefficients, the locomotive’s frontal area,
and track gradient.

e Itisimportant to distinguish between energy consumption per gross train t-km and per net t-km.
In most publications, the notion of unit energy consumption is not clearly defined. As noted
earlier, using fixed energy-consumption values introduces error — as shown by the results of the
present case study. These values can vary substantially depending on the input parameters. To
ensure comparability, it is therefore advisable to report the full set of train parameters for the case
under consideration.

e Although 40-foot wagons have favourable loading characteristics — allowing very high cargo
mass without exceeding permissible bogie-axle loads — their operation is associated with
relatively high energy use of launching an intermodal service. This stems from their having the
greatest total tare mass among all wagon types. In addition, the higher number of bogie axles
increases rolling resistance at the wheel-rail interface, which materially raises energy
consumption. Extending train wagon consist from 600 to 730 metres does not reduce unit energy
use; on the contrary, it increases it. Notably, while loading space in a homogeneous consist of 40-
foot wagons the number of empty slots is practically negligible. This is because the four axles are
positioned relatively close together, preventing axle overloading and enabling all loading
positions in the consist to be used. Consists of 40-foot wagons can also carry the largest net cargo
mass. However, the operational advantage of this wagon type diminishes relative to 60- and 80-
foot wagons when the permissible axle load increases from 20 to 22.5 t.

e Wagon consists of 60-foot wagons ranked second in energy consumption (kWh/net-tkm). Here,
energy use was driven mainly by relatively low utilisation of available loading space — the
locomotive’s energy over a given route was spread over less cargo. Using 60-foot wagons is
disadvantageous for space utilisation: at 20 t/axle it is not possible to load three heavy 20-foot
containers, or one heavy 40-foot container together with a 20-foot container. The problem
worsens when too few ITUs of both types are available in the yard. For example, loading 30 sixty-
foot wagons requires at least 30 forty-foot and 30 twenty-foot containers; otherwise, empty slots
are likely. It was also observed that 60-foot wagons are suitable when heavy 20-foot containers
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must be moved but 40-foot wagons are unavailable. The payload-utilisation rate, measured in
tonnes, ranged from approximately 75% to 77%. Furthermore, 60-foot wagons become a more
attractive alternative once the permissible axle load increases from 20 to 22.5 t.

e Train consists of 80-foot wagons exhibited some of the lowest energy-use levels, expressed in
kWh/net-tkm, kWh/gross-tkm, kWh/TEU and kWh/ITU. When consist length increased from 600
to 730 metres, unit energy consumption continued to fall — unlike for trains composed of 60 and
40-foot wagons — although the differences were marginal. This may be attributable to slightly
lower aerodynamic drag from having fewer wagons (because 80-foot wagons are longer, fewer
are needed to form a train). However, the simulation showed that when many heavy 20-foot
containers are present in the storage yard and trains operate on lines limited to 20 t/axle, a large
number of empty slots appear in the consist. When the permissible axle load increases to 22.5
t/axle, the load-handling performance of 80-foot wagons improves significantly.

e Using mixed consists appears particularly effective when heavy 20-foot containers must be
transported but an insufficient number of 40-foot wagons is available. In such cases, the heaviest
40-foot containers are first loaded onto 80-foot wagons, the heaviest 20-foot containers are placed
on 40-foot wagons, and the lightest 20- and 40-foot containers are positioned on 60-foot platforms.
Simulation studies confirmed these conclusions: mixed consists show some of the lowest energy-
consumption levels, optimal utilisation of loading slots and payload capacity (in tonnes) for the
20 t/axle Scenarios. Mixing different wagon types can therefore increase train utilization and
improve the energy efficiency of transport operations.

e Operating 730-metre trains makes it possible to transport a significantly higher number of TEUs
and ITUs. Consequently, such consists carry proportionally more cargo than 600-metre wagon
consist. Surprisingly, however, energy consumption does not consistently decrease across all
Scenarios; in most cases, results were comparable to those for the 600-metre configurations.

e Increasing the permissible axle load from 20 to 22.5 t has a notably positive effect on train
utilization and energy efficiency. Across all key performance indicators, improvements of
approximately 5-15% were observed.

e Itisnot possible to unequivocally determine which wagon type is the most economically efficient
in operation, as this depends on the parameters of the railway line on which the trains operate.
From the perspective of energy consumption, 80-foot wagons perform best; however, at an axle
load limit of 20 t/axle they may generate a large number of unused slots, in contrast to 40-foot
wagons.

Despite its comprehensive nature, the proposed algorithm has certain limitations, namely:

e The model is not suitable for estimating the energy use of refrigerated containers powered by
onboard batteries or generator sets. In such cases, the model would need to be expanded with
additional parameters — for example, differentiated rates for this ITU type, which is more
expensive to move. A similar limitation applies to RO-RO intermodal transport: carrying semi-
trailers, swap bodies, and road sets is significantly more energy-intensive than moving containers
and requires different wagons, which themselves may consume power.

¢ In many regions — particularly the United States and Canada — double-stack trains are operated.
For such trains, certain aerodynamic-resistance coefficients must be adjusted to reflect the
changed geometry and drag characteristics.

e The model is limited to intermodal rail transport using electric locomotives. Many railway lines
worldwide are not electrified. The model also has limited applicability to bulk rail transport; in
such cases, the algorithm would need additional components and parameters.

e The energy-consumption model does not account for energy recuperation, i.e., recovery of
braking energy.
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6. Conclusions

The research showed that using different intermodal wagon types in non-uniform combinations
significantly affects locomotive energy consumption.

The existing literature typically provides fixed values for energy consumption, which — as this
study demonstrates — is a serious methodological flaw. The case-study results show that energy use
depends on numerous variables, including total train mass, speed, and route length.

This study focused on three specific series of intermodal wagons; however, in practice there are
several Scenarios of 40- and 60-foot wagons that differ in payload, number of axles, overall length,
and other characteristics. These differences have practical implications — for example, 40-foot wagons
equipped with only two axles cannot carry two heavy 20-foot containers simultaneously. Further
research should therefore include additional wagon types to broaden the analysis.

The findings shed new light on energy consumption in intermodal rail transport. In this study,
both factors are closely correlated with parameters such as axle-load limits, train length, and wagon
and container specifications, among others.

These results open a new discussion on optimising intermodal transport from both economic
and energy-efficiency perspectives. Until now, the influence of specific wagon types on energy use
has not been systematically analysed. Hence, the conclusions presented here can guide logistics
operators and rail carriers seeking to improve the financial and energy performance of their
operations.

The findings are also relevant to infrastructure design and management entities. In cost-benefit
analyses conducted, for instance, to secure EU funding for new rail infrastructure, it is necessary to
demonstrate measurable environmental and energy benefits. The developed model enables precise
simulation of energy consumption under defined infrastructure parameters.
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Abbreviations

The following abbreviations are used in this manuscript:

EU European Union

ITU Intermodal Transport Unit

TEN-T Trans-European Transport Network

AGTC European Agreement on Important International Combined Transport Lines and Related Installations
RO-RO Roll-on/roll-off system

TLPP Train Load Planning Problem

MEET Methodologies for Estimating Emissions from Transport

ARTEMIS Assessment and Reliability of Transport Emission Models and Inventory Systems
ETW EcoTransIT World

kWh/tkm kWh/tonne-kilometre

z wagon type

Y1 diagnostic variable denoting the tare weight of a wagon of type z, in tones

) diagnostic variable denoting the payload capacity of a wagon of type z, in tones
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Y3 diagnostic variable denoting the capacity of a wagon of type z, in TEU
Y4 diagnostic variable denoting the length of a wagon of type z, in metres
f railway line class
a container type
I container size of type a, in TEU
mg gross mass of a container of type a, in tones
LHT wagon conists length, in metres
v loading scenario number
i number of containers
My (v) gross mass of the train in the v — th scenario, in tones
Mj’,f;’ji () gross mass of cargo in the v — th scenario, in tones
Mo locomotive mass, in tones
Myyqq(v) mass of wagons in the v — th scenario, in tones
Myssas() net mass of cargo in the v — th scenario, in tones
pr loading priority expressed as the number of days until loading
m;, gross mass of the i — th container of type a, in tones
R% load on the jt —th bogie of a wagon of type z
a{:er permissible axle load in railway line class f, in tones per axle
Tjf portion of the tare mass of a wagon of type z, in tones
c* axle spacing in a wagon of type z, in metres
b, distancc.e of the centre of gravity of the i — th container of type a from the support centre (Rf;) of a wagon of
' type z, in meters

PLC total wagon payload capacity, in tonnes
LGH total wagon capacity, in TEU
w? number of wagons of type z
Witax maximum number of wagons of type z
4 set of loading scenarios

a binary decision variable equal to 1 if container i is assigned to wagon k, and 0 otherwise. This variable
Hik determines whether the mass of the container is included in the load of wagon k.
UT (v) utilisation of the loading space within the wagon consist in the v — th scenario
m{are tare mass of the i — th container of type a selected for loading, in tones
ES(v) number of empty slots in the train consist in the v — th scenario, in TEU

total energy consumption of the intermodal train in the v — th scenario, calculated by the nt — th method, in
Eftw (V)

kWh
eloc locomotive motor efficiency
E*(v) energy required to overcome running resistance in the v — th scenario, in kWh
Pavx(V) power of auxiliary devices in the v — th scenario, in kW
pa(v) power required to overcome aerodynamic resistance in the v — th scenario, in kW
pr(v) power required to overcome rolling resistance in the v — th scenario, in kW
pc (V) power required to overcome gradient resistance in the v — th scenario, in kW
d distance travelled by the train, in kilometers
Vavg average train speed in the v — th scenario, in km/h
ng number of train stops per 100 km
Wt (v) energy required for train acceleration, in kWh
FJ97955 () energy use per gross train tone-kilometer of cargo, in kWh/gross-tkm
Fj™et (v) energy use per net cargo tone-kilometer of cargo, in kWh/net-tkm

Appendix A

Table Al. Mass of the containers and their type.

Cont. t Cont. ight Priorit
Cont. no. (i) Cont. type (a) Cont. weight (m;,) Priority (pr)Cont no. (i) ont-type ont. weig ottty

(@) (miq) (pr)
1 1 25,6 1 42 1 27,5 3
2 1 29,2 1 43 1 28,5 3
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3 1 22,3 1 44 1 23,0 3
4 1 22,5 1 45 1 23,1 3
5 1 25,3 1 46 1 28,2 3
6 1 26,4 1 47 1 23,7 3
7 1 29,9 1 48 1 22,3 3
8 1 22,0 1 49 1 29,9 3
9 1 24,0 1 50 1 29,6 3
10 1 22,7 1 51 1 25,1 3
11 2 24,6 1 52 1 25,9 3
12 2 24,4 1 53 1 25,5 3
13 2 24,9 1 54 1 24,2 3
14 2 29,0 1 55 1 28,9 3
15 2 23,3 1 56 2 26,4 3
16 2 28,1 1 57 2 24,3 3
17 2 24,3 1 58 2 29,2 3
18 2 29,4 1 59 2 27,5 3
19 2 24,8 1 60 2 22,9 3
20 1 24,7 2 61 2 29,8 3
21 1 26,0 2 62 2 27,6 3
22 1 29,0 2 63 2 23,5 3
23 1 23,6 2 64 1 29,7 4
24 1 28,5 2 65 1 27,6 4
25 1 26,7 2 66 1 26,9 4
26 1 27,2 2 67 1 25,2 4
27 1 22,7 2 68 1 25,5 4
28 1 23,7 2 69 1 23,4 4
29 1 29,6 2 70 1 25,6 4
30 1 26,0 2 71 1 28,6 4
31 1 25,5 2 72 1 26,1 4
32 1 25,7 2 73 1 28,4 4
33 1 23,1 2 74 1 28,2 4
34 2 241 2 75 1 29,1 4
35 2 23,3 2 76 2 25,3 4
36 2 23,6 2 77 2 27,0 4
37 2 29,6 2 78 2 28,9 4
38 2 22,7 2 79 2 29,0 4
39 2 23,7 2 80 2 28,2 4
40 2 22,9 2 81 2 28,0 4
41 2 24,2 2 82 2 29,9 4
Table A2. Characteristic of the wagon sets (600 m and 730 m trains).
Scenario Max. lengths Perm1551b1fe axle Type of the wagon Empty wagon  Max. Max'. Wagon set
no. (v) of wagon load (etp,) fleet set weight [t] capacity [t] capacity length [m]
consists [m] [t/axle] [TEU]
1 600 20 44x40' 704 2838 88 599,72
2 600 20 30x60' 600 1890 90 589,2
3 600 20 22x80' 605 2024 88 596,2
4 600 20 7x40'+6x60'+14x80' 617 2117 88 592,65
5 600 22,5 44x40' 704 2838 88 599,72
6 600 22,5 30x60' 600 1890 90 589,2
7 600 22,5 22x80' 605 2024 88 596,2
8 600 22,5 7x40'+6x60'+14x80' 617 2117 88 592,65
1 730 20 53x40' 848 3419 106 722,39
2' 730 20 37x60' 740 2331 111 726,68
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3 730 20 27x80' 743 2484 108 731,7
4' 730 20 7x40'+14x60'+13x80' 749,5 2529 108 722,7
5' 730 22,5 53x40' 848 3418 106 722,4
6' 730 22,5 37x60' 740 2331 111 726,7
7' 730 22,5 27x80' 743 2484 108 731,7
8' 730 22,5 7x40'+14x60'+13x80' 749,5 2529 108 722,7
Table A3. Results for the subsequent Scenarios (600 m and 730 m trains).
Scenar Total gross Unutilised Numb'e r of Numb'er of Loac‘l ) Total train Total net
. . 20 40 Sum of capacity  Scenario
iono. container load . . e s gross cargo
. ] containers containers ITU utilisation no. . )
(v) weight[t] capacity [t] loaded loaded rate [%] weight [t] weight [t]
1 1615 1223 38 25 63 57% 1 2419 1432
2 1449 441 37 20 57 77% 2 2149 1288
3 1335 689 31 22 53 66% 3 2040 1179
4 1560 558 39 22 61 74% 4 2277 1386
5 1615 1223 38 25 63 57% 5 2419 1432
6 1527 363 35 25 60 81% 6 2227 1350
7 1615 409 38 25 63 80% 7 2320 1432
8 1615 502 38 25 63 76% 8 2332 1432
1 2021 1398 50 28 78 59% 1 2969 1799
2' 1715 616 42 25 67 74% 2' 2555 1523
3 1664 820 40 25 65 67% 3 2507 1476
4' 1882 647 48 25 73 74% 4' 2732 1677
5' 2021 1398 50 28 78 59% 5' 2969 1799
6' 1922 409 42 32 74 82% 6' 2762 1701
7' 2021 463 48 30 78 81% 7' 2864 1795
8' 1970 559 44 32 76 78% 8' 2820 1745
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