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Abstract: 

This paper addresses the improvement of energy efficiency in intermodal freight trains by reducing aerodynamic drag 

through optimization of container arrangement on railcars. In current terminal practice, loading plans are usually 

driven by local criteria such as minimizing crane operating time or travel distance, which may result in non-compact 
cargo configurations and increased aerodynamic losses during train movement. A mathematical model of aerody-

namic drag is formulated using position-dependent drag coefficients and a gap-penalty function that reflects the length 

and location of empty slots in the train consist. The loading problem is modelled as a constrained assignment task 
with the primary objective of minimizing crane working time. Three approaches to generating the initial loading plan 

are analyzed: a slot-priority heuristic, a greedy algorithm, and an ant colony optimization algorithm. On this basis, a 

dedicated post-processing algorithm is applied, which iteratively relocates containers towards the front of the train, 
reduces gaps between units, and preserves all technical and operational constraints. The method is implemented by 

linking a FlexSim simulation model of an inland intermodal terminal with Python-based optimization procedures. Nine 

scenarios with different shares of containers from the road zone and storage yard are evaluated using 16 replications 
each. The results show that the proposed procedure can reduce estimated aerodynamic drag by approximately 5–9%, 

at the cost of increased crane operating time. An energy balance comparison indicates that the additional terminal 

energy consumption is significantly lower than the traction energy savings, confirming that aerodynamic criteria 
should be explicitly incorporated into train loading strategies. 
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1. Introduction 

Intermodal transport plays an increasingly important 

role in global logistics systems, combining different 

modes of transport and contributing to the efficiency 

of the supply chain. The development of this form of 

transport is particularly important in the context of 

pursuing sustainable transportation. The number of 

services performed and the number of transported 

cargo units are continuously increasing. 

Along with the increase in the scale of intermodal 

transport, the requirements concerning its energy ef-

ficiency also grow. Intermodal trains travel at high 

speeds, which means that aerodynamic drag plays an 

important role in the energy balance. Aerodynamic 

drag, which increases exponentially with increasing 

speed, determines energy consumption as well as the 

safety of transport (Alicke, 2002). 

Research indicates that a significant source of in-

creased motion resistance is the configuration of 

cargo on railcars that is non-optimal in terms of aer-

odynamics. A non-compact distribution of contain-

ers, leaving numerous free spaces, leads to an in-

crease in drag forces and, consequently, increased 

energy consumption. In extreme cases, improper 

cargo arrangement may cause even a several-percent 

increase in the energy demand of a train (Lai et al., 

2007). Moreover, the cargo configuration affects 

train stability, particularly under variable wind con-

ditions and when changing direction of movement 

(Quazi et al., 2021). 

The arrangement of containers on railcars is largely 

determined by the way the loading process of an in-

termodal train is organized. Often, the key criterion 

in planning the loading process is the minimization 

of the number of reloading operations or the reduc-

tion of the travel distance of handling equipment 

(Kłodawski et al., 2024). Such an approach enables 

saving time and energy in terminals, but may lead to 

an unfavorable cargo distribution, and thus to an in-

crease in aerodynamic drag of the train during move-

ment. 

Therefore, minimization of energy consumption 

does not concern only infrastructure or propulsion 

technologies, but also the cargo configuration itself, 

which may significantly influence air resistance and 

transport efficiency. 

In the article, based on a review of scientific litera-

ture, a method of optimizing cargo arrangement on 

railcars in the context of aerodynamics was pro-

posed. A mathematical model describing the 

considered problem was developed. These two ele-

ments became the basis for developing an algorithm 

that enables modification of the loading plan in such 

a way as to take into account the aerodynamic pa-

rameters of the train. Then, a series of experiments 

was conducted, which made it possible to determine 

the scale of aerodynamic drag reduction of the train. 

The influence of the algorithm on the labor intensity 

of loading operations was also addressed. 

 

2. Literature review 

The aerodynamics of an intermodal train set is a key 

factor influencing the energy efficiency of rail 

transport. Aerodynamic losses may significantly af-

fect fuel consumption and the stability of the train 

set in motion. Several key publications are available 

that address the issue of freight train aerodynamics, 

and in particular intermodal trains. 

The basic relationships between the cargo arrange-

ment on railcars were already described in 2008 (Lai 

et al., 2008). Research based on the use of a mathe-

matical model made it possible to determine train 

motion resistance depending on cargo configuration. 

According to the research, a correct configuration of 

intermodal cargo on railcars allows saving fuel even 

up to 27% (Lai et al., 2008; Rickett et al., 2011). 

Similar savings are indicated by one of the few pub-

lications that refer both to aerodynamics and to the 

loading process (Lai et al., 2008). The study pre-

sented in the publication was based on the analysis 

of intermodal train movement in the USA. The au-

thors used a linear programming model allowing for 

the solution of the problem of assigning cargo to lo-

cations on the train while taking into account aero-

dynamic parameters (ALAM, aerodynamic loading 

assignment model). Apart from the topic of transport 

in the USA using double-stack container transport, 

the subject was also addressed by Hungria, Soares 

and Mendes (Hungria et al., 2019). 

The basic approach to measuring the aerodynamic 

efficiency of an intermodal train is to determine the 

level of utilization of the available loading space of 

the train (Lai et al., 2007; Lai et al., 2008). It turns 

out, however, that two trains with an identical level 

of loading space utilization may be characterized by 

visibly different aerodynamic resistance in motion. 

Resistance is also conditioned by the location of 

slots without cargo and their size (i.e., their length). 

A factor influencing the energy consumption of a 

train remains also the wind angle of attack – 
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particularly when travelling along long straight sec-

tions of routes (energy consumption) or when dy-

namically changing direction (train stability) (Flynn 

et al., 2016; Zhang et al., 2023). 

According to the results of research, the longer the 

gap between cargo units within the train set, the 

greater the “penalty” costs of aerodynamic losses. 

Cargo arranged compactly on the train behaves sim-

ilarly to a single body in motion. In the case of gaps 

occurring between containers, a disturbance of air-

flow (dirty airflow) can be observed. Cargo that is 

located at a distance of 72 ft (approx. 22 meters) or 

more behaves as separate bodies (Lai et al., 2008; 

Maleki et al., 2019). 

The greatest aerodynamic drag is encountered by the 

locomotive. Further, the drag decreases gradually up 

to approximately the tenth railcar, and then, with 

regular cargo arrangement, remains at a constant 

level for subsequent cargo units (Lai et al., 2008). 

This relationship can be described as follows: 

 

𝐶𝐷𝐴(𝑘) = 14,85824𝑒−0.29308𝑘 + 

+9,86549𝑒−0,00007𝑘 + 10,66914 
(1) 

 

Where: 

CDA(k) – the aerodynamic drag coefficient for the k-

th position in the train consist [ft2], 

k – the position of the cargo in the train consist. 

In the case of a sufficiently long gap between cargo 

units, the following containers after the gap behave 

like the first element in the train consist and must 

overcome additional aerodynamic resistance. The 

literature does not clearly define a formula for the 

penalty aerodynamic cost resulting from the lack of 

continuity in the cargo arrangement. Based on the 

publication (Lai et al., 2008) it can be stated that ad-

justed factor for gap in the k slot can be describes as: 

 

𝐴𝐹(𝑘) =
𝐶𝐷𝐴(𝑘)

𝐶𝐷𝐴(100)
 (2) 

 

Where: 

𝐴𝐹(𝑘)  – adjsted factor for k container gap in the 

train, 

𝐶𝐷𝐴(𝑘) – the aerodynamic drag coefficient for the 

k-th position in the train consist [ft2], 

𝐶𝐷𝐴(100) – the aerodynamic drag coefficient for 

the 100th position in the train consist [ft2]. 

The publication by Li et al. (Li et al., 2017) presents 

a different approach to the problem. The authors 

focused on a local problem and the relationship be-

tween the length of the gap between containers and 

the aerodynamic drag coefficient was analyzed. Lo-

cal configurations of containers were taken into ac-

count, and two key variables were considered: the 

front gap size and the rear gap size. The authors in-

cluded the distances between containers by compar-

ing the length of the gap between cargo units to the 

width of the railcar. The study is based on tests car-

ried out using a scaled model and a wind tunnel. The 

importance of this problem was also recognized by 

Štastniak, Kurčík and Pavlík (Štastniak et al., 2018), 

where the authors discussed a railcar dedicated to in-

termodal transport, enabling the reduction of gaps 

between cargo units. 

A similar “local” problem was discussed by Östh 

and Krajnović (Östh & Krajnović, 2014). The study 

focuses on the interaction of forces related to airflow 

acting on a single container railcar. The position of 

the railcar within the train consist was taken into ac-

count. The authors performed measurements using a 

scaled model of a container railcar with cargo. 

A similar method of conducting research as in the 

two previously discussed publications was applied 

by Giappino, Melzi and Tomasini (Giappino et al., 

2018). The research results correspond to those dis-

cussed earlier. 

Earlier research can be supplemented with results 

presented by Flynn, Hemida and Baker (Flynn et al., 

2016). The authors included the influence of cross-

winds on the aerodynamics of the train. The results 

of the study showed that greater airflow disturbances 

occur on the leeward side of the train. The strongest 

wind gusts were observed at the front of the train 

consist. 

More modern methods used in studies of aerody-

namic phenomena related to the movement of con-

tainer trains utilize Computational Fluid Dynamics 

(CFD) and 3D modelling (Arsene & Spiroiu, 

2024).This once again allows the determination of 

how cargo arrangement on railcars affects aerody-

namic drag. The authors again refer to two key as-

pects: energy and safety. 

Some authors decided to develop methods that may 

also be applied in dynamically changing real work-

ing conditions. The study by Lai et al. (Lai et al., 

2007) is based on a machine vision MV system, 

which automatically scans passing trains, detects 

gaps between cargo units and calculates the aerody-

namic coefficient, enabling intermodal terminals to 
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optimize the cargo arrangement. The machine vision 

method was also used in other publications (Rickett 

et al., 2011). 

Another method that can be used in practice was de-

scribed by Quazi et al. (Quazi et al., 2021). 

As part of the study, a 48-foot container was 

equipped with surface pressure sensors. Measure-

ments were taken for its different positions in the 

train consist. The results showed that the aerody-

namic drag coefficient differed significantly from la-

boratory measurements (by even up to 50%), and 

crosswind conditions had a significant impact on the 

forces. The analysis of the asymmetry of pressure 

distribution may serve as an accurate method of as-

sessing the influence of wind on the aerodynamics 

of trains (Quazi et al., 2021; Yang et al., 2017). Se-

lected publications also refer to other aspects di-

rectly related to aerodynamics. One of them is, for 

example, the relationship between the type of inter-

modal cargo and the aerodynamic forces acting on it 

(Opala, 2021). This issue applies not only to inter-

modal transport (Huo et al., 2021). The significance 

of aerodynamics is so substantial that it is relevant 

not only for intermodal train consists travelling at 

high speeds, but also, for example, for container 

ships (Deng et al., 2022; Majidian & Azarsina, 

2018). Numerous studies have also led to attempts at 

practical implementation of intermodal cargo units 

characterized by better aerodynamic parameters 

than standard intermodal units (Öngüner et al., 

2020). The literature review indicates that the aero-

dynamics of an intermodal train consist has a signif-

icant impact on the energy efficiency of transport. 

Key factors affecting aerodynamics include: 

− gaps between cargo units (length and position 

in the consist), 

− empty railcars – especially at the front of the 

consist, 

− the impact of crosswinds on the consist, 

− the degree of utilization of loading space. 

Despite the fact that authors often draw attention to 

the relationship between the loading process of the 

train consist and its aerodynamics, the most common 

optimization criterion for the loading process is still 

local savings based on the reduction of the operating 

time of handling equipment (Nehring et al., 2021; 

Ng Man Wo & Talley, 2020). However, when com-

paring the savings obtained in the loading process, it 

turns out that they may be significantly smaller than 

the savings at the stage of transporting cargo be-

tween terminals. 

Authors have so far used various methods in the op-

timization of loading intermodal train consists: 

− simple heuristics (Kłodawski et al., 2024), 

− greedy algorithm (Kłodawski et al., 2024), 

− genetic algorithm (Li & Zhu, 2019; Said & El-

Horbaty, 2015), 

− local search heuristics (Heggen et al., 2018), 

− Branch and Bound (Heggen et al., 2018), 

− linear programming (Dotoli et al., 2013; Dotoli 

et al., 2015), 

− myopic search procedure (MSP) (Kellner et al., 

2012), 

− simulated annealing (SA) (Kellner et al., 2012). 

In the most recent scientific studies, an ant colony 

algorithm has also been used to optimize this process 

(Nehring, 2024).Regardless of the method used, the 

priority is usually to minimize the number of opera-

tions carried out by handling equipment, minimize 

crane working time (or distance), or reduce energy 

consumption at the loading stage. This is an appro-

priate approach when considering the loading pro-

cess itself. Only a broader view of the entire 

transport process allows one to understand the es-

sence of aerodynamics and its importance for the ex-

ecution of the whole process. 

Despite the increasing interest in the issue of aero-

dynamics in intermodal transport, further research 

integrating aerodynamic models with loading opti-

mization algorithms is necessary. Their develop-

ment may contribute to significant energy savings 

and improved train consist stability in motion. 

 

3. Characteristics of the analyzed problem 

For the purposes of the analyzed problem, the fol-

lowing assumptions were adopted: 

− The loading of the train is carried out in a land-

based intermodal terminal, in which containers 

are located in two functional zones: 

• road zone – originating from arrival by 

road transport. Containers in a single layer 

and a single row, 

• storage yard – containers located further 

from the tracks, stored in multiple rows 

and often in multiple layers. 

− The loading is carried out using a single RMG 

gantry crane; 
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− Empty railcars awaiting loading are located in 

the track zone. 

The scheme of the terminal is presented in Figure 1. 

The share of containers originating from particular 

zones depends on the analyzed variant of the study. 

Similarly, the method (algorithm) of crane opera-

tion. After positioning the train at the terminal, the 

loading process begins, and the containers assigned 

for loading, in accordance with the established or-

der, are placed on railcars in their dedicated slots. 

The loading is carried out in simple cycles by the 

crane. The process must respect all constraints de-

scribed later in point 4. 

The loading sequence is carried out in accordance 

with the loading plan. The loading plan is deter-

mined using one of the algorithms presented in 

Chapter 5. 

 

4. Mathematical model 

Unfortunately, equation (1) described in the publica-

tion (Lai et al., 2008) does not refer to the actual 

lengths of intermodal units, but only to the position 

of the container in the train consist. It is only possi-

ble to estimate the penalty cost resulting from the 

aerodynamic gap by assuming that after a suffi-

ciently long gap between railcars occurs (the aero-

dynamic drag after a gap longer than, for example, 

22 m increases to that corresponding to the first unit 

at the front of the train consist). Taking into account 

data from other publications, it can be assumed that 

the additional aerodynamic drag caused by an empty 

slot  s will amount to (Lai et al., 2008): 

 

𝐶𝐷𝐴(𝑠, 𝐺(𝑠)) = 

𝐶𝐷𝐴(𝑠) + (𝐶𝐷𝐴𝑚𝑎𝑥 − 𝐶𝐷𝐴(𝑠)) ∙ (1 − 𝑒−𝛼𝐺(𝑠)) 
(3) 

 

Where: 

𝐶𝐷𝐴(𝑠) – baseline aerodynamic drag for the slot s,  

𝐶𝐷𝐴𝑚𝑎𝑥 – maximum aerodynamic drag for the slot 

(aerodynamic drag of the first unit in the train con-

sist), 

1 − 𝑒−𝛼𝐺  – dimensionless penalty coefficient for 

the gap in the consist, 

G(s) – gap length between containers normalized by 

the railcar width: 

 

𝐺(𝑠) =
𝐿(𝑠)

𝐵
 (4) 

 

𝐿(𝑠) – slot length s [m] 

B – railcar width [m] 

𝛼 – calibration coefficient. 

 

 
Fig. 1. Analyzed layout of the intermodal terminal. Source: own elaboration 
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The coefficient α constitutes a calibration parameter 

of the aerodynamic penalty function. It was assumed 

that a gap equal to the width of the railcar (i.e., G = 

1) causes approximately a 60% increase in drag rel-

ative to the compact configuration, which corre-

sponds to the value α ≈ 0.92. This assumption is con-

sistent with qualitative aerodynamic research results 

describing a rapid increase in drag for small gaps be-

tween containers (Li et al., 2017; Mosca et al., 

2018). The total aerodynamic drag of the consist (es-

timated as the sum of 𝐶𝐷𝐴  of cargo units including 

penalties for gaps) can be expressed as: 

 

𝐶𝐷𝐴(𝑡𝑟𝑎𝑖𝑛) =  ∑ 𝐶𝐷𝐴(𝑠, 𝐺(𝑠))

𝑠∈𝑺

 (5) 

 

Where: 

S – set of slots on the serviced railcars, S = {1, …, s, 

…., S} 

The total aerodynamic drag is calculated for loading 

solutions of the train consist obtained as a result of 

the operation of the selected crane algorithm. In the 

mathematical loading model, the objective criterion 

function is used as follows: 

 

𝑭(𝑍) = 𝑡𝑙𝑜𝑎𝑑 = ∑ ∑ ∑ 𝑧𝑐𝑠𝑟 ∙ 𝑡𝑜(𝑐𝑠𝑟)

𝑟∈𝑹s∈𝑺𝑐∈𝑪

→ 𝑚𝑖𝑛 (6) 

 

Where: 

C – set of containers to load, C = {1, …, c, …., C}, 

C – number of containers to load, 

R – set of serviced railcars, R = {1, …, r, …, R} 

R – number of serviced railcars 

S – set of slots on the serviced railcars, S = {1, …, s, 

…., S} 

S – number of slots on the railcars to be serviced 

𝑡𝑜(𝑐𝑠𝑟) – service time of container c assigned to slot 

s on railcar w 

𝑧𝑐𝑠𝑟 – decision variable 𝑧𝑐𝑠𝑟 assigning the container 

to the selected slot on the railcar of the train: 

 

𝑧𝑐𝑠𝑟 = {

1, 𝑓 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟 𝑐 is assigned to slot 𝑠 

on the railcar 𝑟                                      
0, in the remaining cases                        

 (7) 

 

The service time 𝑡𝑜(𝑐𝑠𝑟) depends on factors such as 

(Nehring, 2024): 

– the travel time of the crane to container c from the 

slot where container (c–1), serviced prior to con-

tainer c, was placed, 

– the coordinates of container c and slot s, 

– the location of container c, 

– the stacking level of container c, 

– the number of containers placed above container c, 

– the parameters of handling equipment. 

The details of determining the service time of con-

tainers were described, among others, in (Kłodawski 

et al., 2024) and (Nehring, 2024). In addition, in or-

der to correctly account for constraints for the load-

ing process of the train consist, the following condi-

tions must be considered: 

1. Each container 𝑐 may be assigned to at most one 

slot 𝑠: 

 

∀𝑐 ∈ 𝑪   ∑ ∑ 𝑧𝑐𝑠𝑟 ≤ 1

𝑟∈𝑹s∈𝑺

 (8) 

 

2. The length type of container 𝑐 assigned to slot 𝑠 

must be consistent with the size of the selected 

slot: 

 

∀𝑐 ∈ 𝑪   ∀𝑠 ∈ 𝑺   ∀𝑟 ∈ 𝑹          𝑧𝑐𝑠𝑟 = 1 → 𝐿𝑐 = 𝐿𝑤 (9) 

 

Where: 

𝐿𝑐 – container length type c 

Lr – total length of the railcar r 

3. The total length of slots assigned to railcar 𝑟 

may not exceed the total length of that railcar: 

 

∀𝑟 ∈ 𝑹   ∑ 𝐿𝑠 ≤ 𝐿𝑟

𝑠∈𝑺(𝒓)

 (10) 

 

Where: 

Ls – slot length s 

4. The total length of containers assigned to railcar 

𝑟 may not exceed the length of that railcar: 

 

∀𝑐 ∈ 𝑪   ∑ ∑ 𝑧𝑐𝑠𝑟 ∙ 𝐿𝑐 ≤ 𝐿𝑟

𝑟∈𝑹s∈𝑺

 (11) 

 

5. The total weight of containers assigned to railcar 

𝑟 may not exceed the load limit for the railcar: 

 

∀𝑟 ∈ 𝑹      ∑ ∑ 𝑧𝑐𝑠𝑟 ∙ 𝑀𝑐 ≤ 𝑀𝑟
𝑚𝑎𝑥

𝑠∈𝑺(𝒓)𝑐∈𝑪

 (12) 
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Where: 

Mc – weight of the c-th container, 

𝑀𝑟
𝑚𝑎𝑥 – maximum allowable load of the railcar 

r. 

6. The total weight of containers placed on the train 

should not exceed the permissible load specified 

for the train consist: 

 

∑ ∑ ∑ 𝑧𝑐𝑠𝑟 ∙ 𝑀𝑐 ≤ 𝑀𝑡𝑟𝑎𝑖𝑛
𝑚𝑎𝑥

𝑟∈𝑹𝑠∈𝑺𝑐∈𝑪

 (13) 

 

Where: 

𝑀𝑡𝑟𝑎𝑖𝑛
𝑚𝑎𝑥  – maximum allowable weight of the train 

consist 

7. The axle load (front and rear) of each railcar 

must not be exceeded: 

 

∀𝑟 ∈ 𝑹        𝑀𝑟(𝑏1) ≤ 𝑀𝑟(𝑏1)
𝑚𝑎𝑥 , 𝑀𝑟(𝑏2) ≤ 𝑀𝑟(𝑏2)

𝑚𝑎𝑥  (14) 

 

𝑀𝑟(𝑏1) – maximum allowable load for the front 

axle of the railcar r, 

𝑀𝑟(𝑏1)
𝑚𝑎𝑥  – maximum allowable load for the rear 

axle of the railcar r, 

𝑀𝑟(𝑏2) – calculated load for the front axle of the 

railcar r, 

𝑀𝑟(𝑏2)
𝑚𝑎𝑥  – calculated load for the rear axle of the 

railcar r. 

8. The load on the front and rear axle of the railcar 

may not exceed the ratio 3:1: 

 

∀𝑟 ∈ 𝑹      
1

3
𝑀𝑟(𝑏2) ≤ 𝑀𝑟(𝑏1) ≤ 3𝑀𝑟(𝑏2) (15) 

 

The calculation of axle loads is based on the lever 

principle (Bruns & Knust, 2012). The geometric 

centre is assumed as the centre of gravity of the con-

tainer. The support points of the railcar are the points 

where the bogies are connected to the railcar frame. 

In the case where the railcar has more than one axle, 

this condition must be verified for each axle pair. 

It must be emphasized that the aerodynamic drag 

model used in this study represents relative variation 

rather than absolute traction demand. The penalty 

function incorporates gap length normalized by rail-

car geometry and monotonically increases drag for 

longer discontinuities, which reflects qualitative 

findings from aerodynamic studies. The model does 

not include crosswind turbulence effects, Reynolds-

scale flow transitions or changes in boundary layer 

separation along the consist. For this reason, the ob-

tained values should be interpreted as relative aero-

dynamic differences between loading configurations 

rather than absolute physical drag values. 

 

5. Measurement method 

5.1. Loading algorithms for the train consist 

To determine the initial loading plan for the train 

consist, three computational approaches differing in 

the method of determining the service order of con-

tainers and their assignment to slots were applied. 

These algorithms allow the reproduction of various 

operating strategies of handling equipment used 

both in terminal practice and in simulation studies. 

For research purposes, three algorithms were used: 

− Algorithm 1 (slot priority) is based on the 

principle of servicing subsequent slots in the 

train consist. Moving from the front of the train 

consist, the crane collects containers and places 

them in slots starting from the first to the last. 

The first suitable available container, counting 

from the front, is placed in the slot. After plac-

ing one container, the algorithm proceeds to 

handle the next element of the list. The block 

diagram of the algorithm is presented in Figure 

2.a. 

− Algorithm 2 (greedy algorithm) is based on 

the principle of local minimization of crane 

travel time. At each step, the container closest 

to the current position of the crane is selected, 

and then—after picking it up—the nearest 

available slot in the train consist to which the 

container can be assigned is selected. After 

placing the cargo, the algorithm updates the 

crane position and repeats the procedure until 

all containers are handled (Figure 2.b). 

− Algorithm 3 (ant colony algorithm), applied 

in the train loading model, generates a sequence 

of assignments of containers to slots, minimiz-

ing the total working time of the crane. Each 

agent (ant) constructs a solution by moving be-

tween graph vertices representing containers 

and slots. The probability of selecting a given 

transition depends on: 

• pheromone trails reflecting the quality of 

solutions, 

• a distance heuristic related to the time of 

travelling a given segment of the route. 
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After generating all paths, the best solution updates 

the pheromone level, strengthening preferences for 

short and efficient crane routes. The process itera-

tively repeats solution construction, pheromone 

evaporation, and pheromone reinforcement until a 

stable, optimized loading plan is obtained (Figure 3). 

Table 1 presents the parameters of the ant colony al-

gorithm for which the best results were obtained. 

The details of parameter selection for the ant colony 

algorithm were described in (Nehring, 2024). Each 

of the approaches generates a complete loading plan, 

which is then evaluated in terms of the operation ex-

ecution time and the aerodynamic parameters of the 

consist. Only after that does the algorithm improving 

aerodynamic parameters begin its operation, and af-

ter completing its work the results are compared 

again. This makes it possible to determine the poten-

tial improvement of the solution in the context of 

aerodynamics, as well as to analyze the impact of 

introducing adjustments in the loading plan on the 

total process execution time. 

 

5.2. Algorithm for improving aerodynamic pa-

rameters 

The algorithm that modifies the arrangement of con-

tainers on railcars (for improving aerodynamic pa-

rameters) aims to reduce the aerodynamic drag of 

the consist by achieving the most compact cargo 

configuration possible. Its operating logic is based 

on iterative searching of the initial loading plan for 

containers that can be moved closer to the front of 

the train without violating technical constraints. The 

process begins with the calculation of the current in-

dicators — the estimated aerodynamic drag and the 

total crane operating time resulting from the current 

loading plan. Then, the algorithm goes through the 

list of containers, considering them from the last to 

the first. For each container, the possibility of mov-

ing it to the first available free slot located closer to 

the front of the consist is checked. If the move is 

possible, the container is transferred. The procedure 

continues until all containers have been analyzed or 

until there are no free slots left in the consist that can 

be used.

 

      a)       b) 

 

 
Fig. 2. Block diagram of algorithms 1–3: a) slot priority algorithm; b) greedy algorithm. Source: own elabo-

ration 



Nehring, K., Kiszkowiak, Ł 

Archives of Transport, 76(4), 137-159, 2025 

145 

 

 

START 
 

// Initialization 

initialize_pheromone_levels() 

initialize_parameters()     // α, β, ρ, number of ants, number of iterations 
 

FOR iter = 1 TO max_iterations: 
 

    FOR each ant k: 
 

        solution_k = empty_solution() 
 

        WHILE exists_unassigned_containers(): 
 

            c = select_container_based_on_probability(pheromone, heuristic) 
            s = select_slot_based_on_probability(pheromone, heuristic) 
 

            assign_container_to_slot(c, s, solution_k) 
 

        ENDWHILE 
 

        evaluate_solution(solution_k)     // crane time, route quality 
 

    ENDFOR 
 

    best_solution = choose_best_solution()   

    update_pheromone_levels(best_solution, evaporation_rate = ρ) 
 

ENDFOR 
 

return best_solution 
 

STOP 

Fig. 3. Pseudocode of the ant colony algorithm. Source: own elaboration 

 

Table 1. Parameters of the ant colony algorithm. 

Source: own elaboration 

Parameter Value 

Number of the ants (agents) 100 

Number of iterations 10 

Pheromone evaporation coefficient  0,5 

Pheromone weight coefficient 1 

Heuristic weight coefficient 2 

Exploration coefficient 100 

 

The final arrangement of containers and the values 

of the calculated aerodynamic parameters are rec-

orded as the result of the algorithm. Thus, the algo-

rithm aims to achieve improvements in three as-

pects:  

− minimization of the number of empty slots 

(particularly at the front of the train consist), 

− minimization of the gap lengths between con-

tainers in the train consist, 

− compact arrangement of cargo on the railcars. 

The algorithm written in pseudocode form is pre-

sented in Figure 4. 

 

5.3. Simulation studies of the process 

The simulation method was selected due to the com-

plexity of the train consist loading process, the de-

pendence of operation times on the spatial layout of 

the terminal, and numerous interactions between the 

crane and the changing container configuration. 

Simulation allows for a realistic representation of 

the operation of handling equipment, taking into ac-

count their movement parameters and assessing the 

impact of the adopted algorithm on the duration of 

operations. 

The FlexSim environment enables detailed model-

ling of crane movement and container flow, but does 

not provide tools for advanced optimization using, 

for example, an ant colony algorithm. For this rea-

son, the simulation model was integrated with Py-

thon code, which was responsible for implementing 

the optimization and computational algorithms, al-

lowing the combination of simulation realism with 

computational flexibility. 
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START 

    // Data input 
    load_loading_plan() 
 

    // Calculation of initial indicators 

    drag = calculate_aerodynamic_drag(loading_plan) 

    dist = calculate_gantry_travel_distance(loading_plan) 
 

    // Iteration over all containers (from the end) 
    WHILE exists_unchecked_containers(): 
 

        c = get_last_unchecked_container() 
 

        IF can_be_moved_closer_to_front(c) == TRUE THEN 
 

            // Identification of the first free slot from the front 

            s = find_first_empty_slot_from_front_that_fits(c) 
 

            // Container transfer 
            place_container_in_slot(c, s) 

            update_loading_plan() 
 

            // Update of indicators 

            drag = calculate_aerodynamic_drag(loading_plan) 
            dist = calculate_gantry_travel_distance(loading_plan) 
 

            // If no free slots remain, terminate 

            IF no_empty_slots_remaining() == TRUE THEN 

                save_results(loading_plan, drag, dist) 
                STOP 

            ENDIF 
 

        ENDIF 
 

        mark_container_as_checked(c) 
 

    ENDWHILE 
 

    // Recording of final results 
    save_results(loading_plan, drag, dist) 

STOP 

Fig. 4. Loop of the algorithm for improving aerodynamic parameters. Source: own elaboration 
 

The optimization method algorithm includes the fol-

lowing steps: 

Step 1. Determination of input data 

The necessary parameters are determined, including, 

among others, the spatial layout of the terminal 

(functional zones, size and capacity of zones, loca-

tion of zones), data regarding slots on railcars and 

containers. Research scenarios and the number of it-

erations are also established. 

Step 2. Random generation of initial loading con-

ditions of the train consist 

Random data are generated: 

− list of containers to be picked up, 

− arrangement of container slots on the railcars. 

Step 3. Solution using the selected algorithm 

(minimization of crane operating time). 

To find the initial solution, the method of servicing 

consecutive containers, the greedy algorithm, or the 

ant colony algorithm was further used (depending on 

the variant). The algorithms minimize the loading 

time by the equipment. The results of their operation 

are a loading plan including information on: 

− assignment of cargo to slots on the railcars, 

− order of handling cargo. 

Step 4. Calculation of the solution parameters 

from Step 3. 

For the base solution, the following indicators are 

calculated: 

− loading execution time 𝑡𝑙𝑜𝑎𝑑, 

− estimated aerodynamic resistance indicator 

𝐶𝐷𝐴(𝑡𝑟𝑎𝑖𝑛). 

Step 5. Export of data sets for the optimization 

algorithm. 
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The data on the loading plan from Step 3 are ex-

ported as input data for the optimization algorithm 

implemented in Python. 

Step 6. Operation of the algorithm reconfiguring 

the container arrangement (minimization of the 

aerodynamic drag of the train consist). 

In the subsequent steps, the algorithm checks possi-

ble changes in the loading plan to achieve a cargo 

arrangement on the railcars with improved aerody-

namic parameters. 

Step 7. Update of the loading plan and parameter 

values. 

Update of the solution obtained in Step 3 and recal-

culation of the loading time 𝑡𝑙𝑜𝑎𝑑  and the aerody-

namic drag indicator 𝐶𝐷𝐴(𝑡𝑟𝑎𝑖𝑛). 

Step 8. Recording of results. 

Recording of results in a form enabling further anal-

ysis (e.g., CSV file). 

Step 9. Checking the number of iterations. 

If the target number of iterations has been reached, 

proceed to Step 9. Otherwise, return to Step 2. 

Step 10. Analysis of results. 

Statistical data are calculated (mean, median, stand-

ard deviation, upper and lower quartiles). The anal-

ysis of results includes loading time before and after 

changes, the aerodynamic drag indicator, and a com-

parison of results for different algorithms and re-

search scenarios. 

Step 11. Stop. 

The steps of the algorithm, including the integration 

of the FlexSim environment and Python, are pre-

sented in the block diagram in Figure 5.

 

 
Fig. 5. Loop of the optimization method algorithm. Source: own elaboration 
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The simulation model was developed in the FlexSim 

simulation environment, version 2023 (Update 2). It 

reflects the basic objects comprising a typical inland 

intermodal terminal, namely: 

1. a gantry crane, 

2. a track section with railcars prepared for load-

ing, 

3. a storage lane for containers ready for loading, 

4. a container storage yard with a total length of 

525 m and three storage rows. 

Proper functioning of the model is ensured through 

the appropriate definition of loading process meth-

odologies (Figure 6), which were implemented as al-

gorithms using Process Flow and the FlexScript lan-

guage. 

For the purposes of the simulation study, the follow-

ing assumptions were adopted: 

− Loading is performed using an RMG crane; 

− The train capacity is 90 TEU (30 railcars); 

− The railcars were assigned the following pa-

rameters: 

• permissible gross weight: 80,000 kg (for 

track class C), 

• permissible load: 58,000 kg (for track 

class C), 

• permissible axle load: 20,000 kg, 

• tare weight of the railcar: 22,000 kg; 

− The containers selected for loading were cho-

sen so as not to exceed the maximum permissi-

ble gross weight of the train (this condition is 

additionally verified by model constraints and 

the algorithm); 

− Three types of containers circulate in the sys-

tem: 20 ft (1C, TEU), 30 ft (1B), 40 ft (1A); 

− Each container in the simulation model was as-

signed a mass, assuming that the maximum per-

missible weight for each container type cannot 

exceed 20,320 kg for 1C, 25,400 kg for 1B, and 

30,480 kg for 1A; 

− For each container, the exact weight was as-

signed individually and randomly within the al-

lowable range. The lower bound for the weight 

of any container was assumed to be 5 tons. 

The crane parameters are presented in Table 2. 

 

 
Fig. 6. View of the simulation model – train loading process. Source: own elaboration 

 

Table 2. Crane operating parameters (elementary activity durations). Source: own elaboration 
Activity Value Unit 

Container gripping by the crane 5 s 

Container release by the crane 10 s 

Crane travel speed 2 m/s 

Trolley travel speed 2 m/s 

Container lifting speed 0.43 m/s 

Container lowering speed 0.43 m/s 
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6. Research results 

6.1. Scenarios of the loading task 

The main factor determining the arrangement of 

containers on the railcars was identified as their 

pick-up location in the terminal. The distribution of 

containers directly determines the crane operation 

method and the order in which they are picked up. 

During the study, different scenarios of the train 

consist loading process were analyzed. The indivi-

dual scenarios differ from each other in: 

− the algorithm used to minimize loading time, 

− the share of cargo originating from the storage 

yard in the loading, 

− the share of cargo originating from the road 

zone in the loading. 

A total of nine extreme scenarios were analyzed. For 

each variant, two sets of results were obtained, serv-

ing as the basis for further analyses: 

1. Data set before improving aerodynamic param-

eters (operating time of handling equipment 

and aerodynamic drag), 

2. Data set after improving aerodynamic parame-

ters (operating time of handling equipment and 

aerodynamic drag), 

A detailed description of the variants is presented in 

Table 3. 

 

Table 3. Research scenarios analyzed during the 

study. Source: own elaboration 

Research 

scenario 
Algorithm 

Share of 

cargo from 

the storage 

yard [%] 

Share of 

cargo from 

the road zone 

[%] 

1A Slot priority 0 100 

1B ACO 0 100 

1C Greedy 0 100 

2A Slot priority 50 50 

2B ACO 50 50 

2C Greedy 50 50 

3A Slot priority 100 0 

3B ACO 100 0 

3C Greedy 100 0 

 

6.2. Results 

In the study, the train loading time was adopted as 

the primary variable determining the quality of the 

compared algorithms. This parameter directly re-

flects the operating mode of the transshipment 

equipment and the resulting arrangement of contain-

ers on the railcars, which in turn affects the aerody-

namic characteristics of the analyzed trainset. 

Based on preliminary (pilot) tests, the average load-

ing time was determined to be approximately 9997 

s, with a standard deviation of σ ≈ 778 s. The sample 

size was estimated using the formula specifying the 

required number of observations when comparing 

two means (formula 16), assuming a significance 

level of α = 0.10 and a test power of 70%. Assuming 

a minimum difference between means of Δ = 600 s 

as a practically relevant value—corresponding to ap-

proximately 10 minutes of crane operation (which 

represents about 6% of the average operation 

time)—the following result was obtained: 
 

𝑛 =
2𝜎2(𝑧1−𝛼/2 + 𝑧1−𝛽)2

Δ2
 (16) 

 

where: 

n – required number of simulation repetitions, 

σ – standard deviation of the analyzed variable (pro-

cess completion time), based on pilot studies, 

α – significance level of the statistical test, 

β – probability of committing a Type II error, 

z₁₋α/₂ – quantile of the normal distribution corre-

sponding to the assumed confidence level (for a two-

tailed test), 

z₁₋β – quantile of the normal distribution corre-

sponding to test power (1−β), 

Δ – minimum difference between means considered 

practically relevant from the standpoint of process 

efficiency. 

The calculations show that with 16 repetitions, it is 

possible to detect differences in operation time of 

approximately 600 s while maintaining the assumed 

statistical test parameters. Therefore, 16 replications 

were adopted for each scenario in the subsequent 

analyses, which ensures sufficient result stability 

and enables a meaningful comparison of the quality 

of the analyzed algorithms with respect to process 

completion time. Aerodynamic values are treated 

secondarily—i.e., as an outcome of the container ar-

rangement resulting from the loading process—and 

are analyzed independently for the results obtained 

in each iteration. The tables below present: 

− crane operating time [s] before and after apply-

ing the algorithm improving aerodynamic pa-

rameters (Table 4), 

− aerodynamic drag values [ft²] before and after 

applying the algorithm improving aerodynamic 

parameters (Table 5), 
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− differences in loading time and changes in aer-

odynamic drag for scenarios (Table 6). 

A graphical representation of the results is provided 

in the plots (Figures 7 and 8).

 

Table 4. Results for scenarios 1A – 3C regarding crane operating time [s] before and after applying the algo-

rithm improving aerodynamic parameters. Source: own elaboration 

Rep. 
1A 1B 1C 

Before [s] After [s] Before [s] After [s] Before [s] After [s] 

1 9163 9163 8673 9352 8234 11533 

2 7119 7119 7023 7650 6789 6789 

3 9478 9478 8839 9479 8326 8971 

4 13267 13267 11563 12440 10376 10376 

5 8317 8317 8075 11854 7512 9781 

6 7907 7907 6556 6556 6428 6428 

7 8605 8605 9347 9347 8510 9260 

8 10993 10993 9742 10640 9874 11130 

9 6888 6888 8712 8712 7152 7290 

10 7654 7654 7759 8230 7079 7480 

11 8568 8568 7105 7420 6966 6966 

12 7129 7129 7743 7870 7050 7470 

13 8834 8834 7829 8470 7935 8900 

14 7314 7314 9250 10130 7594 8100 

15 9059 9059 9184 9860 8379 8970 

16 6369 6369 6436 6690 6377 6920 

avg 8541,50 8541,50 8364,75 9043,75 7786,31 8522,75 

σ 1716,23 1716,23 1328,89 1692,92 1140,45 1596,75 

p= 0,90 705,74 705,74 546,46 696,15 468,97 656,60 

median 8442,50 8442,50 8374,00 9029,50 7553,00 8500,00 

lower quartile Q1 7267,75 7267,75 7583,50 7815,00 7029,00 7209,00 

upper quartile Q3 9085,00 9085,00 9200,50 9927,50 8339,25 9390,25 

Rep. 
2A 2B 2C 

Before [s] After [s] Before [s] After [s] Before [s] After [s] 

1 16846 16846 15353 15805 15421 15421 

2 12766 12766 11607 14208 11569 12835 

3 14300 14300 12561 15965 13338 13574 

4 14116 14116 11610 11610 10876 10876 

5 14507 14507 12183 12183 12123 12123 

6 12684 12684 11612 14650 11363 13200 

7 12428 12428 10912 10912 9999 9999 

8 12087 12087 11854 12980 11957 14350 

9 12466 12466 9520 9520 10094 11440 

10 14576 14576 12458 15810 13314 15890 

11 11695 11695 9246 9246 9076 9920 

12 13502 13502 12081 12740 10522 12540 

13 12039 12039 12021 15130 9351 10008 

14 13433 13433 14440 18670 10466 12240 

15 10656 10656 11697 13950 8805 8805 

16 13256 13256 11393 13670 10325 11950 

avg 13209,81 13209,81 11909,25 13565,56 11162,44 12198,19 

σ 1460,69 1460,69 1494,14 2515,11 1763,01 2013,20 

p= 0,90 600,65 600,65 614,41 1034,25 724,97 827,85 

median 13011,00 13011,00 11775,50 13810,00 10699,00 12181,50 

lower quartile Q1 12342,75 12342,75 11553,50 12039,75 10070,25 10659,00 

upper quartile Q3 14162,00 14162,00 12251,75 15298,75 11998,50 13293,50 
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Rep. 
3A 3B 3C 

Before [s] After [s] Before [s] After [s] Before [s] After [s] 

1 15344 15344 9890 12539 10527 13511 

2 13891 13891 11181 12440 9630 12399 

3 11135 11135 9672 11235 8639 10525 

4 13860 13860 12512 13307 10758 13462 

5 12974 12974 10745 11449 10429 12894 

6 15065 15065 10936 13670 9761 12600 

7 11142 11142 7723 9480 7063 9270 

8 12515 12515 9539 11900 8589 11290 

9 13769 13769 12488 15640 10869 14140 

10 13949 13949 9668 11950 8842 11560 

11 12312 12312 10617 13290 7778 9950 

12 11899 11899 6887 8480 9718 12570 

13 14533 14533 9054 11370 8972 11780 

14 12864 12864 12997 16350 9859 12690 

15 12778 12778 10876 13560 9412 12090 

16 13864 13864 8139 10040 9955 12930 

avg 13243,38 13243,38 10182,75 12293,75 9425,06 12103,81 

σ 1261,02 1261,02 1724,30 2061,57 1062,95 1326,58 

p= 0,90 518,55 518,55 709,05 847,75 437,10 545,51 

median 13371,50 13371,50 10253,50 12195,00 9674,00 12484,50 

lower quartile Q1 12464,25 12464,25 9417,75 11336,25 8791,25 11492,50 

upper quartile Q3 13905,50 13905,50 10997,25 13370,25 10073,50 12903,00 

 

Table 5. Results for variants 1A–3C regarding aerodynamic drag [ft²] before and after applying the algorithm 

improving aerodynamic parameters. Source: own elaboration 

Rep. 
1A 1B 1C 

Before [ft2] After [ft2] Before [ft2] After [ft2] Before [ft2] After [ft2] 

1 2062,14 2062,14 2128,19 2044,22 2369,64 2222,48 

2 2398,90 2398,90 2479,71 2401,42 2488,77 2428,07 

3 2209,31 2209,31 2314,37 2230,35 2302,14 2211,31 

4 2365,32 2365,32 2448,00 2350,81 2466,12 2405,97 

5 2049,77 2049,77 2389,57 2291,69 2265,45 2175,90 

6 2283,56 2283,56 2429,43 2370,18 2479,26 2418,79 

7 2288,42 2288,42 2472,92 2288,42 2530,00 2305,87 

8 2150,09 2150,09 2329,77 2221,19 2337,47 2184,19 

9 2299,47 2299,47 2524,56 2299,47 2503,27 2328,36 

10 2188,10 2188,10 2361,48 2217,31 2382,77 2212,37 

11 2244,66 2244,66 2374,17 2268,41 2425,35 2244,66 

12 2125,78 2125,78 2309,39 2130,76 2343,36 2128,26 

13 2049,33 2049,33 2248,23 2076,56 2194,33 2050,71 

14 2064,79 2064,79 2181,19 2101,33 2182,55 2090,13 

15 2349,85 2349,85 2507,80 2387,09 2558,08 2436,01 

16 1996,73 1996,73 2236,00 2016,57 2154,46 2061,15 

avg 2195,39 2195,39 2358,42 2230,99 2373,94 2244,01 

σ 128,53 128,53 117,97 124,38 128,26 130,92 

p= 0,90 52,85 52,85 48,51 51,15 52,74 53,84 

median 2198,71 2198,71 2367,83 2249,38 2376,21 2217,43 

lower quartile Q1 2064,13 2064,13 2294,10 2123,40 2292,97 2163,99 

upper quartile Q3 2291,18 2291,18 2454,23 2312,31 2481,64 2347,76 
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Rep. 
2A 2B 2C 

Before [ft2] After [ft2] Before [ft2] After [ft2] Before [ft2] After [ft2] 

1 2322,89 2322,89 2458,88 2375,66 2403,61 2344,99 

2 2006,46 2006,46 2307,58 2015,88 2269,07 2071,40 

3 2121,36 2121,36 2405,42 2130,53 2260,46 2176,50 

4 2139,48 2139,48 2192,97 2139,48 2206,11 2152,30 

5 2002,04 2002,04 2068,40 2017,95 2068,4 2017,95 

6 2334,00 2334,00 2569,41 2346,74 2592,51 2373,95 

7 2041,72 2041,72 2245,06 2190,31 2336,57 2279,58 

8 2239,73 2239,73 2355,14 2234,78 2420,37 2243,50 

9 1940,42 1940,42 2382,32 2324,21 2154,01 1984,08 

10 2206,83 2206,83 2418,11 2251,71 2448,00 2211,72 

11 1920,26 1920,26 2101,01 2049,77 2157,64 2044,42 

12 2188,77 2188,77 2387,30 2318,57 2404,06 2205,25 

13 2199,08 2199,08 2455,70 2217,50 2368,73 2287,94 

14 2464,57 2464,57 2715,72 2464,57 2627,84 2480,49 

15 2096,59 2096,59 2301,23 2130,27 2200,67 2147,00 

16 2366,31 2366,31 2534,98 2402,35 2486,06 2406,55 

avg 2161,91 2161,91 2368,70 2225,64 2337,76 2214,23 

σ 158,56 158,56 168,30 138,94 160,27 144,14 

p= 0,90 65,20 65,20 69,21 57,13 65,90 59,27 

median 2164,13 2164,13 2384,81 2226,14 2352,65 2208,49 

lower quartile Q1 2032,91 2032,91 2287,19 2130,47 2204,75 2128,10 

upper quartile Q3 2260,52 2260,52 2456,50 2329,84 2427,28 2302,20 

Rep. 
3A 3B 3C 

Before [ft2] After [ft2] Before [ft2] After [ft2] Before [ft2] After [ft2] 

1 2323,77 2323,77 2513,69 2388,33 2528,18 2339,39 

2 1996,73 1996,73 2407,23 2060,00 2313,92 2034,99 

3 2069,21 2069,21 2280,85 2093,37 2263,18 2170,95 

4 2034,74 2034,74 2396,36 2120,22 2317,99 2051,29 

5 2165,56 2165,56 2277,68 2159,81 2416,75 2202,47 

6 2323,77 2323,77 2489,23 2354,91 2515,05 2364,93 

7 1996,73 1996,73 2187,53 2041,85 2287,19 2033,05 

8 2069,21 2069,21 2370,09 2104,79 2313,92 2100,71 

9 2034,74 2034,74 2420,37 2061,54 2302,14 2057,12 

10 2165,56 2165,56 2321,17 2217,14 2279,04 2210,87 

11 2154,51 2154,51 2301,69 2201,45 2406,78 2264,45 

12 2387,41 2387,41 2599,3 2460,66 2658,65 2434,78 

13 2152,74 2152,74 2375,07 2195,46 2390,93 2198,77 

14 2435,14 2435,14 2700,32 2489,64 2484,70 2313,92 

15 2314,05 2314,05 2499,19 2356,53 2491,94 2335,95 

16 2125,78 2125,78 2425,35 2186,38 2280,85 2143,39 

avg 2171,85 2171,85 2410,32 2218,26 2390,70 2203,56 

σ 142,60 142,60 129,55 146,78 116,22 128,80 

p= 0,90 58,64 58,64 53,27 60,36 47,79 52,96 

median 2153,63 2153,63 2401,80 2190,92 2354,46 2200,62 

lower quartile Q1 2060,59 2060,59 2316,30 2101,94 2298,40 2089,81 

upper quartile Q3 2316,48 2316,48 2491,72 2355,32 2486,51 2319,43 
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Table 6. Comparison of results for loading times and changes in aerodynamic drag. Source: own elaboration 

Rep. 
Avarage load time Time difference Avarage CDA [ft2] CDA difference 

Before [s] After [s] [s] [%] Before [ft2] After [ft2] [ft2] [%] 

1A 8541,5 8541,5 0,00 0,00 2195,389 2195,39 0,00 0,00% 

1B 8364,75 9043,75 679,00 8,12% 2358,425 2230,99 -127,435 -5,71% 

1C 7786,313 8522,75 736,44 9,46% 2373,94 2244,01 -129,93 -5,79% 

2A 13209,81 13209,81 0,00 0,00 2161,907 2161,91 0,00 0,00% 

2B 11909,25 13565,56 1656,31 13,91% 2368,702 2225,64 -143,062 -6,43% 

2C 11162,44 12198,19 1035,75 9,28% 2337,757 2214,23 -123,527 -5,58% 

3A 13243,38 13243,38 0,00 0,00% 2171,853 2171,85 0,00 0,00% 

3B 10182,75 12293,75 2111,00 20,73% 2410,32 2218,26 -192,06 -8,66% 

3C 9425,063 12103,81 2678,75 28,42% 2390,7 2203,56 -187,14 -8,49% 

 

 
Fig. 7. Comparison of the average loading time for variants 1A–3C before and after aerodynamic parameter 

improvement. Source: own elaboration 

 

 
Fig. 8. Comparison of the average dynamic drag index for variants 1A–3C before and after aerodynamic 

parameter improvement. Source: own elaboration 
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6.3. Analysis of the results 

When analysing the improvement of solution quality 

in the aerodynamic context, several fundamental re-

lationships can be observed. These are mainly asso-

ciated with: 

− changes in the loading plan induced by proce-

dures aimed at improving the aerodynamic 

properties of the trainset, 

− the quality of the obtained solution before and 

after optimization, 

− container configurations that either facilitate or 

limit optimization, 

− analysis of configurations that are critical for 

solution quality in terms of aerodynamics. 

The first aspect is primarily related to the manner in 

which the crane handles the cargo. Differences were 

observed between groups of variants that differed in 

the share of loads collected from specific terminal 

zones. The more complex the task (i.e., a larger 

search space for cargo—for example, in both the 

trackside lane and the storage yard, or only in the 

storage yard), the greater the potential for reconfig-

uring the initially obtained result in order to improve 

the aerodynamic properties of the trainset. For the 

simple tasks represented by variants 1A–1C, the im-

provement in aerodynamic parameters fluctuated 

around 5–6%. For variants 3A–3C, it already 

reached 6–9%. Moreover, in the more complex var-

iants, crane operation time increased by over 25%. 

Algorithms based on distance minimization do not 

take into account the gaps arising between loads. 

Therefore, the larger the load search space, the more 

empty slots occur within the trainset, and the modi-

fication time required to correct this arrangement in-

creases (e.g. the need to relocate a load from the last 

slot to a slot at the very front of the trainset). 

A practical trade-off can therefore be clearly ob-

served. For scenarios where dispersed container ac-

quisition occurs (especially variants 3B and 3C), im-

proving compactness resulted in up to approxi-

mately 20–28% longer crane operating time, while 

delivering up to 8–9% reduction in estimated aero-

dynamic drag. In situations where trains are operated 

on long-distance routes, even a small decrease in 

aerodynamic resistance translates into substantial 

traction energy savings, which may outweigh termi-

nal-side operating time increases. 

In view of the above, it is necessary to consider 

which aspect will provide greater energy benefits 

over the entire freight transport process in 

intermodal logistics—either the potential extension 

of crane operating time related to searching for an 

optimal placement of loading units, or accepting in-

creased aerodynamic drag of the trainset resulting 

from a less favorable container configuration. An 

analysis of the energy balance of both approaches 

could constitute an important element in assessing 

the effectiveness of the proposed solutions. 

Actual literature data indicate that RMG/RTG gan-

try cranes consume several kilowatt-hours per single 

handling cycle (approx. 3–8 kWh/TEU) (TNO, 

2018). In contrast, electric freight trains are charac-

terized by an average energy consumption of ap-

proximately 0.09–0.11 kWh/tkm (International Un-

ion of Railways [UIC], 2017). The share of aerody-

namic drag in the total rolling resistance of freight 

trains reaches several tens of percent, and an im-

provement in aerodynamic parameters of even a few 

percent may translate into savings of several mega-

watt-hours of energy per single trip (Bulková et al., 

2025). 

For example, in variant 3C, the additional extension 

of crane operation time by 2679 s corresponds to an 

energy expenditure of approx. 74 kWh of electricity. 

At the same time, the obtained improvement in aer-

odynamic drag of 8.49% translates—assuming a 

typical intermodal trainset with a mass of approx. 

2000 t and a transport distance of 500 km—into a 

reduction of traction energy demand by approx. 

3000 kWh (Bulková et al., 2025). This means that 

the energetic cost of performing additional loading 

operations is more than forty times lower than the 

obtained energy benefit in the transport phase, and 

thus optimization of load unit arrangement in this 

variant is highly advantageous from an energy per-

spective. 

The crane operating algorithms can be classified into 

two groups: 

(1) Algorithms that limit the need for improving aer-

odynamic parameters. This refers to the algorithm 

based on slot priority (1). Due to the specific manner 

in which the crane searches for tasks to carry out, it 

serviced consecutive slots on the railcars in a prede-

fined order (from the front to the end). As a result, 

the obtained solution almost always exhibited a 

compact arrangement of containers at the front of the 

trainset (Figure 9), with the potential occurrence of 

individual gaps at the end of the train. These gaps 

could not be eliminated due to the absence of 
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suitable containers located behind the empty slot 

(Figure 10). 

(2) Heuristic-based algorithms (greedy algorithm 

and ant colony algorithm), which allow minimiza-

tion of crane operation time, but typically generate 

solutions characterised by inferior aerodynamic pa-

rameters. For solutions based on algorithms 2 and 3, 

the occurrence of empty slots in the middle of the 

trainset was observed more frequently (Figure 11). 

In most cases, aerodynamic parameters of the train-

set can be clearly improved by modifying the load-

ing plan and incorporating, in addition to distance 

priority, also the priority of filling slots closer to the 

front of the train. 

 

The critical factors influencing the aerodynamic 

drag index are, naturally, the length and location of 

empty slots on the railcars. A single empty slot po-

sitioned at the front of the trainset may generate an 

aerodynamic “penalty cost” comparable to that of 

several empty positions located at the end of the 

trainset. Much also depends on the nature of the 

loading task. Parameters such as the number of loads 

or the configuration of slots on railcars strongly af-

fect solution quality in the aerodynamic context. 

Typically, the simplest algorithm (Algorithm 1) 

achieved the longest loading time but produced the 

lowest drag index. The remaining two algorithms, 

after container reconfiguration, often yielded values 

close to those obtained by Algorithm 1, although 

still rarely as low. 
 

 
Fig. 9. Compact arrangement of containers at the front of the train (slot-priority algorithm). Source: own 

elaboration 
 

 
Fig. 10. Example configuration of containers at the rear of the trainset (slot-priority algorithm). Source: own 

elaboration 
 

 
Fig.11. Empty slots in the middle of the trainset (greedy and ant colony algorithms). Source: own elaboration 
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The stochastic component cannot be ignored. In the 

analyzed measurement sample, it is clearly visible 

that both the susceptibility of the initial solution to 

aerodynamic improvement and the final solution 

quality in aerodynamic terms are strongly dependent 

on the particular case under consideration. Some 

randomly generated railcar and container configura-

tions achieved a low drag index even without modi-

fying the loading plan. Additionally, certain solu-

tions exhibited significant aerodynamic improve-

ment at very low additional operating time (on the 

order of only a few percent relative to the baseline). 

For others, despite extending the process duration by 

20–30%, the aerodynamic results were not substan-

tially better (improvement of only 1–2%). This may 

suggest that the decision to apply an aerodynamic 

improvement algorithm should be made individu-

ally, based on the analysis of the specific railcar–

container configuration. 

 

7. Summary 

The research presented in this paper demonstrates 

that container arrangement on intermodal railcars 

has a measurable effect on aerodynamic drag, and 

consequently on the energy efficiency of intermodal 

freight transport. The novelty of the proposed ap-

proach lies in integrating loading-process optimiza-

tion with the assessment of aerodynamic perfor-

mance, which is rarely considered in operational de-

cision-making at terminals. The introduction of a 

post-processing algorithm that reconfigures initially 

generated loading plans proved effective in reducing 

the estimated aerodynamic resistance of the train, in 

some cases by almost 9%, despite the additional 

handling effort. 

The obtained results indicate that even relatively 

small reductions in aerodynamic drag may translate 

into substantial energy savings over long transport 

distances. For typical intermodal services operated 

on multi-hundred-kilometre routes, improved con-

tainer compactness may reduce traction energy de-

mand by several megawatt-hours per train move-

ment. This highlights a tangible potential for 

reducing operational costs and environmental foot-

print solely through improved loading decisions. 

However, the study also reveals important trade-

offs. Terminals prioritize reduced crane operating 

time and higher throughput, whereas railway opera-

tors aim to minimize energy consumption during 

line haul. The results suggest that neither objective 

can be optimized independently and that a balanced 

compromise is required. 

Future studies should expand the scope of the cur-

rent modelling approach. Aerodynamic phenomena 

exhibit strong non-linearities, and their accurate rep-

resentation requires validation beyond theoretical 

estimation. The most promising research direction is 

the integration of mathematical and simulation mod-

els with empirical measurements obtained either 

during actual train operations or using scaled exper-

imental facilities such as wind-tunnel testing. Such 

combined approaches would allow further improve-

ment of model fidelity and contribute to the devel-

opment of decision-support tools capable of recon-

ciling terminal-level operational efficiency with 

long-range energy performance of intermodal 

transport systems. 

The proposed approach inherits several limitations 

resulting from the underlying modelling assump-

tions. Simulation experiments did not incorporate 

stochastic terminal disturbances (equipment availa-

bility, queueing, weather-related delays), whereas 

aerodynamic modelling used a simplified scalar in-

dicator reflecting structural compactness of the con-

sist. Moreover, crane paths were assumed determin-

istic. While these assumptions do not invalidate 

comparative results, they constrain the direct extrap-

olation of absolute performance values to field oper-

ation conditions. 

Future research may extend this work in three direc-

tions: (I) refinement of aerodynamic modelling us-

ing CFD-verified penalty functions, (II) integration 

of drag estimation into the scheduling algorithm ra-

ther than post-processing optimization, and (III) in-

troduction of multi-objective optimization, where 

crane time and aerodynamic performance are jointly 

evaluated. 
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