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Abstract. The majority of strategic development projects of transport infra-

structure require significant investments and intended for long terms of imple-

mentation. In this respect, the efficiency of transport systems, as a rule, depends 

on a large number of factors, many of which are prone to random changes. 

Consequently, planning and optimizing the elements of transport systems at the 

project development stage is an important and often very difficult task. In some 

cases for the effective solution of this problem, taking into account the specifics 

of all technological processes can be successfully used simulation modeling 

methods. Paper deals with the practical problems, which have arisen during im-

plementation of the project of a justification of the optimum plan for moderni-

zation of infrastructure of the Ro-Ro terminal of port Emden, are considered. 

The ways of resolving these problems using the methods of simulation model-

ing specified.  

Keywords: maritime transportation, multimodal logistics, simulation modeling, 

optimization of transport infrastructure, Ro-Ro terminal. 

1 Introduction 

The efficiency of modern logistics hubs largely depends on the coherence and coordi-

nation of a large number of processes running in parallel, as well as the management 

of available resources. Characteristics of cargo flow, specifics of navigation, weather 

conditions, specifics of operation of associated modes of transport and a number of 

other factors have a significant impact on the performance indicators of port termi-

nals. Herewith, the tasks of organizing the work of terminals are often complicated 

because the intensity and structure of cargo flows in the future may be subject to sig-

nificant variations. A number of scientific works are devoted to research in this field. 

The paper [1] discusses the way logistics service providers use the terminals in 

their supply chains. It addresses how the development of seaport and inland terminals 

affects supply chains by increasingly confronting market players with operational 

considerations such as imposing berthing windows, dwell time charges, truck slots, all 
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this to increase throughput, optimize terminal capacity and make the best use of avail-

able land. The article [2] examines port and container terminal characteristics such as 

location, physical infrastructure and service, and assesses how they affect perfor-

mance. 

Influence of a choice of structure of park of the equipment and management of its 

updating on indicators of efficiency of functioning of the sea terminal has been stud-

ied in work [3-8]. In work [3] a simulation model for search and solution of the prob-

lem of optimal fleet structure of sea port equipment has been introduced. In work [4] 

estimations of fluctuations of operational indexes and stability of economic indexes of 

equipment working under unstable load have been received. Assuming that the flow 

of incoming cargoes described by a complex Poisson zero-drift model, a system of 

integral differential equations with corresponding boundary conditions was derived 

and studied in order to find the limit of joint distribution of the number of docked 

vessels and the number of cargoes in the warehouse. In work [5, 6] estimates of varia-

tions of operational parameters and stability of economic indicators of equipment 

working under conditions of unstable load obtained. In works [7, 8] questions of de-

velopment of terms of major repair and replacement of the seaport equipment with 

account of deterioration are studied.  

Modern sea terminals are, as a rule, the centers of conjugation of several modes of 

transport: sea, railway and automobile. Therefore, the organization of interaction be-

tween different modes of transport is of great importance in terms of performance 

indicators of the terminal. There are a number of works devoted to studying these 

issues [9–11]. 

Improving the efficiency of transport systems requires the introduction of new 

technologies and the use of advanced planning methods. At present, integrated elec-

tronic information tools are being actively developed and used to improve the effi-

ciency of transport systems through better coordination of cargo transportation and 

optimization of the use of valuable resources. 

 While creating decision support systems aimed at substantiating the choice of the 

integrated transport infrastructure development strategy, project planning and man-

agement of the design, creation and use of specific software are of high significance. 

There is a number of works aimed at developing and improving project management 

methods. In the article [12] the method of selection of effective criteria for investment 

projects evaluation is offered, based on the analysis of methods of portfolio invest-

ment formation on the basis of combined methods of DEMATEL and ANP modeling. 

In work [13] the complex basis of the analysis of the project success as a new 

knowledge-based approach to project management is presented. In [14] the conceptu-

al model of the system "project map - criteria - constraints" developed, which can 

serve as a universal basis for the formalization of decision-making processes on the 

choice of the project, taking into account possible modules of project characteristics. 

Despite the significant development of classical mathematical methods of opera-

tions research, the range of practical problems, they can be effectively applied, quite 

limited. Therefore, in many cases, in the study of complex transport systems is the 

most appropriate application of simulation methods. In work [15] developed a deci-

sion support system based on simulation modeling to optimize shipyard operations by 



 

taking into account all cargo flows through the shipyard in order to improve the effi-

ciency of container terminal operations. To optimize the system of perishable cargo 

delivery through the port of Odessa, a discrete event simulation model was imple-

mented in [16]. In [17], a simulation modeling method was used to analyze bulk cargo 

unloading, as well as the transportation, storage and offloading of materials at 

RUSAL's alumina refinery Auguinish alumina. Another simulation model was im-

plemented in [18] in order to replicate the work performed in the intermodal container 

terminal, as well as to calculate the total time of transportation and to identify bottle-

necks. There are a number of other publications in which the simulation approach has 

been successfully applied to study complex systems, including those related to 

transport and logistics. And despite the large number of publications, as well as the 

ever-growing interest in this area, a number of practically important issues still remain 

under-researched. 

2 Statement of the problem for the Emden’s port Ro-Ro 

terminal modernization 

As part of the business project study, our team investigated the performance of the 

Emden Ro-Ro port terminal with various options for its upgrading under various traf-

fic flow scenarios. Located in the depths of the River Ems, this terminal is a major 

Ro-Ro cargo hub with a daily carrying capacity of over 5,000 export and import vehi-

cles. In assessing the performance of the terminal, it was necessary to consider and 

integrate the schedule of shipping lines, the nature of cargo flows, the characteristics 

of the terminal and the prevailing natural conditions of river navigation. 

Due to the daily high tide, the movement of deep-drafted vessels along the Ems 

River is limited for a significant part of the day. In order to reach the berths of the 

port, vessels have to be at a certain point in time, maintain a certain speed limit and 

eventually meet with tugboats for mooring. 

The movement of vessels from the anchorage point to the berths of the terminal 

takes on average about 3.5 hours. The depth of the river fairway varies from 14.23 m 

to 10.5 m. The amplitude of water level changes due to tidal movement exceeds 6 m. 

Vessels unable to pass through the estuary before low tide have to wait at the roads or 

at the pier in order to reach the next tide. This has a significant impact on the terminal 

operations and makes it difficult to predict the KPI values of the terminal in the event 

of increased intensity or irregularity of cargo movements as well as increased draft 

from inbound vessels. 

Taking into account possible changes in cargo structure and vessel traffic, it was 

necessary to consider several options for modernization of the terminal infrastructure. 

In our approach, we assessed the performance of the terminal and the stability of each 

of the modernization options, taking into account all possible changes. 



 

   

Fig. 1. Emden Ro-Ro terminal before and after the planned construction of an additional deep-

water berth [19]. 

The construction of an additional deep-water jetty (Figure 1), various dredging op-

tions, increased stevedoring intensity and variety of combinations of these measures 

were considered as a possible option for the upgrade of the terminal.  

3 Development of a simulation model of terminal 

operations 

Since classical analytical methods of queue theory and optimal control methods do 

not allow investigating the problem in full, modeling methods were used. The discrete 

event simulation model developed implemented as a separate application software 

with a graphical interface, data input, verification and output functions, as well as 

three-dimensional animation. Animation with the execution of a simulation model of 

the Ro-Ro terminal in the Emden port while working in 3D presentation mode is 

available at [20]. 

Immediately after start-up, the program reads the input parameters of the model 

from the corresponding structured file. This file contains all information about termi-

nal modernization parameters, cargo flow change scenarios, vessel call schedules, 

number and capacity of tugboats, operation of stevedoring personnel, general simula-

tion model parameters, etc. One single input data file corresponds to a specific scenar-

io variant of the terminal modernization and cargo flow development. Such file con-

tains more than 500 model parameters.  

Given the large number of input parameters, to prevent possible errors in data in-

put, the program checks and thoroughly analyzes the input data for integrity, correct-

ness and consistency before starting the simulation. If inaccurate or inconsistent in-

formation found in the input data file, the program helps to correct it. 

The proposed simulation model can work both in single-pass mode with 3D-

animation [20] and in high-speed multi-pass mode without visualization. When work-

ing in 3D presentation mode, the model displays real-time animation of processes 

taking place in the terminal. 

Fig. 2 shows the working windows of the simulation model, working in a single 

mode, with a 3D presentation that displays one of the options for modification of the 

terminal. In the upper part of the model window there is a dynamic water level graph. 

Right below the water level chart there is a dynamic chart, where you can see the 



 

commencement and the completion of each stevedoring shift taking into account 

weekends and holidays. It is also possible to monitor how the terminal redistributes 

stevedoring gangs between berths during operation, while at the same time observing 

the intensity of loading and unloading operations at each berth of the terminal. Cylin-

drical columns of blue and red above the berths in the 3D presentation window show 

the status of the loading/unloading process. Indicators depicted above the buoys along 

the fairway show the change in the current water level in different parts of the vessel's 

route. Simulation of the water level in the river at each point of time was performed 

with an error of ± 0.01 m. 

 

Fig. 2. Simulation model window during the run in the 3D presentation mode. 

Creating a simulation model, the algorithms that simulate the work of the traffic con-

trol services of the terminal were implemented. The developed algorithms made it 

possible to regulate movement of vessels along the Ems river most effectively taking 

into account changes in the water level in each section of the fairway, as well as con-

trol the operation of the tugboat fleet. 

Much attention was paid to reproduce the schedules of vessel calls with high accu-

racy – technical characteristics of the ships, loading and unloading rates as well as 

seasonal changes in cargo traffic and possible effects of random factors were taken 

into account. 

The model allows to display the movement of vessels operating on linear services 

whose voyages executed in accordance with a fixed schedule on certain destinations 

as well as the movement of tramp vessels with a random appearance. 

 There is also a prioritization mechanism used for different groups of vessels and 

different destinations, priorities can be set for selected shipping services or berths, and 

the rules of rotation have been taken into account. 

Along with the design of business logic, the development of algorithms and visual-

ization tools, the most important aspect of creating this simulation model was the 



 

choice of the structure of input data and the organization of data input and output. On 

one hand, the chosen structure of the input data allowed to reproduce the specified 

schedules of vessel calls quite accurately so that it was possible to check the adequacy 

of the model on the actual data of previous years, and also it was possible to investi-

gate the operation of the terminal in the short-term prospects. On the other hand, the 

proposed structure of the input data made it possible to effectively specify scenarios 

of cargo traffic that are likely in the distant future and for which there are no exact 

schedules of vessels, but only a specification of trends. 

Much attention was paid to measures that contribute to maintaining the integrity 

and correctness of the input data. For this, firstly, various visual tools, comments and 

contextual prompts that appear while editing the input data file were used to help 

make data entry more convenient and more intuitive. Secondly, a two-level verifica-

tion of the input information was implemented. The first level of verification was 

implemented at the stage of editing the input data file. At this level, most typos and 

apparent inconsistencies are detected and corrected. The second level of input data 

verification is carried out by the simulation model right before the start of the model 

run. At the second level, a series of more complex checks and test calculations are 

carried out, aimed at detecting non-surface logical inconsistencies and contradictions. 

After completion of the run, the model generates output file containing both the 

general statistical indicators of the terminal’s operation for a given period of time as 

well as detailed protocol with a record of all events that occurred at the terminal dur-

ing the run of the model. Analyzing this file, one can, firstly, check the adequacy of 

the work of all elements of the model, and secondly, track the occurrence of crisis 

phenomena and observe the appearance of queues and analyze the circumstances that 

caused them. It also allows to evaluate how quickly the system is able to overcome 

crisis situations and the lack of resources at the same time. 

Random number generators can be configured in the model so that all the process-

es occurring on the terminal are reproduced in the same way from start to finish. This 

allows you to see how well the system is able to cope with the same crisis conditions 

in various terminal upgrade options. Additionally, random number generators can be 

configured so that each launch creates a unique sequence of random events. This 

mode is useful when studying the stability of the terminal performance. 

The most important information about the performance and stability of the terminal 

operations can be obtained by analyzing a series of runs of the simulation model un-

der various options for its modernization. The simulation model algorithms are opti-

mized in the way so that it takes less than one second to run a single scenario within 

one year of model time. This makes possible to carry out numerous series of tests and 

crate on their basis the set of statistical conclusions or use various numerical algo-

rithms to find the optimal parameters for the modernization of the concerned terminal. 

Upon completion, the model saves all the resulting data of a series of runs to a respec-

tive output file. 



 

4 Simulation Results and Discussion 

On the basis of the analysis of statistical data obtained as a result of numerous repeat-

ed runs of the simulation model, it is possible to estimate the average value of key 

performance indicators in various situations, in the future - resistance to possible fluc-

tuations in freight flows and random deviations in the traffic schedule, thus, the defi-

ciencies of the considered transport system were identified. A number of estimates 

have been obtained for different freight flow scenarios and various options for mod-

ernization of the terminal, such as average ship's downtime on the raid, values of 

berth employment ratios, etc. Distribution density functions for the values of key 

performance indicators and confidence intervals for their assets have been defined. 

A series of voyages were conducted in order to assess how well the various options 

for the development of the terminal will function in conditions of increasing cargo 

flow. The results of the turnovers were used to build appropriate charts of the values 

of the key performance indicators. The diagram on the Fig. 3 shows the berthing time 

for only four alternative options for upgrading the terminal infrastructure with a grad-

ual increase in traffic.  

 

Fig. 3. Changes in the average value of vessels berthing time for the three options of the termi-

nal development according to changes of cargo traffic intensity. 

Each of the points depicted in this figure shows the average vessels berthing time for 

one run of the simulation model, which corresponds to one year of operation of the 

terminal. Each box shows the values between the upper and lower quartiles of the 

sample of mean values of the average vessels berthing time obtained at a given cargo 

flow intensity for a given terminal development option. Fluctuations of values within 

the box are due to random events and inconsistencies in the working time of steve-

dores, the schedules of the ships as well as tides etc. The curves on Fig. 3 reflect 



 

changes in the average values of vessels berthing time for all runs, depending on the 

intensity of cargo throughput. 

Note: Fig. 3 should be taken only as a schematic indication that presents imple-

mented methodology in this research project. Due to commercial secrecy, publication 

of actual trade data and detailed simulation conclusions is not possible. Therefore, the 

data shown in Fig. 3, were intentionally modified. The figure also illustrates the over-

all trend of changing the mean and the level of stability for the quality of service of 

the ships identified in the study.  

It can be seen from the Fig. 3 that at a low intensity of cargo traffic (from 2.7 to 3.5 

million vehicles per year), there is a slight gradual increase in the average vessel 

berthing time. At the same time, all four curves of the mean values are almost paral-

lel, and the degree of variation of the average vessels berthing time is rather small and 

almost the same for all four variants of terminal modernization. But with a significant 

increase in cargo traffic intensity (more than 3.7 million vehicles per year or more), 

there is a significant nonlinear increase in both the average value and the degree of 

scatter in the first and second variants of terminal upgrades. At the same time, with 

the third and fourth variants of the terminal development, both the mean values and 

the range of values are increasing at a much slower rate. 

5 Conclusions 

The main purpose of this research project was to justify the strategic plans of the fu-

ture terminal development. However, it would be impossible to find firm solution 

without in-depth analysis of the specifics of operational processes at their lower man-

agerial level. Development and implementation of control algorithms of processes 

occurring at the operational level caused the main difficulties in creating this simula-

tion model. Thus, among such algorithms were the operational control of the vessels 

movement at the mouth of the Ems river that takes account of the dynamics of the 

sweep of the tides, algorithms for the operational distribution of the tugboat fleet and 

stevedoring brigades etc. 

When modeling transport systems, the adequacy of the elements such as traffic 

schedules of vehicles, accurate description of all technological operations associated 

with service and cargo handling as well as taking into account the possible effects of 

random factors are of great importance. However, no less important, and in some 

cases a much more complex aspect, is the simulation of the work of traffic control 

services. The traffic control service is engaged in the optimization of the vehicle 

movement, coordination of various processes going in parallel, as well as the opera-

tional redistribution of available resources. Modern traffic control services are quite 

complex man-machine systems. The performance and stability of most transport sys-

tems significantly depends on the performance of these services. Therefore, modeling 

the work of traffic control services is an important and, as a rule, the most time-

consuming part of creating simulation models. 

Use of simulation models allow to obtain accurate estimations of the key perfor-

mance indicators and evaluate sustainability of complex transport systems, which in 



 

turn allow to justify necessity of additional equipment or resources, to obtain esti-

mates of the system throughput, to justify the tariffs, as well as to simulate the devel-

opment of possible crisis situations and explore a number other issues. Despite the 

complexity of the simulation models design, difficulties in collecting and analyzing 

input and output data, the practicability of using such an approach in many cases is 

due to its high efficiency and accuracy. 
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