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Abstract. The main export shipments of grain to Ukraine are carried out through commercial seaports 
of the Black Sea, while the complex and multiphase transportation process creates delays and leads to 
additional costs at the points of connection of various types of transport. The purpose of the study was 
the process of transporting grain cargo for export through commercial seaports. Ukraine is a developed 
agricultural country that produces a significant share of the world’s grain volume, most of which is 
exported. The optimisation simulation model of multimodal grain cargo transportation developed 
in the study, in contrast to the existing ones, is a multiphase process with many initial parameters, 
subsystems, and technological elements that adequately reflect all components of the technological 

Scientific Reports of the National University  
of Life and Environmental Sciences of Ukraine

Journal homepage: https://scireports.com.ua/en

Vo
l. 

20
, N

o.
 5

 
20

24

DOI: 10.31548/dopovidi/5.2024.21

Received 05.07.2024 Revised 01.10.2024 Accepted 22.10.2024

https://orcid.org/0009-0003-2386-0062
https://orcid.org/0000-0003-2355-2564
https://orcid.org/0009-0006-3532-9393
https://orcid.org/0000-0002-9868-3852
https://scireports.com.ua/en


Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2024. Vol. 20, No. 5

22 Development of a simulation model of grain delivery...

Introduction
According to official statistics, the Ukrainian 
agricultural industry, even during the period of 
large-scale military aggression by the russian 
federation and the blocking of transport corri-
dors, remains an important player in the world 
market. A particular problem is the constant 
blocking of commercial seaports and shipping 
routes in the Black Sea. According to optimistic 
data from a number of institutions (the US De-
partment of Agriculture, the Ministry of Agrar-
ian Policy and Food of Ukraine, etc.), Ukraine’s 
exports of grains, legumes, oilseeds and their 
primary processing products will reach approx-
imately 50-70 million tonnes per year in 2028-
2030 (U.S. Department of Agriculture, n.d; Minis-
try of Agrarian Policy and Food of Ukraine, 2024). 
This forecast should be highlighted not only in 
terms of increasing production volumes, but also 
increasing the carrying capacity of the national 
transport system within global supply chains. 
Therefore, the search for new methods of organ-
ising grain supplies within such global chains 
remains relevant.

The problem of cargo transportation in 
global supply chains is becoming a particularly 
relevant issue for grain-producing regions and 
countries. In their study, C. de Faria et al. (2024) 

investigate the reduction of the negative impact 
of the Brazilian transport system on the envi-
ronment. The main problem, according to re-
searchers, is the insufficiently efficient planning 
of complex, multi-element supply chains for ex-
port cargo and the low level of use of railway 
electric transport, which leads to excessive CO2 
emissions. The result of the study is the devel-
oped standard technological models for organis-
ing grain routes. However, the researchers do not 
provide forecast data on ensuring the carrying 
capacity of these shipments.

Other researchers, representatives of Cana-
da E. Sharifi et al. (2024) point to the problems of 
the supply chains of grain exports from Canada, 
which are mostly associated with severe climat-
ic conditions – long winters – which make most 
ports unable to operate fully throughout the 
year, and the significant length of railway routes, 
most of which are non-electrified, which creates 
a negative impact on the environment. The re-
searchers proposed a multi-criteria optimisation 
model based on the Torabi and Hasini fuzzy pro-
gramming method and minimax rules, aimed at 
improving the sustainability and efficiency of in-
termodal supply chains in the context of modern 
challenges to the Canadian transport system: 

process of organising transportation by road, rail, and sea, and helps to optimise these processes. 
The model consisted of several transport and technological subsystems, each of which corresponded 
to the process of grain transportation by road, rail, or water. The minimum total duration of cargo 
transportation from the place of origin to the moment of sending grain cargo for export by sea was 
chosen as the optimal criterion. To establish the minimum required number of replications and the 
minimum required model time, a series of experiments were performed, where the key and systematic 
modelling measurement parameter is the total time of grain delivery by land, from the point of origin 
to the sea trade terminal. As a result of modelling, the optimal number of rolling stock of different 
types of transport and the transportation time for each phase of the process were determined. Logistics 
operators of the agro-industrial sector can apply the model to improve grain delivery routes and 
schemes, evaluate and improve technological parameters, and minimise transportation time and costs

Keywords: agent-based simulation model; Java SE (Oracle); AnyLogic University Researcher; 
technological process; minimising delivery time; optimising business process
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the COVID-19 pandemic, increased demand for 
transportation due to the military aggression of 
the Russian Federation against Ukraine. Howev-
er, the paper does not address the issues of in-
creasing throughput in conditions of uncertainty.

V. Matsiuk  et al.  (2023) present the results 
of experiments with a developed simulation 
model of the global grain supply chain using a 
multimodal route. In addition to the standard 
optimisation criterion – average transportation 
time  – studies were conducted to assess the 
fault tolerance of transport technologies. As a 
result, the range of fluctuations in cargo flows 
is established, at which the transport system 
provides the necessary level of fault tolerance. 
However, the model is implemented only for the 
land part of the supply chain, which does not 
cover the entire transportation route.

Improving the efficiency of grain transpor-
tation is no less relevant for the countries re-
ceiving grain crops. This is especially true in 
regions that lack fresh water for agricultural 
production. A.  Adenle  et al.  (2019) determine 
the key role of transport in the rapid delivery of 
mineral fertilisers, machinery, and workers to the 
places of sowing, harvesting, etc. The problem is 
that most regions of Africa have a significant 
shortage of fresh water. Because of this, the re-
gions of agricultural production are constantly 
changing, which requires significant mobility of 
production capacities. The paper by V. Aulin  et 
al. (2024) presents mathematical models of the 
functioning of the transport system under con-
ditions of uncertainty. However, the models are 
quite abstract, which allows obtaining only an 
approximate assessment of the effectiveness of 
decision-making.

It is transportation in the global economy 
that is becoming a direct link between smart 
technologies of agricultural production, as not-
ed by O. Zagurskiy et al. (2024), thereby increas-
ing the overall economic effect by reducing the 
logistics component in the final cost of products. 
S. Garg et al. (2023) indicate that transportation 

is the production process of the processing and 
agricultural industries. Therefore, according to 
P. Yablonskyi et al. (2024), elements of precision 
farming and global positioning should also ap-
ply to transport processes, in particular, docking, 
loading, and unloading points. I.  Rogovskii  et 
al. (2024) assess the possibility of implementing 
precision farming principles in the functioning of 
transport systems. However, the study does not 
provide models for making effective decisions.

The purpose of the study was to develop 
a simulation model of the grain delivery pro-
cess in global supply chains, which, unlike the 
existing ones, would allow considering the var-
iability of technological processes and the in-
teraction of road, rail, and water transport on 
the network. To achieve this goal, the following 
tasks were completed:

1)  an optimisation mathematical (simula-
tion) model of a transport and technological 
grain delivery line has been developed with sub-
stantiation of the optimisation criterion;

2) a set of optimal parameters of the transport 
and technological grain delivery line in global sup-
ply chains has been experimentally established.

Materials and Methods
Optimisation (mathematical) model
The total time of cargo delivery was considered 
as a system indicator of the functioning of the 
transport and technological line, since it consid-
ers the presence of goods at all stages of trans-
portation – from waiting for rolling stock and 
free infrastructure, to the time of accumulation 
to the norm of mass when loading into transport 
units. Grain delivery in the most productive and 
rational way, such as multimodal – with the par-
ticipation of road, rail, and water (sea) transport, 
is considered.

Then the time of delivery of the cargo from 
the primary point of accumulation to loading into 
the sea vessel will be:

𝑡𝑡𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑.𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑 = 𝑡𝑡𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑.𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎 + 𝑡𝑡𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑.𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑 + 𝑡𝑡𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑.𝑠𝑠𝑠𝑠ℎ𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖  ,   (1)
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where 𝑡𝑡𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑.𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑𝑑𝑑    – average, standard, cargo de-
livery time, hours; 𝑡𝑡𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑.𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎   – average, standard, 
time of cargo delivery by motor vehicle, hours; 
𝑡𝑡𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑.𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑    – average, standard, time of cargo deliv-
ery by train, hours; 𝑡𝑡𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑.𝑠𝑠𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  

 

 – average, standard, 
time of cargo delivery by sea, hours.

The organisation of delivery by road was the 
delivery of grain from the primary points of ac-
cumulation and storage of grain to the elevator 
where the grain route is loaded and served by 
rail. This process was difficult from the stand-
point of the variability of road routes, since it 
has many points of departure, and, accordingly, 
many grain delivery routes. The average value of 
grain delivery time by road largely depended on 
the characteristics of the entire set of delivery 
routes in the region of attraction to the point 
of loading the grain route, the required fleet of 
vehicles and their cargo capacity, and the time 
of loading and unloading the vehicle. Then the 
average value of the duration of grain delivery 
by road can be represented in implicit terms as 
a function of the time of accumulation of cargo 
mass to the loading rate (faccum.auto.) and transpor-
tation time (ftransp.auto.):

𝑡𝑡𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑.𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎   = faccum.auto (λcargo; Nv.a. ) +

+ ftransp.auto. ({Ma.i : Ma.I }; Na ; Nv.a. ; tload.a. ; tunload.a. ), (2)

where λcargo – intensity of cargo arrival at the stor-
age point before loading into the truck, tonnes/
day; Nv.a. – average technical load rate of a truck, 
tonnes; {Ma.i : Ma.I} – a set of parameters that char-
acterise grain delivery routes by road in the re-
gion where a railway grain route is created; Na – 
required fleet of trucks, units; tload.a. – standard 
time of loading the car with grain, hours; tunload.a. – 
standard vehicle unloading time, hours.

The organisation of delivery by rail is the 
creation of grain shipping routes as those that 
can technologically provide the shortest deliv-
ery time by rail. This process was complicated by 
the specific features of railway transport regard-
ing the need for allocated capacity, the need for 
rolling stock and locomotives. The average val-
ue of grain delivery time by rail routes in most 
cases depends on the intensity of cargo receipts 
for loading wagons, the duration of technolog-
ical operations at marshalling depots, the time 
when the train is located at transit technical sta-
tions when changing locomotives, and the time 
for cargo operations at loading and unloading 
points. The average value of the duration of grain 
delivery by rail can be represented as the product 
of the functions of the time of cargo accumula-
tion to the rate of loading into the railway route 
(faccum.rail.) and the time of transportation by grain 
route (ftransp.rail.):

𝑡𝑡𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑.𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑑𝑑𝑑𝑑    = faccum.rail (λcargo.rail; Nrail.rout. ) +

+ 𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡.𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟. �
{𝑀𝑀𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟.𝑟𝑟𝑟𝑟:𝑀𝑀𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟.𝐼𝐼𝐼𝐼};𝑁𝑁𝑁𝑁𝑑𝑑𝑑𝑑.𝑐𝑐𝑐𝑐.𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟;𝑁𝑁𝑁𝑁𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡;𝑁𝑁𝑁𝑁𝑟𝑟𝑟𝑟𝑙𝑙𝑙𝑙𝑐𝑐𝑐𝑐𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙;
𝑁𝑁𝑁𝑁𝑣𝑣𝑣𝑣.𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡.; 𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑙𝑙𝑙𝑙𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡.𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟.; 𝑡𝑡𝑡𝑡𝑢𝑢𝑢𝑢𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡.𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟.; 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡.𝑡𝑡𝑡𝑡.𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟.

�  ,                                   (3)

where λcargo. rail – intensity of cargo arrival at the 
point of accumulation by road before loading 
into the railway route, tonnes/day; Nrail.rout.  – tech-
nological rate of loading of the railway route, 
tonnes; {Mrail.i : Mrail.I}  – set of parameters that 
characterise the routes of grain delivery by rail to 
the commercial seaport; where Nd.c.rail – required 
dedicated capacity for organising ring railway 
routes, pairs of trains; Ncar  – required fleet of 

freight cars-grain carriers, units; Nlocom – required 
fleet of locomotives for organising grain routes, 
units; Nv.a. – average technical loading rate of a 
grain carrier car, tonnes; tload.rail. – standard time 
for loading a railway route with grain, hours;  
tunload.rail. – standard unloading time of the railway 
route, hours; tadd.t.rail. – additional time for organis-
ing the route at the marshalling depots and des-
tination, hours.
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For the marine transport subsystem, the key 
was the process of forming the cargo mass for 
loading into the ship and the process of servic-
ing ships in commercial seaports. Therefore, the 
key time was the accumulation of cargo mass to 
the norm of loading into the bulk carrier and the 
time of servicing the ship before departure. The 
very process of following a ship to the destina-
tion port is quite linear and largely depends on 
technological aspects. So the average time of 
finding the cargo mass in a commercial seaport 
is the product of two functions – the time of ac-
cumulation of cargo to the rate of loading into a 
sea ship (faccum.sea.()) and the time of servicing the 
ship in the port when loading grain and sending 
it on a voyage (ftransp.sea.()):

𝑡𝑡𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑.𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡.   = faccum.sea.(λcargo.port.; Nship ) +

+ 𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡.𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡. �
�𝑀𝑀𝑀𝑀𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡.𝑖𝑖𝑖𝑖:𝑀𝑀𝑀𝑀𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡.𝐼𝐼𝐼𝐼�;𝑁𝑁𝑁𝑁𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡.𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡;𝑁𝑁𝑁𝑁𝑡𝑡𝑡𝑡ℎ𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡;

𝑡𝑡𝑡𝑡𝑙𝑙𝑙𝑙𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑙𝑙𝑙𝑙.𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡.; 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡.𝑡𝑡𝑡𝑡.𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡.
�  ,   (4)

where λcargo.port. – intensity of cargo arrival at the stor-
age point by rail before loading into a sea vessel, 
tonnes/day; Nship – technological rate of loading 
of a ship, tonnes; {Mport.i : Mport.I} – set of param-
eters that characterise grain delivery routes by 
rail to commercial seaports of cargo destination;  
Nsea.port required dedicated processing capacity in 
the commercial seaport for servicing ships, ves-
sels/day; tload.sea. – standard loading time of the ship 
with grain, hours; tadd.t.sea. – additional time for ser-
vicing the ship in the port, h. Total grain delivery 
time from production points to destination port:

tdel.stnd = faccum.auto.(λcargo ; Nv.a. ) + ftransp.auto. ({Ma.i : Ma.I }; Na ; Nv.a. ; tload.a. ; tunload.a. ) +

+ faccum.train.(λcargo.train.; Ntrain.route. ) +

+𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡.𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 �
{𝑀𝑀𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡.𝑡𝑡𝑡𝑡:𝑀𝑀𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡.𝐼𝐼𝐼𝐼};𝑁𝑁𝑁𝑁𝑑𝑑𝑑𝑑.𝑐𝑐𝑐𝑐.𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟;𝑁𝑁𝑁𝑁𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡;𝑁𝑁𝑁𝑁𝑟𝑟𝑟𝑟𝑙𝑙𝑙𝑙𝑐𝑐𝑐𝑐𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙;
𝑁𝑁𝑁𝑁𝑣𝑣𝑣𝑣.𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡.; 𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑙𝑙𝑙𝑙𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡.𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟.; 𝑡𝑡𝑡𝑡𝑢𝑢𝑢𝑢𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡.𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟.; 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡.𝑡𝑡𝑡𝑡.𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟.

� +   +

+ faccum.sea.(λcargo.port. ; Nship ) +

𝑓𝑓𝑓𝑓𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡.𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡. �
�𝑀𝑀𝑀𝑀𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡.𝑖𝑖𝑖𝑖:𝑀𝑀𝑀𝑀𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡.𝐼𝐼𝐼𝐼�;𝑁𝑁𝑁𝑁𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡.𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡;𝑁𝑁𝑁𝑁𝑡𝑡𝑡𝑡ℎ𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡;

𝑡𝑡𝑡𝑡𝑙𝑙𝑙𝑙𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑙𝑙𝑙𝑙.𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡.; 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡.𝑡𝑡𝑡𝑡.𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡.
�  ,                                           (5)

and the optimisation task is to minimise this time:

tdel.stnd → min,

under restrictions, in accordance with the recom-
mendations proposed by V. Matsiuk et al.  (2023) 
and M. Namazov et al. (2023):

⎩
⎪
⎨

⎪
⎧
𝑁𝑁𝑁𝑁𝑑𝑑𝑑𝑑.𝑐𝑐𝑐𝑐.𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  ≤ 𝑁𝑁𝑁𝑁𝑟𝑟𝑟𝑟𝑎𝑎𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟.𝑑𝑑𝑑𝑑.𝑐𝑐𝑐𝑐.𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ,

𝑁𝑁𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠.𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝≤𝑁𝑁𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠.𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝.𝑔𝑔𝑔𝑔𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔.
𝜉𝜉𝜉𝜉р1≤𝑝𝑝𝑝𝑝(𝑁𝑁𝑁𝑁𝑠𝑠𝑠𝑠)≤𝜉𝜉𝜉𝜉𝑏𝑏𝑏𝑏.𝑣𝑣𝑣𝑣.1, ,
𝜉𝜉𝜉𝜉р2≤𝑝𝑝𝑝𝑝(𝑁𝑁𝑁𝑁𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)≤𝜉𝜉𝜉𝜉𝑏𝑏𝑏𝑏.𝑣𝑣𝑣𝑣.2,
𝜉𝜉𝜉𝜉р3≤𝑝𝑝𝑝𝑝(𝑁𝑁𝑁𝑁𝑙𝑙𝑙𝑙𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑙𝑙𝑙𝑙)≤𝜉𝜉𝜉𝜉𝑏𝑏𝑏𝑏.𝑣𝑣𝑣𝑣.3,
𝜉𝜉𝜉𝜉р4≤𝑝𝑝𝑝𝑝(𝑁𝑁𝑁𝑁𝑠𝑠𝑠𝑠ℎ𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔)≤𝜉𝜉𝜉𝜉𝑏𝑏𝑏𝑏.𝑣𝑣𝑣𝑣.4,

�𝑁𝑁𝑁𝑁𝑠𝑠𝑠𝑠,𝑁𝑁𝑁𝑁𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑁𝑁𝑁𝑁𝑙𝑙𝑙𝑙𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑙𝑙𝑙𝑙,𝑁𝑁𝑁𝑁𝑠𝑠𝑠𝑠ℎ𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔�=𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟;

              (6)

where p(Na ), p(Nauto ), p(Ntrain ), p(Nship ) – the actual 
level of use of the fleet of vehicles, respectively, 

the fleet of motor vehicles, railway cars, ships; ξp1, 
ξp2, ξp3, ξp4 – lower limit of optimal use of the fleet 
of vehicles, respectively, the fleet of motor vehi-
cles, railway cars and locomotives, ships; ξb.v.1, ξb.v.2, 
ξb.v..3, ξb.v.4 – upper limit of optimal use of the fleet 
of vehicles, respectively, motor vehicles, railway 
cars and locomotives, ships.

All functions of the optimisation model are 
presented implicitly, which makes their practical 
implementation difficult. The most appropriate 
and convenient way to implement this model 
was computer simulation.

The model was implemented on the exam-
ple of grain production in the Poltava Oblast in 
2021 and its further transportation for export. 
The main costs of time and speed of vehicles 
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were determined following standard norms. All 
demand flows and demand service intensity 
were the simplest and therefore subject to expo-
nential distribution and Poisson distribution. An 
experiment was considered for a traffic volume 
of 883,560 tonnes per year.

Results and Discussion
Development of a simulation model
The simulation model of the grain delivery 
process in a mixed road-rail-water connection 
is a complex, multiphase process with many 
initial parameters, subsystems, and technolog-
ical elements.

Modelling of the transport and technolog-
ical line for grain delivery is the interaction of 
many transport and technological subsystems of 
road, rail, and sea transport. Each transport sub-
system includes subsystems:

  accumulation and formation of cargo 
mass required to the vehicle loading rate;

 loading and operations to prepare the ve-
hicle for the flight;

 movement of the corresponding transport 
unit to its destination or connection with another 
mode of transport.

Thus, the process of functioning of the 
transport subsystem can be represented as a 
typical algorithm (Fig.  1). Block 1 corresponds 
to the process of cargo arrival at the point of 
accumulation (temporary storage) at the point 
of origin or production of grain. Blocks 2 and 3 
simulate the cycle of checking the sufficiency of 
cargo to the norm of loading into the vehicle. 
Block 4 defines the predefined process of find-
ing a free transport unit and cargo means. This 
process can also be presented as complex, but 
standard and driven by a cycle of monitoring the 
changing situation. This block is the most impor-
tant in terms of time delays due to inconsistent 
actions regarding the receipt of cargo, prepara-
tion of vehicles for the flight, and the creation 
of a sufficient number of cargo devices. Block 5 

is also a predetermined process of moving a ve-
hicle to its destination or connecting to another 
mode of transport is predefined, since most of 
them depend only on the length of the route and 
the average (route) speed of movement.

Figure 1. Algorithm of functioning of the 
transport subsystem of grain delivery

Note: ni  – amount of cargo arriving at the point of 
cargo formation for shipment; Nfac – actual volume of 
cargo available for loading into the vehicle; Nv.veh.load. – 
technical loading standard for a vehicle
Source: compiled by the authors

The next step was to develop a simulation 
model of the grain delivery process: by road to 
railway loading stations; by rail grain routes to 
the port of destination, ship handling in the port, 
and departure. It is this part of the process that 
is more inherent in the functioning of Ukrainian 
transport in terms of ensuring sustainable grain 
exports in global supply chains. In accordance 
with the agent-based principle, the following 
agents are formed (Table 1).

Launch 

1 Receipt of a unit of cargo mass 
to the accumulation point ni

2 while 
(Nfact < Nv.veh.load.) 

3 Nfact = Nfact + ni; 

Procedure for finding and 
waiting for free transport 

vehicles and cargo capacities 
4 

Loading and flight preparation 
procedure, 
departure 

5 

Completion 
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The interaction of these agents allowed 
modelling different grain delivery scenarios, 
considering potential delays and resource opti-
misation. The model helped to analyse the effi-
ciency of each stage of transportation and iden-
tify critical points that can reduce the overall 
performance of supply chains.

Configuring the Main agent
The agent which ensures the interaction of all 
other agents with each other is the Main agent. 
This procedure is determined by the standard 
project development procedure in the Java SE de-

velopment environment (Oracle, USA). The main 
element of the Main agent is the space marking 
element – GIS map, which allows developing the 
processes of agent movement along the labels of 
existing railway, road, and sea transport maps. In 
addition, the Main agent includes all key parame-
ters of the transport and technological line in the 
form of hyperlinks of the Parameters type:

  truckNumber_Polt – accepted number of 
vehicles involved in the transportation process, 
units;

 truckCapacity – accepted technical stand-
ard for vehicle loading (cargo capacity), tonnes;

Source: compiled by the authors

Table 1. Specification of simulation model agents

Agent name Agent function

Automotive line

Modelling of the process of receipt and accumulation of cargo up to the 
normal weight of loading into a truck. 
Modelling of the process of managing an existing fleet of trucks.
Modelling of the waiting process for free cargo devices and loading points.
Modelling of truck traffic in a full cycle of cargo turnover.

Railway line

Modelling of the process of receipt and accumulation of cargo up to the 
standard weight of loading into a railway route. 
Modelling of the process of managing the existing fleet of freight cars and 
locomotives.
Modelling of the waiting process for free cargo devices and loading points.
Modelling of the movement of grain routes in the full cycle of cargo turnover.

Sea line 

Modelling of the process of receipt and accumulation of cargo up to the 
normal weight of loading into a sea vessel (bulk carrier). 
Modelling of the process of managing the existing fleet of cargo vessels.
Modelling of the process of waiting for free cargo capacities.
Modelling of the movement of sea vessels in the full cycle of cargo turnover.

Warrant Modelling of an information message about the process of cargo mass 
formation.

Truck fleet Population of agents of the “truck” type for modelling the quality of use of the 
existing fleet of road transport vehicles.

Fleet of freight cars (grain 
carriers) and locomotives  
for organising grain routes

Population of agents of the “railway route” type to model the quality of use of 
the existing fleet of railway vehicles.

Fleet of cargo vessels  
(bulk carriers) 

Population of agents of the “bulk carriers” type for modelling the quality of 
use of the existing fleet of marine vehicles.

Grain departure points Population of agents of the “point of departure” type for modelling the routes 
of departure of vehicles with grain during the initial accumulation of grain.

Railway station “Railway station” type agent for modelling the organisation of railway routes.

Seaport “Seaport” type agent for modelling the organisation of a loaded grain vessel.
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  truckSpeed  – average (route) speed of 
trucks, km/h;

 railNumber – accepted number of railway 
routes (railway cars with locomotives), units;

 railCapacity – accepted technical standard 
for loading (net tonnes) of a railway route, tonnes;

 railSpeed – route speed of railway routes, 
km/h;

  shipNumber  – accepted number of sea 
ships, units;

  shipCapacity – accepted net deadweight, 
tonnes;

 shipSpeed – average (route) speed of the 
ship, km/h.

In addition to the presentation of the model 
itself, agent Main displays diagrams of statistical 
modelling results: delivery time and the required 
capacity of grain transshipment points.

Setting up the population  
of agents “Grain departure points”
The population of “Grain departure points” 
agents is initial when modelling the grain de-
livery process and simulates the initial accumu-
lation of grain to the size of loading into the 
machine. The process itself is an ordinary dis-
crete-event process, consisting of only two el-
ements: the source requirements generator and 
the end of the sink grain receipt process (Fig. 2). 
The requirements generator produces a simpler 
(exponential) flow of requirements with a set 
(available) average intensity λgrain with the den-
sity of the probability distribution:

�𝜆𝜆𝜆𝜆𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑒𝑒𝑒𝑒
−𝜆𝜆𝜆𝜆𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑥𝑥𝑥𝑥, 𝑥𝑥𝑥𝑥 > 0,

0, 𝑥𝑥𝑥𝑥 < 0,
  ,               (7)

where λgrain – average flow rate of grain require-
ments to the point of primary accumulation be-
fore loading into cars, tonnes/year. Each require-
ment generated by the source block represents 
one ton of grain. When a requirement for the sink 
element is received, an algorithm is implement-
ed for generating an information request (Order 
population agent) for loading a batch of cargo 
ready for shipment into one truck (Fig. 3).

The algorithm shown in Figure 3 is imple-
mented with each request received using Java code:

cargoInStorage++;

if (cargoInStorage >= main.truckCapacity){

Order newOrder = new Order ( this );

send ( newOrder, main.store_Poltava );

cargoInStorage -= main.truckCapacity;

}

Each agent of the population “Grain depar-
ture points” simulates the process independently 

source sink

184

cargoValue cargoInStorage
61.311 4

Figure 2. Discrete-event process  
of agent population “Grain departure points”

Source: compiled by the authors

Figure 3. Algorithm for forming  
a population agent Order

Source: compiled by the authors

Start 

Receipt of a unit 
of cargo mass to the 
accumulation point ni

while 
(Nfact < Nv.veh.load.) 

Nfact≥Nv.veh.load.
yes 

no 

Creating an 
Order agent 

Nfact = Nfact + ni; 
Sending an 

Finish 

Order to the 

line” agent 
“Automotive 
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of the others, thus simulating the accumulation 
and formation of shipments for each of the grain 
departure points in the selected region.

Setting up agents “Automobile line”,  
“Railway line” and “Sea line”
Agents “Automobile line”, “Railway line”, and 
“Sea line”, according to their functional purpose, 
intended to simulate the turnover of the corre-
sponding vehicles when organising the transpor-
tation of a batch of goods. The process of grain 
transportation begins with the accumulation of 
grain to the required loading rate in a truck (pop-
ulation of agents “Grain departure points”). After 
receiving an information message about a suffi-
cient amount of cargo at a certain point of de-
parture, this message is transmitted to the Enter 
block of the “Automobile line” agent. Next, the in-
formation message is sent to the seize element, 
where a free resource is captured  – a vehicle 
from the Truck element. In the absence of a free 
vehicle, the requirement for grain transportation 
remains pending.

If there is a free car, the full cargo turnover is 
simulated on the route from the point of origin of 
the cargo mass to the point of transshipment to 
the railway car:

 moveTo block – simulation of empty mile-
age from the place of permanent deployment to 
the place of loading the car;

  delay block  – simulates the time spent 
loading the car;

 moveTo block – simulation of a cargo flight 
of a car to the point of reloading into a car;

 delay1 block – simulates the time spent on 
unloading the car.

After simulating unloading, the vehicle 
moves to the truck block and then presents a free 
resource for use. Thus, this approach makes it pos-
sible to simulate a full cycle of technological op-
erations related to a single cargo transportation.

At the same time, the delay1 (unloading) 
block implements an algorithm for forming the 
cargo mass for the possibility of loading into rail-
way cars (Fig. 4).

The algorithm shown in Figure  4 is imple-
mented using Java code:

“inStorage += main.truckCapacity;
if(inStorage >= main.railCapacity){
main.railLine.source.inject(1);
inStorage -= main.railCapacity;
}”

The end result of executing this code is that 
when the volume of cargo required for loading 
the sending route is accumulated, an information 
message is created in the railway line agent. The 
procedure for simulating the turnover of a rail-
way departure route and servicing a sea vessel 
(bulk carrier) in the port is essentially similar to 
the agent “Automobile line”. All technological op-
erations in these agents  – movement, loading, 
unloading, etc. – can be simulated as discrete or 
continuous values.

The presented approach simulates central-
ised management of the vehicle fleet on the car-
go delivery network. This approach is especially 
relevant for the organisation of distribution logis-
tics by road, where there are many points of ori-
gin of cargo and grain consolidation warehouses. 

Figure 4. Algorithm for forming a cargo mass 
for loading into a railway shipping route

Source: compiled by the authors

Start 

Receipt of a unit 
of cargo mass to 
the accumulation 

point ni

yes Forming an 
Nfact≥Nv.veh load Order agent 

(railway) 

no 
Sending an 
Order to the 

“Railway line” 
agent 

Finish 
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In addition, it is also advisable to apply this ap-
proach for railway transport, since there may also 
be several stations for creating grain routes that 
will act as route bases within the same transport 
and technological line. 

Even with an extended simulation of grain 
exports from Ukraine, there may be a problem in 
using several alternative sea grain terminals in 
different ports at once, which will also allow sim-
ulating an extensive network.

Ensuring the reliability of modelling results
The modelling process in the developed sim-
ulation model is stochastic and is based on the 
model runtime. For such models, the simulation 
result in most cases depends on the duration of 
the model time and the total number of replica-
tions of experiments. This method is valid only 
when the simulation result, as a random variable, 
is subject to a normal distribution (Matsiuk  et 
al., 2023; Namazov et al., 2023). 

Therefore, to establish the minimum re-
quired number of replications and the minimum 
required model time, a series of experiments was 

performed, where the key and system parameter 
of the simulation measurement is the total time 
of grain delivery on land, from the point of origin 
of cargo to the sea trade terminal. First of all, the 
sample of the general set of experimental data is 
tested for the hypothesis of approximation by a 
normal law. 

Thus, even with a model time of 3 months, 
a single replication is sufficient to provide 95% 
confidence (Table 2).

Simulation results
As a result of experiments for the volume of traf-
fic in 883,560 tonnes per year, the following re-
sults were obtained:

 optimal fleet of motor vehicles: 50 units 
with an average load of 63%;

 optimal fleet of railway routes: five units 
with an average load of 57%.

Average delivery time of a batch of goods:
 by car: 6.5 hours with a standard deviation 

of 0.323 hours (Fig. 5a);
 by rail: 82,996 hours with a standard devi-

ation of 7,057 hours (Fig. 5b).

Duration of model time 1 month 3 months 6 months 12 months 30 months

Confidence 
interval

Left limit of conf. interval 91.877 91.883 91.885 91.887 91.890

M(x) 91.891 91.891 91.891 91.891 91.891

Right limit of conf. interval 91.906 91.900 91.898 91.896 91.893

Number of 
replications

Calculated value 2.47 0.87 0.50 0.22 0.11

Limit integer value 3 1 1 1 1

Source: compiled by the authors

Figure 5. Densities of the probability distribution of the time of stay of the cargo shipment 
Note: a) in the road transport subsystem; b) in the railway transport subsystem
Source: compiled by the authors

Table 2. Results of estimating the mathematical expectation and standard deviation of samples
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Maximum cargo volume observed in the 
transit grain elevator:

 at the railway station 4000 tonnes;
 there are 52,000 tonnes in the commercial 

seaport.
The presented simulation model optimises 

the total transportation time (5), (6) in a complex 
grain supply chain on the network of cargo flow 
origination. Through the use of GIS technologies, 
an agent-based and discrete-event approach in 
one common process, delivery times in road, rail, 
and water transport and technology systems are 
optimised (Fig. 2-4).

The model is implemented as interaction at 
docking points – grain cargo terminals – of indi-
vidual technological processes of vehicle turno-
ver on the grain cargo flow service network. 

The model is developed using agent-based 
and discrete-based principles in the AnyLogic 
University Researcher simulation model devel-
opment environment. Since AnyLogic University 
Researcher does not provide standard tools for 
some processes, namely managing oncoming ve-
hicle flows, this subprocess was implemented via 
Java algorithms (Fig. 3, 4).

The simulation involves the interaction of 
ten populations of agents and individual agents 
with each other (Table 1). All agents can be divid-
ed into three parts: 

1) rolling stock parks;
2)  infrastructure facilities and communica-

tion routes;
3) informational messages about cargo ship-

ments.
This approach, in contrast to the research 

by N. Shramenko & V. Shamenko (2020) allowed 
applying a systematic approach and evaluating 
the entire transportation process at once by one 
aggregate criterion – the average cargo delivery 
time, in accordance with the objective function of 
the optimisation model (5) and its constraints (6).

The obtained average time and the density 
of its distribution by transport subsystems (Fig. 5) 
are normal, which indicates the “naturalness” 
and reliability of the technological process. In 

contrast to the studies by V. Blazek et al. (2024), 
the developed approach allowed applying mul-
ti-criteria optimisation. The main optimisation 
criterion is the average delivery time. In addition, 
the vehicle fleets themselves have optimal use. 
This approach is not often implemented, as evi-
denced by the review by T. Pereglin & R. Stank-
ovic (2023).

A significant number of specialists see the 
solution to security and efficiency issues in the 
use of modern information technologies. Thus, at 
the design stage of transport processes, N.  Shra-
menko & V. Shamenko  (2019) offer mathemati-
cal models that optimise the parameters of the 
entire supply chain based on the time criterion. 
However, the researchers do not point out the 
possibility of optimal loading of the vehicle fleet 
and do not fully use probabilistic distributions 
of the time of technological operations, such as 
loading, unloading or time in motion of the ve-
hicle. The same situation is observed in another 
study, where N. Shramenko & V. Shamenko (2020) 
offer a simulation model of the intermodal trans-
port supply chain. This study also uses only one 
criterion for finding optimal solutions.

V. Butkovsky & O. Ilina  (2023) consider the 
problems of grain storage not only during stor-
age, but also during transportation. Researchers 
limit humidity standards and optimise the vol-
ume of cargo according to the criterion of safety 
during transportation. However, the researchers 
do not focus on the specifics of delivery by dif-
ferent modes of transport, which complicates the 
decision-making process for organising specific 
transportation.

Many researchers continue to present trans-
port processes as multi-channel queuing sys-
tems, but it is computer modelling of transport 
processes and systems that is becoming increas-
ingly widespread. This technology opens up very 
great opportunities for modelling transport pro-
cesses and systems. A. Gupta et al.  (2023) prove 
the possibility of using a systematic approach, 
multi-element, multi-factorial, and multi-criteria 
in the study of transport processes, therefore, it 
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is computer modelling of multiphase and com-
plex processes that is most appropriate when 
studying the problems of the presented study. A 
similar conclusion can be drawn from the study 
by M. Ďuriška et al. (2024), which presents a mul-
ti-factor simulation model developed using the 
agent-based principle. The presented models 
have a large abstraction, which cannot provide 
the proper level of reliability and adequacy.

The proposed simulation model can use the 
average level of CO2 emissions over the entire 
complex transportation route as an optimisation 
criterion. In the study of this problem, M. Ku-
mari et al.  (2023) optimise supply chains based 
on the average CO2 emissions per unit of trans-
portation work. The researchers introduce such 
a concept as an integrated approach to supply 
chain optimisation solutions. Optimisation is 
carried out by developing mathematical mod-
els and conducting a series of experiments on 
the model sensitivity. The researchers claim sig-
nificant economic effects from minimising CO2 
emissions, but do not provide specific measures 
of cost-effectiveness. C. de Faria et al.  (2024) in 
their study cite the results of the creation of a 
national network of interval grain supply chains 
in Brazil. This situation partially coincides with 
the realities of the Ukrainian transport system, 
since road, rail, and sea transport are involved 
in the transportation of mass volumes of grain. 
The researchers cite the results of estimating 
the total CO2 emission during grain transpor-
tation and propose an approach to sustainable 
development of the national transport system, 
which provides for reducing CO2 emissions by 
66.8 thousand tonnes per year. The solution is 
based on optimising the network of grain cargo 
mass accumulation points and maximising the 
use of electric railway transport.

In addition, an important achievement 
compared to other similar studies, A. Adenle  et 
al. (2019) determine the importance of a system-
atic approach in evaluating the efficiency of any 
production. Using the example of agricultural 
business, researchers determine the key role of 

transport as a narrowing link in the supply of raw 
materials and final products. However, the paper 
does not provide specific decision-making tools.

During the entire modelling period, the max-
imum capacity of track development of railway 
stations should accommodate and organise one 
train (net weight 4,000 tonnes), the terminal ca-
pacity in a commercial seaport is 52,000 tonnes.

The model does not consider the actual de-
gree of use of port land routes and the seasonal 
unevenness of grain cargo formation. In addition, 
the model does not implement possible failures 
and stops due to possible technical malfunctions 
of vehicles and transport infrastructure. The 
further development of the presented research 
can be the creation of automated systems in the 
management of the transportation process, and 
consideration of the above.
 

Conclusions
The paper formalises the process of grain deliv-
ery in global supply chains by means of an opti-
misation mathematical model in the form of an 
objective function that formalises the average 
time of cargo delivery in a complex, multi-phase, 
intermodal grain supply chain involving: a road 
network for the supply of grain mass and its 
primary accumulation at points of connection 
with railway transport; a railway transport net-
work with the organisation of railway shipping 
routes; the maritime transport network and the 
accumulation of cargo at the grain terminal to 
the loading rate for a sea vessel. Restrictions on 
the model provide for an optimal level of vehicle 
usage. The model is presented as a multi-criteria 
optimisation mathematical model.

Since most of the optimisation model func-
tions are represented in an implicit expression, 
the model is implemented as a computer simu-
lation. The simulation model is developed using 
agent-based and discrete-event principles with 
developed additional functions (Java, Oracle) for 
managing oncoming vehicle flows. The simula-
tion model is implemented as a set of techno-
logical processes of vehicle turnover with their 
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interaction at docking points – cargo terminals. 
This principle provided a systematic approach 
in estimating the average delivery time of a unit 
of cargo mass, ensured optimal use of the fleet 
of vehicles, and assessed the actual loading of 
planned cargo flows to the transport and ware-
house infrastructure of the transport and tech-
nological line.

As a result of the implementation of the sim-
ulation model and conducting a series of exper-
iments on the example of the grain supply chain 
from the Poltava Oblast (in the amount of 883,560 
tonnes), optimal fleets of cars (load factor 63%), 
railway shipping routes (load factor 57%) were 
determined. The average time for grain delivery 
by land was 6.5 hours (by road subsystem) and 
83 hours (by rail subsystem). The density of de-
livery time distribution within each transport and 
technological line is normal, which indicates the 

naturalness and optimality of the calculated tech-
nological parameters. A separate result of exper-
iments is the determination of the actual volume 
of cargo mass simultaneously located at cargo 
terminals. This approach helped to establish the 
required capacity of grain elevators at the primary 
level of cargo mass formation (automobile – rail-
way connection points) and the second level of 
cargo mass formation (commercial seaports).

A further area of research on the presented is-
sues may be the substantiation and development 
of effective automated control systems for the 
grain transportation process in multimodal traffic.
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Анотація. Основні експортні відправлення зернових в Україні здійснюються через морські  
торговельні порти Чорного моря, при цьому складний і багатофазний процес транспортування 
створює затримки та призводить до додаткових витрат у пунктах стикування різних видів транспорту. 
Метою дослідження був процес транспортування зернових вантажів на експорт через морські 
торговельні порти. Україна є розвинутою аграрною країною, що забезпечує виробництво значної 
частки світового обсягу зернових, більша частина яких спрямовується на експорт. Розроблена в 
роботі оптимізаційна імітаційна модель мультимодального перевезення зернових вантажів, 
на відміну від існуючих, являє собою багатофазний процес із множиною вихідних параметрів, 
підсистем та технологічних елементів, що адекватно відображають всі складові технологічного 
процесу організації перевезення автомобільним, залізничним та морським транспортом, та дає 
можливість оптимізувати ці процеси. Модель складалася з декількох транспортно-технологічних 
підсистем, кожна з яких відповідала процесу транспортування зернових автомобільним, 
залізничним або водним транспортом. В якості критерію оптимальності обрано мінімум загальної 
тривалості перевезення вантажу від місця зародження до моменту відправки зернового вантажу 
на експорт морським транспортом. Для встановлення мінімально-необхідної кількості реплікацій 
та мінімально-необхідного модельного часу, виконана серія експериментів, де ключовим та 
системним параметром заміру моделювання виступає загальний час доставки зерна по суходолу, 
від пункту зародження вантажу до морського торговельного терміналу. В результаті моделювання 
встановлено оптимальну кількість рухомого складу різних видів транспорту та час перевезення по 
кожній фазі процесу. Логістичні оператори агропромислового сектору можуть застосувати модель 
для вдосконалення маршрутів і схем доставки зернових, оцінки та вдосконалення технологічних 
параметрів, мінімізації часу та витрат на транспортування

Ключові слова: агентна імітаційна модель; Java SE (Oracle); AnyLogic University Researcher; 
технологічний процес; мінімізація часу доставки; оптимізація бізнес процесу
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