
©  2025  Broyaka et al.
9

OPEN ACCESS  

Adapting Ukrainian grain supply chains to the Russia-Ukraine war

RESEARCH ARTICLE

Antonina Broyakaai, Allen Featherstoneb, Yinglun Zhangc, Jude Kastensd and Hande K. McGintye

aExtension Assistant Professor, Department of Agricultural Economics, Kansas State University,  
331F Waters Hall, Manhattan, KS 66506, USA

bProfessor, Department of Agricultural Economics, Kansas State University, 342 Waters Hall, Manhattan,  
KS 66506, USA

cPhD student, eAssistant Professor, Department of Commuter Science, Kansas State University,  
2184 Engineering Hall, 1701D Platt Street, Manhattan, KS 66506, USA

dResearch Associate Professor, University of Kansas, Kansas Applied Remote Sensing, 123 Takeru Higuchi Hall, 
West Campus, Lawrence, KS 66045, USA

Abstract

The Russian invasion of Ukraine increased a threat to food security in countries that are not self-sufficient 
in grain production and largely dependent on Ukrainian grain imports. The level of grain production, the 
stable and efficient functioning of the grain market, and the interrupted supply chain are priority levers 
that determine the severity of this problem. This paper explores the impacts of the war on grain production 
and exports in Ukraine, in particular corn and wheat as major staples. The damage done to agricultural 
and transportation infrastructure, accompanied by interrupted export logistics, brings new challenges for 
participants in the grain supply chain in Ukraine. On a daily basis, they must adjust to the new landscape 
and market conditions that have caused changes in crop production within the country and grain exports 
geography. Redirecting export routes requires rapid decision-making to identify optimal ways to increase 
the efficiency of the grain industry. The application of the Knowledge Graph is a solution that helps lay out 
the optimal path from loading point (e.g., elevators) to destination point (e.g., port) bypassing damaged or 
dangerous areas and entering hubs for completing or disassembling grain trains to minimize risks, time and 
logistics costs.
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1. Introduction

Ukraine’s agricultural sector plays an important role both in the domestic economy as well as world food 
markets. The agricultural sector contributes on average 10% of Ukraine’s GDP. Before Russia’s invasion of 
Ukraine, agricultural exports accounted for 41% of budget revenue from overall exports. This increased to 
53% in 2022 and 61% in 2023 due to a significant reduction in the contribution of other sectors to the national 
economy. Over 20% was the export of grains and legumes (State Statistics Service of Ukraine, 2024b).

In the pre-war period, Ukraine supplied almost 400 million people per year around the globe through 
exported agricultural products (Bioko and Bioko, 2022). During the last decade, Ukraine was an important 
producer and exporter of grain, oilseeds and by-products. Despite the war, Ukraine provided 42% of the 
world’s sunflower oil exports. Ukraine ranked fourth in corn exports and fifth in barley exports with a 15% 
and 8% share on international markets, respectively. Ukraine provided over 8% of world wheat exports and 
ranked sixth internationally (USDA, 2024). Due to significant agricultural production and export capacity, 
Ukraine is recognized as a guarantor of global food security.

Russian military action has limited Ukrainian agriculture through war-related damages and losses to the 
agricultural sector of over $80 billion (Neyter et al., 2024). Occupation of Ukrainian sovereign territories (as 
of March 2024), was approximately 20% or 6.9 million hectares of arable land (Nikoliuk et al., 2023). The 
war has damaged production facilities and infrastructure, destroyed farmland, and diverted logistics, resulting 
in reduced agricultural production and interruptions in domestic distribution and exports, all exacerbating 
food security for the Ukrainian population and import-dependent countries.

The aim of the paper is to analyze changes taking place in Ukrainian grain production and trade, as well as 
the challenges in grain logistics that arose due to the war and impede sufficient and uninterrupted supplies 
of Ukrainian grain to domestic and foreign markets, and to propose an automated method for determining 
the optimal grain delivery route considering existing roads, railway stations, elevators, grain volumes, 
loading/unloading points, destination and other parameters. Given Ukraine’s critical role in ensuring global 
food security, we investigated strategies to optimize the transportation of Ukrainian grain to support food 
supplies worldwide. This research presents a potential solution leveraging a systematic, standardized, 
machine-operable, and computation-ready dataset. By integrating several datasets using Knowledge Graphs 
in combination with optimization algorithms, a framework capable of employing heuristics to address 
challenges during conflict and adapting to rapidly evolving conditions was developed.

2. Methodology

Analysis of production areas, logistics within the country, and storage availability is needed to optimize 
grain movement within Ukraine. Production data on an oblast level were obtained from the State Statistics 
Service of Ukraine and Ministry of Agrarian Policy and Food of Ukraine (2024). Geospatial storage locations 
and capacity of elevators were obtained from sources in Ukraine (editor note, we cannot disclose the source 
due to the ongoing conflict). Geospatial locations of roads and railways were also obtained from sources in 
Ukraine (editor note, we cannot disclose the source due to the ongoing conflict).

A solution that can optimize the timing and cost of grain transportation is a sustainable path-finding application 
that uses the KNowledge Acquisition and Representation Methodology (KNARM) to generate Knowledge 
Graphs and the modified A* Algorithm to utilize heuristics in path finding (Ju et al., 2020; Zhang et al., 
2023). The objective of our application is to identify alternative routes for grain transportation through 
hazardous and adversarial environments dynamically and on demand. Typically, grain is transported via a 
convoy of trucks or train, which allows us to model the routes as a series of discrete locations, such as train 
stations or villages. Additionally, the grain is stored in various grain elevators and collected by the convoy 
along the way, adding further stops. These locations can be modeled as nodes in a graph, with edges between 
nodes representing distances. Supporting data were processed using Python for cleaning, restructuring, and 
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reformatting. Due to the sensitive nature of the data, all processing steps were performed using input files 
from domain experts.

The KNARM followed several structured steps to ensure knowledge acquisition and modeling for grain 
transportation in Ukraine. Initially, sub-language analysis was conducted to identify key information units 
and their interrelations within existing knowledge. This involved analyzing documents and reports to detect 
recurring patterns and concepts, with verification and refinement facilitated through consultations with 
domain experts. To complement this, a semi-formal, unstructured interview was held with a domain expert 
to capture tacit knowledge and firsthand experience. Open-ended questions were used to explore expectations 
for the application and to gather real-world scenarios and challenges related to grain transportation. Given 
the sensitivity of the data, no recordings or transcriptions were made. The process incorporated sub-language 
recycling, where existing standards and ontologies were leveraged to enhance knowledge representation. 
Relevant resources were sourced from the Semantic Web and repositories such as KnowWhereGraph 
(Janowicz et al., 2022), which provided valuable geospatial data including location names, coordinates, 
distances, classifications, and relationships.

Next, metadata creation and knowledge modeling were undertaken using formal logic, specifically Description 
Logic. This involved defining key elements such as classes, properties, individuals, axioms, rules, and 
constraints to encapsulate the essential aspects of grain transportation in Ukraine. Throughout the process, 
structured interviews and knowledge acquisition validation were conducted with domain and GIS experts 
to ensure the accuracy, consistency, and completeness of the approach. Due to the nature of the data, no 
database was created during this research. However, the conceptual knowledge model was transformed into 
an OWL (Web Ontology Language) representation using Protégé (Musen and the Protégé Team, 2015), a 
widely used tool for ontology development. The conversion process structured the ontology with classes, 
properties, individuals, axioms, rules, and constraints. A modular approach was employed, organizing the 
ontology by geographic regions, with a location ontology serving as a core module to define fundamental 
location-related concepts and relationships.

Ontology validation was performed through multiple methods, including logical reasoning, competency 
questions, scenario testing, peer reviews, and feedback sessions. The ontology underwent iterative refinement 
based on validation results, ensuring robustness and accuracy in representing knowledge for grain transportation 
in Ukraine.

The A* algorithm is a widely used path-finding algorithm that can find the optimal path between two locations 
in a graph, where each node has a cost associated with it. The algorithm works by maintaining an open set of 
candidate nodes, which are nodes that have not been explored yet, and a closed set of visited nodes, which 
are nodes that have been explored. The algorithm starts with the source node in the open set, and at each 
step, it selects the node with the lowest cost from the open set, moves it to the closed set, and expands its 
neighbors. The algorithm terminates when either the destination node is moved to the closed set, or when 
the open set becomes empty. If the destination node is found, then the optimal path can be traced back by 
following the parent pointers of each node. We used Python as implementation language (Zhang, 2023).

3. Background

3.1 The impact of the Russian war on grain production in Ukraine

Ukraine has long been known for its favorable landscape and climatic conditions for cultivating grain 
crops, including around a third of the world’s most fertile black soil (European Parliamentary Research 
Service, 2024). Therefore, one of the priority directions for the successful development of agriculture after 
the withdrawal from the Soviet Union was the formation of a highly efficient, competitive grain production 
sub-complex (Decree of the President of Ukraine, 2000; Kobuta, 2012; Program “Grain of Ukraine”, 1998, 
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2001, 2004, 2007). During the last several decades Ukraine maintained a significant level of grain production 
in volumes sufficient to meet domestic needs and build a strong export capacity. Ukraine ranks third by the 
arable fraction of land area, coming in at 56.8% in 2021 (World Bank Group, 2021), with 56.0% of its sown 
area devoted to grain crops and 31.1% to oilseed crops (State Statistics Service of Ukraine, 2022).

Prior to the outbreak of the war in 2022, despite the Russian occupation of the Donbas region and the 
annexation of Crimea in 2014, which led to an immediate loss of 1.4 million hectares of grain crops, Ukraine 
was increasing grain production due to better crop management resulting in higher yields. The 2021 grain 
harvest in Ukraine reached a record amount of 86 million tonnes, including 32.2 million tonnes of wheat 
and 42.1 million tonnes of corn. In addition, Ukraine harvested a record 22.9 million tonnes of oil seeds. 
In 2021, acreage under grain and leguminous crops in Ukraine was 15.9 million hectares with 9 million 
hectares under oil crops. In 2021, Ukraine planted 7.6 million hectares of winter cereal crops and 1.4 million 
hectares of winter oilseed crops for the 2022 harvest (State Statistics Service of Ukraine, 2023a,b).

As a result of territorial loss, annual crop acreage in Ukraine declined by more than 30% (Nikoliuk et al., 
2023). In 2022, acreage under grain crops decreased by 3.8 million hectares due to the Russian occupation 
and active hostilities on farm fields. Average yields decreased by 0.81 tonnes per hectare of harvested area 
as a result of lower fertilizer application and seed quality, along with non-compliance with the vegetation 
calendar and agricultural technologies due to a shortage of agricultural machinery, fuel, and agricultural 
labor along with other negative factors. In 2022, total grain and legume production were 32 million tonnes 
below the prewar level of 2021 and 26 million tonnes below the prewar trendline projection (Figure 1).

Crop production improved in 2023 due to favorable weather conditions that allowed farmers to obtain 
higher yields per hectare for all crops despite the obstacles, so that even with further reduction of fertilizer 
application rates (NASA Harvest, 2023a; USDA FAS, 2023; Welsh et al., 2023) and a decrease of sown 
areas by another 1.2 million hectares, farmers harvested 5.9 million tonnes more grain than in 2022 (State 
Statistics Service of Ukraine, 2024a). The average productivity of grain and legumes in 2023 was 5.5 metric 
tonnes per hectare, compared to 4.6 in 2022 and 5.4 in 2021 (State Statistics Service of Ukraine, 2024a).
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Figure 1. Grain and legumes production dynamics in Ukraine 1990–2024. Source: Created by the authors 
based on data from the State Statistics Service of Ukraine and Ministry of Agrarian Policy and Food of Ukraine.
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Although Ukraine liberated some territories, not all unoccupied arable land was immediately suitable for 
agricultural production. Demining and remediation of soil is a complicated, expensive and time-consuming 
process. By October 2023, certified mine action operators in Ukraine had surveyed more than 225 000 hectares 
of agricultural land, identified in the Action Plan for Demining Agricultural Land as potentially contaminated 
with explosive objects, and had returned 170 000 hectares to economic use (Welsh at al., 2023). In 2024, 
Ukrainian farmers were able to plant 11.1 million hectares of grain crops, 0.3 million hectares more than 
in 2023. However, as of November 29, 2024, after harvesting 98% of the planted area, the average yields 
due to a lack of rainfall in addition to other factors were 4.97 tonnes per hectare, resulting in reduced total 
grain production compared to 2023 (Ministry of Agrarian Policy and Food of Ukraine, 2024b). The rapid 
changes in landscape and conditions suggests that being able to access and process metadata and data in 
computer-operable format about the different conditions surrounding grain production, transportation, and 
other aspects of decision-making related to farming is essential, not only for Ukraine, but also for all cases 
of unexpected events as well as events that may need disaster-relief response.

The major grain crops for Ukraine are wheat and corn. During the period from 2000 to 2021 Ukraine showed 
significant improvement in their production — wheat crops increased from 5.2 to 7.1 million hectares, while 
wheat harvest tripled from 10.2 to 32.2 million tonnes; corn area increased from 1.3 to 5.5 million hectares 
with more than a 10-fold increase in production from 3.8 to 42.1 million tonnes (Plant Growing in Ukraine, 
2023). With average domestic consumption of wheat around 8 million tonnes and 6 million of corn, Ukraine 
was able to create substantial export supplies.

The largest wheat crops, mainly winter wheat, were grown heavily in the southeastern areas of Ukraine, 
which are currently either occupied or under/after active military actions or close to the frontline. During 
the first two years of the war, wheat area in Ukraine decreased from 7.09 in 2021 to 4.66 million hectares 
in 2023. In 2023, despite the lower rate of fertilizer application (State Statistics Service of Ukraine, 2024c), 
Ukraine had a historical record average yield of 4.64 tonnes per hectare due to favorable weather conditions 
(USDA FAS, 2023) that allowed growers to harvest 0.9 million tonnes of wheat more than in 2022. Lower 
production in 2022 compare to 2021 occurred almost in all regions of Ukraine, especially in the south and 
southeast (Figure 2). In 2024, wheat yields were lower than in the previous year, but were significantly higher 
than in 2022 (4.53 vs. 3.93 tonnes per hectare) and very close to 2021 (4.53 t/ha) (State Statistics Service 
of Ukraine, 2022, 2023a,b, 2024a). In 2021, the Kharkiv oblast was the leader producing over 2.8 million 
tonnes of wheat, followed by Zaporizhzhia (2.7 MT), Odesa (2.6 MT), Dnipropetrovsk (2.5 MT), Kherson 
(2.1 MT), and Mykolaiv (2.0 MT). Wartime production in these oblasts is much lower due to occupation and 
current or past active military hostilities. If we sum up the southeastern wheat belt of Ukraine, its production 
in 2021 was 17.4 million tonnes, but only 7.9 in 2024. Ukraine lost almost 10 million tonnes of production 
potential, which is partially now used by Russia. According to the NASA Harvest satellite analysis, Russia 
harvested at least 4.1 to 4.4 million tonnes of wheat from occupied Ukrainian territories in 2023 (NASA 
Harvest, 2023b). Although regions of Ukraine that are located closer to the western borders are trying to 
increase wheat production, it is difficult for those regions to compensate lost potential unless they double their 
yields. The Odessa oblast has become the leader in wheat production. From the point of view of logistics, this 
is one of the most convenient regions for growing agricultural crops due to its proximity to Black Sea ports.

Corn represents the largest production among other crops in Ukraine. However, a reduction in corn acreage 
has been observed in most regions of Ukraine since the beginning of the war. In 2021, Ukraine had almost 
5.5 million hectares of corn, while in 2024 planted area was only 4.05 million hectares. Besides loss of the 
territory, another reason for this reduction is high financial losses from corn production. Prior to the war, the 
average profitability of corn production in Ukraine was approximately 67 USD/ton, while in 2022 farmers 
had losses of 18 USD/ton and 24 USD/ton in 2023 (Ministry of Agrarian Policy and Food of Ukraine, 2024c). 
Many Ukrainian farmers were unable to harvest corn on time in 2022 and 2023 due to shortages of equipment, 
fuel, electricity, labor, and money, and were forced to wait until the spring to finish harvesting with some 
farmers unable to finish harvest. During the subsequent seasons some farmers moved towards switching from 
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Figure 2. Recent annual wheat production by oblast in Ukraine (million tonnes). Source: Created by the 
authors based on data from the State Statistics Service of Ukraine and Ministry of Agrarian Policy and Food 
of Ukraine using mapchart.net. Includes data from territories under Ukrainian control as of the reporting year.
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corn to more profitable oilseed crops due to lower input costs, especially soybeans and rapeseed (Glauber, 
2024). In 2022, losses from soybean production were the smallest among all other commodities, on average 
at 14 USD/ton, while losses from rapeseed production amounted to 22 USD/ton. In 2023, soybeans became 
the most profitable crop in Ukraine (69 USD/ton) followed by rapeseed (5 USD/ton) (Ministry of Agrarian 
Policy and Food of Ukraine, 2024c), which led to a doubling of soybean acreage from 1.32 million hectares 
in 2021 to 2.66 million hectares in 2024, and to rapeseed acreage increase from one million hectares to 1.27.

As a result, corn production decreased over 10 million tonnes in 2023 compared to 2021. The reduction in 
corn production was all over Ukraine, even in the leading Chernihiv and Poltava oblasts (Figure 3). In 2024, 
Ukraine was estimated to harvest around 26.2 million tonnes of corn (USDA-WASDE Report, November 2024). 
So far, there was a significant drop in corn yield from 7.81 tonnes per hectare in 2023 to 6.43 tonnes per 
hectare in 2024 (as of November 29) due to limited rainfall after June and other agrotechnological factors. 
With such a trend, only farmers with high crop productivity will continue to remain in the industry, and 
farmers who have low productivity will likely reduce their corn production, switching to other crops with 
higher economic returns.

To maintain economic viability, many Ukrainian farmers are forced to minimize their cost. Since they cannot 
cut expenses on rent or amortization, they cut operational expenses by reducing the application of fertilizers 
and plant protection, buying cheaper seed or using saved seed, and skipping some of the cultivation procedures. 
This ultimately will lead to a gradual loss of soil fertility, and consequently to a decrease in yields and total 
grain production (World Food Programme, 2024). According to the Kyiv School of Economics, with the 
ongoing war, further declines in grain production are expected, accompanied by losses of the financial and 
other technical resources for recovery (KSE, 2023). Although post-war grain production in Ukraine is projected 
to increase to 76.4 million tonnes (mainly attributed to corn production growth) due to agrotechnology 
improvement and application of advanced agricultural practices, the availability of higher-quality seed and 
increased affordability of fertilizers as well as the return of agricultural land to cultivation, Ukraine’s grain 
production recovery to pre-war (2021) levels is not expected (Bogonos et al., 2023).

Ukrainian farmers demonstrate resilience producing crops under such complicated circumstances, and 
Ukraine is still self-sufficient in food production. These issues are compounded by the daily danger of missile 
attacks leading to the destruction of physical assets, infrastructure, and human life (labor); unprofitability 
of crop production leading to decreased planted area and crop productivity; interruptions in logistics that 
complicates input supply, food delivery, and moving commodities to export; and decline in real purchasing 
power making food less affordable.

Since the beginning of the war, the Consumer Price Index in Ukraine increased by 44.2% as of October 2024. 
Food in general became 49.8% more expensive including a 47.6% rise in the cost of bread (State Statistics 
Service of Ukraine, 2024). More than 20% of Ukrainians are forced to save on food. The most critical 
situation occurs in regions close to the front line and in occupied territories where people are facing severe 
food insecurity. As a result, the Global Food Security Index for Ukraine declined from rank 58 to 71 (The 
Economist Group, 2022), below countries to which Ukraine would traditionally export food, such as Algeria, 
Indonesia and Tunisia.

3.2 Impact of the Russian war on grain exports from Ukraine

The grain industry is the leader of the domestic agricultural market and the entire economy of Ukraine. 
Ukraine’s grain production supplies domestic consumption but also supplies many countries around the 
world. Ukraine has become one of the main players in the international grain trade market, with increasing 
trends in annual production and export volumes during the last 10–15 years (Figures 1, 4 and 5).

The agricultural sector of Ukraine, and grain production in particular, is export oriented. Since Russia occupied 
Donbas, the most industrial region of Ukraine, and annexed Crimea in 2014, the share of agricultural exports 
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Figure 3. Recent annual corn production by oblast in Ukraine (million tonnes). Source: Created by the 
authors based on data from the State Statistics Service of Ukraine and Ministry of Agrarian Policy and Food 
of Ukraine using mapchart.net. Includes data from territories under Ukrainian control as of the reporting 
year; *2024 data as of 29 November 2024.
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increased from below 25% to more than 40% of total Ukrainian exports. In 2021, Ukrainian agricultural 
exports amounted to 27.7 billion USD. Grain exports reached 12.3 billion USD (State Statistics Service 
of Ukraine, 2024b), making 18.1% of total exports and 44.5% of agricultural exports (Figure 4). Although 
agricultural exports have decreased in monetary terms since the full-scale invasion, this decline is not as 
steep as in other industries. As a result, the share of agricultural exports as a percent of total exports increased 
in 2023 to 61%, and as of the end of 2024 it was 60%. Grain exports remain the main source of revenues 
for the state budget. In 2023, its share in total exports increased by 5% and is currently approaching 23%. 
Therefore, ensuring the development of grain production and exports, and the stable and efficient functioning 
of the grain markets are priority levers to determine the food security and economic stability of Ukraine in 
modern conditions.

The increasing prewar trend in grain production and exports was fairly stable. A record grain export was 
observed in 2019, when Ukraine exported almost 57 million tonnes of grain, including 32.3 million tonnes 
of corn and over 20 million tonnes of wheat (Figure 5). Due to significant growth of wheat and corn 
production, exports increased dramatically, expanding their share of total grain exports. In 2021, these two 
commodities accounted for 88% of grain exports from Ukraine, and in 2022–2023 their share increased to 
95% as production and exports of other commodities shrank.

Although 2021 was an extremely successful year for Ukrainian farmers, Ukraine was unable to execute its 
full export potential in the 2021/22 marketing year (MY) due to the blockade of the Black Sea ports and the 
deterioration of logistics from the outbreak of the war. In 2021, Ukraine exported 50.8 million tonnes of grain 
while in 2022 it was 38.5 million tonnes of grain (24% less), including 11.2 million tonnes of wheat (44% 
less than in 2021). As the result, Ukraine accumulated significant ending stocks (Tables 1 and 2) that caused 
a shortage of domestic grain storage capacity for the 2022 harvest, as well as a shortage of grain supply on 
the world market that led to an immediate price spike. Wheat prices increased by 28% during the early phase 
of the war (Devadoss and Ridley, 2024), while corn futures prices were up by 16% (Carter and Steinbach, 
2024), inducing food inflation and threatening consumer welfare particularly for vulnerable populations.

USDA WASDE (2025) reports have minor discrepancies with statistical data from the Ukrainian government, 
but they reflect the general trends in the supply and demand balances of grain in Ukraine. Due to limited 
export capabilities and disrupted domestic logistics, Ukraine accumulated four times larger ending stocks 
of wheat and nine times larger ending stocks of corn in 2021/22MY compared to 2020/21 MY. Although 
Ukraine demonstrated higher exports in 2021/22MY, it is important to note that around 90% was carried out 
before the outbreak of war. In 2021/22MY, Ukraine had been expecting to export 65.5 million tonnes of grain, 
including 25.3 million tonnes of wheat and 33.8 million tonnes of corn (Ministry of Agrarian Policy and 
Food of Ukraine, 2022). As a result of the war, Ukrainian grain export in 2021/22MY decreased compared 
to its potential by 6.5 million tonnes for wheat and by 6.8 million tonnes for corn.

Since Ukraine regained control over some southern territories as well as started redirecting export flows, 
Ukrainian grain exports have increased to 44.8 million tonnes in 2023, including 16.2 million tonnes of 
wheat and 23.4 million tonnes of corn (State Statistics Service of Ukraine, 2024b). Grain exports in 2024 
exceeded 2023 by 9 million tonnes. (Ministry of Agrarian Policy and Food of Ukraine, 2024a).

Logistics issues and diversification of transportation affected the geographical structure of Ukrainian grain 
exports. Before the war China, Egypt and Indonesia were the main importers of Ukrainian grain (11.7, 4.7 and 
2.6 million tonnes, respectively, in 2020/21 MY). With the beginning of the war, these countries significantly 
decreased buying grain from Ukraine (5.9, 3.0 and 0.5 million tonnes, respectively, in 2022/23 MY) (State 
Statistics Service of Ukraine, 2024b). Due to blocked ports, many countries in Africa and Asia were unable 
to receive grain from Ukraine, causing food security concerns (Hassen, 2024). Instead, many European 
countries such as Romania, Poland, Italy, Hungary, Germany, Portugal, and Slovakia, appeared on the list 
of top importers from Ukraine. Traditionally, Europe was Ukraine’s competitor in the global grain market, 
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but under war circumstances they eliminated tariffs and opened borders for free trade with Ukraine. The 
European market became oversaturated with cheap Ukrainian grain rapidly, and five countries (Poland, 
Bulgaria, Hungary, Romania and Slovakia) imposed a ban on the import of agricultural products from Ukraine 
(European Commission, 2023), which affected the volumes, structure and routes of Ukrainian exports.

Türkiye, being a negotiator of UN Grain Initiative, received priority and discount for grain purchase and 
tripled their import from Ukraine (from 1.9 million tonnes in 2020/21 MY to 5.8 in 2022/23 MY). Romania 
became the leader among Ukrainian grain importers in 2022/23 MY due to the increase in transshipment 
through the Danube River ports, buying 8.2 million tonnes of grain compared to 19 000 tonnes in 2020/21 MY, 
followed by Spain with 6.2 million tonnes compared to 2.3 million tonnes in 2020/21 MY (State Statistics 
Service of Ukraine, 2024b). For the most part, this grain was re-exported, creating additional pressure on 
world grain prices.

In 2023/24 MY, Spain became the main buyer of grain products from Ukraine (12.4 million tonnes), which 
was double compared to the previous MY and five times more than before the war, and it continues its 
leading position in 2024/25 MY (4.1 million tonnes during July–December 2024). Egypt and Indonesia are 
returning to the Ukrainian market after switching to the Russian market. With the resumption of operations 
at the “Big Odessa ports”, more grains are being shipped through the Black Sea to other countries in Africa 
and Asia (State Statistics Service of Ukraine, 2024b). However, export logistics are very fragile since there 

Table 2. Supply and demand balance of corn in Ukraine (× 1000 tonnes).
Attribute 2020/21 2021/22 2022/23 2023/24 2024/25* +/− 2024/25*  

to 2020/21

Beginning stocks 1 478 832 7 796 2 795 1 567 +6.0%
Production 30 297 42 126 27 000 32 500 26 500 −12.5%
Import 21 18 21 10 20 −4.8%
Domestic consumption: 7 100 8 200 4 900 4 250 4 450 −37.3%
	 Food, seed, industrial 1 200 1 000 900 950 950 −20.8%
	 Feed 5 900 7 200 4 000 3 300 3 500 −40.7%
Export 23 864 26 980 27 122 29 488 23 000 −3.6%
Ending stocks 832 7 796 2 795 1 567 637 −23.4%
Stocks/use ratio 2.7% 22.2% 8.7% 4.6% 2.3% –

Source: compiled by the authors based on data of the USDA WASDE reports.

Table 1. Supply and demand balance of wheat in Ukraine (× 1000 tonnes).
Attribute 2020/21 2021/22 2022/23 2023/24 2024/25* +/− 2024/25*  

to 2020/21

Beginning stocks 1 504 1 505 6 265 2 926 706 −53.1%
Production 25 420 33 007 21 500 23 000 22 900 −9.9%
Import 132 97 83 57 80 −39.4%
Domestic consumption: 8 700 9 500 7 800 6 700 6 700 −23.0%
	 Food, seed, industrial 6 100 6 000 4 800 4 700 4 700 −23.0%
	 Feed 2 600 3 500 3 000 2 000 2 000 −23.1%
Export 16 851 18 844 17 122 18 577 16 000 −5.1%
Ending stocks 1 505 6 265 2 926 706 986 −34.5%
Stocks/use ratio 5.9% 22.1% 11.7% 2.8% 4.3% –

Source: Compiled by the authors based on data of the USDA WASDE reports.
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is no guarantee that the infrastructure of Ukrainian Black Sea ports or ships transporting grain will not be 
subject to other missile strikes (USDA-FAS, 2024). Therefore, grain cargo insurance remains quite high. The 
cost of cargo insurance in the Black Sea ports of Ukraine in the pre-war period was on average 0.75–1% of 
the cost of the cargo. At the beginning of the operation of the grain corridor this increased to 3–4% and later 
declined to an average 2% (Forbes, 2023), and is expected fall back to 0.75–1.25% with the introduction of 
the new mechanism “Unity Facility” for insuring cargo ships against war risks (The Cabinet of Ministers 
of Ukraine, 2023).

4. Results and discussion

4.1 Grain storage capacities and logistics

At the beginning of the war, one of the biggest concerns for stabilizing grain markets in Ukraine was loss of 
the storage capacity needed for the 2022 harvest. Prior to the war, Ukraine had around 57 million tonnes of 
grain storage capacity comprised of 1,355 grain storage facilities, and by May 2022 only 44 million tonnes 
were available (Elevatorist, 2022). In the latest war damages report, it was estimated that 3.3 million tonnes 
of grain storage capacity were partially damaged as of the end of 2023. Approximately 11.3 million tonnes of 
storage capacity were fully destroyed due to the invasion, resulting in a 19.5% reduction in Ukraine’s grain 
storage capacity, without considering storage facilities that remain structurally intact but are inaccessible due 
to occupation (Neyter et al., 2024). At least 165 elevators with an approximate storage capacity of 5.2 million 
tonnes are located in the occupied territories, and their condition is unknown. The biggest losses of grain 
storage capacities are in liberated Mykolaiv oblast (848 000 tonnes) and Kharkiv oblasts (500 000 tonnes). 
However, grain storage facilities sustain damages even at relatively far distances from the front line as they 
can be targets for missile strikes. Therefore, most foreign donors refrain from investing in new elevators 
and prefer to use plastic grain bags, which is a temporary solution (Ministry of Agrarian Policy and Food 
of Ukraine, 2024d; United Nations Ukraine, 2022; Vashchenko, 2025).

Ukrainian grain market players are adjusting to the current circumstances. Some elevators damaged by 
shelling resumed their work while others lost their efficiency due to location features, given their proximity 
to the front line, as well as changes in the volume and structure of agricultural production in different 
regions and redirecting logistics routes. At the same time, new storage facilities were built in the relatively 
safe regions, where grain production has been increasing, and in the regions closer to the Western border. 
During the first two years of the war (February 24, 2022 to March 2024), Ukraine’s elevator capacity 
increased by 2 million tonnes. Some elevators were built from scratch while some capacity was added at 
already operating enterprises including approximately 65 new or upgraded facilities (Elevatorist, 2024a). 
Also, several additional transshipment terminals were built on the border with EU countries, such as the 
Vadul-Syret terminal in Chernivtsi oblast, intended to provide convenient railway logistics to the Romanian 
port of Constanta (Elevatorist, 2024b); the Chornotisiv Terminal in Transcarpathian oblast, which due to 
its proximity to the border and unique location has the opportunity to supply commodities by rail to three 
neighboring countries — Romania, Hungary and Slovakia (Transport Corridors, 2024.); and Mostyska 
dry port in Lviv oblast on the border with Poland, which has the ability to receive grain from trucks, grain 
wagons, semi-wagons, and containers and to transload it to European standard wagons (Container Terminal 
Mostyska, 2024). Currently, grain storage facilities with capacity of 49.3 million tonnes are in operation 
in the country in all regions. Temporarily lost, non-working or damaged capacity is estimated at 8 million 
tonnes. The current net loss of grain elevators is about 115 units (Elevatorist, 2024a).

Ukraine has an advantageous geographical position: access to the Black and Azov seas as well as to three 
large rivers — the Danube, the Southern Bug and the Dnipro. Additionally, Ukraine has an extensive railway 
system connected to linear transfer elevators capable of transshipping 715 000–730 000 tonnes of grain per 
day and to port terminal elevators with a capacity of unloading from the railway at a rate of 200 000 tonnes 
per day (Sedikov, 2018). Together with significant grain production that several times exceeds domestic 
consumption, this has created a large export capacity for grain transportation using various logistics schemes.
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Figure 6. Average daily transmission of grain cargoes at the western border crossings (Hungary, Slovakia, 
Romania, Poland), grain railcars per day. Source: Compiled by the authors based on data of Ukrainian Railways.

Prior to the war, around 90% of Ukrainian grain was exported via seaports, about 6 million tonnes per month 
on average (United Nations, 2024). Total export capacity of Ukrainian sea ports had been close to 8 million 
tonnes of grain per month. The railway assured transshipment of only 200–300 000 tonnes of grain monthly. 
The limited capacity of land border crossings operating in the west is conditioned by different track gauge 
(1435 mm in Europe and 1520 mm in Ukraine). There are only two options for transshipping grain by rail 
to Europe: reloading from Ukrainian railcars into European ones or swapping rail carriage by removing 
Ukrainian wheel sets and installing European ones. Both options have limitations due to the limited number 
of European railcars and wheel sets as well as the limited capacity of transshipment terminals at the borders. 
The average daily transmission of grain cargoes at the western border crossings (Figure 6) is another heuristic 
that the KNARM can reuse to reach the optimal paths. Even with replaced rail carriage, Ukrainian railcars 
can move in Europe only along certain routes, as they are wider and difficult to maneuver. In addition, even 
before the war, Ukrainian railways had a number of infrastructure issues, such as insufficient locomotive 
traction resulting in lowered turnover of grain cargos, shortage of grain cargos (deficit of 2000–3000 units), 
significant level of infrastructure deterioration, and low efficiency in organizing the transportation process, 
in particular due to an insufficient level of routing (Sedikov, 2018).

After the full-scale Russian invasion of Ukraine on 24 February 2022, agricultural exports were interrupted 
due to the Russian blockade of the transportation of agricultural products through the Black and Azov seas as 
well as damage to roads, railways and hubs, bridges, and other transport infrastructure. Complications with 
seaport logistics forced Ukraine to develop alternatives for grain export. Railway systems and the Danube 
River became the main means of grain transportation (Countryman, 2024). By September 2022, Ukraine was 
able to export monthly more than 1000 tonnes of agricultural products via rail through its western borders 
(Ministry of Agrarian Policy of Ukraine, 2024a)

Since August 2022, three Ukrainian ports (“Big Odesa ports”: Odesa, Pivdenny and Chornomorsk) have 
resumed operations within the framework of the Black Sea Grain Initiative in partnership with the UN and 
Türkiye. Due to the unblocking of these ports, it became possible to achieve relatively good export results 
in 2021/22 MY, even though they were not used at full capacity. The highest level of agricultural exports 
from Ukraine was reached in March 2023, including 5.8 million tonnes via ports with a third of this total 
delivered through the Danube River ports (Figure 7).

The increase in grain export from the Danube region contributed to the transformation of the region from 
depressed to attractive for domestic and foreign investment such as the World Bank (U.S. Embassy in 
Ukraine, 2023) and the European Bank for Reconstruction and Development (Ministry for Communities 
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Figure 7. Transportation breakdown of Ukraine agricultural commodity export shipments, 1 March 2022– 
31 December 2024 (million tonnes). Source: Compiled by the authors based on data of Ministry of Agrarian 
Policy and Food of Ukraine and Ministry of Infrastructure of Ukraine.
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and Territories Development of Ukraine, 2023). Port road and rail transport capacity has been significantly 
increased, and new private terminals and logistics centers have been opened. Nibulon, the leader among 
grain exporters from Ukraine, constructed the “Bessarabian Branch” transshipment complex in Izmail, 
which includes storage capacities supplemented with equipment for reloading grain from railcars, containers 
and trucks to barges (Nibulon, 2024). They also managed to transfer part of their fleet from the blocked 
Mykolaiv Black Sea port to the Danube River (Centre for Transport Strategies, 2024). However, logistics to 
the Danube River ports are still quite complicated considering only one direct road and one railroad via one  
bridge exists over the Dniester estuary (Salin, 2024). An additional solution is transit through the Palanca 
border crossing point in Moldova (UkrAgroConsalt, 2022).

Such complex logistics and low throughput keep freight prices from Danube River ports higher than from 
Black Sea ports (Fernandes et al., 2023), especially during periods when the operation of the “Big Odesa 
ports” was interrupted and demand from the grain shippers for using Danube River ports elevated (Figure 8). 
The Black Sea Grain Initiative, which was in effect until mid-July 2023, increased Ukrainian exports, 
easing storage constraints, but the logistical costs remained high, putting pressure on farm gate output 
prices. Freight rates began to decrease only after the Ukrainian humanitarian grain corridor stabilized its  
operations (Salin, 2024).

Another significant component of transport logistics and the cost of grain for export is the cost of transportation 
either to ports or to/across the land border crossings. The total cost of grain transportation via Ukrainian 
Railways considers all types of payments and includes: transportation tariff (infrastructural component) — 
75–78% of total cost; the cost of using grain railcar during transportation (varies depending on the number 
of days of use) — 18–20%; compensation for empty grain railcar mileage; the cost of two days’ use of grain 
railcars during loading/unloading; additional station fees and payments at the departure and destination 
stations, etc. The cost of transportation is calculated for each individual shipment depending on the type of 
commodity, its weight/volume, destination, and distance between the loading and unloading points. In 2021, 
the cost of transporting 1 ton of grain using Ukrainian Railways railcars was in a range from 10 to 25 USD 
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Figure 9. Dynamics of the average cost of transporting 1 ton of grain for export by Ukrainian Railways 
railcars in 2021–2023 (USD/t). Source: Compiled by the authors based on the data of Ukrainian Railways.
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Figure 8. Freight rates for grain transportation by coaster vessels to the Sea of Marmara (operational market 
rate range) (USD/t). Source: Compiled by the authors based on data of APK-Inform and Atria Brokers.

despite the destination (Figure 9). With the outbreak of war, due to the heightened demand for rail transport 
and its limited capacity, the cost of transporting grain increased. It is noteworthy that during the operation 
of the Black Sea Grain Initiative, the cost of grain transportation towards land borders was much more 
expensive. The cost of transporting corn and wheat follows the trend, but transshipment of wheat is slightly 
cheaper. With the opening of the Ukrainian humanitarian grain corridor, the cost of rail transportation has 
decreased and stabilized. According to the Ukrainian Railways (Tkachov, 2024), in 2024, average costs of 
railway logistics for grain export were 15 to 17 USD per ton. Unfortunately, due to the war, public access 
to official railway statistics is limited, which limits the ability to use the cost data.

According to the Black Sea Grain Initiative Joint Coordinator Centre, a total of 32.8 million tonnes of grain 
were delivered from Ukraine within the Initiative, including 16.9 million tonnes of corn (51.4%), 8.9 million 
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Figure 10. Dynamics of grain cargo transportation for export via Ukrainian Railways to different directions 
(million tonnes). Source: Compiled by the authors based on the data of Ukrainian Railways and Tkachov 
(2024).

tonnes of wheat (27.1%), 1.9 million tonnes of sunflower meal (5.6%), 1.6 million tonnes of sunflower oil 
(5%), 1.3 million tonnes of barley (3.9%), and 1.1 million tonnes of rapeseed (3.4%). About 725 000 tonnes 
of grain were delivered within the World Food Programme to countries suffering from famine, among them 
36% were directed to Ethiopia, 21% to Yemen, and 18% to Afghanistan. The geography of the Black Sea 
Grain Initiative was very diverse. Almost 8 million tonnes, or a quarter of all grain shipped via the grain 
corridor, was delivered to China. This figure is mostly corn, but this is about two times less than Ukrainian 
prewar grain exports to China. Six million tonnes of grain were supplied to Spain, 3.2 million tonnes to 
Türkiye, 2.1 million tonnes to Italy, and 1.6 million tonnes to Egypt. In total, 46% of grain went to Asia-Pacific 
region, 41% to Europe and 12% to Africa.

The redirection of export routes has helped to reduce the risk of food crisis for import-dependent countries. 
However, this has posed a new challenge for the Ukrainian transport system – making internal logistics 
more important for new grain flows and nimble for rapid changes in case of disruptions to routes to ensure 
uninterrupted and efficient grain delivery from the fields and elevators to final consumers. The blockades of 
the Black Sea ports and restrictions on the grain imports from Ukraine to EU immediately reflected in the 
routes of railway transportation of grain for export. As seen in Figure 10, port and railway usage are changing 
every month and decision making is required based on new data, regulations, and obstacles. Furthermore, 
obstructions to the existing paths are another condition to be considered for decision making and alternative 
path finding, which shows the need for the framework built as part of this study.

Currently, the “Ukrainian humanitarian corridor” for grain export has been operating stably for almost a 
year, and monthly volumes of grain transportation in 2024 significantly exceeded earlier wartime levels. 
Roughly 39.7 million tonnes of grain were transported by Ukrainian railway in 2024, which is 29.8% more 
than the previous year, including 34.1 million tonnes (+ 50.2% compared to 2023) transported for export 
(29.2 million tonnes in the direction of ports, 4.9 million tonnes through land border crossings). This is 
a record volume of grain transportation for export by rail (Tkachov, 2024). Over 10 months of 2024, the  
Ukrainian Railway more than doubled grain transshipment to ports compared to the same period of  
the previous year, but transshipment to land-border crossing decreased, although it significantly exceeds 
the pre-war level (Table 3).
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Table 3. Volumes of grain cargo transportation via Ukrainian Railways in all modes of transportation  
(× 1000 tonnes).
Connection type 2021 2022 2023 January– 

October  
2023

January– 
October  
2024

+/− 10 months 
of 2024 to 
2023

+/− 2023  
to 2021

Transshipped total, 
including: 

33 666 28 871 30 580 24 265 33 700 9 435 −3 086

	 For export, in particular: 29 260 22 550 22 728 17 559 28 853 11 294 −6 532
	 Ports 28 668 15 058 14 324 10 469 24 555 14 085 −14 344

	 Big Odesa ports 21 225 12 749 13 082 9 391 23 481 14 090 −8 143
	 Danube River ports 2 777 1 241 1 078 1 073 −5 1 239
	 Other ports 7 441 1 532 0 0 0 0 −7 441
Land border crossing 592 7 492 8 404 7 089 4 298 −2 791 7 812

	 Domestically 3 600 5 758 7 407 6 378 4 588 −1 790 3 807
	 Import 216 88 27 23 11 −12 −189
	 Transit 590 475 417 306 248 −58 −173

Source: Compiled by the authors based on the data of Ukrainian Railways and Tkachov, 2024.

Although Ukrainian Railways managed to transship 1.7 million tonnes more grain in 2023 than in 2022, and 
exceed in 2024 the 2021 level, it did not reach the monthly volumes of August–December 2021 (Figure 11) 
due to the loss of railway capacity in the occupied territories, significant damage to infrastructure and the 
constant danger of operation in the frontline regions.

Given the constant threat of destruction of grain elevators or damage to railway tracks, hubs and bridges, it is 
important to generate machine-operable dataset of all available connections between grain storage facilities 
and the Ukrainian Railways systems to ensure finding of optimal path not only under regular conditions, 
but also finding the best alternative path when the optimal path is interrupted.

4.2 Knowledge Graphs for improving grain supply

To address the need for systematically standard transportation metadata and data in the rapidly changing 
environment in Ukraine, a sustainable path-finding application grounded in Knowledge Graphs (KGs) 
was developed. By leveraging KGs that integrate diverse data sources with semantic rigor and align with 
W3C (World Wide Web Consortium) standards, the application ensures explainability, interpretability, and 
provenance tracking (Zhang et al., 2023). The application optimizes the timing and cost of grain transportation 
by employing established KNowledge Acquisition and Representation Methodology (KNARM) to generate 
Knowledge Graphs and incorporating a modified A* algorithm to navigate hazardous and adversarial 
environments.

As described above, grain transportation, typically occurs domestically via convoy or train, is modeled as a 
Knowledge Graph, with nodes representing discrete locations such as train stations and grain elevators, and 
edges representing paths between them. The scattered nature of grain storage introduces dynamic stops as 
convoys collect grain along their routes. This brings the need to use an approach that allows optimizing these 
routes based on various factors (i.e. heuristics) rather than a simple distance-based approach. Therefore, given 
the hostile and variable conditions, the Modified A* algorithm, rather than the traditional Dijkstra algorithm 
(Dijkstra, 1959), was chosen (see Appendices for the detailed descriptions of Dijkstra’s algorithm as well 
as the Modified A* algorithm). A* is a graph traversal and pathfinding algorithm that is used in many fields 
of computer science due to its completeness, optimality, and computational efficiency. The Modified A* 
algorithm incorporates dynamic heuristics that adjust edge weights in real time based on external factors, 
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enabling the system to adapt to rapidly changing environments while ensuring efficiency and safety in 
transportation planning.

When using rapidly changing data in computational approaches and applications, another challenge becomes 
ensuring that the format of data is consistent and readily usable. To ensure that the Modified A* algorithm 
can be estimated, a KG-based approach is used to encode data in a machine operable and standardized way. 
This approach was chosen because KGs enable integration across diverse data sources with semantic rigor, 
adhering to established W3C standards (W3C, 2023). This structure not only bridges human understanding 
and machine interpretation, but also leverages a robust standard for provenance tracking (Lebo et al., 
2013), making derived results inherently explainable and interpretable. These benefits are further enhanced 
by systematic knowledge acquisition approaches, such as the KNARM (McGinty, 2018) that can mitigate 
bottlenecks in knowledge capture and domain expert knowledge integration. This capability is valuable 
in times of crisis, when disparate sources provide intelligence through various means – from geospatial 
observations to social media, or even word of mouth, all of which aim to provide real-time intelligence.

To further elaborate the approach, it is a combination of using a KG with an optimization algorithm which 
allows pathfinding based on heuristics (i.e. factors that can be considered restrictions) that the domain expert 
or the incoming data can provide dynamically. While the algorithm itself can provide answers, the KG backend 
allows a formal, computer-operable format to aid the system for rapid response when faced with changes, 
which offers a dynamic approach because of the standardized representation of the data in the back end.

A number of approaches already exist for modeling these diverse data types (Hogan et al., 2021), in addition 
to the established Knowledge Graphs for environmental and situational awareness. We used KNARM as 
our methodology to implement and integrate the KG because it uses a domain-agnostic approach that helps 
build KGs to be used in applications better. This systematic approach would allow to change crop types or 
heuristics for the algorithm faster because of the formal annotation the knowledge using the KG.

To integrate these incoming data streams and leverage the existing knowledge bases, we apply the KNARM 
framework. This methodology has the following steps (Figure 12) applied in an agile way: Sub-language 
Analysis, In-House Unstructured Interviews, Sub-language Recycling, Metadata Creation and Knowledge 
Modeling, Structured Interviews, Knowledge Acquisition Validation, Database Formation, Semi-Automated 
Ontology Building, and Ontology Validation. The methodology and details of the steps followed are further 
explained in the appendices. The methodology guides the domain experts and knowledge engineers in 

Figure 11. Dynamics of total grain cargo transportation volumes via Ukrainian Railways in 2021–2024 (million 
tonnes). Source: Compiled by the authors based on the data of Ukrainian Railways and Tkachov (2024).

 

 
 

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

2021 2022 2023 2024



Broyaka et al.� Volume 29, Issue 1, 2026

27
International Food and Agribusiness Management Review

constructing consistent and concordant ontologies and Knowledge Graphs that formalize domain-specific 
data in a systematic, modular, and systematically detailed manner. KNARM helps to acquire and represent 
knowledge in a semi-automated way, keeping the domain experts in the loop in an agile fashion with the 
interview and knowledge validation steps while allowing for updates to rapidly changing data and efficient 
ontology updates through its semi-automated ontology building process. This also helps update the KGs 
in situations where data and the restricting factors (heuristics) change rapidly, such as the Ukraine’s grain 
transportation scenario. Using KNARM, we can also draw from disparate databases and ontologies, integrating 
them in a way that is both human- and machine-comprehensible by merging human expertise with machine 
capabilities.

For this research, there is a need to integrate heuristics. Heuristics in this study include factors such as grain 
storage capacity, road conditions, preferred transportation hubs, and costs that may be associated with them. 
Data collection, which involved the assistance of domain experts, required careful handling in multiple files. 
Using Python, data were cleaned, restructured, and reformatted to maintain their sensitivity, performing 
these operations in real time on expert-provided files. We then implemented a Modified A* algorithm to 
these reformatted data to improve optimal pathfinding, utilizing the heuristics to optimize outcomes. Given 
a weighted graph, a source node and a goal node, the algorithm finds the optimal path from source to goal.

The computational tool stack was used because leveraging KGs generated through the KNARM, combined 
with the A* algorithm offers a novel method for establishing a reliable source of truth within KGs while 
allowing rapid changes to the dataset and the structure of the data using the flexibility of Knowledge 
Graphs. This also enables the swift integration and querying of new variables that must be considered when 
determining optimal paths, particularly in conflict-affected areas.

Figure 12. The steps of KNARM used to generate the KG for this research. Source: McGinty (2018).
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The dataset represented using knowledge graphs allowed the data to be machine readable that allowed 
us to reuse this data for other applications, such as Geographic Information Systems (GIS) applications 
(Figure 13). The nodes in the knowledge graph represented the railway stops, ports, and grain elevators 
were mapped to the GIS application that was used to layer more information, such as crop cover and tree 
cover. The prewar railway system (DIVA-GIS, 2021) and grain storage facilities locations in Ukraine were 
taken as a basis. They are shown along with prewar generalized land cover (Zanaga et al., 2021) to provide 
further opportunity to optimize grain transportation paths according to the shifting grain production in a 
particular region. Many of the depicted infrastructures have been impacted by the war, especially toward the 
eastern front. While most of Ukraine is used for cropland, this too has been impacted toward the east, which 
is home to some of Ukraine’s densest cultivated areas. The remaining operational ports, which themselves 
operate intermittently as war conditions allow, were added to the dataset as the prevailing final destination 
for grain transshipment for export.

Railway station and elevator locations were incorporated into the KGs to identify all possible connections 
between the nodes within the country. Based on these connections, KNARM combined with the A* algorithm, 
machine computes an optimum path between any desired endpoints while considering “must pass” locations if 
needed. Figure 14 shows a graphic visualization of selected locations representing a partial region of Ukraine. 
This example is intended solely for demonstration purposes of the algorithm, with locations and distances 
being modified to suit the simulation without revealing real data for security reasons. Each node represents a 
location, and the edges between them represent connections with hypothetical distances. Figure 14a depicts 
the scheme of connections selected from the map and highlights the path identified by the algorithm. The 

Figure 13. Ukrainian crop cover, adverse land holdings, grain storages and railway transportation pathways. 
Source: Created by authors.



Broyaka et al.� Volume 29, Issue 1, 2026

29
International Food and Agribusiness Management Review

Figure 14. A grain transportation network rerouting example following path and facility disablement, created 
using the A* algorithm. (a) The initial connectivity network and computed optimal path from Dniprorudne 
to Mariupol Port. Graph elements have been altered for security purposes. (b) The recalculated optimal path 
following damage to multiple network components. Source: Created by authors.

(a) (b)

red node indicates the starting location for grain transshipping, while the blue node marks the destination. 
Dark green nodes are part of the computed path, and lime-colored nodes represent mandatory “must-pass” 
locations (e.g. linear elevator connected to the railway where additional grain can be loaded or unloaded). In 
some scenarios, elevator and train capacity can be incorporated to the algorithm to optimize the necessity of 
“must pass” locations. Figure 14b demonstrates the algorithm’s adaptiveness when encountering damaged 
paths. Similar to Figure 14a, it highlights the computed path, starting at the red node, passing through lime 
“must-pass” node, and reaching the blue destination node. Additionally, red edges indicate paths that have 
been damaged and avoided by the algorithm.

Figure 14 represents only a small segment of the Ukrainian grain transportation network presented in Figure 13. 
In reality, the distances between destinations are usually much longer, the routes are more complex, and 
often cross the entire country. Using proposed methodology, we can reroute grain transshipment from/to 
any nodes on the map in any time by adding new heuristics (e.g. damaged railway tracks, bridges, stations, 
available grain for loading/unloading, etc.) to the algorithm due to its flexibility and adaptivity.

5. Conclusions and future research

The wheat and corn supply chains have been disrupted in Ukraine during the war initiated by Russia. The 
supply chain disruptions have resulted in a need for adjustment of internal and external logistics, changing 
crop production patterns due to the economic situation within Ukraine, weather conditions, and the loss of 
land due to military activities. Corn production has decreased by 44% and wheat production decreased by 
30% from 2021 to 2024. Not only has aggregate production changed but also production patterns within 
Ukraine have changed. This has resulted in logistics and storage infrastructure needing to adapt to changing 
export markets, domestic markets, storage patterns, and production locations.

The ability for transport logistics to adapt to military action and economic conditions has resulted in uncertainty 
regarding Ukraine’s supplying the world markets with wheat and corn. As such, a sustainable path-finding 
application grounded in Knowledge Graphs (KGs) was developed to optimize the timing and cost of grain 
transportation by employing the KNowledge Acquisition and Representation Methodology (KNARM) to 
generate KGs and incorporating a modified A* algorithm to navigate hazardous and adversarial environments.

Due to the modular and systematic nature of the methodology and tool stacks used, similar encoding of data 
is possible for transportation of sunflower seed/oil or other crops of interest. Given the flexibility of KGs 
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and their ability to connect different datasets in a standardized way, the datasets about other crops can be 
generated and reused with the corn and wheat data already encoded using this approach.

Similarly, our modified A* algorithm can be reused given new heuristics and datasets for other pathfinding 
related tasks as the landscape and conditions change. Though the current research uses limited heuristics, 
incorporating more complex ones can occur in future applications. For example, heuristics might include 
land conditions such as flood risks and toxic exposures, weather patterns, and alternative transportation 
options, enhancing the general applicability of this research.

The data processing and data annotation was a time-consuming activity, performed by domain experts and 
re-evaluated by the computer science team and the GIS-team in an agile manner with consistent feedback 
and evaluation loops as outlined in the KNARM framework.

This research has mapped storage locations, railroads, and roads so that the cost of grain transportation 
can adapt quickly to changes in the situations within Ukraine. The resulting dataset is not only valuable 
for Ukraine and this application but is also reusable and repurpose-friendly for agricultural, economic, and 
supply chain related applications.

The approach is designed with sustainability at its core, leveraging a modular and computer-operable format 
through Knowledge Graphs. By using formal logic to encode data, this method allows machines to efficiently 
process, encode, and reuse information, reducing redundancy and promoting resource efficiency. This 
adaptability extends across different crop types, such as sunflower seeds, oil, or other agricultural products, 
fostering a scalable and sustainable framework. Knowledge graphs facilitate seamless integration of diverse 
datasets, enabling data from crops like corn and wheat to be repurposed for other agricultural applications 
with minimal human intervention.

Similarly, the Modified A* algorithm promotes sustainability by dynamically adapting to new pathfinding 
challenges. By modifying input data and heuristics using the Knowledge Graph backend, transportation 
routes can be optimized while minimizing environmental impact.

The collaborative, interdisciplinary approach – bringing together domain experts, computer scientists, and 
GIS specialists – demonstrates the value of sustainable data practices. We employ an agile development 
methodology, continuously refining data through feedback loops within the KNARM framework. This 
process could help optimize grain transportation networks in Ukraine, mapping storage sites, railroads, and 
roads to ensure cost-efficient and adaptable supply chains in response to changing conditions.

By formalizing the system with Knowledge Graphs and the Modified A* algorithm for decision-making, 
the approach extends beyond Ukraine. It holds potential for global agricultural, economic, and supply chain 
applications, promoting efficiency, resilience, and long-term sustainability worldwide.
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KNARM Steps Followed and Detailed Descriptions

1. Sub-language analysis
The first step of sub-language analysis involved discovering the units of information or knowledge, and the 
relationships between them within existing knowledge sources related to the domain of grain transportation 
in Ukraine. A corpus of documents and reports from various sources were used to find the recurring patterns 
and concepts in the data. We consulted with the domain expert to verify and refine our sub-language analysis.
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2. Unstructured interview
The second step of unstructured interview involved conducting a semi-formal interview with the domain 
expert to elicit his tacit knowledge and experience about the domain. We asked open-ended questions 
about their expectations from our application. We also asked them to provide examples and scenarios of 
grain transportation problems and solutions. Due to the sensitive nature of the data, we did not record nor 
transcribe the interview.

3. Sub-language recycling
The third step of sub-language recycling involved reusing existing standards and ontologies that provide 
useful information for the domain. We searched for relevant resources on the Semantic Web and other online 
repositories, such as GeoNames, DBpedia, Open-StreetMap and KnowWhereGraph. These resources provide 
rich and up-to-date geospatial information, such as location names, coordinates, distances, types, relations.

4. Meta data creation and knowledge modeling
The fourth step of meta data creation and knowledge modeling involved creating a conceptual model of 
our domain using formal logic (Description Logic). We defined the classes, properties, individuals, axioms, 
rules, and constraints that represent the essential aspects of grain transportation in Ukraine.

5. Structured interview and knowledge acquisition (KA) validation
The fifth and sixth steps of structured interview and KA validation involved constantly checking the consistency 
and completeness of our knowledge acquisition process with domain expert and GIS expert to see if what 
we were doing was correct and accurate.

6. Database formation
Due to the nature of the data, no database was formed during this research.

7. Semi-automated ontology building
Knowledge modelled previously that involved creating a conceptual model of the domain and generation of 
computer operable representation of knowledge was converted into OWL (Web Ontology Language) using 
the ROBOT tool and Protégé, which are frequently used tools for knowledge graph generation. We converted 
the classes, properties, individuals, axioms, rules, and constraints that represent the essential aspects of grain 
transportation in Ukraine. We used a modular approach to organize the ontology into different regions based 
on geographic criteria. We also used a location ontology as a core module that defines the basic concepts 
and relations for any location in our domain.

8. Ontology validation
We used various methods to validate our ontology, such as logical reasoning, competency questions, scenario 
testing, peer review, and feedback sessions. We also revised and refined our ontology based on the results 
of the validation.

	 Appendix B

A* Algorithm
The A* algorithm is a widely used path-finding algorithm that can find the optimal path between two locations 
in a graph, where each node has a cost associated with it. The algorithm works by maintaining an open set of 
candidate nodes, which are nodes that have not been explored yet, and a closed set of visited nodes, which 
are nodes that have been explored already. The algorithm starts with the source node in the open set, and at 
each step, it selects the node with the lowest cost from the open set, moves it to the closed set, and expands 
its neighbors. The cost of a node is calculated by adding two values: g(n), which is the actual cost from 
the source to the node n; and h(n), which is an estimate of the cost from n to the destination. The estimate 
h(n) is called a heuristic function, and it should be optimistic, meaning that it should never overestimate the 
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actual cost. The algorithm terminates when either the destination node is moved to the closed set, or when 
the open set becomes empty. If the destination node is found, then the optimal path can be traced back by 
following the parent pointers of each node.

The A* algorithm is an extension of Dijkstra’s shortest path algorithm, which is a path-finding algorithm 
that only uses g(n) as the cost function. Dijkstra’s algorithm can find the optimal path in any graph with 
non-negative edge weights, but it can be slow and inefficient because it explores all possible paths equally. 
The A* algorithm improves on Dijkstra’s algorithm by using h(n) as a guide to direct the search towards the 
destination more quickly and effectively.

However, the A* algorithm requires a good heuristic function that can provide accurate and consistent 
estimates of the cost. If h(n) is zero for all nodes, then A* becomes Dijkstra’s algorithm; if h(n) is very high 
for all nodes except the destination, then A* becomes a greedy best-first search, which is a path-finding 
algorithm that only uses h(n) as the cost function. Greedy best-first search can be very fast but not optimal, 
because it can get stuck in local minima or dead ends.

The A* algorithm has some advantages over other path-finding algorithms for the domain of grain transportation. 
It can find the optimal path in terms of distance, grain storage, and risk, which are important criteria for our 
application. It can also adapt to dynamic and uncertain situations, such as changes in weather, traffic, or 
security conditions, by updating the cost and heuristic functions based on the latest information.

We modified the A* algorithm into a recursive algorithm, where we can add some “must-pass” nodes, either 
can be high priority elevators because of their grain storage or their location, or hand-picked by domain 
expert, who says such location is high value and we must have the path that pass through these nodes. We 
made this modification to accommodate the preferences and constraints of our domain expert, and to ensure 
that our paths are feasible and realistic. The algorithm works as follows: The algorithm takes as input the 
start node, the goal node, and a list of must-pass nodes [A,B,C,…], where [A,B,C,…] are the names of the 
must-pass locations in any order. The algorithm recursively explores all possible paths in the list, based on 
the heuristics mentioned above. If the list is empty, then it simply applies the standard A* path finding. The 
figure below demonstrates how the algorithm works.

We integrated the A* algorithm as follows in algorithm 1: We tested our implementation using some sample 
data from our domain expert, and evaluated our results using some quality metrics, such as performance, 
scalability, reliability, usability, and maintainability.
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	 Appendix C

W3C standards are web standards used across the internet for better exchange of information and knowledge 
with minimum human interference (https://www.w3.org/standards/).

Dijkstra’s algorithm is an algorithm for finding the shortest paths between nodes in a weighted graph, which 
may represent, for example, a road network. It was conceived by computer scientist Edsger W. Dijkstra in 
1956 and published three years later. (Dijkstra, 1959).

Figure C1. Pseudocode for Dijkstra’s algorithm.

https://www.w3.org/standards/

