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Summary

Introduction. The disruption of global supply chains and maritime multimodal transport
caused by geopolitical tensions and infrastructure damage in Ukraine necessitates a
paradigm shift in risk management. Traditional stochastic methods, particularly the Monte
Carlo method, demonstrate significant limitations due to the lack of reliable retrospective
statistical data in conditions of unprecedented uncertainty and continuous operational
disruptions. Purpose. The primary purpose of this study is to present a fundamental,
comprehensive analytical assessment of the risks associated with maritime multimodal
supply chains and to develop an improved methodological framework. Specifically, the
study aims to design a robust, integrated multi-criteria risk assessment model capable of
functioning under extreme uncertainty, and to create a mathematical framework for the
optimal allocation of financial and operational risks among supply chain participants,
strictly accounting for the international Incoterms 2020 delivery rules. Results. Based
on an in-depth systematic analysis of international and domestic transport practices, an
integrated multi-criteria risk assessment model was developed. This model successfully
combines the framework of dynamic Bayesian networks, which determine the probability
of risk events occurring in real time, with advanced machine learning capabilities.
Furthermore, the model incorporates the hybrid fuzzy logic method Fuzzy AHP-TOPSIS
to effectively rank alternative logistics routes according to critical criteria of time, cost,
and overall reliability under shifiing operational conditions. Conclusions. Practical
testing of the proposed model, utilizing the critical sector of Ukrainian grain exports as an
empirical example, has confirmed its high predictive accuracy and superior adaptability
to rapidly changing security environments. The integration of real-time data analysis
and fuzzy logic offers a viable solution for complex decision-making in crisis logistics.
Ultimately, the developed mathematical framework ensures equitable risk distribution,
thereby significantly enhancing the resilience and efficiency of maritime multimodal
transport networks during ongoing emergencies.
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Anomauin

Bemyn. Jlecmabinizayis eno6anvHux 1aHYyr2i6 noCmayans ma KpUmuyHi HOUKO-
02HCEHHS MPAHCNOPMHOT IHpacmpykmypu 8 Yxpaini 3yM0611010ms HeoOXiOHicms O0KO-
PIHHO20 nepe2nady napaouemu YAPAeLiHHA PUSUKAMU 8 MOPCbKOMY ceKmopi. Y cmam-
mi 30iliCHEHO (QYHOAMEHMANbHY KOMNIEKCHY AHANIMUYHY OYIHKY DPUSUKIE MOPCLKUX
MYTIMUMOOANbHUX NePese3eHb 8 YMOBAX HAO3GUUAUHUX CUMYAyil, 3YMOBLEHUX 2€0-
nonimuyHoI0 Hanpyeorn. Y 0ocniodcenni oOTpyHmMosano oomedceHicmy mpaouyiiHux
cmoxacmuyHux memodis, 3oxkpema memody Moume-Kapno, uepes ¢iocymuicme HaOditi-
HUX pempOCHeKMUGHUX CIAMUCIMUYHUX OAHUX 8 YMOBAX De3npeyedeHmHoi HegusHade-
Hocmi. Bcmanosneno, wo 6 ymosax nocmiiino2o eniugy ¢axmopis hopc-madicopy xia-
CUYHI IMIMaYitiHi MOOeNi MUHYI020 6MPAUAOMYb CE0I0 NPOSHOCIIUYHY CHPOMONCHICb.
Mema. OcrosHum 3a60aHHAM pOOOMIU € POPMYBAHHI CMINKOT MEMOOUUHOI OCHOBU 015
NPUTHAMMSA YNPAGIITHCOKUX pilteHb Y Kpu3oeit nocicmuyi. Ha ocnosi enuboxozo cuc-
MeMHO20 aHANIZY MIJDCHAPOOHOT Ma GIMUUSHAHOT MPAHCNOPMHOI NPAKMUKU CHOPMO-
8AHO 800CKOHANEHUL MemOOOoNo2TuHUl 6a3uc. 30Kpema, O0CHIONCEHHs CNPAMOBAHE HA
PO3POOKY MamMeMamuyHo2o anapany po3nooiny (iHaHcosux ma onepayiinux pusuxie
MIDIC YUACHUKAMU MYTbIMUMOOAIbHOO JIAHYI02A NOCAYAHHS 3 YIMKUM YPAXY8AHHAM
bazucie nocmasxu 32i0no 3 npasuiamu Inkomepmc-2020. Pesynemamu. 3anpononosa-
HO IHmezpanvhy 6azamoxpumepianrpiy MoOelb OYIHKU PUBUKIG, KA NOCOHYE anapam
Ounamiunux baeciscorux mepedxc (Bayesian Networks) ons eusnauenHs umogipHOCmi
HACMAaHHs. PUBUKOBUX NOOILL Y PeanbHOMY Yaci 31 30amMHICMI0 00 MAWUHHO20 HABYAH-
Hs1. Buxopucmanns baeciecbkozo nioxody dae smozy b6e3nepepeno oHo8n08amu oyinKu
PUBUKIG HA KOJICHIT OLISAHYI Mapuipymy 6 pasi nosiéu HO8UX OAHUX NPO CMAaH Oe3neKu
abo ingpacmpyxkmypu. Taxodc 3acmoco8ano 2iopudnuti memoo wewimroi nociku Fuzzy
AHP-TOPSIS 01 parnoicy8anHs anbmepHamueHUuX J102ICMUYHUX MAPWPYMIe 3a Kpume-
pismu uacy, eapmocmi ma Haditunocmi. Lle dae moxcaugicmos Higen08amu KOCHIMUGHY
HEBU3HAUEHICb eKCNEPMHUX OYIHOK [ 8paxyeamu 0a2amoGUMIPHICMb L1O2ICIMUYHUX
sumpam. Bucnoeku. [lpaxmuyna anpobayis mooeni Ha NPUKIAdi eKcnopmy 3epHosux
KVIbmyp niomeepouna ii 6UCOKy NpoeHO3HY MOYHICIb Ma a0anmueHicmy 00 MIHAUGUX
besnexosux ymos. /logedeno, wo inmezpayis iLCmpymenmie inmenexmyaibH020 aHafz13y
O0aHUX y Io2icmudne niany8ants 3abe3neuye mamemamuune niorpyHms Oas MiHimizayii
empam ma ni0GUWEHHsL JHCUBYHOCMT MPAHCROPMHUX Mepedic. Pozpobnenuii areopumm
YiMKO OeMOHCIMPYE, K 3MIHA YMO8 NOCMABKU 6NAUBAE HA (DIHAHCOBY 8PA3IUGICMb eKC-
nopmepa, wo € KpUmuyHum 0Jis 3a0e3nedenns eKOHOMIYHOI cmitikocmi nionpuemcmea
8 YMOBAX HAO36UYAUHUX CUMYAYTIL.

Knwwuogi cnosa: mpancnopm, oyinka pusuxise, Mamemamuina mMooeib, npocHO3)-
BAHHS, MEXAHIYHA CMIUKICMb, MOPCLKA JO2ICMUKA, eKOHOMIYHA Oe3neKa, cmaia 102ic-
MUKA, 102ICMUYHA THGPACMPYKIMYypa, RPUUHAMMSL piulets.
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Introduction

Maritime transport has historically been, and remains, the cornerstone of the global
trading system, accounting for over 80 percent of the total volume of international cargo
in physical terms [1]. The smooth operation of maritime trade routes is of strategic
importance for Ukraine’s macroeconomic stability. Around 80 percent of the country’s
agricultural exports have traditionally been shipped via Ukraine’s seaports primarily
the deep-water terminals in the Odesa metropolitan area (Odesa, Chornomorsk, Pivden-
nyi) generating the lion’s share of foreign exchange earnings and contributing to global
food security [2].

Multimodal transport, which conceptually involves at least two different modes
of transport and multiple independent operators under a single end-to-end contract, is by
its very nature an extremely complex and stochastic dynamic system [3]. Given the cur-
rent challenges in Ukraine, this process is made significantly more difficult. There is
a need for constant, rapid changes to routes and periodic re-routing of freight flows to
ports on the Danube or to western land border crossings. The problem lies in a chronic
shortage of rolling stock and drivers, as well as an extremely high level of unpredictable
security risks [4].

In this context, the issue of methodological support for risk assessment with manda-
tory consideration of the Incoterms 2020 delivery terms becomes particularly relevant.
These international commercial rules were developed by the International Chamber
of Commerce (ICC). They strictly regulate the allocation of liability, costs and the point
at which the risk of accidental loss or damage to the goods passes from the seller to
the buyer [5]. In an era of global force majeure events, the correct choice of Incoterms
term is transforming from a purely legal formality into a key strategic tool for the finan-
cial management of an exporting company [6].

Problem Statement

Despite the growing number of academic studies on logistics risks, a significant gap
remains. This gap stems from the fact that existing models are either based on large his-
torical datasets which are unavailable during a crisis or fail to incorporate legally bind-
ing contractual frameworks into their quantitative risk assessments. A specific example
of such a contractual framework is “Incoterms 2020.” This study addresses precisely
this unresolved issue at the intersection of operational risk modeling and international
trade law.

Literature Review and Research Gap

Research into the nature of risks in maritime multimodal transport forms a broad
academic discourse. Against the backdrop of global crises (such as the COVID-19 pan-
demic, the blockage of the Suez Canal by the Ever Given, and geopolitical crises in
the Black Sea and Red Sea regions), this discourse has taken on unprecedented intensity
[7; 8]. The complexity of the research subject is due to the large number of participants
in the logistics chain, the heterogeneity of transport modes, and the critical dependence
on external force majeure factors.

Traditional approaches to quantitative risk assessment have long been based on
the use of the Monte Carlo method. The essence of this method lies in running the model
multiple times with random values for the input parameters. This allows one to obtain
a probability distribution of the outcome and identify the most likely scenarios for
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the development of events [9]. However, within the scope of this study, the Monte Carlo
method has significant limitations. The reason for this is the lack of reliable statistical
data. This is due to the fact that modern emergencies in Ukraine are of the ‘black swan’
type. They do not conform to retrospective statistical distributions, meaning that model-
ling based solely on historical data may lead to erroneous management decisions.

Instead, modern transport science is increasingly turning to fuzzy logic. This the-
ory allows for the use of qualitative and imprecise data. According to recent research,
the integration of fuzzy logic with multi-criteria decision-making (MCDM) methods,
such as AHP (Analytic Hierarchy Process) and TOPSIS (Technique for Order of Prefer-
ence by Similarity to Ideal Solution), enables the creation of highly robust and adaptive
models for assessing the risks of disruptions in complex transport networks [10; 11].

The Fuzzy AHP method enables the structuring of a complex hierarchy of logistical
risks using linguistic variables. These variables are subsequently transformed into trian-
gular fuzzy numbers (TFN) for mathematical processing [12].

However, a systematic review of the existing literature shows that none of the pub-
lished models simultaneously combines dynamic Bayesian analysis, fuzzy multi-crite-
ria decision-making, and risk allocation based on Incoterms into a single unified sys-
tem—especially one suitable for use in crisis conditions. This gap is the main research
problem addressed by this study.

Research Objectives

The main objective of this study consists of three parts:

1. To develop and validate an integrated multi-criteria risk assessment model capable
of functioning under conditions of extreme data scarcity;

2. To create a mathematical framework for allocating financial risks among par-
ticipants in a multimodal supply chain in strict accordance with the Incoterms 2020
delivery terms;

3. Provide empirically grounded recommendations for route optimization for Ukrain-
ian agricultural exporters based on current market data as of 2026.

Main Research Results

The integrated methodology employed in this study is built around three comple-
mentary analytical tools, each fulfilling a clearly defined and non-overlapping function
within the overall risk assessment framework. Fuzzy AHP serves the role of a weight-
ing engine: it processes expert pairwise comparisons of evaluation criteria (logistics
cost, transit time, and security/insurance risk) under conditions of linguistic uncertainty
and produces a normalised vector of criterion weights. Fuzzy TOPSIS then applies these
weights to rank the alternative logistics routes by measuring their geometric proxim-
ity to the ideal positive and negative reference solutions, thereby producing an objec-
tive, multi-criteria ranking of alternatives. Dynamic Bayesian Networks (BN) address
the third and most critical task: they quantify the probabilities of adverse risk events
(cargo loss, infrastructure disruptions, logistical delays) under conditions of deep
uncertainty, and continuously update these probabilities in real time as new evidence
about the security situation, power grid status, or border congestion becomes available.
This explicit division of methodological roles ensures that the framework functions as
a coherent and mutually reinforcing integrated system, rather than an arbitrary combi-
nation of independent tools.
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A mathematical description of triangular fuzzy numbers (TFN) and the AHP algo-
rithm. To eliminate the cognitive uncertainty of expert assessments, linguistic judge-
ments are transformed into triangular fuzzy numbers A =(Z,m.u). Where [ is the smallest
possible value, m is the most probable value (the apex of the triangle), and u is the larg-
est possible value [13].

The conversion of the experts' linguistic ratings into TFN values for this study is pre-
sented in Table 1 [12]. The expert group was formed based on strict selection criteria. Specif-
ically, each candidate had to possess at least five years of documented practical or academic
experience in maritime and multimodal logistics, alongside direct operational involvement
in international freight management or transport risk assessment. Ultimately, the panel con-
sisted of seven experts. This included two senior logistics managers from freight forward-
ing companies whose expertise lies in the containerization of export-import cargo flows
and multimodal integration. The group also involved two foreign trade managers with
a practical background in handling financial and contractual risks under Incoterms 2020.
The remaining three members were academics from Ukrainian transport universities with
over five years of active research in logistics risks, security, and decision-making under
uncertainty. To verify the internal consistency of their collective judgments, the Consistency
Ratio (CR) was calculated as the ratio of the Consistency Index (CI) to the Random Index
(RI) [10]. The obtained CR value of 0.041 is well below the accepted threshold of 0.10,
which confirms the statistical consistency and reliability of the provided evaluations.

Table 1
Conversion scale for linguistic variables to triangular fuzzy numbers (TFN)

Linguistic evaluation Scale value Triangular fuzzy number (I,m,u)
Equal importance 1 (1,1, 1)
Slight preference 3 2,3,4)
Moderate preference 5 4,5,6)
Strong preference 7 6,7,8)
Absolute preference 9 8,9,9)

Based on this scale and the aggregation of expert judgements, a pairwise comparison
matrix (Table 2) was developed for the three key route optimisation criteria: C, (Total
logistics costs), C, (Transit time), C, (Security and insurance risk).

Table 2
Matrix of pairwise comparisons of criteria for the Fuzzy AHP algorithm
Criterion C, (Cost) C, (Time) C, (Risk)
C, (Cost) (1.00, 1.00, 1.00) (1.00, 2.00, 3.00) (0.25, 0.33, 0.50)
C, (Time) (0.33, 0.50, 1.00) (1.00, 1.00, 1.00) (0.20, 0.25, 0.33)
C, (Risk) (2.00, 3.00, 4.00) (3.00, 4.00, 5.00) (1.00, 1.00, 1.00)

*Note: The weights of the criteria were calculated using Fuzzy AHP software with a defuzzifica-
tion method based on the ‘Degree of Possibility’ approach proposed by Chang (1996) [12], yielding
W =028 We, =0.12, Wey =0.60.
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After calculating the values of the fuzzy synthetic extent, the defuzzification method
based on the Degree of Possibility (DOP) as proposed by Chang (1996) [12] is applied.
This allows the fuzzy numbers to be converted into crisp criterion weights. As a result
of defuzzification and normalisation, the final vector of crisp weights is obtained:
W, = 028, W, = 0.12, W,; = 0.60. The security and insurance risk criterion
(., = 0.60) holds the dominant weight in the proposed model. The expert panel unan-
imously agreed on this prioritisation. Under active hostilities and port blockades, oper-
ational security is the least controllable factor in logistics planning. A single security
incident can instantly wipe out any cost or time savings of a given route.

The volatility of Extra War Risk Insurance (EWRI) premiums in the Black Sea region
further reinforces this assessment. Historically, these premiums spiked to 1.0-1.5%
of the cargo value during peak instability. By comparison, the rate stood at 0.45%
at the time of this study.

Logistics cost (W, = 0.28) ranked second in importance. This reflects the heavy
financial burden caused by forced rerouting and container demurrage. Finally, transit
time (. = 0.12) received the lowest weight. Experts noted that predictable delivery
schedules are practically unachievable in wartime. Consequently, transit time serves
only as a secondary target for route optimisation.

In turn, the Fuzzy TOPSIS method is used to rank alternative logistics routes or strat-
egies by simultaneously measuring the shortest geometric distance to the positive ideal
solution (FPIS, 4*) and the longest distance to the negative ideal solution (FNIS, d7)
[14]. Furthermore, fuzzy synthetic evaluation methods demonstrate high effectiveness in
formalising multidimensional risks in complex port operations and terminal logistics [11].

The structure of a Bayesian network (BN). The second fundamental pillar of the cho-
sen methodology is the framework of dynamic Bayesian networks. Unlike static fault
trees, Bayesian networks enable the dynamic updating of event probabilities as new evi-
dence becomes available in real time [15; 16]. This is critically important for maritime
logistics in emergency situations, where changes in the security situation in the water
area must be instantly reflected in the risk assessment of the entire voyage.

To calculate the probability of a critical logistical failure (E) at each section
of the route, this study constructs a directed acyclic graph (DAG) [15]. The root nodes
in the network are defined as: N, (Intensity of kinetic attacks on infrastructure), N,
(Degree of damage to the power grid) and N, (Level of logistical congestion at bor-
ders). The leaf node is E (Occurrence of delays or damage to cargo).

The relationships between these nodes are formalised using conditional probabil-
ity tables (CPTs). The CPTs were populated based on a synthesis of historical statis-
tical data and the expert assessments mentioned above (for example, the conditional
probability of failure given high attack intensity and partial network destruction,
P(E | N, = High, N, = Moderate) , is 0.75) [16]. The marginal probability of failure is cal-
culated using the total probability theorem. This allows the mathematical expectation
of expected delays, E(AT), to be obtained [15].

A mathematical model for estimating financial losses. To formalise risks within mul-
timodal transport under various Incoterms 2020 terms, we use the total risk function
R,. [5]. The total financial risk for the exporter is determined by the extent of their lia-
bility at each stage of the logistics chain and the probability of adverse events occurring.
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The probability of an undesirable event occurring is calculated using dynamic Bayesian
networks (BN) [15].

The general formula for the expected financial losses ( R ) for a single transport leg
is as follows (Formula 1):

R=P(E)*V*L (1)
where:
P(E) _ the posterior probability of a risk event occurring (force majeure, accident,
damage), calculated using conditional probabilities within the BN structure [15];

V' — total value of the cargo consignment (Contract Value);

L —loss severity coefficient, ranging from 0 to 1. In this study, a conservative value of L=0.8
is adopted for infrastructure damage (it is assumed that 20% of the residual value is retained
in the form of scrap). Important: this L factor applies exclusively to the risk of physical
loss of cargo, to avoid double counting of losses with the risk of time delays.

In addition to the risk of physical loss of cargo, the model specifically accounts for
the financial risk associated with delays. In emergency situations, these delays result in
significant losses due to the downtime of ships and railway wagons (Formula 2):

R,.=E(AT)*C,, 2)
where E(AT) is the mathematical expectation of the time deviation from the schedule
(in days), generated by a Bayesian network, and C,, is the cost of a single day
of downtime. This indicator aggregates the total costs of demurrage, excess storage
and the costs of maintaining the company’s frozen capital.

Thus, a comprehensive integrated risk assessment model for an exporter using
the DAP (Delivered at Place) term [5], under which the exporter bears maximum liabil-
ity until the goods are handed over at the destination, is expressed as the sum of the risks
across all stages of the multimodal route (Formula 3):

R,,=Y (R, +R,,..)+(R,+R,,,)+EWRI (3)

i=1

where R,, and Rimesi are the risks associated with the i-th inland transport segment
(railway, terminal);
R, and Rivem are the risks associated with the sea crossing;
Ewrr (Extra War Risk Insurance) — the premium for insurance against additional war
risks. Under DAP terms, a rational seller is obliged to pay this premium, as they bear
the physical risk for the cargo during sea transport.

By way of comparison, under the FOB (Free on Board) term [5], the exporter’s
risk is limited solely to the first part of the equation (up to the point at which the cargo

crosses the ship’s rail) (Formula 4):

n

Rrop = Z(Rs,i + Rtiml:,s,i) (4)

i=1

The proposed mathematical framework allows for a clear delineation of areas

of financial vulnerability depending on the chosen contract terms. This is critical for
ensuring the economic stability of an enterprise in emergency situations.

Identifying and defining the information and empirical basis for conduct-

ing research. Following the expiry of the ‘grain deal’ and Russia’s withdrawal from
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the Black Sea Grain Initiative, Ukraine independently launched a temporary maritime
corridor. This not only enabled the resumption of export flows but also significantly sta-
bilised the security situation for merchant vessels. As a result, this ensured that domestic
agricultural produce could reach global markets on an industrial scale [17].

During this period, a radical restructuring of the modal composition of Ukrainian
exports took place, accompanied by a gradual shift in focus from the Danube ports back
to the deep-water ports of the Greater Odesa region (Odesa, Chornomorsk, Pivdennyi). As
a result, their share in the overall structure of maritime exports has now stabilised at over
80% [18]. Land-based logistics routes through EU countries (‘Solidarity Lanes’) continue
to serve as backup channels. However, at the start of their operation, the average waiting
time for rail wagons at border infrastructure reached 16-30 days. This caused significant
delays and substantially limited the throughput capacity of these routes [19].

To ensure the high reliability of the study’s results, a standard consignment of food
wheat weighing 12,500 tonnes was selected for testing. According to operational mon-
itoring of prices on agricultural markets, the export value of Ukrainian wheat on FOB
terms as of March 2026 is US$231.40 per tonne [20]. Thus, the total contract value
of the consignment (7), included in the calculation is US$2,892,500.

The cost of direct exports via the ports of Greater Odesa to key export markets (such
as ports in Egypt or Turkey) includes inland rail logistics to the port of Chornomorsk.
As of early 2026, this is estimated at around US$625-630 per container [21], plus ocean
freight. According to the current tariff schedules of liner operators, in particular Maersk,
freight costs currently include special congestion surcharges (Congestion Fee Destina-
tion — CFD) [22].

Extra War Risk Insurance (EWRI) premiums remain a decisive factor in terms
of safety and financial burden. During periods of peak military instability, these rates
reached a critical level of 1.0%—1.5% of the value of the vessel and cargo. As of 2026,
EWRI premiums for the ports of Greater Odesa have stabilised at 0.45%, owing to
the successful operation of the maritime corridor and the implementation of special
insurance programmes (in particular with the support of the UK government and Marsh
McLennan) [23; 24]. As for the risks of time losses, penalties for the overdue detention
of container equipment (detention) average US$40 per day per unit [25].

Practical verification of the risk assessment model using a specific example. To
verify the mathematical framework developed, a practical test was conducted using
a real-world case study of Ukrainian agricultural exports.

Problem statement:

An export company plans to ship a consignment of 500 TEU of wheat from a grain
silo in the Kharkiv region to the port of Alexandria (Egypt). The total gross weight is
approximately 12,500 tonnes (assuming a payload of 25 tonnes per TEU, which cor-
responds to typical weight restrictions). Although grain cargoes are traditionally trans-
ported by bulk carriers, the containerisation of agricultural products has increased sig-
nificantly since 2022. This logistics solution allows exporters to diversify risks, avoid
prolonged stockpiling at terminals during periods of shelling threats, and meet strict
phytosanitary requirements for small consignments [4].

The cost of the cargo is US$231.40 per tonne [20]; therefore, the total value
of the consignment ¥ is US$2,892,500.
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Calculation of the daily demurrage cost (C,,):

For a shipment of 500 TEU, the total costs are clearly broken down into several com-
ponents. Direct demurrage (at USD 40 per unit) amounts to USD 20,000 per day. The
cost of capital is calculated based on the current NBU discount rate (15% per annum as
of 2026 [26]). This generates approximately 1,188 USD in hidden losses per day. Add-
ing the average port storage costs (around 312 USD), the total cost of one day of logis-
tical downtime is set at C,, = 21,500 USD.

The company’s expert group is considering three alternative logistics routes:

Route 1 (M, ): Direct sea route. Kharkiv — Rail/Road — Port of Chornomorsk —
Sea — Alexandria. Inland transport to the port is estimated at 625 USD/TEU. Sea freight
(including a 100 USD CFD from Maersk [22]) amounts to approximately 800 USD/
TEU. Total: 1,425 USD/TEU.[21] gwrs insurance premium: 0.45% (13,016 USD).

Route 2 (M, ): Danube—Romanian. Kharkiv — Railway — Port of [zmail — barge
— Port of Constana — sea — Alexandria. Inland transport and barge costs are estimated
at around 1,200 USD/TEU, sea freight at 556 USD [27]. Total: 1,756 USD/TEU. EWRI
:0.15% (4,339 USD).

Route 3 (Ms): Overland via the EU. Kharkiv — Railway — Polish border — Port
of Gdansk — Sea — Alexandria. Cross-border delivery — 1,450 USD, sea freight — 900
USD [27]. Total: 2,350 USD/TEU. gwrir : 0.15%.

Stage 1. Ranking routes using the Fuzzy AHP-TOPSIS method

Based on the experts’ linguistic assessments and the calculated criterion weights
(W, =028, W, = 0.12, Wes = 0.60), a normalised matrix for the Fuzzy TOPSIS
algorithm was constructed. It generates the following results for a 500 TEU shipment
(Table 3). The algorithm calculates the shortest distance to the ideal positive solution
(FPIS, d7) and the ideal negative solution (FNIS, ¢4-). The final proximity coefficient
(cc,)isdefined as d” /(g +q-) [14].

Table 3
Calculation of distances and results of the ranking of alternative routes using
the Fuzzy AHP-TOPSIS method

e Transit Distance | Distance | Proximity
Route Logistics (USD) (days) EWRI to FPIS to FNIS | coefficient Rank
M, (Chornomorsk) 712,500 12 0.45% 2.21 5.54 0.715 1
M, (Constanta) 878,000 18 0.15% 3.26 4.49 0.580 2
M, (Gdansk) 1,175,000 28 0.15% 5.85 1.90 0.245 3

Stage 2. Allocation of risks under Incoterms 2020

For the optimal route M,, we will analyse the total financial risk depending on
the delivery basis. Based on the results of the Bayesian network, the marginal posterior
probabilities of critical failures are determined as: P(E,) = 0.01672 (for land transit)
and P(E,) = 0.0424 (for sea transit). The residual value retention factor is L = 0.8.
According to the network topology, the mathematical expectation of the time deviation
is E(AT,) = 1.44 days (land) and E(AT,) =2.50 days (sea).
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Step-by-step assessment of financial risks:

1. Time risk (Inland): 1.44 * 21,500 = 30,960 USD.

2. Physical loss risk (Inland): 2,892,500 * 0.01672 * 0.8 = 38,690 USD.

3. Time risk (Sea): 2.50 * 21,500 = 53,750 USD.

4. Physical loss risk (Sea): 2,892,500 * 0.0424 * 0.8 = 98,110 USD.

5. Insurance cost (EWRI): 2,892,500 * 0.0045 = 13,016 USD.

The detailed breakdown of these financial risks across different delivery bases is
summarized in Table 4.

Table 4
Calculation of the seller’s total financial risk under Incoterms (in US dollars)
Route stage / Basis Rail .and port risk Marine risk | Insurance costs T(?tal %
(Time + Loss) (Time + Loss) (EWRI) risk of contract
FOB Chornomorsk 69,650 0 0 69,650 2.41%
CIF Alexandria 69,650 0* 13,016 82,666 2.86 %
DAP Alexandria 69,650 151,860 13,016 234,526 8.11 %

*Note: Under CIF terms, the seller pays only for minimum cargo insurance (EWRI). However,
the physical risk and the risk of delay at sea legally pass to the buyer at the moment of loading onto
the vessel. Therefore, for the seller, these risks are zero [5].

To validate the stability of the proposed model, a sensitivity analysis was performed
across three stress scenarios. The details of this analysis and the corresponding risk fluc-
tuations are presented in Table 5. The results confirm that the optimal ranking of Inco-
terms bases remains robust even under extreme conditions. Doubling transit delays
or increasing EWRI premiums to historical peaks does not change the final strategic
choice. This stability demonstrates that the integrated methodology provides a reliable
foundation for decision-making in crisis conditions.

Table 5
Sensitivity analysis: Total financial risk of the exporter under Incoterms 2020
across three stress scenarios (Route M1, USD)

Scenario 1 (Base): . —_1 00 . _1 =0
Incoterms Basis EWRI=0.45%, Scenan;;glz;’:ig(l;;) 1.0%, Scena;;(;:};sli\z)l;{ e 1.5%,
standard delays
FOB Chornomorsk 69,650 (2.41%) 85,130 (2.94%) 100,610 (3.48%)
CIF Alexandria 82,666 (2.86%) 114,055 (3.94%) 143,998 (4.98%)
DAP Alexandria 234,526 (8.11%) 292,790 (10.12%) 349,608 (12.09%)

Note: Scenario 2 assumes EWRI rises to 1.0% (documented peak during acute hostilities) and expected
delays increase by 50% (E(ATv) =2.16 days; E(ATm) =3.75 days). Scenario 3 assumes EWRI
at the historical maximum of 1.5% with delays doubled (E(ATA_) =2.88 days; E(ATm) = 5.00 days).
Physical loss probabilities (P(ES) =0.01672; P(Em) = 0.0424) and the loss severity coefficient (L = 0.8)
remain constant across all scenarios. The results confirm that the rank ordering FOB < CIF < DAP is
fully preserved under all stress conditions, and that the absolute risk magnitude scales proportionally with
the parameter changes, demonstrating the structural robustness of the proposed model.

Analytical conclusion: Signing a contract on DAP Alexandria terms increases
the exporter’s financial risk to USD 234,526 (8.11%). This is because the exporter
assumes full legal and operational responsibility for the sea leg. FOB is the optimal
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choice in terms of risk minimisation. However, CIF remains the compromise solution
in practice.

Discussion of Results

The scientific novelty of the research presented in this article lies in the following:

An integrated model for the analytical assessment of risks in maritime multimodal
transport has been refined and adapted to crisis conditions. It algorithmically com-
bines the apparatus of dynamic Bayesian networks (for calculating probabilities under
the uncertainty of a crisis environment) and the Fuzzy AHP-TOPSIS method (for mit-
igating expert uncertainty in decision-making). The limitations of the Monte Carlo
method are substantiated. The advantages of the proposed approach in the absence
of normal distributions are argued.

The mathematical method for allocating financial and operational risks has been
refined through the implementation of the Incoterms 2020 international rules. This has
made it possible to translate the purely legal provisions of international trade into precise
engineering and economic calculations. It has also helped to clearly assess the export-
er’s financial exposure at every stage of the multimodal route.

The methodology for spatial-route optimisation of Ukraine’s export logistics has
been further developed through the introduction of the dynamic EWRI indicator as
a security risk criterion into the Fuzzy TOPSIS function. A scientific and mathematical
justification was carried out based on the analysis of current data as of 2026. It was found
that, thanks to the stabilisation of insurance premiums at 0.45%, routes via the deep-wa-
ter ports of Greater Odesa are optimal in terms of the integrated cost and time criterion
compared to western land crossings and Danube ports.

Conclusions

Based on the in-depth analytical study conducted, the following conceptual conclu-
sions can be drawn:

Hostilities, unprecedented geopolitical tensions and port blockades have fundamen-
tally disrupted the traditional paradigms of logistics planning in the Azov-Black Sea
basin. It has been established that risk management in multimodal supply chains under
conditions of permanent force majeure cannot rely on linear deterministic approaches
or simulation models of the past.

The use of Bayesian networks allows for the continuous updating of the assessment
of failure probabilities in real time based on the emergence of new evidence (for example,
damage to the power grid or border closures by neighbouring states). This significantly
increases the reliability of forecasting logistical deviations. The application of fuzzy logic
tools (the Fuzzy AHP-TOPSIS algorithm) to compare alternative export routes has con-
firmed the fundamental economic viability of the new Ukrainian maritime corridor.

Despite the existence of premiums for additional security risks, the overall time
and cost losses on direct shipments from the ports of Greater Odesa are significantly
lower than the weeks-long delays at congested land borders with the EU or the addi-
tional costs of intermediate river transhipment. The reduction and stabilisation of insur-
ance rates for additional security risks (EWRI) to 0.45% [23] became the critical factor
that mathematically confirmed the advantage of the sea route (CC, =0.715).

It has been mathematically proven that the choice of Incoterms 2020 terms is no
less critical than the choice of the physical transport route. Practical testing has clearly
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demonstrated that an exporter’s switch from the safe FOB basis to the DAP basis for
a standard grain consignment (500 TEU) increases the extent of their potential finan-
cial risk in the event of an emergency by more than three times (from 2.41% to 8.11%
of the contract value) [5].

The integration of risk distribution functions into the developed mathematical model
provides a solid engineering foundation for the creation of specialised automated soft-
ware. The further development of such a software product, capable of integrating API
data and a Bayesian engine into a single interface, represents an extremely promising
avenue for applied research within the framework of the development of domestic trans-
port technologies.

Future research should focus on developing an automated software tool for decision
support. Such a tool should integrate real-time API data streams. This data includes cur-
rent freight rates, EWRI premiums, and border congestion indicators. Data integration
should be carried out within the framework of a Bayesian inference mechanism. This
will ensure continuous and dynamic risk recalculation. The results obtained can be used
by logistics operators to make informed decisions.
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