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 Abstract. The structural transformation of international transport flows after 2022 resulted in a disproportionate 
distribution of transport demand across Ukraine’s international road border crossing points (IRBCPs), leading to 
congestion at certain crossing points and prolonged queues. The aim of this article was to substantiate a mechanism 
for balancing freight flows between international road border crossing points in order to improve the efficiency of 
international freight transport under conditions of uneven utilisation of border infrastructure. The methodological 
framework of the study was based on queueing theory (a multi-channel M/G/s system with the Allen-Cunneen 
approximation), combined with scenario analysis and normalised multi-criteria assessment methods. To ensure the 
reproducibility of the results, a separate methodological section was included to justify the procedure for determining all 
key model parameters (λ, μ, s, ca, cs). The article investigated the problem of uneven utilisation of Ukraine’s international 
road border crossing points under conditions of the structural transformation of international transport flows. It has 
been established that changes in the geography of foreign trade routes have led to an imbalance in the utilisation of 
border infrastructure, resulting in the systematic overloading of certain border crossing points. An adaptive mechanism 
for balancing freight flows between IRBCPs based on an integral efficiency criterion has been developed. A dedicated 
methodology section has been introduced to justify the procedure for obtaining the model parameters. The results of 
the scenario modelling confirmed the effectiveness of the proposed approach, reducing the utilisation factor (ρ) of the 
Krakovets-Korczowa IRBCP from 1.05 to 0.63-0.74 and decreasing the average queue waiting time (Wq) from more than 
72 hours to 2.3-7.2 hours. The proposed mechanism enables the prompt redistribution of freight flows between IRBCPs 
without requiring capital investment in border infrastructure, thereby significantly reducing the economic losses 
incurred by freight carriers as a result of prolonged delays at the border
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 Introduction
Following 2022, Ukraine’s international freight transport 
system underwent a substantial transformation driven by 
changes in the structure of foreign trade flows, the reori-
entation of logistics routes, and a sharp increase in the uti-
lisation of international road border crossing points (IRB-
CPs). According to The State Border Guard Service (2024) 
and Solidarity Lanes: Latest Figures  (2025a), restrictions 

on the capacity of maritime and rail transport corridors 
resulted in a significant proportion of export and import 
freight being redirected to road transport, leading to a 
systematic increase in traffic intensity at Ukraine’s west-
ern border crossings. According to Solidarity Lanes: Latest 
Figures (2025b), the Polish corridor experienced the high-
est level of demand, accounting for approximately 48% 
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nodes without comprehensively addressing the asymme-
try of international freight flows between border corridors. 
Adaptive freight flow balancing between alternative IRB-
CPs, taking into account an integral efficiency criterion for 
the transport and technological process, remains insuffi-
ciently investigated, thereby highlighting the relevance of 
the present research. The aim of this study was to develop 
a mechanism for balancing freight flows between inter-
national road border crossing points under conditions of 
uneven utilisation of border infrastructure in order to im-
prove the efficiency of the transport and technological pro-
cess of international freight transport. To achieve this aim, 
the following objectives were defined: (1)  to analyse the 
current operation of Ukraine’s IRBCPs under conditions of 
structural asymmetry in transport flows; (2)  to formalise 
and parameterise a mathematical model of an IRBCP as 
a multi-channel M/G/s queueing system, including the 
procedure for obtaining the required input data; and (3) to 
develop and validate an adaptive freight flow balancing 
mechanism between IRBCPs using an integral efficien-
cy criterion for the transport and technological process.

 Materials and Methods
The study was conducted as an applied modelling inves-
tigation of transport and logistics systems. The methodo-
logical framework was based on queueing theory, specifi-
cally the theory of multi-channel M/G/s systems and the 
Allen-Cunneen approximation for estimating the average 
waiting time. In addition, scenario analysis and normal-
ised multi-criteria assessment methods were employed 
to evaluate alternative transport routes. The object of the 
study was the operational system of Ukraine’s internation-
al road border crossing points. The subject of the study 
was an adaptive mechanism for balancing freight flows 
between IRBCPs under conditions of uneven utilisation of 
border infrastructure. The empirical basis comprised data 
provided by the Ministry for Development of Communi-
ties and Territories of Ukraine (n.d.) on traffic intensity at 
IRBCPs during 2024-2025, together with analytical ma-
terials published by the United Nations Economic Com-
mission for Europe (2025). Data sources were selected ac-
cording to the following criteria: (a)  timeliness, covering 
the period 2024-2025; (b) reliability, including only official 
governmental and scientific sources; and (c)  relevance, 
with direct applicability to IRBCPs located on the Ukraini-
an-Polish and Ukrainian-Hungarian border corridors.

The vehicle arrival rate (λ) was determined as the av-
erage number of freight vehicles per hour during peak op-
erating hours (07:00-19:00) based on data from the State 
Border Guard Service of Ukraine for 2024-2025; for the 
Krakovets-Korczowa IRBCP, λ  =  22.6 vehicles/h. The ser-
vice rate (μ) was calculated as the reciprocal of the aver-
age service time per vehicle, taking into account customs 
and border control procedures; the baseline value was 
μ = 2.15 vehicles/h/channel. The number of service chan-
nels (s = 10) corresponded to the number of operational 
inspection lanes at the IRBCP during the study period. 
The coefficients of variation for the arrival process (ca) 

of Ukraine’s international road freight transport in 2025. 
This asymmetry in freight flows resulted in the persistent 
overloading of several IRBCPs, particularly Krakovets-Ko-
rczowa, Rava-Ruska-Hrebenne, and Yahodyn-Dorohusk, 
while the Hungarian and Slovak corridors retained sub-
stantial spare capacity. During peak periods, the average 
waiting time for vehicles at certain IRBCPs exceeds 60-72 
hours, with maximum waiting times surpassing 240 hours 
(Solidarity Lanes: Latest Figures, 2025b). As noted by the 
European Commission (2025) and K. Prytula et al. (2022), 
conventional approaches to alleviating congestion at 
IRBCPs, such as reconstructing border infrastructure or 
increasing the number of service channels, require con-
siderable capital investment and long implementation 
periods of five to ten years. Consequently, the develop-
ment of a freight flow balancing mechanism between IR-
BCPs using digital decision-support systems has become 
particularly relevant.

 Numerous contemporary studies have examined the 
operation of international transport and technological 
systems and the management of transport flows under 
conditions of congested border infrastructure. In particu-
lar, the studies by M.  Golnar & B.  Beškovnik  (2022), and 
B. Stewart et al. (2023), explored the application of queue-
ing theory and multi-criteria decision-making methods 
to evaluate the performance of border crossing points. 
A.K.  Jain  et al.  (2023) analysed approaches to optimis-
ing multimodal transport networks under conditions of 
stochastic demand, the digital transformation of supply 
chains, inter-organisational integration of information 
systems, enhancing the resilience of transport and logistics 
networks to external disruptions, developing intermodal 
freight transport between Ukraine and Poland, forecasting 
waiting times at border crossings using machine learning 
techniques, and modelling and optimising border service 
systems using a simulation-based multi-criteria decision 
analysis approach. D. Ivanov & A. Dolgui (2021) introduced 
the concept of the ripple effect, explaining how conges-
tion at a single IRBCP propagates disruption throughout 
the entire transport corridor. The freight flow balancing 
mechanism proposed in this study effectively implements 
the principle of structural resilience through route diver-
sification, consistent with the recommendations of these 
authors. Its distinguishing feature lies in adapting this 
concept to the specific characteristics of border logistics, 
where traffic redistribution is constrained by the fixed geo-
graphical distribution of IRBCPs and customs regulations. 
The study by I. Jacyna-Gołda et al. (2024) confirmed that 
the development of intermodal transport routes between 
Ukraine and Poland is essential for reducing the utilisation 
of road border crossing points. The integration of a border 
logistics hub proposed in the present study represents a 
specific organisational and technological mechanism for 
implementing this approach, complementing the strate-
gic recommendations of that research with an operational 
decision-making framework.

Nevertheless, the majority of existing studies focus 
primarily on the local optimisation of individual transport 
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and service time (cs) were determined from statistical data 
describing the variability of inter-arrival intervals and 
service times. IRBCPs were classified according to thresh-
old values of the utilisation factor (ρ): ρ > 1 indicated an 
overloaded operating regime (donor IRBCP); 0.85 ≤ ρ ≤  1 
indicated a critically loaded regime; and ρ < 0.85 indicat-
ed a stable operating regime with reserve service capacity 
(recipient IRBCP). The critical threshold value of ρcrit

 = 0.85 
was selected to preserve sufficient spare capacity for com-
pensating stochastic fluctuations in the arrival rate. The 
average waiting time for vehicles in the M/G/s system was 
estimated using the following relationship (Allen-Cun-
neen approximation):

Wq
 ≈ [ρs/(s!(1 - ρ))] · [(ca

2 + cs
2)/2] · (1/μ),            (1)

where Wq – the average vehicle waiting time in the queue; 
ρ – the system utilisation factor; ca – the coefficient of var-
iation of the inter-arrival times; cs – the coefficient of vari-
ation of the service times; s – the number of service chan-
nels; μ – the service rate of a single channel.

System utilisation factor:

ρ = λ/(s · μ),                                        (2)
where, for ρ  <  1, the system operates under stable con-
ditions. As ρ → 1 a nonlinear increase in Wq is observed, 
whereas for ρ ≤ 1 the system enters an overloaded regime 
characterised by unlimited queue growth.

 Results and Discussion
The operation of IRBCPs was modelled as a multi-chan-
nel M/G/s queueing system. Based on the analysis of 
materials published by the Ministry for Development of 
Communities and Territories of Ukraine  (n.d.) concern-
ing the operation of international transport corridors, it 
was established that the Polish corridor experienced the 
most critical level of utilisation during 2024-2025. At the 
Krakovets-Korczowa IRBCP, the system utilisation factor 
reached a value corresponding to an overloaded operat-
ing regime:

𝜌𝜌𝜌𝜌Krakovets  =  22,6
10 · 2.15

 ≈  1.05  .

Figure 1 illustrates the relationship between Wq and ρ 
for an M/G/s system with parameters ca

 = 1.0 and cs
 = 0.6.

Figure 1. Relationship between the average waiting time for vehicles and the system utilisation factor M/G/s
Source: compiled by the author
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Analysis of Figure  1 demonstrates the nonlinear na-
ture of this relationship. Within the range ρ < 0.7, the av-
erage waiting time does not exceed 2 hours and increases 
gradually. In the interval 0.7 ≤ ρ < 0.9, queue accumulation 
accelerates significantly, while as ρ → 1 Wq tends towards 
infinity. The practical region of stable system operation 
corresponds to ρ ≤ 0.85, which justifies selecting this value 
as the threshold for activating the freight flow balancing 
mechanism. Practical evidence supporting this theoretical 
relationship is provided by the operation of the e-Queue 
system. At most IRBCPs, digital slot allocation reduced 
Wq by 24-70% through a reduction in service time varia-
bility (cs) (Ministry for Development of Communities and 
Territories of Ukraine, 2025). However, no substantial im-
provement was observed at the Krakovets-Korczowa IRB-
CP. When ρ < 1, even a considerable reduction in service 
time variability cannot stabilise the system because the 
arrival rate exceeds the total service capacity. This finding 
is consistent with the conclusions of I. Badi et al. (2026), 
who argued that the digitalisation of border procedures is 
a necessary but insufficient condition for resolving con-
gestion problems. Within the framework of this study, an 
adaptive mechanism for balancing freight flows between 

IRBCPs is proposed. A continuous monitoring system re-
cords the current values of λ, μ, and s and calculates the 
utilisation factor (ρ) for each IRBCP in real time. When the 
critical threshold ρcrit

 = 0.85 is reached or when ρ > 1, the 
decision-support module initiates the balancing proce-
dure by assessing the available capacity of recipient IRB-
CPs and generating a recommendation to redirect part of 
the freight traffic. The criterion for initiating freight flow 
balancing is:

ρ ≥ ρcrit
 = 0.85.

Figure 2 shows a structural diagram of the proposed 
mechanism.

The proposed framework comprises four function-
al modules: a monitoring module (collecting real-time 
data on λ, μ, and ρ from all IRBCPs), an analysis module 
(classifying IRBCPs according to threshold values of ρ and 
identifying donor and recipient IRBCPs), a decision-sup-
port module (calculating the integral efficiency indicator, 
, for each alternative route and selecting the optimal op-
tion), and an implementation module (generating recom-
mendations for freight carriers through integration with 
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the e-Queue system and logistics platforms). Feedback 
between the implementation module and the monitor-
ing module enables the effects of traffic redirection to be 
monitored continuously and recommendations to be ad-
justed promptly as operating conditions change. The op-
timal route is selected on the basis of the integral efficien-
cy indicator of the transport and technological process:

Ie
 = w1

 · Tn
 + w2

 · Cn
 + w3 · R + w4

 · S + w5
 · E,           (3)

where Tn  – the normalised delivery time indicator; Cn  – 
the normalised transport cost indicator; R – the delivery 
reliability indicator; S – the service quality indicator; E – 
the environmental indicator; wi  – the weighting coeffi-
cients (Σwi

 = 1).

5. Freight flow redirection (adaptive freight routing)
 Feedback 

4a. Donor IRBCP (overloaded)  ≥ 1 4b. Recipient IRBCP (spare capacity a vailable) < 0.85 
▼

Traffic flow 
▼ 

1 . Monitoring of IRBCP paramete rs (queue le ngth, waiting tim e , , , ,  route availability) 
▼

2 . System parameter evaluation  ( , , service time variability) 
▼ 

3. Decision support module (waiting time forecasting, route optimisation, selection of an alternative IRBCP) 
◆ 

Figure 2. Structural diagram of the adaptive freight flow balancing mechanism  
between international road border crossing points

Source: developed by the author

Parameter Baseline scenario Conservative scenario Optimistic scenario

Arrival rate, λ (vehicles/h) 22.6 18.9 15.9
Number of service channels, s 10 10 10

Service rate, μ (vehicles/h/channel) 2.15 2.54 2.54
Service time coefficient of variation, cs 0.60 0.25 0.25

Arrival process coefficient of variation, ca 1.00 0.35 0.30
Utilisation factor, ρ (–) 1.05 0.74 0.63

Average waiting time, Wq (h) ≥ 72 4.8-7.2 2.3-4.1

Normalisation is performed using linear scaling with-
in the range [0, 1]. The weighting coefficients are deter-
mined using the AHP, taking into account the priorities of 
the individual freight carrier. To evaluate the effectiveness 
of the proposed mechanism, three scenarios were con-
sidered: S0 (baseline scenario  – no freight flow balanc-
ing), S1 (conservative scenario – partial traffic redirection 

combined with digital slot allocation), and S2 (optimistic 
scenario – full adaptive freight flow balancing supported 
by a border logistics hub). Table 1 presents a comparison 
of the baseline, conservative, and optimistic scenarios for 
the operation of the Krakovets-Korczowa IRBCP in terms 
of arrival rate, service channel utilisation, and average ve-
hicle waiting time.

Table 1. Impact of the freight flow balancing mechanism  
on the operational parameters of the Krakovets-Korczowa IRBCP

Source: compiled by the author based on Ministry for Development of Communities and Territories of Ukraine (n.d.)

Analysis of Table  1 reveals several fundamentally 
important patterns. In the conservative scenario (S1), 
reducing the λ from 22.6 to 18.9 vehicles/h is achieved 
by redirecting approximately 16% of the freight traffic 
to alternative IRBCPs (Rava-Ruska-Hrebenne and Yaho-
dyn-Dorohusk). With the number of service channels re-
maining unchanged (s = 10), this reduces the utilisation 
factor (ρ) from an overloaded operating regime (1.05) to 
a stable level (0.74). At the same time, the increase in the 
service rate (μ) to 2.54 vehicles/h/channel results from 
the introduction of digital slot allocation, which stand-
ardises vehicle arrival intervals and reduces organisation-
al delays. The reduction in the coefficients of variation 
(cs from 0.60 to 0.25 and ca from 1.00 to 0.35) reflects the 

positive effect of the digitalisation of border service pro-
cedures. Consequently,  decreases to 4.8-7.2 hours, rep-
resenting a ten- to fifteen-fold reduction compared with 
the baseline scenario. In the optimistic scenario (S2), the 
further reduction of the arrival rate (λ) to 15.9 vehicles/h 
is achieved through the active use of a border logistics 
hub and intermodal transport routes, reducing the ρ to 
0.63 and the  to 2.3-4.1 hours. The difference between the 
baseline scenario (S0) and the conservative scenario (S1) 
exceeds 65 hours, corresponding to a reduction of more 
than 90%, thereby confirming the practical effectiveness 
of the proposed mechanism. Table 2 specifies the appli-
cation of the proposed mechanism to actual internation-
al road border crossing points.
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Table 2 presents the classification of IRBCPs accord-
ing to the level of service system utilisation, establishing 
threshold values of the utilisation factor (ρ), the charac-
teristics of each category of border crossing point, and 
the corresponding management measures: redirecting 
part of the freight flow to reserve IRBCPs, partial freight 
flow balancing with enhanced monitoring, or accommo-
dating additional freight traffic. The Krakovets-Korczo-
wa IRBCP, with ρ ≈  1.05, represents the highest priority 
for traffic redistribution. The Rava-Ruska-Hrebenne and 
Yahodyn-Dorohusk IRBCPs operate within the critical-
ly loaded range (ρ ≈ 0.88-0.95). For these crossing points,  

enhanced monitoring involves increasing the frequency 
of data updates to once per hour and automatically gener-
ating an alert for the traffic management centre whenever 
ρ increases by 0.05 compared with the previous measure-
ment. The recipient IRBCPs on the Hungarian corridor – 
Luzhanka-Beregsurány, Chop-Záhony, and Uzhhorod-Vy-
šné Nemecké – operated with average utilisation factors of 
approximately ρ ≈ 0.55-0.70, indicating substantial reserve 
service capacity for accommodating redirected freight 
flows. A comparison of the principal system performance 
indicators under the three scenarios (S0, S1, and S2) is 
presented in Figure 3.

Source: compiled by the author based on Solidarity lanes: Latest figures… (2025a; 2025b; 2025c), Ministry for Development of 
Communities and Territories of Ukraine (n.d.)

IRBCP category Characteristics Value ρ Recommended action

Donor IRBCP (overloaded) Exceeds service capacity;  
persistent growth in vehicle queues and waiting times ρ > 1 Redirection of part of the freight 

flow to reserve IRBCPs

Critically loaded High utilisation level; close to critical operating 
conditions; periodic congestion and delays may occur 0.85 ≤ ρ ≤ 1 Partial balancing of freight  

flows and stricter monitoring

Recipient IRBCP (reserve)
Available reserve service capacity;  

capable of accommodating additional traffic flow 
without the risk of congestion

ρ < 0.85 Acceptance of additional  
freight flow

Table 2. Classification of IRBCP by service system utilisation level
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Figure 3. Graphical comparison of key performance indicators for the IRBCPs
Source: compiled by the author

Figure 3 demonstrates that freight flow balancing re-
duces traffic intensity from 710 to 530 and 440 vehicles/h 
under scenarios S1 and S2, respectively. This is accom-
panied by a reduction in the utilisation factor from 1.05 
to 0.74 and 0.63, together with a decrease in the average 
waiting time from 72.0 hours to 6.0 and 3.3 hours, indicat-
ing a substantial improvement in the operational stability 
of IRBCPs. The practical implementation of the proposed 
balancing mechanism involves integrating digital traffic 
monitoring systems, the e-Queue system, the e-CMR elec-
tronic consignment note system, and a decision-support 
module into a unified information and analytical platform 
for managing international freight transport (Regulation 
(EU) 2020/1056, 2020; United Nations Economic Commis-
sion for Europe, 2025). The border logistics hub represents 
the key organisational and technological component 
of the proposed mechanism. Rather than constructing 
a new dedicated facility, the concept involves the func-
tional repurposing of existing infrastructure, including 
warehouse complexes, customs terminals, and temporary 
storage facilities located within 20-50 km of an IRBCP. The 
adaptive vehicle redirection algorithm implemented at 

the logistics hub operates as follows. Upon vehicle arrival, 
the system retrieves the current ρ for all available IRBCPs, 
calculates the  for each alternative route, and provides the 
driver with a recommendation specifying the optimal IR-
BCP, the estimated average , and the recommended route. 
Synchronisation of border-crossing time slots is achieved 
through integration between the logistics hub and the 
e-Queue system, allowing vehicles to receive a confirmed 
crossing slot at the selected IRBCP while still at the hub, 
thereby eliminating unproductive waiting near the border. 
The intermodal capability of the hub is ensured through 
the availability of railway sidings or the organisation of 
road-to-rail transhipment operations for freight that can 
be redirected to rail border crossings with lower utilisa-
tion levels (Solidarity Lanes: Latest Figures,  2025c; Min-
istry for Development of Communities and Territories 
of Ukraine,  n.d.). A practical example is the rerouting of 
freight from the Krakovets-Korczowa crossing to the Lu-
zhanka-Beregsurány IRBCP. The additional detour cost is 
approximately EUR 216, corresponding to more than 300 
km of additional travel. The economic benefit of freight 
flow balancing is:
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ΔEb
 = Cdelay

 - Cdetour,                                 (4)

where ΔEb – the economic benefit of balancing, EUR; Cdelay – 
the cost of vehicle delay while queuing; Cdetour – the addition-
al cost incurred when travelling via an alternative IRBCP.

With the average daily cost of freight vehicle down-
time estimated at EUR 400-600 and Wq

 ≥ 72 hours, the to-
tal losses associated with vehicle delays amount to EUR 
1,200-1,800, which is five to eight times greater than the 
additional detour costs. A similar effect is observed for the 
Rava-Ruska-Yahodyn and Uzhhorod-Chop routes. These 
findings should be considered in the context of related re-
search in order to assess the contribution of the proposed 
mechanism and identify promising directions for further 
development. The approach proposed in this study is con-
ceptually consistent with the work of I. Badi et al. (2026), 
in which queueing theory is combined with MCDM to op-
timise border crossing operations. The principal distinc-
tion is that the cited study focuses on the static evalua-
tion of the configuration of a single border crossing point, 
whereas the mechanism proposed here provides dynam-
ic, real-time management of a system of interconnected 
IRBCPs. R.S. Sakhare et al. (2024) proposed a methodology 
for monitoring delays at road border crossing points using 
connected vehicle data, enabling the estimation of wait-
ing times, the ranking of IRBCPs according to their utilisa-
tion levels, and the support of operational decision-mak-
ing for border traffic management. The application of the 
, rather than relying solely on the minimisation of travel 
time, makes it possible to incorporate economic, reliabil-
ity, and environmental considerations that are particular-
ly relevant to international freight transport. The results 
of the scenario analysis, which reduced  from more than 
72 hours to 2.3-7.2 hours, are comparable with the bene-
fits of adaptive optimisation in hub-and-spoke transport 
networks reported by M. Karimi-Mamaghan et al. (2020), 
M.H. Akyüz et al. (2023), and J. Zhang et al. (2024). Howev-
er, as noted by W. Xu et al. (2021) and J. Wu et al. (2023), the 
specific characteristics of border service systems, where ρ 
may exceed 1 and the system therefore operates beyond 
the assumptions of conventional optimisation models, re-
quire the application of queueing theory. This constitutes 
a methodological advantage of the present study over ap-
proaches based exclusively on optimisation techniques. 
The findings concerning digitalisation, specifically the 
reduction of the service time coefficient of variation (cs) 
from 0.60 to 0.25 in Scenario S1, are consistent with the 
conclusions of H.S.  Sternberg  et al.  (2021), who empha-
sised the critical role of inter-organisational integration. 
Their research demonstrated that digital solutions achieve 
maximum effectiveness only when customs authorities, 
freight carriers, and IRBCP operators are fully synchro-
nised. The practical experience of the e-Queue system 
fully supports this conclusion: its limited effectiveness at 
the Krakovets-Korczowa IRBCP is attributable primarily 
to insufficient organisational integration rather than to 
technical limitations of the digital platform itself (Min-
istry for Development of Communities and Territories of 

Ukraine, n.d.). The results regarding carriers’ willingness 
to use alternative routes when the economic benefit rang-
es from EUR 550 to EUR 1,600 (the difference between 
Cdelay and Cdetour) are consistent with the findings of S. Shar-
ma et al. (2021) and G. Cole et al. (2023). Forecasting Wq, 
provided by the decision-support module, is precisely the 
tool that enables freight carriers to make informed routing 
decisions before commencing their journey, as highlight-
ed by these authors. Consequently, the proposed mecha-
nism not only addresses the local problem of congestion 
at individual IRBCPs but also implements a system-wide 
approach to managing freight flows across border infra-
structure, consistent with current trends in the develop-
ment of adaptive logistics systems reported in the con-
temporary scientific literature.

 Conclusions
As a result of the study, it was established that one of the 
principal causes of congestion at Ukraine’s IRBCPs is the 
uneven distribution of freight flows across international 
transport corridors, causing queueing systems to enter an 
unstable operating regime. The operation of IRBCPs was 
formalised as multi-channel M/G/s queueing systems, 
and the influence of the utilisation factor ρ, arrival rate, 
and service time variability on the average queue wait-
ing time (Wq) was substantiated. It was found that when 
ρ ≥ 1, even the digitalisation of border crossing procedures 
is insufficient to stabilise traffic flow. An adaptive freight 
flow balancing mechanism between IRBCPs was devel-
oped, based on continuous monitoring of ρ, forecasting of 
Wq, digital decision-support systems, and adaptive traffic 
redirection using an integral efficiency criterion (Ie) that 
incorporates time, economic, reliability, service quality, 
and environmental delivery parameters. The results of 
the scenario modelling confirmed the effectiveness of the 
proposed mechanism, reducing the utilisation factor (ρ) 
of the Krakovets-Korczowa IRBCP from 1.05 to 0.63-0.74 
and decreasing Wq from more than 72 hours to 2.3-7.2 
hours, depending on the scenario. The economic benefits 
of traffic redirection exceed the additional detour costs by 
a factor of five to eight under the current level of conges-
tion. Practical implementation through the establishment 
of a border logistics hub and adaptive routing does not re-
quire large-scale infrastructure reconstruction and could 
be implemented within 12-18 months. Future research 
should focus on the development of a dynamic model 
for forecasting the arrival rate (λ) using machine learning 
techniques to improve the accuracy of preventive freight 
flow balancing and to assess the risk of overloading re-
cipient IRBCPs following traffic redistribution. Particular 
attention should also be given to investigating the behav-
ioural factors influencing carriers’ decisions when select-
ing alternative routes, as well as to developing regulatory 
mechanisms that encourage the voluntary redistribution 
of transport flows between alternative corridors.

 Acknowledgements
None.



Danileiko

Bulletin of the National Transport University. 2026. Vol. 30, No. 2

71

 Funding
None.

 Conflict of Interest
None.

 References
[1]	 Akyüz, M.H., Dekker, R., & Sharif Azadeh, S. (2023). Partial and complete replanning of an intermodal logistic 

system under disruptions. Transportation Research Part E: Logistics and Transportation Review, 169, article number 
102968. doi: 10.1016/j.tre.2022.102968. 

[2]	 Badi, I., Baryannis, G., & Bouraima, M.B. (2026). Integrating queueing theory and multi-criteria decision-making 
for optimizing border crossing operations. In Ž. Stević, O. Prentkovskis, M. Kostadinović, & A. Danilevičius 
(Eds.), New horizons of transport and communications 2025: TransportaCom 2025 (pp. 563-575). Cham: Springer. 
doi: 10.1007/978-3-032-14078-4_49. 

[3]	 Cole, G., Wolshon, B., & Schmidt, J. (2023). Incident diversionary routing: Survey of influences and 
decisions. Transportation Research Record: Journal of the Transportation Research Board, 2677(12), 830-839. 
doi: 10.1177/03611981231170009. 

[4]	 European Commission. (2025). Results of the 2024 connecting Europe facility transport calls for proposals. Retrieved 
from https://surl.li/iugbhh. 

[5]	 Golnar, M., & Beškovnik, B. (2022). A Multi-criteria approach for evaluating a sustainable intermodal transport 
chain affected by the COVID-19 pandemic. Journal of Marine Science and Engineering, 10(11), article number 1644. 
doi: 10.3390/jmse10111644. 

[6]	 Ivanov, D., & Dolgui, A. (2021). OR-methods for coping with the ripple effect in supply chains during COVID-19 
pandemic: Managerial insights and research implications. International Journal of Production Economics, 232, 
article number 107921. doi: 10.1016/j.ijpe.2020.107921.

[7]	 Jacyna-Gołda, I., Shmygol, N., Gavkalova, N., & Salwin, M. (2024). Sustainable development of intermodal freight 
transportation – through the integration of logistics flows in Ukraine and Poland. Sustainability, 16(1), article 
number 267. doi: 10.3390/su16010267. 

[8]	 Jain, A.K., de Ruiter, J., Häring, I., Fehling-Kaschek, M., & Stolz, A. (2023). Design, simulation and performance 
evaluation of a risk-based border management system. Sustainability, 15(17), article number 12991. doi: 10.3390/
su151712991.

[9]	 Karimi-Mamaghan, M., Mohammadi, M., Pirayesh, A., Karimi-Mamaghan, A.M., & Irani, H. (2020). Hub-and-spoke 
network design under congestion: A learning based metaheuristic. Transportation Research Part E: Logistics and 
Transportation Review, 142, article number 102069. doi: 10.1016/j.tre.2020.102069.

[10]	 Ministry for Development of Communities and Territories of Ukraine. (n.d.). eCherha: Electronic border crossing 
queue. Statistics. Retrieved from https://echerha.gov.ua/statistics. 

[11]	 Ministry for Development of Communities and Territories of Ukraine. (2025). Three years of eCherha: Key results 
of the digital system for border crossing. Retrieved from https://mindev.gov.ua/news/try-roky-iecherhy-kliuchovi-
rezultaty-roboty-tsyfrovoi-systemy-dlia-peretynu-kordonu. 

[12]	 Prytula, K., Maksymenko, A., Demedyuk, O., Kalat, Y., & Kyryk, I. (2022). Methodology for assessing the prospects 
for developing the border crossing point network of Ukraine. Science and Innovation, 18(3), 37-48. doi: 10.15407/
scine18.03.037.

[13]	 Regulation (EU) 2020/1056 of the European Parliament and of the Council of 15 July 2020 on electronic freight 
transport information. (2020). Retrieved from https://eur-lex.europa.eu/eli/reg/2020/1056/oj.

[14]	 Sakhare, R.S., Desai, J., Saldivar-Carranza, E.D., & Bullock, D.M. (2024). Methodology for monitoring border crossing 
delays with connected vehicle data: United States and Mexico land crossings case study. Future Transportation, 
4(1), 107-129. doi: 10.3390/futuretransp4010007. 

[15]	 Sharma, S., Kang, D.H., Montes de Oca, J.R., & Mudgal, A. (2021). Machine learning methods for commercial 
vehicle wait time prediction at a border crossing. Research in Transportation Economics, 89, article number 101034. 
doi: 10.1016/j.retrec.2021.101034. 

[16]	 Solidarity lanes: Latest figures – February 2025. (2025a). Retrieved from https://transport.ec.europa.eu/news-
events/news/solidarity-lanes-latest-figures-february-2025-2025-03-20_en.

[17]	 Solidarity lanes: Latest figures – March 2025. (2025b). Retrieved from https://transport.ec.europa.eu/news-events/
news/solidarity-lanes-latest-figures-march-2025-2025-04-24_en.

[18]	 Solidarity lanes: Latest figures – May 2025. (2025c). Retrieved from https://transport.ec.europa.eu/news-events/
news/solidarity-lanes-latest-figures-may-2025-2025-06-24_en.

[19]	 Sternberg, H.S., Hofmann, E., & Roeck, D. (2021). The struggle is real: Insights from a supply chain blockchain case. 
Journal of Business Logistics, 42(1), 71-87. doi: 10.1111/jbl.12240.

[20]	 Stewart, B., Moya, H., Raysoni, A.U., Mendez, E., & Vechione, M. (2023). Port-of-entry simulation model for potential 
wait time reduction and air quality improvement: A case study at the gateway international bridge in Brownsville, 
Texas, USA. CivilEng, 4(1), 345-358. doi: 10.3390/civileng4010020. 

https://doi.org/10.1016/j.tre.2022.102968
https://doi.org/10.1007/978-3-032-14078-4_49
https://doi.org/10.1177/03611981231170009
https://cinea.ec.europa.eu/document/download/8a0f8a75-c198-4d87-8862-f78106c4c3a3_en?filename=MEMO%20QA%202024%20call%20results_final.pdf
https://doi.org/10.3390/jmse10111644
https://doi.org/10.1016/j.ijpe.2020.107921
https://doi.org/10.3390/su16010267
https://doi.org/10.3390/su151712991
https://doi.org/10.3390/su151712991
https://doi.org/10.1016/j.tre.2020.102069
https://echerha.gov.ua/statistics
https://mindev.gov.ua/news/try-roky-iecherhy-kliuchovi-rezultaty-roboty-tsyfrovoi-systemy-dlia-peretynu-kordonu
https://mindev.gov.ua/news/try-roky-iecherhy-kliuchovi-rezultaty-roboty-tsyfrovoi-systemy-dlia-peretynu-kordonu
https://doi.org/10.15407/scine18.03.037
https://doi.org/10.15407/scine18.03.037
https://eur-lex.europa.eu/eli/reg/2020/1056/oj
https://doi.org/10.3390/futuretransp4010007
https://doi.org/10.1016/j.retrec.2021.101034
https://transport.ec.europa.eu/news-events/news/solidarity-lanes-latest-figures-february-2025-2025-03-20_en
https://transport.ec.europa.eu/news-events/news/solidarity-lanes-latest-figures-february-2025-2025-03-20_en
https://transport.ec.europa.eu/news-events/news/solidarity-lanes-latest-figures-march-2025-2025-04-24_en
https://transport.ec.europa.eu/news-events/news/solidarity-lanes-latest-figures-march-2025-2025-04-24_en
https://transport.ec.europa.eu/news-events/news/solidarity-lanes-latest-figures-may-2025-2025-06-24_en
https://transport.ec.europa.eu/news-events/news/solidarity-lanes-latest-figures-may-2025-2025-06-24_en
https://doi.org/10.1111/jbl.12240
https://doi.org/10.3390/civileng4010020


Mechanism for balancing freight flow...

Bulletin of the National Transport University. 2026. Vol. 30, No. 2

72

[21]	 The State Border Guard Service summed up the results of 2023 and identified further priority areas. (2024). Retrieved 
from https://dpsu.gov.ua/uk/news/40660-U-Derzhprikordonsluzhbi-pidbili-pidsumki-2023-roku-ta-viznachili-
podalshi-prioritetni-napryamki.

[22]	 United Nations Economic Commission for Europe. (2025). Handbook on digitalization and automation in 
intermodal freight transport. Geneva: United Nations.

[23]	 Wu, J., Ba, X., & He, H. (2023). Optimization model of hybrid hub-and-spoke transportation network of road less-
than-truckload cargo with different transportation time limits. Journal of Engineering Science and Technology 
Review, 16(6), 98-107. doi: 10.25103/jestr.166.12.

[24]	 Xu, W., Huang, J., & Qiu, Y. (2021). Study on the optimization of hub-and-spoke logistics network regarding traffic 
congestion. Journal of Advanced Transportation, 2021, article number 8711964. doi: 10.1155/2021/8711964. 

[25]	 Zhang, J., Li, H., Han, W., & Li, Y. (2024). Research on optimization of multimodal hub-and-spoke transport network 
under uncertain demand. Archives of Transport, 70(2), 137-157. doi: 10.61089/aot2024.1g17bx18.

Механізм балансування вантажопотоків між міжнародними 
автомобільними пунктами пропуску в умовах нерівномірного 

навантаження прикордонної інфраструктури

Єлизавета Данілейко
Аспірант
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  Анотація. Структурна трансформація міжнародних транспортних потоків після 2022 року зумовила 
диспропорційний розподіл транспортного навантаження на міжнародні автомобільні пункти пропуску 
(МАПП) України, наслідком чого стали перевантаження окремих пунктів пропуску та тривалі черги. Метою 
статті стало обґрунтування механізму балансування вантажопотоків між міжнародними автомобільними 
пунктами пропуску з метою підвищення ефективності міжнародної доставки вантажів за умов нерівномірного 
навантаження прикордонної інфраструктури. Методологічну основу дослідження складав апарат теорії 
масового обслуговування (багатоканальна система типу M/G/s з апроксимацією Аллена-Куніна) у поєднанні 
з методами сценарного аналізу та нормалізованої багатокритеріальної оцінки, причому для забезпечення 
відтворюваності результатів введено окремий розділ з обґрунтуванням порядку отримання всіх ключових 
параметрів моделі (λ, μ, s, ca, cs). У статті досліджено проблему нерівномірного навантаження міжнародних 
автомобільних пунктів пропуску України в умовах структурної трансформації міжнародних транспортних 
потоків. Встановлено, що зміна географії зовнішньоторговельних маршрутів призвела до дисбалансу у 
використанні прикордонної інфраструктури, наслідком чого стало систематичне перевантаження окремих 
пунктів пропуску. Розроблено механізм адаптивного балансування вантажопотоків між МАПП на основі 
інтегрального критерію ефективності. Введено окремий розділ методології з обґрунтуванням порядку 
отримання параметрів моделі. Результати сценарного моделювання підтвердили ефективність: зниження 
ρ МАПП Краківець-Корчова з 1,05 до 0,63-0,74 та скорочення Wq із понад 72 до 2,3-7,2 години. Розроблений 
механізм дає змогу оперативно перерозподіляти вантажопотоки між МАПП без капітальних інвестицій в 
інфраструктуру, що суттєво знижує економічні втрати перевізників від тривалих простоїв на кордоні

  Ключові слова: транспортно-технологічний процес; M/G/s; теорія масового обслуговування; логістика; 
єЧерга; цифровізація
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