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здобувачів професійної освіти як інструменту 

забезпечення сталого розвитку ринку праці та 

підвищення конкурентоспроможності людського 

капіталу; теоретико-правового визначення сут-

ності та структури механізму адміністративно-

правового захисту прав ветеранів із інвалідністю, 

а, також, обґрунтування його основних елементів 

у системі публічного адміністрування; оцінки 

кадрових і ресурсних передумов ефективного управління безпекою праці в 

територіальних громадах та визначення практичних напрямів підвищення їх 

управлінської спроможності; забезпечення справедливості кримінального 

провадження та захистом фундаментальних прав і свобод людини та ін.  

Бажаємо подальших успіхів у висвітленні передової наукової думки на 

благо науки та освіти всієї України! 

 

 

 

З  повагою, 

 

   директор Видавничої групи  

   «Наукові перспективи»,  

   директор Європейського ліцею 

   «Наукові перспективи»                                         Ірина   Жукова  
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ENVIRONMENTAL ASPECTS OF THE DEVELOPMENT OF 

MULTIMODAL TRANSPORTATION THROUGH WAREHOUSE HUBS 

 

Abstract. The article provides a comprehensive, systematic, and inter-

disciplinary analysis of the environmental dimension of modern multimodal transport 

systems, focusing on the crucial role of warehouse hubs in ensuring the sustainable 

development of the logistics industry. An in-depth study of the key environmental 

challenges inherent in traditional transport models, which are primarily based on road 

transport, is conducted. These challenges include: excessive greenhouse gas 

emissions (CO2, CH4, N2O), air pollution by fine particulate matter and nitrogen 

oxides, noise pollution, inefficient use of energy resources, and significant 

anthropogenic pressure on land resources for infrastructure development. The 

conceptual and practical advantages of integrating multimodal transportation as a 

strategic solution to counter these challenges effectively are substantiated. The 

functional significance of warehouse hubs as key catalysts for optimizing logistics 

chains and redistributing cargo flows across different modes of transport (rail, 

river/sea, road) is highlighted, thereby minimizing the carbon footprint and 

substantially reducing the negative anthropogenic impact on the environment. The 

proposed research methodology is based on the application of a systems approach, 

economic-mathematical modeling, and Life Cycle Assessment (LCA) to evaluate 

environmental performance. Models for optimizing routes and transport modes that 

consider ecological criteria have been developed. It has been established that the 

implementation of integrated multimodal systems reduces CO2 emissions by 25-

35%, decreases fuel consumption by 15-20%, and reduces noise pollution by up to 

30% in urban areas. Special attention is paid to the role of digitalization and modern 

technologies such as the Internet of Things (IoT), Artificial Intelligence (AI), 

blockchain, and predictive analytics in enhancing the transparency, efficiency, and 
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environmental friendliness of warehouse hub operations and multimodal supply 

chains. Methodological approaches for objectively assessing the ecological efficiency 

of implementing such systems are systematized, particularly through the analysis of 

indicators of greenhouse gas emission reductions and energy consumption optimi-

zation. Practical recommendations are formulated for the strategic development of 

warehouse hub infrastructure, including adopting "green" technologies (such as 

renewable energy sources, electrification of equipment fleets, and energy-efficient 

warehouse construction) and implementing environmental standards at all stages of 

multimodal transportation. The research results have significant practical value, 

serving as an empirical basis for shaping state policy in sustainable transport in 

Ukraine, especially in the context of European integration and harmonization with 

EU environmental directives (the European Green Deal). The private sector can also 

use them to enhance competitiveness, reduce operational costs, and build a positive 

corporate image. The study's conclusions will contribute to further improvements in 

logistics infrastructure, strengthening the environmental sustainability and economic 

viability of the national transport system. 

Keywords: multimodal transportation, warehouse hubs, green logistics, 

sustainable development, transport systems, route optimization, carbon footprint. 
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ЕКОЛОГІЧНІ АСПЕКТИ РОЗВИТКУ МУЛЬТИМОДАЛЬНИХ 

ПЕРЕВЕЗЕНЬ ЧЕРЕЗ СКЛАДСЬКІ ХАБИ 

 

Анотація. У статті здійснено комплексний, системний та міждисцип-

лінарний аналіз екологічного виміру сучасних мультимодальних транспортних 

систем, акцентуючи увагу на визначальній ролі складських хабів у забезпеченні 

сталого розвитку логістичної галузі. Проведено поглиблене дослідження 

ключових екологічних викликів, характерних для традиційних транспортних 

моделей, що базуються переважно на автомобільних перевезеннях, зокрема: 

надмірні викиди парникових газів (СО2, СН4, N2O), забруднення повітря 

дрібнодисперсними частинками та оксидами азоту, акустичне забруднення, 

неефективне використання енергоресурсів, а також значне антропогенне 

навантаження на земельні ресурси для розбудови інфраструктури.  

Обґрунтовано концептуальні та практичні переваги інтеграції мульти-

модальних перевезень як стратегічного рішення для ефективного протидії цим 

викликам. Висвітлено функціональне значення складських хабів як ключових 

каталізаторів оптимізації логістичних ланцюгів та перерозподілу вантажо-
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потоків між різними видами транспорту (залізничним, річковим/морським, 

автомобільним), що сприяє мінімізації вуглецевого сліду та істотному 

зниженню негативного антропогенного впливу транспорту на довкілля. 

Запропонована методологія дослідження ґрунтується на застосуванні 

системного підходу, економіко-математичного моделювання та аналізу 

життєвого циклу (LCA) для оцінки екологічних показників. Розроблено моделі 

оптимізації маршрутів та видів транспорту з урахуванням екологічних 

критеріїв. Встановлено, що впровадження інтегрованих мультимодальних 

систем дозволяє досягти скорочення викидів СО2 в середньому на 25-35%, 

зниження споживання пального на 15-20% та зменшення акустичного 

навантаження до 30% на урбанізованих територіях. Особливу увагу приділено 

ролі цифровізації та сучасних технологій, таких як Інтернет речей (IoT), 

штучний інтелект (AI), блокчейн та предиктивна аналітика, у підвищенні 

прозорості, ефективності та екологічності операцій складських хабів та 

мультимодальних ланцюгів поставок. Систематизовано методичні підходи до 

об'єктивної оцінки екологічної ефективності впровадження таких систем, 

зокрема, шляхом аналізу показників редукції викидів парникових газів та 

оптимізації енергоспоживання. Сформульовано практичні рекомендації для 

стратегічного розвитку інфраструктури складських хабів, включаючи 

впровадження "зелених" технологій (використання відновлюваних джерел 

енергії, електрифікація парку обладнання, будівництво енергоефективних 

складів), та ефективної імплементації екологічних стандартів на всіх етапах 

мультимодальних перевезень.  

Результати дослідження мають значну практичну цінність, слугуючи 

емпіричною основою для формування державної політики у сфері сталого 

транспорту в Україні, особливо у контексті європейської інтеграції та гармо-

нізації з екологічними директивами ЄС (European Green Deal). Вони також 

можуть бути використані приватним сектором для підвищення конкуренто-

спроможності, зниження операційних витрат та формування позитивного 

корпоративного іміджу.  

Висновки дослідження сприятимуть подальшому вдосконаленню логіс-

тичної інфраструктури, підвищенню екологічної стійкості та економічної 

доцільності національної транспортної системи. 

Ключові слова: мультимодальні перевезення, складські хаби, екологічна 

логістика, сталий розвиток, транспортні системи, оптимізація маршрутів, 

вуглецевий слід. 

 

Problem Statement. Multimodal transportation is an integral component of 

global logistics, ensuring the effective integration of various modes of transport. In 

the context of modern globalization and the intensification of trade relations, 
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optimizing supply chains requires a comprehensive approach in which warehousing 

hubs serve as critical coordination nodes. 

The environmental component becomes particularly relevant in the context of 

global climate challenges and the imperatives of sustainable development. As the 

transport sector accounts for a significant share of greenhouse gas emissions, the 

ecological optimization of multimodal transportation is a priority for scientific 

research. 

The integration of different modes of transport through warehousing hubs not 

only enhances the economic efficiency of logistical operations but also significantly 

reduces the environmental impact on surrounding areas. 

Analysis of Recent Research and Publications. Modern scientific discourse 

is actively focused on issues in multimodal and intermodal transport, especially their 

environmental impacts and decarbonization pathways. Analysis of current publica-

tions indicates an increased focus on integration aspects and systematic optimization 

of logistics chains. 

Among comprehensive reviews, the work of [1] stands out, which conducted a 

systematic review of intermodal transport systems and emphasized their key role in 

decarbonizing freight networks. The study covered the period 2010-2024 and 

demonstrated a significant surge in scientific interest in decarbonization since 2018, 

driven by increased regulatory pressure and technological innovation. Continuing this 

theme, [2] in the second part of their research, they apply operational research models 

to optimize and decarbonize intermodal transport, integrating an analysis of modal 

configurations and promising paths for sustainable development. 

Environmental aspects are a cornerstone of modern research. [3] Conducted a 

multimodal life cycle assessment (LCA) of travel by air, train, and car, providing a 

detailed comparative analysis of the environmental impacts of each mode of 

transport. The significance of the problem is highlighted in the Sixth Assessment 

Report of the Intergovernmental Panel on Climate Change ([4], Chapter 10: 

Transport), which contains a comprehensive analysis of the transport sector in the 

context of climate change and decarbonization strategies. 

Particular attention is paid to logistics hubs as critical nodes. [5] developed 

guidance for calculating greenhouse gas emissions at logistics hubs, which complies 

with the international standard ISO 14083:2023. This standard replaced EN 16258 

and covers all modes of transport and logistics hubs. [6] investigated opportunities 

for reducing carbon emissions in the "dry port – sea port" system through a 

collaborative transport approach, confirming that shifting from direct road to 

intermodal transport can provide significant emissions savings. Meanwhile, the report 

[7] "Decarbonizing logistics: Charting the path ahead" highlights that logistics 

emissions from freight transport and warehousing account for at least 7% of global 

greenhouse gas emissions. 
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Digital transformation of logistics systems and synchromodality are also in 

focus. [8] Conducted a systematic literature review on promoting sustainable 

development through synchromodal transport, outlining future research directions. 

[9] evaluated trade-offs between costs and emissions in modal shift within intermodal 

and synchromodal transport planning. Research [10] from the World Maritime 

University emphasizes the potential of synchromodality as a promising digitalization 

scheme for freight logistics. 

Comprehensive analyses, such as the bibliometric analysis by [11] using 

CiteSpace, allow for identifying new trends and developments in multimodal freight 

transport. [12] evaluated the environmental impact of logistics activities using the 

example of a specific logistics center, providing empirical data on emissions. 

In the context of green warehousing practices, [13] assessed the impact of 

strategies to increase self-consumption of photovoltaic energy in logistics 

warehouses, demonstrating the potential to reduce emissions by 60-80% by 2035. 

These recent studies collectively demonstrate a growing emphasis on 

quantitative assessment of environmental impacts, the development of models to 

optimize hub location and modal shift, and the effective use of digital technologies 

for real-time decision-making in multimodal freight systems. 

Research Aim and Objectives. This scientific work aims to conduct a 

comprehensive analysis of the ecological determinants of the development of 

multimodal transport systems, with particular focus on the integration of modern 

warehousing hubs. This research seeks to identify and substantiate their strategic role 

in reducing the anthropogenic environmental load generated by the transport industry. 

Specifically, it envisages detailing the mechanisms by which optimizing logistics 

chains through hub integration reduces greenhouse gas emissions and other 

environmental risks. 

Furthermore, it is expected to develop verified, implementation-oriented 

recommendations for the formulation and implementation of environmentally 

responsible logistics strategies. Special attention will be paid to the context of 

Ukraine's European integration processes, which require harmonizing national 

transport policy with European standards for sustainable development and green 

logistics directives. Thus, the research results aim to provide a theoretical and 

practical basis for improving the efficiency and environmental sustainability of the 

Ukrainian transport sector. 

Presentation of the Main Research Material. Multimodal transport systems 

are characterized by a complex impact on various environmental components [4], 

which necessitates urgent systemic ecological monitoring and the development of 

effective strategies to minimize negative anthropogenic consequences, namely: 

1. The dominant atmospheric pollutants in the field of multimodal transport are 

anthropogenic emissions of carbon dioxide (CO₂) and nitrogen oxides (NOₓ). The 
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transport sector is among the leading sources of greenhouse gas emissions, with 

varying levels of emission intensity across modes of transport. In particular, road 

transport demonstrates the highest specific CO₂ emission rates per tonne-kilometer, 

while rail and water transport are associated with significantly lower environmental 

indicators. 

In the operation of warehousing hubs, a spatial concentration of emissions from 

various modes of transport is observed, leading to local zones of increased airborne 

pollution. The aviation sector is characterized by significant greenhouse gas 

emissions and substantial acoustic load, especially in airport areas. Rail transport, 

despite its environmental advantages, generates pollution during rolling stock 

operation, including emissions from diesel locomotives on non-electrified sections. 

Road transport remains a key source of local emissions, particularly in loading and 

unloading zones and during maneuvering. 

2. Water transport and logistical operations in port hubs create significant 

environmental risks associated with the pollution of aquatic ecosystems. The primary 

sources of water degradation are oil spills, ballast water discharge, and contamination 

from vehicle and equipment washing. In river and marine waters, pollutant 

concentrations can reach critical levels, negatively affecting hydrobionts and drinking 

water quality. 

Warehousing hubs, strategically located near water bodies, require increased 

attention to the effectiveness of wastewater treatment systems and preventive 

measures against accidental spills. Implementing closed water supply cycles and 

modern treatment facilities helps minimize destructive impacts on the hydrosphere. 

3. The intensive development of multimodal hubs is invariably accompanied 

by significant land alienation and potential degradation of soil cover. Fuel and 

lubricant spills, accumulation of heavy metals from transport emissions, and improper 

storage of hazardous goods initiate soil contamination. 

Soil compaction from heavy machinery, disruption of natural drainage, and the 

elimination of vegetation lead to land degradation in the immediate vicinity of 

logistical complexes. Reclamation of disturbed territories and the integration of 

"green" technologies into the design and construction of hubs are imperative 

measures to mitigate adverse impacts on the pedosphere. 

4. In warehousing hubs, environmental effects from different transport modes 

are compounded, forming a complex picture of synergistic impacts. The synergistic 

effect of the simultaneous operation of various transport modes can increase local 

environmental load, especially in conditions of insufficient ecological infrastructure 

development. 

At the same time, the centralization of logistical operations in hubs creates 

unique prerequisites for implementing comprehensive environmental protection 

measures, such as centralized treatment systems, energy-efficient equipment, and the 
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use of renewable energy sources. Thus, the development of hubs, although it 

intensifies local effects, contributes to reducing global emissions by increasing the 

overall efficiency of transport systems and reducing total vehicle mileage. 

Modern approaches to reducing the environmental impact of multimodal 

transportation are based on the comprehensive application of mathematical 

optimization models, technological innovations, and regulatory mechanisms, 

specifically: 

1. To optimize the location of logistics hubs while considering environmental 

criteria, complex mathematical models, especially Mixed Integer Nonlinear 

Programming (MINLP) [1, 2], are applied. These models enable the simultaneous 

minimization of several objective functions: delivery time, logistics costs, and 

greenhouse gas emissions. 

A key feature of modern models is the integration of the carbon tax as a fiscal 

instrument to stimulate environmental responsibility. Including the cost of CO₂ 

emissions in the total cost function allows for achieving an optimal balance between 

economic efficiency and ecological sustainability. The model considers various 

scenarios for hub placement, transport mode selection, and flow routing to minimize 

the logistics network's total carbon footprint. 

Modeling results demonstrate that optimal hub placement can reduce total 

emissions by 20-35% compared to traditional transport organization schemes, while 

simultaneously providing operational cost savings of 15-25% [1]. 

- emission reduction: 20-35% due to optimized hub placement. 

 - cost savings: 15-25% of logistics operational costs. 

2. One of the most effective approaches to reducing emissions is the modal 

shift strategy — reorienting freight flows from more polluting transport modalities to 

more environmentally friendly alternatives.  

Rail transport generates CO₂ emissions approximately 4 times lower per unit 

of freight turnover than road transport [3, 4], making it a priority for interregional 

transportation. 

Water transport, especially inland river transport, demonstrates even lower 

specific emissions and can be effectively integrated into multimodal chains. This 

strategy involves using road transport primarily for "last-mile" operations, where its 

flexibility is critically important, while the main volumes of goods are transported by 

rail or water, namely: 

- road transport: High CO₂ emissions; 

- rail transport: 4 times lower CO₂ emissions; 

- water transport: Lowest specific emissions. 

3. The development of modern logistics hub infrastructure is a key strategy for 

optimizing freight flows and reducing environmental emissions. Investments are 

directed towards: 
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- construction of intermodal terminals with the implementation of efficient 

transshipment systems to minimize downtime; 

- implementation of automated management systems for optimizing internal 

logistics and reducing movements; 

- creation of energy-efficient infrastructure using renewable energy sources 

(solar panels, wind turbines); 

- development of railway sidings and container terminals to facilitate modal 

shift. 

4. The implementation of information and communication technologies (ICT) 

opens new opportunities for environmental optimization. Synchromodal systems 

dynamically select the transport mode in real time based on current data on route 

congestion, weather conditions, costs, and ecological indicators. 

Intelligent Transport Systems (ITS) allow for: 

- optimizing routes considering current traffic situations and emission levels; 

- coordinating the functioning of various transport types to minimize 

transshipment time; 

- forecasting demand and optimizing vehicle loading; 

- monitoring emission volumes in real-time and adjusting operations to reduce 

them. 

[8, 9, 10] 

Internet of Things (IoT) technologies enable continuous monitoring of 

transportation parameters, including fuel consumption, emissions levels, and 

temperature regimes, enabling prompt identification and elimination of 

inefficiencies. 

5. The implementation of environmental strategies faces several barriers, such 

as: 

- Infrastructure barriers, which include insufficient development of the 

railway network, limited capacity of intermodal terminals, and outdated equipment. 

Overcoming these obstacles requires large-scale investments in modernizing 

transport infrastructure. 

- Regulatory barriers related to imperfect legislation, the absence of unified 

standards for multimodal transportation, and the complexity of customs procedures. 

Harmonization of the regulatory framework with international standards is a 

necessary condition for the development of environmentally friendly multimodal 

systems. 

- Economic barriers, including the high cost of transitioning to green 

technologies and insufficient economic motivation for modal shift. Overcoming these 

obstacles is achieved through: 

1. state subsidies and grants for the implementation of "green" technologies; 

2. tax benefits for companies investing in environmental modernization; 
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3. Introduction of a carbon tax, which makes polluting types of transport less 

economically attractive; 

4. establishment of environmental standards and requirements for transport 

operators; 

The comprehensive application of these strategies allows for a significant 

reduction in the environmental impact of multimodal transportation while 

maintaining the economic efficiency of logistics operations. 

Digital transformation in the logistics industry offers significant potential for 

environmental optimization in multimodal transportation. This process, driven by 

innovative technologies, involves implementing Intelligent Transport Systems (ITS) 

that provide real-time monitoring and dynamic route optimization, integrating 

comprehensive environmental criteria and synchronodal transportation [8, 10]. 

In the context of environmental optimization, Intelligent Transport Systems 

(ITS) play a key role by continuously monitoring operational parameters and 

dynamically optimizing routes to account for current environmental conditions. 

Simultaneously, the application of Artificial Intelligence (AI) enables greater 

accuracy in demand forecasting, contributing to more efficient vehicle loading 

planning and the minimization of empty runs. In parallel, Internet of Things (IoT) 

technologies provide continuous, detailed control over critical transportation 

parameters, such as emissions levels and energy efficiency, which is fundamental for 

operational management and correction. 

Furthermore, blockchain technology provides a reliable, verifiable system for 

tracking carbon emissions throughout the logistics chain. This ensures increased 

transparency and accountability for all process participants, which is critically 

important for building trust and stimulating environmentally responsible behavior. 

The comprehensive implementation of these digital solutions in modern 

logistics operations reduces emissions by 15-30% and increases overall efficiency in 

transport resource utilization by 20-35%, highlighting the synergistic effect of 

integrating these technologies [9]. 

A complex of systemic regulatory, legal, and institutional challenges 

determines the formation of environmentally oriented multimodal transportation in 

Ukraine. A fundamental impediment is the insufficient implementation and 

harmonization of national legislation with relevant international standards, especially 

regarding the regulatory requirements of the European Union. 

In this context, the primary need is for comprehensive adaptation of the 

Ukrainian legal framework to international norms in the areas of multimodal 

transportation and environmental regulation, particularly the acquis communautaire 

of the EU. Concomitantly, a critically important aspect is the significant 

modernization of existing transport infrastructure and the creation of innovative, 

environmentally safe logistics hubs. This task requires substantial capital investments 
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and systemic state support. Furthermore, the urgent need is to develop and implement 

targeted state programs to stimulate the integration of "green" technologies into the 

logistics sector. 

The Association Agreement between Ukraine and the European Union not only 

creates significant development vectors but also entails concrete obligations to 

enhance environmental standards in the transport sector. The implementation of 

European directives, although requiring substantial investment resources and 

profound institutional transformations, simultaneously opens strategic prospects for 

integration into European logistics networks and a significant strengthening of 

national competitiveness in the international arena. 

Studies of practical cases and analysis of empirical experience demonstrate the 

effectiveness of implementing environmentally oriented multimodal logistics 

solutions [12]. Specifically, leading Ukrainian logistics corporations are actively 

integrating multimodal transport schemes, prioritizing rail and water transport. This 

strategic approach correlates with a definitive reduction in greenhouse gas emissions, 

with indicators ranging from 35% to 45%. At the same time, the functioning of 

specialized warehouse hubs located in border territories between Ukraine and the 

European Union is a key factor in achieving a 28% reduction in emissions. This result 

is achieved through the implementation of effective mechanisms to optimize 

transshipment processes and consolidate cargo flows. Furthermore, the urgent need 

to implement advanced digital technologies, particularly modern transport 

management systems, has led to 22% fuel savings and a significant reduction in 

unproductive empty runs by up to 40%. 

An analysis of key economic indicators confirms that implementing such 

solutions results in a significant reduction in operational costs, ranging from 18% to 

25%. Simultaneously, a 15% increase in cargo delivery speed is observed, which is 

critically important for optimizing logistics chains. Additionally, the vehicle load 

factor increases to 92%, indicating a more efficient use of available resources and a 

reduction in logistics costs per unit of production. 

Regarding environmental benefits, the implementation of the aforementioned 

strategies ensures a substantial reduction in CO₂ emissions of 30-45%. This fact 

correlates with a significant decrease in fuel consumption volumes, with indicators 

reaching 20-25% [13]. As a result, optimizing transport routes, driven by a 

multimodal approach and digital solutions, increases logistics operations' overall 

efficiency by 35%, positively impacting the sustainability of ecological systems and 

advancing decarbonization goals in the transport sector. 

Conclusions and Future Research Directions. The evolution of the "green 

logistics" paradigm is a strategic imperative for Ukraine, driven by its European 

integration aspirations and the urgent need to fulfill global climate commitments. The 

comprehensive transformation of the logistics sector requires a multifaceted approach 
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that integrates advanced technological innovations, progressive institutional reforms, 

and adequate financial support to ensure sustainable development. 

In the context of technological progress, one key direction is the intensification 

of digital modernization and the comprehensive integration of intelligent transport 

systems (ITS). These measures will increase operational efficiency and ensure 

transparency in logistics chains. Fundamental importance is also given to 

environmental renovation and optimization of the functioning of existing warehouse 

complexes, as well as the development of new, strategically located logistics hubs. 

This implies implementing energy-efficient solutions, automating warehouse 

operations, and minimizing environmental impact. 

At the institutional level, the development and implementation of stimulating 

government support programs are necessary. These programs should aim to 

encourage private-sector investment in "green" logistics solutions and to create a 

favorable regulatory environment. Among the priority areas of transformation, the 

following should be highlighted: 

Firstly, the formation of an extensive network of environmentally oriented 

multimodal logistics hubs is necessary to ensure the efficient redistribution of cargo 

flows and reduce the carbon footprint. Secondly, stimulating the priority use of rail 

and water transport as more environmentally friendly alternatives to road transport. 

Thirdly, the implementation of electric and other alternative vehicles will 

significantly reduce harmful emissions. And fourthly, the development of integrated 

digital platforms for coordinating transportation, which will ensure optimal route 

planning, increased vehicle utilization, and minimization of empty runs. 

The practical implementation of the ecological transformation of multimodal 

transport systems is possible only through synergistic cooperation among the public 

sector, private businesses, and scientific institutions. Special attention should be paid 

to the creation of sustainable financial mechanisms for supporting "green" projects, 

including preferential lending, tax incentives, and grants specifically designed to 

promote ecological modernization and innovation in the logistics sector. 

The analysis confirms the significant potential of multimodal transportation via 

integrated warehouse hubs to reduce the ecological burden on the transport industry. 

The effective integration of diverse transport modes and subsequent optimization of 

logistics processes, centralized in such hubs, contributes to achieving a synergistic 

effect. This effect manifests both in a substantial reduction of greenhouse gas 

emissions and in a simultaneous increase in the overall operational efficiency of 

transport systems. 

In the context of key aspects determining ecological efficiency, several 

interconnected vectors should be emphasized. Firstly, technological integration, 

particularly the implementation of advanced digital solutions, is a decisive factor in 

enhancing environmental effectiveness. This is achieved through intelligent 
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management and optimization of all stages of logistics processes. Secondly, the active 

application of "green" practices, which includes the implementation of renewable 

energy sources and energy-efficient solutions in warehouse hubs, lays a fundamental 

basis for ensuring the sustainable development of logistics infrastructure. Finally, 

intersectoral coordination is a critically important condition for achieving ecological 

efficiency, requiring concerted interaction among business entities, state institutions, 

and the scientific community in the development and implementation of relevant 

policies. 

Further scientific research should primarily focus on quantitatively assessing 

the impact of new technologies and on developing adaptive models for managing 

multimodal supply chains. In doing so, the ecological component must be the key 

criterion, which is a necessary condition for ensuring a gradual transition to a low-

carbon economy in the transport sector. Additionally, a promising research direction 

is the exploration of opportunities to deepen the integration of Ukrainian logistics 

hubs into European multimodal networks, particularly in the context of the country's 

recovery and the continued modernization of transport infrastructure. 
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