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Abstract. The study s relevance stems from the growing environmental impact
of logistics processes and the need to transition to supply models that focus on
reducing emissions and the rational use of resources. In the context of global
decarbonization strategies, there is a need for scientific substantiation of
approaches that simultaneously improve logistics efficiency and environmental
safety. The work aims to develop a theoretical and methodological model for optimal
supply planning that minimizes the negative environmental impact of logistics
processes and integrates environmental criteria into the supply management system.
The methodological basis is a systemic approach, methods for comparative analysis
of international logistics efficiency indices, assessment of CO: emission dynamics,
and tools for environmental and logistics modelling. The work uses structural and
functional analysis, which allowed the development of a model for greening logistics
processes and a risk-oriented approach to assess environmental risks. The results
of the study include a comprehensive scientific substantiation of the principles of

greening logistics processes and the development of an integrated approach to
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optimal supply planning in the face of growing environmental requirements. Based
on a comparative analysis of international logistics efficiency indices, structural
differences between countries with highly developed and fragmented logistics
infrastructure have been identified, affecting their ability to decarbonize. A model
for increasing the environmental safety of logistics processes has been developed,
comprising four key blocks: monitoring, planning, optimization, and assessment of
environmental outcomes. Additionally, an environmental safety risk assessment
matrix has been developed, which allows identifying critical points of environmental
threats and establishing priority areas for improving logistics operations. The
proposed tools can be used to form policies for greening logistics and modernizing
corporate supply management systems.

Keywords: logistics greening, optimal supply planning, environmental risks,

low-carbon solutions, logistics performance, CO: emissions.

IigBuIIeHHS €KOJIOTIYHOI 0e3MeKH JIOTICTUYHUX MPoIeciB yepe3 oNTUMAJIbLHE

INIAaHYBaAaHHA MOCTaYaHb

I'acenko FOuis,
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AHnomauyia. AxmyanvHicmsb 00CHIONCEHHST 3YMOGIEHA 3POCMAHHAM GNIUBY
JIO2ICIMUYHUX NPOYeCi8 HA eKOJI02IUHULL CMAaH 00B8KILISL Ma HeoOXIOHICMIO nepexooy
00 MoOenell NoCmavaub, OPIEHMOBAHUX HA 3HUNCEHHS BUKUOI8 [ payioHalbHe
BUKOPUCAHHS pecypcis. Y KoHmeKkcmi 2100aivHux cmpameziil 0exapoOoHizayii
nocmae nompeba y HAYKOBOMY OOIPYHMYBAHHI Ni0X00ie, wWo 3abe3neuyoms
00HOUACHe NIOBUWEHHS NO2ICMUYHOI e(eKmueHocmi ma eKoa02iuHOI Oe3neKu.

Memoto pobomu € po3pobaeHHs meopemuKo-memooudHoi Mooeni ONMUMAailbHO20
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NAAHY6AHHA NOCMAYAHb, CAPAMOBAHOI HA MIHIMI3AYil0 He2AMmueHO20 6NJIUEY
JIO2ICIMUYHUX NpOoYecié Ha O0BKLLIA ma iHmezpayilo eKOoN02IYHUX Kpumepiie y
cucmemy YAPAGNIHHA NOCMAYaHHAMU. Memooono2ciuny OCHO8Y CMAHOGIAMb
cucmemHuti nioxio, Memoou NOPIGHAILHO2O AHANI3Y MINCHAPOOHUX [HOEKCi8
Jo2icmuyHoi  eghpekmuenocmi, oyinoeauns ounamiku eukudie CQO: a maxooic
IHCMPYMeHmu  eKoo2iuH020 ma JIO2ICMUYHO20 Mooenosanus. Y  pobomi
3acmoco8ano cmpyKmypHo-@yHKYIOHAIbHUU aHali3, wo 003801u8 nooyoyeamu
MOO€eb eKON02I3aYii I02ICMUYHUX NPOYEeCi8, d MAKONC PUSUK-OPIEHMOBAHUL NIOXIO
ol hopmyeanHs: mampuyi OYIHIOBAHHS eKOJI02IUHUX pusuxie. Pesynemamu
00CNIOMNCEHHS NOJAAIOMb ) KOMHIJIEKCHOMY HAYKOBOMY OOTPYHMYBAHHI 3acal
eKo02i3ayii 102ICMUYHUX NpoYyecié ma (QopMySaHHi IHMe2Po8aH020 NiOX00Y 00
ONMUMANbLHO20 NIAHYBAHHA NOCMAYAHb 6 YMOBAX 3POCMAHHA eKON02IYHUX BUMOR.
Ha ocHnosi nopisnsanbhoco ananizy MIidiCHAPOOHUX — IHOEKCI8  N02ICMUYHOL
eghexmusHoCcCmi  6CMAHOBIEHO CMPYKMYPHI  GIOMIHHOCMI MIXC KpaiHamu 3
BUCOKOPO3BUHEHOI MA (PpacMeHmMOo8aAHOI0 J02ICMUYHOIO IHHpacmpyKmypoi, wo
BNIUBAIOMb HA IXHIO 30amuicmb 00 Oexapoonizayii. Cgopmosarno mooenw
NIOBUUEHHSI eKOJI02IUHOI Oe3neKu JI02ICMUYHUX NPOYeCi8, KA OXONIIOE YOMupu
KIIOY08I OJIOKU — MOHIMOPUHe, NIAHYBAHHS, ONMUMI3AYII0 MA OYIHIOBAHHS
eKOoN02IYHUX pe3ynbmamis. /[o0amKko8o po3podieHo Mampuyio OYint08AHHS PUSUKIE
eKoN02IYHOI be3neKu, ujo 00368014€ I0eHMUPIKY8amu KpUMuyHi moyky YmeopeHHs
€KOJIO2TYHUX 3a2p03 mda GCMAHOBUMU NPIOPUMEMH] HANPAMU B00CKOHALCHHS]
JIO2ICMUYHUX onepayiu. 3anponoHo8ani IHCMpPYMeHmu MOXCYmv OYmMu BUKOPUCTAHI
onsi  ¢opmysanHs — nonimux — exoaozizayii - Jocicmuxu  ma  MoOepHizayii
KOpNoOpamuGHUX cucmem YnpaeiiHHa NOCMa4auHAMU.

Knwuoei cnosa: exonocizayis 102iCmMuKku, ONMuMaibHe NAAHYEAHHS
NOCMA4aHdb,  eKONO2IYHI  PUSUKU,  HU3bKOBY2leyesl  pPIUeHHs,  J02ICIMUYHA

eghexmusHicmo, suxuou COx.
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Problem statement. The intensive development of global supply chains is
accompanied by an increase in anthropogenic load, a significant part of which falls
on the transport and logistics sector. The increase in transportation volumes, uneven
transport flows, infrastructure fragmentation, and low energy efficiency lead to
higher greenhouse gas emissions and a deterioration of environmental conditions in
the territories where logistics systems operate [1, p. 51]. Traditional approaches to
logistics organization are primarily focused on economic indicators and do not
adequately account for the environmental consequences of operations. In the context
of global decarbonization and increasingly stringent regulatory requirements, there
is a need to develop new methodological approaches that integrate environmental
criteria into planning and supply optimization [2]. The lack of holistic mechanisms
for managing environmental risks in logistics processes underscores the problem’s
scientific relevance and requires in-depth research.

Analysis of recent research and publications. Modern research in logistics
and supply chain management demonstrates a growing focus on greening processes,
digitalization, and increased sustainability, reflected in a wide range of approaches
proposed by scholars. For example, D. Dubisz and colleagues outlined the key
factors in the formation of the carbon footprint in distribution, emphasizing the need
for green logistics solutions [3, p. 804], which is consistent with the conclusions of
scholars led by M. Borchardt on the barriers and opportunities for managing Scope
3 emissions [4]. Deepening this issue, Z. Ma et al. showed that the development of
low-carbon supply chains largely depends on integrating IoT technologies and
increasing companies’ environmental responsibility [5], which aligns with the
emission-optimization model proposed by P. Verma and V. Mishra for carbon cap-
and-trade conditions [6]. In the logic of decarbonization solutions, S. Routroy and
colleagues identified critical areas of ecological transformation of logistics — from
infrastructure solutions to digital monitoring tools [7, p. 2], which is also reflected

in the Ukrainian context in the works of N. Reznik and O. Marinina, who
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emphasized the role of «green» logistics in forming a synergistic effect between
economic, social and environmental goals [8, p. 62]. In the same context, V. Hatylo
developed the ESG-LogiM model, which proves the importance of ESG-oriented
strategies for strengthening logistics sustainability [9, p. 144], while A. llina
emphasized the importance of human capital development as a prerequisite for
practical logistics activities [10, p. 305]. The digital vector of logistics development
is deepened by the studies of O. Korobkova and Z. Korobkova, who demonstrated
the importance of customs logistics in international cargo movements [11, p. 177].
In parallel, L. Kaptosv demonstrated the potential of modern geoinformation
platforms for more accurate routing [12, p. 2], and O. Korostin outlined the potential
of artificial intelligence to optimize maritime logistics flows [13, p. 31].
Confirmation of the importance of digital transformation in logistics is also found in
the work of N. Kantsedal and colleagues, who demonstrated the effectiveness of
digital solutions in improving the quality of supply management, transportation, and
warehouse operations [14, p. 45]. Continuing this logic, S. Li and T. Sun empirically
demonstrated the role of green logistics in reducing the transport industry’s emission
intensity [15], while F. Jia and colleagues clarified the factors of sustainable supply
chain design and its impact on environmental performance [16, p. 581]. Concluding
the review of approaches, a team of authors led by M. lvanova substantiated the
importance of statistical methods in risk management of logistics and foreign
economic operations under uncertainty [17, p. 241].

Therefore, a body of modern scientific work demonstrates the consolidation
of environmental, digital, and management approaches, which form the foundation
for the creation of new-generation, sustainable, adaptive, and low-carbon logistics
systems.

Highlighting previously unresolved parts of the general problem. Despite
significant scientific achievements, several key issues remain unresolved, in

particular, regarding the coordination of environmental standards with the
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operational reality of enterprises, the integration of digital tools in the model of
«green» logistics, the quantitative measurement of environmental risks and the
determination of optimal parameters of low-carbon efficiency in conditions of high
dynamics of logistics flows. That is why our research aims to systematize
approaches to greening logistics processes and to develop a holistic model that
integrates methods of optimal supply planning with modern tools for controlling
environmental risks. The practical value of the results lies in the possibility of
formulating applied recommendations for enterprises to reduce environmental load,
improve mechanisms for selecting environmentally sound routes, assess
environmental threats, and introduce low-carbon efficiency indicators into the
logistics process management system.

Formulation of the article objectives (task statement). The purpose of the
study is to theoretically substantiate and develop a model for increasing the
environmental safety of logistics processes by integrating methods of optimal supply
planning, environmental risk assessment tools, and low-carbon efficiency indicators,
thereby reducing environmental load and increasing the sustainability of logistics
systems.

Presentation of the main material of the study. In modern conditions,
environmental safety is becoming a key element of the strategy for the sustainable
development of enterprises, because logistics systems account for a significant share
of anthropogenic impact. The primary sources of environmental risk are the
complexity of logistics operations. The most significant load is created by transport,
which is characterized by high fuel consumption and emissions of greenhouse gases,
nitrogen oxides and particulate matter. Warehousing is a significant risk factor, as
warehouses consume significant amounts of electricity, generate packaging waste
and can pose a threat to soil and water if hazardous goods are stored. Packaging also
affects environmental safety, especially when materials unsuitable for recycling or

reuse are used. The energy consumption of logistics processes — transport,
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warehousing, freight and information — increases emissions and dependence on
fossil resources. An additional risk is inefficient route organization, which results in
unnecessary mileage, increased fuel consumption, and higher emission intensity.
Thus, the environmental safety of logistics encompasses the impacts of transport,
warehousing, packaging, energy use, and organizational processes, and is achieved
through resource-efficient technologies and environmentally friendly planning and
optimization models that minimize environmental risks and support the sustainable
development of logistics systems.

In this context, the sustainability of logistics systems is considered an integral
characteristic, ensuring the efficient movement of material flows with minimal
environmental impact and the rational use of natural resources. The theoretical basis
of such environmentally friendly logistics is formed by the concepts of «green
logistics», «sustainable supply chainsy», and «low-carbon logistics», which interpret
the interaction between logistics processes and the environment in different ways
but are united in their aim to enhance environmental safety. The concept of «green
logistics» focuses on reducing the negative impact of logistics activities by
optimizing routes, reducing packaging waste and implementing energy-efficient
solutions [8, p. 64]. The sustainable supply chain approach integrates environmental,
economic, and social priorities, introduces circular models of resource movement,
and ensures compliance with international standards for sustainable development.
The concept of low-carbon logistics aims to reduce greenhouse gas emissions by
using alternative fuels, electrifying transport, and optimizing transportation, while
accounting for the carbon intensity of flows.

Further development of these approaches is ensured by the implementation of
international standards that set requirements for the environmental performance of
logistics. In particular, ISO 14001 regulates the environmental management systems
of enterprises [19], and 1SO 14083 establishes a methodology for calculating and
reporting greenhouse gas emissions in transport operations [20]. In the EU, the
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Taxonomy of Sustainable Activities, which defines criteria for the environmental
acceptability of logistics processes [21], and the Corporate Sustainability Reporting
Directive (CSRD) EU 2022/2464, which obliges the disclosure of data on the
environmental consequences of activities, including logistics operations [22].
Assessing the sustainability of logistics systems is impossible without specialized
environmental indicators. Key among them is the CO: emissions per tonne-
kilometre, which reflects the intensity of carbon emissions during the transportation
of goods [3, p. 806]. Also important are the fuel efficiency index, which measures
energy consumption for logistics operations [2], and the ecological route efficiency
index, which accounts for distance, traffic conditions, and emission levels [13,
p. 35].

Thus, modern concepts, standards, and indicators form the methodological
basis for environmentally friendly logistics, which combines economic efficiency
with the rational use of resources and the minimization of negative environmental
impact. In this context, it is essential to assess countries’ logistics maturity to identify
the strengths and weaknesses of their transport and logistics systems and outline
directions for their optimisation, taking into account environmental trends. The most
common international tool for such an assessment is the Logistics Performance
Index (LPI) [23], which integrates indicators of infrastructure quality, operator
competence, organisation of international transportation, customs procedures,
timeliness of deliveries and the development of cargo tracking systems (fig. 1).

A comparison of the LPI for 2010-2023 indicates significant differences in
logistics systems across countries, affecting both their environmental capacity and
the potential to optimize supply chains. Singapore and Germany consistently occupy
leading positions (4.09—4.30 and 4.11-4.23, respectively), demonstrating a high
level of infrastructure, transportation organization, and logistics efficiency, which,
at the same time, contributes to reducing the environmental burden. The USA and

Japan maintain high scores (3.86-3.99 and 3.90-3.97), indicating technological
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maturity and a developed transport network that creates favorable conditions for the
implementation of low-carbon strategies. In contrast, Ukraine has significantly
lower LPI values (mainly 2.57-2.74-2.70), which reflect systemic limitations in
infrastructure, flow organization, and operator competence. At the same time, such
results indicate significant potential to increase the environmental efficiency of
logistics by reducing unnecessary mileage, optimizing routes, and reducing energy

consumption.

2023: Score
2016: Score
2010: Score

2023: Rank

2016: Rank

2010: Rank

20 40 60 80 100

o

Germany ®mJapan = Singapore ®mUSA ®= Ukraine

Fig. 1. Comparison of overall LPI indicators for selected countries (2010—
2023)
Source: constructed according to [23]

The comparative analysis of overall LPI scores showed significant differences
in countries’ logistics performance, which directly affects their potential to
implement environmentally friendly solutions. However, the integral indicator does
not allow for a complete assessment of the structure of logistics capabilities or for
identifying the elements that pose the most significant barriers or, conversely, create
conditions for increasing the environmental safety of logistics processes. That is why
the next stage of the study is the analysis of the component structure of the LPI index,
which reflects the quality of customs procedures, the development of infrastructure,
the efficiency of international transportation, the professional level of logistics

operators, the ability to track cargo and the timeliness of delivery.
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The distinction between these indicators allows us to more clearly identify
which structural elements of the logistics system contribute to the rationalization of
flows and the reduction of environmental burden, and which, on the contrary, create
risks of excessive mileage, delays and inefficient use of transport resources. The

summarized results on the key components of logistics performance are presented

in table 1.
Table 1
LPI component structure (2023)

o [<B) — = o
> 3 o & E g'}% 8 § 2 8 o
e} —_ E > g = &2 = D C o C
S T | 88 & | Eg | 22| % | £%
8 = 38| & |82z 35| E | gF

- = | E £ ° =
Singapore 4,3 4,2 4,6 4,0 44 4,3 44
Finland 4,2 4,0 4,2 4,1 4,2 4,3 4,2
Germany 4,1 3,9 4,3 3,7 4,2 4,1 4,2
Japan 3,9 3,9 4,2 3,3 4,1 4,0 4,0
USA 3,8 3,7 3,9 3,4 3,9 3,8 4,2
China 3,7 33 4,0 3,6 3,8 3,7 3,8
Ukraine 2,7 2,4 2,4 2,8 2,6 3,1 2,6

Source: constructed according to [24]

The analysis of the LPI components shows significant heterogeneity in the
logistics systems of the studied countries, which determines their differing potential
to improve the environmental safety of logistics. Singapore demonstrates the highest
and most balanced values - developed infrastructure (4.6), high logistics competence
and high-quality tracking and delivery systems (4.3-4.4), which ensures low energy
intensity and the possibility of implementing low-carbon technologies. Finland and
Germany have similar strong positions due to the maturity of infrastructure and the
professionalism of logistics operators (4.2—4.3), which contribute to reducing idle
runs and the carbon footprint. Japan and the USA demonstrate high but less balanced

scores, particularly due to lower international transport rates (3.3-3.4), reflecting
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institutional barriers and additional energy costs. Ukraine significantly lags in all
components of the LPI: weak customs procedures and infrastructure (2.4),
insufficient logistics competence (2.6) and moderate timeliness of delivery (3.1).
Such a disproportion leads to increased environmental risks: excessive downtime,
slow cargo processing, irrational use of transport, and increased emissions per unit
of transportation. Therefore, countries with high LPI values have the opportunity to
implement low-carbon solutions comprehensively. In contrast, countries with
fragmented development need to prioritize improving infrastructure, customs
procedures, and professional logistics competence.

At the same time, analyzing logistics capabilities alone does not provide a
complete picture of the environmental dimension of logistics. For a real assessment
of the level of environmental safety, it is necessary to take into account the actual
volumes of greenhouse gas emissions [24], primarily in the transport sector - one of
the most carbon-intensive elements of logistics chains. Comparing CO: emissions
from transport enables us to determine the environmental intensity of logistics
systems, trace the relationship between infrastructure development and
decarbonization levels, and assess the scale of necessary environmental measures.

The summarized indicators for 2010-2022 are presented in fig. 2.
250 -
200
150 -
100 -

50 A

CO: emissions, million tons

O I
Germany Japan Singapore Ukraine United States

m2010 m2016 =2022

Fig. 2. CO2 emissions from transport (2010-2022)

Source: constructed according to [24]
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A comparison of CO: transport emissions dynamics shows significant
differences across countries, reflecting the level of economic activity and the
effectiveness of decarbonization. The USA and Japan have the highest emissions;
however, Japan is gradually reducing them through technological modernization of
its transport sector. In Germany, a decrease is also observed after the 2016 peak,
which is associated with infrastructure modernization and EU environmental
standards. Singapore has small but stable volumes, which indicates effective
management of the transport system. The sharpest drop was recorded in Ukraine —
from 33.9 million tons in 2010 to 1.65 million tons in 2022, which is due not to
environmental reforms, but to a sharp reduction in transport activity and the
destruction of infrastructure as a result of the war. Therefore, the level of
environmental safety of logistics is primarily determined by the organization of
transport flows. High emissions are often caused not only by technological barriers,
but also by inefficient route planning, low transport utilization and long logistics
cycles. Therefore, a key direction for increasing environmental sustainability is
implementing optimal supply planning to reduce energy and transport losses.

Optimal supply planning is a key tool for reducing the environmental burden
of logistics, as the rational organization of flows determines energy consumption,
transport efficiency, and greenhouse gas emissions. The planning methodology
combines analytical, mathematical, and digital approaches to minimize transport
costs, reduce unnecessary transportation, and improve the manageability of supply
chains. The basic direction is the modelling of transport flows, including the
construction of optimal routes that account for distance, infrastructure load, transport
type, and emission levels. The use of shortest-path models, multi-criteria
optimization, and logistics cost-minimization algorithms allows you to reduce
mileage, downtime, and transportation energy consumption. No less important is the
optimization of vehicle loading: rational distribution of weight and volume reduces

the number of trips and specific emissions. In combination with cargo consolidation,
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cooperation between shippers and the joint use of transport capacities, a tangible
environmental effect is formed.

Inventory management is an essential component of optimal supply planning.
Demand forecasting systems and dynamic models for determining order sizes and
coordinating delivery schedules make it possible to avoid excess transportation,
accelerate inventory turnover, and reduce the need for energy-intensive emergency
deliveries. Digitalization significantly expands the possibilities for optimization:
supply chain management systems, real-time cargo tracking platforms, and
predictive analytics enable adaptive planning models that account for changes in
demand, traffic conditions, weather, and environmental indicators. It increases
planning accuracy and reduces the risks of supply disruptions, ensuring minimal
energy consumption of logistics operations. Modern approaches also include
stochastic optimization, which allows taking into account uncertainty - fluctuations
in demand, changes in transport availability and other external factors. Risk-based
optimization ensures the selection of more sustainable routes and minimizes
environmental load even under shock conditions.

Thus, the comprehensive application of optimal planning methods forms the
basis for environmentally friendly logistics: it reduces energy consumption, CO-
emissions, and increases the efficiency of transport and information resources. In
this context, supply optimization is not only a tool for economic efficiency but also
an essential factor in implementing decarbonization strategies. Given the results, it
is advisable to develop an integrated model that combines monitoring, planning, and
optimisation mechanisms and enables the assessment of the environmental impact

of logistics solutions (fig. 3).
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Fig. 3. Model for improving the environmental safety of logistics processes

Source: developed by the author

The presented model for increasing the environmental safety of logistics
processes is based on four interconnected blocks that form a closed management
cycle. The first block — monitoring — provides continuous collection of information
on emissions, transport flows, resource intensity and environmental risks. Based on
these data, the second block — planning is established, which includes forecasting
transportation needs, forming optimal routes, coordinating supply volumes and
choosing the most resource-efficient logistics solutions. The third block —
optimisation — involves minimizing energy consumption, reducing empty runs,
rationalizing transport loading, and using innovative digital tools to increase the
efficiency of flows. The fourth block — assessing environmental results — provides
measurement of the achieved effect against key indicators, analysis of compliance
with sustainable development standards, and the formulation of recommendations
for further improvement. The coordinated operation of these blocks creates an
adaptive system that simultaneously improves logistics operations and reduces their
environmental impact.

For the full implementation of the proposed model, a toolkit is necessary that
enables the identification and ranking of key environmental threats in logistics

processes. That is why a logical addition to the model is a risk assessment matrix
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(table 2), which identifies potential environmental load sources and indicates the

direction of their neutralization.

Table 2

Matrix for assessing the environmental safety of logistics processes

Source of environmental
risk

CO2, NOx, SO: emissions;
empty runs; low loading

Energy consumption,
refrigerant losses, and
inefficient insulation

Excessive use of materials,
waste

Transportation delays,
border delays

Insufficient data for
planning, inconsistent
schedules

Incoherence in multimodal
schemes

Low level of waste
recycling

Nature of impact | Risk level

Transportation
Increased carbon
footprint, air quality High
degradation
Warehousing
Increased energy

consumption, HFC Medium
emissions
Packaging
Generation of Medium

significant MSW

Customs and logistics operations
Accumulation of .
S Medium—
emissions due to .
AR high
engine idling
Information flows

Inefficient planning,

) Medium
unnecessary trips

International transportation
Duplication of
routes, increased High
distances
Reverse logistics
Waste accumulation,

increased CO:z Medium

Neutralization
mechanisms

Route optimization, fleet
electrification, cargo
consolidation

RES, energy-efficient
lighting and cooling
systems, automation

Recycled materials, circular
solutions, and elimination of
excess packaging

Digitalization of procedures,
electronic queues, and pre-
clearance

TMS/WMS, loT tracking,
digital data platforms

Carrier coordination,
optimal intermodal hubs

Reverse logistics, recycling,
material reuse

Source: constructed by the author

The proposed matrix for assessing the environmental safety risks of logistics
processes complements the model’s structure. It serves as a practical tool for a
comprehensive quantitative and qualitative analysis of environmental threats. It
allows you to systematically determine which logistics operations generate the
primary sources of environmental load, assess their criticality, and outline the most

effective mechanisms to neutralize the risks.
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Conclusions. The study enabled substantiation of the methodological
principles for increasing the environmental safety of logistics processes through
optimal supply planning and assessment of the structural characteristics of logistics
systems. Analysis of international logistics performance indices showed significant
differences between countries in terms of infrastructure development, operator
competence, and the efficiency of transport flows, which determine their ability to
implement environmentally friendly solutions. A comparison of the dynamics of
transport CO2 emissions confirmed that the environmental intensity of logistics
depends not only on the technological level of transport, but also on the rational
organization of supply chains and the efficiency of resource use. Based on
theoretical provisions and analytical results, an integrated model of environmentally
safe logistics has been developed, combining monitoring, planning, optimisation,
and assessment of environmental outcomes. The model provides systematic
management of emissions and energy efficiency, and creates a practical basis for
implementing low-carbon technologies. Its addition to a matrix of environmental
risks increases the model’s practical value, enabling it to identify critical sources of
threat and set management priorities. The results obtained confirm that optimal
supply planning is an effective tool for reducing emissions, reducing energy
consumption and forming environmentally balanced logistics chains. The proposed
methodological approaches ensure the transition to more sustainable, resource-
efficient, and environmentally safe supply systems that align with modern trends in
logistics development and the requirements of sustainable development. Prospects
for further research include developing tools for quantitative assessment of the
environmental effects of supply optimisation and modelling low-carbon logistics
scenarios that take into account digital technologies and changes in global transport

flows.
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