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OPTIMIZATION OF MULTIMODAL TRANSPORTATION TAKING
INTO ACCOUNT CO2 EMISSIONS

Purpose. The purpose of the study is to improve the theoretical and methodological foundations of multimodal
transportation optimization by developing a mathematical approach to selecting the optimal route based on economic,
time, and environmental criteria. Particular attention is paid to transportation costs, delivery time, and CO. emissions,
which enables a comprehensive assessment of the efficiency of alternative logistics solutions and improves the
justification of route selection. Methodology. The methodological basis of the study includes a systems approach,
mathematical modeling, multicriteria optimization, and comparative analysis of alternative routes. An objective
function is proposed that integrates three main efficiency criteria of multimodal transportation: total transportation
costs, delivery time, and CO. emissions. To ensure their appropriate comparison, the model provides for the
normalization of indicators and the use of weighting coefficients, enabling a comprehensive assessment of different
delivery options. The practical application of the model is demonstrated using the example of cargo transportation on
the Shanghai—Hamburg route, involving maritime, rail, and road transport in different combinations. Results. The
main criteria for assessing the efficiency of multimodal logistics solutions are systematized, and the feasibility of their
comprehensive consideration when selecting a route is substantiated. It is established that focusing exclusively on
transportation costs or delivery time does not provide a comprehensive assessment of transportation efficiency. The
proposed approach enables the identification of a balanced route considering economic, time, and environmental
characteristics and allows alternative transportation schemes to be compared using an integrated criterion. Originality.
The approach to multimodal transportation optimization has been improved by integrating economic, time, and
environmental criteria into a unified logistics decision-making model, thereby expanding the possibilities for
comprehensive evaluation of transportation alternatives. Practical implications. The proposed model can be applied
by transportation and logistics companies to compare alternative routes, justify combinations of transport modes, and
improve the efficiency of transportation planning. The approach can be integrated into digital transportation analytics
and decision-support systems and adapted to different transportation routes, changes in tariffs, and logistics conditions.

Keywords: multimodal transportation, logistics, transport optimization, digital technologies, environmental
sustainability, CO2 emissions.

Introduction of the most efficient routes while accounting for
economic and time-related parameters.

In addition to purely economic factors,
environmental aspects—particularly greenhouse gas
emissions, with CO: being the most significant-are
gaining importance. Although the environmental
component is not yet decisive for all market players,
in modern logistics strategies it is increasingly
considered a factor of long-term sustainability and
competitiveness.  Therefore, the study of
multimodal transportation optimization addresses
the integration of economic efficiency, time
reliability, and adaptation to environmental
challenges, opening new opportunities for
digitalization and the development of transport
infrastructure.

The modern global economy is characterized by
the intensive development of international trade,
which is accompanied by increasing complexity in
logistics processes. Under these conditions,
multimodal transportation has become one of the
key mechanisms for enhancing the efficiency of
transport systems, as it allows for the combination
of different modes of transport to achieve economic
benefits and reduce delivery times [1]. Despite its
advantages, the organization of multimodal
transportation faces several challenges: high
coordination costs among supply chain participants,
limited capacity of certain transport modes, unstable
tariffs, and the need for schedule synchronization.
This creates a demand for mathematical
optimization methods that enable the identification
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Purpose and objectives of the study

The main purpose of this study is to develop
approaches to optimize multimodal freight
transportation, taking into account CO. emissions,
by using mathematical models and analytical
methods for decision-making in logistics systems.
The application of mathematical optimization tools
will allow achieving a balance between economic
efficiency and environmental sustainability, which
is a key factor in modern transport logistics. To
achieve this goal, the following research objectives
have been defined:

- Analyze current models for organizing
multimodal transportation with a focus on assessing
the environmental footprint of various modes of
transport.

- Identify key components of multimodal
logistics and integrate environmental indicators
(specifically, the volume of CO. emissions) into the
transportation efficiency assessment system.

- Construct a mathematical model for
optimizing multimodal transport routes, taking into
account cost, time, and environmental criteria.

- Establish  relationships  between the
parameters of multimodal transport (type of
transport, route, speed, load, etc.) and their impact
on overall carbon emissions.

Provide practical recommendations for reducing
the carbon footprint in logistics chains by improving
routing schemes, digitizing processes, and changing
the structure of transport.

Research results

In modern logistics, multimodal transportation is
increasingly used to ensure flexibility, reliability,
and cost reduction in global supply chains. It
involves the use of two or more modes of transport
within a single logistics route, allowing for
adaptation of delivery to geographical, economic,
and environmental conditions. The most common
models of multimodal transportation include:

Sea-Air Transport — combines the relative
cheapness of sea transport with the speed of air

transport. This is an optimal option for delivering
valuable and urgent cargo over long distances,
especially from Asia to Europe via Middle Eastern
hubs.

Road-Air Transport — used to deliver cargo to
regions without direct air connections. Road
transport provides delivery to/from airports, while
air  transport provides fast international
transportation.

Rail-Road Transport — one of the most effective
models in the context of reducing CO. emissions.
The railway section provides transportation over
long distances with a low carbon footprint, while the
road section allows covering the last mile.

Combined Transport: Rail — Road - Inland
Waterway — Sea Transport — a complex but
extremely efficient logistics  structure  for
transporting large volumes of cargo on international
routes. This model allows using the advantages of
each mode of transport, including minimizing CO-
emissions on water sections.

Land Bridge Transport — includes crossing
continents through large sections of railway or road
infrastructure between seaports. The most famous
example is China — Europe via the New Silk Road.

Over the past decade, the issue of emissions of
pollutants and greenhouse gases into the
atmosphere has become particularly relevant in
connection with global warming and the increase in
anthropogenic load. An important turning point was
the period of 2019-2020, when, due to global
quarantine restrictions caused by the COVID-19
pandemic, emissions sharply decreased in almost all
sectors of the economy. However, since 2021, a
reverse trend has been observed: due to the recovery
of industrial activity, the increase in transportation
volumes and the return to pre-crisis levels of
production, the level of emissions has begun to
grow rapidly again. This raises concerns about the
sustainability of environmental policies and the
need for systematic control over pollution sources.

Figure 1 presents a visual analysis of pollutant

emissions for the period 2019-2023 in Ukraine.

Emissions of Pollutant Substances and Greenhouse Gases in Atmospheric Air
for 2019 - 2023
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Figure 1. Emissions of pollutants and greenhouse gases into the atmospheric air in Ukraine.
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To assess the effectiveness of a route, taking into
account environmental aspects, the study uses an
integrated model for optimizing multimodal
transportation, which includes three key criteria:
total transportation cost (C), delivery time (T), and
volume of CO: emissions (E).

The objective function takes the form:

min Z=aC+BT+yE @
where Z- is the integral indicator of route
efficiency, which we are trying to minimize;

a, B, y — are weighting coefficients that
determine the priority of each criterion:

a — weight of the economic component (cost);

B — weight of the time component (duration);

v — weight of the environmental component (CO-
emissions);

condition: a+p+y=1

Each criterion is calculated as the sum of
indicators for all sections of the route: Total
transportation cost C:

C=Xi16ix 2
where ¢; — cost of transporting cargo on the
segment t;

x;€{0,1} — binary variable indicating whether
segment v is included in the selected route:

x; = 1, if the segment is used,;

x; = 0, if the segment isn’t used.

Total delivery time T:

T =Xt x 3)
where:

t; —transportation duration on the segment v

x;€{0,1} — binary variable indicating whether
segment v is included in the selected route:

x; = 1, if the segment is used;

x; = 0, if the segment isn’t used.

Total carbon dioxide emissions E:

E=XYl 6%
where e; — CO. emissions on the segment t;
x;€{0,1} — binary variable indicating whether
section i is included in the selected route:

x; = 1, if the segment is used;

x; = 0, if the segment isn’t used.

This function allows for flexible balancing
between cost, delivery speed, and environmental
friendliness, depending on the specific logistical
goal. If minimizing delivery cost is important, the o
indicator is increased; if the key indicator is speed,
B is increased; if the company adheres to eco-
standards, vy is increased. This model can be easily
adapted to the needs of both a commercial logistics
provider and a government regulator, for example,
in the field of EU green corridors.

To illustrate the practical application of the
proposed model, let's consider a hypothetical
example of selecting the optimal cargo delivery
route from the port of Shanghai (China) to a
logistics hub in Hamburg (Germany). Three
alternative routes are considered:

- Sea + road,

- Rail (transit through Eurasia),

- Multimodal chain "sea — rail — road" via the
port of Rotterdam.

For each route,
calculated:

- C (transportation cost);

- T (time in days);

- E (CO: emissions in Kkg).

Taking into account the weighting coefficients
a=0.4, =0.3, y=0.3, the objective function takes the
form:

(4)

three key indicators are

min Z=0,4C+0,3T+0,3E (5)
The data for calculation are presented in Table 1.

Table 1

The data for calculation

Route Cost (C), Time (T), Emissions (E), kg Route efficiency
EUR days CO: indicator (Z)

Sea + road 3200 32 950 1894,6

Rail (transit through Eurasia 4300 18 600 1905,4

Multimodal chain "sea — rail —

road” via the port of Rotterdam. 3700 26 700 16978

Analysis of the results shows that the third route
(sea — rail — road) has the lowest value of the
objective function Z = 1697.8, meaning it is the
most optimal from the point of view of
comprehensively considering cost, delivery time,
and environmental impact. This indicates the
feasibility of implementing a multi-criteria
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approach in decision-making systems for managing
multimodal transportation, with the possibility of
adapting the model to the company's strategic
priorities (for example, in favor of reducing CO- or
accelerating delivery).



Scientific novelty

The scientific novelty of the study lies in
improving the approach to  multimodal
transportation  optimization by  integrating
economic, time, and environmental criteria into a
unified logistics decision-making model, thereby
expanding the possibilities for a comprehensive
assessment of transportation alternatives. Unlike
approaches primarily focused on minimizing
transportation costs or reducing delivery time, the
proposed approach considers CO: emissions
simultaneously as a full-fledged optimization
criterion. This enables a more informed selection
among alternative routes and combinations of
transport modes, taking into account their overall
efficiency. In addition, the procedure for comparing
criteria with different units of measurement has
been improved through their normalization and the
application of weighting coefficients, which enables
the formation of an integrated assessment of
alternative logistics solutions.

Conclusion

This study examined key aspects of optimizing
multimodal transportation, taking into account
economic, time, and environmental factors. The
proposed multi-criteria model allows for a
comprehensive consideration of costs, delivery
times, and CO. emissions, which is extremely
relevant in the context of modern European and
global policies on decarbonizing logistics
processes. The main models of multimodal
transportation were analyzed, each of which has its
advantages and limitations in terms of speed, cost,
and environmental impact. The developed
mathematical model allows for flexible adaptation
of weighting coefficients depending on the
company's strategic priorities. A  practical
calculation based on three alternative routes
confirmed the effectiveness of using this approach.
The lowest value of the objective function was
obtained for a multimodal route with an optimal
balance of costs, terms, and emissions,
demonstrating its advantage over other options.
Additionally, the dynamics of pollutant emissions
into the atmosphere were considered, which
indicates a critical need to control greenhouse gases
in transport logistics. The decrease in emissions in
2020 due to quarantine restrictions, as well as their
sharp increase in subsequent years, indicates the
importance of integrating environmental criteria
into decision-making processes. Thus, the
improvement of multimodal transportation should
be based not only on economic indicators, but also
on environmental responsibility. The proposed
approach has practical significance for logistics
companies seeking to reduce environmental impact

without losing competitiveness, and also serves as a
foundation for further scientific research in the field
of sustainable transport systems.
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I'. O. IPUMAYEHKO, C. B. [IETPUK

OIITUMIBALIA MYJbTUMOJAJIBHUX IIEPEBE3EHD 3
YPAXYBAHHSM BUKHUIIB CO2

Meta. MeToto JOCTi/KEHHS € YIOCKOHAJICHHS TEOPETUKO-METOJMYHMX 3acaj ONTHMi3alii MyJlbTHMOJAIbHUX
IepeBe3eHb IUIIXOM PO3POOJICHHS! MaTeMaTHYHOTO MiIXO1y A0 BHOOpPY ONTHMAILHOTO MapHIpyTy 3 ypaxyBaHHSIM
eKOHOMIYHHMX, YacOBUX Ta EKOJIOTYHMX KpurepiiB. OcoOnMBY yBary MNpHAUICHO TPAaHCIIOPTHUM BHUTpaTam,
TpUBAJIOCTI AocTaBKH Ta 00csry BukuaiB CO», 1m0 1a€ 3MOry KOMIUIEKCHO OL[iHIOBAaTH €(DEKTHBHICTh aJIbTEPHATHBHUX
JIOTICTUYHMX PIlIEHb Ta IiJBHUIIYBaTH OOTPYHTOBAHICTh BHOOpPY MapumpyTy. Meroguka. MeToqooridyny OCHOBY
JIOCITI/PKCHHSI CTAHOBJIAITh CHCTEMHHMH MiJXiJ, MaTeMaTHYHE MOJEIIOBAHHS, OaraTOKpuTepiajbHA ONTHUMi3amis Ta
TIOPIBHSUTBHUN aHaNi3 ajJbTEPHATHBHUX MapLIPYTiB. 3alpOIIOHOBAHO HiTbOBY (DYHKIIiO, IO IHTEIPYE TPU OCHOBHI
KpuTepii epeKTHBHOCTI MyJIbTUMOIAIBHOTO IIEPEBE3CHHS: 3arajbHi TPAHCIIOPTHI BUTPATH, Yac JIOCTABKU Ta 00CsT
BukuaiB CO.. Jns X KOPEKTHOTO IMOPIBHSIHHA Nepea0ayeHO HOpMali3alilo MOKAa3HHUKIB 1 BUKOPUCTaHHS BaroBHX
Koe(ilieHTiB, 10 3a0e3medye MOXIHMBICTh KOMIUIEKCHOI OLIHKM pi3HUX BapiaHTIiB JMocTaBKW. IlpakTnune
3aCTOCYBAaHHS MOJIENI IPOAEMOHCTPOBAHO Ha IPHKJIIA/ ITepeBe3eHHs BaHTaXy 3a HarpssmkoM lllanxaii—I amOypr i3
BUKOPHUCTaHHSIM MOPCBKOT'O, 3aJi3HWYHOIO Ta aBTOMOOLIBHOIO TPAHCIIOPTY B Pi3HMX KoMOiHaisx. PesyasTaTh.
CucreMaTn30BaHO OCHOBHI KpuTepii OIHIOBaHHA €(EKTUBHOCTI MYJIBTHMOJAJIBHUX JIOTICTUYHUX pIlIeHb Ta
OOTPYHTOBAHO JOLUIBHICTB X KOMIUIEKCHOT'O BpaXyBaHHS i1 4ac BHOOpY Mapuipyty. BcraHoBiIeHO, 110 opieHTaIlis
BUKIIIOYHO Ha BapTicTh ab0 dYac JOCTaBKM He 3a0e3redye BCeOIUHOI OIIHKKM €(EeKTHBHOCTI IEpeBE3CHHS.
3arpornoHoBaHuil MiAXiA Jae 3MOTY BU3HaUaTH 30alaHCOBAaHUH MapIIpyT 3 ypaxyBaHHSM €KOHOMIUHHX, YaCOBUX Ta
€KOJIOTIYHUX XapaKTepHCTHK 1 IOPIBHIOBATH albTEPHATHBHI TPAHCIIOPTHI CXEMH 3a IHTETPAIBHHM KpHUTEpieM.
HayxoBa HOBM3HA. YIOCKOHAJICHO MiAXiA M0 ONTHMI3alii MyJIbTHMOJAIBHUX IIEPEBE3CHb LUIIXOM iHTErpaii
€KOHOMIYHOI0, 4acOBOTO Ta EKOJIOIIYHOTO KPWUTEpiiB y €AWHY MOJENb HPUWHSATTS JIOTICTUYHUX pillIeHb, IO
PO3IINPIOE MOXIIMBOCTI KOMIUIEKCHOTO OI[IHIOBaHHSI TPAHCIIOPTHUX aibTepHAaTuB. IIpakTHYHA 3HAYMMICTB.
3arpornoHoBaHa MO MOXKE 3aCTOCOBYBATHCS TPAHCIIOPTHUMHM Ta JIOTICTUYHHMHU KOMITAHISIMU JUISl TIOPiBHSHHS
aJbTEepHATUBHUX MAapIIPYTiB, OOTPYHTYBaHHSA KOMOIHAIiif BHIIB TpPAaHCHOPTY Ta IIiABHUIIECHHS €(EKTHBHOCTI
IUTaHyBaHHSI TiepeBe3eHb. Iliaxin mMoxe OyTH iHTErpoBaHMII y HU(POBI CUCTEMH TPAHCIIOPTHOI AHAJITHUKH Ta
MIATPUMKH TPUHAHSATTS PIllIeHb, a TaKOX aJalTOBAaHWK 10 PI3HUX TPAHCIIOPTHUX HANPSMKIB, 3MiH TapudiB Ta
JIOTICTUYHHX YMOB.

Kniouogi cnosa: MynsTEMOJaibHI TIEPEBE3CHHS, JIOTICTHUKA, TPAHCIIOPTHA ONTHMi3amis, IU(POBI TEXHOJIOTI],
eKoJIoriyHa criiikicts, Bukugu CO2.
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