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MATHEMATICAL MODELS FOR OPTIMIZATION OF THE USE OF
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AJIBTEPHATUBHUX JIZKEPEJI EHEPI'II B
TPAHCIIOPTHO-BUPOBHUYUX CUCTEMAX

The article discusses mathematical models for optimizing the use of alternative energy sources
in transport and production systems. Special attention is given to electric vehicles as well as renewa-
ble energy sources such as solar, wind, bioenergy, and hydrogen technologies. The study explores the
opportunities and challenges associated with the transition to alternative energy sources, including
high initial costs, imperfect infrastructure, and the instability of renewable energy supply. Mathemat-
ical models for optimizing energy consumption, routing of electric vehicles, and integrating renewable
energy sources into logistics processes are highlighted separately. The article also evaluates the pro-
spects for the development of such technologies and provides recommendations for overcoming exist-
ing challenges to ensure the sustainable development of transport and production systems.
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Y cmammi 30iticnioemscs ananiz 3acmocysanis MameMamuyHux mooeneti 08 onmumizayii
BUKOPUCMAHHA ATIbINEPHAMUBHUX Odicepell eHepeii 6 pamKax MpaHCnopmHo-eupoOHUuUx cucmem. B
YMOBAX CYYACHUX €KOHOMIYHUX MA eKOJNO2IYHUX BUKAUKIE, WO BUMA2AIOMb CKOPOYEHHS 3ANEeHCHOCI
8I0 MPAOUYIUHUX BUKONHUX €HEeP2OHOCII8 [ 3MEHUIEHHS BUKUOI8 NAPHUKOBUX 2a3i6, nepexio Ha 8i0HO-
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6II08ANIbHI Odicepena enepeli Habysae cmpame2iuHoi 8axNCIU80CMi. J{OCTIONCEHHA OXONNIOE OCHOBHI
MUY ATbMEPHAMUBHUX Odicepell eHepeii, 30Kkpema eneKmpuiHi Mmpancnopmui 3acoou, COHAYHY 1 8im-
P08y eHepeaito, bioenepeemuKy, a maKo#c 600He8I ma 2iOPUOHT MexXHON0R].

Ocobrusa ysaza npudinena MamemMamuidHuM MOOeIIM, WO CIpUsioms ONMmuMizayii enepeocno-
JHCUBAHHSL Y NPOYECax MpaHCnopmysanHs ma eupoonuymea. Moodemi, wo cmocyiomvcst onmumizayii map-
WPYMIG eleKMpUYHUX MPAHCNOPMHUX 3aC00i8, iHmezpayii BiIOHOBTIOBANLHUX 0JCepen eHepeii 8 102icMUYHI
npoyecu, a makoxc 6azamoxpumepiaibHoi onmumizayii 3 0210y Ha eKOHOMIUHY Md eKON02IUHY eqheKkmu-
BHICb, € BANCTUBUMU THCIPYMEHMAMU 0151 O0CACHEHHS eHepeoepheKmUeHOCMI @ YUX CUCHEMAX.

Kpin moeo, y cmammi posenaoaiomsca npobiemu, wo SUHUKAIOMb HPU 8NPOBAONCEHHI Alb-
MmepHamusHux ogicepel eHepeli, 30Kkpema BUCOKI NOYAmKO8Ll sumpamu, Hecmaya 8iOn0sioHoi inppa-
CMpyKmypu ma HecmabiibHicmb 6 poOomi GIOHOGMOBATLHUX Odicepen eHepeil. OOHUM 3 8aAXNCIUBUX
acnekmie € cmeopenHs CMIUKUX eHepeemuyHux ma mpaHcnopmuux cucmem, 30amuux 3abesnedumu
HaoiliHe ma eghekmugHe NOCMAYAHHS eHepel.

Iepcnexmusu po3eumky MexXHONO ANbIMEPHAMUSHUX OXdcepen eHepeii 6 MpaHCHopm-
HO-BUPOOHUYUX CUCMEMAX NOJA2AMb Y 600CKOHANCHHI MeXHOA02I 30epieants enepeii, inmeepayii
HOBIMHIX pO3pPOOOK ma NOKPAWEHHI IHppacmpykmypu, wo 003601UmMb 3HUSUMU 8UMPAMU Md eKO0-
2IYHULL 8NIUG, 3aDe3NeUYIUU CIAIULL POZGUMOK 2ATY3i 8 YILOMY.

Y cmammi maxooc naeoosmvcs pexomeHOayii w000 NOOOJNAHHS HAAGHUX NpoOIeM, Wo
CHpUAMUMYMb OiIbU eheKMUBHOMY nEPeXo0y 00 BUKOPUCMAHHS AlbMEPHAMUBHUX 0dicepell eHepaii 6
MPAHCNOpmi ma 8UPOOHUYMEL.

Knwuoei cnosa. anvmepuamueni Ooicepena enepeii; MpaHCHOPMHO-8UPOOHUYT cucmemu;
eNeKMPUYHT MPAHCROPMHL 3ac0o0uU; BIOHOGNIOBANbHI OJcepend eHepeli; COMSUHA eHep2is; 6Impoea
eHepeis; bioeHepeemuKa;, 600He8l MexXHON02ll; 2iOpUOHI cucmeMu; MamemMamuyti Mmooeni, onmumiza-
Yisl eHEeP2OCNOJNCUBAHHS; IO2ICMUYHI NPOYECU; eKON02IUHA eeKMUBHICMb.

Formulation of the problem

The modern global economy and transportation systems still largely rely on fossil energy
sources, such as oil, natural gas, and coal. However, climate change, the finite nature of natural re-
sources, and the economic and political challenges associated with the instability of prices for tradi-
tional energy carriers raise doubts about the sustainability of existing energy consumption models.
Transport and production systems, which form the foundation of a country's infrastructure and logis-
tics, require modernization to ensure energy security and reduce environmental impact. In this context,
the implementation of alternative energy sources, such as electric vehicles, solar and wind energy,
bioenergy, and others, becomes particularly relevant.

Analysis of recent research and publications

Traditional energy sources (oil, gas, coal) form the basis of the energy needs of transport and
production systems due to their availability and efficiency. However, their use has significant drawbacks.
First, fossil fuels cause substantial greenhouse gas emissions, which contribute to global warming. Sec-
ond, high oil and gas prices, along with dependence on external energy suppliers, make the economy
vulnerable to fluctuations in global markets. Moreover, traditional energy sources are non-renewable,
which threatens the sustainable development of transport and production systems in the future.

The transition to alternative energy sources is not only an ecological but also an economic ne-
cessity. Renewable sources, particularly solar and wind energy, as well as bioenergy and hydrogen
technologies, offer significant potential for reducing dependence on traditional sources. However, this
process requires substantial investments in new technologies and infrastructure development. Fur-
thermore, the integration of renewable energy sources into transport and production systems is associ-
ated with challenges such as the integration of new technologies, ensuring the stability of energy
flows, and adapting existing systems to new requirements.

Formulation of research purpose

The aim of this article is to explore the potential of alternative energy sources for optimizing
energy consumption in transport and production systems. The article examines mathematical models
that enable the effective integration of alternative energy sources into transportation processes, as well
as the main challenges and prospects of this transition.
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Presenting main material
Electric vehicles, such as electric cars, buses, and trucks, are becoming one of the most prom-
ising areas for the development of environmentally friendly technologies in transportation. In particu-
lar, electric cars ensure minimal CO. emissions, reducing air pollution in cities and lowering the over-
all environmental impact. To assess the effect of replacing conventional transport with electric vehi-
cles, the following formula can be used:

ACO; = (Eqz - EFpp) — (Egrz - EFq). (1)
when ACO, — CO, emissions reduction; E;z — energy consumption by conventional transport;
EFpp — emission factor of diesel fuel;, Ezyz; — electricity consumption by the electric vehicle;
EF., — Emission factor of electricity.

In today's world, there is an increasing number of electric trucks and buses on the market,
which helps reduce dependence on traditional fuels and contributes to a decrease in noise pollution. At
the same time, for the widespread adoption of electric vehicles, it is necessary to develop the charging
station infrastructure and improve battery technologies to ensure longer operation on a single charge.
Solar energy is one of the most promising sources of energy for transportation and production. In-
stalling solar panels on the roofs of warehouses, production buildings, and even vehicles allows for the
generation of electricity, the amount of which can be calculated using the following formula:

Epy =A-G-y, (2)
when Epy — daily energy generation; A — area of the solar panel; G — average solar insolation;
y — efficiency coefficient of the panel.

Wind energy also holds significant potential, especially for regions with high wind resources.

Bioenergy includes the use of biomass and biogas, which can serve as fuel for vehicles, particularly in
rural areas where there is potential for the development of such technologies.
Hydrogen technologies are one of the most promising directions for replacing fossil fuels. Hydrogen
can be used to power vehicles, as well as serve as an energy resource for electricity production. Hy-
drogen-powered vehicles have low emissions, and their use can help reduce air pollution and mitigate
climate change impacts. Hybrid systems that combine traditional engines and electric systems are ef-
fective in reducing fuel consumption and energy use, as well as in providing stable energy supply for
vehicles. The energy consumption of a vehicle on a route can be modeled as follows:

_ =~ /m - a; +d, _
Emar = Z (—“‘ Foop ‘tj): (3)
i=1 MDv
when m — mass of the vehicle; a; — acceleration; d; — length of the section; mpy — engine effi-

ciency; Pyop — auxiliary load; t; — travel time.

The main advantage of alternative energy sources lies in their ability to significantly reduce
CO; emissions. The use of electric vehicles and renewable energy sources helps decrease the ecologi-
cal footprint of transportation and production. Furthermore, the implementation of such technologies
contributes to increased energy efficiency by reducing reliance on traditional energy carriers and en-
suring the stability of energy flows within systems.

Mathematical models for optimizing energy consumption in transport and production systems
encompass a variety of approaches for modeling energy flows, managing resources, and determining
optimal parameters for integrating alternative energy sources. For example, when planning the place-
ment of charging stations, the followmg optimization model is used:

m
mmz Z Cij * X;j, subject to: Z X = 1; x;; € {0,1}, (4)
i=1 j=1 j=1
when ¢; — the servicing cost of vehicle i at station j; X; — binary variable (route selection).

Some of the most relevant models include linear and nonlinear programming, game theory,
queuing theory models, as well as statistical methods. These models not only allow for predicting the
energy needs of the system but also enable detailed planning of measures aimed at reducing energy
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costs and CO; emissions. An important aspect is the integration of renewable energy sources, such as
solar and wind stations, with current energy needs, which significantly reduces dependence on tradi-
tional energy sources and enhances the efficiency of production processes.

The optimization of routes for electric vehicles is an important component of strategies aimed
at reducing energy consumption and charging costs. Models in this area take into account numerous
factors, such as the geographical location of charging stations, charging time, battery types and their
capacities, as well as various road conditions. One of the key parameters is the calculation of the
maximum driving range of the electric vehicle:

l::batte' ry Dsystem )
max E , (5)

consumption

D

when D,,.. — maximum driving range of the electric vehicle; Cyatery — battery capacity; Deystem —
system efficiency; Econsumption — €nergy consumption.

This allows for an accurate estimation of the distance the vehicle can travel without additional
charging. Optimization algorithms aim to identify the most energy-efficient routes, minimizing energy
consumption, travel time, and charging costs. Additionally, models consider the impact of weather
conditions on battery performance and energy costs depending on the charging location.

The integration of renewable energy sources into logistics processes is a significant step to-
wards sustainable development within transport and production systems and takes into account the
instability of energy supply. The energy supply balance in a hybrid system can be described by the
following equation:

ETota] = Eso]ar + Ewind + Econvent]’ona] + AEstorager (6)
when Eq.:.; — total energy consumption of the system; E_,.., — energy from solar; E ;,qa — €en-
ergy from wind sources; E_,nventionat — €Nergy from conventional sources; AEgiorage — energy

taken from or stored in the energy storage system.

Algorithms for integrating such energy sources account for the unpredictability of energy sup-
ply from solar and wind installations, as well as the fluctuating energy demand depending on the stag-
es of the production cycle. Models use statistical methods to forecast the available energy from re-
newable sources and optimization algorithms to determine the most effective energy storage strategies,
utilizing batteries and other energy storage systems. Hybrid systems, combining renewable energy
sources with traditional energy sources to ensure uninterrupted energy supply, are also considered.

Multicriteria optimization models are applied to solve problems that require simultaneous
consideration of various aspects, such as economic feasibility, environmental requirements, and tech-
nical capabilities. These models analyze the effectiveness of using alternative energy sources, taking
into account integration costs, energy savings, and environmental impacts (reduction of CO, emis-
sions). Optimization is carried out using Multicriteria analysis methods, such as Pareto methods,
weighted coefficients, or heuristic methods, which help identify the most balanced approaches to
technology implementation.

Energy flow management is a crucial step in optimizing energy use within complex transport
and production systems. Models for this direction enable effective management of energy flows be-
tween various system components, such as vehicles, production capacities, and energy supply net-
works. These models account for variable energy demand conditions, energy storage capabilities, and
backup energy sources. They allow the identification of optimal strategies for the rational use of vari-
ous energy sources (renewable and traditional) and the provision of uninterrupted energy supply under
high demand variability.

The transition to alternative energy sources requires significant initial investments, which may
pose a serious obstacle to the widespread adoption of such technologies.

The transition to alternative energy sources can be evaluated using a formula for total capital costs:
C=C, +C,+Cs+C,, (7)
when C — total capital costs of implementing alternative energy sources; C; — initial investments in

purchasing equipment (e.g., solar panels, wind turbines, hydrogen systems, etc.); €2 — costs for devel-
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oping infrastructure (e.g., creating charging stations, energy supply networks); C; — costs for integrat-
ing new technologies into existing systems (e.g., adapting vehicles to new energy sources); €, — oper-

ational and maintenance costs (including costs for equipment upkeep and updates).

The cost of not only purchasing but also installing solar panels, wind turbines, electric vehi-
cles, and infrastructure for charging stations can significantly exceed the initial costs of traditional
energy sources. Furthermore, it is essential to consider the expenses for research, development, and
adaptation of new technologies. This can become burdensome for businesses with limited access to
funding or those facing uncertainty in the alternative energy market. A real challenge is also the need
to create effective financing models and government subsidies that can help reduce these costs.

The implementation of alternative energy sources is impossible without appropriate infra-
structure. Specifically, for electric vehicles to function effectively, a well-developed network of
charging stations is required to provide convenient access to energy. Similarly, for the use of bioener-
gy, warehouses for storing raw materials are necessary, and for integrating renewable energy sources
into production and transport processes, specialized technologies and software solutions for energy
consumption monitoring and management are needed. However, the existing infrastructure often does
not meet modern requirements, and its modernization requires substantial investments. Moreover, the
current infrastructure may not account for the technical requirements for the safe and efficient use of
alternative energy sources.

The assessment of infrastructure effectiveness for supporting renewable energy sources may
include a formula for the number of required charging stations N.;.:;.,, — the total energy demand in

the system, kWh.; D .;on — the average amount of energy that one charging station can supply,
kWh.; k — the coefficient that accounts for inefficiency or a reserve to ensure reliability.

The main disadvantages of renewable energy sources, such as solar and wind installations, are
their instability and dependence on weather conditions. Increased wind activity or excess sunlight can
provide enough energy, while during periods of calm or cloudiness, energy supply may significantly
decrease. This irregularity in energy production can lead to interruptions in power supply and difficulties
in maintaining a constant electricity supply for transportation and production systems. To address this
issue, it is necessary to develop energy storage technologies, such as high-capacity batteries, and im-
prove backup power systems to ensure the stability of energy supply even in the case of unstable sources.

The instability of energy supply from renewable sources can be described by the coefficient of
variation CV:

v 9
M(E)
when v(E) — the standard deviation of energy generated over a certain period; M(E) — the mean

value of the energy generated over this period.

This coefficient allows for evaluating the risks associated with fluctuations in energy supply
and the need for energy storage or the use of backup sources.
Existing transportation and production systems, built on traditional energy sources, require significant
adaptation for the effective use of alternative energy resources. This may involve upgrading technical
equipment, redesigning infrastructure to integrate new technologies, and training staff to work with
new systems. Additionally, adaptation to alternative energy sources may require changes in production
processes, which in turn requires careful planning, consideration of economic and technical aspects, as
well as testing and optimization. This demands additional time and resource investments and may lead
to temporary disruptions in the efficiency of systems during the transitional period.

The adaptation of systems to new requirements can be represented by a formula for the adap-
tation time Tada‘pt:

Tadapt = R— (-10}

speed
when Taaap: — the time required for system adaptation, hours; E; — costs for equipment moderni-
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zation; E, — costs for infrastructure reorganization; E; — costs for staff training; Rspeea — adap-

tation speed, determined by the effectiveness of changes and training.

This formula allows for evaluating how much time will be required to adapt existing transpor-
tation and production systems to new technologies, taking into account costs and resource base.

The prospects for the development of alternative energy sources in transportation and produc-
tion systems are directly linked to advances in scientific research and technological innovations. There
IS a growing interest in improving battery technologies, which allows for enhancing the efficiency of
energy storage and usage. One of the key directions is the development of new materials for solar pan-
els that can provide significantly higher efficiency compared to traditional silicon panels. At the same
time, progress in hydrogen fuel cell technology, particularly achieving greater stability and operational
lifespan, makes these technologies more accessible for transportation. An important component is also
the integration of various alternative energy technologies into unified systems to enhance their interac-
tion and provide synergy, which, in turn, can lead to a significant reduction in overall transportation
and production costs.

Energy storage systems are one of the key components for ensuring the stability of energy
networks, where a major challenge is the uneven production of energy from renewable sources like
solar and wind. The search for new solutions in battery technologies, such as lithium-ion batteries with
high energy density or emerging technologies like sodium batteries, will contribute to reducing storage
costs and improving energy efficiency. Another important technology is hydrogen storage, which can
be used not only for transportation but also in other industrial sectors, where it can serve as a backup
energy source. The development of more efficient and cost-effective hydrogen storage methods, such
as underground storage or new compact storage solutions, will help reduce the costs of energy
transport and production.

Integrating alternative energy sources into transportation and production systems will create
more resilient and adaptive energy networks. This will not only reduce dependence on traditional fos-
sil energy sources but also significantly decrease the negative environmental impact, particularly CO»
emissions and other harmful substances. A key aspect is the development of infrastructure for electric
vehicle charging, especially the expansion of fast-charging station networks, as well as creating
eco-friendly logistics routes for freight transport. Innovative technologies, such as autonomous vehi-
cles powered by renewable energy, will further enhance the efficiency and convenience of these sys-
tems. All these factors will contribute to the transition to more efficient and environmentally clean
transportation systems, which in the long term will significantly reduce energy supply costs and pro-
mote sustainable development.

Conclusions

The transition to alternative energy sources is an important step towards ensuring the sustaina-
ble development of transportation and production systems. It will significantly reduce the environ-
mental impact, lower costs for traditional energy carriers, and ensure stable energy independence. At
the same time, this process requires a comprehensive approach, including investments in infrastruc-
ture, the development of new technologies, and addressing existing challenges related to adapting sys-
tems to new requirements.
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