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MULTICRITERIA MATHEMATICAL MODEL FOR OPTIMIZING INTRA-PLANT
TRANSPORTATION ROUTES CONSIDERING ERGONOMIC AND ENVIRONMENTAL
FACTORS
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The article proposes a multi-criteria mathematical model for optimizing in-plant road
transport routes, taking into account time, ergonomic, and environmental factors. In-plant transport
flows are an essential component of production and logistics systems, and improving their efficiency
directly affects energy performance, production sustainability, and working conditions. The developed
model is based on minimizing three groups of criteria: transportation and idle time, energy consump-
tion and emissions, as well as ergonomic indicators related to driver workload. The optimization
problem can be solved using the weighted coefficients method and heuristic algorithms. The proposed
approach allows for reducing total resource consumption, improving occupational safety and comfort,
and supporting sustainable development principles at the enterprise level. The results obtained can be
applied to implement intelligent transport systems within industrial facilities.

Keywords: in-plant transport, multi-criteria optimization, routing, intelligent transport sys-
tems (ITS), ergonomics, sustainable development, environmental efficiency, mathematical modeling.

Y cmammi pospobneno 6azamoxpumepianivhy MameMamuiry Mooeib, CHPAMOBAHY HA 800C-
KOHAJIEHHS. MAPWpPYymie 6HYMpPIUHb03d800CLKUX ABMOMOOIIbHUX Nepege3etb i3 KOMIIEKCHUM Ypaxy-
BAHHAM YACOBUX, eP2OHOMIYHUX MA eKOJOSTYHUX YUHHUKIG. BHYymMpiuiHb03a600CbKi mpancnopmui npo-
yecu 8UHAUAIOMbCA SIK 00HA 3 KIIOHOBUX NIOCUCHEM BUPOOHUYO-TI02ICIUYHOI CIMPYKMYPU NIONpUEM-
cmea, OCKiIbKU came 6i0 iXHbOi OpeaHizayii 3anexcums pUMMIYHICIb MEXHOIO2IYHO20 YUKTY, PiGeHb
EHepP2OCNOJICUBAHNS, eheKMUBHICMb GUKOPUCIAHHSL MeXHIKY ma Komgopm npayisHuxie. Iliosuuenns
PE3YILMAMUBHOCE MAKUX Nepede3eHb Oe3n0cepeoHbo GNIUBAE HA CMINKICMb GUPOOHUYMEA, 3HU-
JHCEHHs sUMpam i NIOBUWEHHS KOHKYPEHMOCNPOMOICHOCHE NPOMUCTOBUX NIONPUEMCTE.

Cmeopena moodenvb 6a3yemvpcs Ha 0OHOYACHIU MIKIMI3ayii mpvox epyn kpumepiis. /lo neputoi
HALeHCamsy 4acosi NOKA3HUKU — MPUSAIicms pelicie, Rpocmoi ma Koepiyichmu eUKOPUCMAaHHs pooo-
4020 Yacy mpamcnopmHux 3acobis. /[pyea epyna oxonuoe enepeemudni ma eKoao2iuHi napamempu,
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30KpemMa eumpamu eHepeii, pieeHb WKIONUSUX euKudie i NoxkasHuku enepzoepexmuenocmi. Tpems
2pyna o6 ’€OHye ep2OHOMIUHI Kpumepii, Wo xapakmepuszyloms Qisuune ma ncuxogisionoziune Hasau-
MAdCeHHs Ha 800ii8, KOMpOpmHicmb YM08 npayi ma 0ompuManua eumoe besnexu. Taxuii nioxio oo-
38015€ 3a0e3neuumu 30a1aHCOBAHICMb MIJC MEXHIUHUMU, eKOHOMIYHUMU U SYMAHIMAPHUMU ACNeK-
mamu op2aizayii MpaHcnopmHo20 npoyecy.

na po36’azanua 3a0aui onmumizayii MOXCyms 3aCMOCO8Y8AMUCH MeMOO 38AXHCEHUX Koeqhiyi-
€EHMIB, eBONIOYIUHI Ma e8PUCMUYHI an2opummu, AKi 3a0e3neuyroms HOULYK KOMNPOMICHUX DIlUEeHb Y
cucmemax i3 6eIUKOI0 KINbKICMIO 83AEMONO08 A3aHUX napamempis. Pe3ynomamu 00CriodceHHs: Mo-
HCYymv Oymu 8UKOPUCMAHT 011 B00CKOHAIEHHS MPAHCROPMHUX NPOYECi8 ) PIZHUX 8UOAX 8UPOOHUYMEA
— 8I0 MemanypeiliHo2o 00 MawUuHo0y0i8H020 — Oe BHYMPIUHI nepede3eHHs MAloMb CKIAOHY CIMPYK-
MYpy Mapupymie i 3HAUHULL 6NIUE HA 3A2ATTbHY NPOOYKINUGHICTHD.

Tpaxmuuna yinnicms po3podaeHol Mooeni nousieae y MONCIUBOCHI i BNPOBAOICEHHS 8 [HMe-
JIeKMYaibHi MPAHCNOPMHI cUceMuy NIONPUEMCIS, WO 3a0e3neyye CKOPOUEHHs eHepeemUYHUX BU-
mpam, niosuujenus benexKu pyxy, NOKpawenHs ymos npayi nepcoHaly ma cnpuse peanizayii KoHyen-
yii' cmanozo po3eumxy y RpoOMUCIO80M) CEKMOpi.

Knrouosi cnoea. enympiuHb03a800CbKi nepeseseHHs, OA2amoKpUmepialbHa ONMuMisayis,
Mapuipymu3zayis, iHmMeneKmyanohi mpancnopmui Cucmemu, ep2oHOMIKA, CMAIull pO38UMOK, eKoI02i-
YHA eheKmuUBHiCmb, MamemMamuine MOOeII08aHHSL.

Problem’s Formulation

Internal plant transportation represents a key element of the transport and production system at
any industrial facility. It ensures the movement of raw materials, semi-finished products, and finished
goods between different technological units, thereby directly affecting overall production efficiency
and process performance. The effectiveness of these internal transport operations has a notable influ-
ence on operating costs, production cycle durations, and the ability to meet planned schedules.

Traditional optimization techniques for in-plant transport have largely focused on minimizing
travel distances or transit times. Typically, these methods employ conventional routing strategies,
graph-based models, or simple heuristic approaches. However, with the growing emphasis on sustain-
able development and the adoption of Intelligent Transport Systems (ITS), there is a need for a more
integrated optimization approach. Such an approach should simultaneously address operational effi-
ciency, ergonomic factors, and environmental impacts to enhance productivity while protecting work-
er health and reducing ecological burdens.

Ergonomic optimization targets the safety and comfort of vehicle operators, seeking to mini-
mize physical stress, fatigue, and mental workload. This involves careful route planning, scheduling of
rest periods, ergonomic vehicle design, and equitable distribution of work tasks. Environmental con-
siderations aim to decrease energy consumption, reduce emissions, and limit noise levels within the
plant. The incorporation of these aspects is essential for aligning in-plant transportation systems with
principles of sustainable and responsible industrial operations.

The purpose of this study is to develop a multi-criteria mathematical model for the compre-
hensive optimization of internal transport routes, integrating technical, ergonomic, and environmental
factors. This model is intended as a decision-support framework, assisting managers in achieving a
balanced approach that maximizes operational efficiency, safeguards employee well-being, and pro-
motes environmental sustainability, ultimately contributing to the establishment of smarter, safer, and
greener in-plant transport systems.

Analysis of recent research and publications

Optimizing transport routes is a fundamental challenge in operations research, attracting atten-
tion due to its theoretical significance and practical applications. Traditional approaches, such as the
classic Traveling Salesman Problem (TSP) and the Vehicle Routing Problem (VRP), have primarily
concentrated on minimizing total travel distances or journey durations [1—3]. However, in industrial
settings—especially within internal plant logistics—these conventional models often need significant
adaptation. To address this, modified VRP frameworks have been proposed, incorporating essential
operational constraints such as vehicle load limits, sequencing of technological operations, idle times,
and queue dynamics at workstations [4—6].
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Recently, research has increasingly focused on incorporating human factors into transport op-
timization. Studies underscore the importance of accounting for driver fatigue, mandatory rest periods,
and psychological stress, given their direct influence on both safety and operational performance [7,
8]. Simultaneously, there is growing attention to the environmental consequences of in-plant logistics.
Modern approaches integrate ecological metrics, aligning route optimization with sustainable devel-
opment objectives and carbon footprint reduction [9, 10].

Despite these developments, the literature still shows a gap regarding comprehensive models
that simultaneously consider ergonomic, temporal, and environmental aspects. In particular, internal
plant transportation—a key element of industrial production—Ilacks integrated frameworks that merge
human factors, operational efficiency, and ecological sustainability into a single optimization strategy.
This underscores the need for further research to develop holistic solutions capable of enhancing
productivity while promoting environmentally responsible industrial logistics.

Formulation of research purpose

The main goal of this study is to develop an integrated mathematical model that simultaneous-
ly reduces total time expenditures and energy consumption, while improving ergonomic conditions for
drivers engaged in in-plant transport operations. The model provides a structured framework for plan-
ning and managing internal logistics processes within industrial facilities. By incorporating temporal,
energetic, and human-factor parameters, the approach aims not only to enhance operational efficiency
but also to promote employee well-being and safety, supporting a more sustainable and robust produc-
tion system. Additionally, the model is designed as a decision-support tool for industrial managers,
facilitating informed planning, optimized vehicle deployment, and the mitigation of idle periods and
operational bottlenecks. Ultimately, this research seeks to advance industrial transport management
practices by integrating productivity, ergonomics, and environmental responsibility into a single cohe-
sive optimization framework.

Presenting main material

Problem statement

Internal transportation of technological cargoes constitutes a critical element of the transport
and production system within any industrial facility. It enables the organized transfer of raw materials,
semi-finished products, and finished goods across various technological units, directly affecting pro-
duction efficiency, workflow continuity, and operational safety. Effective in-plant transport not only
ensures adherence to production schedules but also promotes the efficient utilization of resources,
including energy, labor, and equipment.

The primary aim of the proposed model is to minimize the total costs associated with internal
transport operations. This goal is achieved by concurrently considering multiple interconnected fac-
tors: temporal parameters, such as transit and idle times; environmental impacts, including energy
usage and emissions; and ergonomic requirements, ensuring safe and comfortable working conditions
for drivers and operational staff. By combining these criteria into a single, cohesive framework, the
model seeks to improve the efficiency, sustainability, and human-centricity of in-plant transportation,
thereby facilitating better-informed decision-making and strategic planning in industrial logistics man-
agement.

Let us define the set of transport points:

1={12,.. N}, (1)
and the set of vehicles:

J={12,.., M} (2)

Each vehicle j € J has the following technical parameters: Q; — load capacity, t; v; —average
speed, km/h; n; — energy efficiency coefficient; f; — ergonomic factor (fatigue or discomfort index).

For each pair of transport points (i, k) €I X I the following parameters are given: d;;, — dis-
tance between points, km; t;,; — travel time for vehicle j; e;; — energy or fuel consumption; s;, s;
— loading and unloading times, respectively.

Model variables

A binary variable is introduced:
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o = {1, if vehicle j performs transport from pointi to k 3)
tkj 0, otherwise

Additional variables: T; — total operating time of j; E; — total energy consumption; F; —
generalized ergonomic workload indicator for the driver.

Objective function

The model aims to minimize the integrated criterion:

min F = wy F; + wyF, + wi + F, (4)

where Fy = ¥ Y X tixjXirj — total time costs; F, = ¥; Y X ; ejxjXixj — total energy or fuel costs;
Fr=%;T) — ergonomlc component (driver workload); w;,w,, w3 — weighting coefficients deter-
mining the relative importance of each (w; + w, + w3 = 1).

System of constraints

1. Each point is serviced exactly once:

M N
xikal, VEI (5)
j=1k=1k=#i
2. Vehicle load capacity constraint:
q; < Qj, V(i k) 2 ox =1, (6)
where g; — is the cargo mass at point i.
3. Loading-unloading balance:
?’:1 qi = legz1 Ak )

where gq; — is the cargo loaded at point i; g, — cargo unloaded at k.
4. Driver working time constraint:

T —22 lk]xlk] + 251 < Tmax Vj E] (8)

where T/"** — allowable worklng time accordlng to ergonomic standards.
5. Route connectivity constraint:

N N
Xikj = Z Xkij Vi, j. (9)
k=1,k+i k=1k=i
6. Non-negativity and binary constraints:
xikj € {0,1}, T;, E;, F; = 0. (10)

Evaluation of ergonomic factors

The ergonomic index f; is defined as a function of work duration, noise level, vibration, and
microclimatic conditions in the cabin:

fi = aiTi + azlj + a3V + a,Cj, 11

where L; — average noise level, dB; V; — vibration amplitude, m/s*; C; — microclimate coefficient
(temperature deviation); a4, a,, as, a, — Weighting coefficients for each factor.

Environmental component

Energy consumption ey ; is determined by:

i
eirj = “(P; + Pyop), (12)
] j
where P; — engine power; P,,, — additional power consumption of auxiliary systems.
Carbon dioxide emissions are calculated as:
COgikj =T " eijy (13)

where r — specific emission factor (g CO2 / kWh).
Solution method
The weighted sum method can be used to solve the model, reducing the multi-objective prob-
lem to a single-objective one:
min F = wi Fy + wy F, + wiFp. (14)
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To obtain a set of Pareto-optimal solutions, the following methods can be applied: Genetic Al-
gorithms (GA), Particle Swarm Optimization (PSO), Simulated Annealing (SA), and Ant Colony Op-
timization (ACO).

For medium-sized problems (N < 20) linear integer programming can be applied using envi-
ronments such as MATLAB, LINGO, or Python (PuLP).

Structural Framework of the Multi-Criteria Intra-Plant Transport Optimization Model

Figure 1 depicts the structural framework of a multi-criteria model for optimizing intra-factory
transport operations. The diagram highlights the primary components of the system, including trans-
portation points, the fleet of vehicles, and operational constraints such as load limits, drivers’ working
hours, and equitable workload distribution. It underscores the model’s purpose of enhancing overall
performance by evaluating multiple efficiency criteria simultaneously. The figure also points to poten-
tial optimization approaches suitable for solving this type of problem, such as genetic algorithms, par-
ticle swarm optimization, and ant colony optimization, illustrating the model’s adaptability for apply-
ing advanced computational methods in practical transport management.

[ Transport Points J ={152;...M

[ Transport Vehicles ]
I1={1,2,..,.N ’

Objective Function
min F=w F,+wsFe

v3

Constraints
« Load capacity
e Driver working time
« Load balance

Optimization Methods
e Genetic Algorithms (GA)
e Ant Colony Optimization
e Particle Swarm Optimizat-

ion (for small problems)

Fig. 1. Structural diagram of the multi-criteria in-plant transport optimization model

Figure 1 Structural diagram of the multi-criteria intra-factory transport optimization model,
showing transportation points, vehicles, operational constraints, and examples of applicable optimiza-
tion methods such as genetic algorithms, particle swarm optimization, and ant colony optimization.

Conclusions

A holistic multi-criteria mathematical model has been developed to optimize in-plant transpor-
tation processes by integrating temporal, energy, and ergonomic considerations within a single deci-
sion-making framework. This advanced model enables the simultaneous reduction of transport dura-
tions and energy usage while alleviating the physical and psychophysiological burden on drivers, thus
harmonizing operational efficiency with worker well-being. By explicitly incorporating an ergonomic
indicator, the framework formalizes the human factor, enhancing occupational safety and supporting
sustainable workforce management.

The methodology combines multi-objective optimization techniques with global search algo-
rithms, ensuring adaptability and robustness under varying production scenarios and operational con-
ditions. Its design allows scalable deployment within enterprise-level intelligent transport systems,
promoting automation, reducing idle times, and optimizing vehicle utilization. Furthermore, the model
provides a data-driven basis for managerial decision-making, facilitating strategic planning, real-time
operational adjustments, and alignment with environmental sustainability objectives. Overall, this
integrated approach advances the synergy of productivity, ergonomics, and ecological responsibility in
modern industrial transport systems.
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