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Abstract: Collagen, the primary structural protein in the extracellular matrix, has gained significant attention as a surface
modification agent for biomaterials due to its exceptional biocompatibility, bioactivity, and ability to promote cellular
adhesion and proliferation. Collagen coatings enhance the integration of synthetic and natural biomaterials with biological
tissues, making them highly relevant in biomedical engineering, regenerative medicine, and implantable medical devices.
This review explores the mechanisms by which collagen coatings improve biomaterial properties, including their role in
modulating surface chemistry, hydrophilicity, and cellular interactions. Furthermore, we discuss various coating
techniques, such as adsorption, covalent binding, and electrospinning, and their implications for optimizing material
performance in biomedical applications. The advantages of collagen coatings in orthopedic, dental, and cardiovascular
implants, as well as wound healing and drug delivery systems, are also examined. By highlighting the potential of
collagen-functionalized surfaces, this article provides insight into the future directions of biomaterial innovation aimed at
improving patient outcomes and medical device efficacy.

1 Introduction . N _

Organoids are three-dimensional (3D) cellular Due to their remarkable ability to replicate organ
structures that mimic key functional and structural aspecg@mplexity, organoids have become powerful tools in
of native organs. They are derived from stem cell§iomedical research. They are widely employed in disease
including pluripotent stem cells (PSCs) and adult stefodeling, where patient-derived organoids allow for
cells (ASCs), which self-organize into complex tissue-lik®ersonalized medicine approaches, including drug
architectures through intrinsic developmental progranf$reening and toxicity testing [8,9]. Additionally,
(Figure 1) [1,2]. Unlike traditional two-dimensional (2D)0rganoids provide an innovative platform for studying
cell cultures, organoids provide a physiologically relevarstevelopmental biology, as they enable researchers to
microenvironment, allowing for the study ofdissect the molecular and cellular mechanisms governing
OrganogenesiS, disease mode“ng' and regeneratﬂ}@a.n.formatlon. |n tissue engineering and regeneratlve
medicine in a way that closely resembles in vivo conditioffgedicine, organoids offer the potential to generate
[3-5]. transplantable tissues and serve as building blocks for

Organoid formation relies on the ability of stem cells thioengineered organs. Their use in stem cell-based
undergo self-assembly and differentiation in response taderapies further highlights their significance in advancing
biochemical and biophysical cues. The process is typical§generative strategies for treating degenerative diseases
initiated by embedding stem cells within a supportiv@nd organ failure [3,10].
extracellular matrix, such as Matrigel, which provides the Despite their promise, several challenges remain,
necessary mechanical and biochemical signals ficluding scalability, vascularization, and functional
morphogenesis. Growth factors and signaling pathway®aturation, which must be addressed before organoid-
regulate cell fate determination, guiding the organizatidp@sed therapies can be fully integrated into clinical
of cells into tissue-specific structures. This recapitulatiopractice. ~Nevertheless, ongoing advancements in
of developmental processes enables organoids to exhij@materials, bioprinting, and microfluidic systems
functional properties similar to their corresponding organ§ontinue to refine organoid technology, bringing it closer
including tissue-specific cell types, spatial organizatiod® real-world applications in tissue engineering and
and even rudimentary physiological activity [6,7]. regenerative medicine [11,12].
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Figure 1 Differentiation of organoids from stem cells: A Visual representation of organoid development from Induced Pluripotent
Stem Cells (iPSCs), Embryonic Stem Cells (ESCs), and Adult Stem Cells (ASCs), categorized by germ layer origin (Ectoderm,
Mesoderm, Endoderm) (created with biorender.com)

2 Development of organoids determination. By manipulating these signaling pathways,
The development of organoids is a highly controllegesearchers can guide stem cells toward specific lineage

process that mimics early organogenesis by guiding stéf@mmitments, forming organoid structures that closely

cells through self-organization and differentiation intéesemble native organs [16,17].

functional tissue-like structures. This process involves key

cellular mechanisms, including stem cell fate2.2 Directed differentiation and self-

determination, spatial patterning, and microenvironmental organisation

regulation. The development of organoids can be broadly One of the defining features of organoids is their ability

categorized into three stages: stem cell selection atwl undergo self-organization, a process in which cells

initiation, directed differentiation and self-organizationautonomously arrange into complex structures that

and maturation and functional validation [13]. replicate in vivo tissue architecture. This phenomenon is
driven by intrinsic developmental programs that regulate
2.1 Stem cdl selection and initiation cellular differentiation, polarity, and spatial patterning

Organoids are primarily derived from two main type$18].

of stem cells: pluripotent stem cells and adult stem cells. The differentiation process relies on a combination of
PSCs, including embryonic stem cells (ESCs) and induc@gowth factors and small molecules that simulate the
pluripotent stem cells (iPSCs), possess the ability gmbryonic developmental cues of specific organs. For
differentiate into any cell type of the body, making ther@xample, in brain organoids, dual inhibition of SMAD
ideal for generating diverse organoid models [14]. ASCsjgnaling (TGF8 and BMP inhibition) promotes neural
on the other hand, are tissue-resident stem cells capabléeluction, while in intestinal organoids, activation of Wnt
differentiating into specialized cell types within theirand R-spondin signaling supports crypt formation and
respective tissues. While PSC-derived organoids ag@ithelial differentiation. The interplay between cell-cell
widely used for studying early organ development, ASGxdhesion, cytoskeletal dynamics, and ECM interactions
derived organoids are particularly useful for modelingurther refines tissue organization, allowing for the
tissue homeostasis and disease [15]. The initiation phag®ergence of distinct compartments resembling different
involves embedding stem cells in a three-dimensionahatomical regions of the organ [19,20].

extracellular matrix (ECM), such as Matrigel, which As differentiation progresses, organoids begin to
provides the necessary mechanical support aghibit key features of their respective tissues, including
biochemical signals for cell adhesion and morphogenesiBe presence of multiple cell types, functional domains,
The presence of specific signaling factors plays a criticahd, in some cases, rudimentary physiological activity.
role in directing initial cell proliferation and fate This stage is crucial for ensuring that organoid
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development accurately recapitulates in vivo conditionsyganoids in drug delivery is to study drug absorption,
making them suitable for downstream applications idistribution, metabolism, and excretion (ADME) profiles.

disease modeling and regenerative medicine [20]. By mimicking the organs involved in drug metabolism and
transport, such as the liver, intestine, and kidneys,
2.3 Maturation and functional validation organoids can be used to evaluate how drugs are absorbed

While early-stage organoids exhibit structural anthrough the gut, metabolized in the liver, or eliminated
cellular similarities to their in vivo counterparts, furthethrough the kidneys. This can help determine the
maturation is required to achieve full physiologicabioavailability and effectiveness of oral drugs, as well as
functionality. Maturation involves extended cultureidentify potential toxic effects or interactions with other
periods, refinement of differentiation protocols, andnedications. Intestinal organoids, in particular, are often
integration of additional microenvironmental cues, such ased to study how drugs cross the intestinal barrier and are
mechanical forces and biochemical gradients. One of tagsorbed into the bloodstream. By incorporating human-
major challenges in organoid maturation is vascularizatioéigrived cells, these models can better predict the
as most organoids lack functional blood vessels, limitingbsorption of drugs in humans compared to traditional
their size and metabolic activity [10,2]. Recent advances émimal models Organoids also play a significant role in
co-culturing techniques, microfluidic systems, andtudying drug toxicity. Traditional in vitro cell cultures
bioengineering approaches have enabled the developmeraty fail to account for the complexity of human tissues,
of vascularized organoids that exhibit improved nutriengading to inaccurate predictions of how a drug may affect
exchange and tissue survival. Additionally, incorporatiothe bodly.
of stromal and immune cell components has enhanced By using organoids to simulate human tissue responses,
organoid complexity, bringing them closer to functionatesearchers can identify potential toxicities early in drug

tissues found in the human body [21,17]. development. For example, liver organoids can be used to
assess hepatotoxicity, and cardiac organoids can be
2.4  Applicationsin medicine and biomedical employed to investigate cardiotoxicity. By understanding
engineering the toxicity profiles of drugs in more realistic human

The continuous advancement of biomedicamodels, researchers can reduce the likelihood of harmful
engineering is essential for improving medical treatmentside effects when the drugs are tested in clinical trials.
enhancing the biocompatibility of materials, and driving Although organoids present significant advantages in
innovation in personalized medicine [22]. Organoids offedrug delivery research, there are still challenges to
an innovative platform for studying diseases at a momvercome. One limitation is the size and complexity of
physiological level than traditional 2D cell cultures. Due t@rganoids, which can make large-scale production and
their complexity, they provide more accuratéligh-throughput screening difficult. As organoid culture
representations of human tissues and organs, enabling @@hniques improve, the scalability of organoid models will
study of disease mechanisms in a more relevant contékely increase, allowing for more widespread use in drug
[17]. For example, liver organoids have been used to modiglivery studies. Additionally, while organoids replicate
liver diseases such as hepatitis and cirrhosis, while braiartain aspects of human tissue, they do not fully replicate
organoids have become crucial in understandirije complexity of the entire organism, meaning their
neurodegenerative disorders like Alzheimer's an@redictive value for drug responses may still be limited in
Parkinson's disease. Additionally, organoids areertain cases. Advances in organoid technology, such as
increasingly used in drug screening and toxicology. Thdgcorporating immune cells, vascular networks, and other
can be exposed to various pharmaceutical compoundsc@mponents, will help address some of these limitations
test their effects on organ-specific functions, toxicity, anénd provide more comprehensive models for drug delivery
efficacy. This reduces the reliance on animal models angsearch [25].
helps streamline the drug development process [23,24].

2.6 Disease modding
25 Drugdedivery One of the primary advantages of organoids in disease

Organoids are particularly valuable in drug deliverynodeling is their ability to mimic the architecture and
studies because they closely resemble the physiologifanction of human organs. Unlike 2D cultures, which
characteristics of human tissues. For example, livéonsist of a single layer of cells, organoids are three-
organoids can replicate hepatic metabolism, kidnedimensional structures that resemble the organization and
organoids can model renal filtration and excretion, angbmplexity of actual tissues [26]. This allows researchers
intestinal organoids can simulate absorption and barritsr study diseases in a more physiologically relevant
functions. This allows for more realistic and predictiveontext. For instance, intestinal organoids replicate the
testing of how drugs behave within the human bodyillous structure of the human gut, enabling the modeling
providing crucial insights into pharmacokinetics and thef gastrointestinal diseases such as Crohn’s disease,
mechanisms of drug action. One of the primary uses ulcerative colitis, and infections like Clostridium difficile.

These organoids can also mimic the effects of
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environmental factors, such as diet or microbiome, on Organoids have also proven crucial in modeling
disease progression, providing valuable insights into tleurodegenerative diseases, such as Alzheimer's,
gut-brain axis and the role of the intestinal barrier ifParkinson's, and Huntington's diseases. Brain organoids,
disease. derived from neural stem cells, can replicate the cellular
Authors Melzer et al. introduced the porcine urinargiversity and complex structure of the human brain,
bladder (PUB) as an advanced organ culture model fallowing researchers to study neurodegenerative diseases
creating an ex vivo pancreatic niche, which enables tiea way that was previously not possible. These organoids
study of pancreatic ductal adenocarcinoma (PDAC). Thisodel the early stages of disease, including the
model allows pancreatic progenitor cells to develop intaccumulation of amyloid plaques in Alzheimer's or the loss
ductal and endocrine lineages, with pancreatic duct-lilef dopaminergic neurons in Parkinson's disease.
organoids (PDLOs) maturing into duct-like tissue. Th&urthermore, they can be used to screen potential
PUB model supports the study of early pancreatic dysplasfeerapeutic compounds, providing a more effective method
and cancer [8]. for identifying drugs that may slow disease progression
(Figure 2) or alleviate symptoms.

Lentivirus i g

Healthy person Somatic cells Y, Cultured iPSCs IPSC basec_l

N3 brain organoids

—t - . b LT -
Reprogramming e Differentiation
(Sendai virus, lentivirus,
retrovirus, transposon etc.)

Characterization

Cell phenotype Personalized Patient with
analysis therapy neurodegenerative disorder

[
Disease modeling and therapy - = -

Figure 2 Disease modeling and personalized therapy using induced pluripotent stem cells (iPSCs) derived from healthy somatic cells
via Lentivirus transduction (created with biorender.com)

Wang et al. explored the potential of bone organoidsgans, such as cystic fibrosis or Duchenne muscular
derived from stem cells for bone regeneration but facelystrophy, can be modeled using patient-derived
challenges, such as the need for robust mechanical suppoganoids. For example, organoids derived from cystic
through scaffolds and hybrid extracellular matrices (ECMjibrosis patients can mimic the defective epithelial cell
To overcome these obstacles, they developed a nofghction seen in the disease, providing a platform for drug
bioink made from gelatin methacrylate/alginatescreening and studying the underlying pathophysiology.
methacrylate/hydroxyapatite (GelMA/AIgMA/HAP), These models can also be used to explore how genetic
which was used in bioprinting to create intricate bone EChutations affect organ development and function, helping
analogs. The bioprinted scaffolds supported the long-tetm identify novel therapeutic targets for rare diseases that
cultivation, maturation, and differentiation of bonecurrently lack effective treatments.
organoids, mimicking the natural bone's self-mineralizing Revah et al. transplanted human stem cell-derived
properties [9]. cortical organoids into the somatosensory cortex of

Organoids are also instrumental in studying rareewborn athymic rats, where the organoids matured and
genetic disorders. Diseases that affect specific tissuesimegrated into sensory and motivation-related circuits.
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MRI and single-nucleus profiling showed organoicand heterogeneity of primary tissues. The study suggests
growth, corticogenesis, and  activity-dependerthat patient-derived organoids can be a valuable tool for
transcriptional programs. Transplanted neurons exhibitedploring gallbladder tumor pathogenesis and developing
more complex properties than in vitro counterpartgersonalized treatments [29].

enabling the discovery of defects in neurons from Timothy Immunotherapy, which utilizes the body's immune

syndrome patients [27]. system to fight cancer, has shown promise in treating a
variety of cancers. However, the effectiveness of
2.7 Cancer treatment immunotherapies can vary greatly between patients.

Organoids derived from cancerous tissues offer a moRfganoids derived from patient tumors provide a unique
accurate representation of tumors compared to traditioatform for testing the efficacy of different
2D cell cultures. They maintain the architecture, celluldmmunotherapies, such as immune checkpoint inhibitors,
diversity, and genetic features of the original tumor, whic®AR-T cell therapies, and cytokine therapies. Cancer
is crucial for understanding the complexity of canceQrganoids can be co-cultured with immune cells to study
Tumor organoids can be generated from different types lopw the immune system interacts with the tumor. This
cancer, such as colorectal, breast, lung, pancreatic, a@idws researchers to evaluate how immune cells infiltrate
ovarian cancer, allowing for the study of tumoithe tumor, recognize cancerous cells, and whether the
progression, metastasis, and the molecular mechanisigor can evade immune detection. By using patient-
underlying cancer development. These models alsierived organoids in immuno-oncology studies, it is
provide a better means of recapitulating the tumdrossible to identify factors that predict responses to
microenvironment (TME), which plays a critical role inimmunotherapy and improve the selection of patients who
cancer behavior, including immune cell infiltration,are most likely to benefit from these treatments.
hypoxia, and extracellular matrix composition. By
mimicking these factors, organoids serve as valuab® Discussion
platforms for exploring how tumors interact with  Organoids represent a transformative advancement in
surrounding tissue and how the TME affects tumor growtihe field of disease modeling, bridging the gap between
and therapy resistance. traditional 2D cell cultures and whole animal models. Their

Choi et al. developed a vascularized lung cancer modsbility to mimic human tissues more accurately, both
incorporating patient-derived lung cancer organoids, lungructurally and functionally, has significantly enhanced
fibroblasts, and perfusable vessels using 3D bioprintingur understanding of complex diseases. As demonstrated
They utilized a porcine lung-derived decellularizedhroughout this article, organoids offer a more
extracellular matrix hydrogel to mimic the biochemicaphysiologically relevant model for studying a wide range
composition of native lung tissue, providing physical andf diseases, including genetic disorders, neurodegenerative
biochemical cues for the cells within the LCdiseases, infectious diseases, and cancer, among others.
microenvironment [28]. They allow for the replication of human tissue architecture,

One of the most promising applications of organoids igellular diversity, and microenvironments, which are
cancer treatment is their role in personalized medicingxitical for understanding disease mechanisms that cannot
Organoids derived from a patient's own tumor cells offertge fully captured by animal models or traditional cell
unique opportunity to test a range of chemotherapiesultures.
targeted therapies, and immunotherapies before deciding Patient-derived organoids (PDOs) are particularly
on a treatment plan. This personalized approach heNasluable in the context of personalized medicine. By using
determine which drug or combination of therapies will berganoids derived from individual patients, researchers can
most effective for the individual, reducing the risk ofcreate models that closely mimic the specific genetic,
adverse side effects and improving overall treatmeniolecular, and environmental factors influencing disease
outcomes. Organoid-based drug screening platforms hayevelopment in that patient. This personalized approach
been used in clinical settings to identify the most effectivgllows for the evaluation of therapeutic strategies tailored
treatment options for patients. For example, patients the patient's unique disease profile, potentially leading
derived organoids (PDOs) from colorectal cancer can lpg¢ more effective and targeted treatments. For example,
exposed to various chemotherapy agents, and the respafygnoid models of cancer have shown promise in
can be monitored in real-time to predict how the patieifientifying the most effective therapies for specific tumor
will respond to the same drugs in vivo. This helpgpes, enabling the testing of drug combinations in a
clinicians select the best course of action for each patiephtient-specific context. Similarly, organoids derived from
tailoring treatment to the specific molecular and genetisatients with genetic diseases, such as cystic fibrosis or
characteristics of their cancer. Duchenne muscular dystrophy, can be used to test potential

Yuan et al. established organoid lines from humagene therapies or drug candidates tailored to the patient’s
gallbladder carcinoma (GBC), normal gallbladder, angpecific mutation.
benign gallbladder adenoma tissues. These organoidsDespite their significant advantages, the use of
accurately reflected the histopathology, genetic features,ganoids in disease modeling is not without its challenges.
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One of the key limitations of organoid models is their Biomedical Applications,Advanced Drug Delivery
inability to fully replicate the complexity of entire organs  Reviewsyol. 203, No. December, 115142, 2023.
or the interactions between different organ systems. While https://doi.org/10.1016/j.addr.2023.115142
organoids capture the cellular diversity and architecturf8] YANG, S., HU, H., KUNG, H., ZOU, R., DAL, Y., HU,
features of individual tissues, they do not mimic the full Y., WANG, T., LV, T., YU, J., LI, F.: Organoids: The
range of physiological processes that occur in a whole Current Status and Biomedical Applications,
organism [30]. MedComm Vol. 4, No. 3, e274, pp. 1-32, 2023.
Despite these limitations, organoids remain a powerful https://doi.org/10.1002/mco02.274
tool in disease modeling, offering a more accurate afid] BACENKOVA, D., TREBUNOVA, M., ZACHAR, L.,
relevant model for understanding human diseases. They HUDAK, R., IZARIKOVA, G., SURINOVA, K.,
provide a unique opportunity to study disease mechanisms ZIVCAK, J.: Analysis of Same Selected
in ways that were previously not possible, especially in the Immunomodulatory  Properties  of  Chorionic
context of rare genetic disorders and complex multi-system Mesenchymal Stem Cellgpplied Sciencesyol. 10,
diseases. Furthermore, organoids are being used to testNo. 24, pp. 1-17, 2020.
drug candidates, identify biomarkers, and explore novel https://doi.org/10.3390/app10249040
therapeutic strategies, contributing to the development (& BACENKOVA, D, TREBWOVA, M.,
more effective treatments for a wide range of diseases. DEMETEROVA, J, ZI\CAK, J.. Human
Chondrocytes, Metabolism of Articular Cartilage, and
4 Conclusion Strategies for Application to Tissue Engineering,
This article provided a Comprehensive review of International Journal Molecular Science#l. 24, No.
organoids as innovative 3D biological models with 23, 17096, pp. 1-25, 2023.
significant applications in tissue engineering, disease https:/doi.org/10.3390/ijms242317096
modeling, and personalized medicine. It outlined th&]ZHAO, Z., CHEN, X., DOWBAJ, A.M., SLJUKIC, A.,
fundamental  processes involved in  organoid BRATLIE, K., LIN, L, FONG, ELS,
development—from stem cell selection and differentiation BALACHANDER, G.M., CHEN, Z., SORAGNI, A.,
to maturation and functional validation. The article HUCH, M. ZENG, Y.A., WANG, Q., YU, H.
highlighted the diverse biomedical applications of OrganoidsNature Reviews Methods Primek&l. 2,
organoids, including their roles in drug delivery studies, No. 1, 94, pp. 1-21, 2022.
disease modeling for neurodegenerative and genetic https://doi.org/10.1038/s43586-022-00174-y
disorders, and the development of personalized candél BACENKOVA, D., TREBINOVA, M., CIZKOVA,
therapies. Specific examples were discussed to D, HUDAK, R., DOSEDLA, E., FINDRIK-
demonstrate how organoid systems have been engineeredBALOGOVA, A, ZIVCAK, J.: In Vitro Model of
to replicate organ-specific functions, improve drug testing Human  Trophoblast in  Early  Placentation,
accuracy, and reduce reliance on animal models. BiomedicinesVol. 10, No. 4, 904, pp. 1-20, 2022.
Challenges such as vascularization, scalability, and https:/doi.org/10.3390/biomedicines10040904
incomplete tissue maturation were acknowledged8] MELZER, M.K., BREUNIG, M., ARNOLD, F.,
alongside emerging solutions involving advanced bioinks, WEZEL, F., AZOITEI, A,, ROGER, E., KRUGER, J.,
co-culture systems, and microfluidics. By compiling recent MERKLE, J., SCHUTTE, L., RESHEQ, Y.: Organmds
advancements and practical applications, this review at the PUB: The Porcine Urinary Bladder Serves as a
underscores the transformative potential of organoid Pancreatic Niche for Advanced Cancer Modeling,
technology in advancing biomedical research and clinical Advanced Healthcare Materialsvol. 11, No. 11,

therapies_ 2102345, pp. 1-14, 2022.
https://doi.org/10.1002/adhm.202102345
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Abstract: The problem of determining the pollution load capacity for a river section has an important meaning in protecting
the water environment for the purpose of sustainable development. This is a complex optimization problem that only has
an analytic solution in simple cases. This paper presents a method for obtaining an analytical solution for a river section
in the case of dispersed waste sources distributed along the river, taking into account the influence of decay and dispersion
processes. The results show a quantitative relationship between the decay coefficient, the dispersion coefficient and the
load capacity of the river. The obtained results can be applied to more complex real-world problems.

1 Introduction river systems. The findings also provide a foundation for
The determination of pollution load capacity inéxtending these methods to more complex scenarios and

river systems plays a crucial role in water qualityntegrating them into practical water quality control

management and sustainable environmental developmdi{grams.

As the pressures from urbanization, industrialization, and

agricultural activities increase, rivers are becoming mo2 Materialsand methods

vulnerable to pollution, necessitating effective methods 21  Problem

quantify and control pollutant discharge. Regulatory In order to solve the problem analytically, we selected

approaches such as the Total Maximum Daily Loagd 1D model with a river segment of length L, cross-section

(TMDL) [1,2] framework have been adopted in varioug\, and a constant discharge Q. Concentration of influent

countries to ensure that pollutant inputs do not exceed tl¥@ste in the river section is,¢he reduction coefficient is

assimilative capacity of water bodies, maintaining watej (including decomposition and deposition). Discharge

quality standards for aquatic life and human use [3,4]. |oad distribution on both sides of the rivep(). Findp(x)
Analytical and mathematical models have long beeg|ch that the total load on both sides of the river into the

used to simulate and optimize pollutant transport angler is the maximum. The constrain conditions are as

transformation in riverine systems. These models accoygfigws:

for critical processes such as advection, dispersion, and (1) Concentration of pollutants in the river section

degradation [5,6]. However, many optimization problemgges not exceed the allowable standasgk C

regarding load capacity lack general analytical solutions (2) pensity of discharge load in the river does not
and often require numerical approaches, especially whgQreed the limMiPmax

dealing with spatially distributed pollution sources [7,8].
Despite this complexity, analytical solutions—where, 5 nathematical modd

obtainable—provide valuable insight and computational +14 river segment is shown on the x coordinate axis

efficiency for water quality planning. frgm coordinates a, b (section L= [a,b]). In the case of

¢ Prewoltjs fstughesl have prowdid gwdance ?nd technl nstant flow rate Q, the problem considered is stationary.
rameworks for implementing pollution control strategies, - g gisgribution of pollutant concentrations  is

including Japan’s Total Pollutant Load Control SySterHeterm'ned bv the followina differential equation:
(TPLCS), and comprehensive TMDL reports from states ! y wing di lal equation:

such as Maryland, USA [9-11]. These efforts highlight the de a?c

importance  of incorporating  hydrodynamic  and v—=a———Ac+o(x) (1)
biochemical processes into load estimation and

management decisions. Where c(x) [mg/L] pollutant concentration; v=Q/A

This paper presents an analytical solution fofm/s] average flow velocity;a [m?s] eddy diffusion
optimizing the pollution load capacity of a river segmengoefficient; A [1/s] the degradation coefficient of the
with distributed waste sources. The model incorporates thg|jutant; p(x) [mg/L.s] discharge rate density along the
effects of pollutant decay and dispersion, enabling a mofiger.
accurate estimation of load capacities under constrained constrain conditions:
environmental conditions. By deriving closed-form (1) o<c(x)<guax : X0 [a,b]
solutions under specific assumptions, the study contributes (2) 0p(X)<Pmax; X 0 [2,b]

a novel theoretical framework that can support more ’ '
effective and efficient pollutant management strategies in
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B_oundary.conditions (given the input concentration of de _ Ad_zc — Ac+ R() @)
the river section): dx dx?

(1) c(a)=¢ (taking into account the concentration of
pollutants from upstream)

Determining the total load of the river section is

Satisfy the boundary conditions (8):

objective function: c(x=0)=0 C)

Findp(x) with x O [a,b] to  TL = [ o(x)dx max. then (9):

Then the load capacity (LC) of the river section -G <c(x) <1 (9)
(including upstream load) is

) 3 Reaults
LC = [, e(x)dx + coQ 2) 3.1 Resultsof determination of waste source
. _ distribution in case A=0
also reached its maximum. In the absence of the influence of dispersion processes

For the convenience of finding analytical solutions, th?molecular diffusion and turbulent  diffusion)
above equations are reduced to dimensionless form, Withrresponding to A=0, equation (7) is rewritten as:
dimensionless variables as follows:

dc
_ —=—Ac+R(x) (10)
;e= 5 = p(x) ©) o

(Cmax_cn)
This equation with condition (5) has a unigue solution:

Equation 2 (2) is rewritten by substituting Equation 3
(3) into equation 2: x
c(x) = e‘A"f R(s)eMds
e d¢ AL? L ~ 0
vL—=a———AL*C - Co + p . .

d¥ —dx (Cmax =€0) ~  (Gmax = o) When Ruxis very small, ¢(x) may not reacha=1 in

[0,1], in this case, in order to maximum the integral, we set

Divide both sides by vL, remove the "~" sign of thQR(x):Rmax over the whole interval [0,1]. We have:
variables, we get:

X
c(x) = e‘A"f R(s)e™ds < Ry (1 — e ™) /A
0

dc d?c
E_AE_AC—}_R(JC) (4)
where . . -
a AL co At x = 1, the right-hand side is only maximized and the
A= A=50 LT ——y valueofc(x)=1. _ _
; Therefore, the critical value Rf Rnax is determined
R(x) B 1](Cmax - CO) p(x) B ACO by _A
With constrain conditions: R(1—e™) -1 SR = A
Ax _ meax A= A - € (1 — e‘A)
Ay =Ry S R(X) € Rpax = P — o) A&,
—H<c(x)<1 From here there is always the inequality R
With the boundary condition: With Rmna<Rec
- ¢(x=0) =0. We have: R(X)=Rux With O<1.
The objective function becomes: and
b 1 x
TL =f p(x)dx =v(Cpax — co)f R(x)dx + LAc, c(x) = e—Axf R, e25ds
a 0
The objective function becomes finding maximum of or 0
_R(x) where.x belongs to the following interval [0,1] for the () = Ry (1 — e=45) /A (11)
integral (5): so:
1 . b 1
Jy RGx)dx (5) TL = f p(x)dx =v(Cpax — co)f R(x)dx + LAc,
a 0

With the conditions (6): Thus, the total load of the river will be:

Ro < R() < Rmax © TL = v(Cmax ~ €0)Rmax + LACo
And with c(x) being the solution of the differential

. ) The total load capacity of the river section will be:
equation (7):
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LC = vlemax = co)Rmax + LAco + ¢oQ Where:4, , = “22442 yith \;<0<\y; Cy, C; are the
In this case Ra>Re, - - 24 o
coefficient which are obtained from boundary conditions

below:
- At x=0: ¢(x=0)=0
1 1 (dc - At x=1: ¢(x) and its derivative satisfy the continuity
Jy RGdx = [ (54 Ac) dx = (D) + condition with d(x) is the solution of equation (7) with
Afolc(x)dx (12) R=0, in the interval [1,e)
- At x=+00, d(X) is limited, so d(x) has a general solution

We have:

So the solution where ¢(1)=1 and the integral c(x) ovéf
[0,1] is maximized will be the optimal solution. This d(x) = Dyet* _
integral is maximal when c(x) soon reaches its maximum From the above boundary conditions, we have a linear
value. So the function R(x) needs to have the maximufiystem equations for the coefficients C; and O
value from the point x=0, that is, RzR in the interval .
[0,%0] so that at ¥=1, c(x)=1 we have (13): Ci+C=——%

etrC, +et2C, —eMD, = —R’;'\J (17)

1= Rmax(l_e_Axn)
- MetC + A,et2C, — AeMD; =0

. - xp=—1n (1—R;‘j) (13)
On the segment §x1] to maximize the integral (10), we  Solving the equations (17), we have:
need to maintain c(x)=1, which means dc/dx=0. From

equation 10 we have Rebecause R>RA. . = Rmax(Ai-het2+a,e72) (18)
So with R>R we have: ! Alhyeta—tzelz)
R=RmaxWith 0=x<xo C2 =~ Aereon,els) 19
R=A vai xe<x<1. _ e™MRy g eti—A et (1, -A,)e /4]
So: = X(Aﬂlzz_}hzelz)l ) (20)
c(x) = Rppare ™™ (e™ = 1)/A  0(<xo : P — : .
) =1 x=x<1 Substitute the coefficients in (15), since c¢(x) increases
Thus: in the interval (0,1) thus reaching a maximum at 1 and R

1 Roax A is found from the condition ¢(1)=1. We have:
f R(x)dx = Rpaxxo + A(1 —xy) = A+ (1 — T)ln 1- R—)
0

max A

b 1 I S
TL= f p()dx =v(Cmax — Co)f R(x)dx + LAc, R = (1_6,11)_'_/11(63/{11—;2_1) (21)
a 0 . 1=42
Thus, the total load will be: E) Rna>Re: » B 1
TL = v(emar — o) [A+ (1= 22 n (1 2| 4 Lacy(d)  fy RGIdx = f (S +Ac—ATS)dx = A [ c(x)dx +
The total load capacity of the river section will be: [c(1) —c(0)] — A [% 1) - %(O)] 22)

LC = v(Cmax — Co) [A + (1 - %) In (1 - ﬁ)] + LAco +¢0Q (15)

with ¢(0)=0 and <= (1) = 4,¢(1) we have:

3.2 Resultsof determination of waste source Jy RGdx = A [ cG)dx + (D)1 = 4,4) + AL (0) (23)

distribution in case A0 . . .
In the case, the influence of the dispersion process |N€ above integral reaches its maximum when there
(molecular diffusion and turbulent diffusion) are€Xists a condition for all three terms to simultaneously

considered in equation 4, we haveoA attain their maxima. The first term reaches its maximum
Similar to the case A=0, there exists a value o® When c(x) increases as rapidly as possible to 1 and
that when Ra<Rs, the concentration value c(x) does nofnaintains the value 1 unté=1. This condition is entirely

exceed the value 1. So: consistent with the conditions for the second and third
a. With Ra<Re terms to also reach their maxima, with c(1) =1 (sine®
' d L .
We have we have 1-3,A>0) andé attaining its maximum. The
R=Rmax . . optimization problem is thus reduced to the following
General solution of the equation: problem:
) :
de _ Ad_g_Ac +R(x) Determine ¥ such that c(x) increases as rapidly as
satisfy the bgjndargjéonditions possible to 1 on the interval [@)xand then, c(x) reaches
c(x=0) = 0 ' its maximum value c(x)=1 (fromoxo 1). To make c(x)
With O<=x<=1 have the form- increase as rapidly as possible, we set RzRFor
) d d?
c(x) = C,eM* + C,e?2* + Rmax/A (16)  c(x)=const=1, we havé-=0 and— =0, then from
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Copyright © Acta Tecnologia, www.actatecnologia.eu



Acta Tecnologia

Volume:

11 2025

- International Scientific Journal about Technologies
Issue: 3 Pages: 121-126

ISSN 2453-675X

Hoang Bui Huy

Analytical solution for optimizing pollution load capacity in river segments

equation 4 deduce R= The problem now is determining
Xo.

R(X)=const=Ray):

c(x) = C,eM* + C,e*?* + Rmax/A (29)

With the condition c(0)=0; ct%=1 and dc/dx(x0)=0, Table 1 The calculation results of load capacit

In case of dispersion coefficient (molecular and
In the interval [0,¥] the solution has the form (sinceturbulent diffusion)a = 0 (n?/s)
Calculation results of load capacity and distarge
according to the formulas (14),(15) and (13) are presented

below (Teble 1):

and distance x0

we obtain a system equations to find@ and x: Total Load Load
Capadity Capacity Upstream Xo (M)
Rmax _ alongriver (kg/day) 0
Ci+C+7% - 0 (kg/day) (kgjday)
Creti¥o 4 Cpela¥o 4 7max = 1 (25) 260076 190956 6912 73.35

CiAet¥o + CyA,et2%0 = 0 o _ _
The distribution of concentration ¢ along the river and

Solving the system equations with the conditioithe load along the river is shown in Table 2, and Figures 2,

xo0[0,1], we get the values of the constant<3zand x. below:

The total load of the river will be:
Table 2 The distribution of concentration ¢ along the river and

the load along the river with a= 0 (/)

TL = fabp(x)dx =V(Cmax — o) fol R(x)dx + Lic, (26)

X c(x) p(x
in which . (m) (mg/)) kg/m/day/m? kg/m/day
0 4 8.6 2592
J; R(x)dx = xoRmax + (1 — xy)A 1c 55 8.6 259:
2C 7.0C 8.64 2592
The load capacity of the river section including the load  3C 8.5( 8.64 259:
from upstream will be: 40 10.00 8.64 2592
5C 11.5C 8.64 2592
LC = v(Cpmax — Co) [XoRMax + (1 — xo)A] + LAcy + c,Q (27) 6C 13.0( 8.64 259:
73.% 14.9¢ 8.64 2592
4 Appliesto specific river sections 13% 12 8-8853 8-;
Consi(_je( thg river section with the following 200 1c 0.00: ¢
characteristics (Figure 1): 300 1= 0.00 0.¢
«  Discharge Q=200 f's 50( 15 0.00¢ 0.
* Cross-section &300 m2 600 15 0.003 0.9
*  Velocity v=Q/A=0.67 (m/s) 70C 1t 0.00: 0.¢
+ Pollutants ¢ (eg BOD, COD): affected by 80C 15 0.00¢ 0.
degradation and dispersion 90C 1% 0.00¢ 0.€
» Decomposition coefficient (decay, 100¢ 1= 0.00: 0.£
deposition...)A=0.2/day
«  Partition coefficient (molecular and turbulent Camcentration Diteibacdon
diffusion): a= 1 (n¥/s) i
» Concentration of C at upstream inlet=4 B
mg/L 12
»  Permissible concentrationng=15 mg/L S 10
¢ Maximum allowable discharge density near 2 -
the riverbankpma=0.1 mg/L.s (equivalentto  °
8.64 kg/m/day/rh i
Cmax,
pmax 0
200 400 600 800 100( 1200
Q, c0 Distance (m)
: v v Figure 2 The distribution of concentration along the river
)

Figure 1 Theillustration of a specific river section
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Distribution of Load
3000 16

Distribution of Concentration

8 B
s 3
g8 8
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]
2
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-
=3
=
=

w
=
=3

=Y

0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200

Distance (m) Distance (m)

Figure 3 The digtribution of load along the river Figure 4 The distribution of concentration along the river
In case of dispersion coefficient (molecular anc
turbulent diffusion)o= 40 (nf/s)
Calculation results of load capacity and distarge
according to the formulas 26, 27, 25 are presented belc

Distribution of Load
3000

2500

(Table 3) Z 2000
Table 3 The calculation results of load capacity and distance x0 g 1500
Load 3
Total Load . & 1000
: Capacity Upstream =
Capadty | jongriver | (kgiday) | %™ .
kg9 | ~kgiday)
38807¢ 31895¢ 6912( 12¢ 3

0 200 400 600 800
Distance (m)

1000 1200

The distribution of concentration ¢ along the river anc
the load along the river is presented in Table 4, and Figures
4, 5 below:

Distribution of concentration ¢ along river and load It can be seen that in the field = 40%s) the load
along river with = 40. carrying capacity of the river section increases to about

128002 kg/day (about 49%) compared to the case=0f
and the distancegxincreases to about 50 m. Thus, the
influence of dispersion coefficient is very large on the LC

Figure 5 The digtribution of load along the river

Table 4 The distribution of concentration ¢ along the river and
the load along the river with a= 40 (n/s)

X c(x) p(X) of the river section and should be considered in the
(m) (mg/l) kg/m/day/m? kg/m/day calculation.
0 4 8.64 2592
10.18: 5.32 8.64 2592 ;
20.36¢ 6.61 8.64 2592 S C;OHC|USIOH .
3054 -8t 8.6 259: Thls study _ sgqcessfully deyeloped an gnalytlcal
20.73( 907 8 62 550: s_olutlon for optimizing 'Fhe pollution Ioac_j capacity of a
50 91, 10.1¢ 8.6 550; river segment, addressmg both theoretical and pragtlcal
61.00 11.27 8.62 259; aspects of water qL_Jallty management. The derived
70.00- 12.0¢ 8. 62 259; | solutions for cases with and without dispersion effects
80.18" 12.9: 8.64 2502 provide a clear methodology for determining the maximum
90.36¢ 13.6¢ 8.6 250; allowable pollutant discharge while adhering to
100.55: 14.2¢ 8.64 259; environmental standards.
110.73 14.7: 8.64 259: The application to a specific river segment highlighted
120.91 14.9 8.64 259: the significant impact of dispersion coefficients on the
126.00t 1E 8.64 2592 river's load capacity, with a 49% increase observed when
127.00( 15 0.00¢ 0. | dispersion was considered. These findings underscore the
60C 1% 0.00¢ 0.€ | importance of incorporating dispersion processes in
70C 1= 0.00: 0L | pollution load calculations to achieve accurate and
80C 1E 0-00;' O-E sustainable results.
138E 1; 8'88j 8'; Future research co_uld extend this_ mod_el to more
= — = complex river systems, including multi-dimensional flows
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and dynamic boundary conditions. Additionally, maximum daily load for the Taihu Lake's influent
integrating real-time monitoring data could enhance the rivers, China,Ecological Engineering, Vol. 83, pp.
model's predictive capabilities. This work serves as a 258-267, 2015.

valuable tool for policymakers and environmental https://doi.org/10.1016/j.ecoleng.2015.06.036
engineers in designing effective pollution contro[7] YANG, L., MEI, K., LIU, X., WU, L., ZHANG, M.,
strategies, ultimately contributing to the preservation of XU, J., WANG, F.: Spatial distribution and source
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Abstract: The incidence of road traffic accidents in Poland remains significantly high. When compared to the average
levels recorded across European Union (EU) member states, Poland's rate is approximately 1.3 times greater. The COVID-
19 pandemic contributed to a temporary reduction in road accidents. The primary objective of this study is to forecast the
number of road accidents in Poland under varying weather conditions. The analysis is based on monthly accident data for
the years 2007-2021, obtained from national police records. Using this historical data, projections for the years 2022-
2024 were developed. The findings suggest that, despite minor downward trends, the level of road traffic incidents is
likely to remain comparable to pre-pandemic patterns. It is important to note, however, that the pandemic has introduced
distortions that may affect the accuracy of the forecast. The predictive analysis was conducted in Statistica using selected
time series models. Forecasts for 2022-2024 reveal that the majority of accidents are expected to occur under favorable
weather conditions, with an average of 24,342 incidents. This is likely associated with increased traffic volume during
such conditions. Nevertheless, extreme weather events pose heightened risks: heavy rainfall can lead to as many as 4,347
accidents, while strong winds may contribute to up to 12,880 incidents. Additionally, intense sunlight—through reduced
visibility—accounts for an average of 4,150 accidents annually. Although fog and snowfall are less frequent (averaging
109 and 352 incidents respectively), they represent particularly hazardous conditions due to compromised road traction.

1 Introduction databases. Once collected, the information is often

Road accidents are incidents that result not only gPmpiled and analyzed at a broader scale within the
injuries or fatalites among road users but also iiansport sector [6]. _
significant property damage. According to the World Today, intelligent transportation systems (ITS) play a
Health Organization (WHO), approximately 1.3 millionVital role in the collection and analysis of road accident
people lose their lives each year due to road traffic crashégta. Modern vehicles equipped with GPS devices generate
In many countries, road accidents account for nearly 3% @®ntinuous data streams [7]. Additionally, microwave
their gross domestic product (GDP). Furthermore, the4ghicle detection systems installed on roadways capture
remain the leading cause of death among children atiformation such as speed, traffic flow, and vehicle types
young adults aged 5 to 29 [1]. In response to this globidl. License plate recognition technologies further expand
challenge, the United Nations General Assembly hdBe capacity to gather traffic data over time [9]. Social
adopted an ambitious goal: to reduce road traffic deatf¥dia can also serve as an unconventional data source,
and injuries by half by the year 2030. though the accuracy of this information is often limited due

The severity of a traffic accident is a key factor if0 the inexperience or unreliability of individuals posting
assessing its consequences. Accurate prediction of accid@#h content [10]. o _
severity is crucial for authorities aiming to develop In order to ensure the accuracy and reliability of traffic
effective traffic safety policies designed to prevent crashextcident analyses, it is essential to integrate and reconcile
minimize fatalities and injuries, and reduce material loss€gta from multiple sources. The combination of
[2,3]. Identifying critical determinants of accident severitj€terogeneous datasets significantly enhances the quality
is a fundamental step in formulating countermeasures ti@itthe resulting insights [11].
can mitigate or eliminate severe outcomes [4]. In this Vilaca et al. [12] conducted a statistical analysis aimed
context, Yang et al. proposed a multi-node deep neufl evaluating accident severity and establishing
network (DNN) framework to predict varying levels ofrelatlonshlps betweep crash types and the charactgrlstlcs of
injury severity, fatalities, and property damage. Thigwose |.nvoIved..The|r study offered recommendations fpr
approach facilitates a comprehensive and preci§@proving traffic safety standards and related public
assessment of accident severity [5]. policies. Similarly, Bak et al. [13] analyzed traffic safety in

Accident data are typically obtained from varioug selected region of Poland by examining accident counts
sources, most commonly collected by governmentahd underlying causes. The research employed
agencies. These data are gathered from police accidBiltivariate statistical methods to assess the safety
repor[S, insurance company recordsy and hospit@ﬁ}haViorS of those responsible for accidents.
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The selection of accident data sources for analysis A novel approach involves using the Hadoop
largely depends on the specific traffic safety problem undéamework, as demonstrated by Kumar et al. [40], although
consideration. Incorporating statistical models along witthis method is not well suited for small datasets [41].
real-world driving data or intelligent traffic system outputdarlaftis and Vlahogianni [34] applied the GARCH model,
helps improve the accuracy of forecasts and suppoxtdich, while powerful, is computationally complex and
effective accident prevention strategies [14]. difficult to calibrate [42,43]. Mcllroy and colleagues used

A variety of forecasting methods are found in théhe Augmented Dickey-Fuller (ADF) test [44], although its
literature. Among them, time series models are the masffectiveness can be limited by low statistical power when
widely used for predicting accident counts [15,16]detecting autocorrelation in the error terms [45].

However, such methods have limitations, including the Data mining techniques have also been used to forecast
inability to evaluate the quality of prior forecasts and thaccident frequency [46,47], though they may produce
presence of autocorrelated residuals [17]. Prochazka et@lerly general or ambiguous outputs due to the volume of
[18] applied a multi-seasonality model for forecastinginstructured data [48,49]. Some researchers, including
while Sunny et al. [19] utlized the Holt-WintersSebe et al. [50], propose combining multiple models to
exponential smoothing technique. Nevertheless, thesahance predictive performance. Parametric models are
models often lack the capacity to incorporate exogenoasother alternative, as outlined by Bloomfield [51].
variables [20,21]. Research on the impact of weather on forecasting the

Vector autoregressive (VAR) models, though effectivequmber of traffic accidents in Poland is important because
require a large number of observations to estimateeather significantly affects driving safety. Downpours,
parameters reliably [22]. Other autoregressive techniquesow or fog increase the risk of collisions, so better
have also been used, such as the models by Monedero dioaécasts will help alert drivers and services. This will
[23] and Al-Madani [24], which were applied to fatalityreduce the cost of accidents - rescues, traffic jams and road
prediction. Regression curve-fitting models are alsmepairs.
employed, though they typically assume simple linear Today, the climate is changing - violent storms and
relationships [25] and require that the series be stationaglaze are more common in Poland, so up-to-date data is
with an appropriate autoregressive order [26]. needed. Police and road managers could use such forecasts

Biswas et al. [27] employed a Random Foredb better manage traffic, such as sending more patrols to
regression model for traffic accident prediction. Thislangerous areas.
method, while capable of handling groups of correlated In addition, Poland can learn from Western countries,
features, often favors smaller feature subsets and witiere weather warning systems are more developed. New
sensitive to variations in input, which may result inechnologies, such as artificial intelligence, will help
instability and overfitting in peak predictions [28,29].predict dangers more accurately. As a result, safety and
Chudy-Laskowska and Pisula [30] tested an autoregresstvaffic flow will improve.
quadratic trend model, a univariate periodic trend model, Therefore, the purpose of this article is to develop an
and an exponential smoothing model. Moving averagedaptive model for forecasting the number of traffic
models, though simple, suffer from limitations such as lowaccidents in Poland, taking into account meteorological
accuracy, data loss within sequences, and poor handlingvafiables such as precipitation, temperature and visibility,
trends and seasonality [31]. in order to improve the accuracy of predictions.

Prochazka and Camej [32] implemented the GARMA
method, which imposes constraints on parameter space2to M ethodology
ensure stationarity. ARMA models are commonly used for A substantial number of fatalities continue to occur on

stationary series, while ARIMA and SARIMA are suitedpolish roads. Although a gradual year-over-year decline
for non-stationary data [19,32-34]. These models afs been observed, the overall figure remains alarmingly
highly flexible but can be challenging to identify anchigh. While the COVID-19 pandemic temporarily reduced
interpret without extensive expertise [35]. Furthermorghe number of road accidents, the incidence remains
ARIMA models are inherently linear, which limits theirsignificantly elevated. A monthly analysis of the data
applicability to nonlinear phenomena [20]. reveals distinct fluctuations, though the overall trend
Chudy-Laskowska and Pisula [36] also used ANOVAndicates a continued decrease in accident frequency.
for forecasting. accident_ counts. While informative, thipespite this, Poland still reports a considerably higher
method requires additional assumptions, such @gmber of accidents compared to the European Union
sphericity, the violation of which may lead to misleadingyerage.
conclusions [37]. Artificial neural networks (ANNs) are  The data also show that the lowest number of accidents
increasingly utilized for forecasting in this domaintends to occur during foggy conditions, likely due to more
However, they demand specialized knowledge, aggutious driver behavior and reduced speeds. In contrast,
sensitive to initial conditions, and are often criticized aghe highest accident rates are observed during clear weather
"black-box" models due to their lack of interpretabilityconditions, possibly due to increased traffic volume and
[36,38,39]. riskier driving behavior. These findings highlight the
importance of implementing targeted measures to further
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reduce accident rates and to identify the specific conditiogenerated using 15 exponential smoothing models within

under which accidents are most likely to occur (Figure 1Yhe Statistica software environment. Subsequently, forecast
The literature review and methodology for this studgrrors were calculated for each model. The model yielding

proceeded as follows: Based on statistical data provided e lowest forecast error was selected as the most accurate

the Polish Police concerning road accident frequency ungaedictor of future accident trends.

varying weather conditions, a set of forecasts was
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Figure 1 Number of accidents in Poland from 2007 to 2021

The variability in the number of road accidents under Furthermore, the analysis confirms a consistent decline
different weather conditions was assessed using thethe average number of road accidents over the studied
Kruskal-Wallis test. In this analysis, the test statistic wgseriod. There is also a distinct variation in accident
133.8816 with a significance level of p = 0.000. Theskequency relative to weather conditions: the highest
results provide strong evidence to reject the null hypothesiamber of accidents occurs during favorable weather,
of equal mean accident levels across weather conditiomghile the lowest number is observed in adverse weather
Thus, it can be concluded that the average number of raazhditions. This trend is likely attributable to more
accidents significantly differs depending on the prevailingautious driving behavior during poor weather, such as
weather. reduced speed and heightened attention (Figure 2).
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Figure 2 Comparison of the average number of road accidentsin Poland by weather conditions

Based on the analysis of the number of road accidertsalysis, selected time series models were used to
in Poland, it can be concluded that they are seasonaldetermine the projected number of road accidents in the
nature with a downward trend. Therefore, for furtheanalyzed period depending on the prevailing weather
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conditions. Weather conditions were divided into thevhere:

following categories: n — the length of the forecast horizon,
- good weather conditions, Y — observed value of road accidents,
- fog, smoke, Y, — forecasted value of road accidents.
- precipitation,
- snowfall, hail, In order to compare the number of accidents during a
- blinding sun, pandemic and if it did not exist, the mean absolute
- cloudy, percentage error was minimized. To forecast the number of
- strong wind. accidents depending on the prevailing weather conditions,
data from the Polish Police from 2007-2021 was used. The
3 Forecasting the number of road forecast results for the prevailing weather conditions are
accidents shown_ in Figures 3-9. The different forecasting methods
To forecast the number of traffic accidents, selectdf€d in the study are coded M1, M2....., Mn. The

exponential smoothing models were employed. ThiSrecasting tgchniques used in the stu_dy are as follows:

method involves representing the time series of the M1 - moving average method 2-points,

forecasted variable using a weighted moving average, M2 - moving average method 3-points,

where the weights decline exponentially for past M3 - moving average methoq 4-points,

observations. These weights were optimally determined b M4~ - gxponentlal smoothing no trend seasonal

the Statistica software, in which the analysis waPmponent: none, .

conducted. The forecast is thus based on a weighted M5 - gxpor_yenﬂal smoothing no trend seasonal

average of both current and historical data points. Tif@MPonent: additive, .

accuracy of the forecast produced using this method is M6 - gxpon_er}tlal_ smoothing no trend seasonal

highly dependent on the selection of the specific model affgmponent. multlpll_catlve, . .

its parameter settings. M7 - exponential smoothing linear trend seasonal
The following errors of expired forecasts determine§oMPonent: none HOLTA, . .

from equations (1-5) were used to calculate measures of M8 - exponential smoothing linear trend seasonal

analytical forecasting perfection: component: add'“"‘?' . .
«  ME — mean error M9 - exponential smoothing linear trend seasonal

1o component: multiplicative WINTERSA,
ME =2 i=1(Yi_Yp) 1) M10 - exponential smoothing exponential seasonal
« MAE —-mean everage error component: none,
MAE=% ?=1|yl. _yp| 2) M11 - exponential smoothing exponential seasonal

component: additive,

*  MPE -mean percentage error M12 - exponential smoothing exponential seasonal

1 Y"—Y . . .
MPE = -, Yip ) component: multiplicative,
« MAPE - mean absolute percentage error M13 - exponential smoothing fading trend seasonal
1an Vil component: none,
MAPE = 2.1 Y; 4) M14 - exponential smoothing fading trend seasonal
« MSE — mean square error component: additive, _ .
MSE :% n (v, —Yp)z (5) M15 - exponential smoothing fading trend seasonal

component: multiplicative).

70000

60000

50000

40000

5 30000

ad accidents

ro

20000

10000

0
0
0
0
(i}
0
1
1
1
1
1
1
2
F 4
2
ul 22
2
2
3
3
3
3
3
3
4
4
4

Sep 24
Nov 24

March
May

year

Figure 3 Forecasting the number of traffic accidents during good weather conditions from 2022 to 2024
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Figure 4 Forecasting the number of traffic accidents during cloud cover from 2022 to 2024
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Figure 5 Forecasting the number of accidents during rainfall from 2022 to 2024
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Figure 6 Forecasting the number of traffic accidents during solar glare from 2022 to 2024
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Figure 8 Forecasting the number of road accidents during high winds from 2022 to 2024
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Figure 9 Forecasting the number of traffic accidents during fog, smoke in 2022-2024

Based on the results obtained, it can be concluded tlsalected as the best forecasting methods for each day of the
not all of the applied forecasting methods proved effectiweeek:

for the case under study. In the subsequent step, the - Good weather conditions - M5
forecasting model with the lowest Mean Absolute - Overcast- M12

Percentage Error (MAPE) was identified and presented as - Rainfall - M10

the most accurate method. The following methods were - Dazzling sunshine - M14

~132 ~

Copyright © Acta Tecnologia, www.actatecnologia.eu



Acta Tecnologia - International Scientific Journal about Technologies

Volume: 11 2025 Issue: 3 Pages: 127-136 1SSN 2453-675X

Impact of weather conditions on forecasting the number of road accidents in Poland
Piotr Gorzelanczyk

- Snowfall, hail - M8
- Strong wind - M1
- Fog, smoke - M12

The results indicate that traffic accident levels are
expected to remain similar to those observed prior to the
COVID-19 pandemic, with only a slight decline. However,
it is important to acknowledge that the pandemic has

The analysis of the obtained data suggests that timroduced anomalies that may have affected the accuracy
effectiveness of the forecasting method depends on tbthe forecasting models. A MAPE value of 10% or lower
prevailing weather conditions. In most cases, the loweistconsidered indicative of an effective forecasting method.
MAPE values were achieved using exponential smoothign exception was observed in the case of sun glare, for
techniques. Based on these results, a forecast of the numbleich all methods produced relatively high error values,
of traffic accidents under varying weather conditions wdikely due to greater variability and unpredictability in such
generated and is presented in Figure 10 and Table 1. Tdmnditions.
corresponding forecast errors are summarized in Table 2.
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Figure 10 Optimal forecast number of road accidents depending on weather conditions in 2022-2024

Table 1 Forecast values
Road Good . Blinding | Snowfall. .
. weather Cloudy Rainfall : Strong wind | Fog. smoke
accidents o un hail
conditions
maxy 30224.9i 990.8! 4346." 8417.7. 639.5¢ 12879.! 272.6¢
min 15830.1! 36.2¢ 134.¢ 2960.1: 164.2: 2176. 23.¢
Average 24342.42. 300.526: 1242.33 4150.04 351.643i 5746.47. 108.918:
Table 2 Forecast errors
forecast error/ Good -
weather weather Cloudy Rainfall Blinding Snow_fall. Strong wind Fog.
L L sun hail smoke
conditions conditions
ME 291.4¢ 311.4¢ 1727.7. 24.3: 1.11 258.4’ 51.01
M PE 2461.4¢ 434.7; 2113.5: 935.3¢ 290.3( 2271.7. 71.61
M SE 10166119.8 | 1217794.3 | 7987983.3 | 2554231.6 | 243922.0 | 11503810.3 | 15540.1.
MAPE [%] 0.37 3.3¢ 20.4( 155.3¢ 6.6( 10.2¢ 0.0z
MAE [%] 11.5¢ 78.1¢ 57.0¢ 952.1: 110.4: 42.4; 60.37

The road accident forecast for 2022-2024 shows that Based on the study, it can be concluded that the largest
most incidents occur in good weather conditions (24,34#rors are observed in rainfall and strong winds, indicating
on average), due to higher traffic volumes. Howevethat the model has difficulty predicting accidents in
extremes are dangerous: during a downpour (max. 4,3dxftreme conditions. The smallest errors are observed in
accidents) and strong winds (max. 12,880), the risk risgeod weather conditions and fog/smoke, suggesting that
sharply. The blinding sun causes an average of 4,18% model is reasonably accurate under stable conditions.
accidents, mainly through reduced visibility. Fog and
snow, although less frequent (109 and 352 accidents Detailed analysis by weather conditions:
average), are particularly dangerous due to low grip. a) Good weather conditions
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Low MAPE (0.37%) and MAE (11.58%) - the modeleffectiveness of the selected forecasting methods—except

performs very well. for one outlier.
High MPE (2461.46) - may indicate systematic The traffic accident forecast presented in this study can
underestimation of accidents. serve as a foundation for future policy development aimed
b) Overcast at reducing accident rates in the analyzed regions. An

Moderate MAPE (3.36%), but high MAE (78.16%) -example of such a measure is the introduction of stricter
model performs well under overcast, but absolute errors arenalties for traffic violations in Poland, which came into
significant. effect on January 1, 2022,

¢) Rainfall In their future research, the authors plan to incorporate

Very high MSE (7987983.38) and MAPE (20.40%) -additional variables that influence accident frequency in
model has great difficulty predicting accidents during rairPoland. These factors may include traffic volume, day of

High ME (1,727.71) - strong overestimation of theéhe week, and the age of the accident perpetrator, among
number of accidents. others.

(d) Blinding sun

Extremely high MAPE (155.35%) and MAE References
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Abstract: Mining rescue in Slovakia represents a specific component of the rescue system with a long tradition and a
significant position in the field of occupational health and safety. Its main task is to resolve underground emergencies,
including accidents, collapses, fires or gas leaks, while the activities of mining rescue workers require high professional
preparedness and logistical coordination. The article focuses on the analysis of the strengths and weaknesses of the mining
rescue system in Slovakia with regard to organizational, technical, logistical and social aspects. The paper presents
findings from literature, legislation and practical experience, supplemented by the international context and
recommendations for further development.

1 Introduction Mining is one of the traditional sectors of the Slovak
Mining is a risky activity. Underground accidents ofterffconomy, and its historical importance is linked to mining
require immediate intervention by specialized units th&@wns, metallurgy and industrial development. Despite the
have expert knowledge, physical preparedness and specifgeline of coal and ore mining, mining rescue remains an
technical means. Mining rescue in Slovakia has a traditidfportant part of the country’s security system. Its
of more than a century and is one of the professions th@Portance goes beyond the mining operations themselves,
require a high level of solidarity, dedication and logisticgs the know-how and capacities of the Main Mining
of interventions. Rescue Station (HBZS) are also used in interventions in the
chemical industry, in construction or in solving accidents
in underground structures (tunnels, collectors) (Figure 1).
The purpose of this article is to analyze the current state
of mining rescue in Slovakia, identify its strengths and
weaknesses, and emphasize its social and moral
significance [1]. At the same time, attention is also paid to
aspects of logistics and the organization of interventions,
which are key to effective management of crisis situations.
It clarifies why it is necessary to examine this area also
from the perspective of logistics. Logistics is a key element
in the management of human resources, technology,
materials, and time factors in crisis situations. Effective
logistics can decide the speed and success of the
intervention, and thus the saving of human lives.

2 Literature review and legislative
framework

The issue of mining rescue is enshrined in the
legislation of the Slovak Republic, in particular in Act No.
51/1988 Coll. on mining activities, explosives and state
mining administration and in related decrees. The role of
coordination and methodological management is fulfilled
by the Main Mining Rescue Station (HBZS) in Prievidza
and the Main Mining Office (HBU) [1]. Mining rescue is
presented rather marginally in the professional literature.
In Slovakia, the basic source of methodological and
technical knowledge is the Main Mining Rescue Station in
Prievidza (HBZS), which regularly publishes activity

Figure 1 Mine rescuers inspecting parts of the mine
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reports, intervention  statistics and professionadministration bodies, cooperation with other components
methodologies. (firefighters, paramedics, police).

According to available sources [1,2], Slovakia is one of According to HBZS, logistics represents up to 40% of
the few European countries where mining rescue is stite overall success of the intervention, since even a top-
systematically developed and maintained as dmined team without the necessary resources and
independent organizational unit. The European Agency fooordination is unable to intervene effectively.

Safety and Health at Work [3] emphasizes the importance

of specialized rescue services in preventing and resolvidgl  Strengths of mining rescue servicesin
crises, with logistical preparation and the availability of Slovakia

equipment being among the decisive factors for the successstrengths include:

of the intervention. An international perspective is « |ong tradition and experience: Centralized structure
provided by EU-OSHA, which analyzes occupational riskgnd high expertise of HBZS, Slovakia has a built system of
in mining and related industries. Studies by the Technicgfine rescue stations, which have a number of successful
University of KoSice (TUKE), especially in the area ofinterventions.
process safety and reliability, contribute to the issue of « Expertise and preparedness: Mine rescuers undergo
crisis management logistics. On the academic campus, Hecialized training, regular exercises and psychological
Department of Mining and Geotechnics regularlyyreparation. Experience from interventions outside mining
publishes studies on safety and rescue [4-6]. Cze@fnnels, chemical operations).
literature is also worth mentioning (Mining Rescue Corps, « Technical equipment: Modernized breathing
HBU), which presents experiences from acutgpparatus, monitoring equipment and special transport
interventions in the Ostrava-Karvinsky district. Thissehicles increase the effectiveness of interventions.
knowledge is transferable to Slovak conditions due to the . Logistica| coordination: A C|ear|y set command and
similarity of the legislative environment and the nature dfommunication system enables rapid mobilization of
mining operations [7]. forces and resources.
 Social credit: The profession of a mine rescuer is

3 Organization of mining rescue services in associated with a high degree of respect and trust of the

Slovakia public.  Connections with international rescue

Mining rescue services in Slovakia are centrallprganizations.
organized through the HBZS in Prievidza. The HBZS

provides [1,4,7]: 4.2 Weaknesses and challenges

« emergency units for mining operations, Weaknesses and challenges include:

« professional training and education of rescuers, * Decline in mining activity: Insufficient funding due to

+ special equipment (breathing equipment, detectidhe decline in mining in Slovakia leads to a reduction in the
devices, measuring equipment), number of active rescuers and threatens the continuity of

« research and development of technical means, the system.

« coordination of interventions throughout the territory * Financial constraints: Outdated technology and the
of the Slovak Republic. need for its modernization, insufficient resources for

The legislative framework is determined by the Miningnodernization of technology and infrastructure limit the
Act No. 44/1988 Coll. and implementing regulationsfevelopment of services. _
which stipulate the obligation of employers to provide ¢ Personnel capacities: Personnel weakening due to the

mining rescue services. departure of experienced experts, recruiting new rescuers
is difficult due to specific requirements and risks.
4 Logistic processes in mining rescue * International isolation: The Slovak system is less

The intervention of mine rescuers is a COmmegonnected to foreign initiatives compared to other EU

logistical operation. Logistics plays a key role in thre§ountries. _
basic levels [8]: » Administrative burden: A high level of bureaucracy

Personnel logistics — selection, training and emergenéPWS down the process of innovation and flexibility of the
provision of teams, mobilization of the team at short notic&€YStem.

Material logistics — management and maintenance of ) L
special equipment (breathing apparatus, vehicled3 Social and moral significance
measuring equipment), preparation of equipment and Mining rescue is not just a profession, but also a
transport to the intervention site, supply of oxygemission. Rescuers protect human lives, property and the
equipment and energy. environment through their work (Figure 2). In the eyes of

Information logistics — flow of information between thethe public, they are a symbol of solidarity and courage.
intervention team, HBZS, operations and statéheir work goes beyond mining itself - their experience is
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also applied in emergency situations outside mining, suéh  Comparison of mining rescue services

as floods or technological accidents (Figure 3). Mining rescue in Slovakia is based on strong traditions
and many years of experience, but for an objective
assessment of its current level, it is necessary to compare it
with foreign models that offer inspiring solutions in the
field of organization, technical support and financing.
Countries with the most significant standards in the field of
mining safety include Germany, the Czech Republic,
Poland and Australia, each of which represents a different
approach to the systemic provision of rescue services [8].

Germany is characterized by a high degree of
centralization and state funding, which ensures the stability
and continuity of rescue services. Preventive measures,
mandatory training and strict legislation are at the
forefront, which significantly reduces the risk of serious
incidents. An important element is the use of advanced
monitoring technologies - for example, systems for
continuous monitoring of gas concentrations, movement of
people or stability of mining areas. Logistical readiness is
supported by a network of centralized rescue stations,
which enable rapid mobilization of units and equipment.

Poland represents a different model, in which there is a
noticeable greater involvement of private entities in the
organization of the mine rescue service. Although the state
retains a regulatory and supervisory role, a significant part
of the responsibility lies directly with the mine operators.
This model brings advantages in the form of higher
technological variability and more flexible financing, but
at the same time creates challenges in the area of
coordination and a unified approach to large-scale
interventions. Poland is an example of a country where
modern technologies (e.g. robotic devices or thermal
imaging systems) significantly improve intervention
readiness, but the problem remains the lack of qualified
personnel and the need for their systematic replenishment.

Australia is an example of a comprehensive approach
to industrial safety, in which mining rescue is fully
integrated. Rescue units operate within a broad framework
of industrial protection, which combines legislation, trade
unions, inspectorates and employers themselves. There is a
significant emphasis on transparency - all incidents are
systematically recorded and publicly analyzed. The
Australian model is among the most technologically
advanced: it uses drones, remotely controlled robots,
automated monitoring systems and sophisticated
simulation technologies that allow for the prediction of
risks and the optimization of interventions.

Slovakia can boast a long tradition and high level of
expertise of rescue workers, who are also respected in the
international environment. A strong point is also a strong
connection to state authorities and security forces.
However, a weak point is the lack of technological
modernization and financial sustainability of the system,
which is associated with the gradual decline of mining.
Compared to countries such as Germany or Australia,
Figure 3 Technology in the mining area Slovakia has not yet reached the level of automation and

Figure 2 Minerescuersinthe mining area
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use of modern technologies, which represents room for Slovak Republic for 2024, [Online], Available:
future development. www.hbu.sk/pdf/HBU_rocna-sprava_2024.pdf

The future of mining rescue is inextricably linked to the  [07 May 2025], 2025. (Original in Slovak)
challenges of energy transformation, the decline ¢2] District Mining Office in Banska Bystrica, Report on
traditional mining and the changing risk environment. the activities of the State Mining Administration of the
Inspiration from the experiences of developed countries is Slovak Republic, District Mining Office in Banska
therefore a key prerequisite for the Slovak system to Bystrica  for 2024, [Online], Available:

remain functional, effective and socially recognized. https://www.hbu.sk/files/documents/spravy/2024/obu-
bb_rocna-sprava_2024.pdf [07 May 2025], 2025.
6 Discussion (Original in Slovak)

A comparison with foreign countries shows that th&3] EU-OSHA — ochrana v banskom sektore, Directive
Slovak system has a high professional quality but lags 92/104/EEC — Mineral-extracting industries — safety
behind in the financial and technical areas. In the Czech requirements, [Online], Available: https://osha.europa.
Republic and Poland, the financing of rescue services is eu/en/legislation/directives/12 [07 May 2025], 2024.
tied to state resources to a greater extent than in Slovallfd. HBZS — Prievidza, Main Mine Rescue Station (HBZS),
In addition, modern digital technologies are used in Prievidza branch plant, [Online], Available:
Germany and Austria to monitor interventions in real time. https://www.hbp.sk/index.php/sk/sluzby/zachranna-
Logistics is therefore an area where the Slovak minin% sluzba [07 May 2025], 2024. (Original in Slovak)
rescue service has significant room for improvement[5] MY Horna Nitra, HBZS wants to continue to belong to
especially in the areas of digitalization, predictive the Ministry of Economy of the Slovak Republic, the
maintenance of equipment and modern human resourceState should participate in financing, [Online],

management [9,10]. Available: https://myhornanitra.sme.sk/c/23289336/hb
zs-chce-nadalej-patrit-pod-mh-sr-na-financovani-sa-
7 Conclusions ma-podielat-stat.html [07 May 2025], 2024. (Original

. . . . in Slovak)
Mining rescue in Slovakia is a unique system thalt In ) .
despite the decline in mining activities, plays an importa (is] TS(;CSHLfA' K_'r’ A_D_AM’NK“ dThefE\;]OIURAqn. of gealth .
role in the country's safety infrastructure. The analysis ?3” aet;:j Erammg_ aleg S0 I't € V'nl'ng Nectfr in
showed that the strengths are expertise and centralized reece and EWMaterials Proceedings, Vol. 5, No. 1,

NS o136, pp. 1-7, 2022.
structure, and the weaknesses are financing and technical ’
Su;poﬂt W nancing @ ttps://doi.org/10.3390/materproc2021005136

The aim of the article was to point out the importancg] BARTKO, M.: Banicke zachranarstvo na Slovensku —

e - : histéria a perspektivy, KoSice, TUKE, KoSice,
of mining rescue not only from the point of view of . AR

ning y y po! view (f Slovakia, 2018. (Original in Slovak)
P

logistics, but also from the point of view of the social an p o L
moral dimension. In the future, it is necessary to look faP) ,C\l:Sr:{gﬁzz.r’o};(e?'vg:’gﬁ)gr};i.\./gmsntﬁc?gi?ggleofsls/lri\gicnzs In
solutions that will ensure its sustainability and adaptation :

y b Safety, Vol. 45, No. 2, pp. 115-127, 2019.

to new challenges. Logistics is a determining tool fo ]
increasing the efficiency of rescue interventions. The reSLLr?c] HETMANCZYK, P., TAUSZ, K., KROWIAK, A..
Modern rescue service as a factor providing a sense of

is a recommendation to focus in the future on: p : le of | mini n-
- ensuring a stable and sustainable financing model, tha | SeCLl‘(”tyV(O”K ex?mpke OI cDoa hlinmlrllg)’ F?
ea higher level of technological modernization ondarenko, V., rovaievska, I, DyChkovskyy, K.:

New techniques and technologies in mining,

(modernization of —equipment, - digitalization  of Conference of the School-of-Underground-Mining,

information i :
information flows) September 12-18, 2010, Ukraine, pp. 157-160, 2010.

e more intensive international cooperation in training[ X
: 10] MISHRA, P.C., MOHANTY, M.K.: A review of
exchange of experience and transfer of know-how. ' T Lo
g P factors affecting mining operatiodyorld Journal of

Engineering, Vol. 17, No. 3, pp. 457-472, 2020.

Only in this way will it be possible to maintain a high https://doi.org/10.1108/W.JE-03-2019-0082

level of safety and preparedness of mining rescue workers
in the 21st century.
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Abstract: Intelligent machines that can perform tasks that they have been programmed to perform are called robots. They
have demonstrated importance in reducing the amount of human labour, particularly in industries. Robots are the
technological advancement that would undoubtedly make life easier and more convenient. The design, programming, and
implementation of a maze-wanderer robot that uses obstacle avoidance to determine its motion direction are the main
topics of this paper. The robot's intelligence will be provided by a program. Additionally, the paper will be limited to a
motorized vehicle that has been endowed with the intelligence to successfully navigate a specific maze.

1 Introduction The capabilities of rescue robots under development

Robots are intelligent machines that can carry otftclude searching, mapping, and reconnaissance; removing
preprogrammed tasks. They have proven important figbris; delivering supplies, including medical supplies; and
reducing the amount of work that humans do, particular§ven evacuating victims [9,10].
in industries. Robots would be the solution if there was one It is clear from the aforementioned applications that
technological development that would undoubtedly mak@bots are a crucial tool for our daily tasks. In order to
life simpler and more convenient [1]. satisfy the device's constantly increasing demand,

The manufacturing sector is where robots are mo8fgineers have endeavoured to ensure that this instrument
commonly used. Long-term repetitive tasks can caul&Properly designed and implemented, taking into account
people to grow bored and weary of their work, which magafety, accuracy and precision, cost, and efficiency.
lead them to start performing their duties against their will.

At this point, the individual will not be as productive and2  I|mplementation methodology

efficient as they were at the beginning of their careep.1 Hardware development

Additionally, because humans are naturally tired, there isa The hardware component needs to be properly
limit to how long we can work. The significance of robotgjesigned to guarantee that the operation will function as
becomes apparent at this point. They can be programmagknded. Determining how to use the H-bridge and sensor
to operate continuously throughout the production process,control the DC motors and how to link this circuit to the
delivering the same high-quality output. As a consequenaaicro-controller circuit is the primary task. The program
there are more manufactured goods of consistently highde for the microcontroller controls both the
quality and fewer products with flaws [2,3]. microcontroller and the H-bridge. The power supply unit,

There are numerous advantages for industries usiggnsory array module, central processing unit (controller),
robotics. As a result of increased productivity, businessaad drive system, also known as the motor control unit, are
will generate higher profits. Also, because defectivehe three circuits that make up the main circuit. These
products are reduced to nearly zero, the company will losgcuits are covered in the following sections.
less money. In all manufacturing sectors, automation and
robotics are becoming more and more significant. Inmaryl.1  Central processing unit (controller)
industries, humans can be replaced by robots. When it An electronic system known as a control unit receives
comes to jobs requiring accuracy, speed, endurance, anguts from a variety of sensors that gather environmental
dependability, robots perform better than humangata and can operate the output devices in accordance with
Dangerous and filthy tasks can be safely completed kiye conditions imposed by different limitations. A
robots. Robots can process multiple tasks at once and dpndgrammable logic device known as a microcontroller
require the same environmental comforts as humans [4-fjakes up the control unit. The microcontroller is a kind of

Robot lawnmows can be guided by a path in factoriggectronic device that can be pre-configured to meet our
that use the same path for repetitive tasks, eliminating theeds. Various input and output pins on each
need for a human operator. More advanced path followargscrocontroller allow for the connection of various /O
can be used to deliver drugs in a hospital and mail insidevices. Other peripherals of the microcontroller are also
an office building. Autonomous vehicles that drive onntegrated into the same chip. Thus, all other peripherals
freeways may eventually use the technology, which hase integrated into a single microprocessor, which is what
been proposed for operating mass transit systems d@nmicrocontroller is. We use a microcontroller as the
factories and other industries [7,8]. control unit whenever we need to manage the systems

dynamically based on the environment.
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2.1.2 Design of the obstacle sensing unit light at a slight angle when it is far from an object. A

Using reflected infrared light from its light source, eaclvariable analogue voltage is produced by the sensor based
infrared range sensor calculates the distance to an objext.the angle at which the reflected light enters the detector.
This can be seen in Figure 1. The sensor can measureBleusing this method, the sensor becomes insensitive to
angle at which reflected light enters the detector thankstoth the reflectivity of the object being detected and
its electronics. The detector receives light at a sharp anglmbient light, guaranteeing that the output voltage depends
when the sensor is near an object. The detector receiegdy on the distance to the object being detected.

Signal voltage

Obstacle sensor close to the
wall

High

Obstacle sensor far from

The wall Low

Figure 1 Sensing distance to the obstacle
Two configurations of break beam sensors ankighly appropriate for the robot's portability, which
reflectance sensors can be used to implement the infraregguires both the infrared fradiation (IR) source and the IR

based object detector. The second setup will lietector to be on the robot. The fundamental infrared
incorporated into the robot's control system since it Bmitter-detector circuit is depicted in Figure 2.

< YCC =819V

R1 [f1s0 RX ZSMED
> 52
Ny rie> R2 []-—5m

Figure 2 Infrared emitter-detector basic circuit

To stop the light-emitting diode (LED) from meltingfor detecting obstacles in front and turning right if it
itself, R1 is set to 220QThe robot's sensitivity to the encounters one. One on the right to tell you when to go
distance between it and the obstacle is determined by foeward when you're in reverse, and one on the back to help
resistance value of R2. For R1 = 22(RR = 22K2, and you turn when you're reversing. The microcontroller to be
Vce = 5.19V, the value of Vout is approximately 2.05Mused only has six pins that can convert analog to digital, so
when there is no obstruction in front of the sensor. Wheall of the sensor outputs are analogue. Together with the
an obstruction approaches within 15 cm, the valumicrocontroller that will convert analog to digital, it also
increases to 3.78V, and when the obstruction approachemdles signal processing.
within 5 cm, the value saturates to 5.06V.

In a similar manner, six units of the above-designe?l1.3  Design of the control signals processing unit
obstacle detector circuits will be used: two for detecting The control signals processing unit receives input
obstacles on the left wall while moving forward, and twaignals from the obstacle detection unit's output signals.
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These comprise the remaining six inputs from the circuitsther the outer boundary or each other. If not, the robot
used for obstacle detection. As a result, the obstaaiéll return to the entrance. Another explanation for the
detection unit will provide six digital inputs to the controleffectiveness of wall following is topological. Should the
signals processing unit. The first step is to use thealls be joined, they could be distorted into a circle or loop.
microcontroller's analogue to digital conversion feature téhen, wall following becomes nothing more than a full
transform the analogue input signals into digital signalsircle walk. The boundaries between the connected parts of
The digital signals are then subjected to logical operatiortbie maze walls are exactly the solutions, even if there are
for the obstacle detection circuits, the circuit with thenultiple solutions, to support this theory.

highest value that is, the circuit that receives the highest It is not guaranteed that this method will help achieve
value because of complete stability is chosen to indicate tthee goal if the maze is not simply connected (for example,
robot's direction of motion, and for the obstacle sensoii§the start or endpoints are in the center of the structure or
the values are used to determine whether motion inifathe pathways cross over and under each other). It is
particular direction is allowed. Six infrared sensors will bpossible to perform wall-following in 3D or higher-
installed on the robot, all of which will be positioneddimensional mazes if the higher-dimensional passages can
carefully to detect its motion. The sensors are oriented las deterministically projected onto the 2D plane. The
depicted in Figure 3. current orientation must be known, though, in order to
identify which direction is the first on the left or right,
unlike in 2D. Figure 4 below depicts a basic maze that was
used as the foundation for an example of how the robot
would move through it until it reached the exit.

*

Figure 3 Orientation of the IR infrared sensors I_

It is anticipated that the robot will use six sensors i
total. Given that the different sensors will be providin
varying readings at any given moment, this suggests ti
there will be a variety of combinations.

Figure 4 Smple maze for wall follower algorithm

2.2 Software devel opment S ) ) )
The software's main goal is to always keep control of AS Seen in Figure 5, the final implementation was

the hardware and solve the maze to figure out where to g@mpleted with the entire system, including sensors, the

Reading the sensors, adjusting the motor speed, daBY. and the power supply, and then coupled with the

interacting with any external peripherals are all part dfdio-controlled toy car below.

controlling the hardware.

221 Algorithm

Finding its way out of the maze is the main objective ¢
a robot. To do this, the robot employs a specific maz
searching algorithm. A great deal of research has alrec
been done and is being done on searching strateg|
Because of this, robots typically employ one or more of tt
three searching algorithms listed below: wall follower
depth first search, and flood fill. This only takes intc
account the wall follower algorithm.

222 Wall follower algorithm Figure 5 Final implementation

Other names for the wall follower, the most well- _ _
known maze-navigating rule, are the left-hand rule and tRe2-3 ~ Programming environment
right-hand rule. Keeping one hand in contact with one of Arduino is a single-board microcontroller, intended to
the maze's walls will ensure that the robot doesn't get Id8&ke the application of interactive objects or environments
and will reach a different exit if the maze is simplynore accessible. The hardware consists of an open-source

connected, meaning that all of its walls are connected fi@rdware board designed around an 8-bit Atmel AVR
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microcontroller, or a 32-bit Atmel ARM. Current modelsthe sensor. As a result, the distance of the obstacle from the
feature a USB interface, 6 analogue input pins, as well ssnsor (d) and the sensor's output voltage (Vout) were
14 digital /0 pins which allow the user to attach variousalculated and tabulated in Table 1.
extension boards.

It comes with a simple integrated development Vee = 4.86V
environment (IDE) that runs on regular personal computers <
and allows writing programs for Arduino using C or C++ |
to the atmega 328 then the chip was transferred to the RX A& ‘iniep
robot’s board. The Figure 6 and Figure 7 show the Arduino R 220
Uno board and the pin mapping for the chip. Vout

“ADE
INITALY

e _sscxras ey £ § X []._
. + % UNO & IR-LED e

I

Figure 8 Obstacle detector circuit diagram

Table 1 Results of the obstacle sensors

Output voltage
Number Distance, d (em) (volts)
0 No obstacle 1.73
1 35 2.30
Arguans bomotiee Arfung b et 2 30 241
~ ST ST POal FCS (ADCYICLAONT I e et
Spty por | X PONT vamuDy FOC P4 (ADCASOARCNT 13 oy ot 3 25 257
gl g 1 (70, PRCINT Y YDy PO PO (ADCIICMT 1) ]
Sgs g § WPONT W PORT PO ADCIOC T v ooy 3 0 377
Sgts e | PR PCINT YROCIRANT 1) PO PO ADCUPONTR iy o -
Spta o | PO IO NCHUTT) PO4 OO MOCOPT TR - gl €
v wet( s ca 5 15 3.03
- o] 1) asas B
eryva PONTHETAL TORC 1) Pl L 3 10 3.44
ryva IPONTIETAL NTORCH PO 1) P BCRPONTS Pl po ] .
Bpts gt PWE POMNTIOCONT 1) PO ) PO SN T Bt g 13
Sghe o | RN (PONTIMOCHARMNED PO 0 P (NOBWOCIARCINTY) dgle jon * P T 5 4.12
Sgts g " PONT IS PO MR SAOCHRPCINT  Sgle g 1 W
agts o | PTNGCLOACPY) PR PO OCTAPCINT V) egha g ¥ AW S 1 335
gt *ou 2010w ent Ty w6 B S trr WIEC
- > 9 3 453
—petare s e 3 Tene B wawr vy Ta S s
Figure 7 Atmega pin mapping 10 2 469
R . 1 1 4.70
3 Simulation results

3.1 Simulation of the obstacle sensors o Figure 9 displays a plot of the obstacle sensor's output
To determine whether there was an obstruction in thgytage in volts against the light source's distance from the

robot's path, six obstacle sensors were employed. Singgsor in centimetres.

each sensor was similar (having roughly the same output A 1/d~2 variation in both distance and output voltage

voltage for a specific distance from the obstacle), they &by pe observed from the plot of the obstacle sensor's

responded similarly. The circuit diagram for the robot'gy iyt voltage in volts against the light source's distance

obstacle detector is shown in Figure 8. from the sensor in centimeters, where d (cm) is the source's
In the study of the obstacle sensor, given a voltaggsiance from the sensor. Consequently, the output voltage

value (Vcc) of 4.86 volts, a resistance value (R1) of 220ses as the obstacle's (the robot's path) distance from the
ohms, and another resistance value (R2) of 22 kilo-ohmgsor decreases.

the obstacle was displaced linearly along the direction of
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output
voltage(v)

—&—output

1 4 i —— Linear (output)

0 10 20 30 40

distance (cm)

Figure 9 Variation of voltage with distance for obstacle sensors

3.2 Simulation of the signal processing unit the control signals processing unit. In the signal processing
The control signals processing unit receives its input#it test, every single input signal from every sensor
from the obstacle detection unit's output signals. Thegeovided specific instructions for the signal processing
comprise the six digitally-based inputs from the obstaclénit's output. The different possible states of the robot are
detectors. This suggests that there are six digital inputs ®mown in Table 2 below, along with a suggested control
action for each.

Table 2 Sates of the robot and the corresponding instructions

Number Sensor Instruction
1 Left _forward sensor Move forward
2 Left _reverse sensor Move forward with a left turn if left

_forward sensor is clear.

3 Forward _left sensor Move forward with a right turn if the
left _forward is blocked

4 Forward _right sensor Move forward with a right turn if it’s
not clear, else reverse with left turn
until it’s clear if all other options are
not clear

5 Reverse sensor Move reverse with left turn until

forward right is clear.

6 Right _forward sensor Move forward with right turn if it’s
clear and front and left not clear.
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Abstract: Green logistics is a term that is important in the context of logistics management operations that have an
influence on the environment. Green logistics focusses on systematically measuring, analyzing, and reducing the
environmental effect of logistics. This covers every action related to the forward and backward flow of information,
products, and services from the point of origin to the point of consumption. Green inventory management, green facility
placement, the operational effects of environmental restrictions, ethical purchasing, green technology selection, and eco-
design principles are all related to it. It seeks to use a balance between environmental and economic efficiency to build a
sustainable firm value. For a sustainable global future, green logistics must be implemented. An attempt has been made
in this article to survey the significance of green logistics in the current technological landscape. In order to gather data
regarding the application of green logistics in organizations, the survey form has been created to include respondents of
all ages.

1 Introduction Regulatory Compliance: Green logistics techniques
A key component of supply chain management in 2028ssist companies in remaining in compliance and avoiding

is "green logistics,” which seeks to lessen the adverfiges as a result of numerous governments enforcing more

environmental effects of logistics activities. It is importangtringent environmental laws.

because it lowers carbon emissions, enhances brand image,

and complies with regulations. Along with cost savingsl.2 Instances of green logistics at work

companies can increase operational efficiency by Vehicles that run on hydrogen and other alternative

implementing green practices. fuels: Converting to these vehicles greatly lowers air
pollution and carbon emissions.
1.1 Important green logistics aspects Route optimization: Delivery routes can be made more

Diminished Carbon Footprint: Green logistics aims téfficient by using technology to cut down on trip time and
cut greenhouse gas emissions from storage, goods &#@l usage.
other logistics-related activities. Numerous tactics, such as Eco-friendly packaging: Reusable or biodegradable
utilizing electric cars, planning routes more efficiently, an@ackaging materials minimize waste  as well as their
imp|ementing renewable energy sources, can he|p achiéj@rlmental ImpaCtS on the environment. Green |Og|$t|CS IS
this. not only a trend but also essential for companies looking to
Increased Operational Efficiency: Green logistic®rosper in 2025 due to rising consumer demand for
encourages the use of technology that can simplifpstainable goods and services and increased
processes, cut down on inefficiencies, and boost overgfivironmental consciousness. Businesses may boost their
productivity, such as data analytics and route plannirfpancial line, improve their brand image, and help create a
software. more sustainable future by adopting green practices.
Possible Cost Savings: Green logistics can resultin real
cost savings by maximizing fuel consumption, cuttind.3 Whatistheterm " green logistics' and what
waste, and enhancing operational effectiveness, in addition ~ doesit include?
to benefits for the environment and branding. The Association of Supply Chain Management
Better Image of the Brand: Companies that putASCM) Dictionary defines green logistics as a supply
sustainability and green logistics first draw in eco-awarehain that takes into account how its operations affect the
clients and investors, which boosts the reputation of thenvironment, takes steps to comply with environmental
brands. safety regulations, and informs partners and customers of
these actions. This includes green reverse logistics, where
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the provider is in charge of getting rid of packing materials As new technologies and environmental concerns
and materials that are harmful to the environment, likecrease, green logistics keeps changing. The next stage of

heavy metals. green logistics development is probably going to be driven
by additional advancements in automation, circular
1.4 What makesgreen logistics critical ? economy principles, and sustainable materials in the future.

While putting green logistics into practice benefits our
environment greatly, it also helps businesses save m&e Literaturereview
money and boost production efficiency. ~Additionally2 1  Review on green logistics

consider the perspective of the consumer: if you had the \ary Catherine Osman et al. [2023], in order to comply
option, wouldn't you feel more comfortable selecting @jith emerging market trends and public demands for
business that was contributing to environmentanvironmentally friendly freight transportation, logistics
awareness? Based on their own assessment of whigdtworks must implement a number of Green Logistics
brands are dedicated to sustainability, 68% of consumesgactices (GLPs). Investigating the potential effects of
want to base their future purchases, according to Forbesysing fossil fuels as a GLP on system design and corporate
Thus, green logistics has become a crucial componefifategy is the aim of this study. A review of the literature
of supply chain management because it will not only saygdicates that there is a dearth of research on the utilisation
your business time and money, but it will also improve thef fossil fuels [1]. The findings of a literature review

perception of your brand. indicate that there is a dearth of knowledge about the use
o of fossil fuels.
15 Green logigtics started when? Dharmendra Hariyani et al. [2024], green supply chain

In the 1970s, as people's awareness of the mountimginagement (GSCM) must be used by organizations
problems posed by climate change increased, the idealsfcause of restrictions and increased environmental
or demand for, green logistics first emerged. Growingonsciousness. Despite extensive research on the topic,
regulatory demands and technology developments brougiile is known about how exactly GSCM concepts relate to
about by this awareness aided in the development aggstainable sourcing and distribution. The study intends to
diffusion of green logistics in the business sectoglucidate the fundamental ideas of GSCM, distinguish
Companies started to evaluate the environmental impactigftween sustainable sourcing and distribution concepts,
their operations and implement changes to include ecgssess theoretical frameworks that direct GSCM practices,
friendly logistics systems and more sustainable supplyok into new developments, and pinpoint obstacles and

chain administration in order to mitigate thedifficulties in GSCM. This review uses the Scopus
environmental harm caused by consumer demand for meigtabase to examine GSCM with an emphasis on
environmentally friendly brands and products. sustainable sourcing and distribution [2].

Jamal Fortes [2009], providing a concise summary of
1.6 Thedevelopment of environmentally friendly  the literature on green supply chain management (GrSCM)

transportation during the last two decades is the aim of this paper. Waste
1970s: Concerns about the oil crisis and environmentalanagement, green manufacturing, green operations,
consciousness lead to the first Earth Day. green design, and reverse logistics are the primary themes

Environmental restrictions began to take shape in ttieat arose from the literature. The establishment of social
1980s, notably the Brundtland Report and thend environmental sustainability in  operations
modifications to the Clean Air Act. management and the supply chain has advanced

In the 2000s, supply chain management as a whagnificantly thanks to sustainable development. In the late
began to incorporate green logistics and corporate socl&80s, manufacturers implemented a greener approach in
responsibility (CSR) more heavily. their operations systems, going beyond what was mandated

2010: To increase productivity and cut emissiond)y the law [3].
businesses start implementing cutting-edge technologies Zhuoyan Qin [2019], the public suggested that
like telematics, GPS tracking, and route optimizatiognterprises be held to higher standards for green
software on a large scale. management and environmental preservation. The

2012: The Paris Agreement places more emphasis iwroduction of green supply chain management has given
the necessity of reducing carbon emissions in all aredsjsinesses additional possibilities. This page compiles the
including logistics, the construction of green warehouséslevant research on green supply chain management, the
and distribution centres, and the use of energy-efficierglationship between green supply chain management and
architecture and renewable energy sources. business performance, and possible future research trends

2020s: Businesses pledge to lower greenhouse gayd problems [4].
emissions while expanding the use of hybrid and electric Yi wang et al. [2023], nowadays, social and economic
vehicles in logistics fleets. The circular economy, whicprogress is characterized by greening and digitization.
emphasizes recycling and reuse in supply chains to reddigital technology is widely recognized by the business
waste, gains popularity. and academic communities as a key enabler of green
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supply chain management. The new field of technology is Christian Ayemoma Apolaagoa et al. [2023], the
constantly changing due to the quick development @bncept of Green Supply Chain Management (GSCM) and
digital technology and the start of the Industry 4.0 era. At impacts are examined in this research using bibliometric
a result, academic research in this area is expanding but Aaalysis and a relational approach to the corpus of recent
not yet reached saturation. In addition, the study explorierature. Its primary source of data is the Scopus database.
how these technologies might lower energy and resourBefined search parameters were used to retrieve 652
inputs as well as pollution emissions, thus increasing tldmcuments by 1959 writers in order to discover relevant
green supply chain's operational efficiency and yieldingapers in the topic of study. The publications studied were
social, economic, and environmental advantages [5].  those released from 2017 to 2022 [11].

Abhijna Neramballi et al. [2017], in a market with  M.K.Dhillon et al. [2023], in order to inform future
intense competition, businesses extend their supply cha@search, this study aims to synthesize the diverse body of
globally. Laws, environmental groups, stakeholders, arekisting knowledge on flexible and green supply chain
consumers are all putting pressure on businesses to fomenagement (FGSCM) in emerging economies and
more on the environmental impacts of their supply chainglentify research gaps . Through the triangulation of
Due to this development, supply networks are increasinghgtwork analysis, text mining, and systematic literature
more concerned with sustainability, which has causedview, we built a novel structured systematic literature
Green Supply Chain Management (GSCM) to flouristreview. The outcomes of the review were analysed using
This project intends to create a conceptual model that wifstitutional theory and contingency theory [12].
arrange the vast amount of literature in the field of GSCM Sudhanshu Gupta [2017], in the area of sustainable
in order to enhance supply chain performance generalgvelopment, significant strides have been made in
and the environment in particular [6]. enhancing the ecological and social sustainability of

Roya Anvari et al. [2023], reviewing and categorizingoperations management and the inventory network. In the
the literature in three different but somewhat related suppligte 1980s, several producers and manufacturers went
chain domains—Reverse Supply Chain (RSC), Closetbove and beyond the call of duty to establish more
Loop Supply Chain (CLSC), and Green Supply Chaianvironmentally friendly and sustainable business
(GSC)—is the first attempt at this task. Therefore, each sfructures. This study aims to give a concise summary of
these three topics has been divided into several criterihe many studies and publications that have been written
each of which is an assessment of several connectacer the past 25 years regarding green supply chain
conditions. Through a review of previous research andnaanagement (GrSCM) [13].
summary of the key findings, this study attempts to achieve Dasanayake et al. [2022], environmental contamination
the stated goals. The first section will go over what has one of the main issues of the decade that continues to
been done, and the second half will go over what has beearsen due to the careless actions of corporations
discovered [7]. worldwide. Most industries are concentrating on

Mutua Mutie Daniel et al. [2022], activities related tamplementing green supply chain techniques in order to
distribution and transportation play a significant role in anchieve sustainability in the Triple Bottom Line (TBL) and
organization's resource usage and environmental damageercome the challenges posed by pollution. The study's
Air emissions from automobiles and associatedbjectives are to determine how multinational firms are
organizational activities can have an adverse effect on thsing Green Supply Chain Practices (GSCP) to improve
environment, leading to localized smoke, acid rain in thieir organizational contribution to environmental
area, and climate change [8]. sustainability and to conduct a comprehensive analysis of

Jasneet Kaur et al. [2018], in order to gain a competitigreen practices and how the logistics and supply chain
edge, boost customer satisfaction, improve brand imagesctor can use the "sustainability" concept to reduce
and, of course, have fewer negative environmental effecégjverse environmental effects [14].
companies are increasingly talking about green supply Jeya Rani et al. [2025], the only emphasis of the
chain management. Performing a literature review on tlwirrent research study is how it helps Sabaari Logistics Pvt.
obstacles to the green supply chain and suggestingLta., a developing Indian logistics company, improve its
categorization system to rank the most significant onesl@gistics performance. As green sustainability gains more
the main goal of this study [9]. attention globally, logistics companies have been

Nekmahmud Md et al. [2020], using Green Supplyeorienting from conventional approaches to more
Chain Management (GSCM), industry in developedustainable and environmentally friendly methods.
countries is creating answers to the global sustainabilifyansportation, warehousing, packaging, and waste
challenge. Similarly, the companies of poor countries ateeatment are just a few of the supply chain operations that
trying to apply GSCM for sustainable development. Thiare subject to green supply chain management, or GSCM.
study aims to conduct a thorough evaluation of thEnergy-efficient warehouse systems, ecologically
literature on GSCM practices and investigates the presemiceptable packing materials, optimized routes, and the use
status of the practice in Bangladesh [10]. of fuel-efficient vehicles are all examples of these at

Sabaari Logistics [15].
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Fuyume Sai [2019], recently, the logistics service

industry has been increasingly concerned abo@ Case study of green logistics

environmental = sustainability. Although there are an |n this section attempt has been made to collect survey
Increasing number of studies on sustainable Inltlatlveﬁformation from respondents Working in various
among logistics service providers (LSPs) in the body @frganization like Industries, College etc. In this case study
current ||terature, limited Study has been done betwemmber of responses obtained were 2 both were from

LSPs and shippers. Japan (2006-2017). Unlike thgchnical educational institutions in India.
gquestionnaire- and interview-based studies found in the The following survey questionnaire framed while

literature, we use a text mining technique to analyse the @jllecting data from the respondents
occurring links of data, i.e., connections of the practices,

and present the collaborative sustainability actions carried Q1. "To what extent are you aware of the concept of
out through the provision and demand for logistics servicggeen logistics?"

[16]. Q2. "Have you implemented any green logistics
G L F Benachio et al. [2019], the construction industrgractices in your organization?"

is one of the largest producers of waste worldwide. To Q3. "How important is green logistics in your

address this issue, the idea of environmental sustainabilyganization's strategic goals?"

in the industry can be applied in a number of ways, such as Q4. "What are your long-term goals for green

waste reduction, carbon emission reduction, improvaggistics?"

material SeleCtion, and more. BUIIdlng SUStainabi"ty can be Q5_"What are the main areas of focus for research and

improved by implementing Green Supply Chaievelopment in green logistics?"

Management (GSCM), as these areas include multiple

stakeholders throughout the project life cycle [17]. These are the above metrics set in the questions as
Zhenjing Gu et al. [2022], logistics are essential to theentioned here.

economic development of any country or region.

Urbanization and international trade affect logistica 1 Resultsand discussion

performance. The efficiency of logistics is significantly e Figure 1, it is illustrated that 100 % of the

impacted by urbanization. However, logistics hagsspondents have given their preferences to use of electric

disadvantages as a significant energy user. As logistigshicles by reducing carbon emissions. Thus, it controls

performance increases, urbanization and greater mobilifys environment pollution by increasing the efficiency of

result in higher carbon emissions. The efficiency Qhgistics. Overall, it improves the sustainability of

logistics has a favorable impact on trade openness, Whigherations by safely transferrin the items as well planned
lowers carbon emissions. Consequently, it is essential | organization.

comprehend the role of logistics from an economic an
environmental perspective [18].

ZERO CARBON EMISSION 2 (100%)
USE OF EV 2 (100%)
ALTER NATE FUELS |0 (0%)

NONE 0{0%)

0 1 2
Figure 1 Green logistics metrics

4 Conclusion up for long-term success in a market that is changing

Green logistics, which has both financial andluickly is the adoption of green logistics. _
environmental advantages, is an essential component of A closer look at green logistics’ conclusion is provided
sustainable business practices. Employing eco-friendigre:
supply chain practices can help companies lower their o
carbon footprint, increase productivity, and improve the Advantages of Green Logistics.
perception of their brands. A smart step that sets companies
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Effects on the Environment: (CSEE’17) Barcelona, Spain, April 2-4, pp. 1-8, 2017.
Decreased Carbon Footprint: Green logistics reduces https://doi.org/10.11159/icesdpl17.17
greenhouse gas emissions, which makes the environmpitANVARI, R.: Green, Closed Loop and Reverse Supply
cleaner. Chain: A literature reviewJournal of Business &
Conservation of Resources: Ecological methods such Management, Vol. 1, No. 1, pp. 33-57, 2023.
as recycling and waste minimization aid in the preservation https://doi.org/10.47747/jbm.v1i1.956
of natural resources. [8] MUTUA MUTIE, D., ODOCK, S., LITONDO, K.:
Decreased Pollution: Businesses can lessen air and Green Logistics Practices and Performance: A Review
noise pollution by employing eco-friendly transportation of Literature, African Journal of Business and
and route optimization. Management, Vol. 7, No. 2, pp. 233-350, 2022.
Problems and Things to Think About: [9] KAUR, J., AWASTHI, A.: A systematic literature
Costs associated with implementation: Although the review on barriers in green supply chain management,
long-term advantages of green logistics exceed the initial International Journal of Logistics Systems and
outlay, companies may still need to cover the upfront Management (IJLSM), Vol. 30, No. 3, pp. 330-348,
expenses of new procedures and technologies. 2018. http://dx.doi.org/10.1504/IJLSM.2018.092613
[10] NEKMAHMUD, M., RAHMAN, S., SOBHANI,

The limitations of the infrastructure.

Some places might not have the infrastructure required
to facilitate green logistics, such electric vehicle charging
stations.

Supply Chain Intricacy:

Green supply chain integration can be difficult and
necessitates cooperation and communication

References

[1] OSMAN, M.C., HUGE-BRODIN, M.,
AMMENBERG, J., KARLSSON, J.: Exploring green
logistics practices in freight transport and logistics: a
study of biomethane use in Sweddnternational
Journal of Logistics Research and Application, VVol. 26,
No. 5, pp. 548-567, 2023.
https://doi.org/10.1080/13675567.2022.2100332

[2] HARIYANI, D., HARIYANI, P., MISHRA, S.,
SHARMA, M.K.: A literature review on green supply
chain management for sustainable sourcing and
distribution, Waste Management Bulletin, Vol. 2, No.
4, pp. 231-248, 2024.
https://doi.org/10.1016/j.wmb.2024.11.009

[3] FORTES, J.: Green Supply Chain Management: A
Literature Review, Otago Management Graduate
Review, Vol. 7, pp. 51-62, 2009.

[4] QIN, Z.: A Literature Review of the Impact of Green
Supply Chain Management on Firm Performance,
Journal of Service Science and Management, Vol. 12,
No. 7, pp. 872-879, 2019.
https://doi.org/10.4236/jssm.2019.127059

[5] WANG, Y., YANG, Y., QIN, Z., YANG, Y., LI, J.: A
Literature Review on the Application of Digital

F.A., OLEJNICZAK-SZUSTER, K., FEKETE-
FARKAS, M.: A Systematic Literature Review on
Development of Green Supply Chain Management,
Polish Journal of Management studies, Vol. 22, No.

1, pp. 351-370, 2020.
https://doi.org/10.17512/pjms.2020.22.1.23

[11] APOLAAGOA, C.A., MUHAMMED, A.-R., ZUZIE,

R.S., OWUSU, A.: A Bibliometric Literature Review
of Green Supply Chain Management and Its Impacts
Using VOSviewer and R (Bibliometrixjlournal of
Service Sience and Management, Vol. 16, No. 3, pp.
369-390, 2023.
https://doi.org/10.4236/jssm.2023.163021

[12] DHILLON, M.K., RAFI-UL-SAHAN, P.M., AMAR,

H., SHER, F., AHMED, S.: Flexible Green Supply
Chain Management in Emerging Economies: A
Systematic Literature ReviewGlobal Journal of
Flexible Systems Management, Vol. 24, No. 1, pp. 1-
28, 2023.
https://doi.org/10.1007/s40171-022-00321-0

[13] GUPTA, S.: The Curious Case of Green Supply Chain

Management: A Literature Reviewnternational
Journal of Research in IT and Management (IJRIM),

Vol. 7, No. 1, pp. 8-19, 2017.
[14] DASANAYAKE, W.M.D.A., GAMAARACHCHI,

B.G.T.N, RANATHUNGE, KK.G.L.S,,
KARUNARATHNA, K.N.P.: How Green Supply
Chain Practices Support Environmental
Sustainability: A Literature Review, 13th

International Conference on Business & Information
ICBI, University of Kelaniya, Sri Lanka, pp. 231-241,
2023. https://dx.doi.org/10.2139/ssrn.4454020

Techn0|ogy in Achieving Green Supp]y Cha|n[15] RANI, J., VINOTHKUMAR, A.: A StUdy on Green

Management Sustainability, Vol. 15, No. 11, 8564,
2023. https://doi.org/10.3390/su15118564

[6] NERAMBALLLI, A., SEQUEIRA, M., RYDELL, M.,
VESTIN, A., IBARRA, M.: A Conprehensive
Literature Review of Green Supply Chain
Management, Proceedings of the 2nd World Congress
on Civil, Structural, and Environmental Engineering

Supply Chain  Management in  Logistics,
International Journal of Research Publication and
Reviews, Vol. 6, No. 4, pp. 12526-12529, 2025.

[16] FUYUME, S.: Survey of Sustainable Logistics

Services via Text MiningJournal of Mechanics
Engineering and Automation, Vol. 9, pp. 100-110,
20109.

https://doi.org/10.17265/2159-5275/2019.03.004

~ 151~

Copyright © Acta Tecnologia, www.actatecnologia.eu



Acta Tecnologia - International Scientific Journal about Technologies
Volume: 11 2025 Issue: 3 Pages: 147-152 ISSN 2453-675X

Impact of green logistics and its significant importance in SCM operations-overall glance
Panneerselvam Sivasankaran, Gopal Ramesh

[17] BENACHIO, G.L.F, FREITAS, M.C.D., Economic Growth by CS-ARDL Technique:
TAVARES, S.F.: Green Supply Chain Management  Perspective to Blockchain Technologdyrontiers in
in the Construction Industry: A literature revid@p Public Health, Vol. 9, pp. 1-13, 2022
Conference Series. Earth and Environmental https://doi.org/10.3389/fpubh.2021.818614

Science, Vol. 225, pp. 1-8, 2019.
https://doi.org/10.1088/1755-1315/225/1/012011
[18] GU, Z., MALIK, H.A., CHUPRADIT, S., Review process
ALBASHER, G., BORISOQV, V., MURTAZA, N.: Single-blind peer review process.
Green Supply Chain Management with Sustainable

~152 ~

Copyright © Acta Tecnologia, www.actatecnologia.eu



Acta Tecnologia - International Scientific Journal

ABOUT /STATEMENT

JOURNAL STATEMENT

Journal name:
Abbreviated key title:
Journal title initials:
Journal doi:

ISSN:

Start year:

The first publishing:
Issue publishing:
Publishing form:

Availability of articles:

Journal license:
Publication ethics:
Plagiarism check:
Peer review process:
Language:

Journal e-mail:

Acta Tecnologia

Acta Tecnol

AT

10.22306/atec

2453-675X

2015

October 2015

Quarterly

On-line electronic publishing

Open Access Journal

CCBY-NC

COPE, ELSEVIER Publishing Ethics
Worldwide originality control system
Single-blind review at least two reviewers
English

info@actatecnologia.eu

ISSN 2453-675X

The journal focuses mainly on the original and new, interesting, high-quality, theoretical, practical
and application-oriented contributions to science and research and pedagogy and education in
technologies.

Acta Tecnologia journal supports the San Francisco Declaration on Research Assessment (DORA).
The primary directives include open access, reuse of outputs, diversity among authors and
reviewers, peer review, description of provided services and related publishing charges.

Publisher: 48 go, s.r.o.

Address: Semsa 24, 044 21 Semsa, Slovak Republic, EU
Phone: +421 948 366 110

Publisher e-mail: info@4sgo.eu

Responsibility for the content of the manuscripts depends
on the authors and not on the editors or the publisher.

Copyright © Acta Tecnologia, www.actatecnologia.eu


http://www.actatecnologia.eu/
mailto:info@4sgo.eu
mailto:info@actatecnologia.eu
http://www.actatecnologia.eu/
http://www.actatecnologia.eu/



