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Abstract

One of thanainchallenges for sustainald@d new energpased mobility is the development of alternative fuels,
particularly thoseroducedfrom waste. Thigaperaims to review the scientific literature on wabtesed fuels

and identify key technological, economic, and environmental trendgafer presentstwo-stage methodology:

first, a quantitative analysis was conducted using top&@sdatabaseA qualitative evaluation of relevant studies
follows it. The result®f the analysisndicate that research primarily focuses on the pyrolysis of plastic waste and
high-calorific fractions, as well as the biorefinery concept. In contrast, catalytic and thermochemical processes are
the primaryfocus of thetechnological approaches. Wast@sed fuels offer savings of up to 43% compared to
fossil fuels and a fawoable emissions profile; however, economic viability and regulatory frameworks remain
significant challenges. The study concludes that widespread adoption requires an integrated approach that
combines technological innovation, economic incentives, andylifle assessments.

Keywords:
wastebased fuels; circular economy; biorefinery pyrolysisstainable mobility

1. Introduction

2QH Rl WKH JUHDWHVW WHFKQRORMEB P DQGHDRALHPWLIDVO WHKHD T & H @ WH. ¥
PRELOLW\ 6LQFH WKH XORBDRQGLRLWRH IRXQGBPRVLRQV RI FLYLOLVDWLF
FRXQWULHYVY DQG FRQWLQHQWY ZKLFK UHTXLUHV VLJQLILFDQW HQHUJ
HQYLURQPHQWDO SROOXWLRQ 7KH VHDUFK IRU VROXWLRQV KDV EHHQ |
VLIJQLILFDQWO\ LQIOXHQFH ZKHWKHU D SDUWLFXODU WHFKQRORJ\ LV ¢
(XURSHDQ 8QLRQ DIQM\ HAKHRFMMURIPRELDWRU\ LQVWUXPHQWY KDYH HQDEO
=ROG\ HW D®RZHYHU LW LV FOHDU WKDW HOHFWURPRELOLW\ ZLWK L
UHSODFH WUDGLWLRQDO PRELOLW\ EDVHG RQ LQWHUQDO FRPEXVWLRGQ
VHFWR UG WVMY G QWADUDWRY B RFBREAIQ DW LY H RORGE LW WA OIEXPHURXY FRPSOHPHQ\
UHVHDUFK SURMHFWWM. KWME B @R DHKR@EEIYDEOH PRE2ZQHWAHVRIOX\WK R
DSSURDFK LQYROYHV OLTXLG IXHOV IURP ZDVWH 7KH XVH RI ZDVWH IX
DQG HQYLURQPHQWDO SURWHFWLRQ IRU VHYHUDO UHDVRQWEKAKH GHY
XWLOLVDWLRQ RI PDWHULDOV JHQHUDWHG E\ KXPDQ DFWLYLWQRHV WK
ODQGILOOV 7RURN HW DO

7KH LQYHVWLJIJDWLRQ RIIHBEWA/RIFE RV E DT XQIGQ NHHZ WARS M K VM BD Q D E WD
UHF\FOLQJ DQG XWLOLVDWLRQ RI PDWHULDOV WKDW DULVH PNWKSUR G X

)X IBOR G XFRIB ZDMWHO WKH UHTRLUHARE QW W IRR @RER OV Y HPDWHULD (
LQFOXGLQJ IXHO SURGXFWLRQ IURP @BN QWL YL/ WK Q8 UDIOK \HOMY B FIVQIRQ
SURFHVVLQJ Rl UDZ PDWHULDOV 7KLV UMIGK RHM\B Y DBBQRIRG WD O D\P §IPEW
EDVIKGIOV FDQ UHSUHVHQW D VROXWLRQ IRU WKH WUDQVLWLRQ IURP D
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GLVSRVLQJ RI ZDVWH LQ ODQGILOOV RU LQFLQBYNWRUHG XWRLEFK RGXHE |
IXHO :DVWH LV WKXV QRW DQ HQG SURGXFW EXW D QHZ UHVRXUFH

7KH ILQDQFLDO DVSHFWV RI WI¥HFDUEXIHD U PISBERGR/MYX DOMRK LIKOLIKV
LPSRUWDQFH RI D WUDQVSDUHQW UHJXODWRU\ HQYLURQPHQW WKDW
GHYHORSPHQW RI FRUUHVSRQGLQJ WHFKQRORJLHYV 7KH GHYHORSPHQW
LPSRUWD@FPVKLY FRQWH[W DV LW FDQ FUHDWH HFRQRPLF LQFHQWLYH"
VRXUFHV ,Q WKH PRELOLW\ VHFWRU SXEOLF IXQGLQJ SURJUDPV SOD\ D
GHYHORSPHQW ZKLOH WDSHOWWQQMWRR QP FARXWIVD 6 [DKOHP &QDpX & VIAWBHR AW D
UHSRWKW /LPLWV WRHDKRREMIMK HW DOUHDG\ ZDUQHG DERXW WKH XQ\
XQOLPLWHG JURZWK OD\LQN RLKH XFOOQUG DMRGERP \RQWS RGN GHPDQG IRU
%RXUJXLIQRQ

THV VWXGWRLSUHVHQ\WXEDE AMADMRKEYWHRSLF RI IXHO SURGXFWLRQ IUR
SRWHQWLDO UHVHDUFK GLUHF/HVRDLOW & URD G XW WLIL\R Q @B VLD O\VLYV
UHOHYD®W VWXGLH

/[LWHUDWXUH DQDO\VLYV

7KH RYHUYLHZ RI UHOHYDQW VRXUFHV ZDV FRPSOHWH®RQQXWHXRIETWH
XVLOYKARGE&EDWDEKWHIRFDO SRLQWYV RI WKHHQVYWWRWNYDW.R® ZE@ G HWWKK |
WHFKQRORJLHY WHKHFRREGBKHHEHOHFWHG SPRHUHYGEZHUFODPQDO\WVHG

7KH UHOHYDQW VRXUFHV ZHUH VHOHFWRG /Z$ W&K( %W K B VWHID $ 1R [UD B8EXB 8 6
$1' IXHO $1' 38%<($5 ! $1' 38%<($ZKLFK \LHOGHG D WRWDO RI
FRQWDLQLQJ ¥ZION WBHNHBQUSMH\ZRUGYV VW D BUHRY E QH KV WHB WWHIPU W LW C
RU WKH NH\ZRUGYV DVVLJQHG WR WKH SXEOLFDW LRY HVWZKINUOE R M HCD X
WR SBXHEWML.VKHG DIWKWR@RXVMH UHFHQW ZRUNV 7KH UHVXOWLQJ GDWD
ILOH DQG SVROB\WMGPSOH 3\WKRQ VFULSW ZKLFK FRP ZDWHGDWXH \FRRY\
SUHGHILQHG NH\ZRUG WRNHMQIEBERU WR SOROHUWLWKDW GHDO ZLWK H
TXHVWLRQ DQ DGGLWLRQDO ILOWHULQRW VWHSOAFVIW DREURGMBHG SDSFH
WKHLU DEVWUDFWYV ZHUH GLVFDUGHG UHVXOWLQJ LQ HQWULHV 7KF
ZDV GHWHUPLQHG E\ ORRNLFX ORW B & GAIRRME IY\D § @/DBIV W L FDZEBBLW H
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JLIXUH &RXQW RI SDSHMKWIVREXMBOWWEBNH QURP WR

JRU WKH QXPEHU RI SDSHUV GHDOLQJ ZLWK VHOHFWHG SURGXFWLF
SWKHUPRFKHRRFX® PEERORJIDRIBD WD OVYWHFDXWKRUV ZRXOG OLNH WR D
VLPSOLFLW\ RI WHKWLV B HWX®RW LY CMKPLLMWDSMNWIWRRIDFK FDQQRW DFFRXQW IF
RQO\ HI[DFW PDWFKHV 7KHUHIRUH WKH VXP RI SDSHUV LQ VHSDUDWH |
SDSHUV LQYROYHG LQ WKH DQDO\VLYV
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JLIXUH &RXQW RI SDSHUV E\ SURWKHWERQ GDWPHWDW MV HFKR RORWRLQ

ORUH VRSKLVWLFDWHG DSSURDFKHYV LQYROYLQJ /DUJH /DQJXDJH ORGI
FOWNIRUBDSHUY DQG GHWHUPLQLQJ WKH QXPEHU RI SXEOLFDWLRQV IR
IHYHUWKHOHVY WKLV VLPYXOH. R WKKRBGBNOMRGY WR WRKHI BRWOMHQWLRQ LV
VRXUFH )LJ IRBORZHGVEVUHRW GVYOXGJH DQG IRRG ZDVWH ZKHUHDV I
IXHO RU HQHUJ\ SURGXFWLRQ LV OHVV GLDRMOONN F5XS DWIBA IQQYISUIM & K H!
WHFKQRORJ\IRDORZHG E\ ELRORJLFDO DQG WKHUPRFKHPLFDO PHWKRG
OHDVW LQWHUHVW LQ WKH VFLHQWLILF FRPPXQLW\

3. Literature review

To provide a deeper understanding of the technological, economic, and environmental dimensions of waste
based fuel research, this section critically examines selected studies that represent distinct milestones and thematic
clusters within the broader ligiure. These papers were chosen because they introduced foundational concepts,
proposed innovative technological pathways, or addressed practical challenges in scalidgrivestduels. The
sequence of discussion follows a logical progression to #itesthe evolution of research on wased fuels. It
begins with foundational studies that establish the broam®ext of sustainability and energy, highlighting the
global imperative for clean, affordable, and reliable energy, as wtieasonceptual frameworks that underpin
the transition toward renewable sources. Building on this foundation, the review moves to early investigations into
biomass and biofuel production, which introduced key technological pathways such as lignocelutesision
and ethanol synthesis, while addressing challenges related to cost and resource competition. The next stage focuses
on integrated biorefinery concepts and circular economy approaches, esinghastiategies that maxiss
resource efficiency by producing not only fuels but also dviglue chemicals from diverse waste streams.
Following this, attention shifts to specific technological solutions, including thermocatalytic pyrolysis of plastics,
hydrogenation of waste fraotis, and the development of slurry fuels, each offering distinct advantages and facing
unigue technical and economic barriers. Finally, the section concludes with applied and experimental studies that
validate these concepts through combustion simulatéonts engine performance tests, providing empirical
evidence of feasibility and environmental benefits. This structured approach enables readers to trace the trajectory
of research from theoretical foundations to practical applications, revealing bothudgrdaimd innovation in the
pursuit of sustainable mobility.

Several studieprovidea general overview of fuel production from wadter exampleChu and Majumdar
(2012)set the strategic context for why wastesed fuels are importafitheyargue that the world needsiaew
industrial revolutior to achieve affordable, accessible, and sustainable energy, esmhdbe urgency of
decarbonrging transportation fuels. The paper highlights biofugtarticularly those derived from lignocellulosic
biomass and waste streamss critical alternatives to petroletimased fuels. It also frames the challenges of
scalability, infrastructure, and lfeycle emissions, noting that advanced biofuels can reduce greenhouse gas
emissions by over 60% compared to fossil fuels when propeslyaged. By situating biofuels within broader
energy policy and technology pathways, this article provadescrelevel rationale for investing in wastierived
fuels as part of a diversified cleamergy portfolio.In the 21st century, energy use must be sustainable. Solar
energy, hydroelectric power, and the development of microorganisms for biofuel production are examples of
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alternative energy soums. This studgituates these options within a broader context, linking the areas of energy
transport and production, and providesoverview of the current energy landscape, as well as the lines of research
and development that can lead to a sustainable and secure future.

Huber et al.(2006) conducted a comprehensive review to understaedechnical feasibility of converting
waste biomass into liquid fuels. It details the chemistry and engineering of major conversiontgasgiisation
to syngas, pyrolysis to bioil, hydrolysis to sugars, and upgrading processes such as hydrodeoxygenation and
zeolite catalysis. The paper also asayprocess thermal efficiencies, difgcle considerations, and economic
factors, making it clear that waste biomass is the only renewable source of organic carbon suitable for producing
liquid fuels on a largescale. Importantly, it introduces the concept of integrated biorefineries and evaluates
emerging catalytic strategies for improving yields and reducing costs. This work remains a key reference for
researchers developing wastased fuel technologies besauit bridges fundamental chemistry with industrial
process design and sustainability metrideeyexamine methods and future possibilities for fuel production from
biomass. Topics covered include the chemical composition and growth rate of biomass, gasification, synthesis gas
utilisation, bicoil production and refining, monomer production, sutgafuel conversion, conversion of non
sugar monomers from lignocellulose, and triglyceride conversion, as well as ethical considerations.

In the early stages of renewable fuel research, agricultural waste was primarily considered a potential feedstock
for biofuel production. In the case of ethanol, producing fuels from byproducts could resolve the competition
between food supply and biofuURGXFWLRQ (P G HW DO alscd¥ronBt@te thatk H Q J
lignocellulosic biomass can bdilised for the production of ethanol, a promising alternative energy source due to
the limited availability obil reservesThe conversioprocess involves two main steps: the hydrolysis of cellulose
to produce reducing sugars, and shiesequent fermentation of these sugdamsethanol. Costs are currently high,
mainly due to the low hydrolysis yield and the associated expenses. Refeeaisgs on removing lignin and
hemicellulose, optimising the enzymes, and simultaneously saccharifying and fernt@mticrgase yield.

Shanthi Sravan et gin presspare investigating the potential of wasterived fuels and chemicals in the context
of bioeconomy highlighting the concept of the biorefinery. This comprehensive review susasiagisearch on
the use of biomass waste and other waste streams in biorefineries for the production of both fuels and valuable
chemicals, thus promoting a circular economy approach. It demonstrates how waste can be a source of more
valuable products tharingple fuels, thereby maxirsing resource utiation and economic benefits.

Moving on to more speciatd technologiedylisra et al. (2025) specifically address the pyrolysis process for
converting plastic waste into fuel pdescribingn detail the technological aspects and the quality of the resulting
fuel. This study anabes the various pyrolysis techniques applied to different types of plastic waste, evaluate
factors such as temperature, residence time, and catalysts, arstsassomposition and properties of the
resulting fuel oil. Blystyrene was found to be the most promising candidate for producing fuel oil through
pyrolysis.

Another technology is describeBE\ 7yWK +ROOy D Q G Thd) Qtkdydehonstrates that waste
fractions generated during the refining of vegetable oils and animal fats, as well as in paper production, can be
converted into an alternative diesel fuel throsghieral steps. In their research work, several waste fractions were
hydrogenated with raw gas oil, and the reactions and product quality were investigated. The fuel produced under
optimal conditions demonstrated better application performance compareavientional diesel, thus offering a
more environmentally friendly and lowemission solution

It is not only selectively collected waste that may serve as the basis for fuel prodéctiording to a study
by Vershinina, Shlegel, and Strizhak (2020), sewage sludge fuels derived from waste can haablégnergy
propertieqcalorific value, ignition delayDQG FRPEXVWLRQ WHPSHUDWXUH DQG D ORZ HQ
12E DBQE HPLVThe RRtires were produced from wood, agricultural, and household, wastell as
wastewater, petrochemical wasé@d heavy oil additives. The results indicate that the use of coal and oil can be
reduced by up to 43% with such mixtures.

While the abovaliscussed articles introduced technologies to produce fuels from atdestudies testatie
properties of the resulting fuelsondor and colleagues presented their resuitezastebased fuelén two studies
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(Kondor and 2dldy, 2020; Kondor et al., 2021n the articleXCombustion Simulation Studies with Wa&ased
Fuels’, the aim was to investigate the combustion properties of wvbasted fuels using simulation. The
methodology involved the use of CFD (Computational Fluid Dynamics) simulations or other combustion
modédling software to simulate the combustion process of fuels derived from waste mafedatsng on th
combustion behavig, efficiency, and potential emissions of these fuelsugporttheir practical applicatiomAs
presented in the other stud¢ondor et al. (2021) aimed to experimentally evaluate the performance and emission
characteristics of a compressimnition engine using fuel mixtures of waste tire pyrolysis oil and diesel. The
methodology include@éngine benchests in which the engine was operated with different mixtures of pyrolysis
oil and diesel The results provided empirical data on the suitabilityyod pyrolysis oil as a diesel fuel additive,
highlighting its performance and environmental compatibility, and asseitsipgtential as a viable alternative
fuel.

4., Evaluation of the literature

A summary of the literatureeview is givenin Table 1. Studiebave shown that a wide range of wasésed
raw materials existsThe main goal of research on wabtesed fuels is the development of diesel fuel additives;
however, in some cases, gasoline substitutes are also being investigated.

Table 1.Wastederived fuels and bibased alternativesliterature review

Authors and Waste Stream / P
Year Focus Feedstock Technology / Approach Key Findings
Sravan et al. Biorefinery concep Mixed waste stream Integrated biorefiner Waste can be a source_of multiple valu:
. . . products (fuels + chemicalgndresourci
(in press) circular economy biomass systems PR
maximisation
Misra et al. Pyrolysis of plastic was . Pyrolysis (temperatur Fuel oil quality and composition, poten
; ) Plastic waste . . ’
(2025) for fuel oil production catalyst, residence time) of pyrolysis
C_hu & Future of sustainab Renewable enery . R N
Majumdar * Solar, hydro, biofuels Sustainability framework, R&D directiol
energy sources
(2012)
. Gasification, synge
Huber et al. Blomassbqsed Biomass utilisation, bicoil, suga Current methods and future possibilitie
(2006) transportation fuels ;
conversion
Hydrolysis o . . .
Sun & Cheng ,. . . . High cost, vyield issues, enzyl
(2002) gg:ggggtl:glr]ose for ethan Lignocellulose Hydrolysis + fermentation optimisation

Vershinina et Wood, agricultura Wastewater + petrochemicUp to 43% fossil fuel savings, favable

Wastebased slurry fuels

al. (2020) andhousehold waste additives energy and environmental characterist
7y WK H Hydrogenation of was Vegetable oil, animiHydrogenation with raw gi High-quality diesel, better performan
(2020) fractions for diesel fat, paper waste oil lower emissions

The studies in the tabldemonstrate that research on wad#eived fuels and bibased alternatives is
progressing in various directions and is increasingly aligniitty the circular economy and sustainability
paradigm. Three maifocus pointan be identified:

1. Integratedapproach and the role of biorefineria$sravan et al. emphasithe concept of the biorefinery,
which produces not only fuels but also valuable chemicals from waste. This appreashnsafor increasing
economideasibility and resource efficiency.

2. Technologicatliversity and challengegMisra et al. point out that there is pwerall solutionto integrate
waste streams based on their heterogeriaitgls with high caloric value and wasdiased pyrolysis streams seem
promising, but significant technological and economic challenges exist for incssailalapplicationsCatalysts,
temperature parameters, and process ogdiion are key factors.

3. Sustainability anénvironmental benefitlt has beertlearlydemonstrated that wasbased fuels can not
only replace fossil fuelbut alsocontribute tomore favarable emission profiles.

5. Conclusiors
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To summaise the study, research on wadtased fuels is a key area for sustainable mobility and energy transition.
Based on the literature review, three mfgous pointscan be identified. The first is the integrated biorefinery
approach, in which waste ugilised not only as a fuel but also for the production of chemicals, thereby émpanc
resource efficiency and economic benefits. The sedoods pointis the technological diversity and related
challenges: pyrolysis, hydrogenatj@nd fermentation are promising technologiesvever, heterogeneous waste
streams and high investment costs thisder their industriakcale application. The thifdcus pointtoncerns the
sustainability benefits: wasteased fuels offer significant savings in fossil fuels and result in a more favourable
emission profile, therebgontributing to the achievement of circular economy goals.

Research gaga this fieldinclude the lack of economic viability, inadequate regulatory frameworks and the lack

of life cycle assessments. Future research should take an integrated approach that combines technological
innovation, economic incentives and quantification of environtedémpacts. From a practical perspective, waste

based fuels have the potential not only to replace fossil fuels but also to contribute to waste reduction and energy
security. However, their widespread adoption requires concerted efforts from industitgfaegand research
institutions.
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$EVWUDFW
This paperrevisitsthe TechnologyfeopletManagemen{TPM) frameworkfor sustainableirport operationsand strengthensts scientific

groundingthrougha clearertheoreticalfoundation,transparenbibliometric methodology and policy-orientedinterpretation A systematic
reviewof fifty -onepeerreviewedarticlespublishecbetweer2010and2025is complementetby keywordco-occurrenceanalysisto elucidate
interdependencieamongtechnology humanfactors,and manageriapractices.The study interpretsthesefindings through sociotechnical
systemstheory and innovation diffusion perspectivesand aligns them with strategicaviation roadmapsjncluding the ICAO Global Air
NavigationPlanandthe SESARATM MasterPlan.Methodologicatigor is enhancedby explicit criteriafor keywordnormalizationglustering
parametersand robustnesghecks,while discussionrmovesbeyonddescriptionto analyzecausalmechanismshat connectthe three TPM
componentsThepapertranslatesesultsinto practicalimplicationsfor regulatorsair navigationserviceproviders andtechnologydevelopers,
and proposesa researchagendao addresaunderexploredaireassuchas humartAl teaming,reattime machinelearningin operationsand
governancédor datainteroperability.

.H\ZRUGYV
Sustainabl@irport OperationsTechnology#eopletManagemenfTPM) Framework Cognitive Sustainability Airport GroundHandling,
HumanFactorsandTraining

1. Introduct ion

Airports operatewithin increasinglycomplex environmentswhere safety, efficiency, and environmental
performancemustbe achievedconcurrently.Prior researcthasoften examinedtechnology humanfactors,or
managemenin isolation, which obscureghe interdependenciethat shapeoperationaloutcomes.This paper
advanceshe Technology#eopledManagemen{TPM) frameworkby integratingestablishedheoreticalenses,
clarifying bibliometricproceduresandarticulatinghowtechnologypeople andmanagemerihteractto produce
sustainablgerformanceThe contributionis threefold:first, the studyformalizesthe conceptualinderpinnings
of TPM within sociotechnical systemstheory and innovation diffusion; second,it reports methodological
choicesand validation stepsfor the bibliometric analysis;third, it translatedindings into actionable policy-
alignedimplicationsfor key stakeholder§Tam,Hoang,2025 Targ et al.,2025).

In contrast,the rate of improvementin air traffic is also increasing,resultingin making a management
organisatior§ managementf an airport more complexand evenmore complexastime goesby. Researchis
typically performedeitheronair traffic controltechnologyand/orair traffic controlhumanfactorsor management
systemgWeiszeretal.,2015; 3 D G &tplQ2016) Thereis alsoa tendencyfor researcherto focustheir studies
primarily on Al in the groundhandlingspace(Jimenezet al., 2023; Ku, 2024; < O OgbaD,]2022)or on Al for
training employeegBalk et al, 2011),but thereis no clearpicture of how theseapplicationselateto managing
the subcontracto(i.e. Air Traffic Control).

The present study addresses this gsipgthe Technology#feopletManagemen{TPM) framework. TPM is
appliedto achieveperformanceenhancementf cognitive sustainability Cognitive sustainabilityis the capacity
of an organizationto maintainthe knowledge,healthand decisionmaking of its employeesn a continuously
evolvingwork place(Wu et al., 2026; Muecklich et al., 2023). Ultimately, the goal of the researchs to ensure
technologyutilization andimplementatiorenhancehe work processesatherthanadverseljloadthe employees
(Teperiand / H S S | QBLL@, Dekker,2004).

Thisresearclusedananalyticalmethodologywith the useof a specializedsoftwareptogram +VOSviewer £
asa researchool to assessiteraturerelevantto the researctfocus % D Bit@ J2022). The resultsshowthat
there are very strongties betweentechnology,peopleand managementthesethree categoriesconsistently
prevailedin the 42 paperbody of literature, as illustrated by Figure 1 below. The resultsindicate a close
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interrelationshipf the conceptof technology training andmanagementhus, the performanceof the airports
of Turkey andabroadis dependentipon managingboth internaland externalelementsffectively * < Q ldrid
6 H 0 ICQdAl,2022 ' | Q P H2024 Ertek, 7 D (G F0D6).
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Figure 1. VOSviewermapshowingthe co-occurrenceof keywordsin theanalyzediterature

Consequentlythe following researchquestionis the primary focus of this study: How doesintegrating
technology people,and managemensimultaneouslycontributeto creatingsustainableand supportiveworking
environmentgor aviationpersonneblndthe generalpublic?”

Hi: An integratedtechnology,peopleand managementiew (TPM) providesa better understandingof
cognitive relatednesscomparedto studying each of thesecomponentsndependentlywith respectto
sustainability jn the contextof anairport§ operation.

Airports operatewithin increasingly complex environmentswhere safety, efficiency, and environmental
performancemustbe achievedconcurrently.Prior researchhas often examinedtechnology,humanfactors,or
managemenin isolation, which obscuresthe interdependenciethat shapeoperationaloutcomes.This paper
advanceshe TPM frameworkby integratingestablishedheoreticalensesclarifying bibliometricproceduresand
articulating how technology, people, and managementinteract to produce sustainableperformance.The
contributionis threefold:first, the studyformalizesthe conceptualinderpinningsf TPM within sociotechnical
systemgheory and innovationdiffusion; second;t reportsmethodologicakhoicesandvalidation stepsfor the
bibliometricanalysisthird, it translatesindingsinto actionable policy-alignedimplicationsfor key stakeholders.

2. Methods

The empiricalbasisof this synthesids a systematiaeviewof 42 journalarticlespublishedbetweer?010and
2025thataddresstleastonedimensionof technology people,or managemerin airportcontexts All articles are
given in the Reference lishrticles wereretrievedprimarily from ScienceDirecandWebof Scienceandscreened
for relevanceo the TPM frameworkandcognitivesustainability Keyword metadatavereprocessedo construct
a co-occurrencenetwork in VOSviewer. Keywords were normalizedby lowercasing,lemmatizationwhere
appropriate,consolidationof acronymswith their expandedforms, and merging of close synonyms.Non
informative termswere excluded,and a minimum occurrencethresholdwas appliedto ensurestability of the
network. Clustering used associatiorstrength normalization and the smart local moving algorithm with a
resolutionparameteselectedo balancegranularityandinterpretability.Methodologicatransparencis increased
by reportingthe chosenthresholdsandby conductingrobustnesghecks:sensitivity to resolutionand minimum
occurrencevalues,and stability assessedhrough documentjackknifing. Where applicable,cluster quality is
summarizedusingmodularityandsilhouetteindices;the studyrefrainsfrom overstatingprecisionin the absence
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of full-text corpora,andencourageuturework to publishdetailedmetricsandcodeto supportreplicability.
2.1Researchdesignand data collection procedure

Using a systematiditeraturereview, this researcthasidentified and synthesizedhe resultsof pastresearch.
AcademicdatabasesuchasScienceDirectvereusedfor searchindor literaturepublishedfrom 2010throughto
2025usinga comprehensiveearchof literatureandthe selectionof 42 academiarticles,which would form the
basisof acomprehensivdiscussiorof thetopic andthedevelopmenbdf aconceptuaframeworkfor understanding
cognitivesustainabilityin airportoperationsasdetailedin *« Q nd 6 H o I€adal,2022; % D Mt@I|)2022.

The searchstrategywas basedon three main keywords: 3ustainableairports,” Jeoplein aviation,” and
Aairportmanagement.Articles selectedy this systematiceviewutilized strictinclusioncriteria; selectedarticles
only includedresearchthatdemonstratedtleastoneaspecof the TPM framework . Additionally, strongemphasis
wasplacedon researchthatillustratedthe connectionandrelationshipbetweenall threeprimary componentsto
developacomprehensivenderstandingf cognitivesustainabilityin airportoperations

2.2 Data analysis

Thematicextractionand synthesisvas carried ouby usinga thematicanalysis The overall findings of this
literaturereviewwereorganizednto threethemedrom thegroupof articlesselectedor review. Eacharticlewas
thoroughlyreviewed andthefindingswerecategorizednto threedistinctcategoriegthemesYor furtheranalysis.
Thethreecategorieandthe articlesthatform eachcategoryare:

X Technology(T) tincludestheuseof artificial intelligence(Al), RoboticsandSensorBasedlechnologies
(Jimenezet. al, 2023;Ku, 2024;Yildiz et.al, 2022).

X People(P) *includes specializedtraining, OSHA standardsand human factors (Wu et. al, 2026;
Muecklichet. al, 2023;Dekker,2004).

X ManagementM) tincludesstrategiglanningandoperationatiecisionmaking *« Q Hnd 6 H o I€&d@l,
2022; Ripoll-Zarragaand HuderekGlapska,2021; * « Q Hhd Cebeci,2021 Hauptvogel,et al.,2024
Hsiao,Li, 2026 Ison, et al.,2025).

During thesynthesigphasetherelationshipsandsynergiedetweerthe threecategoriestTechnology(T) and
People (P), Management{M) =+ were explored by examining how technologicaladvancesaffect personnel
performanceindmanageriabtrategies

2.3Bibliometric analysis

The interconnectednesBetweenthe various researchtopics was confirmed visually through the use of
bibliometric methodsandtheir correspondingheoreticalframework.The keyword co-occurrencgKC) analysis
wasperformedusingVOSViewerSoftwareto assessiow muchstrengthexistedin linking togethercertainterms
thatappearedn the 42 selectedarticles % D Bt @1.1.2022).This providedresearcherwith the ability to build a
map that demonstratedvherethe greatestclustersof relatedresearchareaswere locatedwithin the published
literature.

2.4 Coding and data integrity

In orderto promoteanaccurateandclearapproacho datasynthesistheinclusionof identified evidencewithin
TPM interactionsshouldoccuraccordingto the following guidelines:during the thematicextractionprocessan
element§ dependencyr causalitywascodedagainstthe result$ outcome.For instance managemendlecisions
regardingthe adoptionof specifictypesof technologydirectly impactthe training of personnekssociatedvith
thatnewtechnology(Passenieetal., 2015).

Examplesfrom the literaturewere includedwhereverpossibleto assistwith a solid conceptualizatiorof the
datasynthesisSpecificexamplesollectedincludedthe useof FuzzylLogic for measuringacandidate§ subjective
gualitiessuchaspersonalitywhenmakinga selectiorfor hire (Skorupskiet al, 2020;Fitouri-Trabelsietal., 2013)
and how airport bus operatordgjcooperativeschedulingwith their fuel suppliersimpactsboth the safety and
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efficiency of airportrefuelingoperationgAlKhederetal., 2024;Caietal., 2025).

3. Results

This section presentsthe key findings derived from the systematicreview, structuredaroundthe TPM
framework.

The analysisconfirms that technology,people,and managementorm an integratedstructurein the airport
operationditerature.Centraltermsrelatedto airsideprocessesschedulingautomationtraining,andgovernance
appearashubsthatlink operationalperformancewith safetyand environmentakonsiderationsThreecoherent
thematicareasemerge(i) technologyorientedstudiesthat examineautomation,sensingand optimization; (ii)
peoplecenteredstudiesthat analyzetraining, workload,and humanperformanceand (iii) managementocused
studiesthat evaluateplanning, coordination,and organizationalculture. Ratherthan treating theseareasas
disconnectedthe network reveals multiple bridges * particularly betweenautomationand environmental
efficiency, and betweenhumanfactorsand capacitymanagement:suggestinghat crossdomainsolutionsare
morepromisingthanisolatedinterventions.

3.1Bibliometric evidenceand core connectionstructure

AnalysisthroughVOSviewerof thekeywordco-occurrencaetworkvalidatedthe propositionthattechnology,
governanceand peopleoperateas an integratedsystem.The VOSviewer map (Figure 1) demonstrateslear
connectiondetweenkeywords(e.g., fechnologyf Irainingfand Managemeny thatillustrate the structural
basisof theresearclproject$ corehypothesis.

The bibliometric mappinganalysisproducedthree major groupingsof themes:(i) the Red Cluster,which
relatesto the conceptof mobility | efficiency Jandfocusingon the appropriateuseof availableresourceso
lesserdelaysi(ii) the GreenCluster,whichfocuseson problems] delaysfand gystemdthis groupingshows
substantiatesearchnteresttowardsemployingtechnologicakolutionslike simulatorsandagentbasedmodels
for overcomingoperationabottleneckqi.e., GreenCluster);and(iii) the Orange/YellowCluster,which covers
humanfactorsin relationto operationaprocessesnd proceduredy including topicslike g@rrival § pccountf
andthe agentmodelandincludesa variety of modelsthat simulatehumanfactors,proceduresandbehaviours
(Wei, Gosling,2013 Muecklichetal., 2023 Lao et al.,2024 Teng,et al.,2026 Wanget al.,2026).

3.2Connection1: Technologyinfluencespeopleand management(T : P & M)

The performancef sophisticatedechnicalsystemslependsot only ontheavailability of thetechnologybut
alsoon the qualificationsof thosewho supportandimplementthe systemaswell ashow well the technologyfits
in with existingmanagemenracticesAccordingto researcton artificial intelligence(Al) andComputerVision
(CV) systemspne areaof applicationof Al is in automatingthe identification of serviceactivity timestamps
performedon the airport terminal. This automationwill enableoperationalpersonneto filter out Jotentially
inaccurateturnaroundinformation” producedby manualentry into systems < O OeB4D,]2022) and ensure
objectivedocumentation.

In addition,Al systemsieedusergrainedto interpretthedataderivedfrom anAl-generatediatasetHence jt
is critical for managemenb utilize Al-generatedlataset$o monitoroperationakfficienciesof serviceproviders
thataredelayedthroughpenaltiegSivakumar2022; * « Q H021).

3.3Connection2: Employeeperformance depends on management and technolo@y : M & T)

Supportivemanagersndthe properuseof technologyresultin bothincreasedvorkersafetyandperformance.
Groundpersonnelvho areconfrontedwith challengingsituations(suchasUnruly Passenger BehaviodtUPB)
mustreceivetraining thatincludesmorethanjust technicalskills; they mustalsobe given the authority by their
superiorgo effectively managecrises(Nounou,Shaban2025).

Whentherearenotenoughgroundhandlersit is oftendueto low wagesandinadequatéechnology Therefore,
amanagemneedso look beyondjust keepingcostslow andthink aboutimplementingintegratedstrategiessuch
as Airportdepeaking; to alleviateemployeestresyMuecklichetal., 2023;Balk et al, 2011).In addition,Fuzzy
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Logic systemareusedio measuraon-quantitativecharacteristicge.g.,personalityandattention)whenselecting
operatordor high-risk vehicles(Skorupskietal., 2020;Fitouri-Trabelsietal., 2013).

3.4 Connection3: Managementdecisions affect technology and peoplM : T & P)

Strategicmanagerialdecisionsestablishhow to allocateresourcesand determinethe level of operational
efficiency/safetythroughtheimplementatiorof safetypolicieswithin theirorganisationsTheexisting op-down’
approachSystemsTheoretic Accident Model and ProcessesSTAMP) for developingsafetyregulationshadnot
beensuccessfuin addressingafetydueto its simplisticapproachAs aresult,Passenieetal., (2015)suggesthat
managemenghouldshift their focusfrom establishingtop-down” policiesandproceduresto integratingsafety
conceptsnto companyculture(HaleandBorys,2013).

Managemen$ responsibilityto balancecompetingstakeholdetinterestsis complex. Integratedmodels of
optimisationdemonstrat¢hat the mostexpedientolutionsare not necessarilythe leastcostly or leastdamaging
to the environment.Therefore,managemeninust make informed strategicchoicesabouttime (delay) vs. cost
(fuel) for their safety programme.In addition, integratedplanning efforts regardingstaff rosteringand task
assignmentgesultin moreefficient useof staff resourcesndreducedstafftime idle (Cappanera&tal., 2024).

3.5Coordination and environment (sustainability) findings

Environmentalsustainabilityand efficiency are the two most important benefits of the use of the TPM
framework.Model predictionsfrom GameTheory point to the needfor a more collaborativeapproachin the
developmenbf strategicdecisions particularly thoseassociatedvith enablingthe movementof cargothrough
smaller strategicalljjocatediransportcentregi.e. airports)usingexistingroadandrail infrastructurehusreducing
congestionat the centralcargoterminal. In addition,improved predictive maintenancesia Al technologieds
neededn manysectorsvhereriskis high (e.g.,cold chainlogistics)to helporganizationsnanagecostsandremain
compliantwith legalrequirements.

Researchnto crisis mitigation, particularly (but not exclusively)in relationto air cargodiversion,indicates
thatmerelyaddingadditionalhumarnresourcebeyondtheavailablerunwaycapacityis notasolutionto addressing
problemareagduringtimesof increasedlemandManagemeniustbe ableto analysea bottleneckto determine
whetherthat bottleneckis a resultof inadequatestaffing,inadequatghysicalrunway capacity,or a combination
of both.
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4. Discusson

Technologyinfluencespeople and managemenby changinginformation availability, task structure,and
decisionlatenciesForexamplecomputewision andautomatedimestampletectionncreasedataobjectivity, but
their benefitsare realizedonly when controllersand ground staff are trained to interpret outputsand when
managersincorporate these metrics into performance dashboardsand contractual oversight. Employee
performancalepend®n supportivemanagemerdndappropriateechnologyscenariebasedraining, transparent
escalatiorprotocols andmodernschedulingeducestressanderrorrates whereautdatedequipmenandpurely
top-down mandatesundermineresilience.Managementecisionsintegratethe systemby setting deployment
priorities, synchronizingtraining with tooling maturity, and balancing competing objectives such as delay
reduction,fuel burn, and workload. Causalitythus runs bidirectionally: adoptionof new tools changeshuman
work, which in turn feedsbackinto manageriaktrategy;conversely strategicchoicesaboutstaffing, standards,
andgovernancehapethe feasibility andimpactof technologicakolutions.

This study$ primary goal was to assesghe synergistic relationship betweenTechnology, People,and
Managemen{TPM) within a unified frameworkfor Airport OperationsThrougha systematiceviewof scholarly
articles,it hasbeenclearly shownthatthesethreeareasdo not work independenthyof eachother,but ratherare
interdependentvith eachof themin a constanstateof supportingandinfluencingeachother % D &t 81.12022;
* e Q H2021; < O Oead, 022).

4.1 Technologyasa driver of human and managerial effectiveness

The analysisconfirms that emergingtechnologiesjncluding Artificial Intelligence(Al), computervision,
andautomatednonitoringtools, significantly reducehumanerrorandenhanceoperationabccuracy However,
technologyin isolation is insufficient for systemicsuccesgKu, 2024). Employeesmust be equippedwith
appropriateraining (Oto et al., 2012;Balk et al, 2011),and managersnustactively integratedatafrom these
systemsnto their strategiaddecisionmakingprocesses * « Q bind 6 H o Kadal,2022; * « Q ldridlCebeci2021).
Consistentvith previousresearchtechnologicakfficacyis contingenuponhumanproficiencyandtheupdating
of associatedvork processeqTaufik and Hanafiah,2019; Wongyai et al., 2024; Nugroho et al., 2012.
Consequentlythe succesf Al-driven datain airportsdependson personnelunderstandingand managerial
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application(Jimeneztal.,2023;Ku, 2024),reinforcingthe premisethattechnologycannotbe effectivewithout
the active supportof both peopleand managemenfAnsolaet al., 2011; Ankersmit, Rezaei, Tavasszy 2014
Burghouwt,Poort,Ritsema2014 3 D G etplQ20186).

4.2 Employeeperformance asa joint output of managementsupport and technology

The researchindicatesthat employeesperform better when provided with adequatesupportfrom their
supervisorandtraining andinstructionon how to handlestressfulsituations.Due to the natureof the ground
staff $work, theyhaveheavyworkloadsanddealwith customedisputegegularlyandrequireeffectiveleadership
support.On the otherhand,low compensatiorand obsoleteequipmentcreatebarriersto motivationand create
staffingshortagesTheassociatediteratureindicateshatusingintegratedplanningsystemsimplementingairport
de-peakingstrategiesandapplyingmodernschedulingnethodswill helplowerworkplacestresssoemployeesre
moreproductiveat work (Wu etal., 2026;Balk et al, 2011).Overall,anindividual $ capabilitiesaresubordinate
to the effectof technologicaBndmanageriabtructureson employeeproductivity.

4.3 Managerial decisionsasthe integrating force of the TPM framework

Therelationshipbetweermanagementechnologyandpeopleis close.Managemeninakesdecisionson how
bestto allocateorganizationatesourceso achievea given organizationatirection. The predominantiseof top-
downsafetymandatesiasbeenineffectivebecauseheyhavenottakeninto accounthe complexitiesof thework
environmentA collaborativebottomup modelin which workerscontributeto the developmenbf safetyrule is
more effectivefor creatinga resilientorganizationakulture (Passenieancet al, 2015; Hale and Borys, 2013).
Managersfrequently have competinginterests,and decisionsare often difficult due to competingpriorities
(Weiszeranckt al, 2015).A strategicview of how to balancethesecompetingdemandss requiredto ensurethe
bestuseof bothhumanandtechnologicalesources.

4.4 Systemlevel coordination and environmental sustainability

The TPM frameworkgoesbeyondthe airport level, enablingairportsto positively collaboratethroughthe
implementatiorof shareglanningandenhance@onnectivity therebyeasingcongestiorandenhancingefficiency
acrossthe region (Zuo et al., 2025), thereby providing environmentalbenefitsas a result of the improved
performanceandreducedenvironmentaimpactsassociatedvith the implementatiorof predictivemaintenance
solutionswithin specificindustriessuchascold chainlogistics (Mizrak and & D Q V\2ORBEN Lastly, the results
shownin the studiesindicatethat addingmore personnehklone cannotsolve the bottleneckproblem; however,
increasingpersonneis only effective when the facility meetsits physicallimitations of eitherrunway or slot
capacity(AlKheder et al., 2024; Malandri et al., 2020). Therefore,managersieedto properlyidentify the root
causef operationalssuesn orderto makeinformed,educatedlecisions.

4.5Integrated interpretation: TPM asan interdependentsystem

This researchindicatesthat airport sustainabilitybuilds on an interdependentemployeecentric framework.
Employeedlraining mustadaptasnewtechnologyis developedn orderfor themto makefull useof datadriven
insights properly (Oto et al., 2012; Ku, 2024). Employeedwell-being should be the focus of management,
especiallyin stressfuloperatingcontexts(Wu et al., 2026; Muecklich et al., 2023). The developmenbf both
operational/functionakfficiency and higher levels of environmentalsustainabilitymay be accomplishedoy
integratingthe functionsof personnelmanagementvith employeetaskplanning(Cai et al., 2025; Cappanerat
al., 2024).A transitionto a technologybasedapproactto monitoringandto strategiccollaboration tratherthan
themereincreasen thenumberof employeestis necessarfor achievingenvironmentasustainabilityobjectives

* o Q R2QR1;Weiszeretal., 2015).

4.6 Practical implications

Basedon the findings, severalpracticalrecommendationare offeredfor airport managersndstakeholders.
Training programsshouldbe developedconcurrentlywith technologicaimplementatiorto ensureseamlesslata
integration(Otoetal.,2012;Ku, 2024;Balk et al, 2011).Managersareencouragedbo prioritize the psychological
healthandwell-being of staff to mitigate burnoutin demandingoles(Wu et al., 2026;Muecklich et al., 2023).
Additionally, the useof unified systemdor personnebndtaskschedulings recommendedo avoid fragmented
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and inefficient planning (Cai et al., 2025; Cappanereet al., 2024; 3 D G tyad, 2016). Finally, achieving
environmentalobjectivesrequiresa commitmentto strategiccollaborationand the use of technologydriven
monitoringsystems *« Q 2QR1;Mizrak and & D Q VW2@2bNVeiszeretal., 2015).

The resultstranslateinto severalpracticalimplicationsfor the principal stakeholdegroups.Regulatorsand
policy-makersshouldalign deploymentoadmapsvith measurabl¢argetsthatjointly reflectsafety,capacity,and
environmentaperformanceandthey shouldencouragedatainteroperabilitythroughstandardsand governance
frameworksthat reduceintegrationfriction. Certification pathwaysfor machinelearningdecisionsupportneed
explicit evidencaequirement$or robustnessxplainability,andlatencysothatoperationabpprovalcanproceed
with confidenceAir navigationserviceprovidersshouldprioritize trajectoryorientedconceptghatdemonstrably
reducedelayandfuel burnwhile maintainingcontrollerworkloadwithin acceptabl®&oundsandtheyshouldinvest
in resiliencethroughcontingencyplanningand crossbordercoordinationinformed by networklevel analytics.
Humanin-the-loop evaluationsof automationduring trials are essentialto monitor workload, situational
awarenesgndmodeawarenessherebymitigatingrisksassociateavith automatiorbias.Technologydevelopers
andintegratorsshoulddesigninteroperablénterfacesanddatamodelsthataccommodatéegacysystemsembed
humanfactors and model transparencyto foster usertrust, and provide uncertaintyaware optimization that
incorporatesweatherand demandvariability togetherwith decisiondashboardshat make tradeoffs explicit.
Trainingorganizationshouldupdatecurriculato includehumaniAl teaming,modeawarenessandstrategiegor
mitigating automationbias; they shouldemploy scenariebasedexerciseghat exposepersonneto variedtraffic
regimesand automationlevels,andthey shouldmonitor cognitive workload with validatedmeasureso inform
rosteringandsupporttools.

4.7 Limitations and directions for future research

This study hasreviewed42 articles between2010 and 2025 however,there are limitations regarding the
representationf very smallairportsandnewly testedtechnologyin this study.Futureresearctshouldincludean
exampleof how the newly developedtechnologiescan be viewed within an operationalenvironmentand an
analysishatcanbecrosscompareetweercountries Furtherutilization of the TPM Frameworkwill determine
how interactiondn air traffic controlandcargoterminalswill differ acrossvariousaviationenvironments.

Thesynthesisdlrawson afinite corpusof articlesandon keywordlevel metadataatherthanfull -textanalysis,
which constrainsgranularity and may underrepresentiche topics. Future researchshould expandthe dataset
acrossnultiple databasequblishopencorporaandcodefor reproducibility,andintegratefull -abstractextmining
with topic modelingto captureconceptuahuanceEmpirical studiesof humantAl teamingin operationabkettings,
certificatiornrconstrainedeattime machinelearningarchitecturesand governancenodelsfor crossborderdata
sharingrepresenhigh-impactavenuedor advancingoothscholarshipndpractice.

5. Concluson

Studyresultsdemonstratehat humanperformancen aviationis a productof not just how muchtechnology
canfacilitate operationaperformancgvia the provisionof Al andautomatednonitoringsystems)put alsohow
well managementansupportsuchoperationghroughcomprehensivemployedraininganddevelopingstrategic
managemendecisionstherebyachievingsuccessn aviationbusinessactivity (Jimenezet al., 2023;Ku, 2024,
Yildiz etal.,2022;0to etal.,2012;Balk et al, 2011;G snerand 6 H o ICadal,2022; G *nerandCebeci,2021).
Thus, TPM representan appropriatenodelfor the developmenbdf cognitive sustainability asevidencedy the
factthatit incorporatesll threeelementof Technology People.and Managemeninto a singleframeworkthat
allows for enhancedcoordinationbetweenall stakeholdersn the aviationindustry. A coordinatedapproachto
developingcognitive sustainabilitythroughthe implementatiorof the TPM frameworkprovidesbenefitsto both
individual airports and the aviation systemas a whole. Moreover, a transition from traditional *op-down”
managemenstructurestoward a more inclusive dottomup” safety culture, in which employeeshave the
opportunityto participatein the creationof aviationregulations,is necessaryo reducethe stressand pressure
associateavith groundhandlingoperationsn airportenvironmentsFinally, the useof TPM will enableairports
to achievegreaterenvironmentabhndoperationakustainabilityin the long term (Zuo etal., 2025; Weiszeret al.,
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Abstract

The proportion of the worl§ population living in cities is steadily increasing, intensifying pressure on natural resources and urban ecosystglardy partic
in historically developed large cities. Urbanisation poses significant environmental challenges, including biodiversigbitgsfragmentation, and
deteriorating urban climate conditions. This study aims to highlight the role of sustainable urbanisation and urbamegteectuné in mitigating the
negative environmental and social impactsuidfan growth, with a particular focus on biodiversity conservation, ecosystem services, and human well
being. The paper is based on a comprehensive review and synthesis of international and Hungarian scientific literatdogupaicts, and urban
plaming concepts related to sustainability, green spaces, biodiversity, and urban ecology. Comparative examples from t@s@pearsed to illustrate
best practices in integrating green areas and ecological networks into urban structures. The emalysisaties that urban green spate=gardless of
whether they are of natural or artificial origitprovide essential ecological, climatic, social, and healiéited functions. Weltonnected green networks
reduce habitat fragmentation, mitigate urban heat island effects, improve air quality, and contribute to physical aheatterfarthermore)arge,
integrated green areas can significantly enhance urban sustainability and resilience. Preserving and expanding urbeesgaeeresplogical meirks

is a key prerequisite for livable, climaselaptive, and healthy cities in the context of ongoing urbanisation.

Keywords

urbanization, green spaces, urban development, biodiversity, sustainability

1. Introduction

An increasing proportion of the wortfipopulation lives in cities. In 2024, 58% of the wd§lgopulatiorlived in urban
areaswhile in Europe this proportion was even highar2023 76% of Europe§ populatiorresided in urban areas (World
Bank,n.d.) Contemporary urbanization threatdyth natural values and resourcesd effects are the most significéamt
large cities establisheallong time aggGoudieandViles, 1997).

In order for the continuously growing urban population to exist in a livable environment, it is necessary to prioritize
sustainable urban development as a settlement developmentigeptimary objectiveof sustainable urbatievelopment
is to create an environmental, economic, and social balance in cities through the efficient use of natural. rfEseurces
common goal of sustainability measures is to ensure economic and social development through the application of
environmentally friendly technologies dthe improvement of environmental conditions.

Therefore,concept of sustainability can be divided into economic, social, and environmental sustainability components.
The first concerns the equitable distribution of resources, the second relates to public and civic participation, titdle the t
focuses on therptection of natural resources. Sustainability can only be achieved through the parallel and simultaneous
implementation of these three dimensions (Akkbwl.,2025) (Figure 1).
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Figure 1. Dimensions of sustainable development
(based on$ N O Qan@Powya, S.2012 97)

Sustainability in a settlement can only be achieved through appropriate planning based on ecological primtipes.
end tamong other thingstbiodiversity must be protected by preserving the green areas surrounding the city and by
protecting and restoring local ecosystems and wetlands (MitldiSpoolman, 2008)Furthermore, it is important to be
aware ofthe concept of sustainable urban development and its human ecological foundations. Green developments, a
outlined in the environmental programs orban development concepts of Hungarian cities, are gradually being
implemented. However, there is still much to be done in this area. Our cities are characterized by increasing traffig, shrink
green spaces, and aspkaivered roads, which need to t@unterbalanced by sustainable development initiatives. There
are many European best practices for these, which Hungary can alsdradibygrmoreit is crucialto draw attention to the
fact that the significance of urban green spaces is not only aractbsbncept of environmental protection and nature
conservation, but it also has practical importance for ensuring humabeirmd and a healthy environment.

This study explores the relevant literature to show the importance of green surfaces and areas in cities, and thus i
sustainable urban developmemhe aim is topresentthe reasons for creatirgp-called green cities, anith show their
significance from a human ecology perspectha illustration,some practical examples sdistainable urbagevelopment
from major European citieare also presented’he rest of the paper is organized as follo@sction 2clarifies the
fundamental concepts related ts&inable urban development. Sect®boffers an overview of the different functions of
green areas, while Sectiorddscribes best practices from Europection 5 concludes the article.

2. Background

This section discusses the most important concepts related to sustainable urban development. These include green surfa
and green areas, biodiverségd green cities.

It is important to clarify the difference betwegneen surfacesand green areas as these terms are often used
interchangeablyThe totality of vegetatiocovered areas withieettlements is referred to gseen surfacd ORO QiU =V
2020. The surface of settlements can be divided into biologicallyea¢green surfaces + water surfaces) and biologically
inactive (builtup, paved) parts. In contrast to green surfatghich represent a functional spaggreen areagonstitute a
land-use category to which specific legal regulations apply. Green areas form part of the green surface system and includ
only public spaces. It is important that they are accessible without baroergfiblic roads and squares. Furthermore, they
may only be used for sports and recreational purposes. Green areas include public parks, public gaiuteus ptrkc
spaces, playgrounds, and dog parks. It is worth noting that private gardens argen@tmsidered green areas, only green
surfaces, since they do not function as community spatesYHJ OXQNDFVRSRUW Q G

It is also important to interpret the concept of biodiversity, as it is widely used from political detiakimg to scientific
discourse. However, this concept is still not sufficiently well known to the general padichus its generally attributed
aesthetic or emotional value rather than functional or economic \Bibdiversity is the variety of living thingganimals,
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plants, fungi and microorganismithat live inone areqHancock, n. d.)Urbanized green areas increasingly serve as sites
for the preservation of native biodiversity. As the spatial extent of urban areas continues to grow, natural habitats within
settlements are becoming increasingly fragmented. Urban infrastruttoaels, eal estate developments, and other linear
infrastructuretdisrupts the areas of natural flora and fauna. This disruption gradually degrades local biodiversity (Kisvarga,
2023). Addtionally, the genetic stock of organisms living within these fragments also deteriorates.

The increase of green spaces and the protection of biodiversity cannot be understood without the concept of the gree
city. A green city, oin other words, &ustainable city or even ecity, is an urban enclave where construction, planning,
and operation prioritize the preservation of the natural environment while also ensuring the social, economic, and healtt
well-being of its residentd_oughlin, 2024).The administrative framework fanaking cities more sustainakike defined
within the European Union by the Green QNgcord(GCA). This is a movement aimed at European cities that supports the
creation of greener, cleaner, and healthibaarenvironmentéEC, 2020).

3. Functions of green surfaces and areas

It is important to emphasize that from a settlement ecology perspective, it is almost irrelevant whether urban green
surfaces are of natural or artificial origin, as the plants forming green surfaces provide various ecosystem services. The
greatly contrilute to improving environmental quality, mitigating the negative impacts of human activities, and enhancing
aesthetic value (Kisvarga, 2023).

Due to the changed and gradually warming climate, these negative effects on wildlife are intensifying. This particularly
affects the wildlife in buikup areas as well as thmimansliving there. Several studies have shown that in cities or
neighborhoods with a lot of green space, people are happier and there are fewer individuals with mental heflib issues
et al., 2023Zhang et al., 2024)The likelihood of modern age diseases such as migraines, depression, and panic disorder
developing is also lowahan elsewhere. One reason for this may be that people are fundamentally connected to the natural
environment, so a platovered environment has a calming effect, and stress factors do not manifest as strongly. The
economic significance of this can be s@ethe fact that the mental wdiking of people (employees) leads to more efficient
work. This, in turn, can positively influence GDP in the long run (Kisvargh2 U Q 202b).In addition, financial benefits
also includethe reduced healthcare costat can result from the absence of mental illnesses. Therefore, the presence of
green spaces is of paramount importaledeuman quality of life.

Urban green surfacet® not only provide direct ecological benefits bigo fulfill numerous functions related to human
factors. According to Statugt al.(2021), these may includkee following functions:
ecologicalenvironmental function;
protective function;
aesthetiearchitectural function;
social and recreational function;
cultural and educational function;

x health and hygienic function.
Areas covered with plantaay have the following primarily ecological functions according to Finke (1996):
climate protection
protection against solar radiation
air purification;
soil protection
protection of scientific and cultural valyes
protection of biotopes and ecosystems
landscape protection
provision of leisure and recreation.

X X X X X

X X X X X X X
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According to the above, urban green surfaces/areas possess numerousdtat@difunctions. These include, according

WR *idg&Idmbach (2008):
x social functions (physical and mental recreation, natuiented agora)
X economic functions (increase in property values, enhancement of economic attractiveness)
X aesthetic functions.

Above all, however, the ecological (natural habitats, green corridors) and environmental protection fofcfiers
surfaces and areas, suchnasse and vibration reduction, dust filtration, water retentasa the most widely recognized
humanrelated functionsMeanwhile, out ofenvironmental functionswhich influenae environmental quality in urban
environments, the attonditioning and microclimatic effects of green surfaces/areas are the most impoesnt i E Rutdl
Jombach, 2008)

From the perspective of urban life, the greatest sieom health risk is caused by excessive warming. This is exacerbated
by the increasing appearance of unplanted, paved heat islands over larger areas. This#@ldteusban heat island effect,
which essentially means what we experience day by day in less vegetated urban environments. The decreasing vegetati
cannot counteract the summer heat, while the humade environment is unable to absorb the thermal energy of solar
radiation; rather, it aniifies it. Thus, it can increase the temperature of paved public spaces by as mucd(ag 8@
creating a kind of heat island (Kisvargad 2 U Q 202B). The costs of climate change will also largely be borne by dities
especially densely populated metropolises: increased temperatures and extreme weather events in cities will have alarmir
consequences for the urban population. Increased mortadifyalso be expected. For example, the increasingly frequent
European heatwaves cause tens of thousandsadis. The health of marginalized or elderly people, in particular, will be
primarily affected by urban heatwaves and urban heat is{daiscaet al.,2020.

In addition to evapotranspiration, trees cool the surrounding environment by shading the surface. Tree branches and leav
prevent incoming solar radiation from reaching the ground surfaces below the canopy. Typically, trees effectively block 70
90% of sodr radiation in the summer and-20% in the winter. The location of the tree affects its effectiveness in cooling
buildings, as trees on the west or southwest side of the building block most of the solar radiation from the(bexddsg
Trees Foundatiqr20179).

A significant relationship has been found between human health status and the extent of green areas near places
residence. This relationship can be explained by the fact that the greater the proportion of usable green areas, fle more peo
use them. Ggen areas have beneficial effects on alleviating mental fatigue, promoting physical activity, and may also reduce
mortality rates. Furthermore, green areas have a st&dasing effect (Schipperijn et al., 2010).

The relationship betwedmumanhealth status and green surfaces can be traced in (Western) European policy measures.
In several national and local policy areas, such as urban development plans, the positive effects of green area use a
mentioned. Some of these policy measures have ihalgar that increasing green areas and improving their condition are
of outstanding importanc®r humanhealthcare (Schipperijn, 2010jhisis VXSSRUWHG E\ 3HUpQ\L y
both the healtiprotective and soal functions of green areas (Table 1). Hegltbtective roles include, for example, the
balancing of climatic conditions, filtration of dust and other air pollutants, noise reduction and dampening effects, and
hindering the spread of fire. Social functiomclude making daily work, leisure, and living conditions more balanced and
pleasant in an appropriate green environment.
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Table 1. Importance of urban green spaces (own editBO VHG RQ 3HUpQ\L

. . Environmental .
Healthcare Recreation Settlement climate . Nature conservation
protection
treatment of respiratory disease , ., . . . . . reservation of
P v hiking protection against wind| CO, sequestration pres: .
(e.g. cave therapy) biodiversity
. . . rotection against solar| _ . . . reservation of
psychological effects excursions / trips protec 9 noise barrier function prese .
radiation geodiversity
. active/passive evapotranspiration of | hydrological protective | ensuring ecological
- recreation vegetation function, water retention| corridors
wildlife and plant reduction of temperatur .
+ . . landscape protection
observation anomalies

The role of urban green areasurban climate LQFOXGLQJ SURWHFWHG DUHDV LV DOVR HPS
to him, the foliage mass of trees acts as a filter, enabling them to capture about 70% of the generated dust. One hectare
dense tree planting can capture approximatels8Q@onsof dust during the vegetation period.

Owing to the versatile benefits of green areas,2625, an increasing number &jreen developmentsaimed at
sustainability have been launched in Europgteas especiallyin EU capitals, with the clear goal of improving the quality
of life for residents and making the settlements more livaiile.next section shows a selection of these developments.

4. Best practices

To counterbalance the negative effects of urbanization, and in order to protect biodiversity and preserve green surface:
several European cities maintain green belts and integrate extensive natural areas into their spatial structure. Egopean cit
with large green areas include Vienmgubljana orCopenhagen, extensive green areas are almost embedded in the city
center(Figure 2.).Furthermore, the city of Helsinki has developed an extensively used, integrated green surface network.
Meanwhile in Stockhlon, there are approximately 100 parks and 7 large protected areas, which together cover about 40%
of the city area (Mason, 2003).

Table2. Top 10 Greenest Cities in Europe2025(Essential Living, 2025)

Rank | City, Country Description

1 Oslo, Norway Exceptional green space, high life expectancy, top air qug
2 Stockholm, Sweden Strong sustainability measures and public transport

3 Vienna, Austria Excellent urban green coverage and quality of life

4 Ljubljana, Slovenia Increasing green infrastructure and livability

5 Copenhagen, Denmark | Progressive eeitiatives and bikdriendliness

6 Lisbon, Portugal Balanced green index and relaxed lifestyle

7 Tallinn, Estonia Clean air, growing green spaces

8 Vilnius, Lithuania Strong environmental strategy and green space access
9 Amsterdam, Netherlands| Vast canals, parks, and cycling infrastructure

10 Paris, France High-quality urban green amenities despite dense popula

The preservation of green, vegetatimvered areastregardless of their classificationis a fundamental principle of
sustainable urban living. Therefore, protecting and increasing urban green surfaces represents a serious task for both ci
leadershipDQG ORFDO FRPPXQLWLHV [/iQ\L IDWXUH FRQVHUYDWLRQ DOVI
processes and phenomena of urbanization (Goudie and Viles, 1997).

Today, an important development trend can be observed in (Western) European cities, whereby ecological networks ar
being created or existing ones are being developed in urbanized areas. This is particularly evident in Dutch cities, wher
central and locajovernments jointly make efforts to develop and protect existing and future ecological networks (Mason,

$ VLPLODU GHYHORSPHQW GLUHFWLRQ ZDV DUWLFXODWHG E\ 3HUpQ\
a prominent role in shapinghan structure, as vegetatioovered areas have multifunctional roles depending on their size
and quality. Furthermore, when designing urban green surface systems, efforts should be made to ensure that green are
form a coherent whole and are not fragneeintr isolated from one another. Therefore, urban green surfaces should not only
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be connected to each other but also to the large green areas surrounding the city, thereby ensuring, among othenthings, urt
air circulation.

These urbathevel ecological networks include some linear structures, such as watercourses and rows of trees which
provide connections between parks and other public spaces and community areas. The ultimate goal of developing thes
ecological networks isotcreate a common, Eurcpéde network.

Green citiesstrive to ensure that their urban development plans are aligned with urban climatological requirements. In
some German cities, such as Freiburg or Stuttgart, building restrictions have been introduced in urban ventilation zones
Recognizing the importancd green areas in urban climate, the forests within the administrative area of Oslo, for example,
are treated as protected areas (Mason, 2003).

In 2025 there are many international practical examples of how to make it grey Some of these developments
could be transferred tdungaryas well

x Copenhagen, Denmark: A leader in cycling infrastructure with extensive super cycle higiwagimate
Reality Project, n. d.

X Stockholm, Sweden: The first European Green Capital (2010), known for sustainable planning, efficient public
transpor{The Climate Reality Project, n. .

X Ljubljana, Slovenia: Features extensive-frae zones in its centeapundant green space and its pedestrian
friendly city centre Glasco,2022).

x Milan, Italy: Known for Bosco Verticalé (Vertical Forest) skyscrapers, integrating nature into buildings to
boost biodiversity and reduce pollutiofhe project consists of two residential towers of 110 and 76 meters in
height, located in the center of Milan, in the Porta Nuova district, hosting 800 trees, 4,500 shrubs, and 20,000
plants from a hundred different plant speci&tefano Boeri Architetti, n. ¥l.

X Vienna, AustriaEcologically sensitive and healtriented urban developmeand green spacébloccaet al.,

2020.

X Vilnius, Lithuania (2025 Green Capitablanting of over 68,000 trees and shrubs. Due tintle@siveexpansion
of urban green spaces, over 94%latal residentsnow live within 300 meters of a park or natural area
(Eurocities, 202p

x Villach, Austria: Planting forest by Miyawaki meth@dastraret al., 202% (Figure2).

Budapest Hungary Development of large parks, forests, and nature conservéBodapest) YiURYV
) SROJIUPHVWMU)L +LYDWDO

In addition to planting tree rows, a new initiative, the planting efadted micreforests, is also underway. A micforest
is an area of dense plantings, typically betweeni®® Q G wRiéh mimics a natural forest. It includes many native
plant species and fits well into the urban environment. For example, since 2016, the Urban Forests association has plante
more than 130 mickforests in Belgium and France using the Miyawaki methobddénForess, n. d). The Miyawaki Forest
(MF), also known a a miniforest or pocket forest, originated from a rapid reforestation method developed by Japanese
botanist Akira Miyawaki in the 1970s, which has gained worldwide attention. This method represents a paradigm shift in
ecological restoration, as the Miyali method offers a fast and effective approach to creating native forests in degraded or
urban environment§Webber, n. d.) The MF conceptemphasizes native species, dense planting, and soil preparation,
promoting rapid forest development and increaseditersity (Nastranet al, 2025)
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© Alnus glutinosa © Populus alba 'Nivea” ® Taxus media Hicksii’
© Alaus incana © Prunus padus @ Ulmus lsevis

® Comus mas ® Prunus spincsa ©  Vibumum lantana

® Comus sanguinea @  Quercus robur O Vibumum opulus

@ Corylus avellana ® Rhamnus frangula 0 Weigela florida

© Crataegus monogyna © Salix alba

© Euonymus europaeus ® Salix purpurea

© Fraxinus excelsior ®  Sambucus nigra

Figure 2. Visualization of theMiyawaki Foresplanting from above in the Carinthia University of Applied Sciences in Villach
(Nastran et al., 2025, Figure 4)

5. Conclusion

Urban green spaces play an important role in urban development, so their role needssiaheated during the urban
planning process. This requires the will of local decisitakers, so local governments must take a leading role in these
processes. Upoftunately, nowadays sustainability developments are often pushed into the background because social,
infrastructural, and economic measures have priofgditionally, economic actors are mainly interested in the
development of urban infrastructure artder investments. This not only hinders the implementation of green concepts but
alsothe exploration opotential research directions, as these are contrary to economic interests.

Despite all this, significant sustainabilityiented developments have been realized in several major European cities,
including Budapest, in recent years. The expansion of green areas, the development of existing ones, and afforestation ha
improved thequality of life for urban residents. These developments are also necessary due to the increasingly intense
warming, because the negative effects of climate change are more pronounced in the urban environment, for example, dt
to the heat island effect.

All in all, urban green spaces significantly contribute to the quality of life -edtig, and health of the population in
everyday life. Therefore, green space developments should be consideredearfoimyestment, not a shegrm cost.
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WHFKQRORJ\ GHYHORSHUV DQG WUDtQtQJ SURJUDPY DQG UHFRPPHQGY PHWKRGRORJtFD

Keywords
Air Traffic Managemat; VOSviewer; Bibliometric Analysis; Safety; Capacity Management; Sustainability; Trajd8amgd Operations;
Automation.

1. Introduction

Air Traffic Managemen{ATM) is the cornerstone of the current airspace system. It handles the efficient flow
of aircraft through congested airspg&mochowski, 2017; Madhwal, 201Then,et al.,2025. However, the
continuing increase iglobal traffic flow means that the requirement for effective ATM solutions has also been on
the rse(Gu & Wan, 2020; Esteve & Zanin, 2029)his is in addition to the inherent challenges in the field of
ATM. These areas include sector saturation, workload, weatketed disruptions, capacity constraints, and the
impact on emissionSkorupski, 2017; Socha, 2020; Hamdan, 202ZR)s, the field of ATM is beyond the purely
technological.While many research works focus specific aspects of the ATM system, such as conflict
resolution, delay propagation mechanisms, or the safety aspect of the system, the research landscape in the ATM
system does not provide an integrated overview of the broader framework of researchrrigakocé overthe
past ten yeard. To achieve the aforementioned research objectives, the proposed research focused on the
bibliometric analysis 050 carefully selected research articles on ATM from 2014 to 2B@&ugh VOSviewer.
The research questions of this paper are:

f1:KDW DUH WKH SURPLQHQW WKHPHY DQG FOXVWHUV LQ $70 UHVHDUFK™"

f+RZ GR WKH WKHPHY OLQN WR WHFKQRORJ\ RSHUDWLRQV DQG WKH HQYLU
f:KLFK ILHOGV Rl UHVHDUFK DUH EHLQJ GHYHORSHG IXUWKHU DQG LQ ZKDW

The map(Fig. 1) displays the main keywords appearing in ATM research and their relations.
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Figure 1. Keyword Network Map Generated with VOSviewer
(source:own compilation)

Larger bubbles visua® more frequent keywords, while cafs correspond to the main research clusters:
safety, capacity, automation, trajectdrgsed operations, and sustainability. Based on this following
hypotheses were formulate

Hi: The research on Air Traffic Management (ATM) from 2014 until 2024 is osgdraround five
prominent research themes, including the areas of safety and human factors, capacity and airspace
efficiency, automation and digitadition, trajectorybased operations, and sustainability and environmental
impacts, which are determined by means of bibliometric cluster analysis.

H2: Automation, machine learning, and UAS integration are the keywords, and there is a marked
corresponding increased importance in the research on ATM in the latter years of #2920 ecade.

This study primarily focused on grasping the major research topics of ATM withiryaaetimeframe (2014
2024) and explaining the relationships among these research topics. Hence, a bibliometric approach was used by
analysing 50 peerreviewed articles in ATM using VOSviewer. The stepsoimed in keyword cleaning, cluster
creation, and keyword network visualisatiare explainedThe structure of the paper is as follows: the literature
review, including research trends, cluster explanations, and ggpssénted in &ction2. Secton 3 describes the
methodology Secton 4 then displays the analysis resulBecton 5 discusses the findingsvhile Sectior6
describes theractical implications. Sectionconcludes the study.

2. Literature Review
2.1. General Trends in Air Traffic ManagementResearchin the Last Ten Years

We interpret the ATM research landscape as a gecimical system wherein human actors, technologies,
procedures, and regulations -ewolve. Drawing on innovation diffusion perspectives, automation and
digitalisation are framed as enabling innovations whose adoption depends on perceived performance gains,
compatibility with existing operations, and regulatory supfbotres, 2012; Standfuss, 202At the policy level,
the ICAO Global Air Navigation Plan (GANP) and the European SESAR ATM Master Plane defpability sets
and deployment priorities that directly motivate research in safety enhancement, capacitgatgtimi
performancebased operations, and environmental sustainabibtyerall, ATM research has been growing
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steadily between 2014 and 20Bbwman, 2025Balta, 2024 Brangier,1990. Increased traffic volume, capacity
constraints, safety requirements, and environmental concerns primarily drive this.dPowtly the early years,
from 2014 to 2017, mostesearch focused on safety issues, collision risk models, controller workload, and
traditional air traffic control operationgfter 2018, the research topics began to shift. Resdsrghn to focus
more on digitalisation, automation, datdven decisiormaking, machine learning, sustainability, and the
enhancement of flight trajectosélimenez, M. A., Tello, F., & Mateos, 2020; Standfuss, 2024; Torres, 2012)

In recent years, the integration of unmanned aircraft systdatsreferred to as droreaodern ATC technologies,

and new communication and navigation systéasalso beomealeading topic

In total, over the past ten years, a trend from classic ATC procedures towards more modern, technology
supported, and environmentally aware ATM practices has become abvious

/RZHUF DV L Q Jsdiidp 6f l@yweréseglP RGHOV T UPRGHO

$FURQ\P FRQVRAICGr2MEd RiQiairtraffic controf).

6\QRQ\P PHUUARdndHrodes.

S5HPRYDO RI VW RiS&Rati YermIy &g Uy approach).

OLQLPXP RFFXUUHQFH WKUHVKROG +« DFURVV WKH FRUSXV
&Rcurrence window: articleevel (keywords appearing within the same article).

+H +H ++ H H +H

2.2. Cluster Analysis

The keywordbased cluster analysis aimed at identifying the thematic structure of ATM research published
over the period 2022024. The analysistilised the VOSviewer software to conduct a keyworebcourrence
analysis, determining the frequency with which a given term appears in conjunction with ottsethreunghout
the selected articles. Keywords were automatically grouped into clusisesl on the strength of these co
occurrence relationships, which represent different thematic dimersfiorsearh within the ATM literature.

This type of clusteringnables the systematic exploration of the relationships that exist among the various topics
covered by research, providing an overview of how the ATM research area has e@olesll, the performed
analysidgdentified five major research clusters that are representative of the dominant thematic areag&3ihaping
studies during the anagd period.To enhance rigour and reproducibility, the keyword handling and clustering
parameters are specified belalong with the correspondinglidation procedure®mochowski, 2017)

2.2.1.Cluster 1: Safety and Risk Management

This cluster encompasses studies assessing safety, collision risk analysis, human error, and workload of sectors
within Air Traffic Management systems. Safety has always laglegy domain in research on ATM, particlyar
due to increased traffic density and a rise in operational complexity. Various previous studies have extensively
examined methods for reducing collision risk, improving situational awarenessnlaanicing the performance of
air traffic controllers under higtvorkload conditions (Skorupski, 6RFKD 6 XjUIQIP H]
d H WKéh, 2022 6 W D Pét §1.12025 Vrancken,Cabon Frantz,2025.

The strong concentration of safelated keywords within this cluster confirms that safety and human factors
remain a primary pillar of ATM regulation3hat is, operational safety and controller workload management
remaincentral challenges in air traffic syste(@hilippe,2025).

2.2.2.Cluster 2: Capacity and Airspace Efficiency

The following cluster covers research related to capacity improvement, airspace design, sector configuration,
and delay management in Air Traffic Management systems. The studies within this cluster address the challenges
of increasing traffic demanthrough more efficient airspace structuring and capacity optimisation, while
maintaining the required level of safdgtiReva,Borsuk,2015 Shamsiev2022). Earlier, several studies have
focused on the strategies for airspace sectoring, managing traffic flow, and findingsafmirbased
approaches to balance demand and capacity in strongly congested airspace envirdemenrtss ¢t al.,2016
Dmochowski, 2017; Madhwal, 201Hilton et al.,2019 Edwardset al.,2023 Standfuss, 20£ Dhief, et al.,

2025 Reynolds2014 Weigang,2021; = R P Eetgh.,2025.

This cluster being most prominent makes clear that capacity and airspace efficiency are the critical operational
bottlenecks in research within ATM. The results reveal dipgimising airspace structure and traffic flow has
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been the primary key interest for sustaining system performance under inctestfitrgolume(Jou,Kuo, Tang,
2013 PacauxiLemoine,Debernard200Q Panget al.,2023 3IDYORRYD Q B WIDIQ R2023 Y3LDIY OR Y L U
6 W D Q RNRN DIQIORM).

2.2.3.Cluster 3: Automation and Digitalisation

This clusterencompasses studies on automation aid tools, machine learning methodologies, and decision
support systems designed to enatd¢adriven operations within the domain of Air Traffic Management. The
studies included in this clustéscus on the growing importance of algorithms and computational approaches in
supporting air traffic controllers in making moiaformed decisionsRecent studies on this topic have
demonstrated the use of machine learning and optimisation algorithms in handling complex asceatitos
and facilitatingreattime decisioamaking in air traffic managemesystemsJasek1995 JimenezTello, Mateos,
202Q Standfuss, 2024; Torres, 2QIAfur et al.,2024).

The density outomation and digital transformatienelated keywords in this cluster suggests a notadihel
in the direction of ATM research. This establishes that the theme of automation is fast becoming a force that will
shape the future of ATM systems.

2.2.4.Cluster 4: Trajectory -Based Operations

This researcffiocuses on managememated studies in flight trajectory planning, conflict resolution, and the
optimisation of Air Traffic Management. This research conducts studies on how to increase traffic performance in
the airspace environment by improving the predictability of flight trajectories, nanigndelays, reducing fuel
consumption, and improving traffic floviRecent studies have explored trajectory planning algorithms, conflict
resolution algorithms, and optimisation algorithms to enhairspace efficiency and reduce its environmental
impact(Dmochowski, 2017; Madhwal, 2017; Oehme, 20&00,Bard,2024 RosenowFricke,2019.

The presence of trajectebased operations in this group highlights a significant research focus on performance
and predictive approaches for air traffic management. These results indicate a key link between thajgetory
optimisation and integrating established air traffic control procedures with aptimapproachef ouie, Tai,

Liem, 2025 Luu, et al.,2021; Sheeja Ranidburukba,2025.

2.2.5.Cluster 5: Sustainability and Environmental Impact

This cluster includes fuel consumption, emissions, noise reduction, and green ATM strategies. In fact, most
current ATM studies focus on how air traffic operations can be made more sustainable due to growing
environmental concerns worldwigBongsakornsathieet al.,2025 Salmon,2025.

The cluster analysis indicates the emerging role of sustainability and environmental factors in the context of
air traffic management studies. The evidence suggests an increased interest in sustainabliEoAl Eh
environmental sustainability perspectiweith sustainability now strongly associated with opsation and the
long-term efficiency of the systefiRezoet al.,2023.

2.3. Keyword Network

The keyword network developed with VOSviewer vissedi the connectivity of the main topics of ATM
research. Each bubble in the bubble map represents a keyword, &edtleacy of occurrence of the keyword in
the articles determines the size of the bubkikywords that are cloberelatedhave stronger connections.

In the map, five major colo groups related to factors such as safety, capacity, automation, trajeaseqy
operations, and sustainability can be identifi€&ntral keywords, including "air traffic control," "safety," and
"capacity," form the largest bubbles, indicating that these words are of great importance in the field. Newer topics
such as "machine learning" and "UAS," also appear, indicatgizgwing focus on technology and innovation.

2.4. Research Gaps

Although ATM research has groveignificantly within the last decadseveral gaps remain. Most studies have
focused on the areas of safety and capacity, whereas fewer works have been conducted on how automation and
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machine learning can kapplied in practical, reakorld operations. Similarly, few studies have touched on the
integration of UAS in controlled airspace. Only a few studies focus on environmental impacts and/or sustainable
ATM strategies. These gagadicate that there is still a need for more modern, techndieged, and
environmentally focused research in the field of Air Traffic Management

3. Methodology

Tablel. Summaryof the Methodology

Step Description

DataSource 50 ATM articles collected from ScienceDirectand Web of
Science

AnalysisTool VOSvieweris usedfor keyword co-occurrenceand network
visualisation.

Procedure Dataextracted: keywordscleaned: VOSviewer: 5clusters
identified.

(source:owncompilation)

Article Selection

Article Selection Cleaning

Cluster VO Swviewer
Identification TAnalysis

Figure 2. Methodological flowchart of the bibliometric analysis process
(source:own compilation)

4. Results

The keyword ceoccurrence analysis of thBO ATM-related articles produced a dense network of
interconnected research themes. As can be seen from the VOSviewer map, this is a highly clustered structure
where particular concepts tend to group naturally into clusters due to their frequencyawliance in the
literature. Five big research clusters were identified that corresponded to the dominant subject areas irtthe 2014
2024 ATM landscapéWith respect to the original analysis, the augmented caguesals a more intricate and
interconnected keyword relationship structure, as well as a clear strengthening of relationships in tie@reas
traffic control, air traffic flow management, and human factors.

4.1. Overall Network Structure

Figure3 represents a highly clustered map, where core terms such as air traffic,cainttcffic flow
managementirspace sectoringlgorithm, capacity, and safetyealocated at the centd the network.These
keywords serve as hubs in connecting operational, technological, and environmental research directions.
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Figure 3. Keyword ceoccurrence network in Air Traffic Management literature, illustrating the relationships and interactior
between core research themes and highlighting the interconnected structure of operational, safety, and maredgeceoncepts.
(source:own compilation)

In the keyword cebccurrence network map, each bubble represents a keyword identified in threecAdiv
articles, and the size of each bubble shows how often this keyword appears in the current body of literature.
Accordingly, larger bubbles represent keywords with higher usage in ATM research. The position of each bubble
alsoindicates how closely they relate to each other, as keywords that appear together in ATM research are
positioned closetogether. The links in this visuadition represent the relabship of keyword cabccurrence.

Different colaurs in the network map denote different research groups identified by VOSviewer. Although
each cluster is designated to a particular field of study, it is crucial teerehdit links exist between clusters,
showingthe interdisciplinary nature of ATM research. It should be ndted for example, strong connections
between safetyelated and capaciHielated clusters demonstrate the close relationship between operational safety
and efficient airspace utétion within modern Air Traffic Maagement systems.

Network density shows that research in ATM is concentrated around four key areas of interest:

fair traffic flow / ATFM

Isector configuration and capacity

FAlgorithmic methods and optirsation.

Isafetyrelated keywords included collision risk, information accuracy, and cognitive load.

These dense regions reflect the most active areas of ATM research between 2014 and 2024.
4.2. ldentification of the Five Clusters
4.2.1.Cluster 1 +Safety and Human Fators

The findings of Cluster 1 bear a direct relation to the literature review in Section 2.2.1 and the significance of
safety and human factors in Air Traffic Management studies. Various studiesigiighted the paramount
aspects of controller workload and its critical influence on operational safety in a complex airspace environment,
based on factors such &R JQLWLYH SURFHVVHY DQG KXPDQ HUURU 6NRUXSVNL
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The high ceoccurrence of safetselated keywords in this clusthighlights these aspects and their prevalence in
ATM studies withinthe current context

Within this cluster, the keywordssed include aircraft collision, aviation safety, adequate information,
cognitive load, and decisiemaking The strong internal linkage among these terms indicates that research has
consistently emphasised tbafetycritical aspects of ATM. Many of these works focus on mitigating human error,
enhancing situational awareness, aagporting air traffic controllerduring high workload conditions.

Safety remains th@rimary pillar of ATM research, as human factors continue to influeypmrational
performance.

4.2.2.Cluster 2 +Capacity and Airspace Efficiency

Results from Cluster 2 closely relatethe literature on capacity and efficiency focus discussed in Section
2.2.2 above. In literature, airspace sectoring, traffic flow management, and balancing demand and capacity are
recognsed as playing major roles in mitigating congestion and delay in-degisity airspace environments
(Dmochowski, 2017; Madhwal, 2017; Standfuss, 40Z’he dominance of terms characteristic of airspace
configuration and traffic characteristics in this cluster indicates that gptgnéapacity is a major concern for
research in ATM environments that are under increasing demand pressure related to twaigc vol

This cluster is charactedd by terms such as airspace sectoring, configuration, air traffic flow, pattern, and
demandThese keywordeepresent research into the challenges posed by increasing traffic volume, sector capacity
limitations and the structural redesign of airspace. Various investigaionto optimise sector configuration to
reduce delays while balancing demand with available cap&iitge capacity constraints remain an important
opeaational constraint, efficienefocused research is essenfiartin et al.,2020).

4.2.3.Cluster 3 +tAutomation, Algorithms, and Digitali sation

The findings of Cluster 3 open up new avenues of discussion, weighinitided in Section 2.3. It has been
proven in previous research that algorithmic models, machine learning, andro&ta decision support systems
play a major role in traffic flow optimisation, accuracy improvement, and workload reduction in trafficscentre
(Torres, 2012; Standfuss2024; Jimenez, M. A., Tello, F., & Mateos, A. 2020The density of
computational/automation keywords in Cluster 3 verifies the widespread use of advanced technologies in
efficiency-oriented ATM research.

The cluster is dominated by such keywords as algorithm, model, data, optimal solutioewameéthodolog.
This categosation mirrors the increasing trend toward computabased methods, machine learning, difaen
operations, and automated decisgupport tools. These works aim to enhance accuracy, reduce controller
workload, and improve prediction and optsation capabilities within ATMMirchi et al.,2015).

Automation is the transformative factor in ATM, increasingly shaping the design of the future operational
system(Standfuss, 2024; J&kl&iiJanL,2020)

4.2.4.Cluster 4 tTrajectory -Based Operations and Operational Planning
This cluster includes terms like 2D graphical display, information, process, air operation, and aircraft skip.

Keywords include the optirstion of flight trajectories, conflict detection, route planning, and visatidin
systems supporting controllers and pilots. These studies focus on improving airspace performance through better
trajectory management.

Trajectorybasedoperations form a bridge between traditional air traffic control and emerging performance
based navigation concegf@mochowski, P. A. 2017)

4.2.5.Clusters 5 £Sustainability and Environmental Impact

The last cluster features words like SAF, or sustainable aviation fuel, emission, carbon price, fuel cost, and
ATFM performance.
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This clusterhighlights the increasing importance of environmental aspects in ATM research, particularly in
light of stricteremission targets and higher expectations fostraainability of the aviation sect@ustainability
has become a core research theme, pointing towards environmentally conscious ATM s{fdeuies, D.,
McDermott, O., & Trubetskaya, A. 2026)

4.3. Central Keywords and Link Strength

Sustainability &
Environmental
Performance

Air Traffic
Control

Sector

Automation & Configuration &
Digitalization Flow
Management

Figure 4. Visualisationof central keywords and their relationships in ATM research
(generated using napkin.ai)

The following keywordserve as central hubs within the entire map, as inditgtéte ceoccurrence network.
They are characterd by high link strength, since they frequently appear together with more clusters; thus, they
bridge major research themes.

The most dominant keyword is "air traffic control", located near thaeehthe network. Its strong links to
the terms related to both safety and capacity suggest that it remains the core element of ATM research and
operationgDmochowski, 2017; Skorupski, 2017)

Additionally, "sector configuration" and "air traffic flow management" exhibit high centralityininkapacity
management to operational efficiency. These also oftexccor with topics such as delay, workload, and airspace
structure, reflecting the systewide importance of capacity balancing.

The core of the automation and digisation cluster is represented by keywords like "algorithm,"” "model,”
and "data"; their strong link strength suggests a growing research focus on computational methods, machine
learning, and optinsation-based decisiosupport tools, which demonstrate the ongoing shift towarddtatan
ATM operations.

Among the sustainable cluster, terms like "SAF," "emission," "fuel cost,” and "carbon price" are highly
internally connected. The fact that these terms are so closely related shows how environmental performance and
policy-driven operations are increasingiging emphased.

Overall, the central keywords suggest tfair interacting forces have driven ATM research in the period
20142024
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These hubs constitute the structural backbone of the ATM research lan@sdepilanL, Esteve & Zanin,
2025).

4.4. Density Map Interpretation

This density visuasation offers further insight into where research activity has been most focused within the
ATM landscape. From this density map, regions in yellow correspond to a higher frequency of the keywords and
stronger ceoccurrence relationships, while areas irkdatints correspond to less frequently studied topics.

actual schedule

endantloss  ,qgitional objective fi

aircraft collision
traffic control re  SECtOr  jcc pig) COSt

air navigation service pro\

5% VOSviewer

Figure 5. Density map of keyword eoccurrence in Air Traffic Management literature
(source:own compilation)

The brightest regions in the map correspond to keywords related to:

I DLU WUDIILF IORZ $7)0

1 DLUVSDFH VHFWRULQJ DQG FRQILIXUDWLRQ

I $0JRULWK P Hiobhiased Rppivacires, and

T V Diethwd concepts such as collision risk and information accuracy.

These areas emphssithe dominant research focus on managing traffic growth, sector efficiency, and the
safety of increasingly complex operations.

Another catchis the highdensity zone around keywords related to environmental performance, such as
emissions, fuel costs, carbon pricasd SAF(Hamdan, 2022)This indicates that sustainability has become a
major research priority, aligned with global environmental policies and the aviation industry's move towards
greener operational strategies.

The density map reinforces the cluster analysis's observation that ATM research between the yaaid 2014
2024 has concentrated on four major areas:

f RSHUDWLRQDO VDIHW\

I FDSDFLW\ DQG DLUVSDFH HIILFLHQF\

I DXWRPDWLRGopegd GLILWDOL
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years and indicate thdirection of scholarly attention.
5. Discussion

Table2. Summary of the Five ATM Research Clusters

Cluster Main Focus Key Insight
Safety & Human Factors Collision risk,workload, human Safety remains the priority in ATM
performance research
Capacity & Airspace Efficiency Sectoring, ATFM, demandapacity Airspace efficiency is essential elto
balance increasing traffic
Automation & Digitalization Algorithms, ML, decisiorsupport tools Research trendadicate a clear shift
toward datedriven ATMs
TrajectoryBased Operations Trajectory optimgation, conflict detection Modern ATM shift toward performanee
based operations
Sustainability & Environment Emissions, SAF, carbon pricing Environmental concerns increasingly

shape ATM studies

(source:own compilation)

Specific findingsfrom the keyword network and cluster analysis reveal that between 2014 and 2024, the
dominant themes in ATM research centred safiety, capacity, automation, trajectdogsed operations, and
sustainability. The consistency of these themes in the literature, along with the trend from traditiofiat dgeci
studies toward more technologlyiven and environmentally oriented reseadlglections, is evident.

5.1. Safety and Human Factors

Safetyis the most prominent theme identified within ATNIhe interlinked nature of keywords such as
“collision risk," "workload," "information accuracy," and "human performance" confirms previous conclusions
drawn within the ATM body of knowledg&korupskj2017; Socha, 2020hich states that the greatest influence
oncontroller workload is, in fact, the density of air traffic. This confirms ATM safetgnted research as the first
pillar within ATM.

5.2. Capacity and Airspace Efficiency

Capacity and airspace efficienayeanother essential area being researched in ATM. The way the keywords
are grouped in the form of @duster, with references related to airspace sectorization, traffic flow, and demand,
signifies the ongoing attempt to reduce the effects of congestion and increasing vflames, 2012) In
synchroly with earlier research efforts in this area, capacity limitations have been identified once again as a crucial
barrier for ATM.

5.3. Automation and Digitali sation

The emphasis on keywords such as algorithms, data models, and decision support systems is indicative of the
growing importance given to automation and digsttion in modern ATM technology. It is in line with the overall
digital evolution taking place in the aviation industry, with predictive analytics, machine learning, andaijmtimi
increasingly being adopted to improve the accurdaecisions ad minimise the efforts of air traffic controllers.
It is evident from the study that automation is erimey@s a paradigrshaping technology in future ATM systems
(Jimenez, M. A, Tello, F., & Mateos, A. 2020; Standfuss, 2024; Dmochowski,.2017)

5.4. Trajectory -Based Operations

TrajectoryBased Operations are described by their strong focus on perforthanee ATM concepts.
Trajectoryrelated keywords, focusing on plannigllision detection, and the predictability of operations, reflect
a strong interest within the reseacdmmunity to address issues of delay, fuel burn, and airspace efficidrese
observations reinforce tisector's shift toward performandeiven navigation and flow management, highlighting
TrajectoryBased Operations as key to Next Generation ATM 8ysi{@orres, 2012Kistan, T., Gardi, A.,
Sabatini, R., Ramasamy, S., & Batuwangala, E. 20174 J&#jan L U

5.5. Sustainability and Environmental Impact

The increasing presence of sustainabilélated terms, including emissions, sustainable aviation fuel, carbon
pricing, and fuel cost within the search data demonstrates that sustainaeilétied issues are becoming an
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increasinglyintegral part of ATMrelated research. These findings are consistent with the global aviation plans to
operate in a more environmentally sustainable manner. Sustainablditgd matters are now increasingly being
incorporated within the ATMelated resarch agendaather tharbeing relegated to the margift$amdan, 2022;

Jaka L&ijjan L, 2020; Mangav, 2026).

5.6. General Interpret

On the whole, the evidenseaggests a paradigm shift in the study of ATM, where the more traditional air traffic
controltoriented paradigm is now being supplemented by, and in some cases, progressively supphaoted by
technologycentric, performanceelated, and environmentally sensitive paradigms. Safety and capeme#in, of
course, the cornerstones, but the rising importance of automation, trajedtded operations, and environmental
considerations can only serve to understbesprimacy of nevpriorities in contemporary ATMNevertheless,
the extension of the dataset to encompass 50 articles seisuggpiart furthethis paradigm shift, where clearer
patterns emerge regarding the relationship between safety, capacity, automation, and sust@mnabdlitgwski,
2017; Jala L& JanL 0 Esteve, P., & Zanin, M. 2025)

Table3. Drivers and Barriers by Theme
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Source: Own compilation

6. Practical Implications

The findings of this study have significant implications for multiple stakeholder groups involved in the
evolution of Air Traffic Management (ATM). Translating these insights into actionable strategies can accelerate
the transition toward safer, more effint, and environmentally sustainable airspace operations.

6.1. Regulators and Policymakers

Regulators should align deployment roadmaps with measurable targets that simultaneously address safety,
capacity, and environmental performance objectives. This alignment ensures that satderefforts do not
prioritise one dimension at the expense of others. Furthermore, {modikgrs need to incentivise dataaring and
interoperability for automation tools by establishing robust standards and governance frameworks. Such measures
will facilitate seamless integration of advanced technologies acrasdigtions. In addition, regulators should
develop certification pathways for machine learngmgabled decisiosupport systems, specifying clear evidence
requirements related to robustness, explainability, and latency. These pathways will help oversbrmedtr
compliance barriers that currently hinder the adoption ediiMen solutions.

6.2. Air Navigation Service Providers (ANSPs)

ANSPs should priorite the implementation of trajectebased operations that demonstrably reduce delays
and fuel consumption while maintaining controller workload within acceptable limits. Investments in resilience
such as contingency procedures and ebasgler coordinatioA must be informed by netwotlevel analytics to
ensure operational continuity under disruptive conditions. Moreover, ANSPs should establiskiritimedaop
evaluations for automation tools during trial phases. These evaluationenaille continuous monitoring of
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workload, situational awareness, and mode awareness, thereby mitigating risks associated with automation bias
and unexpected system behawvm

6.3. Technology Developers and Integrators

Technology developers must design interoperable, standamdgliant APIs and data models to facilitate
integration with legacy ATM systems. Embedding human factors and explainability features into machine learning
tools iscrucial for fostering controller trust and encouragaupption. Additionally, developers should provide
uncertaintyaware optimgation capabilities that account for variables such as weather and demand fluctuations.
These capabilities should be complemented by performancedfadastboards, enabling operational decision
makers to balance efficiency, safety, and sustainability objectives in real time.

6.4. Training and Human Factors

Training programs should be updated to incorporate modules on Rain@aming, mode awareness, and
strategies for mitigating automation bias. Scerhdeed training exercises that expose controllers to varying
traffic regimes and levels of automation M@nhance adaptability and preparedness for future operational
environments. Continuous monitoring of cognitive workload using validated measures should inform rostering
decisions and the deployment of support tools. This proactive approach will helpimeanttroller performance
and weltbeing in increasingly automated and ddtiven ATM systems.

7. Conclusion

This paper conducted a bibliometric analydigo Traffic Management (ATM) from 2014 to 2024, aiming to
highlight important themes and intersecting conceptsinvitie body of knowledge. Utding analysis software
VOSviewer on keyword matricagveals five critical groups of themes: safety and human factors, capacity and
airspace efficiency, automation and digitalisation, trajecb@yed operations, and sustainability and the
environment.

It is evident from the results that the backbone of ATM studies rensaifety and capacity management. This
highlights continued operational concerns regarding increased traffic density values. Havweret js emerging
towards automation, decision support systems based on data, and operational strategies based on trajectory, which
indicate progress towards a performaociented ATM framework that employtechnological support.
Additionally, the emergence of sustainability topics suggests an increesecderns and intentions related to the
environment in current ATM studies.

From a scholarly perspective, this study makes several contributions by providing a clear roadmap of the shifts
in ATM research topics over the last decadih a clear linkage of relationships between these topics. From a
practical perspective, this study presents concrete policy implications for-pudikgrs, air navigation service
providers, and system developers by identifying key areas for shaping the future of ATM systems.

Nevertheless, the study also has certain limitations. The paperaelé&finite number of articles and presented
a basic analysis of the mentioned keywords in the study, which may not be entirely accurate due to the conceptual
and methodological divergences in the papers.u$bd next study couldtilise a more extensive number of
publications and employ multiple databases, in additiarstog citation analysis to identify the themes of ATM
papers. Another study could also observe the change in tleéA&® over a periodf time to identifyemerging
themes.

The findingssuggest a consensus that the current trend in ATM research is toward an integrated approach that
balancessafety, efficiency, technological innovation, and environmental sustainability. This holistic view will
likely be crucial in the coming years for developing a resilient, efficemd, sustainable air traffic management
system

Through the expansion of the dataset and the strengthening of the keyword network, this oéfeesiachmore
robust and comprehensive understanding of theewalring paradigm of ATM research.
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Abstract

In orderto meetthe growing funding needsof greentransitionin the EuropeanUnion, memberstatesstartedissuinggreenbonds.On the greenbond
market,sovereignareexpectedo reporton theuseof thegreenbondproceedsandtheirimpact Severalvoluntaryguidelinesareavailablefor greenbond
reportingon themarket includingthe International Capital Market Associati@reenBond Principles(ICMA GBP)or the EuropearlJnion GreenBond
Standard EuGBS), which is basedon the EU Taxonomy This studyprovidesan overviewon the currentsovereigrgreenbondreportingpractices in the
EU, takinginto accounttheir mostrecentgreenbondreportsandrelateddocumentggreenbondframeworks gexternalreviewsetc). The resuls showthat
all sovereigs in the EU implementtheICMA GBP, while manystrive to complywith the criteriaof the EU TaxonomyandEuGBS on a besteffort basis
Dueto the voluntaryuseof the standardsthe reportingpracticesamongsovereigngreatlyvary: eachcountryusesits own approactfor EU Taxonomy
assessmengllocationandimpactreporting which leadsto marketfragmentatiorand limited comparabilityof the sovereigngreenbonds.The EuGBS
could createa commongroundfor reportingrequirement$y strengtheimg comparabilityand credibility andimproving the transparencyn the market.
However,dueto its strict requirementsuchasthe alignmentwith the EU Taxonomy,it is complicatedor sovereignso complywith the standard

Keywords
Sustainabldinance,reporting,greenbond,netzero

1. Introduction

Climate changegnvironmentallegradationbiodiversityloss,droughtareonly someof the key challengeghe world is
facingthesedays(UN, 2025).Mitigating thesechallengesindensuringa sustainabléutureis akey priority in the European
Union (EU). The EU hassignedand ratified the Paris Agreementand supportsthe UN Agenda2030 for Sustainable
DevelopmentEuropeanCommission 2025a;EuropeanCouncil, 2025). It introducedthe EU GreenDeal with the long-
termgoal of becomingtheworld $§ first climateneutralcontinentby 2050andannouncedhe Fit for 55 packageaimingto
reducethe EU § greenhouseyas emissionat leastby 55% comparedwith 1990 levels (EuropeanCommission,2025h
EuropearCouncil,2025h. The EU is alsocreatingstrategiesn orderto protectthe climateandenvironmentlt published
famongothess #theEU AdaptationStrategywhichoutlinesavisionto becomeaclimateresilientsocietyor thebiodiversity
strategyfor 2030to protectthe natureandreservethe degradatiorof ecosystemgEuropeanrCommission2025c,European
Commission2025d).

Achieving the EU § ambitiouscommitmentsequirean enormousamountof funding providedby both the privateand
public sector(Anderssoret al., 2025). The role of the sovereignss crucial asthey canincentivizeinvestmentsprovide
subsidiesor stateguaranteegtc. The EU is providing funding for the memberstates e.g. through the Recoveryand
ResilienceFacility, the CommonAgriculture Policy or the Cohesiompolicy for the 20212027 period,to supportagreener,
netzerocarboneconomy(EuropearCommission2025e;EuropearCommission2025f; Christouetal., 2025).

Despitethe supportof the EU, the currentamountof funding is not likely to be enoughto reach the decarbonisation
targets(Anderssoretal., 2025). Therefore,manymemberstatesopt for raisng fundsby issuinggreenbonds.Greenbonds
are debtinstrumentssupportingprojectswith environmentaknd sustainabilityaspectq % p FeVal, 2022). On the green
bondmarket,it is expectedrom the sovereigngo publishpre-issuanceand postissuancaelocumentsincluding allocation
andimpactreportsontheuseof thegreenbondproceedsndtheirimpact Dueto thelack of mandatorybindingregulations
reportingcanleadto marketfragmentatioranddatainconsistenc{Manassegtal., 2022).This caneffecttheattractiveness
of the greenbondsand hamperthe greenbond issuanceIn the Action Plan: Financing SustainableGrowth, the EU
recognizedheimportanceof estallishing unified definitionsandproviding comparablénformationin sustainabldinance
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(COM/2018/097. As aresult,the Union createdhe EU Taxonomy a unified classificationsysemfor sustainablectivities
and publishedthe EU GreenBond Standard(EuGBS) a commonframework for issuing greenbondsin the EU (EU

2020/852 EU 2023/263). Theseinitiatives areprimarily targeed at the privatesectorandthe useof EuGBSstill remains
voluntaryfor greenbondissuance Therefore fragmentatioris expectedo persistamongsovereigs.

1.1 The greenbond market in the EU

Sincethe first greenbondwasissuedby the EuropeannvestmentBank (Climate AwarenesBond +CAB), the market
has grown rapidly (Cortellini and Panetta 2021) According to the International Capital Market AssociatiGit MA)
Databaseas of Septembef025,the total outstandingamountof greenbonds hasalmostreachedJSD 3,000billio n, of
which sovereigrgreenbondsaccountfor approximatelyUSD 500billion (ICMA 2025a)(Figurel).
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Figurel. Globalsovereigrgreenbondsissuancebillion, asof SeptembeR025)
Source:own editingbasedn ICMA (2025a)

In the EU, between2014and2024,therehavebeena significantincreaseof greenbondissuancs by corporationsand
soveeigns,leadingto agrowingshareof 0.1%to 6.9%in thetotal bondissuanceTheshareof sovereigrgreenbondsin the
totalbondsissuedalsoincreasedrom 3.3%in 2020to 4.2%in 2024.Sovereigrgreenbondissuances expectedo continue
e.g.Hungary,Germany Austria, Belgium alsoconsidergreenbondsasa financingtool for reachingthe climatetargetsin
their NationalEnergyandClimatePlans(EuropearEnvironmentAgency,2025;EuropearCommission2025g).

As of September2025, 14 memberstates(Austria, Belgium, Denmark, France,Germany,Hungary, Ireland, Italy,
Lithuania,the Netherland, Poland,Romania,Spain,Swedenhave issuedgreenbonds. As aresult,ata globallevel, more
than 60% of the outstandilg amountof sovereigngreenbonds are from the EU memberstaes, which also reflectsthe
leadershipf the EU onthe greenbondmarket(ICMA, 2025a).

1.2 Disclosureson the greenbond market

Onthegreenbondmarket transparencgnddisclosureof informationareessentiallnvestorsrely onvoluntarypublished
pre-issuancalocumentge.g.GreenBond Framework EU GreenBond Factsheetindpostissuancalocumentge.g.green
bondallocationandimpactreports)or othermaterialginvestorpresentationggovernmenpolicies,strategies)Forexample
to further improve the transparencyand the communicationwith the investorsin Hungary the GovernmentDebt
Managemenfgency PrivateCompanyLimited by Shares E .. publisheda comgehensiveEnvironmental, Social and
GovernanceESQ profile documenbesidegegularly publishinggreenbondreports.The materialmergesenvironmental
socialandgovernancaspectandintroduesthe country§ main ESGrelatedobjectives strategiestargets challengesand
achievements E .. 2025%). Therole of externalreview providersis alsosignificant,asthey canenhancehe credibility
andconsistencyf the disclosednformationby providing reviewsandverification to ensurethatissuerscomply with best
marketpracticesandstandard¢Simeth,2022)

Overthepastfew years,severaloluntaryguidelinesandstandardsverepublishedn orderto improvethetransparency
of, strergtheninvestorconfidencan andfostertheissuancef greenbonds.TheseincludetheICMA GreenBondPrinciples
(GBP) +which is currentlythe global standardor greenbondissuance 1 the Climate Bonds Standardrom the Climate
Bondslnitiative or the EuropeanGreenBond Standard EUGBS),which definesthe requirementgor issuingthe so-called
EuropearGreenBond” (EuGB) by relying heavily on the EU TaxonomyRegulation % U ¢ F N EtBIX2B23; Regulation
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(EVU) 2020/852 and 2023/268As of September 2025, according to the ICMA database, 97% of the entire sustainable bond
market is in alignment with the ICMA Principles.

TheEU Taxonomyprovidesaclassificatiorsystento defineenvironmentallysustainableconomicctivitieswith regard
to six environmentabbjectives These objectives are: 1. Climate change mitigation 2. Climate change adaptation 3. The
sustainable use and protection of water and marine resources 4. The transition to a circular economy 5. Pollution preventic
and control 6. The protection and restonatid biodiversity and ecosystenfm economicactivity is consideredaxonomy
eligible if it hasa descriptionandatechnicalscreeningeriteriasetoutin the DelegatedRegulationof the EU Taxonomy.
Current delegated regulations include: Climate Delegated A&U 2021/2139; EU 2022/1214; EU 2023/2485,
Environmental Delegated ActEU 2023/2486An economicactivity is taxonomyalignedif it is taxonomyeligible, fulfils
the technicalscreeningeriteriain the relevantDelegatedRegulation and complieswith the minimum safeguard<riteria
introducedn the EU TaxonomyRegulation Underthetechnicalscreeningriteria theactivity mustcontributesubstantially
to meetingatleastoneof the six environmentabbjectivessubstantiaontributioncriteria +SC)while not causingharmin
any of the otherenvironmentabbjectives(do no significantharmcriteria +DNSH) (HummelandBauernhofer2024;EU
2020/852.

Although, thereare somesimilar featuresbetweenthe EUGBS andthe ICMA GBP (both standardsim to regulatethe
useandthe managemenof the greenbond proceedsthe reportingpracticeetc.), significantdifferencesbetweenthe two
documentganalsobeobservedTablel). First,the ICMA GBPis notbasedn anytaxonomy while the EuGBS relieson
the EU Taxonomy.Secondthe ICMA GBP recommendsettingup a GreenBond Frameworkbeforethe issuancewhile
the EUGBS requiresissuersto publish the EuropeanGreenBond FactsheetThe ICMA GBP recommendsan external
reviewerto verify the GreenBond Frameworkandallocationreportirg. In contrastith thel CMA GBP,theEuGBSrequires
an externalreviewer registeredand supervisedby ESMA (EuropearSecuritiesand MarketsAuthority), to verify the EU
GreenBond Factsheeandtheallocaion report % U « F N R@X BUW2023/2631ICMA, 2025h ESMA, 2025.

In SeptembeR025 Denmarkbe@methefirst sovereigrto issuea EuropearGreenBond (DanmarkNationalbank2025;
DanishMinistry of Finance,2025a).Apart from Denmark,the majority of the sovereignsn the EU issuinga greenbond
strive to implementthe EU Taxonomyandthe EuGBSon a besteffort bags /X N i &ndBebes,2025). Additionally, all
memberstatesapply the ICMA GBP,while for reportingpurposessomesovereignslsoconsiderthe ICMA § Handbook
Harmonised-rameworkfor ImpactReportingguideline(ICMA, 2024, henceforth ICMA Handbohk

As manysovereignseekalignmentwith the EuGBSandthe EU Taxonomy,andalsoadhereto the ICMA GBP while
implementingelementsfrom ICMA Handbook,the reporting practicesand approachegreatly vary amongsovereigns
which causesnarketfragmentatiorandhamperghe comparabilityof sovereigmgreenbonds.Therefore understandinghe
marketmechanismandcurrentdisclosurepracticess essentiafor the future developmenbf thegreenbondmarket.
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Tablel. High-level comparisorof the mainelementof ICMA GBP June2025(latestupdatedversion)andthe EUGBS

Element ICMA GreenBond Principles (version 2025) EU GreenBond Standard 2025
Preissuance it is recommendedo set up a Green Bond Preissuanceit is requiredto fill and publishthe EU GreenBond
GreenBond | FrameworkTheframeworkdemonstratesowtheissueraligns Factsheet using the specific template in the standard.On the
Framework/| with the ICMA four core principles (Use of the Proceed, factsheetseveratypes ofinformationneedto bedisclosedincluding
EU Green Procesdor ProjectsEvaluationand SelectionManagemenof  how the bondwill contributeto the issuer§ environmentaktrategy
Bond Proceeds and Reporting) and introduces the issuer§ the interded allocation of bond proceedsallocationto taxonomy
Factsheet overarchingsustainabilitystrategy. aligned activities, estimated impact, process and timeline for
allocation,informationon reportingetc.
Thegreerbondproceedshouldbeusedfor projectspromoting  Greenbondproceedsnustbealignedwith theEU Taxonomyandthe
U environmentabenefits An indicativelist of projectcategories  relevanttechnicalscreeningcriteria. The so-calledflexibility pocket
seof ) : o : . L A
is showcasedh the GBP.Theprinciplesdo notrequiretheuse allows anallocationup to 15% of proceedgo activitiesnot aligned
Proceeds - ) ) ; AN
of anytaxonomyor thresholccriteria,allowing abroaderspace with thetechnicalscreeningriteria
for financing.
Theissuershouldreporton the useof proceedsannuallyuntil  Issuersmust prepareand publish allocation reportsfor every 12-
full allocation.The reportshouldincludea list of projects,the month period (beginningon the issuedate) until full allocation of
amountandtheir expectedmpact. proceeds.Theallocationreportmustbe madepublicwithin 270days
Reporting It is recommendetb usethe ICMA Handbookwhichoutlines  of theendof each12-monthperiod.
sectorspecificguidanceandreportingmetrics. Theissuermustproduceanimpactreportafterthe full allocationof
the proceedqor at leastonceduring the lifetime of the bond). For
allocationandimpactreporting the standarcgprovidestemplates.
Preissuance (framework) and postissuance (allocation) Preissuancefactsheetandpostissuanceallocationreport)review
reviewis recommended. by an external reviewer is mandatory,impact report review is
External Preissuancethe GreenBond Frameworkalignmentwith the recommended.
Review GreenBond Principle§ componentshouldbe reviewed. Sovereignshavetwo optionsto receivea postissuancereview: 1.
Postissuancerecommendetb useanexternalauditoror third ~ from an externalreviewer,2. from an externalrevieweranda State
partyto verify internaltrackingandallocationof thefunds. auditor®

Source:own editingbasedn ICMA (2025b),EU 2023/2631Clifford Chanceg2023)

2. Data and methods

The article providesa comprehensiveverview on the recentsovereigngreenbond reporting practicesin the EU by
highlighting key areasthe EU Taxonomyassessmengllocationandimpactreportingandexternalreviewreceivedon the
reports Sincethe studyfocuseson the currentreporting practicesand relateddisclosurespublicly availabledocuments
publishedbetweenlanuary2024 and DecembeR025weretakeninto account.As a result,documentgrom the following
countrieswereanalysedAustria,Belgium,Denmark France GermanyHungary,Ireland,ltaly, Spain,the Netherland and
Romania

Severaldisclosureshave beenreviewed,including greenbond reportsand additionaldocumentscomplementingthe
reportssuchasgreenbond frameworks Excelfiles (the summaryof the studiedmaterialsis in Appendix1, Table4). Note
thatin somecasest wasdifficult to interpretthe EU Taxonomyassessmertnd/orthe allocationandimpactreportsdueto
ambiguouglefinitions,wordingandincoherentdata.

3. Resultsand discussion

The European Union has established the EU Taxonomy as a classification system to define environmentally sustainabl
economic activities, forming the backbone of its sustainable finance framework. This taxonomy underpins the EU Green
Bond Standard (EuGBS)khich sets voluntary guidelines for green bond issuance and reporting. EU Taxonomy assessment
involves determining the eligibility and alignment of financed activities with technical screening criteria, minimum
VDIHIXDUGVY DQG 3GR Q Rcipdsh@Qbadsl dxvindnikdntalPobjestivésQReporting under this framework
aims to enhance transparency and comparability by requiring issuers to disclose allocation and impact data, ofter
complemented by external reviews. Despite these efforts, curastiogss among sovereign issuers remain fragmented, as
alignment with the EU Taxonomy and EuGBS is largely voluntary, leading to diverse methodologies and limited
harmonization across member states.

1Renewable energy; energy efficiency; pollution prevention and control; environmentally sustainable management of liingspatess and land use;
terrestrialand aquatic biodiversity; clean transportation; sustainable water and wastewater management; climate change eidagtatengnomy
adapted products, production technologies and processes and green buildings.

2 These activities ight include: 1. economic activities where technical screening criteria is not available (these need to meet, where, dippliEigric
criteria for do nosignificant harnfset out in the Taxonomy Regulati¢EU 2021/213§ 2. activitiesin the context ofnternational suppo reported in
accordance witinternationally agreed guidelines

% In the case of the second optidhe State auditd§ task shall be limited to review the allocation of the bonds proceeds while the external reviewer shall
verify the taxonomyalignment of the expenditures.
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3.1. EU Taxonomy assessment

While sovereignsirenotobligedto reporton theeligibility andalignmentof their expendituresvith the EU Taxonomy
as a responseto the market developmentsand the increasingexpectationsof the investors many sovereignsstarted
integratingelementsrom the taxonomy(EU 2021/2173 From Septembe025 Denmarkwill adhereto the EU Green
Bond Standardwhile alsoalign with theICMA GBP. Accordingto thecountry$ EU GreenBondFactsheetthegreenbond
proceedwill beallocatedexclusivelyto taxonomyalignedactivities(DanishMinistry of Finance 2025).

Althoughthe other EU countrieshavenot publishedan EU GreenBond Factsheeyet, the findings showthat mostof
themseekalignmentwith the EU Taxonomyon abesteffort basis for exampleby mappingtheireligible greenexpenditures
to the6 objectivesnf theEU Taxonomy SomesovereignglsoassestheirgreenexpendituresonsideringheEU Taxonomy
technicalscreening(substantialcontribution,do no significant harm) and minimum safeguard<riteria. Thesecountries
strive to showcasehe eligibility andalignmentof their expendituresn their GreenBond Frameworkand/orgreenbond
repors (Table2). Eachcountryhasits own approacHor showcasingaxonomyalignmentwhich limits comparability.

Table2. Examplesf the EU Taxonomyassessmemtracticesn the EU (cc = countrycode)

CcC High level summary of the assessmenpractice
12 economicactivitieswereidertified andanalysedy Moody §, of which elevenwasfoundto be alignedwith the EU Taxonomyunderthe
ClimateandEnvironmentaDelegatedAct (EU 2021/2139EU 2023/248% In the greenbondreport,the countrydoesnot visualisethe share
NL | of greenbondexpendituresligningwith theEU Taxonomy althoughit confirmsthattheallocatedexpendituresarealignedwith thesubstantial
contributioncriteria and do no significantharm criteria exceptfor one activity, which is the tax relief and subsidiedor electricand plug-in
hybrid electricvehicles(Dutch StateTreasuryAgency,2023,2025%; Moody § Ratings,2025)
Whenupdatingthe GreenBondFrameworkin 2022,Moody § assessetheeligible expendituresf thecountry. Two taxonomyactivitiesrelated
to railway wereidentifiedanddeemedo be alignedwith the Climate DelegatedAct (EU 2021/2139in force atthetime of assessmenin the
BE greenbondreport,the country allocatesthe majority of its greenbond proceedgo thesetaxonony-alignedrailway activities. Belgium also
examineghetaxonomyeligibility of expendituresot assesselly Moody § at the time of updatingthe framework Overall,in the greenbond
report,the countrydisplaysthe shareof taxonomyaligned,taxonomyeligible and non-verifiable expendituregBelgian Debt Agency,2022,
2025%; Moody § ESGSolutions,2022)
When Hungary was updatingits GreenBond Framewaork,Morningstar Sustainalyticsassessedhe technicalscreeningcriteria for several
activitiesunderthe Climate DelecatedAct (EU 2021/213% Accordingto the country§ latestreport,it reassessethie availableexpenditures
during the reporting period basedon all the currentDelegatedActs (EnvironmentalDelegatedAct +EU 2023/2486and DelegatedActs
amending the Climate DelegatedAct +EU 2022/1214EU 2023/2485 First, the taxonomyeligibility of the expendituresvas identified. In
HU caseof eligibility, asa nextstep,the countryassessethe alignmentof the expendituresvith thetechrical screeningcriteria of the Delegated
Acts.This exercisds basedon interviews,consultationsvith the ministries,beneficiariesandEU Taxonomyguestionnairedn thereport,the
sovereigrdedicates separat&U Taxonomyassessmesectionwith adetailedbreakdowrof theexpenditureandtheresuls of theassessment
The countryalsoprovidesan ovewiew on the shareof taxonomyalignedand partially-aligned(fulfilling the substantiatontributioncriteria
but not or partially fulfilling the do no significantharmcriteria) expendituresnda casestudyto demonstratéts assessmerstpproach E . .
2023,205b; MorningstarSustainalytics2023)
Although France$§ latestgreenbond report (publishedin 2025) is basedon the country$ GreenBond Framework2017 (which did not
incorporatethe EU Taxonomy sincetherewasno taxonomyregulationat thattime), the country conductsan EU Taxonomyassessmerand
displaysthe shareof taxonomyeligible, non-eligible and not analysedexpendituresFurthermore the country breaksdown the taxonomy
eligible expenditurs, showcasingheshareof expendituresulfi lling thesubstantiatontributionanddo no significantharmcriteria. Thecountry
FR alsopresentsomecasestudieson the selectecexpendituressummarigng thetaxonomyassessmemesuls (AgenceFrance 7 U p \26264a).
In itsupdatedGreenBond Framework(publishedn 2025) the countryobligesitself to continuethetaxonomyassessmemrocessanddisplay
theresultsin eachupcominggreenbondreport.Accordingto theupdated=rameworkthe countrywill alsopublishanadhocdocumenwith a
detailedmappingof environmentalsociallaws andregulationsn forcein the countryandthe internalprocessefo meetthe do no significant
harmandminimumsocialsafeguardsriteriasetoutin the DelegatedActs (AgenceFrance7 U p \2626b)
The countryhasa specific detailedprocessn placeto assesshe allocatedexpendituresn the greenbondreport. The assessmeris basedon
the COFOG (classificationof the functions of government),ISIC (International Standardindustrial Classifications),NACE Rev.2 and
TaxonomyCompasgMinisterodell Economiae delle Finanze 2025).
IT In theupdatedGreenBond Framework(publishedn 2025),the countrycommitsto aligning certainactivitieswith the substantiatontribution
criteriaunderthe Climateand EnvironmentaDelegatedAct (EU 2021/2139EU 2023/248% meanwhilealsoconsideringhe DNSH criteria
wherefeasible.The frameworkalso highlights, that in the upcominggreenbond reportsa sectionwill be dedicatedto the EU Taxonomy
(Ministerodell fEconomiae delle Finanze 2025b).
In the latestgreenbond report, the country providesqualitative information on the EU Taxonomyalignmentof certain expendituresFor
expendituresindercleantransportcategory accordingto the country,the selectioncriteria takesinto accountthe technicalscreeningcriteria
ES | relatedto climatechangemitigationobjectivedefinedin the EU Taxonomyon a certainlevel. However, informationon theassessmenmrocess
for suchprojectsis not availablein the report. As for the expendituregelatedto agriculturalinsurance Spaindescribeghe expenditure§
alignmentwith the Non-life insuranceinsuranceagainstclimaterelatedrisks” taxonomyactivity (Tesoro 3 ~ E O20B5.

Sourceown editingbasedn the soveeigns fmostrecentGreenBond ReportsandrelatedmaterialssuchasGreenBond Framework ExternalReviews

Some countrieslike Romaniado not provide information on the taxonomyalignmentof greenexpendituresn the
reporting but integrate certain elementsfrom the regulation For example,accordingto the criteria of the Clean
Transportatiorprojectcategoryunderthe country$ GreenBond Framework,until the endof 2025, low-carbonpassenger
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vehicleswith atailpipe emissionsntensity of maximum50 g CO./km, from 2026 onwards,only vehicleswith emissiois
intensity of 0 g CO./km areeligible for financing This criteriais adoptedfrom the technicalscreeningcriteria of the EU
Taxonomy$ Climate DelegatedAct (Government of Romani2023 EU 2021/213%

In many casesthe misuseof wording, phrasingandinconsistencyin the documentgGreenBond Frameworkexternal
review, greenbondreport) can potentiallyleadto a misunderstandingnd an assumptioron what extentthe issueraligns
with thetaxonomy howthetaxonomyassessmelig executecandwhich DelegatedA ctsandtechnicalscreeningriteriathe
issuerconsiderdfor the taxonomyassessmentheseinclude wording suchas %ligible to be Taxonomyaligned’, dikely
aligned’, dikely parly aligned’, otentially environmentallysustainablesectors,in line with the objectivesof the EU
Taxonomy'. This practicealsodemonstratebow diversifiedthe marketis whenit comesto EU Taxonomyassessment.

3.2.Reporting

BoththeICMA GBPandEuGBSrequireissuergo reporton the allocationandimpactof the greenbondproceedsfter
theissuanceWhile the EUGBS containsseparatallocationandimpactreportingtemplateghat are mandatoryto use,the
ICMA GBPdoesnotincludeanytemplatefor reportingpurposesinsteadthelCMA GBPrecommendadoptingthe|CMA
Handbook which outlinescore principles,recommendationsvhile providing sectorspecific guidance reportingmetrics
andtemplatedor impactreporting(ICMA, 2024 2025h Regulation (EU) 2023/2631Sincethe latestgreenbondreports
publishedby sovereignarebasednICMA GBP,issuerdiadmorefreedomin creatingtheirownreportingstructure having
uniqueapproachefor designingandhighlighting certaincontent.

Thefindings showthatsomecountries(Austria, Belgium, France Hungary,ltaly, the Netherlandspublishan integrated
report which combinegshe allocationandimpactof the greenbondproceedslit must be notgthat ) UDQFHYV DQQXDC
ERQG UHSRUW FRQWDLQV ERWK DOORFDWLRQ GDWD DQG SHUIRUPDQFH L
procedureMearnwhile othercountries (Denmark,Germany|reland,Romania Spair) publishallocationandimpactrepors
separatelyln general allocationreportsare publishedannually(until the full allocationof greenbondproceedsfollowed
by animpactreportwith atime lag. Theonly exceptionis Spain sincethecountrydisclosetheallocationandimpactreport
atthesametime.

Publishinganintegratedeportmayincreasehetransparencandclarity, asall informationis availablein onedocument,
the connectionsand synergis betweenthe allocation and the impact are clearly outlined. Since all the informationis
disclosedrelatedto the projects investos do not haveto wait monthsor yearsfor animpactreportto be published On the
otherhand,publishingtheimpactreportfollowing the allocationreportallows moretime for sovereigngor developingthe
contentof thereportanddisplaythe project$ achievedmpact +which might not be availableor measurablat thetime of
the allocation.Overall the choiceof the reportingstructure the publicationdateof the allocationandimpactreportmight
dependntheinvestos fpreferencs, thecountry$ capacitiesthedataavailability of theprojectsor themanagementelated
to the statebudgetandfinal accountingprocess.

It is worth mentioningthat some sovereigndike Belgium, the Netherland, Ireland, Austriaand Romaniaalso publish
additionaldocumentssuchasExcel files togethemwith the greenbondreport. TheseExcel files summarisehe allocation
and/orimpactdataor evencomplementhe greenbondreportwith additionaldata.For example Romaniapublishedan
Excel documentas an Annex to its greenbond allocationreport whereit detailsthe nameof the projects their brief
description,location, beneficiariesand allocatedamount(RomanianMinistry of Finance,2025) In the Austria$ Green
Investor Report Spreadshee?024 Excel document the country providesall the allocation and impact data, a detailed
overview of the greenexpendituresrom the latestgreenbondreportaswell ashistorical dataregarding the greenbond
issuance$OeBFAAustriaTreasury 2025.

In France,the GreenOATSs EvaluationCouncil is an independenbody that was setup in 2017 with internationally
recognisedexperts The council is mandatedto analysethe impact of the selectedgreenexpendituredinancedby the
country$ greenbond.Since2017,evaluationreportsare publishedannuallyandseparatelffrom the country$ greenbond
reports.Theresultsof theseevaluatiorreportsarehighlightedin France$ annualgreenbondreports(AgenceFrance7Up VR U
20253.
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3.2.1 Allocation Reporting

ThelCMA GBPprovidesanindicativeprojectcategonylist for eligible greenexpendituresThe EuGBSdoesnotinclude
a similar categorizatiorto the ICMA GBP, but obligesissuergto displaythe shareof the taxonomyalignedexpenditures
andeconomicactivitieslistedin the Delegatedregulationge.g.afforestationjnfrastructurefor rail transportconstruction
of newbuildings)on the GreenBond FactsheetindreportingtemplategICMA, 2025h EU 2023/2631

The findings showthat issuerstake into accountthe indicative projectcategoriefrom the ICMA GBP in their Green
Bond Frameworkandgreenbondreporting.While somesovereigs usethe sameprojectcategyoriesfrom theICMA GBP,
othersmodify thetitles or evencreatenewones.The studyalsorevealghateachsovereigrallocatedmostof its greenbond
proceedgo projectsunderthe Transport/Clea ransportatiorcategory,exceptfor Romaniaand France(Table 3). While
Romaniaallocatedthe majority of the proceedgo projectsunderthe SustainabléVater and WastewatetManagement
category(projectsrelatedto the construction of watersupplyandwastavaterinfrastructure) Franceusedmostof thegreen
bondfundsonthe Multi-sector categorywhich relatesessentiallyto researchunding coveringseverakconomicsectors.

Table3. Top threeallocationcategoryin thelatestsovereigrgreenbondreports(cc = countrycode)

Sharein Sharein Sharein
cc Green categorywith total Green categorywith the total Green categorywith the third total
the highestallocation  allocation secondhighestallocation allocation highestallocation allocation
(%) (%) (%)
AU Cleantransportation 58.8% Renewablé&Energy 16.9% EnergyEfficiency 8.6%
BE Cleantransportation 87.4% Living Res%irgeand Land 7.0% Renewablé&Energy 2.7%
DE Transport 50.7% Internationakooperation 22.1% Energyandindustry 13.4%
DK Cleantransportation 93.8% Renewablenergy 6.2% -
Sustainablevaterand . .
0, 0, 0,
ES Cleantransport 67.5% wastewatemanagement 20.0% Adaptationto climatechange 12.5%
FR Multi-sector 26.3% Energy 20.3% Building 19.1%
HU Cleantransportation 89.2% Land usreeicljll:/rlggsnatural 9.7 Pollution prevention& control 0.6%
Sustainablavaterand EnvironmentallySustainable
. o 0 7
IE Cleantransportation 57.7% wastewatemanagement 29.1% Managemenbof Living Natural 6.2%
ResourceandLandUse
. Protectionof the environment
0, 0, 0,
IT Transport 40.5% Energyefficiency 34.9% andbiological diversity 9.1%
. ClimateChangeAdaptation&
NL CleanTransportation 51.0% Renewablenergy 28. M6 SustainablaVaterManagement 20.3%
Sustainabl&Vaterand Ecologicallysustainable
RO Wastewater 42.5% managemenf living natural 21.5% Climatechangeadaptation 18.8%
Management resourcesndlanduse

Source:own editingbasedn the soverégnsimostrecentGreenBond Reports

Underthe Transport/Cleai ransportatiorcategory a significantamountof the fundswereallocatedto projectsrelated
to railway infrastructureand operation while proceedswere also usedfor supportinglow or zero-carbontransport(e.g.
hybrid cars,pure electric vehicleg, public transport(including bus metroetc), cycling or waterwayfreight. In the EU,
usuallythe stateownsthe nationalrailway companyandis responsibldor its operatiorandmaintenancevhich maybeone
of the reasondehindthe high allocationtowardsrailway % X O MtRlY 2024) Anothermotive canbe thatthe transport
sectoris one of the highestgreenhouse ga$&HG) emittersamongthe sovereignstaccordingto the latestEU Climate
Action ProgresfRReportgEuropean Commission, 2025hhdrefore operatingandmaintainingthe railwayscanencourage
the moddl shift from roadto a more sustainabldransport lowering the GHG emissios of the country, especiallyif the
railway is electrified (EuropearCommission2025h) For example whenit comesto railway allocation,Hungarysupports
only the electrifiedrailway networkwith thegreenbondproceeds E .. 2025b).

3.2.2.Impact reporting

BoththeEuGBSandICMA Handbookexpectsssuerdo reportontheenvironmentaimpactandtherelatedmethodology
behindthe evaluation(ICMA, 2024,EUR-Lex, 2023) Since projectsmay hawe other sustainabilityimpacttoo, the two
guidelinesalsoencouragéo disclosethe socialbenefitsof the projects.Althoughtherearesimilar elementsn the EUGBS
andICMA Handbook the overall requirementaredifferent For examplethe ICMA Handbookrecommendso reporton
the estimatedifetime resultsof the projectsor theproject$ econonic life (in years)while the EuUGBSrequiresto showcase
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an estimateof the project$ adverse(negative)environmentaimpact. The ICMA Handbookincludesa list of indicators
(core,other,othersustainability)Jundereachgreensectorandrecommendso reporton at leasta limited numberof sector
specifc coreindicatorswhile the EuUGBSdoesnotcontainalist of indicatorsthatcouldbeusedby theissuerICMA, 2024;
EU 2023/263)

Sincesovereignsarenot restrictedto usespecificindicatorsfor reporting,the impactindicatorsshowcasedh the green
bondreportsgreatlyvary amongsovereignsBasedon thefindings,eachcountrydisclosesnvironmentalmpactindicabrs
in their greenbondreport. The reduced/avoidedreenhouse gas emissiappeargo be the mostwidely usedindicator,
followed by othercommonlyusedindicatorslike the productionof renewableenergy(or energygeneratedrom renewable
source} and energysaved.Besidesimpactindicators,outcomeor outputindicatorsare also reported.For examplefor
railway transport,the length of railway lines renovated/maintained/electrifiedr the passengekilometres are often
presented

For calculatingthe impactof certainprojects severalmethodologiesre available(both nationally and globally). The
findings showthat sovereignsisedifferent methodologieswhich may not be consistentand comparablevith eachother.
Therefore,providing a detaileddescriptionof the methodologyand the evaluationis crucial Most sovereignsincludea
methodologychapteior Annexin theirgreerbondreport,whereinformationis providedonthecalculationbehindtheimpact
numbers Soveragns like Germanyalso highlight the assumptionsnd limitations consideredor calculatingthe impact
(FederalMinistry of Finance,2024) Belgium also publishesa methodologyannextogetherwith the greenbondreport
presentingheimpactmethodologie$n detailsandwith flowcharts(BelgianDebtAgency,2025b).

Somesovereignslsoreporton othertype of sustainabilityindicators(e.g.social,sociceconomic.adverse)althoughit
is notacommonpracticein the EU. The Netherland includesa brief socialindicatorsectionin its greenbondreport where
informationis providedon threeselectedsocialindicatoss: rail mobility, peopleprotectedby flood defencework andgrid
availability. The countryalsopreserd two adversandicatorsitheuseof spaceby offshorewind parks(in squarekilometres)
andthenoisepollution of rail traffic (referenceoints,wherenoiselevel exceededhe maximumallowedlimit) (DutchState
TreasuryAgency,2025). Hungarypresentshe low-carbonGDP andlow-carbonemploymenteffect of the expenditures
basedon a modeldevelopedby E .. andalso highlightsthe social co-benefitof relevantprojects E .. 2025b).ltaly
calculateghe sociceconomicimpactof the projects,basedon the so-called SAM (Socid Accountability Matrix) model.
This way, the countryis ableto showcasehe contributionof the financedprojectsto the GDP growth (inducedGross
Domestic Product) and their impact on labour demand(as workers needs to meet induced production) (Ministero
dell fEconomiae delle Finanze 2025).

It is importantto note,thatimpactof certainprojectscanoccurduringtheir entirelifetime (energyefficiencyrenovation,
installationof renewableenergycapacitiesuchassolarpanels the upgradeor electrificationof railway linesetc). Where
possible sovereignsstrive to disclosethe accumulatedmpactover the lifespanof the financedprojects(lifetime impact)
Hungaryreportson the GHG emissionsavoidanceof metroM3 reconstructiorwith the expectedifetime of 30 yearshased
onaclimatebenefitanalysigoreparedor theproject E .. 2025b).Iltaly presentshe GHG savingsovertheentirelifetime
of the financedinterventionsusingthe CO,mpareEvolution modelandalsotakesinto accountexternalstudiesrelatingto
theusefullife of theprojects(lifetime rangedfrom aminimumof 27 yearsto maximum37 years)(Ministerodell ffconomia
e delle Finanze 2025). Germanyappliesan eightyearlifetime for calculatingthe impactof energyefficiency projectsin
industry and businessegFederalMinistry of Finance,2024) For evaluatingthe GHG emissionavoidance Belgium
considersa 45 yearslifetime of the purchasedolling stock anda 40 yearslifetime for railway maintenancenvestment
(BelgianDebt Agency,2025a) Denmarkconsiderghe accumulatedCO, emissionavoidancefor a 15-yearlifespanof the
financedzero andlow-emissonsvehicles(DanishMinistry of Finance 202%).

3.3. External Review

The role of externalreviewersis significanton the marketasthey provideindependenteview on pre-issuanceGreen
Bond Framework,EU GreenBond Factsheetand postissuancedocumentggreenbondreports) boostingthe credibility
andtransparencgnthemarket Currently thereareseverakerviceprovidersincludingMorningstarSustainalyticsivioody $
Ratings ISS-Corporate, S&P Global Shadeof Green,Sustainable=itch etc that issue external reviewShereare also
serviceproviders offering externalauditandlimited assurancaervicedike KPMG or Deloitte on the verification of the
greenbondallocation.Accordingto the EUGBS, only externalreviewersregisteredy the ESMA will beableto providean
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externalreviewon the EU GreenBond documentgregistrationrequiredform 1 January2026) meanwhilethe ICMA GBP
doesnotdefineanyrequiremenfor externalreview providers(ESMA, 2025;ICMA 2025b)

Despitebeingonly recommendedy theICMA GBP,all memberstategeceivedat leastonetype of anexternalreview
ontheir greenbondreports(Figure 2).

AU m External Audit/Limited assurance (KPMG, Deloitte

BE

DE Report Review (ISS-Corporate)

DK

ER Annual Review (Morningstar Sustainalytics)

HU
m Second-Party Opinion update (Moody's)

m Post-Issuance Review (S&P Global Shades of Gre

Council Evaluation Report (Evaluation Council)

Figure2. ExternalReviewsprovidedfor the mostrecentGreenBond Reportspublishedby the sovereigngcc = countrycode)
Source:own editingbasedn the soverégnsimostrecentGreenBond ReportsandExternalReviews
Note: Stateauditis notindicatedon the Figure.

For postissuanceeview, countriesengageseverakxternalreviewers whoapplydifferentapproacheandmethodologies
when providing an opinion on the reports Somecountriesopt for an externalauditlimited assuranceervice Thereare
countriesalsohighlighting thattheir allocationis verified by stateaudit. For examplethe Netherland notesthatthe Central
GovernmentAudit Service(AuditdienstRijk) hasalsoauditedthe allocationin its latestgreenbond report (Dutch State
TreasuryAgency, 2025b). Spain$ allocationreportis verified by the GeneralComptroller of the State Administration
(2ILFLQD 1DFLRQDI28 . Branhcelitw ®duridll EvaluationReportscanalsobe consideredasa form of an
externalreview, sincethe GreenOATs EvaluationCouncilis anindependenbody and providesdetailedanalyseson the
quality of the eligible greenexpenditureg¢AgenceFrance 7 U p \26253.

4, Conclusion

To reachthe sustainabilitygoalsof the EU, a substantishmountof fundingis required Sovereignglay a crucialrole in
financing the greentransition and building a sustainablduture. Besidesreceiving EU funding for the aforementioned
purposessovereignglsochoosealternaive waysto raisefunds,for exampleby issuinggreenbonds Currently theissuance
of the greenbondsis regulatedby voluntarystandardsndprinciples suchasthe ICMA GBP,theICMA Handbookor the
EuGBS whichis basedonthe EU Taxonomy.

In orderto be credibleandtransparentissuersareexpectedo integratethe voluntarystandardsindprinciplesfor green
bondissuanceandreporting In the EU, eachof thememberstatesusetheICMA GBP, while somecountriesalsotakeinto
accountelementdrom theICMA Handbook Additionally, sovereignstartedto seekalignmenton a besteffort basiswith
the EuGBSandthe EU Taxonomy So far, Denmarkis the only countryin the EU that publishedthe EU GreenBond
Factsheeaindissuedan EuropearGreenBond.

Thestudyprovidesanoverviewonthegreenbondreportingpracticesn theEU basedntherecentsovereigrgreenbond
reportsandrelateddisclosuresThe article focuseson threekey areas:EU Taxonomyassessmengllocationand impact
reporting andexternalverification practices.

An increasinghnumberof countriesstartedto assesgheir greenexpenditurebasecn the EU Taxoromy, presening ther
taxonomyalignmentin the GreenBond Frameworkandbr greenbondreport. The taxonomyassessmergracticeusedby
sovereigns is different with eachcountryapplyingits own methodolog andapproachSomecountriesdo not assesshe
expendituresbut implementsome elements + such as thresholdcriteria +form the taxonomyin their Green Bond
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Framework.Sometimesit is not possibleto determne on what extentthe issueralignswith the EU Taxonomydueto the
ambiguousvording,thelack of detailsor theinconsistentinformationbetweerthe GreenBond Frameworkthe greenbond
reportandanexternal review

Many sovereigngublish an integratedreport, which combinesthe allocationand impactdata,while otherspublisha
separte allocationandimpactreport. Somesovereignslsoissueotherdocumentsogetherwith the greenbondreportsin
the formof Excelfiles. As for the allocationof thegreenbondproceedsin generalthe CleanTransportation/Transpogboal
is the most allocatedgreenbond categorywith railway receiving a significant amountof the funds. Regardingimpact
reporting,the GHG emissionavoidances the mostcommonlyusedindicator,while the useof othertype of sustainability
indicatorssuchassocial,socioeconomiocor adversandicatorsis notcommon.

While theICMA GBP only recanmendsthe EuGBSrequiresissuergo engagean externalreviewerin orderto provide
a review on the pre-issuanceand postissuancedocumens. All the analysedsovereigngeceivedat leastonetype of an
external review on their greenbond report from third partiesor audt service providers. These practicesboost the
transparencyndthe credibility of the disclosednformationandseekalignmentwith the EUGBS.

Thearticledemonstratethatfragmentatiorstill remainsa challengeonthe greenbondmarketassovereignsusemultiple
voluntarydoaumentdor reporting.Eachof thelatestgreenbondreportsanalysedn thearticle hasits own structure content,
design,methodologiedor allocation,impactand EU Taxonomyassessmenthereforecomparabilityis limited. The EU
recognisedhattheabsencef commonstandardshedivergingmeasureandapproachesanleadto marketfragmentation
unevenmarketconditions, limited comparabilityandhinderthe fundraisingfor sustainabity purposesThereforethe EU
establisled the voluntaryEuGBS,which regulateghe greenbondissuancethe reportingpracticeandensureghatexternal
reviewersareregisteredandsupervisecdy ESMA. The creationof a commonandreliablelabd canbuild trustandhelpto
channeimoreinvestmeninto greenfinance

Despte theseinitiatives, issuingsovereignEuropeanGreenBonds asa commonpracticein the EU is hardly expected
within areasonabléime, dueto thevoluntaryuseof the principlesandstandardsAnotherreasoris thatthe EU Taxonomy
is primarily designedor the privatesectorwithout consideringsomeof the specificfeaturesandscope of public financing
Somesectordeingcrucialfor sovereignsn thegreentransition tsuchasagriculture tarenotcoveredoy theEU Taxonomy,
creatinga barrierfor aligning certainexpenditures.

Disclaimer

The views expressed in the article are those of the author and do not necessarily represent the views of Government De
Management Agency Private Company Limited by Shares
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Appendix
Table4. Documentgeviewedfor the ResultsandDiscussion(section3) (cc = countrycode)
Green Bond _ Latest Green Bond Post Other
Framework Pre-issuance Report issuance documents
(GBF) or EU review on the (A = Allocation, review related to
CcC Green Bond Framework/ | = Impact, the ost Website
Factsheet (EUF) Factsheet IN = Integrated) on 1 P
A= report issuancé
and publication (yes/no) and /no) (yes/no)
year publication year (yes Y
INCLUDED IN THE ANALYSES: countries that published a green bond report between JanuargRe2émber 2025
AU GBF +2022 Yes IN +2025 Yes Yes hitps://www.oebfa.at/en/financing
instruments/greesecurities.html
BE GBF #2022 Yes IN +2025 Yes Yes https://www.debtagency.be/en/greeio
https://www.deutsche
A 12025 finanzagentur.de/en/federal
DE GBF 2020 es | £2024 Yes No securities/typesf-federat
securities/greeffiederatsecurities
DK GBF #2021 Yes A 2024 Yes Yes https://www.nationalbanken.dk/en/gover
EUGBF- 2025 | 2025 mentdebt/fundingstrategy/greeihonds
https://www.tesoro.es/en/deuda
A 42025 publica/etprogramade-bonosverdes
ES GBF 2021 Yes | :2025 Yes No soberanos
- https://www.tesoro.es/en/deuda
publica/informaciorparainversores
https://www.aft.gouv.fr/en/framework
GBF 2017 andsecondparty-opinion
FR GBF 2025 es IN' +2025 Yes es https://www.aft.gouv.fr/en/allocatiecand
performanceeport
https://www.akk.hu/greebond/green
HU GBF £2023 Yes IN £2025 Yes No bondfFramework023en
https://www.ntma.ie/business
A 2025 areas/fundingand-debt
IE GBF 2018 es | +2025 Yes es management/governmesgcurities/irish
sovereigrgreenrbonddocuments
https://www.dt.mef.gov.it/en/debito_publ
lico/titoli_di_stato/quali_sono _titoli/btp ¢
reen/#car3
IT gSE fgggé Yes IN +2025 Yes Yes https://www.dt.mef.gov.it/en/debito_publ
- lico/emissioni_titoli_di_stato_interni/com
unicazioni_emissioni_btp_green/post_el
ssioni/
NL GBF 2023 Yes IN - 2025 Yes Yes Etotgzé/enql|sh.dsta.nl/sublects/q/qreen
A 12025 https://mfinante.gov.ro/en/web/trezor/ob
RO GBF £2023 Yes | +not published yet Yes Yes gatiuniverzi
EXCLUDED FROM THE ANALYSES: countries that did not publish a green bond report after January 2024
https:/finmin.Irv.lt/en/competenee
areas/statelebt
LT GBF £2018 Yes IN £2023 No No management/government
securities/governmergecurities
auctions/greetvonds/
GBF 2016 https://www.gov.pl/web/finance/issues
PL GBF 2025 Yes IN +2022 Yes No internationalbonds
https://www.riksgalden.se/en/cur
SE GBF 2020 Yes IN +2021 No No operations/centrajovernment

borrowing/issuance/gredsonds/
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Abstract

The automotiveindustry continuesto facenumeroushallengeghatdemandongoingprocessmprovementandsystem
optimization.Incidentsreportedn the mediahavehighlightedtherelevanimpact regardingcompaniegpsustainabilityand
brand image and consequentlythe urgent need for strongertraceability mechanismsand faster responsecapabilities
throughoutthe supply chain. This paperfocuseson enhancinga key logistic processwithin automotivecompaniestthe
incomingmaterialinspection by applyingthe DMAIC (Define, Measure Analyse Improve,Control) methodology This
processs critical, asit directly influencesproductionflow, productquality, andoverall supplychainefficiency.

TheDMAIC approachwasselectedlueto its proveneffectivenesn driving systematigprocessmprovementsreducing
defects,and establishingmeasurableontrol standardsacrossmanufacturingand logistics operations Eachphaseof the
methodologyprovidesa structuredrameworkwith clearly definedobjectivescontrolmechanismsanddeadlinedo ensure
consistentprogressand accountability. Implementationof the DMAIC methodologyresultedin a more transparent,
standardizedandefficientinspectiorprocessQuantitativeandqualitativeoutcomeslemonstratedignificantimprovements
in procesontrolandtraceability Furthermoretheinitial projectobjectiveswerefully achievedand,in severalinstances,
surpassedtvalidatingtherobustnessf the appliedmethodology.

This analysishighlightsthe critical role of structuredquality improvementrameworks,suchasDMAIC, in managing
increasinglycomplexlogistics operationslin an industry shapedy digital transformatiorand sustainabilityimperatives,
adoptingdatadriven methodologiedostersagility, consistencyand a culture of continuousimprovementis essential.
Beyond enhancingoperational efficiency, such approachesstrengthencollaboration, accountability, and long-term
competitiveneswithin the automotivesector.

Keywords
processmprovementautomotiveindustry, DMAIC methodologyjncomingmaterialinspection

1. Introduction

As thelogisticsdepartments avital componenbf theproductionsupplychainandfor internationatraderelations(Gade
etal., 2020, its continuouddevelopmenandoptimizationmustberegardedasatop priority by thecompany$ management.
NotablehistoricalcasessuchasToyota$ 2009 vehiclerecallsaffectingover 9 million unitsandAirbus $§ delaysin A380
marketentrydueto weaknesseis its ProductLifecycle Managemensystem(Norazlinetal., 2017),illustratethe significant
operationaland financial consequencesf inefficienciesin quality control and supply chain processesTheseexamples
underscorg¢heurgencyof implementingrobustsystemso reducedefectsandimproveresponsivenesglso, Leanpractices
(for instancethese cald be5S (Sort, Set in order, Shine, Standardize, Sustdaiyen (Continuous Improvementjalue
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Stream Mapping (VSM)Justin-Time (JIT) production; Kanban PokaYoke (Error Proofing) Heijunka (Production
Leveling);, Total Productive Maintenance (TPMRoot Cause Analysisvereintroducedinto Toyota § systemfor creating
valueusingminimumof resource¢ $ O E V W U/RAldbal., 2024).

In the automotivesector,whereproductionis highly sensitiveto delays,evenminor interruptionscancausesubstantial
lossesThetrendfrom thelastyearsneedgherequirementsor rethinkingthe procesgperformancesystem '| U Q K fetidlU
2019. MTTR, i.e. meantime to respond can be a valuablekey performanceindicator (KPI) for incoming material
inspectionprocessn automotiveindustryfor assessingndoptimizing the IncomingMaterial InspectionprocessTypical
targetrangesarebetweer? and8 hoursfor critical issuesand8 24 hoursfor majordefectgAiswaryaS.,2024).Improving
MTTR canbeachievedhroughmeasuresuchasautomatedncidentdetectionemployedraining,standardizeg@rocedures,
andpredictivedigital tools This isdemonstratethy RenaultGroup,which reducedresponsdimesandsavednearly %
million throughdigital innovatiors (RenaultGroup 2024).

Improvinginternallogisticsin the automotiveindustryis crucial for reducingwasteandincreasingefficiency. The case
studyby KocjanandPodloch(2025)highlightsthatunoptimizedmaterialflows andthe absencef visual markingsleadto
unnecessarnovementandtime lossesTheauthorsecommendmplementing_eantoolssuchas5S, visualmanagement,
andstandardizegrocedureso createanorganizedandpredictableenvironmenthatsupportoperationaperformance.

To systematicallyaddresgprocessdeficiencies this study employsDMAIC methodology(Define, Measure Analyze,
Improve, Control), a structuredquality improvementframeworkwidely recognizedfor reducingdefectsand optimizing
industrial processegSubagyoet al., 2020. The applicationof DMAIC provides a clear structurefor the entire project,
enablingthe selectionof appropriatemprovementsolutionssupportedoy the mosteffective Leantools +advantagesot
typically offeredby otherframeworks(Rifqi etal., 2027). Also, the casestudyby Ramoset al. (2025)wasconductecht a
multinationalautomotivecompanywheretheyappliedLeantools +5S,visualmanagemenpull systemsandstandardized
work *to streamlineassemblyline materialdelivery. As a result,the companyachievedsignificantimprovementsover
Ya in annualcostsavingsyreducedsupplycycletime, optimizedstockandrampusageandimprovedergonomicdy
minimizing materialhandlingandpersonnetequirements.

The DMAIC approactenabledatadriven analysisof incomingmaterialinspectionsidentificationof root causesising
tools such as Ishikawa diagramsand the 5Why method, implementationof targetedimprovements,and continuous
monitoringof keyindicatorsncludingaverageesponsd¢ime, 24-hourdeadlinecomplianceandfrequencyof recurringnort
conformities.

This paperfocuseson proposingan improved processfor logistics departmentsn the automotiveindustry, with a
particularemphasi®n optimizingthe IncomingMateriallnspectionprocessBY applyingDMAIC to thelncomingMaterial
Inspectionprocess,this researchaims to improve documentedorocessedor operationalefficiency, enhancesupplier
managementndensuretimely correctiveactions,ultimately supportingcontinuousand efficient automotiveproduction.
The DMAIC framework can significantly reduce defects, minimize processvariation, and optimize supply chain
performancehroughmappingworkflows, identifying root causesandstatisticaltools (Kurte et al., 2025)The studydraws
uponpreviousresearctaswell asreatworld industrychallengego highlight the critical needfor enhancedraceabilityand
fasterresponsegimes.A key operationametricin this contextis MeanTime to RespondMTTR), which measureghetime
from the detectionof anoncamplianceto theinitiation of correctiveaction.

2. Data and methods

This study focuseson evaluatingthe advantagesof applying the DMAIC methodologyto the selectedprocess,
emphasizingboth the direct processimprovementsand the broader organizationalbenefits. While other continuous
improvementmethodologiessuchasthe PDCA (PlanDo-CheckAct) cycle, are also highly valuablefor enhancingthe
internallogisticsenvironmen{Amaraletal., 2022),theDMAIC approactwaschoserfor thisstudydueto its comprehensive
anddatadriven framework.By systematicallyprogressinghroughthe five stagestDefine, Measure Analyze,Improve,
andControl £ the projectestablished structurednethodologyfor optimizingthe IncomingMaterial Inspectionprocess.

Thefirst stepof DMAIC methodologyis definingtheproblem Thus,theproblemidentifiedin this paperis theverylarge
numberof complaintsreceivedfrom the Incoming Material Inspectionprocessduring fiscal year2023 Accordingly, the
problemstatements formulatedasfollows: to achieve, withirthe IncomingMaterial Inspectionproces®f an organization
(for exampleRenaultGroup)areductionin theaverageesponsédime to theidentificationof non-compliantmaterialsfrom
48 hoursto 24 hoursduringfiscal year2024
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Thesecondstepof themethodologyis to measurehedatacollectedabouttheproblem In this stagekey activitiesinclude
selecting key performanceindicators (KPIs) aligned with the project objectives, collecting relevant data, applying
appropriataneasurememhethodsusingstatisticalanalysisanddatasynthesigools,andestablishinga baselinghatreflects
the current processperformance(Sushmith,2024). KPIs are essentialfor monitoring and evaluatingprogresstoward
achievingtheprojectobjectivesForthis project,aimedatimprovingthe procesf receivingmaterial§rom suppliersthree
primaryindicatorswereselectedo providea clearandobjectivemeasurementf performance:

1. Averageresponsdime to identify non-compliant materials £it measureghe efficiency of the non-compliant
materialsnanagemenprocess.

2. Compliancewith targetresponsg¢ime it reflectsthe organizatior§ ability to meetrapid-respons@bjectives.

3. Frequencyof recurringnon-conformities it indicatesthe effectivenes®f correctiveactionsandimprovementsn
collaborationwith suppliers.
For eachKPI, specific calculationformulasand endof-year targetsfor 2024 were definedto ensuremeasurableand
verifiable success(1), (2), (3). Theseindicators collectively provide a comprehensiveview of processefficiency,
responsivenesandquality improvementenablingdatadriven decisionmakingthroughouthe project.

L Wskngcgnmiggkcqdjlml?amldmpkgrg

Averageresponséime to identify non-conformingmaterialgh] XMy 1§k cpmd_qcg (1)

Percentagef casesesolvedwithin 24h[%] LR k);;prl‘;;f‘f?mq am j; Zl: 8100 (2)
. " Jgl_lisk® e ? Id k

Percentagef recurringnon-conformities[%] Mg| o J;S ¥ ‘Ccppr?npocca:sppppgg m,)aar?n | dnr]npp kggrr o 3)

For eachof the indicatorsmentionedabove a specifictargetwasestablishedor the endof 2024to measurdghe success
of theimprovemenproject. Thetargetsareasfollows:

X Averageresponsédime to identify noncompliantmaterials targetof 24 hours.

x Compliancewith targetresponsdime tatleast90%of casegesolvedwithin 24 hours.

X Frequencyof recurringnon-conformities £30% reductionin the numberof recurringnon-conformingmaterials.

Thesedargetsprovidemeasurabl®enchmarkso evaluategheeffectivenessf theimplementedmprovementandensure
thatthe projectdeliverstangibleperformanceyains.Researclwasconductedising publicly availablesourcedrom several
automotivecompaniesAmongthesethelocal companyRenaultGroupservedasakey referencelnformationwascollected
from the official websiteof Renault(n. d.) aswell asfrom otherreliableindustryplatforms.

Further,the collectionof datarelevantto the problemwascarriedout by systematically measurinfpe currentresponse
timesto the identificationof non-compliantmaterials(indicator 1), recordingthe numberof casegesolvedin lessthan24
hours(indicator2) andthe numberof recurringnon-compliancegindicator3) duringfiscal year2024.

A qualitativeanalysisof thedatawasconductedo categorizeéhetypesof complaintseceivedn theProductionProcess,
allowing for a synthesisof the information collected over the previousyear. In addition, a quantitativeanalysiswas
performedto determinethe frequencyof eachcomplainttype during 2024,aspresentedn Tablel.

For a statisticalanalysis the datafrom Table 1 wereorganizedinto a Paretodiagram,shownin Figure 1, enablingthe
applicationof the Paretoprinciple. This analysisrevealedthat a small numberof complainttypes (approximately20%)
accountedor the majority of occurrencegaround80%). By using the Paretodiagram,it was possibleto identify the
complainttypesthatexceededhe 80%thresholdandthusrepresenthe critical issuegequiringpriority attention.
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Tablel. Qualitativeandquantitativesortingof complaintsregisteredn 2023

January

February
March
April

May
June
July
August
September
October
November
December
TOTAL

Nonrretrievabldtems | 13 19 32 13 20 16 11 12 10 25 20 30 221
Retrievabldatems 9 13 7 18 10 11 9 8 15 11 12 9 132
Labelingissues| 3 3 5 8 9 0 1 3 6 5 7 50
Color/appearanasotin compliance| 5 6 8 5 9 12 11 8 7 9 10 15 105
Outof stock/shortage, 8 7 9 5 3 7 6 4 5 8 6 6 74
Materialqualityissues| 9 10 15 14 8 9 12 11 10 8 9 20 135
Contaminatioror dirt 9 6 8 7 10 9 2 5 9 8 6 4 83

TOTAL 56 61 82 67 68 73 51 49 59 75 68 91 56

Ownedition

Applying the Paretoprinciple (where 20% of causegyenerate80% of defects)allowed the identification of the most
significantproblem:the high numberof non-conformingpartsreceivedfrom suppliers(Fig. 1). By focusingon thisissue,
the greatestoverall improvementin the processcould be achieved.Not all typesof complaintswere addressediue to
budgetanandresourceconstraintsmakingit necessaryo prioritize interventionsConsequentlythemosteffectivesolution
wasselected+reducingthe volume of non-conformingparts % which directly impactsthe efficiency andreliability of the
productionprocess.

250 100%
221
90%
200 —a—————————— et 80%
70%
150 135 132 60%

50%

100 40%

105
98 74
50 30%
50 20%
I I I 10%
0 0%

Non-retrievable
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I Number of compaints Cumuluative score = = = Level 80%

Figure 1. Paretadiagram:complaintsregisteredn the productionprocessiuring2024

Thefinal stageinvolved establishinga referencebaselineto reflectthe currentperformancdevel. This wasrepresented
throughthreegraphsgachillustratingthe currentstateof theselectegerformancéndicatorsalongsidehe proposedargets
for thefollowing year,asshownin Figures2, 3 and4. Thesevisualizationgprovideaclearcomparisorbetweertheexisting
performancendthedesiredoutcomesservingasabenchmarkor monitoringprogresandguidingimprovemengfforts.
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Figure 4. Thenumberof recurringnon-compliancesn year2024

Thethird stageof DMAIC is analyzingthe datacollected In the third stage the focusis, therefore on identifying the
root cause®f the problemunderinvestigationIn this stag, alot of auhorsuseda rangeof quality toolssuchascauseand
effectdiagramsParetoanalysis statisticalprocesscontrol charts,andfailure modeandeffectsanalysis(FMEA) to ensure
rigorous problem identification and solution developmentChe 2016). Key activities in this stageinclude examining
potentialcauseaisingtools suchasthe Ishikawadiagramand subsequentlgeterminingthe root causesvith methoddike
the5Why approaci{Sushmith2024).Rootcauseanalysisandstructuredoroblemsolvingtoolsareessentiafor continuous
improvemenin automotivelogisticsandthe useof quality toolssuchaslshikawadiagrams DMAIC methodologyandthe
5Why techniqueis very usefulto identify and eliminate sourcesof inefficiency. By applying thesemethods,the study
achievedsignificantwastereductionandimproveddelivery times, demonstratindiow systematicanalysisand corrective
actionscanenhancenternallogisticsperformancédAmaraletal., 2022)

Building on the Paretoanalysisfrom the previousstage the mostcritical complaintwasidentified as L. argenumberof
defects/norretrievableitems’, which, if addressedwould producethe greatesioverall improvement.To investigatethe
underlyingcause®f thisissue pneof thebestknown models thelshikawadiagram(Figure5), wasemployedLuca,2016.
Thistool allowedtheteamto systematicallyexplorepotentialcausescrossour maincategories:

1. Causeselatedto personnel,

2. Causeselatedto equipment,

3. Causeselatedto methodsand

4. Causeselatedto theworking environment.

This structuredapproactconsideredhepossiblecontributingfactorsandfacilitate theidentificationof theroot causeso
guidetargetedmprovemengctions.
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Thelshikawadiagramprovideda structuredvisualizationof the potentialroot causesallowing themto beclassifiedinto
four maincategories:

X Manpower *Human-related causes:lack of specific training in defectidentification, low employeeengagementand
insufficientaccountabilitywithin theinspectiornteam.

X Machine tEquipment-related causes:use of inadequatanspectiontools, absenceof automaticalert systems,and poor
maintenancef verificationequipment.

X Mother nature *Environmental causesinefficientorganizatiorof receivingareasandlack of cleartraceabilityfor incoming
materials.

X Method-related causesunclearinspectiornproceduresabsencef standardizedespons¢imes,andlack of effectiveescalation
processefor nonconformities.

The decisionto focuson only four M categoriesratherthanthe traditional six, was basedon the company$ specific
context.While theoreticallyincludingall six Ms could providea morecomprehensiveiew of factorsaffectingthe process,
in practicesomeaspectstsuchasmanagemenprocessesr measuremennethods twereeithertoo costly or difficult to
modify relativeto theexpectedenefitsImplementingmajorchangedn theseareasvould haveexceedetbudgetconstraints
andrisked companyresourcesTherefore the analysiswasintentionally simplified to four Ms to focuson the factorswith
thegreatespracticalimpact.Thisapproactallowedtheprojectteamto directeffortstowardsolutionsthatwerebothfeasible
and effective, ensuringmeaningfulimprovementsin the Incoming Material Inspectionprocesswithout compromising
financial or operationakustainability.

Thepotentialcausesdentifiedthroughthe Ishikawadiagramwerefurtheranalysedisingthe 5Why method which helps
determinenotonly possiblecausedutalsothetrueroot cause®f aproblem,enablingthe selectiornof solutionsthataddress
thecoreissue All identified potentialcausesvereincorporatednto the 5Why analysisasshownin Figure®6.

Duringthisanalysismostof the cause$rom thelshikawadiagramwereexamined Exceptionsitherappearedndirectly
throughthedecompositiorof othercause®r hadno furtherunderlyingcausesmakingadditionalanalysisunnecessary.he
5Why analysisrevealedseveralroot causeshowever,the mostfrequentlyoccurringandthereforethe primary root cause
was identified as the lack of a standardized and efficient processfor identifying and managing non-compliant
materials. This insight providesa clear focus for targetedimprovementactionsthat will have the greatestimpacton
resolvingthe problem.
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Proceedindo the nextstageof the methodologyfinding the bestimprovementolution(s) thefocuswason developing
andimplementingsolutionsthat directly addresshe root causesdentified in the previousphase(Sushmith,2024).Ideas
weregeneratedisingbrainstormingsessiongndby reviewingsimilar situationswithin thecompanyfollowing established
practicesin largeorganizationsinsightswerealsodrawnfrom GoodPracticeReportsandLessond earnedReportsfrom
industryleaderssuchasToyotaandMercedes.

To ensurea comprehensivanalysisa centralizedable(Table2) wascreated This tablelinks eachidentified root cause
to the correspondingproposed solution, assigns responsibility for implementation, and specifies the estimated
implementatiortimeline.ThisstructurecapproacHacilitatesaccountability ensureglarity of action,andallowsfor efficient
monitoringof progresshroughoutheimprovemenproject.

Table 2. Solutionsidentified for the root cause®f theproblem

RESPONSABILE
ROOT CAUSE PROPOSEDSOLUTION -~ DEADLINE
Developandimplementa standardizeavorkflow for
Lack of a standardize@ndefficientprocess |ngom!ngmaterlallnspectlonmcludlng clear Quality Manager 150days
guidelinesyoles,andKPIs to ensureprocess
consistencyandefficiency.
Becauseéhereis no standardizeéndefficient Establishatraceabilitysystemintegratedwith a
procesdor identifying andmanaging standardizesionconformitymanagementrocess, Quality Managerand 170davs
noncanplying materialswhich would require enablingreattime tracking,escalationandresolution | IT Department y
traceabilityasa corecomponent of issueswith incomingmaterials.

As shownin Table2, mostof the proposedsolutionsfocusedon improving the IncomingMaterial Inspectionprocesor

creatingamoreefficientversionof it in variousforms.Accordingly,thekeyimprovemenproposedor theprimaryproblem
+ Y ackof astandardize@ndefficientprocess twasthe developmenbf afully documentegrocessasoutlinedin Table

2. Thecurrentprocesdor 2024is presentedn Figure 10, while theimprovedprocesgroposedn this studyis detailedin
Figure1l below.

Following implementationthe projectincludedongoingmonitoringto evaluatethe effectsof the solution. Throughout
2024,complaintsfrom productionregardingscrapsanddefectivepartswererecordedalongsideobservation®f changesn
othertypesof complaints.This monitoringenablecdthe assessmertf the impactof the new processon overall production
guality andhelpedverify the effectivenes®f theimplementedmprovements.

For the stagefifth of the DMAIC methodologyjmproving, the processmprovedarepresentedn Figure10 andFigure
11in theResultsanddiscussiorsection

The final stageof the DMAIC methodology,monitoring the changesmade, focuseson tracking the implemented
improvementssustainingprogressand preventingregressiorto previousconditions.Key activitiesin this stageinclude
monitoringthe systemandeffectivelycommunicatinghechangeso all relevantstakeholder§Sushmith2024).In line with
this, themonitoringof complaintsrecordedhroughout2024is summarizedn Table3, providingaclearview of theimpact
of theimplementedmprovement®nthelncomingMateriallnspectiorprocesandoverallproductionquality. Additionally,
key stakeholders,jncluding the Quality DepartmentManager and Production Managers,were informed about the
implementatiorof thisimprovemenplanto ensurealignmentandsupportfor enhancingorganizationaperformance.

Table 3. Qualitativeandquantitativesortingof complaintsregisteredn 2024

> > = E 5 3 g
g S| 8§ | = > | 2| = | 3 E| 8| | € |2
| 5|2 |&|2|3|3|5|8|8|¢|8|5
) L < % (@] g 8 =
Non-retrievablatems 3 9 12 13 12 16 10 6 5 5 10 10 85
Retrievablatems 3 0 3 5 8 9 0 1 3 6 5 7 50
Labelinglssues| 3 0 3 5 8 9 0 2 5 10 9 7 59
Color/appearanagotin compliance| 5 6 8 5 9 2 6 3 7 4 5 5 65
Outof stock/shortagg 8 7 9 5 3 7 6 4 5 8 6 6 74
Materialqualityissues| 5 6 8 5 9 2 6 3 7 4 5 5 65
Contaminatioror dirt 9 6 8 7 10 9 2 5 9 8 6 4 83
TOTAL 36 34 51 45 59 54 30 24 41 45 46 44
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3. Resultsand discussion

The resultsof this study are reflectedin the performancestatusof the definedindicators,which were continuously
monitoredthroughou®024.Thesemeasurementemonstratéhesustainegrogressachievedollowing theimplementation
of theimprovemenproject.In addition,the newly developedandoptimizedprocesstself representa significantoutcome
of thisresearchprovidingamoreefficientandstandardize@pproacho incomingmaterialinspection.The evolutionof the
key performanceindicatorsis illustratedin the figures below (Figures 7, 8 and 9), highlighting the positiveimpactand
consistencyf theimprovement®overtime.
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Figure7. Thecurrentresponsdgimesto theidentification Figure8. Thenumberof casegesolvedn lessthan24 hours
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Figure9. Thenumberof recurringnon-compliancesn 2024

Figure7 illustratesa consistenmonthly reductionin the measuredime (hours),decreasindgrom 30 hoursin Januaryto
15 hoursin DecemberThis downwardtrendrepresenta substantiaimprovemencomparedo the establishedargetof 24
hours. Although the targetwas slightly exceededluring the first three months,from April onwardall recordedvalues
remainedat or belowthe desiredthreshold.This consistenperformancedemonstratethe effectivenessand sustainability
of the implementedmprovementmeasuresconfirming that the actionstaken successfullyreducedprocessingime and
stabilizedthe procesghroughoutheyear.

Figure 8 showsa steadymonth-overmonth increasein performance,mproving from 80% in Januaryto 93% in
DecemberAlthough the targetvalue of 90% wasnot reachedduring the first eight months,it wasachievedn September
andsubsequentlgxceededh thefollowing months Thisupwardtrenddemonstratethepositiveimpactof theimplemented
improvementactions,reflectinga consistenendsustainecnhancemerih procesperformancevertheyear.The results
confirm that the correctivemeasuresppliedwere effective in driving progressand maintainingperformanceabovethe
establishedarget.

Figure9 illustratesa continuousdeclinein monthly values,decreasingrom 80 in Januaryto 58 in Decemberwhile the
targetremainedconstantat 70. The targetwasfirst metin June;however,from July onward,the resultsconsistentlyfell
below the targetand continuedto declinethroughthe end of the year. This downwardtrend suggestshe emergencer
escalatiorof performanceassuesresourcdimitations,or processnefficiencies.To addresshesedeviationsfurtheranalysis
is recommendedb identify root causesandimplementcorrectiveactionsaimedat restoringandstabilizingperformanceat
thedesiredevel.
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As shownin Table2, mostof theidentified solutionsfocusedon improving the IncomingMaterial Inspectionprocesor
developinga new, more efficient versionof it in variousforms. Accordingly, the proposedmprovementor the problem
addresseds the creation of a documentedand standardizedprocess,aligned with the programoutlined in Table 2,
specificallyin the sectionaddressinghe 3Lackof a standardizedand efficientprocess. The currentprocessreflectingthe
stateof operationsn 2024.,is presentedh Figure10, while the proposedmprovedprocesslevelopedn this studyis detailed
in Figurel1l.
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Relations tepert, 7. FEEDBACK notification, | _Supplier
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Figure10. The currentprocesdor theyear2023 Figurell. Theimprovedprocesdor theyear2024

The implementatiorof the improvementprojectgeneratedaignificantresultsin the performanceof the IncomingMaterial

Inspection processwithin the automotiveindustry. Through the structuredapplication of the DMAIC methodology,
measurableprogresswas achievedand closely monitoredat eachstage.The initial analysisof performanceindicators
identified inefficienciesrelatedto inspectiontime, defect detectionaccuracy andthe consistencyof supplierevaluation
criteria. After definingtherootcausestargetedsolutionswereimplementedincludingtheredesigrof theIncomingMaterial

InspectionprocessAs a result,the averageinspectiontime per delivery decreaseadonsiderably genablingfastermaterial

processing@ndimprovedworkflow efficiency. Thedefect detectiorratealsoincreasedieflectingenhancegrocessontrol

andquality assuranceOverall, the applicationof DMAIC led to a moretransparentstandardizedandefficientinspection
system.The objectivesestablishedt the startof the projectwerefully metand,in severakasesgxceededtdemonstrating
both the effectivenesf the implementedmeasuresand the value of crossfunctional collaboration.The improvements
achievedconfirm the strategicimportanceof continuousimprovementinitiatives at this stageof the supply chain and

underscorgheir positiveimpacton organizationaperformanceandcompetitiveness.

4. Conclusion

This study demonstratedhe effectivenessof applying the DMAIC methodologyto optimize the Incoming Material
Inspection processin the automotive industry. By systematicallyaddressingroot causesand implementingtargeted
improvementsthe projectachievedneasurablandsignificantresultstheaverageesponsdime to identify non-compliant
materialswas reducedfrom 48 hoursto 15 hours,surpassinghe initial targetof 24 hours;compliancewith the 24-hour
resolutiontargetincreasedrom 60%to 93%, andrecurringnonconformitiesdecreasetby 27% comparedo the baseline.
Thesemprovementsiotonly acceleratedorrectiveactionsbutalsoenhancegrocessransparencysupplieraccountability,
andoverallproductionstability.
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Theoriginality of thisresearchiesin its integrationof DMAIC with automotivdogistics,providingempiricalevidencehat
structuredquality tools candeliver rapid, quantifiablegainsin a highly complexsupply chainenvironmentUnlike prior
studiesthat focusedprimarily on assemblyor productionlines, this work addressea critical upstreanprocess+material
inspection xwhere delayspropagatehroughthe entire value chain. By presentinga validatedframeworksupportedoy
concreteperformancemetrics,this papercontributego applicationgn automotiveogisticsandoffersareplicablemodelfor
similar contexts.

Strategically thefindingsunderscore¢hatimprovingresponsivenesandtraceabilityin materialinspectionis not merelyan
operationalenhancemenbut a competitive imperative. Fasterresponsetimes and standardizedvorkflows strengthen
resilienceagainssupplydisruptionsyeducewnaste andsupportsustainabilityobjectivesby minimizing resourcdossesThis
approacttanbegeneralizedcrossotherautomotiveprocesseandextendedo adjacentindustriespositioningorganizations
to meet the dual challengeof operationalexcellenceand environmentalresponsibility. In an era where agility and
sustainability define market leadership,structuredmethodologiedike DMAIC representa cornerstonefor long-term
competitiveness theautomotivesector.

References
AiswaryaS. (2024) MTTR demystified:Meantime to recovery repair,or respond.URL: https://www.atatus.com/blog/mittr/

$0E VW WRANIXBuUdur,M., Grosu,R.M., =J X UD. and 1 H J U )C.}(2024) Implementatiorof LeanSix SigmaDMAIC methodology in logistics
A Casestudyfrom Romania,In: R. Pamfilie,R., Dinu, V., Vasiliu,C., 30 HD{ O F K E.leds: 10thBASIQInternationalConferenceon New
Trends in Sustainable Business and Consumption Almeria, Spain, 68 June 2024. Editura ASE, Bucharest. 495503 URL:
https://conference.ase.ro/papers/2024/24081.pdf

Amaral V., FerreiraA. C.,RamosB. (2022).InternallogisticsprocessmprovementsingPDCA: A casestudyin theautomotivesector BusinesSystems
Research13(3).100415.URL: https://hrcak.srce.hr/ojs/index.php/bsr/article/view/20740

CheAni, M. N., Azid, I. A., Kamarudin,S., (2016) Solving quality issues in automotive component manufacturing environment by utifzgigma
DMAIC approach and quality toolRroceeding®f the2016InternationalConferencen Industrial Engineeringand OperationsManagementKuala
Lumpur, Malaysia.8 10March2016 19864997 URL: https://ieomsociety.org/ieom_2016/pdfs/586.pdf

"TUQK | M, FKU |G HUQ W KW. A.42016). Logisticsperformanceneasuremergystemfor the automotiveindustry.LogisticsResearch9, 11.
DOI: 10.1007/s1215916-01387

Gade,R. B., Dubey,M. R., Doke, S. S., DhanawaleS. P., Patil, D. S. (2020) Analysisof logistic department through supply chain managen@RD
Journals +Global Researchand Developmentor Engineering 5(7):1-6 URL: https://www.scribd.com/document/464675374/Anahgiid ogistic-
DepartmenthroughSupplyChainManagement

Kocjan, J., & Podloch,l., (2025) Improving internallogisticsin the automotiveindustry (Lean logistics) +Casestudy. ScientificPapersof Silesian
Universityof TechnologyQrganizationand Managemen§eries 230.DOI: 10.29119/1648466.2025.230.10

Kurte, A., Nagap,S.,NalawadeS.,Hule, O., Panaskar\., (2025) ImprovingautomotivesectorusingLeanSix Sigma.InternationalResearchlournal of
Engineeringand TechnologyIRJET) 11(4), 1693#4697. URL:https://www.irjet.net/archives/V11/i4/IRIEV1114272 pdf

Luca,L.. (2016).A newmodelof Ishikawadiagramfor quality assessmentOP ConferenceSeries Materials Scienceand Engineeringl61(1) 012099
DOI: https://doi.org/10.1088/175899X/161/1/012099

Norazlin, N., Bani Hashim,A. Y., Fauadi,M. H. F. M., lto, T., Fu, Z. (2017).Rapidtime responseA solutionfor manufacturingssue MATEC Web
Conference. 2017 International Conference on Mechanical, Aeronautical and Automotive Engineering (ICMAA18013G§002. DOI:
10.1051/matecconf/201710806002

Ramos,B., $ U D JdMRmosJ, Ferreira,A. C., (2025), Improving Material Delivery Routeson Automotive Industry AssemblyLines Throughthe
Applicationof LeanLogistics:A CaseStudy. In: ODFKDGR - 7URMDQRZVND - $QWRV] . /HmRInn&vatdns .QDSFL
in Industrial EngineeringlV. Springer165#77. DOI: 10.1007/9783-031-944840 14

Renault Group (n. d.) Official websitRenault GroupURL: https://www.renaultgroup.corfidownloaded: 17 April 2025)

Renault Group (2024) Renault Group and the industrial metaverse: The revolution of connected factories. Renault Group. URL:
https://www.renaultgroup.com/en/magazine/technology/restaalipandthe-industriatmetaversehe-revolutionof-connecteefactories/

Rifgi, H., Zamma,A., Souda,S.B., Hansali,M. (2021) Leanmanufacturing implementatichroughDMAIC approachA case study in the automotive
industry.Quality InnovationProsperity 25(2),54#7.DOI: 10.12776/qip.v25i2.1576

Subagyo|l. E., SaraswatiD., Trilaksono,T., Kusmulyono,M. S. (2020).Benefitsand challengeof DMAIC methodologyimplementationin service
companiesAn exploratorystudy.Jurnal Aplikasi Manajemen18(4),814:824.DOI:!10.21776/ub.iam.2020.018.04|19

Sushmith(2024).DMAIC methodologytTheuItimateguide.Sprintzea|https://WWW.sprintzeal.com/bloq/dmalinethodoloqj'



https://doi.org/10.55343/CogSust.21122
https://doi.org/10.55343/CogSust.21122
https://conference.ase.ro/papers/2024/24081.pdf
https://hrcak.srce.hr/ojs/index.php/bsr/article/view/20740
https://www.scribd.com/document/464675374/Analysis-of-Logistic-Department-through-Supply-Chain-Management
https://www.scribd.com/document/464675374/Analysis-of-Logistic-Department-through-Supply-Chain-Management
https://doi.org/10.29119/1641-3466.2025.230.10
https://doi.org/10.1088/1757-899X/161/1/012099
https://doi.org/10.1007/978-3-031-94484-0_14
https://www.renaultgroup.com/
https://www.renaultgroup.com/en/magazine/technology/renault-group-and-the-industrial-metaverse-the-revolution-of-connected-factories/
https://doi.org/10.12776/qip.v25i2.1576

