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DECISION SCIENCE IN SMART LOGISTICS:
DATA-DRIVEN AND AI-BASED APPROACHES

Irem KARAKAYA!

1. INTRODUCTION

As the global trend toward digitalization accelerates,
logistics is no longer limited to transportation, storage, and
distribution activities. Today, it has evolved into a complex
system in which data, information, and decision-making
processes are fully integrated. This transformation is referred to
as smart logistics (Uckelmann 2008). Smart logistics represents a
network-based, adaptive, and self-learning structure supported by
technologies such as Information and Communication
Technologies (ICT), the Internet of Things (loT), Machine
Learning (ML), Artificial Intelligence (Al), Deep Learning (DL),
and optimization methods.

Although the concept of smart logistics has been defined
from various perspectives in the literature, the common theme is
the evolution of systems capable of autonomous decision-
making, learning, and collaboration (Ding et al. 2021). In this
context, five main subtypes are recognized: Autonomous
Logistics (AL), Intelligent Transportation Systems (ITS),
Physical Internet (Pl), Smart Freight (SF), and Customer-
Oriented Intelligent Logistics (COIL). The general structure of
these subtypes and their relationship with decision science are
illustrated in Figure 1.

L Dr., Department of Management and Organisation, Bartin University, 74100
Bartin, Turkiye, ORCID: 0000-0003-3176-1518.
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SMART LOGISTICS
Autonomous logistics P
g ~
loT-based self-organizing systems o]

Intelligent transportation
systems p

ICT-driven safe and efficient transport

Physical Internet

Global network for connected o o
logistics flows

Smart freight

Sensor-based freight visibility and &
control

Customer-oriented
intelligent logistics

Flexible, customer-centric logistics

Figure 1. Five types of smart logistics

Each subtype of smart logistics focuses on distinct
dimensions from a decision science perspective, including data-
driven management, connected network structures, sensor-based
monitoring, and customer-oriented service quality (Winkelhaus
and Grosse 2020). This approach aims to enhance the agility,
resilience, and sustainability of supply chains through both
horizontal and vertical integration.

At the core of this new logistics paradigm lies decision
science, which integrates data collection, modeling, simulation,
and optimization processes to enable optimal decision-making
under uncertainty. Beyond retrospective analysis, it also provides
strategic direction to logistics processes through predictive and
prescriptive models (Keeney and Raiffa 1993).

Within this framework, smart logistics systems have
become one of the prominent application domains of decision
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science. Models based on Al, ML, and DL enable logistics
systems to adapt dynamically to changing conditions, generate
predictive decisions, and optimize resource utilization through
big data analytics (Oguz and Yalgintas 2024; Woschank, Rauch,
and Zsifkovits 2020). Decision science transforms these
technologies into a systematic methodology, allowing for the
design of continuously learning, human—machine—interactive
decision mechanisms that operate within the data—model—
decision—learning cycle (Yang, Zhang, and Yu 2025).

The literature reveals a growing body of research
grounded in the decision science perspective within smart
logistics. This chapter examines selected academic studies
published between 2020 and 2025, identifying methodological
and applied trends in the implementation of decision science
principles. The reviewed studies cluster around themes such as
data-driven decision support systems, hybrid Al models,
optimization algorithms, driver behavior analysis, sustainability
indicators, and real-time decision systems (see Tables 1-3).

Recent research has primarily focused on integrating Al,
ML, big data analytics, and optimization techniques into logistics
decision-making processes. However, most studies focus on a
single decision level, with limited attention to holistic approaches
that jointly consider strategic, tactical, and operational decision-
making dimensions (Schmidt and Wilhelm 2000). Moreover,
while data-driven and hybrid models are increasingly prevalent,
comprehensive analyses evaluating their overall impact on smart
logistics decision systems remain scarce.

Therefore, the objective of this chapter is to provide an
integrated perspective on how decision-making processes in
smart logistics are developed, which problem areas they target,
and how emerging research directions are expected to evolve in
the near future.
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2. DECISION-MAKING IN SMART LOGISTICS

Smart logistics systems are integrated frameworks that
embed data-driven decision-making processes across all levels of
logistics operations. Within these systems, decision science plays
a critical role at three distinct yet interconnected levels: strategic,
tactical, and operational (Schmidt and Wilhelm 2000).

At the strategic level, long-term decisions such as network
design, facility location selection, and sustainable supply chain
policy development are emphasized. The tactical level involves
medium-term  decision  processes, including inventory
management, route optimization, and capacity planning. At the
operational level, short-term and dynamic decisions are made
regarding real-time monitoring, distribution scheduling, resource
allocation, and driver behavior management.

When considered collectively, these three levels
demonstrate that decision science in smart logistics is not merely
an algorithmic tool, but a core component of a holistic
management approach. The methodological perspectives and
thematic contributions of studies published between 2020 and
2025 are summarized within this three-level decision framework
(see Tables 1-3).

Table 1. Strategic-level decision frameworks

Decision Data

Reference Area Problem Method Type Objective Result
i loT +
(Alkhodair . - .
and Supply chain / loT: . Literature Secondary Enhance BIOCkCha.'" *
Alkhudhayr Smart Blockchain- review data sustainability Al combination
manufacturing Al integration showed the
2025) ; .
highest impact
Modeling the n Integration of
impact of Al Structural E;zglgfez}? Al and digital
(Shee, Smart suppl and digital Equation Surve! based digital technologies
Miah, and hai PRy technologies Mq deli d Y r gia significantly
Vass 2025) chain on supply odeling ata transformation improves
> (SEM) on sustainable IS
chain erformance sustainability
performance P performance

At the strategic level (see Table 1), research in smart
logistics emphasizes sustainability, digital transformation, and
system integration objectives. The reviewed studies reveal that
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the integration of Industry 4.0 technologies, such as IoT,
blockchain, and Al, significantly enhances supply chain
performance, while data sharing and transparency have a direct
impact on sustainability indicators.

In particular, (Shee et al. 2025) empirically demonstrated
that Al-driven digital transformation substantially improves
firms’ sustainable performance. These findings indicate that, at
the strategic level, decision science functions not merely as a
technical analytical tool but as a guiding framework for
organizational digital transformation strategies within smart
logistics systems.

Table 2. Tactic-level decision frameworks

Decision -
Reference Area Problem Method Data Type Objective Result
. Heuristic +
(Zunié, Vehicle Solving VRP adaptive N All routes
: with N Minimize feasible,
Donko, Routing heterogeneous algorithm Benchmark total route financial
and Buza Problem fleets gnd time with + real data cost savings
2020) (VRP) windows GLM/SVM achie\ged
prediction
(Dieter, Time- Optimize E)z[:gietjits
Caron, . windowed TSP | Hybrid ML + pum| X
Last-mile . . S deviation— while
and L with driver optimization Real data .
logistics . cost maintaining
Schryen behavior-based (VNS) .
2023) routing balance dnver.
compliance
Ir_osb-:—;zl * Minimize bCosltsroe/zduced
(Manafi Iti S Real case + | cost, Y 157,
and Sayan Multimodal Integrated ] optimization scenario maximize response rate
2025) transport network design (HA-¢, data service improved by
GRASP- level 20% under
AVNS) disruptions
K Waiting time
(Yazdani, Reduce
Shahriari, Ambul_ance GA + : risk, travel, reduced_ to
Emergency allocation and . Scenario 2.34 units,
and A : Bayesian and S
. logistics routing for data . achieving 22—
Haghani . ARIMA waiting .
patient transfer . 34% time
2025) times .
savings
Deep learning L?I?\Z\rle Achieved
Smart Delivery time (LSTM) + Real efficier%lc high accuracy
(Issaoui et e prediction and hybrid : y (MAPE =
logistics / e- . A operational by
al. 2022) routing optimization . 0.122) and
commerce e data reducing
problem (Dijkstra, time and fast
PSO, ACO) cost convergence

At the tactical level (see Table 2), studies clearly reveal
the hybrid nature of decision science, which integrates prediction
and optimization within smart logistics systems. The proposed
models combine Genetic Algorithms (GA), Variable
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Neighborhood Search (VNS), and robust optimization techniques
with predictive models such as Long Short-Term Memory
(LSTM) networks, Support Vector Machines (SVM), and
regression-based methods to address multi-criteria decision
problems.

These hybrid approaches have shown significant
improvements in cost reduction, operational speed, and
flexibility, particularly in route planning, multimodal transport,
emergency logistics, and e-commerce logistics. The findings
highlight that Al-driven hybrid decision systems enhance
adaptability and resilience under uncertainty, thereby reinforcing
supply chain robustness and performance.

Table 3. Operational-level decision frameworks

Reference Area Esg:)slieonq Method Data Type Objective Result
Time- ML (multi- ML-based
Urban windowed label . Synthetic / Re(_iuce approach
(Bu 2021) distribution VRP learning) + case data delivery improved cost
optimization heuristic route cost and accurac
P operators Y
ULD handling | Simulation + Sorting time
sequence, multi- reduced by
(Zhou et )Ai/:{:::]oalise station objective Real facility EeSrlgieon 20%, saving
al. 2021) Jogistics assignment, optimization data ti?ne 3600 man-
9 vehicle (MO- hours
scheduling COMPASS) annually
Driver Semi- Enhance :cshlibgg
(Diame et | Intelligent distraction supervised Experimental driving 97.2%
detection and R safety and
al. 2023) transport DSS warnin learning (SS- data decision accuracy, best
watem 9| ELM, SVM) oot model
Y PP performance
44.4% of
(Pegado- Last-mile Service _l:_/lr Ige(sl)zxtra Real Improve (f:zzl)l:?edctslervmes
bardayo et L failure . operational service oty
al. 2023) logistics prediction clustering data level predicted on
’ (Ward) planned
routes
I . Random
(Singgih Regression
and :;)rjre sport/ GA objective ML (Random Synthetic g;duce ggr:ieesxte d <ls
Singgih planning prediction Forest, GLM, data runtime runtime
2024) RidgeCV) ~1800x faster

Operasyonel At the operational level (see Table 3), studies
focus on enhancing real-time decision-making and
responsiveness in logistics systems. Machine learning,
simulation, and data-driven modeling approaches dominate this
level, addressing short-term decisions in urban distribution, in-
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warehouse operations, driver behavior analysis, and last-mile
delivery.

Findings highlight that model speed, data quality, and
online learning capability are key determinants of operational
performance. ML-based decision support systems have
demonstrated meaningful improvements in cost efficiency,
accuracy, and process time reduction. Consequently, this level
represents a shift toward automation, speed, and efficiency-
oriented transformation within smart logistics operations.

When examined together, the three decision levels reveal
that decision science in smart logistics has evolved into a multi-
layered and integrated framework. At the strategic level, research
emphasizes sustainability, digital transformation, and data
sharing. At the tactical level, hybrid approaches combining
forecasting and optimization have become the key enabler of
decision efficiency. At the operational level, advances in data
quality, model speed, and online learning capacity have
strengthened real-time decision support systems.

Across the 2020-2025 period, the literature demonstrates
a clear trend: decision science in smart logistics has been
redefined through data-driven approaches at all levels. Speed and
accuracy dominate the operational layer; hybrid Al-optimization
methods characterize the tactical layer; and sustainability with
transparency defines the strategic layer. Together, these
developments mark a shift from digitalization-centered systems
to decision-centered ecosystems.

Overall, decision science has matured from being a purely
computational tool into a systematic, scalable, and sustainable
management paradigm. It now plays a strategic and
transformative role in shaping the digitalization of smart
logistics—laying the foundation for future agile, autonomous,
and resilient logistics networks.



Endiistri Miihendisligi

3. LITERATURE TRENDS

Between 2020 and 2025, research in smart logistics has
demonstrated a clear paradigm shift in decision science, moving
from descriptive data use toward predictive and prescriptive
intelligence. The literature reveals not only an expansion in
methodological diversity but also a deepening in analytical focus
where data-driven reasoning, ML, and optimization-based
decision systems converge to enhance both the autonomy and
adaptability of logistics operations. This evolution reflects a
transition from process automation to cognitive decision-making
frameworks, positioning decision science as a central enabler of
intelligent logistics management.

Moreover, cross-domain interactions among the major
smart logistics types indicate a growing interdisciplinarity in
research perspectives. While much of the scholarship still centers
on transport optimization, routing efficiency, and customer
service quality, the emergence of topics such as production—
logistics integration, sustainable supply networks, and
autonomous decision architectures signals a maturing field that
integrates operational intelligence with strategic foresight.

Overall, the period marks a methodological convergence
and conceptual broadening in which decision science evolves
from being a technical component into a systemic paradigm that
bridges analytics, autonomy, and sustainability in smart logistics.

3.1. Trends Across Smart Logistics Application

To understand the main orientations in recent smart
logistics research, twelve studies published between 2020 and
2025 were analyzed according to their application domains (see
Table 4 and Figure 2). The results show that most research
concentrates on PI, SF, and COIL, which together account for
nearly three-quarters of all reviewed works. This concentration
suggests that the field still revolves largely around transportation-
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and customer-centered subsystems, where efficiency and service
quality remain the dominant objectives.

Studies focusing on the Pl emphasize digital connectivity,
data exchange, and sustainability as key enablers of integrated
supply chain performance. The SF research primarily addresses
route optimization, cost reduction, and operational validation
through real-world logistics data. Meanwhile, the COIL focuses
on e-commerce and last-mile delivery, prioritizing customer
experience, service reliability, and timing accuracy.

In contrast, AL and ITS appear less frequently but
introduce crucial forward-looking perspectives such as logistics
automation, driver-behavior analytics, and safety intelligence.
Although these subfields are still emerging, they reflect the
growing importance of autonomy and predictive intelligence in
logistics operations.

This distribution reveals a dual research trajectory. While
most studies remain grounded in traditional, efficiency-oriented
models of transportation logistics, an increasing number of works
are shifting toward autonomous, adaptive, and decision-centric
systems. This trend marks a transition from technology-driven
innovation to a decision-science—oriented paradigm, where
intelligence, connectivity, and sustainability converge to redefine
the future of smart logistics.

Table 4. Classification of reviewed studies by smart logistics types

Smart Logistics

Reference Type Focus Area
(Alkhodair and Pl Manufacturing-logistics integration, 10T and
Alkhudhayr 2025) blockchain-based network connectivity
Urban distribution, customer service level, and cost
(Bu 2021) coiL optimization
. Driver behavior analysis, safe driving, and decision
(Diame et al. 2023) ITs support system development
(Singgih and Singgih SE Route prediction, transport efficiency, and rapid solution
2024) generation
(Manafi and Sayan Pl Multimodal transport and global network design,
2025) resilience-oriented
(Zhou et al. 2021) AL Semi-automated warehouse management, loT-based
) process control
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(Pegado-bardayo et al. coIL Last-mile delivery performance and customer
2023) notification optimization
(Zunic et al. 2020) SF Real fleet routing and transportation cost reduction
Supply chain sustainability through digital connectivity
(Shee et al. 2025) Pl and Al integration
. Driver-behavior-aware route planning, hybrid decision
(Dieter et al. 2023) SF support system
(Yazdani et al. 2025) ITS Emergency transportation, real-time optimization
. E-commerce delivery time prediction and route
(Issaoui et al. 2022) COIL optimization
Autonomous Logistics

Customer-Oriented
Intelligent Logistics
Intelligent Transportation
Systems

Physical Internet
Smart Freight

Figure 2. Distribution of reviewed articles across smart logistics
domains

In sum, although the field retains a transportation-focused
foundation, emerging trends underscore a rising emphasis on
customer-oriented services and autonomous systems. This
transition highlights the increasing relevance of human—-machine
collaboration, digital network integration, and sustainability
considerations as essential components of decision-science-
driven smart logistics.

3.2. Methodological Trends

This subsection analyzes the methodological distribution
of smart logistics research, revealing which modeling approaches
underpin contemporary decision-science applications. The

10
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reviewed studies demonstrate a clear methodological diversity,
which can be grouped into four major categories:

(1) ML—-based approaches,

(2) Hybrid Al and optimization models,
(3) Simulation and heuristic techniques,
(4) Statistical or literature-based analyses.

This distribution indicates that decision science in smart
logistics has evolved beyond simple algorithmic improvement,
toward an integrated use of multiple Al layers across different
decision contexts.

ML-based studies (Bu 2021; Diame et al. 2023; Issaoui et
al. 2022; Pegado-bardayo et al. 2023; Singgih and Singgih 2024),
employ supervised and semi-supervised learning, regression, and
network-based models to address tasks such as route prediction,
demand forecasting, and service completion analysis. These
methods have proven effective in enhancing short-term decision
accuracy and system adaptability, particularly when trained on
real operational data.

Hybrid Al and optimization models (Dieter et al. 2023;
Manafi and Sayan 2025; Yazdani et al. 2025; Zunié et al. 2020),
combine machine-learning techniques with meta-heuristic
algorithms such as GA, VNS, and Particle Swarm Optimization
(PSO) to solve complex, multi-criteria logistics problems. These
hybrid frameworks significantly improve decision quality under
uncertainty, especially in domains like multimodal transport and
emergency logistics.

Simulation and heuristic approaches (Zhou et al. 2021)
focus on optimizing internal logistics and warehouse operations
using process-level data, effectively reducing operational times
and improving micro-level efficiency within logistics systems.

11
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Finally, statistical and literature-based analyses
(Alkhodair and Alkhudhayr 2025; Shee et al. 2025) examine
sustainability, digital transformation, and industrial decision
systems at a macro level. Such studies play a crucial role in
defining the strategic dimension of decision science, linking
analytical modeling to long-term policy and industrial
transformation.

Figure 3 illustrates the distribution of reviewed studies by
methodological category, revealing the clear predominance of
machine-learning and hybrid Al-optimization models. Although
statistical, literature-based, and simulation studies are fewer in
number, they offer distinctive contributions at strategic and
operational levels.

45
40
3,5

3,0

Machine Learning Hybrid AI + Optimization  Simulation / Heuristic Statistical / Literature

Figure 3. Distribution of reviewed articles by methodological
category

The 2020-2025 smart logistics literature reflects a marked
transition toward data-driven, adaptive, and multi-layered
decision systems. This shift suggests that decision science is no
longer merely an analytical tool but rather the core of an
integrated, human—machine decision ecosystem that defines the
next generation of smart logistics.

12
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4. CONCLUSION

This chapter has examined twelve academic studies
published between 2020 and 2025 to provide a comprehensive
view of how the decision science perspective in smart logistics
has evolved. The findings suggest that smart logistics represents
not merely a technological transformation but the
institutionalization of a data-driven decision-making culture,
marking a new managerial paradigm in logistics.

The results confirm that decision science plays three
complementary roles across the operational, tactical, and strategic
levels. At the operational level, ML and data analytics techniques
enhance real-time decision accuracy and process efficiency. At
the tactical level, hybrid Al-optimization models strengthen
uncertainty management and multi-criteria problem solving in
tasks such as route planning and capacity allocation. At the
strategic level, sustainability, digital transformation, and
resilience policies, implemented through Pl and autonomous
systems, aim to build long-term supply chain robustness.

From an application standpoint, the reviewed studies
indicate a strong focus on transportation, last-mile logistics, and
multimodal network design, confirming that the field still
gravitates around transportation-centric domains. However, an
increasing emphasis on customer-oriented service quality,
sustainability, and autonomous system integration reveals an
ongoing shift in research priorities.

Methodologically, ML and hybrid Al-optimization
approaches clearly dominate the literature, demonstrating that
decision science is evolving from a supportive analytical tool into
an active shaper of decision-making itself.

The findings point to the emergence of a data-driven,
hybrid, and multi-level management approach in smart logistics.
Future research should focus on explainable Al, digital twin-

13
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based scenario simulations, and resilience-oriented multimodal
network designs (for example, Pl-enabled supply chains).
Moreover, developing standardized frameworks for data sharing
in sustainable supply chains will be essential to institutionalize
decision science practices across industries.

In conclusion, decision science provides a learning,
guiding, and transformative framework that connects planning,
execution, and evaluation within smart logistics systems—
forming the foundation for resilient and sustainable logistics in
the future.

Simply put, the future of smart logistics will depend not
only on intelligent technologies but also on intelligent decisions
that adapt, learn, and align with long-term sustainability goals.

14
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ZAMAN SERILERI VE NEDENSEL MAKINE
OGRENMESI YAKLASIMLARIYLA ENERJI
TALEP TAHMINI

Huseyin Avni ES?

1. GIRIS

Enerji, gilinlimiiz toplumlarinda ekonomik kalkinma,
sanayilesme, teknolojik gelisme ve yasam standartlarinin
stirdiiriilebilirligi agisindan stratejik bir unsur haline gelmistir.
Diinya genelinde enerji talebi, niifus artis1, ekonomik biiyiime ve
teknolojik ilerlemelerle birlikte hizla artmaktadir. 1970'lerden bu
yana, birincil enerji tiikketimi diinya ¢apinda yillik %2,5 oraninda
artis gostermistir (IEA, 2023). Gelismekte olan iilkelerdeki
endiistriyel biiyiime ve kentlesme, enerji talebindeki artigin temel
nedenleri arasinda yer almaktadir. Tiirkiye 6zelinde ise, enerji
talebi 1970'lerde 18,85 milyon ton esdeger petrol (MTEP) iken,
2024 yilinda 165,2 MTEP seviyesi ulasmistir. Enerji talebinin
dogru ve guvenilir tahmini hem enerji politikalarinin etkin
bicimde planlanabilmesi hem de siirdiiriilebilir kalkinma
hedeflerinin  gergeklestirilmesi  acisindan  kritik ~ 6nem
tagimaktadir. Tirkiye, 6zellikle petrol ve dogal gaz rezervleri
bakimindan kendi ihtiyacini karsilayamayan bir iilke oldugundan,
toplam enerji talebinin glivenli bigcimde karsgilanmasi sanayilesme
stirecinin siirdiirtilebilirligi ve ekonomik kalkinmanin devamlilig:
acisindan kritik bir unsur haline gelmistir. Bu nedenle,
Tiirkiye’nin toplam enerji talebine yonelik dogru ve giivenilir
tahminlerin gergeklestirilmesi, uzun vadeli, istikrarli ve etkin

1 Dog. Dr., Karadeniz Teknik Universitesi, Miihendislik Fakiiltesi, Endistri
Miihendisligi Boliimii, ORCID: 0000-0003-4987-0173.
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enerji politikalarinin  olusturulmasinda olduk¢a Onem arz
etmektedir.

Enerji talebinin dnemine binaen literatiirde bircok tahmin
calismast gerceklestirilmistir. Bu ¢alismalarla ilgili olarak
derleme makaleleri incelenerek ayrintili bilgilere ulasilabilir
(Suganti ve Samuel, 2012; Salisu ve Ayinde, 2016). Calisma
kapsaminda toplam (birincil) enerji talebi ile alakali makaleler
Ozelinde son donemlerde daha sik kullanilmaya baglayan ve
basarili sonuglar sunabilen makine 6grenmesi temelli yontemlere
odaklanilmistir. Literatiir 6zetini sistematik bir sekilde sunmak
amactyla Moher ve ark. (2009) 6nerdigi PRISMA yaklagimi ile
anahtar kelimeler kullanilarak SCOPUS veri tabaninda aramalar
yapilmistir ve sonuglar1 Tablo 1°de sunulmustur.

Tablo 1. Literatir sorgulama 6zeti

Sorgu Detayll SCOPUS Sorgu ifadesi Calisma
No Sayisi
1 (TS=("energy consumption") OR TS=("energy 8116

demand")) AND TS=(forecast)
(TS=("energy consumption") OR TS=("energy
2 demand")) AND TS=(forecast) AND 1475
TS=(machine learning)

TS=("total energy") AND TS=(forecast) OR
TS=("primary energy") AND TS=(forecast)
((TS=("total energy") AND TS=(forecast)) OR
4 (TS=("primary energy") AND TS=(forecast))) 77
AND TS=("machine learning")
(TS=("energy consumption™) OR TS=("energy
5 demand")) AND TS=(forecast) AND 22
TS=(machine learning) AND TS=(Turkey)
(TS=("energy consumption™) OR TS=("energy
demand")) AND TS=(forecast) AND
TS=(machine learning) AND TS=(Turkey) AND
(AK=(primary energy) OR AK=(energy demand))

955

Tablo 1’°de yer alan ilk sorguda literatiirde gerceklestirilen
8116 adet enerji talebi ile alakali ¢calismanin yer aldigi, ikinci
sorguda ise makine Ogrenmesi yontemleriyle gerceklestirilen
calisma sayisinin 1475 oldugu goriilmektedir. Toplam ener;ji
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talebi i¢in gercgeklestirilen 955 caligma varken bunlarin 77
tanesinin  makine  O0grenmesi  yontemleriyle  yapildig
goriilmektedir. Tirkiye Ozelinde gercgeklestirilen enerji talep
tahmini calisma sayisinin 22 oldugu makine Ogrenmesi
yontemiyle ise 3 oldugu gorilmektedir. Tiirkiye 0Ozelinde
gerceklestirilen ¢aligmalardan Agbulut (2022) calismasinda;
Tiirkiye’de ulastirma sektoriine iliskin CO: emisyonlarint ve
enerji talebini tahmin etmek i¢in Yapay Sinir Aglar1 (ANN),
Destek Vektor Regresyonu (DVR), Rastgele Orman (RF) ve
Gradient Boosting gibi makine O6grenmesi algoritmalarini
karsilagtirmali olarak incelemistir. Bulgular, bu algoritmalarin
geleneksel yontemlere kiyasla daha yiiksek dogruluk sunarak
enerji planlamasi ve gevresel etki degerlendirmesi i¢in giiclii ve
giivenilir araglar oldugunu gostermektedir. Codur (2023)
tarafindan yapilan ¢aligmada Tirkiye’nin toplam enerji talebini
tahmin etmek amaciyla birden fazla makine 0Ogrenmesi
algoritmasini bir araya getiren topluluk (ensemble) modellerinin
performansint incelemektedir. Sonuglar, 06zellikle Random
Forest, Gradient Boosting ve Bagging tabanli yontemlerin ytiksek
dogruluk saglayarak enerji talep projeksiyonlarinda etkili ve
giivenilir modeller sundugunu gostermektedir. Bolat ve Yildiz
(2025) ise Turkiye’nin enerji talebini ve CO2 emisyon degerlerini
derin 6grenme ve makine 6grenmesi algoritmalariyla modellemis
ve karsilagtirmali analizler sonucunda derin 6grenme tabanl
yaklagimlarin daha yiliksek tahmin dogrulugu sagladigi
gostermistir. TUrkiye 6zelinde yapilan bu ¢alismalarda nedensel
(sebep-sonug iligkisine  dayali)  yontemler  kullanildigi
goriilmiistiir. Gegmis goézlem degerleri ile gergeklestirilen zaman
serisine dayali yontemler basarili ve guvenilir sonuclar
saglayabilmektedir. Bu baglamda bu kitap boluminde hem
zaman serisi hem de nedensel makine 6grenmesi yontemleri ile
Tiirkiye toplam enerji talep tahmini ¢aligmasi gergeklestirilmistir.
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2. TAHMIN YONTEMLERi

Tahmin yoOntemleri; sebep—sonug iliskilerine dayali
tahmin yontemleri ve zaman serilerine dayali tahmin yontemleri
olmak lizere genel olarak iki ana kategoriye ayrilabilir. Nedensel
(sebep—sonug iliskisine dayali) yontemler arasinda regresyon
analizi, yapay sinir aglari, destek vektdr makineleri, rassal orman
ve karar agaclar1 gibi c¢esitli algoritmalar bulunmaktadir. Bu
yontemler, belirli degiskenler arasindaki nedensel iligkileri
modelleyerek gelecek tahmin degerlerini Gngérmeyi amaglar. Ote
yandan, zaman serilerine dayali tahmin yontemleri arasinda tistel
duzeltme, ARIMA modelleri, uzun-kisa vadeli bellek aglari
(LSTM) ve evrisimsel sinir aglari (CNN) gibi yontemler yer
almaktadir. Bu yontemler zamana bagh verileri analiz ederek
egilimleri ve mevsimsellik gibi desenleri yakalamakta ve
gelecekteki degeri bu verilere dayali olarak tahmin etmektedir.
Bu ¢alismada, Tiirkiye’nin enerji talebini 6ngdrmek tizere her iki
yaklagimin sundugu yontemler birlikte ele alinmis ve farkli
makine Ogrenmesi algoritmalar1  karsilastirmali  olarak
degerlendirilmigtir. Kullanilan yontemler asagidaki bolimlerde
kisaca agiklanmustir.

2.1. Nedensel Makine Ogrenmesi Yontemleri

Nedensel makine 6grenmesi yontemleri olarak bes farkli
yontem ele alinmis olup kisa aciklamalari asagida sunulmustur.

2.1.1.Karar Agaci Regresyonu (KAR)

KAR, veri setini dallara ve yapraklara ayirarak siirekli
hedef degiskenlerini tahmin eden agiklanabilir bir yontemdir.
Model, her diigiimde hedef degiskenin varyansini en ¢ok azaltan
degiskeni segerek pargali bir karar yapisi olusturur (Salem ve ark.,
20253).
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2.1.2.Rassal Orman Regresyonu (ROR)

ROR, cok sayida karar agacinin rastgele oOrneklerle
egitilmesi ve sonuglarinin birlestirilmesiyle daha kararli ve
ylksek dogruluk saglayan gii¢lii bir topluluk yontemidir. Asir
Ogrenme riskini azaltmasi ve karmasik yapilarda yiiksek dogruluk
vermesi, yontemi enerji talebi tahminlerinde etkili kilmaktadir
(Salem ve ark., 2025b).

2.1.3.K-En Yakin Komsu Regresyonu (KNNR)

KNN regresyonu, tahmin yapilacak gozlemin en yakin
komsularinin hedef degerleri ilizerinden tahmin iireten Ornek-
temelli bir yaklagimdir. Parametrik olmayan yapisi nedeniyle veri
dagilimina dair varsayim gerektirmez (Hong ve ark., 2022).

2.1.4.Yapay Sinir Aglar1 (YSA)

Yapay sinir aglari, ¢cok katmanli yapisiyla karmagik
dogrusal olmayan iliskileri modelleyebilen gii¢lii makine
O0grenmesi yontemleridir. Biiylik veri yapilarinda, giris ve ¢ikis
arasindaki yliksek karmasikligi 6grenebilmesi sayesinde tahmin
problemlerinde yiliksek dogruluk saglamaktadir (Demircioglu &
Esiyok, 2022).

2.1.5. Destek Vektor Regresyonu (DVR)
Destek vektor regresyonu, c¢ekirdek fonksiyonlari

araciligiyla girdileri yiiksek boyutlu 6zellik uzayina doniistiirerek

dogrusal olmayan iliskilerin etkin sekilde modellenmesini saglar
(Rao ve ark., 2023).

2.2. Zaman serisine dayalh Makine Ogrenmesi
Yontemleri

Zaman serisine dayali makine Ogrenmesi ydntemleri
olarak iki farkli yontem ele alinmis olup kisa agiklamalari asagida
sunulmustur.
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2.2.1.Uzun Kisa Siireli Bellek Aglar1 (LSTM)

LSTM modelleri, klasik tekrarlayan sinir aglarinda
gorulen gradyan sonimlenmesi sorununu ¢O6zmek (zere
gelistirilmis kap1 mekanizmalarina sahip 6zel bir derin 6grenme
mimarisidir. Bu kapilar, modelin ge¢mis bilgiyi ne kadar
saklayacagina ve ne kadar unutacagina karar vererek uzun

donemli bagimliliklar1 6grenmesine olanak saglar (Chen ve Fu,
2023).

2.2.2.Konvoliisyonel Sinir Aglar1 (CNN)

CNN tabanli modeller, zaman serilerindeki lokal
oruntuleri yakalamak igin konvolisyon filtreleri kullanarak veri
icinde kisa donemli bagimliliklarin etkili sekilde ¢ikarilmasina
imkan tanir. Bu ydntem, zamansal verinin egilim ve

dalgalanmalarin1 otomatik olarak 6grenir ve 6nemli 6zellikleri
one ¢ikarir (Chen ve Fu, 2023).

3. UYGULAMA

Bu ¢alismada toplam enerji talebinin tahminine yonelik
olarak iki farkli modelleme yaklagimi uygulanmigtir. Bu iki
yapisal yaklasimin birlikte ele alinmasi, hem ekonomik ve yapisal
gostergelerin enerji talebi ilizerindeki etkilerinin anlasilmasini
hem de zaman serilerinin i¢sel dinamiklerinin gucli bicimde
modellenmesini miimkiin kilmaktadir.

3.1. Veri Seti

Nedensel yaklasimda, toplam enerji talebinin ekonomik
ve sosyo-demografik gostergelerle olan iligkisini modellemek
amaciyla bagimli degisken olarak toplam enerji tiiketimi,
bagimsiz degiskenler olarak ise niifus, gayrisafi milli hasila
(GSMH), ithalat ve ihracat degiskenleri kullanilmustir.
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Zaman serisine dayali yontemlerde ise bagimli degisken digsal
faktorlerden ayristirilarak, yalnizca toplam enerji talebinin
gecmis degerlerine dayali bir tahmin silireci yiiriitilmistiir.
Kullanilan veri seti ile alakali bilgiler Tablo 2’de 6zetlenmistir.

Tablo 2. Bagimh ve Bagimsiz Degiskenler

Bagimh Degisken Birim Kaynak
Toplam enerji exajoule BP Stat
Bagimsiz Degiskenler
Niifus kisi Tiirkiye Istatistik Kurumu (TUIK)
GSMH zincirlenmis TUIK
ithalat dolar TUIK
Thracat dolar TUIK

3.2. Yontem Kiyaslama

Modellerin tahmin bagarimini degerlendirmek amaciyla
Ortalama Mutlak Yiizde Hata (OMYH) olgiitii kullanilmistir.
OMYH, ger¢ek deger ile tahmin edilen deger arasindaki mutlak
farkin gercek degere oraninin ortalamasi olarak hesaplanmakta
olup, hata yuzdesi bigciminde modelin dogrulugunu
degerlendirmektedir. Bu yoniiyle farkli 6l¢eklerdeki modellerin
karsilagtirllmasina imkan taniyan giivenilir bir performans
gOstergesidir.

Nedensel yéntemlere ait veri seti 1999-2018 yillar1 igin
egitilmis ve 2019-2023 donemi igin test edilmistir. Yontemlere
ait sonuglar Tablo 3’de sunulmustur.

Tablo 3. Nedensel yontem kiyaslamalari (%0)

Dénem KAR | ROR | KNNR | DVR | YSA
Egitim kiimesi (1999-2018) | 1.01 | 121 | 1.92 | 1.35 | 2.09
Test kimesi (2019-2023) 11.85 | 10.35 | 6.35 | 9.68 | 3.50

Nedensel yontemlerde egitim donemi  sonuglari
incelendiginde, en diisiik hata degerinin KAR ve ROR tarafindan
elde edildigi goriilmektedir. Bu durum, agac tabanli yontemlerin
egitim verisine olduk¢a iyi uyum sagladigim1 gostermektedir.
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Diger yontemlerde de benzer sekilde diisik egitim hatalari
gbzlenmistir.

Test donemi sonuglar1 incelendiginde, yontemler arasinda
belirgin performans farkliliklar1 ortaya ¢ikmaktadir. En diisiik
hata oran1 YSA ile elde edilmistir. YSA’y1 sirasiyla KNNR ve
DVR takip etmektedir. Aga¢ tabanli yontemlerin test doneminde
hata degerlerinin yiikselmesi, bu modellerin test verisine
genelleme performansinin  smirli oldugunu gdstermektedir.
Bununla birlikte, nedensel yontemler i¢inde en tutarh
performanst YSA’nin sagladigi sonucuna ulagilmaktadir.

Zaman serisi tahmini i¢in uzun donemli veri ile ¢alismak daha
faydali olacag icin veri seti daha genis tutulmustur. 1965-2018
yillar1 egitim kiimesi ve 2019-2023 yillar1 ise test kiimesi olarak
dikkate alinmistir. Zaman Serisine Dayali Yontemlerin Sonuglari
ise Tablo 4’te sunulmustur.

Tablo 4. Zaman serisi yontem kiyaslamalar: (%0)

Donem LSTM | CNN
Egitim kiimesi (1965-2018) 3.24 5.96
Test kiimesi (2019-2023) 4.91 7.36

Elde edilen sonuglar LSTM’nin zaman bagimliliklarini
CNN’e gore daha iyi Ogrenebildigini gostermektedir. Test
donemi karsilastirmalart da bu sonucu desteklemektedir. LSTM
test ddneminde OMYH = 4,91 elde ederken, CNN modeli OMYH
= 7,36 hata oranina sahiptir. Béylece LSTM modeli zaman serisi
yapisindaki trend ve mevsimselligi daha basarili temsil ederek
daha yiksek tahmin dogrulugu saglamistir. Sonu¢ olarak,
nedensel yontemler arasinda en basarili performans1 YSA, zaman
serisine dayali yontemler arasinda ise LSTM gostermistir.

Bu calismada, nedensel makine 6grenmesi yontemleri
arasinda test doneminde en diisiik hata oranini iireten YSA
modelinin daha Usttin performans gostermesi nedeniyle, gelecek
donem enerji talebi tahminleri YSA modeli kullanilarak
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gergeklestirilmistir. Gelecek tahminlerinin daha gergekei bir
cergevede degerlendirilebilmesi amaciyla diisiik ve yiiksek
senaryo olmak (Uzere iki farkli ekonomik senaryo
olusturulmustur.

Her iki senaryoda niifus bagimsiz degiskeni igin TUIK
tarafindan yayimlanan yil ortasi niifus tahminleri kullanilmistir.
Diger bagimsiz degiskenler olan GSYH, ithalat ve ihracat i¢in ise
gecmis yillardaki artig ve azalis egilimleri dikkate alinarak yillik
yilizde degisim oranlari belirlenmistir. Diisiik senaryo, ekonomik
biiylimenin yavasladigi ancak sinirl 6l¢giide de olsa pozitif seyrin
devam ettigi bir durumu ifade etmektedir. Yiiksek senaryo ise
gecmis donemin ortalama ve ortalamanin  iizerindeki
performansini esas alarak ekonomik gostergelerde daha gugcli ve
istikrarli bir biiylimenin siirdiigli durumu temsil etmektedir. Her
iki senaryoya ait yillik yiizde degisim degerleri Tablo 5’te
sunulmus olup, enerji talebinin farkli ekonomik kosullara
duyarlilig1 bu iki senaryo iizerinden degerlendirilmistir.

Tablo 5. Senaryolar

GSYH ithalat ihracat
Diisiik Senaryo 1.30% 1.90% 2.20%
Yiksek Senaryo 5.20% 12.20% 14.20%

3.3. Gelecek Tahmin

Bu ¢alismada, test donemi performansi en yiiksek olan
YSA modeli kullanilarak 2024-2030 dénemi igin Turkiye’nin
toplam birincil enerji talebine iliskin gelecek tahminleri elde
edilmigtir. Tahminler, ekonomik gostergelerdeki olasi gelisme
seviyelerine bagli olarak diisiik ve yiiksek olmak tizere iki ayri
senaryo kapsaminda degerlendirilmistir. Diisiik senaryo,
ekonomik biiylimenin ge¢mis doneme gore daha yavas seyrettigi,
ancak pozitif yonde istikrarli bir artisin devam ettigi bir durumu
temsil ederken; yuksek senaryo, ekonomik faaliyetlerin ortalama
ve ortalamanin {izerindeki performansini siirdiirdiigii, daha giiglii
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bliylime kosullarinin gecerli oldugu bir yapiy1 yansitmaktadir.
Tahmin sonuglart Tablo 6’da sunulmus olup ge¢mis tiikketim ve
gelecek tahminler Sekil 1°de ¢izdirilmistir.

Tablo 6. Gelecek Tahminler

Yil Diisiik Senaryo (exajoule) Yiksek Senaryo (exajoule)
2024 7.69 7.85
2025 7.77 8.07
2026 7.85 8.28
2027 7.92 8.46
2028 7.99 8.61
2029 8.06 8.73
2030 8.13 8.80

Toplam Enerji Talebi

e Toplam Enerji Tuketimi (exajules)
e Toplam Enerji (exajules) Diisiik Senaryo
Toplam Enerji (exajules) Yiiksek Senaryo
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Sekil 1. Toplam enerji tiiketimi ve gelecek tahmin grafigi

Elde edilen sonuglar her iki senaryoda da toplam enerji
talebinin 2024 yilindan itibaren artis egilimini slrdiirdiigiinii
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gostermektedir. Diisiik senaryoda enerji talebi 2024 yilinda 7,70
exajoule seviyesindeyken, bu deger 2030 yilinda 8,13 exajoule
diizeyine yiikselmektedir. Yiiksek senaryoda ise talep artis1 daha
belirgindir; 2024 yilinda 7,85 exajoule olan toplam enerji talebi,
2030 yilinda 8,80 exajoule seviyesine ulasmaktadir. Bu sonuglar,
Tiirkiye’nin enerji talebinin ekonomik gelismelere oldukca
duyarli oldugunu ve giiclii biiyiimenin oldugu donemlerde enerji
tiiketiminin daha hizl arttigin1 géstermektedir.

Grafiksel egilim incelendiginde, her iki senaryonun da
mevcut tarihsel trendle uyumlu sekilde pozitif yonlii bir seyir
izledigi goriilmektedir. Bununla birlikte yiiksek senaryoda egimin
daha dik olmasi, enerji arz—talep planlamasi agisindan dikkat
edilmesi gereken bir durumdur. Bu baglamda, politika yapicilar
acisindan enerji arz glivenligi, yenilenebilir enerji yatirimlar1 ve
talep yoOnetimi stratejilerinin farkli ekonomik kosullara gore
yeniden degerlendirilmesi faydali olacaktir.

4. SONUCLAR

Bu caligmada Tiirkiye’nin toplam enerji talebi, hem
nedensel makine 6grenmesi yontemleri hem de zaman serisine
dayali 6grenme modelleri kullanilarak kapsamli bigimde analiz
edilmistir. Farkli modelleme yaklasimlarimin performans
karsilastirmasi, enerji talebinin hem ekonomik gostergelerle olan
iligkisini hem de zaman igerisindeki i¢sel dinamiklerini ortaya
koymak agisindan 6nemli bir ¢erceve sunmustur. Elde edilen
bulgular, nedensel makine Ogrenmesi yontemleri i¢inde en
basarili performansin YSA tarafindan {tiretildigini gostermistir.
Test kiimesinde en diisik OMYH degerini elde eden YSA
modeli, enerji talebinin ekonomik degiskenlerle olan karmasik
iliskisini en 1yi temsil eden yontem olmustur. Bu nedenle gelecek
donem enerji talebi tahminleri YSA modeli kullanilarak
gergeklestirilmistir.
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Gelecek tahminlerinde, enerji talebinin farkli ekonomik
kosullara duyarliligini degerlendirebilmek amaciyla diisik ve
ylksek olmak iizere iki senaryo olusturulmustur. Diisiik senaryo,
ekonomik biiylimenin sinirli hizda devam ettigi ve pozitif fakat
zay1f bir iyilegsme slirecinin siirdiigii bir yapiy1 temsil etmektedir.
Buna karsilik yiiksek senaryo, ge¢mis ortalama degerlerin
tizerinde gerceklesen, daha giiclii ve istikrarli bir ekonomik
performansa dayali biiyiime silirecini ifade etmektedir.
Senaryolara ait degisken artis oranlar1 ge¢cmis egilimler dikkate
aliarak belirlenmis, toplam enerji talebi tahminleri bu oranlar
dogrultusunda YSA modeli araciliiyla hesaplanmistir.

Elde edilen sonuclara gore Turkiye’nin toplam enerji
talebinin 2024 yilindan itibaren her iki senaryoda da artmaya
devam edecegi goriilmektedir. Diislik senaryoda enerji talebi
2024 yilinda 7,69 exajoule seviyesinde iken 2030 yilinda 8,13
exajoule dizeyine ulagsmaktadir. Yiiksek senaryoda ise ayni
donemde talep 7,85 exajoule seviyesinden baslayarak 2030
yilinda 8,80 exajoule seviyesine yiikselmektedir. Bu durum,
ekonomik biiyimenin daha giiglii gerceklesmesi halinde enerji
talebindeki artts hizinin da belirgin sekilde yiikseldigini
gostermektedir. Ayrica grafiksel sonuglar, gegmis yillardaki artig
trendi ile tahmin edilen degerler arasinda yapisal bir uyum
oldugunu ortaya koymakta; modelin hem kisa vadeli hem de orta
vadeli enerji politikalar1 acisindan giivenilir bir  6ngoru
sundugunu dogrulamaktadir.

Genel olarak bulgular, Turkiye’nin enerji talebinin
ontimiizdeki yillarda artmaya devam edecegini ve bu artis hizinin
ekonomik  biiyiimenin  niteligine duyarh oldugunu
gostermektedir. Bu nedenle enerji arz giivenliginin saglanmasi,
yenilenebilir enerji yatirnmlarinin artirilmasi, disa bagimliligin
azaltilmast ve enerji verimliligi politikalarinin gii¢lendirilmesi
kritik Oonem tasimaktadir. Caligma bulgulari, karar vericilere
enerji planlamasinda hem ihtiyath hem de biiylime odakl
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senaryolar1 dikkate alarak uzun vadeli stratejiler gelistirme
konusunda 6nemli bir analitik temel saglamaktadir.
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GUNES ENERJIiSI YATIRIMLARININ iLLERE
GORE ONCELIKLENDIRILMESINDE
KUMELEME ANALIZI YAKLASIMI

Yasemin DONMEZ!
Huseyin Avni ES?

1. GIRIS

Gilinlimiizde enerji, ekonomik kalkinmanin en temel itici
guclerinden biri olarak kiresel Olcekte stratejik bir 6neme
sahiptir. Sanayi, hizmet ve konut sektorlerindeki hizli biiyiime;
ulagim, iletisim ve dijitallesme odakli yeni uygulamalar; hatta
tarrm ve su yoOnetimi gibi alanlar, artan enerji talebini
dogurmustur. Bu talebin biiylik oranda fosil kaynaklara dayali
karsilanmas1 ise hem tedarik giivenligi hem de ¢evresel
strdiiriilebilirlik  bakimindan kritik riskler barindirmaktadir.
Uzun vadede rezervlerin tiikenme olasiligi, fiyat dalgalanmalari
ve iklim degisikligi etkileri, enerji arzinda cesitliligi ve
yerli/yenilenebilir  kaynaklarin  paymi artirmayir  zorunlu
kilmaktadir (Uzmen & Arar, 2025).

Karbon emisyonlarinin azaltilmasi, disa bagimliligin
diistiriilmesi ve yenilenebilir kaynaklarin yayginlastirilmasi,
birgok iilkenin enerji politikalarinin merkezine yerlesmistir.
Riizgar, jeotermal, biyokiitle ve hidroelektrik gibi kaynaklarin
yani sira Ozellikle gilines enerjisi; diisiik isletme maliyetleri,
Olceklenebilirlik ve hizla ilerleyen teknoloji sayesinde, gelecegin

! Yiiksek Lisans Ogrencisi, Karadeniz Teknik Universitesi, Fen Bilimleri Enstitiisii,
Endiistri Mithendisligi B6limii, ORCID: 0000-0002-3249-6122.

2 Dog. Dr., Karadeniz Teknik Universitesi, Miihendislik Fakiiltesi, Endiistri
Miihendisligi Boliimii, ORCID: 0000-0003-4987-0173.

34



Endiistri Miihendisligi

enerji sistemlerinde artan bir pay sunmaktadir. Yenilenebilir
enerjinin enerji retim portfoylindeki yiikselen orani, teknolojik
gelismelerle paralel seyreden maliyet diisiisleri ve devlet
tesvikleriyle pekismektedir (Uzmen & Arar, 2025).

Giines enerjisi, erisilebilirligi ve genis cografi yayilimi
sayesinde hem merkezi hem de dagitik iiretim modellerine
uygundur. Fotovoltaik panellerin hizli kurulum stireleri, diisiik
isletme-gider profili ve modiiler biiyiime imkani; endiistriyel
Olgekten catr {istii sistemlere kadar farkli yatirimer profillerine
esneklik sunar. Diinya genelinde giinesten elde edilen elektrik
tiretimi, son on yilda yillik ortalama %25-30 arasinda biiyliime
kaydetmis olup, bu egilim teknolojik verimlilik artiglar1 ve
finansman modellerinin ¢esitlenmesiyle ivme kazanmaktadir (
T.C. Enerji ve Tabii Kaynaklar Bakanligi, 2025).

Tiirkiye’deki ekonomik ve sosyal gelisim, 6zellikle sanayi
ve hizmet sektorlerindeki biylme, elektrik enerjisine olan talebi
onemli Olglide artirmistir. 2024 yili itibariyla  elektrik
tiretimimizin %54,1°1 fosil yakit kaynaklarindan saglanmakta;
bunun %35,2’si komiir, %18,9’u ise dogal gaz iizerinden
karsilanmaktadir. S6z konusu fosil yakitlarin biiyiik boliimii yurt
disindan ithal edilmekte, bu da hem dis ticaret agigini
derinlestirmekte hem de ¢evresel zararlar1 artirmaktadir.

Bu cercevede, Turkiye Cumhuriyeti Enerji ve Tabii
Kaynaklar Bakanligi’nin 2025 verilerine gore, elektrik tiretim
portfoylimiizde alternatif enerji kaynaklarinin pay1 %24,4’e
(rizgar %10,5, glines %7,5, jeotermal %3,2 ve diger %3,2)
ulagmistir ( T.C. Enerji ve Tabii Kaynaklar Bakanligi, 2025).

Artan enerji talebi, iklim degisikligi yakic1 endiseleri ve
fosil yakit rezervlerinin sinirliligi, diinya genelinde oldugu gibi
Tiirkiye’de de yenilenebilir enerji yatirimlarinin ~ stratejik
onceligini pekistirmistir. Ozellikle cografi konumu ve yiiksek
giineslenme potansiyeli géz oniinde bulunduruldugunda, giines
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enerjisi  santrallerinin ulusal elektrik Gretimindeki rolini
yukseltmek bliyiik 6nem tasimaktadir (Sagiroglu, 2016). Ancak,
bu potansiyelin etkin sekilde degerlendirilmesi, iller bazinda
farkl1 cografi, demografik ve ekonomik gostergeler dikkate
almarak “hangi bolgede, hangi Olcekte” yatirim yapilmasi
gerektiginin agikca belirlenmesini gerektirmektedir.

2. LITERATUR ARASTIRMASI

Genel olarak literatiir incelendiginde gilines enerjisi
yatirimlart {izerine yapilan c¢alismalar; ekonomik fizibilite, yer
secimi analizleri, potansiyel degerlendirmeleri ve makine
O0grenmesi temelli modellemeler olmak {izere ¢esitli bagliklarda
yogunlagmaktadir.

2.1. Ekonomik Degerlendirme ve Yatirim Analizleri

Glines  enerjisi  sistemlerinin ~ ekonomik  acidan
uygulanabilirligine dair bir¢ok c¢aligma, farkli Olceklerdeki
kullanic1 profillerini dikkate alarak yatirim kararlarimi analiz
etmektedir. Ornegin, Avsar (2024), Tiirkiye genelinde 3000’ den
fazla magazaya sahip biiylik bir perakende firmasinin giines
enerjisi yatirimlarini CBA yontemiyle degerlendirirken; Elmas
(2024) konut tipi sistemlerde ¢esitli finansal modellerle yapilan
analizleri saha ¢aligmasiyla desteklemistir. Jiryawée (2023) ve
Almassak (2023) ise Homer ve PVsyst gibi yazilimlarla ev tipi
sistemlerin teknik/ekonomik optimizasyonuna odaklanmistir.

2.2. Yer Secimi ve Uygunluk Analizleri

Glines enerjisi  santrallerinin  verimli  bir sekilde
kurulabilmesi igin yer secimi oldukga kritik bir konudur. Bu
baglamda, Cografi Bilgi Sistemleri (CBS) ile desteklenen Cok
Kriterli Karar Verme (CKKV) yontemleri yaygin olarak
kullanilmistir. Kocabaldir (2021) ve Sarsict (2020), sirasiyla
Canakkale ve Karabik illeri 6zelinde AHP (Analitik Hiyerarsi
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Prosesi) yontemi ile uygun alanlart belirlemistir. Yilmaz (2024),
Antalya-Burdur-Isparta bolgesinde Bulanik AHP ile hem
potansiyel bolgeleri hem de mevcut GES’lerin cevresel
uygunlugunu degerlendirmistir. Yiice (2023) ise yer seg¢imi
kararlarin1 makine Ogrenmesi algoritmalariyla biitiinlestirerek
yenilikgi bir yaklasim sunmustur.

2.3. Giines Enerjisi Potansiyeli ve Bolgesel Analizler

Ulke genelinde veya bolgesel diizeyde giines enetjisi
potansiyelinin belirlenmesine yonelik calismalar da literatiirde
onemli bir yer tutmaktadir. Aykar (2016) Ege Bolgesi i¢in
RETScreen ile il bazli 1 MW santral tasarimi yaparken, Ceylan
(2016) ve Ciftci (2015) Turkiye genelindeki potansiyeli 6rnek
projelerle agiklamistir. Arslan (2015) ise giines kollektorlerinin
performansina odaklanmistir.

2.4. Politika, Surdardlebilirlik ve Stratejik
Degerlendirmeler

Gilines enerjisine dayali stratejik planlamalar ve
stirdiiriilebilirlik analizleri kapsaminda yapilan ¢aligsmalarda,
SWOT(Guglu Yonler — Strengths, Zayif Yonler — Weaknesses,
Firsatlar — Opportunities, Tehditler — Threats) ve AHP temelli
yontemlerle sektdre dair yol haritalar1 olusturulmustur. Kisa
(2020) ve Komiircii (2019), Tirkiye’deki gilines enerjisi
potansiyelini SWOT ile degerlendirirken, Dogan (2019) bu
analizleri  bulamk  AHP ile harmanlayarak  strateji
onceliklendirmesi yapmuistir. Sagiroglu (2016) ise illerin enerji
titkketim profiline dayali olarak planlama kararlar1 i¢in Onerilerde
bulunmustur.

2.5. Giines Enerjisi ve Makine Ogrenmesi
Uygulamalari

Son yillarda yapay zeka ve veri bilimi tekniklerinin enerji
alanima entegrasyonu hiz kazanmistir. Sezikli (2023),
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meteorolojik veriler ve giines enerjisi liretimi arasindaki iligkiyi
farkli regresyon ve siniflandirma algoritmalari ile analiz ederken,
Yiice (2023) bu yaklasimi yer se¢imi kararlarina da tagimistir. Bu
tiir caligmalar, wveri temelli politika {retiminde makine
O6grenmesinin katkisin1 gozler oniine sermektedir.

3. METOT

Literatiirde, giines enerjisi yatirimlarmin ekonomik
analizleri (Avsar, 2024; Elmas, 2024; Canpolat, 2025), teknik ve
ekonomik optimizasyon ¢alismalar1 (Almassak, 2023; Jiryawee,
2023), CBS ve ¢ok kriterli karar verme yontemleri (Kocabaldir,
2021; Sarsici, 2020), stratejik degerlendirmeler ve SWOT temelli
yaklagimlar (Kisa, 2020; Komiircii, 2019; Dogan, 2019) ile
makine 6grenmesi tabanli iiretim tahmin siirecleri (Sezikli, 2023)
genis bir yelpazede ele alinmistir. Bununla birlikte, Tiirkiye’nin
tim illerini kapsayan, ¢cok boyutlu veri madenciligi teknikleriyle
sistematik bir Onceliklendirme c¢alismast heniiz yeterince
derinlemesine yuritilmemistir.

Bu eksikligi gidermek {izere, ¢aligmamiz Tiirkiye nin 81
ilini sekiz temel gostergesi”glineslenme siiresi, mevcut GES
kurulu giicii, elektrik tiiketimi, niifus yogunlugu, tarim dis1 arazi
varlig1, hane halki sayisi, sosyo-ekonomik gelismislik endeksi ve
yatirim tesvik diizeyi” temelinde degerlendirmektedir. Weka
platformunda K-Means algoritmas1 kullanilarak; hem tekil hem
de bilesik kriter setleriyle illerin kiimeleme analizi yapilmis, veri
temelli ¢ok katmanl bir yatirnm Onceliklendirme modeli ortaya
konmustur. Sonu¢ olarak, bu calisma yalnizca yatirim karar
siireclerine niceliksel bir altyapr saglamakla kalmayip, ayni
zamanda yerel ve ulusal duzeyde surdirilebilir enerji
planlamasina rehberlik edecek pratik bir harita sunmayi
amaclamaktadir.

38



Endiistri Miihendisligi

3.1. Calisma Grubu

Bu arastirmanin ¢aligma grubu, Tiirkiye’nin 81 ilidir. Her
bir il, secilen sekiz temel gostergeye (ortalama yillik giineslenme
stresi, mevcut GES kurulu guci, elektrik tuketimi, ndfus
yogunlugu, tarim dis1 arazi varligi, hane halki sayisi, sosyo
ekonomik gelismislik endeksi ve yatirnm tesvik diizeyi) gore
tanimlanmis ve veri setine dahil edilmistir. 11 diizeyindeki tiim
veriler glincel resmi kaynaklardan ve ilgili bakanlik/kurum veri
tabanlarindan temin edilmistir. Calisma grubuna dahil edilen tim
iller, analiz agisindan homojenlik ve Kkarsilagtirilabilirlik
ilkelerine uygun olarak se¢ilmis olup, veri eksikligi bulunan
higbir il calismaya dahil edilmemistir.

3.2. Veri Toplama Araci ve isleme Siireci

Veri toplama asamasinda, sekiz gostergeye iliskin sayisal
veriler ilgili kamu kurumlarinin gevrimigi raporlari, TUIK veri
portali ve Enerji ve Tabii Kaynaklar Bakanlig: istatistiklerinden
derlenmistir. Toplanan ham veriler, 6ncelikle Excel ortaminda
birlestirilmis; eksik deger analizi yapilarak uygun hale
getirilmistir. Ardindan, degerlerin Olgekler arasi uyumunu
saglamak iizere min-max normalizasyon islemleri yapilmistir.

4. UYGULAMA

Bu calismada, Tiirkiye'deki 81 ilin giines enerjisi yatirimi
acisindan degerlendirilmesi amactyla veri madenciligi teknikleri
kullanilarak bir kiimeleme analizi gerceklestirilmistir. Analizde,
illerin gilines enerjisi potansiyelini ve yatirim yapilabilirligini
etkileyen 8 adet nitelik belirlenmis ve bu nitelikler {izerinden K-
Means algoritmasi ile kiimeler olusturulmustur.

Bu calismada kullanilan nitelikler, Tiirkiye'deki illerin
giines enerjisi yatirimi agisindan tasidigi potansiyeli cok boyutlu
bir bakis acistyla degerlendirmek {izere secilmistir. Yillik
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ortalama giineslenme siiresi, bir ilin giines enerjisinden
yararlanma kapasitesini dogrudan etkileyen temel cevresel
gostergedir. GES kurulu giicli, mevcut gilines enerjisi altyapisinin
gelismislik diizeyini ortaya koyarken; elektrik tliketimi, enerji
talebinin biyiikligiinii ve yerel ihtiyaglar1 temsil etmektedir.
Kentsel niifus ve hane halki sayisi, niifus yogunlugu ve enerji
tiketim aligkanliklar1 agisindan Onemli sosyal-demografik
gostergelerdir. Tarim dis1 arazi miktari, gilines enerjisi
santrallerinin kurulabilecegi potansiyel alanlar1 isaret ederken;
SEGE skoru (Sosyo-Ekonomik Gelismiglik Endeksi), illerin
ekonomik gelismiglik diizeyini yansitarak yatirimin geri doniis
potansiyeline 151k tutmaktadir.

Son olarak, yatirim tesvik diizeyi, devlet desteklerinin
yogunlugunu gostererek, yatirim yapilabilirlige dogrudan etki
eden onemli bir politika degiskenidir. Normalize olan veri seti
Tablo 1’°de yer alirken normalize olmayan veri seti Tablo 2’de yer
almaktadur.

Tablo 1. Analizde kullanilan normalize edilmemis verisetinin bir

Kismi
- B arm Ou: arazi (%) Bl Hane Halks sayis Bl seGE skorul3
7887139 8730595671 0637391858 632875 3| 4
73 157 1134773 700423037 0,687073736] 155300 5 1]
3 63 305 2002766 61,84120232] 0,608991296) 218348 4 3
62 173 524471 109974 § 1
4 300 1368319 63,00072231 0450488314 123019 4 3
58 53 709302 69,86285981 0556197406, 109469 4 3]
67 2608 17246705, oamssx% 0562736837 1874093 1 §
81 1362 10072347 86,90243765/ 0837912217 856107 1 5
55 154 138595 31,60973605 28669) o 1]
49 002 387566 58,1365147 0959144867 58847 4 3]
66 169) 3690776 0,15817237] 0550932933| 391460 2 5
68 191 4237397 0735419086 456193 2 5
59 15 635449 4575979464} 0866977253 67709) 4 3
75 67 1008476 8160745513} 0185085772 124388 3 1]
[ 176, 107383 57,86392825) 0604410304 24347, 5 2
63 203 225145 8224582701 0,185784637) 72972 2 5
62 165 331025 64,40351647] 0828647392 76458 o 1
0 211 433990 63,84820954] 0833384857 79417 § 1
53 ) 1253024 65,61759719] 0865426681 104358 2 5|
75 285 958082 6264047714 0,775510199) 96220 3| 4
62 186, 13735283 9264207518} 072161042 966765 1 §
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Tablo 2. Analizde kullanilan normalize edilmis verisetinin bir
kismi

Bl Ginesienme Siresi (ssat/yil) Bl GEs xurulu Goca (mw) Bl Elekerik Taketimi (kwh) Bl wentsel nofus (%) B Tanm Dy Arasi (%) B Hane Halbo savie Bl seGE Skoru [l vatinm Tegvik Dazeyi [

Adana-1 0,112339819) 0,180661943] 0,825403711 0519396485, [ 04
Adwoman-2 0950617284 0060192179 002385811 0,593606468] 0027681299 [ 1
3 0839506173 0116941081 0,046104679] 044802258 0,476974473] 10,041008604 04 05,

n 0,765432099 0,066327196) 0,000683642 0,418311207 0,508092369] 0,018100132 0 |
0913580247 0,1150: 002928157 0465753158 0,240218055| 0,020857623] 04, 05,

0,716049383) 0,020314573| 0,013977758] 0566901287 0,398116068] 0,017953383] 04 05,

0827160494 1 0,398010325| 0,952520899 0407884037 0,391005718] 1 o

1] 05222356, 0,231406969] 0819423662 0818914307 0,176243077] 1 ]

0679012346 0,059041864) 0,000724807] [ 0,797037766] 0,000913553] [ |

0604938272 0 0,006506426] 0,393120059) 1 0,00729273] 04 05,

0812814815 n‘mmuz| 0,083213759| 071947538 0390252511 0,077601618] 08 02,

0812814815 0,073229089| 0,100551835] 0,625997878 0,665820074 0,091285104 08 0.2/

0,72839506. 0,005743909 0,012262779] 0,209700241 0,862328936] 0,00916601] 04 06!

0925925026 0,025682712, 0,023015219| 0,742287156 0,741501067] 0,021147013] ) 1

[ 0067477511 o 0389376793 0,604565124] o] 01, [0

0777777778 0,077830351 0,049782565| 0,750413885 0,747026075| 0010278521 08 0.2/

0,765432099 0,063259%: 0,0051934 0485995418 0,805075483] 0,011015404 0 1

[} 0,08085786, 0,007584457] 0477765012 0812151864 0,011640857] ) 1

0,654320988 0,014562995| 0031480774 0,503987783 0860012842 0016913002 08 02|

0925925926 010927231 0,019754981 0,450867628 0,7257043| 0015192764 [ 0,4

0,765432099) 0,071311897| 0,31646788] 0904283662 0,645194022] 0,190211582 1 )

Veri madenciligi siirecinde, Weka 3.9 yazilimi
kullanilarak K-Means kiimeleme algoritmast uygulanmistir.
Uygulama oncesinde, veri seti arff formatina doniistiiriilmiis ve
yazilim ara yliziine aktarilmistir. K-Means algoritmasi, hem
normalize edilmis verilerle hem de normalize edilmemis ham
verilerle  ¢alistinlmistir.  Normalize islemi, Weka’daki
“Normalize” filtresi araciligryla Min-Max yontemi kullanilarak
gerceklestirilebilecegi  gibi  Excel  dosyasinda  gerekli
formiilasyonlarla da gergeklestirilebilir. Normalizasyon islemi
Excel dosyasinda gerceklestirilip arff formatina doniistirtilip
yazilim ara yiiziine aktarilmistir. Kiime sayisinin belirlenmesinde
deneme-yanilma yontemiyle farkli degerler test edilmis, en
anlamli dagilimin 5 kiime ile elde edildigi gozlemlenmistir.
Algoritma calistirilirken varsayilan olarak 100 iterasyon ve
Euclidean (Oklidyen) mesafe &lgiitii kullamlmistir. Weka
programinda elde edilen ¢iktilarin bir kismi normalize olan ve
olmayan olmak Uzere Tablo 3 ve Tablo 4’ te gosterilmektedir.
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Tablo 1. Analizde kullanilan normalize edilmemis verisetinin bir
kisminin g:lktls1

55,154 138595,31 605736,
49,007, 387565,565.1 155

54,0, THSAL5 4351012, 8 clunic
95,0 866IT7,67708 4.3, cluster

0.176,407381,57 SA1026,0.60441, 24347,
63,205 2251145 £2. 24581 7.0, PHOTE

3 cankn-18
1 conm- 15
& Devmehe20
2 Depetbolar 21
& Dutceal

Tablo 2. Analizde kullamilan normalize edilmis verisetinin bir
kisminin ciktisi

1
3
)
x
3
{
3
El
1
1
1

Ham veriler (normalize olmayan) ile olan veri seti ve min-
max normalizasyonu ile elde edilmis veri seti ayr1 ayr1 k-means
algoritmasi ile kiimelenmis ve kiimeleme sonucunda, benzer
Ozellikler tastyan iller bes farkli grupta toplanmustir. Her iki
durumda da olusan kiimelerde bir farklilik gézlemlenmemistir.
Asagida, her bir kiimede yer alan iller siralanmakta ve kiimelerin
icerigi detaylandirilmaktadir. Bu dagilim, yatirim stratejilerinin
bolgesel diizeyde farklilagtirilmasina olanak saglamaktadir.

Kime 1; Adana, Burdur, Elaz1ig, Gaziantep, Hatay,
Karaman, Kilis, Malatya, Mersin, Sinop, Usak
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Kime 2; Adiyaman, Afyonkarahisar, Aksaray, Amasya,
Corum, Diyarbakir, Kirklareli, Mardin, Mus, Nevsehir, Nigde,
Ordu, Osmaniye, Sanlurfa, Sirnak, Tokat, Yozgat

Kume 3; Agri, Ardahan, Artvin, Bartin, Batman, Bayburt,
Bingdl, Bitlis, Cankir1, Erzincan, Erzurum, Giresun, Glimiishane,
Hakkari, [gdir

Kime 4; Aydmn, Balikesir, Bilecik, Bolu, Bursa,
Canakkale, Denizli, Diizce, Edirne, Eskisehir, Isparta, Karabiik,
Kayseri, Kirikkale, Kocaeli, Kiitahya, Manisa, Mugla, Rize,
Sakarya, Samsun, Tekirdag, Trabzon, Yalova, Zonguldak

Kiime 5; Ankara, Antalya, Istanbul, Izmir, Konya

Bu bulgudan yola ¢ikarak, degiskenlerin orijinal 6lgekteki
dagiliminin  kiime yapisint Onemli Olgiide etkilemedigi,
dolayistyla veriler arasinda belirgin dogal ayrimlar oldugu
sonucuna ulasilmugtir. Ikinci asamada, Entropi ydntemi
kullanilarak her degigskenin bilgi katkist oraninda agirligi
hesaplanmis ve bu agirliklar veri setine uygulanarak agirlikli bir
kiimeleme siireci ylriitiilmiistiir. Entropi yontemiyle elde edilen
kriter  agirliklar1  sirasiyla;  0.020203602, 0.259605764,
0.310623465, 0.007340602, 0.00978054, 0.291553037,
0.045009743, 0.055883248’dir. Agirhik  katsayilart ile
diizenlenmis veri seti ile kiimeleme ¢iktisi Tablo 5° te yer
almaktadir. Bu analiz sonucunda da, entropi ile agirliklandirilmis
veri setinden elde edilen kumelerin, Onceki kimeleme
sonuglariyla tamamen ayni1 oldugu tespit edilmistir.
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Tablo 3. Entropi yontemi ile elde edilen agirhikl veri setinin bir
kismi

“Gunesl saat/yl), GES Kurulu Gucy MW, Elektrik Tuketimi (KWhj arm Dist Avasz (V6)' Hane Hollk Sayesr, SEGE Skory', Yat OME L
0.01895 056118,0,006059,0.00508,0.037503,0.027006,0.02235: Adana-1
0.019206,0.015626,0.007411,0,004181,0.005806,0.008071,0,0.055683 custer2 Adyaman-2
0.016961,0.030359,0.014321,0,003 001

! Afyonkarshisar-3
0.015464,0.017219,0.003008,0,003071,0.00585,0.005277,0,0.055883 clster3 -
0.018458,0.029861,0,009096,0,003419,0.002349,0.006081,0,018004,0,03353 chuster2
0.014467,0.005274,0.004342,0,004161,0.003894,0.005246,0.018004 0.03353 cluster2
0.016712,0.259606,0.123631,0.006992,0.003989,0.113999,0.04501,0,clusters
0.020204,0.135575,0.07186,0.006015,0.008009,0.051384,0.04
0.013718,0.015328,0.000225,0,0.007795,0.000266,0,0.055883
0.012222,0,0,002021,0.002886,0.009781,0.002126,0.018004,0,

Agn-d

[

1

2

2

3

2

z

s

H

3

3

0.016462,0.016821,0.025648,0,005281,0.003817,0.022625,0.036008,0.0111 a

0.016462,0.019011,0.031234,0.004595,0.006512,0.0266 14,0.036008,0.01117 a

0.014716,0.001491,0.003805,0.001539,0.00843¢,0.002672,0.018004,0.03353 cluster 3
18) 7148,0,005449,0.007252,0.006165 883 clusterd 3 Batman-72

3

a

3

:]

4

1

a

a

3

2

a

2

a

a

0,0.017518,0,0.002858,0.005913,0,0.009002,0.044707 cluster3 Bayburt-69
0.015714,0.020205,0.015464,0.005503,0.007306,0.002997,0,036008,0.011177,clustera Bilecic-11
0.015064,0.016423,0.001613,0.003567,0.007874,0.003212,0,0.055883 clusterd

0,0,021002,0.002356,0.003507,0,007943,0.003394,0,0,055883 clusterd
0,01322,0.003781,0,009779,0.0047,0.008411,0.004931,0,036008.0.011177 clusterd
| 0.018707,0.028366,0,006136,0.003376/0.007098,0.0044 29,0.027006,0.022353 clusterl
0.015464,0.018513,0.096302,0 0.056081,0.04501,0,clusterd
0.017959,0.002885,0,027448,0.004279,0.005956,0.011121,0,036008.0.011177,custerd
0.015963,0.022694,0.003687,0. X ,0.002729,¢ 2, &
0.015215,0.028467,0.005864,0,004128,0.00406,0.009554,0.018004,0.03353, cluster2
0.018208,0.02797,0.028017,0.004656,0.005932,0.020272,0.036008,0.011177,clusterd
0.019455,0.048371,0.022826,0.004583,0.004875,0.022835,0,0.055883 cluster2
0.012721,0.002686,0,009223,0.00530. 7,0.027006 clusters
0.014966,0.025879,0.008761,0.004265,0.002056,0.007383,0.036008,0.011177,clusterd

Duace-81
Edine 22

Entropi yontemiyle elde edilmis analiz sonucunda 5 adet
kiimede yer alan iller asagida kiimelerine gore siralanmuistir.

Kime 1; Adana, Burdur, Elaz1g, Gaziantep, Hatay,
Karaman, Kilis, Malatya, Mersin, Sinop, Usak

Klme 2; Adiyaman, Afyonkarahisar, Aksaray, Amasya,
Corum, Diyarbakir, Kirklareli, Mardin, Mus, Nevsehir, Nigde,
Ordu, Osmaniye, Sanlurfa, Sirnak, Tokat, Yozgat

KUme 3; Agri, Ardahan, Artvin, Bartin, Batman, Bayburt,
Bingol, Bitlis, Cankiri, Erzincan, Erzurum, Giresun, Glimiishane,
Hakkari, Igdir

Kime 4; Aydin, Balikesir, Bilecik, Bolu, Bursa,
Canakkale, Denizli, Diizce, Edirne, Eskisehir, Isparta, Karabiik,
Kayseri, Kirikkale, Kocaeli, Kiitahya, Manisa, Mugla, Rize,
Sakarya, Samsun, Tekirdag, Trabzon, Yalova, Zonguldak

Kiime 5; Ankara, Antalya, Istanbul, Izmir, Konya

Analiz sonucunda gruplandirilan 5 kiimede yer alan iller,
calismada  belirlenen 8  kritere goére asagidaki  gibi
degerlendirilmistir:
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Kime 1 — Giines Potansiyeli Yiiksek, Gelismekte Olan
Bolgeler

Bu kiimeye dahil iller, yiiksek giineslenme siiresine sahip
olmakla birlikte, sosyo-ekonomik gelismislik diizeyleri orta
seviyededir. Elektrik tiiketimi ve mevcut GES kapasitesi siirl
olsa da, tarim dis1 arazi orani yiiksek ve yatirim tesvik diizeyleri
de gorece yiiksektir. Bu nedenle devlet destekli yatirimlar
acisindan firsat barindiran bolgeler olarak degerlendirilebilir.

Kime 2 — Orta Diizey Potansiyele Sahip Kalkinma
Bolgeleri

Bu grup, orta diizey gilineslenme siiresi ve diisiik-orta
diizey elektrik tiiketimi ile 6ne ¢ikmaktadir. Mevcut GES kurulu
giicii distiktiir. Ancak tesvik diizeyleri yiiksektir ve kalkinma
oncelikli iller arasinda yer almaktadir. Uzun vadede kiiglik-orta
Oleekli GES yatiimlart  i¢in  uygun bdlgeler olarak
degerlendirilebilir.

Kime 3 - Yatirm Onceligi Diisiik, Sosyal Amach
Gelisme Bolgeleri

Bu kiime, diisiik giineslenme stiresi, diisilk sosyo-
ekonomik gelismislik, diisiik niifus yogunlugu ve az yatirim
cekmis bolgelerden olugmaktadir. Bu iller i¢in dogrudan ticari
yatirim cazibesi diisliktiir; ancak bolgesel kalkinma ve sosyal
enerji projeleri kapsaminda degerlendirilmesi miimkiindiir. Bu
alanlarda kamu destekli kirsal enerji ¢oziimleri dnerilebilir.

Klme 4 — Dengeli ve Geligmis Sanayi Bolgeleri

Bu kiime, orta-yiiksek diizeyde giines potansiyeline,
gelismis sanayi altyapisina ve yliksek niifus yogunluguna sahip
illerden olusmaktadir. GES yatirimlar1 agisindan denge bdlgesi
olarak degerlendirilen bu grup, enerji talebi yiiksek ancak yatirim
yogunlugu bakimindan ilk sirada olmayan illeri barindirmaktadir.

45



Endiistri Miihendisligi

Orta vadeli planlamalar kapsaminda bu bdlgelerde yeni GES
yatirimlart desteklenebilir.

Kiime 5 — Yiiksek Oncelikli Yatirim Bélgeleri

Bu grup, Tirkiye’nin en gelismis ve yiiksek enerji
tiketimine sahip metropollerinden olugmaktadir. Elektrik
talebinin yiiksekligi, niifus yogunlugunun fazlalig1 ve sosyo-
ekonomik gelismislik diizeyi bu kiimeyi 6n plana ¢ikarmaktadir.
Ayrica Konya ve Antalya gibi iller giineslenme siiresi agisindan
da Tirkiye ortalamasmin iizerindedir. Bu nedenle bu kiimeye
dahil iller, yiiksek 6l¢ekli ve stratejik GES yatirimlart agisindan
birincil 6ncelige sahiptir.

Yapilan tiim kiimeleme analizleri sonucunda 81 ile ait
renklendirilmis harita Sekil 1°de yer almaktadir.

Gines Enerjisi
Potansiyeli k-means
«alg. kumeleme haritasi

W Kome
Kome 2
Kime 3
Kime 4

B komes

Sekil 1. Giines enerjisi potansiyeline gore kiimeleme ciktilarini
gosteren renklendirilmis harita

5. SONUC

Bu calisma, Tiirkiye'nin 81 ili 6zelinde giines enerjisi
potansiyeli ve yatirim kararlarini etkileyebilecek sekiz temel
gostergeye dayanarak (ortalama yillik giineslenme siiresi, mevcut
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GES kurulu giicii, elektrik tiiketimi, niifus yogunlugu, tarim dis1
arazi varligi, hane halki sayisi, sosyo ekonomik gelismislik
endeksi ve yatirim tesvik diizeyi) veri madenciligi teknikleriyle
analiz ederek illerin benzer 6zelliklere gore gruplandirilmasini
saglamistir. 11k asamada, ham veriler kullanilarak K-Means
algoritmasi uygulanmis ve elde edilen kiimeler kaydedilmistir.
Ardindan, aynm1 veri seti Min-Max normalizasyon yontemiyle
Ol¢eklendirilmis ve tekrar aymi algoritma ile kiimeleme
yapilmistir. Elde edilen sonuclar karsilastirildiginda, normalize
edilmis ve edilmemis veri setleriyle yapilan kiimelemelerin
birebir ayn1 kiimeleri olusturdugu gozlemlenmistir. Bu bulgudan
yola cikarak, degiskenlerin orijinal 6l¢ekteki dagiliminin kiime
yapisin1 énemli dlgiide etkilemedigi, dolayisiyla veriler arasinda
belirgin dogal ayrimlar oldugu sonucuna ulasilmistir.

Ikinci asamada, Entropi yontemi kullanilarak her
degiskenin bilgi katkis1 oraninda agirligi hesaplanmis ve bu
agirliklar veri setine uygulanarak agirlikli bir kiimeleme siireci
ylritilmiistir. Bu analiz sonucunda da, entropi ile
agirliklandirilmis veri setinden elde edilen kimelerin, 6nceki
kiimeleme sonuglariyla tamamen ayni oldugu tespit edilmistir.
Hem normalizasyon hem de agirliklandirma gibi 6n isleme
adimlarinin kiimeleme {izerindeki etkisinin karsilastirilmasiyla,
verinin dogasindaki baskin degiskenlerin belirleyici rolii acik bir
sekilde ortaya konmustur. Literatiirde genellikle tek boyutlu
verilerle yapilan benzer analizlerin aksine, bu c¢alisma c¢ok
degiskenli ve bolgesel diizeyde yapilmasiyla 06zgiinliik
tagimaktadir.

Calisma sonucunda elde edile bulgular, karar vericilerin
enerji yatirimlarim1 bolgesel diizeyde farklilagtirarak daha etkili
planlamalar yapabilmesine olanak saglamaktadir. Ozellikle kamu
yatirimlari, tesvik politikalar1 ve uzun vadeli enerji planlamalari
acisindan kiimelerin sundugu profil 6nemli bir yol gosterici
nitelige sahiptir. Elde edilen sonuglar, gilines enerjisi
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yatirimlariin yalnizca ¢evresel potansiyele degil, ayn1 zamanda
sosyo-ekonomik, demografik ve mekansal degiskenlere bagh
olarak  sekillendigini  goOstermekte; bu nedenle enerji
politikalarinin  ¢ok boyutlu veri analizlerine dayanmasi
gerektigini vurgulamaktadir.

Sonug olarak, bu calisma Tiirkiye’de illerin giines enerjisi
potansiyellerine gore biitiinciil bir sekilde gruplandirilmasini
saglamig; farkli veri isleme yontemleri kullanilarak giiclii bir
kiimeleme yapis1 ortaya g¢ikarmigtir. Bu yaklasim gelecekte
yapilacak akademik arastirmalar, bolgesel planlamalar, yatirim
stratejileri ve siirdiiriilebilir enerji politikalar1 i¢in temel bir
referans niteligi tasimaktadir. Ayrica, politika yapicilarin kaynak
tahsisini daha etkin bir sekilde yonlendirebilmesine, yerel
yonetimlerin yatirim planlarin1 enerji potansiyellerine gore
sekillendirebilmesine ve 6zel sektor yatirimeilarinin karar destek
stireglerini gliclendirmesine katki saglamasi beklenmektedir.
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SALGIN HASTALIKLARDA KAYNAK
PLANLAMASINDA KULLANILAN
MODELLER!

Melik KOYUNCU?
Rizvan EROLS3

1. GIRIS

Tarih boyunca salgin hastaliklar, insanlik i¢in ciddi
sorunlar teskil etmistir. Her ne kadar insanlik tarihinin tim
donemlerinde salgin hastaliklara rastlansa da, bazi zaman
dilimlerinde bu hastaliklarin etkileri son derece yikici olmustur.
Ornegin, 14. yiizyilda meydana gelen veba salgim sirasinda
Avrupa niifusunun yaklasik 100 milyon oldugu, bu niifusun
yaklasik 25 milyonunun salgin nedeniyle yasamini yitirdigi
tahmin edilmektedir. Bilim insanlari, salgin hastaliklarla etkili bir
sekilde miicadele edebilmek amaciyla siirekli olarak yeni
yontemler gelistirmeye c¢aligmiglardir. Antibiyotikler, agilar ve
diger miicadele stratejileri sayesinde zaman zaman Onemli
basarilar elde edilse de, salgin hastaliklarin tamamen ortadan
kaldirilmasi miimkiin olmamistir. Nitekim tiiberkiiloz ve vebaya
yol acan bakteriler, zaman icerisinde antibiyotiklere kars1 direng
gelistirerek yeniden ortaya ¢ikmistir. Bunun yami sira Lyme
hastalig1 (1975), lejyoner hastaligi (1976), toksik sok sendromu
(1978), AIDS (1981), hepatit C (1989) ve hepatit E (1990) gibi

Bu bolim buyik olgtide “Salgin Hastaliklarin Onlenmesinde Kaynak Atama
Probleminin Incelenmesi” adli doktora tezinden tiretilmistir.

2 Dog. Dr., Cukurova Universitesi Miihendislik Fakiiltesi, Endiistri Miihendisligi
Bolimu, ORCID: 0000-0003-0513-6276

3 Prof. Dr., Cukurova Universitesi Miihendislik Fakiiltesi Endiistri Miihendisligi
Bolumi, ORCID: 0000-0001-6914-5062.
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pek cok salgin hastalik da yakin donemde ortaya ¢ikan 6nemli

saglik

sorunlar1 arasinda yer almaktadir. Salgin hastaliklar

insanlik tarihinin ¢esitli donemlerinde ortaya ¢ikarak ¢ok ciddi
zarar vermislerdir. En son 2019 yilinda ortaya ¢ikan Covid 19
viriisii ¢ok hizli bir sekilde yayilarak diinya ¢apinda milyonlarca
kisinin 6limiine neden olmustur.

T.C. Saghk Bakanligmin 2005 yilinda hazirladigt

Pandemik Influenze Ulusal Eylem Planina gore salgina hazirlik
slireci kisaca asagidaki maddeler gibi siralanabilir.

a. Izleme ve Gozlem Asamasi
Salgindan etkilenecek kisi sayisinin tahmin edilmesi

Saglik kurumlarina miiracaat sayilarinda olagan disi
hareketlilerin analiz edilmesi

Salgin hastaligin yayilimimin gézlenmesi ve etkilerinin
degerlendirilmesi

Olagan dis1 vaka sayilarina yonelik erken uyan
sistemlerinin olusturulmasi

b. Koruyucu ve Onleyici Yontemlerin Degerlendirilmesi

Saglik otoritelerince hazirlanan koruma programlarinin
olusturulmasi

Koruma programlarinin tiim kamuoyuna hizli bigimde
duyurulmasi

Yetkili kurullarca, koruma programinin etkinliginin ve
giivenilirligininin analiz edilmesi

c. Tedavi Yontemlerinin Belirlenmesi

Salgin hastalik esnasinda tedavi yontemlerine ait strateji

belirlenmesi

[laglar1 ve kaynaklar1 hizl1 ve etkili bir bigimde dagitmak
i¢in tedarik zincirinin olusturulmasi
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d. Saglik Servislerinin Planlanmasi

I. Saglik kaynaklarmin olaganiisti  durumlar igin
hazirlanmas1 ve planlanmasi

ii. Saglik sistemlerinin olas1 etkilere kapasitelerinin
degerlendirilmesi

e. Halk Saghg Olgiitleri

I. Kapanma kosullarinin belirlenmesi
Ii. Salgina maruz kalan tiim iilkelerle igbirligi yapilmasi

Salginla miicadele i¢in hazirlik asamasindan sonra
miidahale asamasi gelir. Miidahale asamasinin bilesenleri
asagida verilmistir.

i. Kaynaklarin saglik birimlerine, amaglar1 saglayacak
bigimde dagitilmasi

ii. Hazirlik asamasinda planlanan 6nlemlerin uygulamaya
gecirilmesi,

ili. Hastaligin degisik yayilim senaryolarina gore alternatif
kaynaklarin saglanmasi

Salgina neden olabilecek bulasici hastalik ortaya ¢iktiktan
sonra saglik ekiplerinin birbirleriyle koordineli bir big¢imde
hastaliga hizli miidahale etmesi salginin daha fazla yayilmasini
engellemek acisindan son derece 6nemlidir. Ayni zamanda salgin
hastaliklarin toplum {izerinde olusturacagi olumsuz etkilerin en
aza indirilmesi i¢in saglik kaynaklarinin ihtiya¢ duyulan
bolgelere en uygun sekilde dagitilmasi da oldukca Onemlidir.
Problemin karmagikligi, kaynak paylasimi kararinin rasgele
yapilmasindan veya kisisel kararlara dayanmasindan ziyade
belirli bir sisteme ve analitik diisiinceye dayandirilmasini zorunlu
kilmistir. Bu durum, arastirmacilari, kaynak tahsisi problemi ve
salgin hastaliklarin modellenmesinde yoneylem tekniklerinin
kullanilmas1 konusunda tesvik edici olmustur.
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2. SALGIN YAYILIM MODELLERI

Bu bolumde, salgin hastaliklarin olumsuz etkilerini en aza
indirgemek i¢in, vaka sayisinin tahmininde kullanilan sayisal
yontemlerden bahsedilecektir.

2.1. Vaka Sayillarinin Tahmini

Salginla miicadele edebilmek icin, ilgili salginda zamana
bagli olarak olusacak vaka sayisinin tahmin edilmesi kritik 6neme
sahiptir. En ¢ok kullanilan iki yontem; klinik atak oranini
kullanarak tahmin ve temel cogalma katsayisini (Ro) kullanarak
tahmindir.

2.1.1.Klinik atak orami ile Vaka Sayilarimin Tahmini

Klinik atak orani, bir populasyondaki niifusun, ilgili
salginda hangi oranda bu salgina maruz kalacaginin 6Slgiitlinii
ifade eder. Nifusu 100 milyon olan bir populasyonda klinik atak
oraninn 0.25 olmasi, 25 milyon kisinin bu salginda enfekte
olacagini tahmin eder. Farkli atak oranlar1 kullanilarak, degisik
senaryolarin analiz edilmesi miimkiindiir. Bu yontemde, salgin
periyodunda zamana bagli olarak vaka sayilart hesaplanamaz
ancak belirli varsayimlarla giinliik artiglar dikkate alinarak
tahminde bulunulabilir. Ornegin, salginin periyodu 90 giin ise ,
atak oraninin 0.25 oldugu bir senaryoda, 25 milyon kisinin bu
salgina maruz kalacag1 varsayilir. Baglangi¢ giinlinden, salginin
periyodunun bitis giiniine kadar belli oranda artigin toplam maruz
kalan kisi sayisina esit olacak bigimde, giinliik bazda vaka sayilari
tahmin edilir. Bu islemler her senaryoda farkli atak oranlari igin
tekrarlanir. Zhang ve arkadaglarinin (2006) pandemik influenza
icin vaka sayisini tahmin etmek igin gelistirdikleri FLUSURGE
2.0 bu yaklasimi kullanmaktadir.
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2.1.2. Temel Cogalma Sayisim (RO) Kullanarak Vaka
sayillarinin Tahmini

Ozellikle Covid 19 salginindan itibaren bir ¢ok kisi Ro
sayisini siklikla duymaya baslamistir. Literatiirde temel ¢ogalma
sayist olarak bilinen Ro, genel olarak bir kisinin hastalig
ortalama kag kisiye bulagtiracaginin 6l¢iisti olarak bilinir. Temel
yeniden ¢cogalma sayisinin dogru tahmin edilmesi zamana bagli
olarak beklenen vaka sayilarmin dogru tahmin edilmesine olanak
saglar. Temel yeniden ¢ogalma sayist salginin tiiriine gore farkli
hesaplama metodojileri igerir.

2.1.3.Siipheli ve Enfekte (SI) Modeli

Temel yeniden ¢cogalma sayisi ile vaka sayisinin zamana
bagl olarak tahmin eden en basit model SI modelidir. Bu
modelde populasyondaki bireyler siipheli (S:enfekte olmus veya
olmamis) ve enfekte olmus (I) bireyler olarak iki kategoriye
ayrilir. Bu modelde popiilasyon biiyiikligiiniin sabit kaldig:
varsayilir. Bir kez enfekte olan kisinin, iyilesmesinin miimkiin
olmadig1 kabul edilir. Enfekte olan kiginin, bulagtirmaya hemen
basladigi, kulucka doneminin olmadig: kabul edilir. Kisi bir kez
enfekte oldugunda hastalifi hemen bulastirmaya baglar. Sl
modeli sematik olarak Sekil 1.”deki gibi gosterilebilir.

/ al

— o A X, (t)

oS

Sekil 1. Sl yayilim modeli

Salgin hastaliklarin yayilimi diferansiyel denklemler ile
modellenebilir.

X[ () = f(x,(0), %), o, X (8)) (D)
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(1) no’lu denklemin diferansiyel denklem tekniklerini
kullanarak ¢oziimii basit populasyonlar i¢in asagidaki gibi
cozilebilir.

Notasyon

t:t amindaki zamant > 0

x1(t): t aminda populasyondaki stiipheli kisilerin sayist
x,(t): t aminda populasyonda enfekte olan kisilerin sayist
A:temas orant, A€(0,1)

&:stipheli kisilerin enfekte olma orant, 6 €(0,1)
N:populasyondaki birey sayist

Denklem(1)’de gosterilen modelde, popiilasyondaki birey sayisi
(N) sabit varsayildigindan, epidemik model denklemi (2-4) ile
gosterilebilir.

x1(t) = 6 — Ax; (D)x,(t) (2)
x2(0) = Ax (Ox,(t) = 8x2(1)  (3)
x,(t) +x,(8) = 1 (4)

Populasyonda bulunan toplam kisi sayisi N ise ; t aninda
stipheli ve enfekte olmus Kkisilerin sayisi Nx;(t) + Nx,(t)
olacaktir ve denklemin kapali ¢6ziimi denklem (5)’deki gibi
hesaplanir.

X,(0) (A-58)e"
A%,(00e" ! ~14(1-6)

X, () = (5)

1
e 1o

0
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2.1.4.Coklu Popiilasyonda Bulasici Hastallk Yayilim
Modeli

Tekli popiilasyon modelinde, t=0 anindan T anina kadar
olan zaman periyodunda olusacak hasta sayisi ;

N Lol ) K
H(A) = Jo,u (t, 2)S(t, A)dt = J'OTdt +5JO| (t, A)dt

ile hesaplanir.

Benzer durumda, m farkli popiilasyonun olmasi
durumunda, t=0 anindan T anina kadar popiilasyonlarda enfekte
olan kisi sayist ;

di(t, 4)
dt

H;(4)= _T[ﬁ“uli(tﬂli)si(t’/li)dt: ].4dt+5i }Ii(t’ﬂi)dt

formiilii ile hesaplanacaktir.

vy

9 el Si(tA) A8, 1Lt 4) Populasyon 1
— %yl st 4) LS, | LtA) Populasyon 2

— gl S,(t4,) ZalnSu | 1L (6 A,) Populasyon m

Sekil 2. Coklu Popiilasyonda Bulasic1 Hastahik Yayilim Modeli
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2.1.5.SEIR Modeli

Vaka sayilarini zamana bagli olarak tahmin etmek igin
siklikla kullanilan modellerden birisidir. Modelin agilimi Siipheli
(Suspected), enfeksiyon oncesi (Pre Infected), enfekte olmus
(Infected) ve iyilesmis (Recovered) bi¢imindedir. Modelin
matematiksel agiklamasi asagida detayl olarak yapilmistir.

Notasyon
B : bir kiginin ortalama temas orani

f : t ve t+l arasinda enfekte olan kisilerden hastaligi
bulastiranlarin orani

r : enfekte olmus kisilerin iyilesme orani
At : tve t+1 zamanlar1 arasinda bir bireyin enfekte olma riski

E; : taninda enfekte olan ama heniiz bulastirmaya baslamayan
bireylerin sayisi

E; ;4 @ t+1 aninda enfekte olan ama heniiz bulastirmaya
baslamayan bireylerin sayis1

S; © taninda siipheli bireylerin sayisi

St=o : 1=0 aninda toplam siipheli kisilerin sayis1
St4+1 ¢ t+1 aninda siipheli kisilerin sayist

I; : taninda enfekte olan kisi sayis1

I;,, : t+1 aninda enfekte olan kisi sayisi

R¢— : t=0 aninda bagisiklig1 olan kisi say1s1

R; : taninda bagisiklig1 olan kisi sayis1

R4 : t+1 aninda bagisiklig1 olan kisi say1si

I

yeni(t+1) - tile t+1 arasinda yeni enfekte bireylerin sayis

NC;; : tile t+1 zamanlari arasinda bildirilen vaka sayist
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ClI: Enfekte olan kisilerin hastaliga yakalanma orani

SEIR modeli i¢in temel yeniden ¢ogalma sayis1t Denklem (8-19)
‘da verilen esitlikler ¢oziilerek hesaplanir.

- ®)
f=1/t 9)
r=1/D (10)
St+1 = St- A.St (11)
A= B.I; (12)
Ee1= Et+ 4.5t - f. Et (13)
ler =le+ F.Et -1 .1t (14)
Ri+1=Rt +r .l (15)
St=0 =N — Iy — Ri=o (16)
Ri—o = N . I (17)
Lyenice+1) = E¢. f (18)
NCyy,1 =E..T .CI (19)

3. VAKA SAYISINI TAHMIN EDEN YAZILIMLAR

Matematiksel modellerinden bahsedilen vaka sayisi
tahmin yontemleri i¢in ¢esitli yazilimlar gelistirilmistir. Zhang ve
arkadaslar1 (2006) tarafindan gelistirilen ve vaka sayisini klinik
atak oranina gore tahmin eden FLUSURGE 2.0 yazilim1 Amerika
Birlesik Devletleri Enfeksiyonla Miicadele ve Engelleme
Merkezi (CDC) ‘nin internet sitesinden indirilebilir. Temel
yeniden ¢ogalma sayist ise R yaziliminin deSolve kiitiiphanesi
kullanilarak hesaplanabilir. Salgin hastaliklarin yayilmasi ve
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modellenmesi hakkinda Vynnycky, E., & White, R. (2010)
tarafindan yazilan kitabin internet sitesindende Ro’1 hesaplayan
excel tabanli yazilimlara ulasmak miimkiindjir.
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BiR KiIMYA FIRMASINDA ENDUSTRIYEL
KARISTIRICI PROBLEMLERININ DEMATEL
YONTEMIYLE ANALIZI

Yildiz SAHIN!
Emre YUKSEL?

1. GIRIS

Gunlmuzde sanayi ve dretim sektOrlerinde sireg
verimliligi, kalite yonetimi ve siirdiiriilebilirlik ilkeleri isletme
stratejilerinin merkezinde yer almaktadir. Bu gergevede, 6zellikle
kimya gibi hassas ve surekli kontrol gerektiren proseslere sahip
endustrilerde, iretim ekipmanlarinin performansi rekabet
avantaj1 agisindan belirleyici bir unsur haline gelmistir. Kimya
sanayisinde siklikla kullanilan ekipmanlardan biri olan
endiistriyel karigtiricilar, iiretim sisteminin temel yap1 taglarindan
biridir; hem urun kalitesini dogrudan etkileyen hem de prosesin
stirekliligini saglayan bir islev iistlenmektedir. Bu karistiricilar,
farkl1 fazlardaki maddeleri belirli bir diizen igerisinde homojen
hale getirmek amaciyla gelistirilen mekanik sistemlerdir. Ancak
bu sistemlerde meydana gelen herhangi bir verim diistikligi ya
da teknik problem, iiretim siirecinde aksamalar, kalite kayiplar
ve enerji israfi gibi sonuglar dogurabilmektedir. Bu tur teknik
problemlerin kaynagini belirlemek ve ¢oziime yonelik sistematik
adimlar atmak admna, bilimsel karar destek mekanizmalarinin
kullanimi kacinilmaz hale gelmistir. Isletmelerde yasanan

1 Dog. Dr., Kocaeli Universitesi, Miihendislik Fakiiltesi, Endiistri Miihendisligi
Bolimu, ORCID: 0000-0002-6283-5340.

2 Lisansiistii Ogrencisi, Kocaeli Universitesi, Fen Bilimleri Enstitiisti, Mihendislik
Yonetimi A.B.D., ORCID: 0009-0009-0268-8877.
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karmasik sorunlarin analizinde, karar vericilerin problemler
arasindaki iligkileri anlamasi, kaynaklarin etkili ve oncelikli
kullanimi i¢in kritik 6neme sahiptir. Bu sebeple, 6zellikle tiretim
gibi cok degiskenli siireglerde, ¢ok kriterli karar verme (CKKYV)
yaklagimlart 6ne ¢ikmaktadir. CKKV yontemleri, birden fazla
faktoriin ayn1 anda degerlendirilmesine ve aralarindaki iliskilerin
sistematik olarak incelenmesine olanak saglar. Bu yontemler
arasinda yer alan DEMATEL (Decision Making Trial and
Evaluation Laboratory) teknigi ise karar alicilara, kriterler
arasindaki etkilesimleri hem sayisal hem de gorsel bicimde
degerlendirme olanagi sunarak, sorunlarin neden-sonug yapisini
ortaya koymada etkili bir arag olarak one ¢ikmaktadir.

Bu baglamda, calisma kapsaminda Tiirkiye’de kimya
sektoriinde faaliyet gosteren Ege Kimya firmasinda, iiretim
hattinda kullanilan endiistriyel karistiric1 sistemlerde yasanan
performans problemleri degerlendirilmistir. Son ddnemde
firmada sikca raporlanan problemler arasinda; karisim
homojenliginin saglanamamasi, motor arizalarinin artmasi, enerji
tiiketiminin yiiksek olmasi, bakim uygulamalarindaki eksiklikler,
proses kosullarima uygun olmayan ekipman kullanimi ve
vibrasyon kaynakl1 yapisal sorunlar yer almaktadir. Bu sorunlarin
yalnizca teknik diizeyde bireysel problemler degil, ayn1 zamanda
birbirini etkileyen ve tetikleyen sistematik unsurlar oldugu
diistiniilmektedir. Bu nedenle, klasik hata analizi yontemlerinin
Otesine gecilerek, neden-sonug iliskilerini agik bi¢cimde ortaya
koyabilecek ve etki derecelerini 6lgebilecek bir yaklagima ihtiyag
duyulmustur.

Bu c¢alismanin temel amaci; endiistriyel karistiric
sistemlerinde karsilasilan bu problemlerin neden ve sonuglarini
DEMATEL yontemiyle analiz etmek, kriterler arasindaki
etkilesim agin1 ortaya koymak ve isletme yonetimi igin stratejik
tyilestirme Onerileri sunmaktir. Bu dogrultuda; firmanin proses
mithendisi, bakim sorumlusu, iiretim yoneticisi ve saha
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operatorlerinden olusan uzman ekip ile yapilan degerlendirmeler
dogrultusunda, DEMATEL yoOntemi sistematik olarak
uygulanmigtir. Stire¢ boyunca Once dogrudan iliski matrisi
olusturulmus, ardindan veriler normalize edilerek toplam etki
matrisi elde edilmis ve bu verilerle nedensellik diyagrami
olusturulmustur. Nihayetinde, hangi sorunlarin daha fazla
etkileyici oldugu ve hangilerinin daha c¢ok dis etkilerden
kaynaklandig1 analiz edilerek, problemler neden ve sonug
kiimeleri seklinde siiflandirilmistir. Yalnizca teknik bir analiz
degil; ayn1 zamanda karar alma siireglerine yon verecek stratejik
bir karar destek modeli olarak degerlendirilmistir. Bu ¢calismanin,
benzer yapida tliretim sistemlerine sahip olan diger kimya sektorii
firmalar1 i¢in Ornek teskil etmesi ve benzer karmasik
problemlerin sistematik sekilde ¢éziimlenmesine katki saglamasi
beklenmektedir.

2. LITERATUR INCELEMESI

Endiistriyel karistirici sistemler, kimya, gida, ilag ve
kozmetik gibi birgok tretim sektérinde kritik 6Gneme sahip proses
ekipmanlaridir. Bu sistemler; sivi, kati ya da gaz fazlardaki
maddeleri belirli bir homojenlik derecesine ulastirmak amaciyla
gelistirilmis mekanik yapilar olup, {iriin kalitesini ve proses
stirekliligini dogrudan etkileyen unsurlar arasinda yer almaktadir.
Literatiirde karistiricilarin© tasarimi ve performans
degerlendirmesinde dikkate alinan temel faktorler arasinda
akiskanin viskozitesi, yogunlugu, tankin hacmi ve geometrisi,
kullanilan pervane tipi ve doniis hiz1 gibi fiziksel ve operasyonel
parametreler one ¢ikmaktadir. Paul vd. (2004), gergeklestirdikleri
calismada, farkli tipte karistiricilarin performanslarin1 6zellikle
viskoz ve yiliksek yogunluklu sistemlerde detayli bicimde
karsilagtirmistir. Benzer sekilde, Armenante ve Nagamine (1998),
enerji verimliligi ile karisim kalitesi arasindaki iliskiyi deneysel
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diizlemde inceleyerek, daha diisiikk enerjiyle homojen karigim
saglanmasina yonelik yontemler Onermistir. Bu baglamda,
Hesaplamali Akigkanlar Dinamigi (CFD) gibi sayisal analiz
teknikleri, karistirma sistemlerinin prototipleme asamasinda
simulasyon temelli optimizasyonuna olanak tanimaktadir
(Jaworski vd., 2019). Weheliye vd. (2020) tarafindan yapilan
aragtirmada ise farkli pervane geometrilerinin CFD analizleri
yardimiyla test edilerek optimum karigim kosullar1 belirlenmistir.
Ochieng & Lewis (2006) cok fazli sistemlerde karistiricilarin
deneysel analizini gergeklestirirken; Rahimi vd. (2018) ve
Ibrahim vd. (2021) ise karistirici kanat yapisiin tiirbiilans
davranmis1  ve  enerji  tiiketimi  iizerindeki  etkilerini
degerlendirmistir.

Endiistriyel ~ karigtiricilar ~ {lizerine  yapilan  diger
arastirmalarda ise sistem performansmin artirilmasi ve bakim
stireglerinin iyilestirilmesi ana temalar olarak 6ne ¢ikmaktadir.
Tatterson (1991), endiistriyel kanistiricilarin - farkli  reaktor
tipleriyle olan etkilesimini analiz ettigi caligmasinda, bu
sistemlerin temel tasarim ilkelerini tanimlamistir. Doran (2013)
ise  biyoteknolojik  uygulamalarda kullanilan  karistiric
sistemlerin dinamik tepkilerini incelemis ve 6zellikle mikrobiyal
tiretimlerde karigim kalitesinin tirlin verimliligiyle giiclii bir iligki
icinde oldugunu gostermistir. Cok fazli karisgimlarda pargacik
slispansiyonlarinin etkisini inceleyen Gao ve Bai (2020), bu tir
sistemlerde karistirma davranisinin faz dagilimina olan etkilerini
ortaya koymustur. Miiller vd. (2022) ise saha verilerine dayali
olarak gerceklestirdikleri ¢alismada, karistiricilarda en sik
karsilagilan ariza tiplerini ve bu arizalarin temel nedenlerini
analiz etmis ve kestirimci bakim sistemlerinin gerekliligini
vurgulamistir.

Karstiricr teknolojilerinde dijitallesme ve veri temelli
izleme sistemleri {izerine yapilan c¢alismalar da dikkat
cekmektedir. Son yillarda karistiricilarda karsilasilan vibrasyon,
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giiriiltii, asir1 enerji tiikketimi ve bakim araligi problemleri gibi
konular, 6zellikle ToT (Nesnelerin Interneti) destekli bakim
sistemlerinin gelistirilmesine Onciiliik etmistir. Wang vd. (2022),
sensOr tabanli sistemlerin karistiricilarda ariza tespitinde énemli
avantajlar sundugunu belirtmektedir. Buna ek olarak, dijital ikiz
uygulamalarinin karistirict  sistemlerine entegre edilmesiyle,
gercek zamanli performans izlemesi ve ariza tahminine dayali
bakim planlamasi yapilabilmektedir. Bu geligsmeler, Endiistri 4.0
kapsaminda karigtirma sistemlerinin akilli iiretim teknolojilerine
entegrasyonunu hizlandirmaktadir.

Uriin kalitesinin giivence altma alinmas1 acisindan
karistm homojenliginin iiretim sirasinda izlenebilirligi biiyiik
Oonem tasimaktadir. Literatiirde, inline sensorler, optik tabanli
analiz sistemleri ve renk Ol¢lim cihazlar1 gibi teknolojilerle
karisim kalitesinin anlik olarak degerlendirilebildigi ¢aligmalara
siklikla rastlanmaktadir (Kim vd., 2021). Bu sistemler, tretim
hattinda kalite sapmalarinin erken tespitine ve anlik miidahalelere
imkan tanimakta; boylece hatali iiriin oranlarinin diistiriilmesini
saglamaktadir.

Endustriyel sistemlerdeki teknik problemleri sistematik
olarak analiz edebilmek amaciyla ¢ok kriterli karar verme
(CKKYV) yontemleri siklikla kullanilmaktadir. Bu yontemlerden
biri olan DEMATEL, sistemde yer alan faktorlerin karsilikli
iligkilerini hem sayisal hem grafiksel olarak analiz etme
yetenegine sahiptir. Battelle Memorial Institute tarafindan 1970’1
yillarda gelistirilen bu yontem, Ozellikle sosyal, yonetsel ve
mithendislik sistemlerindeki karmasikligin modellenmesi ve
neden-sonug yapilarinin ortaya konmasi agisindan etkili bir analiz
yaklagimi olarak 6ne ¢ikmaktadir. DEMATEL’in temel avantaji
yalnizca kriterlerin 6nem derecelerini hesaplamakla kalmayip, bu
kriterler arasindaki nedensel baglar1 da belirleyebilmesidir.
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DEMATEL yontemi literatiirde farkli sektorlerde yaygin
bigimde uygulanmaktadir. Yilmaz vd. (2023), Fas’taki bir kimya
isletmesinde bakim performans kriterlerini analiz ederken; Wu ve
Chang (2015), yesil tedarik zinciri uygulamalarinda g¢evresel
faktorlerin iligkilerini incelemistir. Zhang vd. (2019), Sponge
City projelerinde proje risklerini analiz etmek icin DEMATEL’i
kullanmig; Cheshmberah vd. (2020) ise FMEA yontemiyle
entegre ederek ariza nedenlerini daha derinlemesine
simiflandirmistir. Lin vd. (2011), Tayvan’daki IC firmalarinda
cekirdek vyetkinliklerin belirlenmesinde  DEMATEL’i tercih
etmis; Lee vd. (2012) kalite kontrol kriterlerinin stre¢ tzerindeki
etkilerini ortaya koymustur. Mohagheghi vd. (2020) enerji
verimliligi alaninda, Biiyiikozkan & Cifci  (2012) ise
strddrulebilir tedarikci seciminde DEMATEL yontemini hibrit
modellerle birlikte kullanmistir. Tzeng vd. (2007), yontemi ANP
ile birlestirerek cok kriterli karar destek yapilar1 gelistirmistir.
Diger orneklerde ise enerji (Zolfani & Saparauskas, 2013),
lojistik (Keshavarz Ghorabaee vd., 2017), dijital doniisiim
(Vujanovic vd., 2022) gibi alanlarda DEMATEL’in etkinligi
gosterilmistir.

Tidm bu uygulamalar gostermektedir ki DEMATEL
yontemi, teknik sistemlerdeki karmasik iliskileri agiklamada
giiclii bir karar destek aracidir. Karistirici sistemlerinde ortaya
c¢ikan arizalar, bakim gereksinimleri, ekipman uyumsuzluklari ve
sistematik hatalar gibi ¢ok boyutlu sorunlarin analizi igin
DEMATEL hem neden hem de sonug yapisint belirginlestiren
analitik ve gorsel c¢iktilar saglamaktadir. Bu baglamda,
endiistriyel karistirici problemlerine yonelik uygulamalarda
DEMATEL yo6nteminin daha fazla kullanilmas, literattirde eksik
kalan bir boslugu doldurmakta ve uygulayicilara yeni bir analiz
perspektifi sunmaktadir.

Bu calisma, endiistriyel karistirict  sistemlerindeki
muhendislik temelli problemleri, neden-sonug¢ ekseninde ele
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alarak ¢6ziim yollar1 gelistiren 6zgiin bir yaklasim sunmaktadir.
Literatirde = DEMATEL’in  dogrudan  bu  sistemlere
uygulanmasina dair sinirli sayida arastirma bulunmakta olup, bu
baglamda mevcut ¢alisma hem yontemsel hem de uygulamali
olarak sektdre katki saglamay1 hedeflemektedir.

3. DEMATEL YONTEMI METODOLOJiSi

DEMATEL, c¢ok kriterli karar verme (CKKV)
problemlerinde, sistemde yer alan faktorlerin birbirleriyle olan
nedensel baglarini ortaya koymak amaciyla gelistirilen etkili bir
analiz metodudur. Ozellikle karmasik yapili sistemlerde
dogrudan ve dolayli etkilerin birbirinden ayristirilarak
modellenmesini saglamakta ve bu sayede karar vericilere
sistemin biitiinciil etkilesim yapisin1 daha net big¢imde
sunmaktadir

Yontem ilk olarak 1970’li yillarda Cenevre merkezli
Battelle Memorial Institute tarafindan gelistirilmis olup,
baslangigta sosyal sistem analizlerine yonelik olarak
kullanilmigtir. Ancak zamanla miihendislik, yonetim, saglik,
egitim ve enerji gibi bir¢cok alanda yaygin bi¢imde uygulanmaya
baslamistir. DEMATEL’in temel islevi, karar siirecinde yer alan
cok sayida faktor arasindaki karsilikli etkileri gorsellestirerek,
sistemde hangi unsurlarin neden, hangilerinin sonug¢ roliinde
oldugunu ortaya koymaktir. Yontemin en énemli dzelliklerinden
biri, iligkileri yalnizca tek yonlii degerlendirmekle yetinmeyip ¢ift
yonlii analiz gergeklestirebilmesidir. Bdylece, yalnizca “hangi
unsur digerlerini etkiler?” sorusuna degil, ayn1 zamanda “hangi
unsur digerlerinden etkilenir?” sorusuna da yanit verilebilir. Bu
yaklagim, oOzellikle iiretim, bakim ve enerji yOnetimi gibi
etkilesimli yapiya sahip endiistriyel sistemlerde, karar vericilere
cok boyutlu ve sistematik bir degerlendirme olanagi sunmaktadir.
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Bu bolimde, uzman goriislerinden elde edilen
degerlendirmelere dayanarak olusturulan dogrudan iligki matrisi
temel alinmigs ve DEMATEL yoOnteminin tiim adimlar1 ayrintili
bicimde uygulanmistir. DEMATEL yontemi 5 adimdan
olusmaktadir (Wu ve Lee, 2007; Tsai ve Chou, 2009):

Adim 1: Direk iliski matrisinin olusturulmasi.

Yontemin bu asamasinda kriterler arasi iligkiler, uzman
grup tarafindan ikili karsilagtirma oOlcegi kullanilarak ortaya
konulmaktadir. Uzmanlarca gergeklestirilen Kkarsilastirmalar
yoluyla direk iliski matrisi elde edilmektedir. Tablo 1’de ikili
karsilagtirmada kullanilan degerlendirme 6l¢egi goriilmektedir.

Tablo 1. Etki ve Sayisal Deger Karsihigi

Sayisal Deger Tanim

0 Etkisiz

1 Cok Diigiik Etki
2 Normal Etki

3 Yiiksek Etki

4 Cok Yiiksek Etki

Admm 2: Normallestirilmis direkt iliski matrisinin
belirlenmesi.

Normallestirilmis direkt iliski matrisi (M), Adim 1 ile
ortaya konulan Direk iliski matrisine (A) bagh olarak 1 ve 2
numarali esitlikler yardimiyla olusturulur.

M=kxA 1)

1
max ¥_4|a;;|" max XL, |aij|

k= min( )i,j €{1,23,....,.n} (2

Adim 3: Toplam iligski matrisinin elde edilmesi (S).

Toplam iliski matrisi (S), 3 numaral esitlik yardimiyla
normallestirilmig direk iligki matrisi kullanilarak
hesaplanmaktadir. Bu esitlikte (1) birim matrisi ifade etmektedir.

S=M+M2+M3+... =Y M =MI - M)! (3)
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Adim 4: Gonderici ve alic1 gruplarin hesaplanmasi

Gonderici ve alic1 gruplar 4, 5 ve 6 numarali esitlikler
yardimiyla hesaplanmaktadir. (R), Toplam iliski matrisi (S)’de
stitunlar toplamini, (D) is satirlar toplamini géstermektedir. D ve
R degerleri hesaplandiktan sonra (D-R) ve (D+R) degerleri elde
edilmektedir. Bu degerler her bir kriterin digerleri lizerindeki
etkisini ve digerleri ile olan iligki diizeyini ifade etmektedir. (D-
R)’de pozitif degerlere sahip olan kriterlerin, digerleri tizerinde
daha yuksek bir etkiye sahip oldugunu kabul edilmektedir. Bu tip
kriterler gonderici olarak adlandirilmaktadir. (D-R) degeri
acisindan negatif degere sahip olan kriterler ise digerlerinden
daha fazla etkilenirler. Bu kriterler ise alici olarak
adlandirilmaktadirlar. Diger yandan (D+R) degerleri, kriterlerden
birinin digerleri ile arasindaki iliskiyi gostermektedir.

S = [Sl-,j]m*n, i,j€{1,2,3,,n} (4)
DL' = ;-lzlSl-j (l = 1, 2, 3,"',7’1) (5)
R] = ?=1Sij (] = 1, 2, 3,"',71) (6)

Adim 5: Etki-yonlii graf diyagraminin elde edilmesi

Karar vericilerin etki seviyesi icin bir esik degeri
belirlemesinin ardindan etki-yonli graf elde edilebilmektedir.
Toplam iliski matrisinde, belirlenmis olan esik degerinden daha
biiyiik degerlere sahip elemanlar secilerek etki yonlu graf
diyagramina doniistiiriiliir. Esik degeri karar verici ya da
uzmanlar tarafindan belirlenir (Tsai ve Chou, 2009; Tzeng, vd,
2007).

4. DEMATEL iLE ENDUSTRIYEL KARISTIRICI
PROBLEMLERININ DEGERLENDIRILMESI

Gergeklestirilen bu c¢alisma ile bir kimya firmasinda
incelenen endiistriyel karistirici problemleri DEMATEL yontemi
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ile analiz edilmistir. Bolum kapsaminda yontemin uygulama
adimlar1 dikkate alinarak sirasiyla her bir adimda yapilan islemler
ve hesaplama sonucunda elde edilen sonuclar agiklanmistir.
Karar probleminin ¢dzulmesi siirecine oncelikle degerlendirme
kriterlerinin belirlenmesi ile baglanmustir. Kriterler belirlendikten
sonra uzman gorislerine bagvurulmus, tiim degerlendirmelerin
ortalamasi alinarak Direkt Iliski Matrisinin olusturulmasi
saglanmigtir. Asagida DEMATEL yonteminin karar problemine
uygulanmasina ait tim asamalar detaylandirilmistir.

4.1. Kriterlerin Belirlenmesi ve Tanimlanmasi

Bu adim, c¢ozilmek istenen problemin kapsamini
netlestirmek adina oldukga kritiktir. Kriterlerin dogru sekilde
tanimlanmasi, elde edilecek sonucun gecerliligini ve
giivenilirligini dogrudan etkiler. Bu nedenle kriterler, literatiir
taramasi, saha gozlemleri ve uzman goriisleri dogrultusunda
belirlenmelidir. Belirlenen kriterler, sistemin yapisini temsil eden
etkili unsurlar1 simgeler. DEMATEL yontemiyle analiz edilen
kriterler, endiistriyel karistirict  sistemlerinde  gbzlenen
operasyonel sorunlari temsil etmektedir. Bu kapsamda kullanilan
kriterler ve agiklamalar1 Tablo 2’de belirtildigi gibidir.

Tablo 2. Kriter Goésterimleri ve Aciklamalar:

Kriter Aciklama

P1 Karisimin homojen olmamasi

P2 Yiksek enerji tiketimi

P3 Motor arizalarinin siklifi

P4 Vibrasyon kaynakli yapisal sorunlar

P5 Ekipmanin proses kosullarina uygun olmamasi
P6 Bakim siireclerindeki yetersizlik

Bu problemler birbirini tetikleyebilmektedir. Ornegin
hatali ekipman secimi, vibrasyon ve motor arizalarina neden
olmakta, bu da bakim ihtiyacin1 artirmakta ve {iretim
gecikmelerine yol agmaktadir.
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4.2. Uzman Goriislerinin Alinmasi

DEMATEL yonteminde sayisal veri eksikligi olan
durumlarda uzman goriisii 6nemli bir bilgi kaynagidir. Bu
adimda, her kriterin diger kriter lizerindeki etkisi 0 (etkisiz) ile 4
(cok giiclii etki) arasinda puanlanir. Bu siire¢te uzmanlarin farkl
bakis agilari, etkilesimlerin ¢ok boyutlu dogasini yansitir. Birden
fazla uzmandan alinan goriislerin ortalamasi alinarak daha nesnel
bir degerlendirme yapilmasi saglanir. Bu ¢alismada, firmanin
proses mithendisi, bakim sefi, iiretim miidiirii ve operatdrlerinden
olusan 5 kisilik uzman bir ekipten goriis alimmuistir. Farkli
degerlendirmeler olsa dahi aritmatik ortalama uygulanarak
tabloya bu veriler islenmistir. Ayni1 kriterlerin kesisimleri tabloda
0 olarak kabul edilmistir

4.3. DEMATEL Yontem Adimlarinin Uygulanmasi

Adim 1: Ortalama Direkt iliski Matrisinin Olusturulmasi
(A)

Bu tablo, uzman goriigleriyle her bir problemin digerleri
tizerindeki etkisini gostermektedir. Degerler 0 (hic etkisi yok) ile
4 (cok giiclii etki) arasinda puanlanmistir. Bes uzman tarafindan
gerceklestirilen degerlendirmelerin ortalamasi alinarak Tablo
3’teki sonuclar elde edilmistir.

Tablo 3. Ortalama Direkt Iliski Matrisi (A)

Kriterler P1 P2 P3 P4 P5 P6
P1 0.000 1.200 2.000 1.400 0.600 2.200
P2 2.400 0.000 2.600 3.200 1.000 3.000
P3 1.200 1.800 0.000 2.400 0.400 2.200
P4 1.800 2.800 2.200 0.000 0.800 2.000
P5 0.800 1.600 0.800 1.200 0.000 1.400
P6 3.000 3.200 3.000 2.200 1.000 0.000

Adim 2: Normallestirilmis Iliski Matrisi (M)

Satir ve siitun toplamlarinin en biiylik degeri S olarak
adlandirilir. Matrisin her bir elemani S degerine boliiniir ve
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iliski

matrisi

olusturulur.
Normallestirilmis iliski Matrisini gdstermektedir.

Tablo 4. Normallestirilmis iliski Matrisi (M)

Tablo 4

Kriterler P1 P2 P3 P4 P5 P6
P1 0.000 0.097 0.161 0.113 0.048 0.177
P2 0.194 0.000 0.210 0.258 0.081 0.242
P3 0.097 0.145 0.000 0.194 0.032 0.177
P4 0.145 0.226 0.177 0.000 0.065 0.161
P5 0.065 0.129 0.065 0.097 0.000 0.113
P6 0.242 0.258 0.242 0.177 0.081 0.000

Adim 3: Toplam iliski matrisinin elde edilmesi (S)

Adim 2’de yer alan Normallestirilmis iliski matrisi
kullanilarak Tablo 5’te verilen Toplam iliski matrisi elde

edilmistir.
Tablo 5. Toplam Iliski Matrisi (S)
Kriterler P1 P2 P3 P4 P5 P6
Pl 0.144 0.201 0.237 0.211 0.106 0.312
P2 0.341 0.272 0.369 0.428 0.177 0.467
P3 0.203 0.245 0.182 0.291 0.083 0.293
P4 0.258 0.347 0.299 0.246 0.126 0.327
P5 0.147 0.207 0.142 0.181 0.054 0.218
P6 0.421 0.463 0.418 0.364 0.175 0.328

Esik Deger Tablo 5°teki tiim degerlerin ortalamasi
alinarak elde edilmistir. Esik Deger yaklasik 0,258 olarak kabul

edilmistir.

Adim 4: Gonderici grubu ve alic1 grubu hesaplanmast

Toplam iliski matrisinin olusturulmasindan sonra 5 ve 6
nolu esitsizlikler yardimiyla kullanilarak D ve R degerleri elde
edilmistir. Ardindan kriterler arasi iligskileri gosteren D+R ile
kriterlerin daha cok etkileyen mi yoksa etkilenen kriter mi
oldugunu agiklayan D-R degerleri hesaplanmistir. Tablo 6’da
yapilan hesaplamalar D+R siitunu incelendiginde sirasiyla P6, P2
ve P4 kriterlerinin diger kriterler ile daha ¢ok iliskide oldugu
belirlenmistir.
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Diger yandan D-R siitunu incelendiginde hem pozitif hem
de negatif degerlerle karsilasildigi goriilmektedir. Tablo 6’da D-
R siitununda negatif degerlere sahip olan P3, P1 ve P4 kriterleri
diger kriterler tarafindan etkilenen ya da alici kriter olarak
isimlendirilmektedir. Bunlar daha diisiik 6ncelige sahip ve diger
kriterlerden daha cok etkilenen kriterlerdir. Gonderici ya da
etkileyici olarak adlandirilan, daha yiiksek etkiye ve daha ytiksek
oncelige sahip olan pozitif D-R degerlerinde sirasiyla P2, P5 ve
P6 kriterlerinin diger kriterleri etkileyen 6zellik gosterdigi tespit
edilmistir.

Tablo 6. D+R ve D-R Degerleri

Kriterler D R (8;;5?) (NZt—EI?ki) Durum
P1 1,211 1,514 2,725 -0,303 Sonug
P2 2,054 1,735 3,789 0,319 Neden
P3 1,297 1,649 2,946 -0,352 Sonug
P4 1,603 1,721 3,324 -0,118 Sonug
P5 0,949 0,721 1,67 0,228 Neden
P6 2,169 1,945 4,114 0,224 Neden

Adim 5: Etki Yonlu Graf Diyagramiin Elde Edilmesi

Asagidaki diyagramda X ekseninde D+R Toplam Sistem
Etki Guicunl, Y ekseninde D-R ise Nedensellik Yonuni
aciklamaktadir. Diyagramin sag iist bolgesi, sistemde en etkili
neden kriterlerini, sol alt bolgesi ise en ¢ok etkilenen sonug
kriterlerini gostermektedir.
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Sekil 1. DEMATEL Yontemi Etki Yonlii Graf Diyagram

Diyagramin sag iist bolgesinde yer alan faktorler,
sistemde baskin neden roliinii iistlenen ve bir¢cok diger problemi
tetikleyebilecek potansiyele sahip olan unsurlardir. Bu kapsamda
Bakim Siire¢lerindeki Yetersizlik (P6), yalnizca en yiiksek R
degeriyle degil, ayn1 zamanda oldukc¢a giiclii bir D-R
pozitifligiyle 6ne ¢ikmaktadir. Bu durum, s6z konusu faktoriin
sistemdeki diger problemlerin temelinde yer aldigin1 ve
tyilestirme calismalarinin odak noktasinda olmasi gerektigini
ortaya koymaktadir.

Benzer bicimde, Yuksek Enerji Tuketimi (P2) faktorl de
pozitif D-R degeri ve yiiksek D+R toplamiyla dikkate degerdir.
Bu kriterin etkileyiciligi, sadece enerji maliyetlerini artirmakla
siirlt kalmay1p, ekipman 6mrti, proses dengesi ve dolayli olarak
bakim gereksinimlerine de katki sundugunu gostermektedir.

Ekipmanin Proses Kosullarina Uygun Olmamasi (P5),
mutlak etki gilicii acisindan ilk iki faktore gore daha diisiik
gorunse de, pozitif yonli D-R degeri onu 6nemli bir yapisal neden
olarak konumlandirmaktadir. Ozellikle vibrasyon, motor
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zorlanmast ve karisim dengesizligi gibi ikincil sorunlar
tetikleyici rolu dikkat gekicidir.

Nedensellik ekseninde negatif degerlere sahip faktorler,
sistemde daha ¢ok dissal etkilerin sonucu olarak ortaya ¢ikan ve
semptomatik rol oynayan sorunlari temsil etmektedir. Bu
cercevede, Motor Arizalarinin Sikligi (P3), Karistimin Homojen
Olmamasi (P1) ve Vibrasyon Kaynakli Yapisal Sorunlar (P4),
Oncelikli nedenlerin sonucu olarak degerlendirilebilir. Bu
problemler dogrudan degil, bakim eksiklikleri, uygun olmayan
ekipman se¢imi veya enerji dengesizlikleri gibi kok nedenlere
bagli olarak gelismektedir.

5. SONUC VE ONERILER

Bu caligmada, endiistriyel karigtirici sistemlerinde
gbzlemlenen operasyonel sorunlarin neden-sonug iliskileri
DEMATEL yontemi araciligiyla sistematik bicimde analiz
edilmistir. Analiz siireci boyunca, her bir kriterin hem sistem
uzerinde etkileyici guct (D) hem de digsal etkilenme diizeyi (R)
hesaplanmis ve bu parametreler dogrultusunda oOncelikli
miidahale gerektiren alanlar belirlenmistir.

Analiz  sonuglarina  gbére, Bakim  Siire¢lerindeki
Yetersizlik (P6) kriteri, sistem Uzerindeki en belirgin neden
faktorii olarak 6ne ¢ikmaktadir. Bu kriterin hem yiiksek etkileme
(D = 2,169) hem de yulksek etkilenme (R = 1,945) degerlerine
sahip olmasi, sistemdeki ¢ok sayida problemi tetikledigini ve ayni
zamanda ¢esitli  digsal faktorlerden de etkilendigini
gostermektedir. Benzer bigimde, “Yuksek Enerji Tuketimi (P2)”
kriteri de yuksek bir toplam sistemsel etkiye (D+R = 3,789)
sahiptir ve pozitif D-R degeri (0,319) sayesinde dogrudan
midahale edilmesi gereken neden konumundaki kriterler
arasinda yer almaktadir.
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Diger yandan, Motor Arizalarinin Siklig1 (P3), Karigimin
Homojen Olmamast (P1) ve Vibrasyon Kaynakli Yapisal
Sorunlar (P4) kriterleri negatif D-R degerleri ile sistemin sonug
faktorleri arasinda konumlanmaktadir. Bu durum, s6z konusu
problemlerinin dogrudan neden olmaktan ziyade, sistemdeki
diger eksikliklerden kaynaklandigin1 ortaya koymaktadir.
Ornegin, motor arizalar1 biiyiik 6lciide bakim eksiklikleri,
dengesiz enerji kullanirmi ve vibrasyon gibi nedenlerle
iliskilendirilirken; karigimimm homojen olmamasi, ekipman
uyumsuzlugu ve motor performansi ile dogrudan baglantilidir.
Ayrica Ekipmanin Proses Kosullarina Uygun Olmamasi (P5)
kriteri, diisiik R degerine karsin ikinci en yiksek D-R farkina
sahip kriter olarak, sistemin giiclii ve bagimsiz bir neden faktorii
oldugunu gostermektedir. Bu da uygun olmayan ekipman
seciminin sistem genelindeki verimsizlikleri tetikleyici bir unsur
oldugunu ortaya koymaktadir.

5.1. Onerilen Tyilestirme Adimlar

Yukarida detaylandirilan sonuglar 1s18inda  Gnerilen
iyilestirme adimlar1 agagidaki 5 madde ile 6zetlenebilmektedir.

1. Bakim sistemleri yeniden yapilandirilmali; ariza
sonrast miidahale yerine kestirimci bakim ve sensor destekli
izleme yaklagimlar1 hayata gegirilmelidir.

2. Enerji yonetimi stratejik diizeye tasinmali; inverterli
motorlar, dijital enerji analizorleri ve gergek zamanli izleme
cozimleri entegre edilmelidir.

3. Ekipman se¢imi proses ihtiyaclarina uygun yapilmali;
mevcut ekipmanlar teknik agidan degerlendirilerek gerekli
revizyonlar gergeklestirilmelidir.

4. Vibrasyon kaynakli yapisal sorunlara karsi statik ve
dinamik analizlerle sonimleme sistemleri veya destekleyici
¢coziimler uygulanmalidir.
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5. Motor performansi periyodik olarak izlenmeli; ariza
tahmini yapan yazilim sistemleri ile Onleyici miihendislik
miidahaleleri planlanmalidir.

DEMATEL yontemi ile yapilan analiz, karistiric
sistemlerinde bulunan teknik problemlerin birbirleriyle olan
iligkilerini gorsel ve sayisal olarak ortaya koymus; bu yap1
sayesinde karar vericilerin sistemde 6ncelikli midahale etmesi
gereken alanlar1 belirlemesini kolaylastirmistir. Bu kapsamda
Onerilen stratejik aksiyonlarin hayata gegirilmesi, karigtirict
sistemlerinin genel verimliligini artiracak, enerji tiikketimini
azaltacak ve operasyonel performansi siirdiiriilebilir sekilde
tyilestirecektir.
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EVALUATION OF CRITICAL SUCCESS
FACTORS FOR DIGITAL TWIN
APPLICABILITY IN THE TEXTILE INDUSTRY:
SWARA AND BWM APPROACHES

Ozlem SOKMEN!?

1. INTRODUCTION

In recent years, production logic and competitive
conditions have changed in many manufacturing sectors,
especially the textile industry. Shorter order cycles, increasing
cost pressures, and the demand for error-free products in a faster
time frame make it difficult for businesses to proceed solely with
experience-based decisions. In this context, the digital twin
concept, which has attracted attention in recent years, offers the
possibility of preventing problems before they occur by creating
a copy of physical processes in a computer environment. A digital
twin is more than just a simple screen image or data archive; it's
a system that updates itself with real-time information flow and
monitors numerous parameters, from machine speed to energy
consumption. The ability to instantly monitor real machine
behavior in a computer environment makes it easier for
businesses to detect errors and prevent them before they occur.
Therefore, the applicability of digital twin technology, which
offers businesses prediction, simulation, and optimization
capabilities, is quite significant in the textile sector, where
product variety, production speed, and quality expectations are
high. However, many factors play a role in integrating a digital

L Asst. Prof. Dr., Erzurum Technical University, Faculty of Engineering and
Architecture, Department of Industrial Engineering, ORCID: 0000-0001-8765-
0038.
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twin into the system, such as the support of top management, the
maturity of the infrastructure, and the organization's openness to
change. Therefore, this study examines various criteria to
measure the applicability of digital twin technology in textile
businesses. To determine which of these factors is more dominant
and to provide decision support to firms, two different Multi
Criteria Decision Making (MCDM) approaches, BWM and
SWARA, were evaluated together, and the criterion weights were
systematically calculated. The results are expected to provide a
roadmap for businesses planning digital transformation in the
textile sector.

2. DIGITAL TWIN

Digital twin is a strategic technology shaped by the
advanced technologies offered by digital transformation; it has
the potential to increase operational efficiency, agility, and
sustainability in manufacturing (Ozgiiner & Ovali, 2023).
Essentially, a digital twin is a live digital linking of the state of
physical entities or processes to a virtual representation that
delivers functional output (Catapult, 2021). This technology
refers to the creation of smart manufacturing systems that enable
the sustainable production of high-quality, personalized products
by leveraging real-time data collected throughout the product's
lifecycle (Ozgiiner & Ovali, 2023). Digital twins are among the
central technologies of Industry 4.0 and are considered one of the
most critical steps enabling the applicability of cyber-physical
systems (Zhuang et al., 2018).

The concept of a digital twin, derived from NASA's
mirroring-focused technological applications, was first clearly
defined in the literature by Grieves in his 2003 work within the
framework of Product Lifecycle Management (PLM) (Grieves,
2014). In general, a digital twin is a virtual copy of a product that
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exhibits its behavior in the real physical world (Tao & Zhang,
2017). It also provides an interface that enables predictions about
the future with data representing the structure, context, and
behavior of the physical system, and acts as a bridge between the
physical and digital worlds (Khajavi et al., 2019).

A general digital twin model for a product consists of
three main components: physical entities in the physical realm,
virtual models in the virtual realm, and connected data linking
these two worlds (Tao & Qi 2019; Kogak & Yildiz, 2022). Data
forms the basis of the digital twin; this data is collected and
transmitted in near real-time using tools such as sensors, displays,
RFID tags, readers, cameras, and scanners (Liu et al., 2021;
AbdelAziz et al., 2025). Digital twins, a critical technology in the
transition to Industry 5.0, help industrial manufacturing reduce
costs and become more efficient by providing improvements in
equipment intelligence, real-time process analysis, and automated
fault detection (Lv, 2023). Key benefits of digital twins include
reducing costs and risks, increasing productivity, and ensuring
safety (Pan & Zhang, 2021).

Current studies on digital twins offer comprehensive
solutions on how the technology is used in production, logistics,
and organizational transformation processes. In a study
conducted by Um et al. (2017), a digital twin-based universal data
model was developed to support the plug-and-play approach in
modular and multi-vendor assembly lines. Zhuang et al. (2018)
presented a digital twin-based intelligent control and management
method for more efficient management of complex product
assembly processes. Mukherjee and DebRoy (2019) developed a
digital twin model for three-dimensional printing machines and
conducted a study on monitoring and analyzing the system in a
virtual environment. In their study, Ku et al. (2020) aimed to
minimize queue-dependent setup times and eliminate information
silos between different information systems in textile dyeing
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operations using digital twin-based decision support systems. Yi
et al. (2021) presented a digital twin-based reference model for
the design of intelligent assembly processes and proposed a three-
layer digital twin-based intelligent assembly architecture. Digital
twin research has focused particularly on developing real-time
production scheduling models in mass manufacturing systems,
taking into account parameters such as raw material stocks,
downtimes, and shift changes (Bal et al., 2022). These models
have provided significant improvements in production time and
machine utilization rates compared to manual methods. In the
study conducted by Kocak and Yildiz (2022), a digital twin
infrastructure was created in the ready-to-wear sector by
collecting data through process mapping and sensors/interfaces,
and product completion time was successfully predicted using
algorithms such as random forest regression. In the study
conducted by Cesur et al. (2023), machine learning methods such
as artificial neural networks (ANNS) were used to estimate the
completion times of G-Code instructions on CNC machines in
order to optimize precise instruction times in production. Digital
twins, on the other hand, have frequently been used in studies for
maintenance, risk estimation, and organizational strategies. In
this context, one of the most prioritized Industry 4.0 applications
for the textile sector is early detection of failures using digital
twins (Nebati, 2024). In the fields of predictive maintenance and
failure analysis (Calayir & Kabak, 2021; Kulluk et al., 2024),
studies have been conducted to predict remaining useful life and
failure times using machine learning algorithms such as Hybrid
ARIMA-ANN (Kaynak, 2022) and XGBoost/Decision Tree
(Pirge & Bastiirk, 2025). Priyanka et al. (2022) aimed to develop
a digital twin framework based on machine learning and
prognostic algorithms for the analysis and estimation of risk ratios
in oil pipelines. Studies on organizational success have identified
"support from top management” and “sufficient financial
resources"” as the most important critical success factors in the
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effective use of digital twin technology (Ozgiiner & Ovali, 2023).
On the other hand, the biggest obstacle to digital twin applications
has been determined to be "lack of systemic and technological
integration” (Aka, 2025). In the supply chain, digital twins create
virtual models of physical assets, offering scenario planning, real-
time simulation, and optimization capabilities (Nabeeh et al.,
2022), thereby aiming to reduce supply risks and increase
traceability (Hezam et al., 2024). To ensure reliable and valid
results from digital twins, integration models that enable
bidirectional, real-time data exchange between physical and
digital systems are being developed, referencing standards such
as 1SO 23247, as seen in robotic arm applications (Engin et al.,
2025). By merging the virtual and physical environments, the
digital twin provides significant support to decision-makers in
making strategic and operational decisions.

A review of the relevant literature reveals that digital twin
applications have been addressed in various sectors, focusing on
areas such as supply chain integration, maintenance and risk
management, and production scheduling. These studies
emphasize that digital twins enhance efficiency, process
visibility, and decision support capabilities. However, especially
in the textile sector, where high speed, low cost, and impeccable
quality are paramount, the successful implementation of digital
twin technology depends on accurately assessing businesses'
existing  technical infrastructure, data maturity, and
organizational readiness. Therefore, it is critical for businesses to
conduct a feasibility analysis tailored to their specific conditions
before transitioning to digital twin technology. This study utilized
two different multi-criteria decision-making (MCDM) methods,
SWARA and BWM, to determine the importance levels of key
criteria that textile companies should consider before
implementing digital twin applications. The criteria, identified
through literature review and expert opinions, were evaluated by
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consulting textile and industrial engineers working at a corporate
textile firm and by having them complete prepared forms. The
evaluation model developed within the scope of this study
provides a systematic framework for assessing the maturity of
digital twin applications in the textile sector and offers a holistic
roadmap for businesses to prioritize in the technology transition
process.

3. METHOD

Multi Criteria Decision Making (MCDM) methods are
popular tools used to effectively and quickly resolve complex and
poorly structured evaluation problems involving multiple
conflicting goals or criteria in decision-making processes (Nila &
Roy, 2023). These methods are a collection of techniques used to
determine qualitative and quantitative criteria, evaluate, rank, and
classify options (Ozbek, 2019; Yenilmezel & Ertugrul, 2022). In
MCDM, criterion weights can be determined using subjective
methods based on the judgments of decision-makers (Ecer, 2020).
In this study, SWARA and BWM MCDM methods were used
together to determine the relative importance of the criteria
affecting the applicability of digital twin technology in the textile
sector. While the SWARA method gathers the prioritization of
expert opinions in a more flexible and intuitive framework, the
BWM approach transforms these priorities into mathematically
more consistent weights. The combined use of these two methods
ensures that criterion weights are obtained in a way that is both
based on expert evaluations and has high numerical consistency.
This allows for a more accurate modeling of uncertainties
frequently encountered in the textile industry, as well as
differences in expert assessments.
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3.1. SWARA Method

SWARA (Step-wise Weight Assessment Ratio Analysis)
was introduced to the literature in 2010 by KersSuliene et al. and
is a subjective MCDM method used to determine criterion
weights (KerSuliene et al., 2010). SWARA is an expert-oriented
method and helps decision-makers determine their priorities
(Zolfani et al., 2015; Shukla et al., 2016; Sivaslioglu, 2024). The
steps of the method can be listed as follows (Radovic & Stevic,
2018):

Step 1: Experts rank the criteria to be used in the study
from most important to least important according to their relative
importance. This ranking forms the basis for subsequent
calculations.

Step 2: Starting with the second criterion, the extent to
which each criterion is more important than the next criterion is
determined. As a result of this comparison, the comparative
importance value (s;) for the relevant criterion is obtained.

Step 3: The coefficient (k;) is calculated taking into
account the comparative importance. For the first criterion, the
coefficient is fixed at 1; for the other criteria, the coefficient is
determined according to the comparative importance value using
Equation (1):

1,j=1
kj :{sj +1,]j > 1 (D

Step 4: Calculate the rescaled weight value (g;) for each
criterion. The value for the first criterion is 1. For the other
criteria, the ratio given by Equation (2) is used, taking into
account the coefficient of the previous criterion:

1,j=1
qj={k;;1,j > 1 2)
J
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Step 5: Finally, all the obtained (g;) values are normalized
to determine the final weights of the criteria. Normalization is

done using Equation (3):
W = sl (3)

J k=1 4;
3.2. BWM Method

The Best Worst Method (BWM) is a MCDM method
proposed by Rezaei in 2015 that relies on pairwise comparisons
to determine criterion weights (Rezaei, 2015). BWM is a vector-
based method (Mou et al., 2016). BWM reduces the number of
pairwise comparisons required to determine criterion weights,
which helps reduce the burden on decision-makers. The
application steps required to assign weights to criteria using this
method can be listed as follows: (Rezaei, 2015):

Step 1: The set of criteria to be used in the decision
problem is determined.

Step 2: The best (B) (most important, most preferred, etc.)
and worst (W) (least important, least preferred, etc.) criteria are
determined by the decision-makers.

Step 3: The preference levels of the best criterion
compared to all other criteria are determined using a scale from 1
to 9 (Table 1). The resulting Best-Others (BO) vector, which
includes the importance of the best criterion compared to others,
should be as in Equation (4):

Ap = (ap1, ap, - Apn) 4)
Here, ap; shows how important the most important
criterion b is compared to the j. criterion, and agp = 1.

Step 4: In this step, the importance of all the criteria
compared to the criterion determined as having the least
importance is determined using the scale presented in Table 1. As
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a result, the Other-to-Worst (OW) vector, which includes the
dominance of the other criteria over the worst criterion, should be
like Equation (5):
Ay = (qw, Gow) - Auw) )
Here, a;y represents the degree to which criterion j is
preferred over w, which is the least important criterion, and
aWW = 1 .

1-9 Saaty scale of importance intensities (Demir & Bircan, 2020;
Nebati, 2024)

Importance Intensity Definition
1 Equally important
Moderately important
Moderately more important
Moderately much more important
Strongly important
Strongly very important
Very strongly important
Very strongly important
9 Very strongly more important

(N[OOI B WIN

Step 5: In this step, the aim is to minimize the maximum
of the absolute deviations of the comparisons calculated for all
criteria (Min — Max). Accordingly, an optimization problem is
defined that minimizes the maximum value of the expressions
| wg — agjw; | obtained from the comparisons with the best
criterion (B) and |w; — a;, w, |obtained from the
comparisons with the worst criterion (W) for each criterion
(Equations (6-8)).

minmaxj {lwg — agjw; | and |w; — a;,wy, I}  (6)
Zj wj = 1 (7)

As given in Equation (9-13), this min-max structure
problem is transformed into a linear programming model in order
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to obtain the solution, and the optimal weights of the criteria are
calculated in line with the results obtained from the model. The
€ * obtained from the solution of this model represents the
consistency in the evaluations of the decision-makers and is used
as the basic input in the calculation of the Consistency Ratio
(CR).

min € )
| wg — agjw; IS € (j=1,2,....,n) (10)
lw; — ajuwy IS € (j=1,2,....,n) (11)
Xiwj=1 (12)
w;=20(G=12...,n) (13)

Solving this model yields the optimal weights and the &*
value.

Step 6: Finally, the consistency ratio of the obtained
weights is calculated. For the comparison to be consistent, the
equality ag; * a;y = agy, must be satisfied for all criteria. ag;,
a;w, and agy, respectively represent the superiority of the best
criterion over criterion j, the superiority of criterion j over the
worst criterion, and the superiority of the best criterion over the
worst criterion. The consistency ratio is calculated using Equation
(14):

CR == (14)

Here, CR is in the range of [0,1], and a lower ratio
indicates that the comparisons are consistent. Consistency index
(CI) values are given in Table 2.

Table 2. Consistency index values

aBw 1 2 3 4 5 6 7 8 9

Cl 0.00 | 044 | 100 |1.63 |230 |3.00 |3.73 |447 |5.23
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4. APPLICATION

This study aims to determine the importance levels of
factors affecting the applicability of digital twin technology in
textile companies and to provide a guiding evaluation framework
for companies in their decision-making process. Accordingly, the
technical, organizational, and managerial criteria playing a role in
the integration of digital twins into production systems were
examined, and the relative weights of these criteria were
calculated using MCDM methods.

4.1. Creating the Criteria Set

The criteria for this study were determined by considering
the relevant literature in the field of digital twins and Industry 4.0,
as well as the opinions of experts with experience in the textile
sector. Furthermore, Industry 4.0 maturity models, digital twin
application  requirements, and  cyber-physical  system
infrastructures were examined; and a pool of criteria was created
by combining these with the specific requirements of the textile
sector. This pool of criteria was simplified based on expert
opinions, and key criteria directly affecting the applicability of
the digital twin were selected. The 10 criteria used in the study
and their short names are given in Table 3; the criterion
descriptions are given in Table 4.
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Table 3. Criteria used in the study

Criterion Criterion Name Criterion Short Name
Code
K1 Strategic alignment and top Strategic alignment
management support
K2 Internal policy, process and Internal structure and
information sharing processes
K3 Technological competence of the Technical competence
workforce
Ka Technological infrastructure and Technology
integration infrastructure
K5 Cloud and computing capacity Cloud capacity
K6 Data management, security and Data security
privacy
K7 Artlfl(_:lal intelligence and analytical Analytical maturity
maturity
K8 Sufficiency of financial resources Financial resources
K9 Operator competence and ergonomic Operator maturity
adaptation
K10 Level of d_|g|taI|zat|on in supply chain Supply digitalization
and logistics
Table 4. Criterion descriptions
Criterion .
Code Explanation
K1 The vision of senior management, their level of ownership of the
project, and their willingness to allocate resources.
Standardization of business processes, interdepartmental
K2 —— : g .
coordination, and a culture of information sharing.
K3 The staff's level of technical knowledge, digital literacy, and data-
driven work skills..
Ka Integration capability for real-time data transfer between sensors,
machines, and IT systems.
K5 Sufficient technical equipment to perform simulations and analyses
requiring high processing power.
K6 Continuity and accuracy of data flow, cybersecurity measures, and
privacy protocols.
K7 Transforming data into decision support mechanisms through
machine learning and predictive analytics.
The capacity to cover technology, software, and training costs, and
K8 - A
to sustain the project in the long term.
K9 Operator adaptation to the system and user-friendly design of
human-machine interaction.
K10 Digital integration of material flow and logistics processes ensures

end-to-end traceability.
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After the criteria were determined, forms were created to
match the methods, and face-to-face interviews were conducted
with an industrial engineer and two textile engineers working at a
corporate textile company to increase the reliability of the
decision-making process and reflect different perspectives. Based
on their experience in production processes and quality
management, the experts evaluated the criteria and ranked them
in order of importance. Literature shows that using multiple
MCDM methods together in solving similar problems strengthens
the consistency of decisions. Accordingly, this study did not rely
on a single method; data obtained from expert opinions were
analyzed using different methods to determine criterion weights
on a more solid foundation. Thus, the evaluation process gained
a systematic structure, and the decisions became more
explainable and consistent.

4.2. Determination of Criteria Importance Weights
Using the SWARA Method

In this study, the SWARA method was applied to evaluate
the applicability of digital twin technology, based on the scores
given by decision-makers consulted regarding the specified
criteria. In the first stage, the selected criteria were evaluated for
one decision-maker (DM1) using the SWARA method, and the
sj, kj,q;, and w; values were calculated respectively within the
scope of the analysis process. The results of this stage are
presented in Table 5 to illustrate the method's operation. Then, the
SWARA method was applied separately for each decision-maker,
and the criterion weights were calculated. To reflect the decision-
makers' evaluations holistically, the arithmetic mean of the
obtained weights was taken to determine the final criterion
weights, which are presented in Table 6. During the analysis
process, decision-makers were coded as DM1, DM2, and DM3.
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Table 5. Weights of decision criteria for DM1

Crit. Short Name Priority | Ranked Crit. | Rank S k; q; w;

Strategic alignment (K1) 1 K1 1 1 1 0.247
Internal structure and processes (K2) 6 K4 2 0.25 1.25 0.8 0.198
Technical competence (K3) 5 K6 3 0.2 1.2 0.667 | 0.165
Technology infrastructure (K4) 2 K7 4 0.3 13 0.512 | 0.127
Cloud capacity (K5) 7 K3 5 0.4 14 0.366 | 0.091
Data security (K6) 3 K2 6 0.35 1.35 0.271 0.067
Analytical maturity (K7) 4 K5 7 0.5 15 0.181 0.045
Financial resources (K8) 10 K10 8 0.45 1.45 0.125 0.031
Operator maturity (K9) 9 K9 9 0.6 1.6 0.078 | 0.019
Supply digitalization (K10) 8 K8 10 0.7 17 0.046 | 0.011

Table 6. Final criterion weights according to multiple decision-
maker evaluations

Crit. . DM1 DM2 DM3 Final

No Code Crit. Short Name Weight Weight Weight Weight

1 | ka | Technology 0.198 0.246 0.133 0.192
infrastructure

2 K6 Data security 0.165 0.214 0.153 0.177

3 K1 Strategic alignment 0.247 0.117 0.161 0.175

4 K7 Analytical maturity 0.127 0.164 0.121 0.137

5 k3 | Technical 0.091 0.067 0.101 0.086
competence

6 | Ko | !nternalstucture 0.067 0.090 0.096 0.084
and processes

7 K5 Cloud capacity 0.045 0.029 0.074 0.049

8 K10 Supply digitalization 0.031 0.045 0.054 0.043

9 K8 Financial resources 0.011 0.011 0.067 0.030

10 K9 Operator maturity 0.019 0.018 0.040 0.026

Table 6 presents the final criterion weights calculated
using the SWARA method based on the decision-makers'
evaluations. Examination of the findings reveals that the
Technological infrastructure and integration (K4) criterion has
the highest weight. This indicates that a robust hardware,
software, and system integration infrastructure is a fundamental
requirement for the effective implementation of digital twin
technology. The high weighting of Data management, security,
and privacy (K6) and Strategic alignment and top management
support (K1) criteria reveals that digital twin applications
represent not only a technical but also a strategic and managerial
transformation process. When other criteria are examined, Al and
analytical maturity (K7) and Technological competence of the
workforce (K3) are of moderate importance, while Sufficiency of
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financial resources (K8) and Operator competence and ergonomic
adaptation (K9) have relatively lower weights. These results
indicate that in twin applications, priority is given to fundamental
readiness elements such as infrastructure, data, and strategic
alignment, rather than directly to financial factors. The criterion
weights obtained using the SWARA method are graphically
shown in Figure 1 to more clearly illustrate the relative
importance levels between the criteria.

0,25

0,192
0,2 0,177 0,175

0.15 0,137
0,1 0,086 0,084
0,05 I I W A 0,03 0,026
. Hns

K10 K8 K9

Final Weight

Crit. Code

Figure 1. Distribution of final criterion weights obtained using the
SWARA method

4.3. Determination of Criteria Importance Weights
Using the BWM Method

At this stage, the BWM method was applied to evaluate
the applicability of digital twin technology in textile businesses.
First, each decision-maker was asked to select the best (most
important) and worst (least important) criteria from among the
defined criteria. The best and worst criterion selections for each
decision-maker are presented in Table 7.
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Table 7. Best and worst criteria

DM1 DM2 DM3
Best Criterion K1 K4 K1
Worst Criterion K8 K8 K9

After determining the best and worst criteria, decision-
makers were asked to make comparisons expressing the relative
importance levels of the best criterion compared to the other
criteria, and of the other criteria compared to the worst criterion.
The scale commonly used in the literature and given in Table 1
was used to score the pairwise comparisons. The resulting
comparisons formed the basic inputs of the BWM method. To
determine the optimal weights of the criteria, a linear
programming model was created that minimizes the maximum of
the  differences | wy —
determine the weights of the factors, 10 criteria were used and 17
comparisons were made from (2n — 3), each of which was
included in the model as a linear programming constraint. This
model was solved using the Python programming language; the
consistency of the obtained results was analyzed through the
€ *values. To illustrate the operation of the method in detail,
calculations were first performed for a decision maker (DM1),
and the findings for this stage are presented in Table 8.

Table 8. Findings of the BWM method for DM1

aBjo I and I W] - ajWWW |T0

Crit. Code | Best-to-Others (K1) | Others-to-Worst (K8) | Weight
K1 1 9 0.365
K4 4 8 0.120
K6 5 7 0.096
K7 6 7 0.080
K3 7 6 0.069
K2 7 5 0.069
K5 8 4 0.060

K10 8 3 0.060
K9 9 2 0.053
K8 9 1 0.028
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The same analysis process was then repeated for the other
decision-makers (DM2 and DM3) to obtain individual weight
values for each expert. After calculating the weights for all
decision-makers, a consistency analysis was performed to
confirm the reliability of these evaluations. The error margins
€ * and the associated consistency ratios (CR) obtained from the
analysis are presented in Table 9.

Table 9. Consistency ratios

Parameters DM1 DM2 DM3
Margin of Error & 0.115 0.076 0.082
Consistency Index (CI) 5.23 5.23 5.23

Consistency Ratio (CR) 0.022 0.015 0.016

Table 9 shows that the consistency ratios of all decision-
makers are below the reference value of 0.10. This confirms that
the expert evaluations are consistent and that the weights obtained
are reliable.

In the next stage, in order to holistically reflect the
decision-makers' evaluations, the final BWM criterion weights
were determined by taking the arithmetic mean of the weights
obtained for each criterion. The final results for multiple decision-
makers are presented in Table 10.

Table 10. Final criterion weights

Crit. . DM1 DM2 DM3 Final

No | coge | Crit-ShortName | \yeint | weight | Weight | Weight

1 K1 Strategic alignment 0.365 0.089 0.279 0.245

2 Ka | Technology 0.120 0.280 0.090 0.163
infrastructure

3 K6 Data security 0.096 0.178 0.181 0.152

4 K7 Analytical maturity 0.080 0.119 0.072 0.090

5 K8 Financial resources 0.028 0.023 0.120 0.057

6 k3 | Technical 0.069 0.059 0.072 0.067
competence

7 k1o | Supply 0.060 0.071 0.052 0.061
digitalization

8 Ko | Internal structure 0.069 0.071 0.060 0.067
and processes

9 K5 | Cloud capacity 0.060 0.059 0.052 0.057

10 K9 Operator maturity 0.053 0.051 0.022 0.042
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Examining the final weighting values presented in Table
10, it was determined that, according to the decision-makers'
evaluations using the BWM method, the most important criterion
for the applicability of digital twin technology in textile
businesses is Strategic alignment and top management support
(K1) with a weighting score of 0.245. This is followed by
Technological infrastructure and integration (K4) and Data
management, security and privacy (K6) criteria, respectively. The
results show that businesses should primarily focus on strategic
alignment in their digital twin transformation. On the other hand,
Operator competence and ergonomic adaptation (K9) criterion
was determined as the criterion with the lowest weight. In order
to more clearly show the relative importance levels between the
criteria according to the results obtained from the BWM method,
it is shown graphically in Figure 2.

03
0,245

0,25
£ 02
= 0163 15,
= 015
E
L 01 oo

0,067 0,067 0,061 0057 0057
005 I I I I l 0,042
O - l
K10

Crit. Code

Figure 2. Distribution of final criterion weights obtained using the
BWM method
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5. CONCLUSION AND RECOMMENDATIONS

This study evaluates the factors affecting the applicability
of digital twin technology in the textile industry using SWARA
and BWM methods, based on expert opinions. The aim is to
identify which criteria are more decisive for businesses
considering digital twin investments. Examining the results
obtained using the SWARA method reveals that technological
infrastructure and integration, data management, security and
confidentiality, strategic alignment, and top management support
are more prominent criteria compared to others. This situation
shows that the successful implementation of a digital twin
requires not only technological tools but also a management
approach that embraces this transformation. The high ranking of
criteria such as data management, security, and privacy, as well
as artificial intelligence and analytical maturity, reveals that the
digital twin is being considered not just as a monitoring system,
but as a system that provides decision support and prediction. The
BWM method results present a similar picture. Although
decision-makers may have some differences in their preferences
for best and worst criteria, a final weighting reveals that strategic
alignment and top management support, technological
infrastructure and integration, and data management, security,
and privacy still stand out. This indicates that despite differences
in opinion among decision-makers, a common perspective has
emerged regarding the fundamental elements that determine the
feasibility of a digital twin. When both methods are considered
together, it can be said that success in digital twin applications is
largely related to strategic preparation, a strong technological
infrastructure, and data-driven decision-making capabilities.
Although the rankings shift depending on the method, the results
of both methods show that these three criteria have the highest
weights. While the SWARA method reflects the intuitive
assessments of experts, the BWM method has transformed these
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assessments into a more consistent and mathematical structure.
Furthermore, the consistency rates of decision-makers in the
BWM method were calculated, and the comparison was found to
be consistent. The observed similarity between the methods
increases the reliability of the findings.

Based on the results obtained, some recommendations can
be offered to businesses planning to implement digital twin
applications in the textile sector. First, digital twin projects should
not be viewed solely as a technical investment; they should be
treated as a long-term transformation process embraced by senior
management. Furthermore, it will be difficult to reap the expected
benefits from the digital twin without strengthening data
infrastructure, cybersecurity, and analytical capacity. Finally,
improving employees' technical skills and aligning organizational
processes with digital transformation will directly impact the
success of such investments. This study, focusing on the textile
sector, examines the applicability of digital twins using MCDM
approaches and provides a guiding assessment for businesses. In
future studies, similar analyses can be conducted for different
sectors, or more comprehensive results can be obtained by
increasing the number of decision-makers. Furthermore, the
obtained criterion weights can be used within the framework of
integrating different MCDM methods (e.g., FUCOM-TOPSIS,
BWM-VIKOR) or by applying fuzzy logic-based extensions of
these methods, to conduct studies evaluating the performance of
alternative digital twin projects or companies in different sectors.
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