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Abstract

Rare Earth Elements (REEs) are critical constituents of advanced engineering materials and energy technologies owing to their distinctive
magnetic, optical, catalytic, electrical, thermal, and metallurgical properties. Their growing use in permanent magnets, renewable energy
systems, electric vehicles, catalysts, electronic devices, medical technologies, and high-performance alloys has increased both their
technological importance and concerns regarding supply security and sustainable utilization. This review provides an integrated and critical
assessment of REEs with particular emphasis on the relationships among technological applications, thermodynamic behavior, material
processing, microstructural modification, and mechanical performance. A structured narrative review of the relevant literature was
conducted using major scientific databases, with studies selected to cover both fundamental REE behavior and application-oriented
engineering materials. Particular attention is given to alloy thermodynamics, phase stability, systematic trends across the rare-earth series,
experimental challenges in thermodynamic characterization, and the role of REEs in modifying fluidity and mechanical properties. The
available evidence demonstrates that the effects of REEs cannot be generalized solely on the basis of their presence in a material; rather,
performance depends strongly on the specific RE element, concentration, host material, processing route, and resulting microstructure.
Significant limitations remain in thermodynamic data for ternary and higher-order systems, experimental standardization, and the
optimization of REE additions for balancing performance, cost, and critical-material consumption. Future research should therefore
integrate controlled experimental characterization with CALPHAD-based assessment, computational materials science, and data-driven
approaches while prioritizing low-REE material designs and recycled REE utilization. By linking composition, thermodynamics,
processing, microstructure, and engineering performance within a unified framework, this review provides a materials-oriented perspective
for the development of more efficient and sustainable REE-containing technologies.
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ileri Miihendislik Malzemelerinde Nadir Toprak Elementleri: Uygulamalar, Termodinamik Davramis, isleme ve Mekanik
Performans Uzerine Elestirel Bir Derleme

Nadir Toprak Elementleri (NTE'ler), kendilerine 6zgii manyetik, optik, katalitik, elektriksel, termal ve metalurjik 6zellikleri nedeniyle ileri
mithendislik malzemeleri ve enerji teknolojilerinin kritik bilesenleri arasinda yer almaktadir. Kalict miknatislar, yenilenebilir enerji
sistemleri, elektrikli araglar, katalizorler, elektronik cihazlar, tibbi teknolojiler ve yiiksek performansli alasimlarda giderek artan
kullanimlari, bu elementlerin teknolojik 6nemini artirirken ayni1 zamanda arz giivenligi ve siirdiiriilebilir kullanim konusundaki endiseleri
de beraberinde getirmektedir. Bu derleme, teknolojik uygulamalar, termodinamik davranig, malzeme isleme, mikroyapisal degisim ve
mekanik performans arasindaki iliskilere 6zel onem vererek NTE'lerin biitiinlesik ve elestirel bir degerlendirmesini sunmaktadir. lgili
literatiir, temel NTE davranislarini ve uygulamaya yonelik mithendislik malzemelerini kapsayacak sekilde segilen ¢alismalar iizerinden
yapilandirilmis bir anlatisal derleme yaklasimiyla incelenmistir. Alasim termodinamigi, faz kararlilig1, nadir toprak serisi boyunca gézlenen
sistematik egilimler, termodinamik karakterizasyondaki deneysel zorluklar ve NTE'lerin akiskanlik ile mekanik 6zelliklerin
degistirilmesindeki rolii 6zellikle ele alinmistir. Mevcut bulgular, NTE'lerin etkilerinin yalnizca bir malzemede bulunmalarina dayanarak
genellenemeyecegini; performansin kullanilan NTE tiiriine, konsantrasyonuna, ana malzemeye, isleme yontemine ve ortaya g¢ikan
mikroyapiya giiclii bigimde bagli oldugunu gostermektedir. Uglii ve daha yiiksek bilesenli sistemlere iliskin termodinamik verilerin
yetersizligi, deneysel standardizasyon eksikligi ve performans, maliyet ve kritik hammadde tiiketimi arasinda denge saglayacak NTE
katkilarinin optimizasyonu ©nemli arastirma bosluklar1 olarak o6ne c¢ikmaktadir. Gelecekteki ¢aligmalarin kontrollii deneysel
karakterizasyonu CALPHAD tabanli degerlendirmeler, hesaplamali malzeme bilimi ve veri odakli yaklasimlarla biitiinlestirmesi; ayni
zamanda diisiik NTE igeren malzeme tasarimlarina ve geri doniistiiriilmiis NTE kullanimina 6ncelik vermesi gerekmektedir. Bu derleme,
bilesim, termodinamik, igleme, mikroyap: ve mithendislik performansi arasindaki iligkileri biitiinlesik bir ¢ergevede ele alarak daha verimli
ve siirdiiriilebilir NTE igeren teknolojilerin gelistirilmesine yonelik malzeme bilimi odakli bir bakis agis1 sunmaktadir.
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1. INTRODUCTION

Rare Earth Elements (REEs) comprise 17 elements in the periodic table, including Scandium
(Sc), Yttrium (Y), and the lanthanides (Ln, atomic numbers 57-71). They are commonly
classified as Light Rare Earth Elements (LREEs), ranging from Lanthanum (La) to Samarium
(Sm), and Heavy Rare Earth Elements (HREEs), extending from Europium (Eu) to Lutetium
(Lu), together with Yttrium (Y). Owing to their similar chemical properties, REEs generally
occur together in mineral deposits and are typically soft, malleable, and ductile. Their unique
magnetic, catalytic, luminescent, and electrical properties make them indispensable in advanced
technologies. For example, Neodymium (Nd), Praseodymium (Pr), and Dysprosium (Dy) are
essential for high-performance permanent magnets used in wind turbines and electric vehicle
motors, whereas Europium (Eu), Terbium (Tb), Yttrium (Y), Lanthanum (La), and Cerium (Ce)
are widely used in phosphors for lighting and display technologies. Despite their name, REEs
are not scarce in the Earth's crust; rather, they are considered "rare" because of the complexity
of their extraction, separation, and purification [1].

The accelerating global energy transition to mitigate climate change is driving a rapid increase
in the demand for critical raw materials, particularly rare earth elements (REEs). REEs, also
referred to as rare earth metals or rare earth oxides, are moderately abundant in the Earth's crust
and possess unique catalytic, optical, magnetic, electrical, and electrochemical properties that
make them indispensable for modern technologies. Although commonly grouped together,
individual REEs differ considerably in their properties and applications. Neodymium (Nd),
Praseodymium (Pr), Dysprosium (Dy), and, to a lesser extent, Terbium (Tb) are particularly
critical because of their use in high-performance permanent magnets for clean energy
technologies, whereas Europium (Eu), Terbium (Tb), and Yttrium (Y) are primarily used in
phosphor materials for lighting and display applications. Owing to their ability to enhance the
mechanical, thermal, corrosion, electrical, optical, and magnetic properties of advanced
materials, REEs are now indispensable in a wide range of technologies, including consumer
electronics, electric vehicles, wind turbines, aerospace, defense systems, and medical
applications [2,3]. In this context, REEs are strategically important across a wide range of
sectors, including metallurgy, chemical processing, machinery, automotive engineering
(particularly electric vehicle motors and battery systems), defense, energy, healthcare, and
electro-optical technologies. Their utilization in energy and advanced materials has increased
markedly over the last fifty years [4]. Nevertheless, searches for alternative materials continue
due to risks associated with supply security [5].

Although individual rare earth elements often have limited commercial value, they enable the
production of high-value advanced materials. The continued growth of the electric and hybrid
vehicle market is expected to further increase REE demand, driven by the expanding need for
electric motors and batteries. The fundamental properties and major applications of REEs are
summarized in Table 1.
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Table 1. Some properties and application areas of rare earth elements [2]

Element Symbol  Atomic Electron Typical Applications
Name Number  Configuration

Scandium Sc 21 3d'4s? Aluminum alloys, lighting

Yttrium Y 39 4d'ss? Lasers, red phosphors, cancer drugs

Lanthanum La 57 41°5d'6s? Petroleum catalysts, camera lenses, low
density

Cerium Ce 58 4f'5d'6s? Automobile catalytic converters, glass
polishing, low density

Praseodymium Pr 59 4£35d%s? Magnets, low density, greenish-yellow
glass and ceramics

Neodymium  Nd 60 4454652 Nd,Fe 4B magnets, lasers, violet glass
and ceramics

Promethium  Pm 61 4£35d%s? Radioactive; phosphorescent paint,
cardiac pacemakers

Samarium Sm 62 4£95d°6s> SmCos magnets, cancer therapy, nuclear
reactor control rods

Europium Eu 63 4£75d%s” Red phosphors for lighting and
display screens

Gadolinium Gd 64 4175d'6s* Refractive glass, MRI contrast agent,
nuclear reactor coolant

Terbium Tb 65 4£75d%s> Green phosphors for lighting,
magnetostriction alloys

Dysprosium Dy 66 4£'%5d°6s” High-performance magnets, lasers

Holmium Ho 67 4f'15d%6s? Lasers, magnets

Erbium Er 68 4f125d%6s2 Lasers, fiber optics, nuclear reactor
control rods

Thulium Tm 69 4£135d°6s2 Portable X-ray sources, optical fibers,
lasers

Ytterbium Yb 70 4f'5d%6s> Lasers, chemical reductant, stainless
steel additive, cancer therapy

Lutetium Lu 71 4f'454' 652 PET scan detectors, refractive glass,
petroleum catalysts

Thulium Tm 69 411350%s? Portable X-ray sources, optical fibers,

lasers

In particular, increasing concerns about global warming and energy efficiency have driven the
development of technologies with higher energy efficiency and lower CO2 emissions [6].

REE-containing magnetocaloric materials are also of interest for magnetic refrigeration, which
offers a potentially more environmentally friendly alternative to conventional refrigeration
technologies by reducing dependence on conventional gaseous refrigerants [7,8]. Moreover,
gadolinium (Gd) oxide compounds hold a prominent position in optical applications. [9].

Another notable example of the electro-optical applications of REEs is Lanthanum Oxide
(La203). Owing to its high refractive index and optical transparency, La20O3 is widely used in
optical glass to improve optical performance [10]. Sm-Co-based magnets, despite their higher
costs, are utilized in specialized fields such as the defense industry due to their high-temperature
resistance and superior stability [11].

Additionally, REEs have secured a significant place in medical imaging and diagnostic
technologies. Their use as filtering components and contrast agents, particularly in magnetic
resonance imaging systems, highlights the functional diversity of these elements[2].

Despite the growing number of studies on rare earth elements, the existing literature is largely
fragmented across specific application areas, including permanent magnets, renewable energy
technologies, metallurgy, catalysis, electronic devices, and supply-chain issues. Many previous
reviews have focused primarily on resource availability, extraction and separation processes,
recycling strategies, or individual technological applications. In contrast, comparatively limited
attention has been given to establishing an integrated relationship between the thermodynamic,
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thermal, and mechanical behavior of REE-containing materials and their resulting engineering
performance. In particular, the influence of REEs on phase stability, alloy formation, high-
temperature behavior, microstructural evolution, mechanical strengthening, wear resistance,
and processability has often been discussed independently rather than within a unified
materials-engineering framework.

Therefore, this review aims to provide an integrated and critical assessment of rare earth
elements from both fundamental and application-oriented perspectives. The study
systematically examines their major technological applications, thermodynamic characteristics,
effects on material processing and fluidity, and their influence on the mechanical performance
of engineering materials. Particular emphasis is placed on identifying relationships between
REE composition, thermodynamic behavior, microstructural modification, and resulting
material properties. By bringing together findings from metallurgy, energy technologies,
permanent magnets, functional materials, and advanced engineering alloys, this review seeks
to highlight current knowledge gaps, methodological limitations, and emerging research
directions. In this way, the study provides a broader framework for understanding how the
intrinsic properties of rare earth elements can be translated into improved performance in next-
generation engineering materials and energy technologies.

2. REVIEW METHODOLOGY
2.1. Literature Search Strategy

This study was designed as a structured narrative review aimed at critically evaluating the
thermodynamic, thermal, mechanical, and functional roles of Rare Earth Elements (REEs) in
engineering materials and technological applications. The literature search was structured to
cover both the fundamental properties of REEs and their effects on the performance of REE-
containing alloys, composites, permanent magnets, and other advanced engineering materials.

Relevant scientific literature was identified using major academic databases and search
platforms, including Scopus, Web of Science, ScienceDirect, and Google Scholar. The search
strategy employed combinations of keywords related to rare earth elements, material properties,
and engineering applications. The principal search terms included “rare earth elements,” “rare
earth metals,” “rare earth alloys,” “thermal properties,” “thermodynamic properties,”
“mechanical properties,” “microstructure,” “phase stability,” “mechanical performance,”
“permanent magnets,” “magnesium alloys,” “laser cladding,” “renewable energy,” and
“engineering materials.” Boolean combinations such as “rare earth elements AND mechanical
properties,” “rare earth alloys AND thermodynamic properties,” “rare earth elements AND
microstructure,” and “rare earth elements AND renewable energy” were used to improve the

relevance of the retrieved literature.

2 (13 2 [13

Particular emphasis was placed on studies published during the last decade in order to represent
recent developments in REE-based materials and technologies. More recent publications were
prioritized when discussing current technological developments, whereas earlier studies were
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retained when they provided fundamental thermodynamic data, established material-property
relationships, or historically important experimental findings that remain relevant to the field.

2.2. Inclusion and Exclusion Criteria

Studies were selected according to their scientific relevance to the objectives of this review.
Peer-reviewed research articles and review papers addressing the thermal, thermodynamic,
mechanical, microstructural, magnetic, or processing-related behavior of REEs and REE-
containing materials were considered. Studies dealing with the application of REEs in
metallurgy, permanent magnets, renewable energy technologies, electric mobility, advanced
alloys, surface engineering, and other engineering materials were also included when they
provided information relevant to material performance or structure—property relationships.

Studies were excluded when their primary focus was unrelated to the material properties or
engineering applications of rare earth elements. Publications dealing exclusively with
geological occurrence, mineral exploration, or extraction processes without a direct connection
to material behavior or engineering performance were not considered central to the review.
Duplicate publications, studies with insufficient technical information, and sources whose
content did not directly support the scientific discussion were also excluded from the main
synthesis. Non-peer-reviewed sources were avoided whenever equivalent information was
available from peer-reviewed scientific literature.

2.3. Study Selection and Critical Synthesis

The identified literature was evaluated according to its relevance to the principal themes of the
review. The selected studies were subsequently classified into major thematic categories,
including technological applications of REEs, their role in renewable energy systems,
thermodynamic behavior of REE-containing systems, processing and fluidity effects, and
mechanical performance of engineering materials.

Rather than presenting the selected studies only as independent findings, the literature was
critically examined to identify similarities, differences, advantages, limitations, and recurring
trends among the reported results. Particular attention was given to relationships between REE
composition, phase stability, microstructural modification, processing conditions, and resulting
thermal or mechanical performance. Where contradictory or incomplete findings were
identified, potential experimental and methodological factors were considered.

The synthesis also aimed to identify areas in which the available literature remains limited,
particularly regarding high-temperature thermodynamic data, multicomponent REE-containing
systems, quantitative relationships between REE additions and mechanical properties, and the
integration of experimental results with computational materials-design approaches. These gaps
were used to formulate future research priorities and to provide a critical perspective on the
development of next-generation REE-containing engineering materials.
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3. APPLICATION AREAS OF RARE EARTH ELEMENTS
3.1. Applications in the Field of Metallurgy

Rare Earth Elements (REEs) play an important role in the modification of ferrous and non-
ferrous engineering alloys. Even relatively small REE additions can influence solidification
behavior, microstructural evolution, mechanical properties, corrosion resistance, and high-
temperature oxidation performance, although the magnitude and direction of these effects
depend strongly on alloy composition and REE concentration[12]. The use of REEs in
conjunction with magnesium exerts an effect that increases the number of nodular graphite
nuclei [13].

Controlling graphite morphology is an effective approach to improving the physical and
mechanical properties of cast irons. Accordingly, Rare Earth Elements (REEs), particularly
Lanthanum (La), Cerium (Ce), Praseodymium (Pr), and Neodymium (Nd), are used to promote
the formation of nodular graphite during casting. [14].

The role of Rare Earth Elements (REEs) in cast iron production can be summarized under three
main functions: promoting graphite spheroidization, increasing the number of nucleation sites
during solidification, and removing deleterious elements such as oxygen and sulfur [13]. The
effect of Lanthanum (La)-containing inoculants on the microstructure of cast iron is illustrated
in Figure 3.1. Experimental studies have shown that controlled La additions can increase the
graphite nodule count in ductile iron; however, the effect on nodularity is not necessarily
proportional to the La content. Sheikh and Igbal reported the highest nodule count at 0.03% La,
while nodularity remained within a relatively narrow range of 81-83% [15].
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Figure 3.1. The effect of Lanthanum on the microstructure of cast iron [2]

Al-Fe—Ce alloys are of interest for elevated-temperature applications because Ce promotes the
formation of thermally stable intermetallic phases. In particular, the AlsFes«Ce phase has been
identified as a strengthening phase that contributes to the structural stability and high-
temperature performance of Al-Fe—Ce alloys[14].
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Scandium (Sc) is an effective microalloying element in aluminum alloys, where relatively small
additions can promote grain refinement and precipitation strengthening through the formation
of AlsSc particles. These microstructural effects can significantly improve mechanical strength
and thermal stability, making Sc-containing aluminum alloys attractive for high-performance
engineering applications [16,17].

3.2. Applications in the Ceramic and Glass Industry

In the ceramic and glass industries, Rare Earth Element (REE) additions are primarily used for
ultraviolet (UV) absorption, refractive index modification, coloration, and decolorization [20].
Praseodymium (Pr) is employed to produce lemon-yellow ceramic pigments, while other REEs
are added to ceramic glazes for precise color control. In glass applications, Lanthanum Oxide
(La203) is valued for its high refractive index and is incorporated into modern optical glasses,
at concentrations of up to 40%, to improve corrosion resistance [18].

Polishing is one of the major application areas of Rare Earth Elements (REEs), with Cerium
Oxide (Ce0O2) being the most widely used polishing material for glass surfaces. Representative
applications are shown in Figures 3.2 and 3.3. The polishing performance of CeO2 depends on
its oxidation state, particularly the Ce*"/Ce*" ratio in aqueous media, as variations in its
physicochemical properties directly affect polishing efficiency [2].

Figure 3.2. Most common applications of REEs as polishing powders: Displays, hard drives,
optical lenses, and silicon wafers.

3.3. Applications in the Field of Catalysts

Rare earth elements, particularly Ce and La, are widely used as active components, promoters,
or supports in heterogeneous catalytic systems. Their catalytic importance is associated with
properties such as oxygen storage—release capacity, redox behavior, lattice-oxygen mobility,
and their ability to improve the thermal stability and dispersion of active catalytic phases. These
characteristics have enabled REE-containing catalysts to be used in applications ranging from

7
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petrochemical processes to automotive exhaust treatment. In particular, Ce- and La-based
oxides have received considerable attention in emission-control systems, including catalysts for
CO, hydrocarbon, NOx, and particulate-matter conversion [19,21].

A cross-sectional view of a catalytic converter is presented in Figure 3.3. To reduce exhaust
emissions, Rare Earth Elements (REEs), particularly Cerium Oxide (CeOz), are used together
with Platinum (Pt), Palladium (Pd), and Rhodium (Rh). Annual REE consumption in U.S.
automotive catalytic converters is estimated to be approximately 100 tons. In these systems,
REEs primarily function as oxygen storage, support, and stabilizing materials that enhance the
performance and durability of precious metal catalysts rather than serving as the primary active
catalytic components [2].

Stainless steel i ’
shell ‘ | Exhaust gases
\ S (CO, HO, Ny
Oxidation

catalyst

Reduction
catalyst

Harmful gases Pt, Pd, Rh coated
from the engine ceramic substrate
(HC, CO, NOy)

Figure 3.3. Catalytic converter [2]

3.4. Applications in Lighting and Display Technologies

Phosphors are high-value-added materials, accounting for approximately 9% of the global rare
earth elements (REE) market (Figure 3.4), with nearly 97% used in lighting and display
technologies. Due to their high light-emission efficiency, REEs such as lanthanum (La), yttrium
(Y), cerium (Ce), terbium (Tb), and europium (Eu) are widely used in energy-saving lamps,
LEDs, LCDs, CRTs, and plasma displays.

The discovery of the red-emitting Y20s:Eu*" phosphor laid the foundation for REE-based
phosphors and enabled the development of green (CeMgAl1:010:Tb*", La:Ce, TbPO.) and blue
(BaMgAli0O17:Eu**) phosphors. Their widespread adoption is driven by high light-conversion
efficiency and energy savings. Today, lanthanide-based phosphors remain essential in LED
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displays, smartphone screens, and white LEDs, where ions such as La**, Eu**, and Tb*" enhance

light-conversion efficiency. [2].
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Figure 3.4. Market share distribution of phosphors by application [2]

3.5. Applications in Telecommunications and Laser Technology

Many rare earth elements (REEs) have diverse technological applications. Neodymium (Nd) is
widely used in hybrid electric vehicles and Nd:YAG lasers for space-based optical
communications due to their high performance in harsh environments. Nd:YAG lasers are also
employed in hair removal, vascular lesion treatment, ceramic processing, and robotic surgery
because of their ability to operate at multiple wavelengths. Yttrium (Y) is an essential
component of yttrium iron garnet (YIG) microwave filters, where it enhances beam focusing,
and is also widely used in yttrium aluminum garnet (YAG) laser systems.
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Figure 3.5. Wavelengths of Nd:YAG lasers (nm) [2]

Rare earth element-doped laser crystals play an important role in advanced photonic
technologies, including 5G communications. Compared with 4.5G (LTE), 5G provides gigabit-

9
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per-second (Gb/s) data transmission but requires denser cell networks and millimeter-wave
(mmWave) frequencies. Photonic systems based on rare earth-doped lasers, such as Er-, Tm-,
and Yb-based lasers, have been proposed for generating these high-frequency signals [22].

Erbium-doped

sign. fiber amplifier I ‘[
T [ O 1550 nm

Fiber laser
980 /1480 nm

Figure 3.6. Operating circuit of an Er-doped fiber amplifier (EDFA) [2]
3.6. Applications in the Field of Ni-MH Batteries

Nickel-Metal Hydride (Ni-MH) batteries, commercialized in the 1990s, contain substantial
amounts of Rare Earth Elements (REEs), primarily Lanthanum (La), Cerium (Ce),
Praseodymium (Pr), and Neodymium (Nd). During charging, hydrogen is stored in a metal alloy
electrode and released through oxidation during discharge, while REEs contribute to the
hydrogen-storage characteristics of the electrode. Owing to these properties, Ni-MH batteries
have been widely used in hybrid electric vehicles [7,23].

Although Lithium-Ion (Li-ion) batteries are gradually replacing Nickel-Metal Hydride (Ni—
MH) batteries because of their higher energy density and longer service life, Ni-MH batteries
remain attractive for applications requiring superior thermal safety. Therefore, REEs continue
to be a critical raw material in battery technologies.

Figure 3.7. Application of Ni-MH batteries in electric vehicles

10
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3.7. Applications in the Field of Permanent Magnets

Permanent magnets are widely used in electric motors, generators, automotive systems,
consumer electronics, and other high-performance electromechanical applications. REE-based
permanent magnets are particularly important in clean-energy technologies such as wind
turbines and electric vehicles[24,26].

Among commercially important permanent magnets, Nd—Fe-B and Sm—Co constitute the
principal REE-based magnet families, while AINiCo represents a non-REE permanent magnet
system. Nd-Fe-B magnets dominate high-performance applications because of their
exceptionally high magnetic strength[24,25].

Nd and Pr are the principal REEs in Nd—Fe—B magnets, while smaller additions of heavy REEs
such as Dy may be used to improve high-temperature magnetic performance. Although Sm—Co
magnets provide superior temperature stability, Nd—Fe—B magnets generally offer higher
magnetic strength and have therefore become dominant in many high-performance applications
[26,27].

Nd-Fe-B magnets enable permanent-magnet generator configurations in wind turbines,
including direct-drive systems that eliminate the gearbox and can reduce mechanical
complexity and maintenance requirements (Figure 3.8a)[27].

NdFeB Magnets
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Figure 3.8. a) Application of NdFeB permanent magnet generators in wind turbines; b)
Various application areas of NdFeB magnets; ¢) NdFeB magnet demand in hybrid and fully
electric vehicles (2010-2026) [2]

Permanent Magnet Synchronous Motors (PMSMs) based on Nd—Fe—B magnets are widely used
in electric vehicles because of their high efficiency and power density. However, Induction
Motors (IMs) and Externally Excited Synchronous Motors (EESMs) provide REE-free

11
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alternatives, illustrating the trade-off between magnetic performance, material criticality, and
cost [26].

Samarium—Cobalt (Sm—Co) magnets are used in high-performance microwave devices,
particularly traveling-wave tubes (TWTs), owing to their favorable permanent magnetic
properties and excellent temperature stability. In TWT systems, periodic permanent-magnet
configurations provide the magnetic field required for electron-beam focusing (Figure 3.9¢)
[28].
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Figure 3.9. a) Comparison of electric vehicle motors by weight, cost, and efficiency; b)
Conventional loudspeaker featuring NdFeB magnets; ¢) Components of a traveling-wave tube
amplifier (TWTA) [2]

3.8. Applications in the Medical Field

Rare Earth Elements (REEs) play an important role in advanced medical imaging technologies.
NdFeB permanent magnets offer a potential alternative to superconducting magnets by
improving imaging performance and system stability. However, their widespread adoption is
constrained by the high demand for Neodymium (Nd), particularly in large imaging systems.

3.9. Applications in the Defense Industry

REE-based permanent magnets are important components in defense and aerospace
technologies. Sm—Co magnets are particularly suitable for high-temperature applications,
whereas NdFeB magnets provide very high magnetic strength and enable smaller and lighter
magnetic components. These materials are used in various defense systems, including guidance
and control systems, aircraft, radar, and communication technologies [29,30]. Beyond
permanent magnets, rare-earth-substituted Y—Fe garnets (YIGs) exhibit magnetic properties
that make them attractive for high-frequency and microwave applications [31].
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3.10. Applications in the Nuclear Field

Gadolinium (Gd) is particularly important in nuclear applications because of the exceptionally
high thermal-neutron absorption cross-sections of its **Gd and '*’Gd isotopes. This property
enables Gd-containing materials to be used as efficient neutron absorbers in nuclear systems
[32].

4. DEMAND STATUS OF RARE EARTH ELEMENTS

Demand for Rare Earth Elements (REEs) has increased rapidly over the past two decades,
largely driven by permanent magnets used in clean energy technologies, electronics, defense,
and medical systems. While Dysprosium (Dy) is used predominantly in permanent magnets,
Neodymium (Nd), Praseodymium (Pr), and Terbium (Tb) have broader applications in
batteries, catalysts, glass, ceramics, and lighting technologies. The contribution of clean energy
technologies to REE demand varies considerably by element, with wind turbines and electric
vehicles accounting for a substantially larger share of Dysprosium (Dy) and Terbium (Tb)
demand than of Neodymium (Nd) and Praseodymium (Pr) demand [2].

4.1. All Applications

Regardless of the scenario, information and communication technology (ICT), healthcare, and
defense will remain major consumers of Neodymium (Nd), Praseodymium (Pr), Dysprosium
(Dy), and Terbium (Tb). However, under a high-demand scenario, clean energy technologies
could account for more than one-third of total demand for these elements by 2030 (Figure 4.1).
Europe is expected to represent nearly one-third of global demand across all scenarios.
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Figure 4.1. Year-based sectoral distribution of REEs according to various scenarios [33]

Comparing supply and demand is essential for assessing future REE availability. In the low-
demand scenario, projected supply is generally sufficient for Praseodymium (Pr) and
Neodymium (Nd) but remains inadequate for Dysprosium (Dy) and Terbium (Tb). Under the
high-demand scenario, demand could reach up to 3.5 times the projected supply, although
Terbium (Tb) demand may decline because of substitution by alternative technologies. These
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findings indicate that achieving the green transition will require more efficient material use, the
development of REE-free alternatives, and supportive policy measures [33].

4.2. Uncertainties and Problems Encountered in Rare Earth Supply

China continues to dominate the global REE supply chain, particularly in downstream
processing and refining. Although its share of global mining has declined as production has
expanded in other countries, China retains a dominant position in REE separation, refining, and
permanent-magnet manufacturing. At the same time, increasing domestic demand and supply—
demand imbalances among individual REEs have increased China's dependence on imported
raw materials, particularly heavy rare earth feedstocks from Myanmar. This concentration of
processing capacity and dependence on geographically concentrated upstream resources remain
important risks for the stability and diversification of the global REE supply chain [34].

5. THE ROLE OF RARE EARTH ELEMENTS IN RENEWABLE ENERGY
5.1. The Role of Rare Earth Elements in Wind Energy and E-Mobility

In wind energy and electric vehicles, Rare Earth Elements (REEs) are primarily used in
permanent magnets for generators and traction motors. NdFeB (Neodymium-Iron—Boron)
magnets dominate these applications because of their superior magnetic performance, whereas
the higher cost of Samarium—Cobalt (Sm—Co) magnets limits their use [26].

The composition of Rare Earth Elements (REEs) in NdFeB permanent magnets varies
according to the required magnetic properties. Recent research has focused on optimizing
Dysprosium (Dy) and Terbium (Tb), which enhance coercivity and high-temperature
performance. Because Terbium (Tb) is considerably more expensive than Dysprosium (Dy), its
use remains limited. Wind turbine generators, in particular, require large quantities of NdFeB
permanent magnets [2].

The automotive industry is developing new permanent magnet compositions to reduce
production costs and supply risks. A notable example is Toyota's heat-resistant magnet, in
which part of the Neodymium (Nd) is replaced by the more abundant Lanthanum (La) and
Cerium (Ce), eliminating the need for Terbium (Tb) and Dysprosium (Dy). Such magnets are
expected to play an increasingly important role in future electric vehicle motors [2].

Prototype generators have demonstrated the feasibility of high-power permanent magnet
systems. Nevertheless, despite significant progress in reducing the use of critical Rare Earth
Elements (REEs), comparable REE-free permanent magnets have not yet been developed.

5.2. The Role of Rare Earth Elements in Photovoltaic Systems

One approach to improving photovoltaic performance is spectral modification, which aims to
reduce the mismatch between the incident solar spectrum and the spectral response of the
photovoltaic material. Rare-earth-containing luminescent materials can be used as spectral
converters through upconversion, downconversion, and down-shifting processes. In particular,
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high-energy ultraviolet photons can be converted into lower-energy visible photons, while
upconversion can convert near-infrared photons into wavelengths that can be more effectively
utilized by photovoltaic devices. These mechanisms offer a potential route for reducing spectral
losses and improving solar-cell performance [35].

6. THERMODYNAMIC INVESTIGATIONS OF RARE EARTH ELEMENTS
6.1. Thermodynamics of Rare Earth Elements

Alloy thermodynamics has a long-established history but continues to evolve through new
theoretical and experimental developments driven by expanding applications. In particular,
equilibrium calculations based on the integration of phase diagrams and thermodynamic data
have become increasingly important. The CALPHAD (Calculation of Phase Diagrams)
approach, implemented in various computational programs, aims to:

a) Provide a consistent thermodynamic description of phases and their stability in alloy systems;
b) Generate reliable and critically evaluated phase diagrams;

c) Develop reference thermodynamic data for predicting phase equilibria in complex
multicomponent systems and guiding experimental design;

d) Establish a framework for evaluating phase transformations, transformation kinetics,
diffusion, metastable and amorphous alloys, and mechanical alloying;

e) Supply the thermodynamic data and parameters required to describe the mechanical and
functional properties of technologically important alloys [36].

In summary, alloy thermodynamics can be evaluated according to alloy groups with distinct
compositions and properties, such as low-melting alloys, high-temperature alloys, and noble
metal alloys. Each group requires a specific thermodynamic assessment based on its
characteristic behavior.

6.2. Rare Earth Alloys and the Role of Systematics

Scandium (Sc), Yttrium (Y), Lanthanum (La), and the lanthanides constitute the Rare Earth
Elements (REEs). Systematic approaches have been widely applied to describe the phase
equilibria, compounds, and thermodynamic behavior of REE alloys. Generalized phase
diagrams and thermodynamic models have provided a consistent framework for interpreting
these systems and predicting their properties. [36].

The following relationships and their dependence on the atomic number of rare earth elements
have been examined.

Volume contraction in compound series. For a series of compounds with the general formula
RM,, the relative volume ratio is defined as follows [36]:
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V(lexMx) / V(Lalfox)
Vr Via

Ivol =

(1)

Here, V denotes the molar volume of the compound or rare earth element. Relative to
Lanthanum (La) or another reference rare earth element (R), this ratio indicates the degree of
volume contraction in compounds compared with the corresponding elements (lanthanide
contraction).

A relative volume ratio below unity indicates that volume contraction is greater in the
compounds than in the pure elements, suggesting stronger bonding from La toward the heavier
rare earth elements. Accordingly, the Gibbs free energy (AG) and enthalpy of formation (AH)
are expected to become more negative across the series. Conversely, an increasing ratio
indicates a reduction in the exothermicity of compound formation.

6.3. Melting Temperature Trend in a Compound Series

Studies have drawn attention to the existence of a correlation between the stability trend and
relative melting behavior [36]. Accordingly, the slope of the reduced melting temperature curve
as a function of the atomic number (R) is compared with a reference slope. The reduced
temperature (Tred) is defined as the ratio of the melting temperatures of the compound and the
corresponding R element (in Kelvin). The reference curve is derived from the reciprocal melting
temperature (1/Tm) of the R element and is expressed as C/Tm(R), where C is taken as the
melting point of one of the RxMy compounds (e.g., La). Thus, the reference curve represents a
hypothetical series of compounds with a constant melting temperature.

Tm(lexMx)

T =
red TIII(R)

(2)

The slope of the difference (Tred — Tiso) indicates the variation in compound stability across the
series. Another parameter related to the melting (or transformation) temperature of a phase is
the stability index, which can be defined for all intermetallic phases and, for rare earth
compounds, is calculated as follows:

Tm (Rl—xMx)

I, =
(1 — x)Tm(R) +x TIII(M)

€)

The slope of the difference Tred — Tiso 1s considered an indicator of changes in compound
stability across the series. All melting temperatures are expressed in Kelvin. As noted earlier,
these parameters and indices are evaluated as a function of the atomic number of the
corresponding rare earth element. The smooth trends commonly observed have been used to
verify, optimize, and predict thermodynamic data. Consistent relationships among different
indices have been reported for several phase series, including RPd, RAl2, RTIl3, and RSns.
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However, exceptions such as RPd3 exhibit inconsistencies, particularly in volume ratio trends.
In some cases, parameters other than the atomic number have also been used to describe specific
properties.

6.4. Current Status of Rare Earth Alloy Thermodynamics

Data on the formation thermodynamics of rare earth alloys have recently been compiled and
evaluated by Colinet and Pasturel, alongside data regarding actinides. Previously, a review of
rare earth thermodynamics was reported by Bayanov. Trends in these data were interpreted and
discussed by Gschneidner [36].

These studies identified systems requiring further experimental investigation and classified the
behavior of Rare Earth Element (REE) alloys using Lanthanum (La) and Gadolinium (Gd) as
representatives of light and heavy rare earths, respectively. Based on this classification,
elements that do not form compounds with REEs generally exhibit simple eutectic phase
diagrams with AH and AG values close to zero, whereas Be, Mg, late transition metals, and p-
block elements typically form more complex phase diagrams with negative, often strongly
negative, enthalpies of formation [36].

Taken together, these studies demonstrate that systematic trends across the rare-earth series
provide a valuable framework for interpreting and predicting alloy thermodynamics,
particularly when experimental data are incomplete. Nevertheless, such trends should not be
regarded as universally applicable predictive rules. Deviations observed in specific
intermetallic series indicate that atomic number and lanthanide contraction alone cannot fully
describe phase stability and compound formation. Differences in electronic structure, bonding
characteristics, crystal structure, and interactions with alloying elements may produce system-
specific thermodynamic behavior. Therefore, systematic relationships are most effective when
used in combination with experimentally determined phase equilibria and thermochemical data
rather than as substitutes for direct measurements. This limitation becomes particularly
important for multicomponent REE-containing alloys, for which reliable experimental
thermodynamic data remain considerably less complete than for binary systems.

6.5. Experimental Problems in Rare Earth Alloy Thermodynamics

The unique properties and high reactivity of rare earth metals and alloys are reflected in the
specific techniques and devices that must be used in the preparation and processing of these
materials. In summary, the following observations can be made based on distinguished
references.

6.5.1. The Role of Impurities

Strict purity control is essential because trace impurities can significantly affect the properties
and experimental characterization of rare earth metals and alloys. Ultrapurification procedures
have therefore been developed for rare earth metals such as Gd and Nd[37].
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Interstitial impurities such as H, C, N, O, and F can influence phase stability, crystal structure,
and experimental measurements, making purity control particularly important in
thermodynamic studies of REE-containing systems [36,37].

6.5.2. Reactions with Crucibles and Containers

Reactions between Rare Earth Element (REE) alloys and crucible materials can significantly
affect sample integrity, particularly at high temperatures. Although Tantalum (Ta) and,
preferably, Tungsten (W) crucibles are generally recommended for Differential Thermal
Analysis (DTA) and related measurements, alloying elements may increase reactivity with
crucible materials, complicating experimental studies. Crucible composition can also influence
phase formation and crystal structure, highlighting the importance of careful material selection
during alloy preparation [36].

Tungsten (W) and Boron Nitride (BN) crucibles are widely used for the preparation and high-
temperature investigation of Rare Earth Element (REE) compounds because of their chemical
inertness and thermal stability. Their use is particularly important for volatile Europium (Eu)
and Ytterbium (Yb) alloys, for which hermetically sealed, non-reactive crucibles are essential
to ensure reliable experimental results [37].

These experimental constraints represent an important source of uncertainty when
thermodynamic data obtained by different studies are compared. Differences in sample purity,
crucible material, atmosphere control, sealing conditions, and temperature range may lead to
variations in measured transformation temperatures and thermodynamic quantities even for
nominally identical alloy systems. Consequently, discrepancies among reported
thermodynamic datasets should not necessarily be interpreted solely as differences in intrinsic
material behavior. Experimental configuration and sample preparation must also be considered
when assessing the reliability and comparability of published data. Greater standardization and
more complete reporting of experimental conditions would therefore improve the
reproducibility of thermodynamic measurements for REE-containing systems.

6.5.3. Measurement Techniques for Formation Thermodynamics

In addition to the general challenges associated with processing rare earth elements and alloys,
thermodynamic measurements present specific experimental difficulties. These challenges and
the corresponding experimental approaches have been well documented in the literature.
Further examples can be found not only in studies of rare earth alloys but also in investigations
of materials with similar chemical behavior and reactivity, such as alkaline earth metals and
actinides.

6.5.4. Differential Thermal Analysis (DTA)

High-temperature thermal analysis of Rare Earth Element (REE) alloys presents significant
experimental challenges because of high vapor pressures and chemical reactivity. These issues
are addressed through the use of specialized crucibles, advanced Differential Thermal Analysis
(DTA) techniques, and improved temperature measurement methods. Containerless processing
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and arc melting under an inert atmosphere have also become standard approaches for preparing
REE alloys, particularly those containing refractory, low-volatility metals [36].

6.5.5. Calorimetric Measurements

Calorimetric investigation of Rare Earth Element (REE) alloys requires complementary
experimental techniques because of their high reactivity. Direct-drop and heat-flow calorimetry
have been successfully applied, while improvements in calorimeter design, crucible materials,
and experimental configurations have enhanced the reliability of high-temperature
thermodynamic measurements [36].

Reliable thermodynamic descriptions of multicomponent REE-containing alloys depend on the
availability of experimentally validated data and appropriate thermodynamic models. Binary-
system data provide an important basis for extending thermodynamic assessments toward more
complex alloy systems [36].

Overall, no single experimental technique can provide a complete thermodynamic description
of REE-containing alloy systems. DTA is particularly useful for identifying phase-transition
temperatures and constructing phase-equilibrium information, whereas calorimetric techniques
provide more direct information on enthalpy changes and compound formation. However, the
reliability of both approaches is strongly influenced by the high reactivity and, in some cases,
volatility of rare earth elements. Combining complementary experimental techniques can
therefore reduce method-specific uncertainties and provide more robust thermodynamic
datasets.

A further limitation of the available literature is the uneven distribution of thermodynamic
information among REE-containing systems. Binary alloys have generally received
substantially greater experimental attention, whereas reliable data for ternary and higher-order
systems remain comparatively limited. This gap restricts the development and validation of
thermodynamic databases required for the design of technologically relevant multicomponent
alloys. Accordingly, future investigations should increasingly integrate high-quality
experimental measurements with CALPHAD-based thermodynamic assessment and
computational approaches. Such integration would allow experimental observations to validate
thermodynamic models while enabling computational methods to identify compositions and
temperature ranges for which additional measurements are most urgently required.
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Table.2. Comparison of experimental and computational approaches used in the
thermodynamic investigation of REE-containing systems [36,37]
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7. EFFECTS OF RARE EARTH ELEMENTS ON FLUIDITY
7.1. Effects of REEs on the Fluidity of Carbon Fiber Powder Reinforced Polyolefins

Polyolefins such as polyethylene (PE) and polypropylene (PP) are widely used as matrices in
engineering composites because of their low density, processability, and chemical resistance.
Their mechanical and processing performance can be modified through reinforcing fibers and
functional fillers, including REE-containing additives.

However, rare earth elements such as Lanthanum (La) and Cerium (Ce) can be used as fillers
in carbon fiber powder-reinforced polyolefin composites to improve the flow behavior and
processability of the material [38].

8. EFFECTS OF RARE EARTH ELEMENTS ON MECHANICAL PERFORMANCE

8.1. Effect of Laser Coatings of REEs and Their Oxides on Tribo-Mechanical
Performance

Laser cladding is an effective surface engineering technique for producing hard, wear-resistant
composite coatings, although its industrial application is limited by defects such as cracks,
pores, and inclusions. The addition of Rare Earth Elements (REEs) effectively suppresses these
defects while improving microstructural refinement, crack resistance, hardness, fracture
toughness, and wear performance [39].

8.2. Effect of REEs on the Structures and Mechanical Properties of Magnesium Alloys

Rare earth additions are an effective strategy for improving the mechanical performance of
magnesium alloys through solid-solution strengthening, precipitation hardening, grain
refinement, and texture modification. However, their effects are strongly dependent on the

20



Bingol et al. EJSAT 2026, EES’26, 1-25

specific RE element, concentration, alloy composition, and processing route. Recent studies
show that elements such as Gd, Y, and Nd can significantly increase strength and high-
temperature stability, whereas other RE additions may promote texture weakening and
activation of non-basal slip, thereby improving formability and ductility. Consequently, RE
alloying should not be considered a universally strengthening mechanism; rather, the selection
and concentration of individual RE elements determine the balance between strength, ductility,
and high-temperature performance [40,41].

Overall, the available evidence indicates that the mechanical benefits of RE additions arise
through different mechanisms depending on the material system. In laser-cladded coatings,
REEs primarily improve performance through defect suppression and microstructural
refinement, whereas in Mg alloys their effects involve solid-solution and precipitation
strengthening, grain refinement, and modification of deformation behavior. These findings
demonstrate that mechanical improvement cannot be attributed simply to the presence of REEs;
it depends on RE chemistry, concentration, matrix composition, and processing conditions.
Future studies should therefore focus on identifying minimum RE concentrations that provide
an optimum strength—ductility balance while reducing material cost and critical-element
consumption.

9. CONCLUSION

Rare Earth Elements (REEs) play a critical role in advanced engineering materials because of
their ability to modify phase stability, microstructure, thermal behavior, mechanical
performance, and functional properties. Their technological importance extends from
permanent magnets and renewable energy systems to lightweight alloys, surface coatings,
catalysts, and other high-performance materials. However, the present review indicates that the
benefits of REE additions are strongly dependent on the specific element, concentration, host
material, and processing conditions. Therefore, the presence of REEs alone cannot be regarded
as a universal indicator of improved material performance.

From a thermodynamic perspective, systematic trends across the rare-earth series provide useful
guidance for interpreting phase stability and compound formation, but deviations observed in
individual systems limit their general applicability. Experimental characterization also remains
challenging because of the high reactivity, volatility, impurity sensitivity, and container
interactions associated with many REE-containing materials. Although binary systems are
comparatively well documented, thermodynamic data for ternary and higher-order systems
remain limited, restricting the reliability of predictions for technologically relevant
multicomponent materials. Greater integration of carefully controlled experimental
measurements with CALPHAD and other computational approaches is therefore required.

A similar composition—processing—property dependence is evident in mechanical performance.
REEs can improve hardness, strength, wear resistance, high-temperature stability, and
microstructural refinement; however, these improvements may be accompanied by trade-offs
involving ductility, processing complexity, cost, and dependence on critical raw materials.
Future research should consequently focus on determining optimum rather than maximum REE
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additions and on establishing quantitative relationships between REE chemistry, processing
conditions, microstructural evolution, and resulting properties.

Future investigations should particularly prioritize reliable thermodynamic databases for
multicomponent REE systems, standardized experimental procedures, low-REE alloy and
magnet designs, and the use of recycled REEs without compromising material performance.
Combining experimental characterization with CALPHAD, computational materials science,
and data-driven approaches may accelerate the identification of compositions that achieve the
required thermal and mechanical performance with reduced critical-element consumption. Such
efforts are essential for translating the unique properties of REEs into more sustainable,
economically viable, and application-specific engineering materials.
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Abstract

This study assesses whether the annual electricity demand arising from the full electrification of the existing motor vehicle
fleet in Erzincan, Tiirkiye, could be supplied by canal-top photovoltaic (PV) systems. A provincial-scale energy-balance
framework was developed by integrating official vehicle stock data, national vehicle-kilometre statistics, electric vehicle
energy consumption coefficients, tractor operating assumptions, local PV generation data, module specifications, canal
length information, and investment cost benchmarks. The registered road vehicle fleet, excluding tractors, was estimated to
generate 960.19 million vehicle-kilometres annually. Under full electrification, the corresponding traction-side electricity
demand was calculated as 252.62-373.56 GWh/year, increasing to 265.25-392.24 GWh/year when charging losses were
included. In the tractor sensitivity scenario, total grid-side demand increased to 310.51-528.00 GWh/year. Based on a
specific PV yield of 1,550 kWh/kWp-year, meeting the road vehicle demand would require 171.1-253.1 MWp of installed
canal-top PV capacity, 295,054—436,302 modules rated at 580 W, and 152.4-225.4 km of canal coverage. Including tractors
increased these requirements to 200.3—340.6 MWp and 178.4-303.4 km. The required canal coverage corresponds to 20.4—
40.6% of the reported 748 km irrigation canal network. The findings indicate that canal-top PV could theoretically supply
the electricity demand of full provincial fleet electrification while supporting land-sparing renewable energy deployment,
although detailed route suitability, grid integration, and techno-economic analyses are required before implementation.

Keywords: Transport electrification, canal-top photovoltaics, electric vehicle energy demand

Tam Elektrikli i1 Tasit Filosunun Elektrik Talebinin Kanal-Ustii Fotovoltaik

Sistemlerle Karsilanmasi: Erzincan, Tiirkiye Ornegi
Oz
Bu calisma, Tiirkiye’nin Erzincan ilindeki motorlu tasit filosunun tamamen elektrikli hale getirilmesinden kaynaklanacak
yillik elektrik talebinin kanal-iistii fotovoltaik (PV) sistemlerle karsilanip karsilanamayacagini degerlendirmektedir. Resmi
tasit stoku verileri, ulusal tasit-kilometre istatistikleri, elektrikli ara¢ enerji tiikketim katsayilari, traktor isletme varsayimlari,
yerel PV {iiretim verileri, modiil 6zellikleri, kanal uzunlugu bilgileri ve yatirim maliyeti kiyas degerleri biitiinlestirilerek il
6l¢eginde bir enerji dengesi gergevesi gelistirilmistir. Traktorler hari¢ kayitl karayolu tasit filosunun yillik 960,19 milyon
tasit-kilometre hareketlilik {irettigi tahmin edilmistir. Tam elektrifikasyon altinda, buna karsilik gelen ¢ekis tarafi elektrik
talebi 252,62-373,56 GWh/yil olarak hesaplanmis; sarj kayiplart dahil edildiginde bu deger 265,25-392,24 GWh/yil’a
yiikselmistir. Traktdr duyarlilik senaryosunda toplam sebeke tarafi talep 310,51-528,00 GWh/y1l’a yiikselmistir. 1.550
kWh/kWp-y1l 6zgiil PV iiretimine dayali olarak, karayolu tasit talebinin karsilanmasi 171,1-253,1 MWp kurulu kanal-iistii
PV kapasitesi, 580 W giiciinde 295.054—436.302 modiil ve 152,4-225,4 km kanal kaplamasi gerektirmektedir. Traktorlerin
dahil edilmesi bu gereksinimleri 200,3-340,6 MWp ve 178,4-303,4 km’ye yiikseltmistir. Gerekli kanal kaplamast, bildirilen
748 km’lik sulama kanal1 aginin %20,4-40,6’sina karsilik gelmektedir. Bulgular, uygulama dncesinde ayrintili giizergah
uygunlugu, sebeke entegrasyonu ve tekno-ekonomik analizler gerekli olmakla birlikte, kanal-iistii PV sistemlerin il
Ol¢egindeki tam filo elektrifikasyonunun elektrik talebini teorik olarak karsilayabilecegini ve arazi koruyucu yenilenebilir
enerji kurulumunu destekleyebilecegini gostermektedir.
Anahtar Kelimeler: Ulasim elektrifikasyonu, kanal-iistii fotovoltaikler, elektrikli ara¢ enerji talebi
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1. INTRODUCTION

The electrification of road transport has become one of the most important technological and
policy pathways for reducing fossil fuel dependence, improving local air quality, and supporting
long-term decarbonisation targets. Battery electric vehicles offer substantially higher drivetrain
efficiency than internal combustion engine vehicles and can shift final energy demand from
petroleum-based fuels to electricity. However, this transition does not eliminate energy
demand; rather, it transfers a considerable part of the transport energy burden to the electricity
system. Therefore, the environmental and energy-security benefits of transport electrification
depend not only on the number of electric vehicles deployed, but also on how the additional
electricity demand is quantified, supplied, and integrated with local renewable energy resources
[1,2].

Recent global trends show that electric mobility is moving from an early adoption phase
towards mass-market deployment. The increasing number of electric cars, buses, light
commercial vehicles, trucks, motorcycles, and specialised vehicles requires new planning
approaches that go beyond vehicle technology alone. In particular, electricity demand from
electric vehicles is affected by vehicle category, annual mileage, energy consumption per
kilometre, charging losses, driving conditions, climate, topography, and charging behaviour.
For this reason, national-level electric vehicle projections are useful for broad policy design,
but they are insufficient for local infrastructure planning. Provincial and regional assessments
are required to determine whether future electric mobility demand can be supplied by local
renewable energy systems, especially in regions where grid capacity, agricultural land
availability, water resources, and solar potential vary considerably [1,2].

A critical issue in transport electrification is the spatial mismatch between electricity demand
and renewable energy supply. Conventional ground-mounted photovoltaic (PV) plants are
widely used because of their modularity, declining costs, and relatively short construction
periods. Nevertheless, large-scale PV deployment may create land-use conflicts, particularly in
agricultural regions where productive land is needed for food production. This limitation has
directed attention towards land-sparing PV configurations such as rooftop PV, floating PV,
agrivoltaics, highway-side PV, and canal-top PV systems. Among these alternatives, canal-top
PV has a distinctive advantage because it uses already-built water conveyance corridors and
can simultaneously contribute to renewable electricity generation, land conservation, and
water-loss reduction [3,4].

Canal-top PV systems are installed above irrigation or water transfer canals by using structural
supports that span the canal section. This configuration can provide several co-benefits. First,
the PV modules generate electricity without requiring additional agricultural or natural land.
Second, the shading effect of the modules can reduce solar radiation reaching the canal water
surface and thereby decrease evaporation losses. Third, the cooler microclimate above the water
surface can reduce PV module operating temperature, which may improve electrical
performance compared with conventional ground-mounted systems under similar irradiation
conditions. Fourth, shading can potentially limit aquatic weed and algae growth, reducing some
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canal maintenance requirements. These benefits make canal-top PV a promising option for
regions where solar irradiation, agricultural activity, irrigation infrastructure, and water scarcity
concerns coexist [4—7].

Despite these advantages, canal-top PV systems also involve technical and economic
challenges. The supporting structure is generally more complex than that of ground-mounted
PV systems because the canal geometry, hydraulic operation, maintenance access, flood safety,
sediment removal, and structural durability must be considered. In addition, the usable length
of a canal network is not equal to its total administrative length; bridges, road crossings, sharp
bends, settlements, unsuitable slopes, maintenance zones, shading obstacles, and grid
connection limitations can reduce the technically feasible installation area. Therefore, canal-top
PV potential should not be interpreted only as a theoretical surface-area problem. A realistic
assessment must consider energy yield, module selection, canal coverage width, installed
capacity per kilometre, electricity demand, and implementation constraints together [4,5,8].

Tirkiye represents a relevant context for examining the relationship between transport
electrification and distributed renewable energy supply. The country has growing interest in
electric mobility, a large and diverse motor vehicle stock, high solar energy potential in many
regions, and extensive irrigation infrastructure in agricultural basins. However, many
electrification discussions remain focused on national vehicle adoption targets, charging
infrastructure, or general renewable energy capacity. There is still limited evidence on how the
full electrification of an existing provincial vehicle fleet would translate into annual electricity
demand and how much of this demand could be supplied by a local canal-top PV system. This
gap is particularly important because the feasibility of full fleet electrification is strongly
dependent on local mobility patterns, vehicle composition, renewable energy yield, and
available infrastructure corridors [1,9].

Erzincan provides a suitable case study for this type of integrated assessment. The province has
a mixed vehicle fleet consisting of passenger cars, minibuses, buses, light commercial vehicles,
trucks, motorcycles, special-purpose vehicles, and tractors. It also has agricultural activity
supported by irrigation canals and a solar resource that allows PV generation to be considered
as a local electricity supply option. From a planning perspective, Erzincan is neither a megacity
with highly concentrated transport demand nor a purely rural settlement with low vehicle
activity. Therefore, it offers a useful provincial-scale case for testing whether the electricity
demand of full transport electrification can be linked to canal-top PV deployment in a
measurable and transparent way [9—11].

Although several studies have examined electric vehicle energy demand, charging
infrastructure planning, floating PV, agrivoltaics, and canal-top PV systems separately, few
studies have combined full provincial vehicle fleet electrification with canal-top PV sizing.
More specifically, the literature lacks an integrated framework that starts from official vehicle
stock data, estimates annual vehicle-kilometres by vehicle category, calculates traction-side and
grid-side electricity demand, includes agricultural tractors through a sensitivity scenario, and
then converts this demand into required PV installed capacity, panel number, canal coverage

28



Demirci et al. EJSAT 2026, EES’26, 26-45

length, and investment cost. Addressing this gap is important because it allows transport
decarbonisation to be evaluated together with renewable energy siting, land preservation, and
irrigation infrastructure utilisation [1-8].

The aim of this study is therefore to assess whether the electricity demand that would arise from
the full electrification of the motor vehicle fleet in Erzincan can theoretically be supplied by
canal-top PV systems. For this purpose, official provincial vehicle stock data, vehicle-kilometre
statistics, electric vehicle energy consumption coefficients, tractor operating assumptions,
actual PV generation data from Erzincan, and PV module specifications are integrated into a
single calculation framework. The analysis first estimates annual mobility by vehicle category,
then determines traction-side and grid-side electricity requirements, and finally calculates the
canal-top PV capacity, number of PV modules, required canal coverage length, and investment
cost range needed to meet the estimated demand [9-16]. A schematic representation of the
proposed canal-mounted photovoltaic (PV) system on the irrigation canals of Erzincan is given
in Figure 1.

PV Modules

Il pC Combiner /
Controller

Steel Support

Structure Tnverter

Electrical Panel /

Grid
Connection

Agricultural Land

Irrigation Canal

EV Charging Station .
Electric Vehicle

Figure 1. Schematic representation of the proposed canal-mounted photovoltaic (PV) system
on irrigation canals in Erzincan

The main contribution of the study is threefold. First, it provides a provincial-scale
quantification of the electricity demand associated with the hypothetical full electrification of
an existing motor vehicle fleet. Second, it links this demand to a locally grounded canal-top PV
sizing approach rather than using a generic renewable electricity assumption. Third, it frames
canal-top PV as an integrated energy—water—transport solution by considering not only
electricity generation, but also land-sparing potential and irrigation infrastructure utilisation. In
this respect, the study offers a transparent preliminary feasibility framework that can be adapted
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to other provinces and regions where transport electrification, solar energy deployment,
agricultural land protection, and water-resource management need to be planned together.

2. MATERIALS AND METHODS
2.1. Research design and system boundary

This study was designed as a provincial-scale scenario assessment that links full motor vehicle
fleet electrification with local renewable electricity supply from canal-top photovoltaic (PV)
systems. The methodological framework consisted of four consecutive stages: (i) determination
of the existing vehicle stock by vehicle category, (ii) estimation of annual mobility in terms of
vehicle-kilometres travelled, (iii) calculation of traction-side and grid-side electricity demand
under a full electrification scenario, and (iv) sizing of the canal-top PV system required to meet
the estimated electricity demand [4,8—16]. The methodological framework/workflow diagram
of the study is shown in Figure 2.

INPUT DATA SOURCES PROCESSING STEPS OUTPUTS
Official provincial vehicle
o /ll stock data —> 0 Vehicle stock classification
(TurkStat, Jan 2026) *
e /A\ National vehicle-kilometre
statistics —r i - i
(TurkStat 2024) e Annual mobility estimation (VKT) Annual electricity
— v S Q‘ demand of a fully
e EV energy consumption o electrified provincial
coefficients (IEA) ’ G EV electricity demand calculation J veficgilest
Tractor operating Traction-side Grid-side
o ‘% assumptions e = demand demand
O (TAGEM + electric
tractor study) * Vs
e Local PV generation data &l . \1:- Canal-top PV
e (CW Enerji Erzincan —p 0 Tractor sensitivity scenario = capacity required
1,196 kWp) * )
PV module specific:aﬁonsﬁ ‘e 8 N
0 % ; > G Canal-top PV sizing > Theoretical share of
(Canadian Solar 580 W) bk
J e | = irrigation canal
. ] ¢ ’ e network used
0 ~~ lrrigation canal length data | 111 | ===
~~= (DSl Erzincan) Required Number of Required canal
PV capacity PV modules coverage length
G = 52 ol
e ? Investment cost ¥ E @ Indltcatlve investment
=@ benchmarks —> ) ) - cost range
(IRENA + canal-top PV o Investment cost estimation \
literature)

Figure 2. Methodological framework / workflow diagram

The system boundary covered the annual operational electricity demand of the existing motor
vehicle fleet in Erzincan under a hypothetical full electrification case. The analysis did not
include vehicle manufacturing, battery production, charging station construction, road
infrastructure, or life-cycle emissions. Instead, the focus was placed on annual final electricity
demand and the physical PV infrastructure required to supply this demand. Road vehicles were
treated as the main scenario, whereas agricultural tractors were included separately as a
sensitivity case because their activity is commonly expressed in operating hours rather than
annual vehicle-kilometres [2,13].

30



Demirci et al. EJSAT 2026, EES’26, 26-45

The assessment was conducted on an annual energy basis. Therefore, hourly charging
behaviour, seasonal load variation, battery state of charge, grid congestion, and temporal
mismatch between PV generation and electric vehicle charging demand were not explicitly
modelled. The results should therefore be interpreted as a preliminary energy-balance and
infrastructure-sizing assessment rather than a detailed grid integration study [2,13].

2.2. Case study area and data structure

Erzincan was selected as the case study province because it combines an existing motor vehicle
fleet, agricultural activity, irrigation canal infrastructure, and favourable solar energy
conditions. This combination makes it suitable for evaluating the possible interaction between
transport electrification and canal-top PV deployment [9-11].

The data structure of the study was built on official and traceable sources. Provincial vehicle
stock data were obtained from TurkStat for January 2026. Vehicle-kilometre statistics were
based on TurkStat’s 2024 vehicle-kilometre dataset, which reports average annual mileage by
vehicle category at the national level. Electric vehicle energy consumption coefficients were
obtained from international electric mobility datasets and were used as vehicle-category-based
ranges. Tractor operation was treated separately by combining annual operating hour
assumptions with hourly electricity consumption values reported in recent electric tractor
studies. PV sizing was based on the specific annual yield derived from an existing solar power
plant located in Erzincan. Module number and canal coverage length were calculated using the
rated power and dimensions of a commercially available 580 W PV module [9-16].

2.3. Vehicle stock classification

The existing vehicle stock was classified into the following categories: passenger cars,
minibuses, buses, light commercial vehicles, trucks, motorcycles, special-purpose vehicles, and
tractors. The vehicle stock of each category was denoted as N;, where i represents the vehicle
category. The total vehicle stock was calculated as: [9].

[Ntotal = ZiNi] (1)
where (N,y,) is the total number of registered motor vehicles in the province.

In the main scenario, tractors were excluded from the road vehicle-kilometre calculation
because their energy demand is not adequately represented by road mileage statistics. They
were instead assessed through a separate operating-hour-based sensitivity scenario. This
separation was necessary to avoid combining fundamentally different activity metrics within
the same calculation framework [12,14,15].

2.4. Annual vehicle-kilometre estimation

Annual mobility was estimated by multiplying the number of vehicles in each category by the
average annual distance travelled by that vehicle category. Since province-specific vehicle-
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kilometre data were not available, national average annual mileage values by vehicle category
were used as proxy activity factors. The annual vehicle-kilometres travelled by vehicle category
were calculated as: [9,12].

[VKT; = N; x d;] (2)

where (VKT;) is the annual vehicle-kilometres travelled by vehicle category (i), (N;) is the
number of vehicles in category (i), and (d;) is the average annual distance travelled per vehicle
in the same category.

The total annual road mobility, excluding tractors, was obtained by summing the vehicle-
kilometres of all road vehicle categories:

[VKTroad = Zi VKTL] (3)
where (VKT,,,q) represents the total annual vehicle-kilometres of road vehicles in Erzincan.

This approach allowed the current vehicle stock to be converted into an annual mobility
indicator that could subsequently be linked to electric vehicle energy consumption coefficients.

2.5. Electricity demand of fully electrified road vehicles

The electricity demand of a fully electrified road fleet was estimated by assigning a vehicle-
category-specific electric energy consumption coefficient to each vehicle group. Because real-
world electric vehicle energy consumption varies depending on vehicle mass, driving cycle,
topography, ambient temperature, payload, auxiliary loads, and driving behaviour, the
consumption coefficients were expressed as lower and upper values rather than single-point
estimates [13].

The traction-side electricity demand of each vehicle category was calculated as:
[Etr,i = VKTL X el-] (4)

where (E,;;) is the annual traction-side electricity demand of vehicle category (i), (VKT;) is

the annual vehicle-kilometres travelled, and (e;) is the electric energy consumption coefficient
in kWh/km.

To represent the electricity drawn from the grid, charging losses were added to the traction-side
demand. A charging loss factor of 5% was assumed: [13].

[Egrid,i =E.; X (1+2)] ®))

where (Egrid‘i) is the grid-side electricity demand of vehicle category (i), and (1) is the charging
loss coefficient. In this study, (4 = 0.05).

The total grid-side electricity demand for road vehicles was then calculated as:
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[E grid,road = Zi E grid,i] (6)

where (E orid, mad) is the annual grid-side electricity demand of the fully electrified road vehicle
fleet.

For each vehicle category, lower and upper energy demand values were calculated by using the
lower and upper limits of the corresponding electric energy consumption coefficient. Thus, the
model produced an electricity demand interval rather than a single deterministic value [13].

2.6. Tractor electrification sensitivity scenario

Agricultural tractors were not included in the main road vehicle-kilometre scenario because
tractor activity is more appropriately represented by operating hours than by road distance.
Therefore, a separate sensitivity scenario was developed for tractors. The annual electricity
demand of electrified tractors was estimated using the number of tractors, average annual
operating hours, and hourly electricity consumption [14,15].

The traction-side annual electricity demand of tractors was calculated as:

[Etr,tractor = Ntractor X hyear X ehour] (7)

where (Etr, tractor) is the annual traction-side electricity demand of tractors, (Nyacor) 1S the
number of registered tractors, (hyear) is the average annual operating time in hours per year,

and (ey,,,) 1s the hourly electricity consumption in kWh/h.

The corresponding grid-side demand was calculated by applying the same charging loss factor
used for road vehicles:

[Egrid,tractor = Etr,tractor X (1 + A)] (8)

The total fleet electricity demand including tractors was then obtained as:

[Egrid,total = Egrid,road + Egrid,tractor] (9)

This sensitivity scenario was included to show the possible additional electricity burden
associated with agricultural vehicle electrification. However, because tractor operation depends
strongly on farm size, soil condition, implement type, seasonal workload, and agricultural
production pattern, the tractor results were interpreted as indicative rather than definitive
[14,15].

2.7. Canal-top PV system sizing

The canal-top PV system was sized to supply the annual grid-side electricity demand calculated
for the full electrification scenarios. The required installed PV capacity was calculated using
the specific annual PV yield derived from an existing solar power plant in Erzincan. The
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specific annual yield was expressed in kWh/kWp-year and used as the conversion factor
between annual electricity demand and installed PV capacity [11].

The required installed PV capacity was calculated as:

(10)

E41igx1000
_ Egrid
[P =52

Ypv

where (Ppy) is the required installed PV capacity in kWp, (Egrid) is the annual grid-side
electricity demand in GWh/year, and (Ypy ) is the specific annual PV yield in kWh/kWp-year.

The number of PV modules required was calculated as:

[N = 52| (1)

module

where (Npanel) is the number of PV modules and (P,qu10) is the rated power of one PV module
in kWp.

The canal-top installation length was calculated by first determining the installed PV capacity
per kilometre of canal. A continuous canal coverage width of 5 m was assumed. Therefore, the
theoretical PV coverage area per kilometre of canal was: [16].

[Akm = Weanal X 1000] (12)

where (Ay,,) is the theoretical coverage area per kilometre of canal in m? and (W,,) is the
assumed canal coverage width in m.

The number of modules that could be installed per kilometre was calculated by dividing the
available coverage area by the area of a single PV module:

[Npanel,km = ﬂ] (13)

Amodule

where (Npanel, km) is the number of modules per kilometre and (A,,oqu1c) 18 the area of one PV

module.

The installed capacity per kilometre was then calculated as:

[Pin = Npanelkam X Prnodute] (14)
where (P,,,) is the installed PV capacity per kilometre of canal.

Finally, the required canal coverage length was calculated as:

| Leana = 22| (15)

Pxm
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where (L.yna) is the required theoretical canal-top PV coverage length in km.

The ratio of the required canal coverage length to the total reported irrigation canal length was
calculated as: [10].

|Reanat = 72 x 100 (16)
available

where (R 1) is the percentage of the reported canal length required for PV coverage, and

(Lavailable) 18 the total reported irrigation canal length in Erzincan.

2.8. Investment cost estimation

Investment cost was estimated using two benchmark approaches. The first approach used a
conventional utility-scale PV investment cost and therefore represented a lower-bound
reference. The second approach used a canal-top PV benchmark cost and therefore represented
a more conservative estimate because canal-top PV systems require additional structural
supports, canal-spanning elements, maintenance access solutions, and site-specific engineering
[8,17].

The investment cost based on the utility-scale PV benchmark was calculated as:
[Cutitity = Pev X Cuitity] (17)
where (Cutility) is the estimated investment cost and (cmﬂity) is the unit cost of utility-scale PV.

The investment cost based on the canal-top PV benchmark was calculated as:

[Ccanal = PPV X Ccanal] (18)

where (C,,na1) is the estimated canal-top PV investment cost and (c.,p,1) 1S the unit cost of canal-
top PV.

Both cost estimates were reported as indicative investment ranges. Operation and maintenance
costs, inverter replacement, land acquisition, grid connection reinforcement, financing cost,
permitting cost, and possible savings from reduced water evaporation were not monetised in
the base calculation. Therefore, the cost analysis should be considered a preliminary capital
expenditure comparison rather than a full techno-economic assessment [8,17].

2.9. Scenario structure and interpretation

Two main electricity demand scenarios were evaluated. The first scenario included only road
vehicles and represented the core transport electrification case. The second scenario included
road vehicles and tractors and represented an expanded full-fleet electrification case. For each
scenario, lower and upper electricity demand values were calculated using the corresponding
lower and upper energy consumption coefficients.
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The same PV sizing procedure was then applied to both scenarios. This allowed the required
installed PV capacity, number of PV panels, canal coverage length, canal utilisation ratio, and
investment cost range to be compared across the road-only and total-fleet cases.

The proposed framework should be interpreted as a transparent preliminary feasibility model.
It does not identify exact canal segments suitable for PV installation and does not replace a
project-level engineering design. However, it provides a replicable calculation structure for
estimating whether the annual electricity demand of a fully electrified provincial vehicle fleet
is theoretically compatible with the physical scale of an existing irrigation canal network.

3. RESULTS AND DISCUSSION
3.1. Vehicle stock structure and annual mobility

The registered motor vehicle stock in Erzincan consisted of 83,848 vehicles. Passenger cars
constituted the largest group, followed by motorcycles, light commercial vehicles, tractors,
trucks, minibuses, buses, and special-purpose vehicles. This distribution indicates that the
electrification burden of the province cannot be represented by passenger cars alone. Although
passenger cars dominate the registered fleet, commercial vehicles, buses, trucks, and
motorcycles also make a measurable contribution to total annual mobility and electricity
demand [9].

The annual vehicle-kilometre calculation showed that road vehicles in Erzincan generated
approximately 960.19 million km of mobility per year, excluding tractors. Passenger cars were
responsible for the largest share of this activity, with 517.22 million km/year. Light commercial
vehicles followed with 215.62 million km/year, while motorcycles generated 116.83 million
km/year. Trucks, minibuses, buses, and special-purpose vehicles contributed 46.97, 37.53,
18.84, and 7.18 million km/year, respectively [9,12].

Table 1. Annual vehicle-kilometre estimation for the road vehicle fleet in Erzincan [9,12]

A 1
verage anaua Annual mobility

Vehicle category Vehicle stock distance (million km/year)
(km/year)

Passenger car 37,320 13,859.09 517.22
Minibus 1,506 24,917.20 37.53

Bus 536 35,150.28 18.84

Light commercial vehicle 13,506 15,964.57 215.62
Truck 2,146 21,886.85 46.97

Motorcycle 19,815 5,896.16 116.83
Special-purpose vehicle 399 18,000.45 7.18

Total, excluding tractors — — 960.19
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The results show that passenger cars alone accounted for approximately 53.9% of total road
vehicle mobility in Erzincan. Light commercial vehicles represented approximately 22.5%, and
motorcycles represented approximately 12.2%. These three categories together accounted for
nearly 88.6% of total annual road mobility. Therefore, passenger cars, light commercial
vehicles, and motorcycles are the most influential categories in determining the scale of electric
mobility demand in the province.

This result has two important implications. First, passenger car electrification would be the
dominant driver of electricity demand because of both the number of vehicles and their high
cumulative annual mileage. Second, electrification policies focused only on passenger cars
would still leave a considerable portion of provincial mobility outside the transition. Light
commercial vehicles and motorcycles should also be included in local electric mobility
planning, particularly because these categories are often used intensively in urban and peri-
urban transport.

3.2. Electricity demand under full road fleet electrification

The traction-side electricity demand of the fully electrified road vehicle fleet was calculated as
252.62-373.56 GWh/year. After including a 5% charging loss, the corresponding grid-side
electricity demand increased to 265.25-392.24 GWh/year. This interval represents the annual
electricity that would need to be supplied by the grid or by local renewable generation if the
existing road vehicle fleet in Erzincan were fully electrified [9,12,13].

Passenger cars had the largest electricity demand among all vehicle categories. Their grid-side
electricity requirement was calculated as 108.62—141.20 GWh/year. Light commercial vehicles
followed with 70.18-95.09 GWh/year. Although buses represented a small share of the vehicle
stock, their high energy consumption per kilometre resulted in a grid-side demand of 23.74—
34.42 GWh/year. Trucks required 42.91-54.74 GWh/year, while minibuses required 13.79—
58.71 GWh/year. The wide demand range for minibuses reflects the broad variation in electric
consumption values for this category.

Table 2. Electricity demand of the fully electrified road vehicle fleet [9,12,13]

Electricity Traction-side Grid-side
Vehicle category consumption energy demand electricity demand
coefficient (GWh/year) (GWh/year)
Passenger car 0.20-0.26 kWh/km  103.44-134.48 108.62—-141.20
Minibus 0.35-1.49 kWh/km 13.13-55.91 13.79-58.71
Bus 1.20-1.74 kWh/km 22.61-32.78 23.74-34.42
Light commercial vehicle ~ 0.31-0.42 kWh/km 66.84-90.56 70.18-95.09
Truck 0.87-1.11 kWh/km 40.86-52.14 42.91-54.74
Motorcycle 0.03-0.04 kWh/km 3.50-4.67 3.68—4.91
Special-purpose vehicle 0.31-0.42 kWh/km 2.23-3.02 2.34-3.17
Total road vehicles — 252.62-373.56 265.25-392.24
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The results indicate that full fleet electrification would create a sizeable additional electricity
demand at the provincial scale. However, the magnitude of this demand should not be
interpreted only as a burden on the electricity grid. If planned together with distributed
renewable energy generation, electric vehicle demand can also create an opportunity for local
energy transition. In this study, the calculated demand range was therefore used as the basis for
canal-top PV sizing.

The lower and upper limits of the electricity demand range are also important for planning. The
lower value may represent favourable operating conditions, efficient vehicles, lower payloads,
and moderate auxiliary energy use. The upper value may represent heavier vehicles, colder
periods, higher auxiliary loads, more demanding topography, or less efficient driving
conditions. Since Erzincan has seasonal climatic variation and mountainous regional
characteristics, the use of an interval rather than a single value provides a more cautious
planning basis [13].

3.3. Tractor electrification sensitivity scenario

Agricultural tractors were assessed separately because their operating profile differs from road
vehicles. Instead of vehicle-kilometres, annual working hours and hourly electricity
consumption were used. Under the assumed tractor operating scenario, the traction-side
electricity demand of tractors was calculated as 43.1-129.3 GWh/year. When a 5% charging
loss was included, the grid-side electricity demand increased to 45.26-135.77 GWh/year
[14,15].

When tractors were added to the road vehicle scenario, the total fleet electricity demand
increased from 265.25-392.24 GWh/year to 310.51-528.00 GWh/year. This represents a
substantial increase, especially at the upper boundary. The inclusion of tractors increased the
lower-bound grid-side demand by approximately 17.1% and the upper-bound demand by
approximately 34.6% [13—15].

This finding shows that agricultural machinery electrification may become a non-negligible
component of rural electricity planning. Although electric tractors are not yet as widely
deployed as electric passenger cars, their potential future adoption could significantly affect
local electricity demand in agricultural provinces. For regions such as Erzincan, where
agricultural activity and irrigation infrastructure coexist, tractors should be considered in long-
term electrification scenarios, even if they are treated separately from conventional road
vehicles [15].

Nevertheless, the tractor results should be interpreted with caution. Tractor electricity demand
depends on soil conditions, implement type, field size, seasonal workload, traction requirement,
battery capacity, and the power rating of the electric tractor. Therefore, field-based
measurement campaigns would be necessary to refine this component of the analysis. In the
present study, the tractor scenario is best understood as a sensitivity case showing the possible
additional energy burden of agricultural vehicle electrification.
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3.4. Canal-top PV capacity required to supply electric vehicle demand

The canal-top PV system was sized using a specific annual PV yield of 1,550 kWh/kWp-year.
Under this assumption, supplying only the road vehicle electricity demand would require
171.1-253.1 MWp of installed PV capacity. This corresponds to approximately 295,054—
436,302 PV modules rated at 580 W and 152.4-225.4 km of canal-top PV coverage [11,16].

When tractors were included, the required installed PV capacity increased to 200.3—340.6
MWp. The corresponding number of PV modules increased to 345,394-587,320, while the
required canal-top coverage length increased to 178.4-303.4 km [10,11,16].

Table 3. Canal-top PV requirement for meeting the calculated electricity demand [10,11,16]

Required Share of

Gridside  Required  Numberof =\ 0 748 km

Scenario demand PV capacity S0 W coverage canal
h M 1

(GWhiyear)  (MWp)  modules ,  oth (km) length (%)

Roadvehicles 5653 3002 1701125301 20000 15242054 204301
only 436,302
Total ﬂeet, 345,394

including ~ 310.5-5280 2003-340.6 0 178.4-3034  23.9-40.6

tractors ’

The required canal-top PV coverage remained below the reported total irrigation canal length
of 748 km in both scenarios. For road vehicles only, the calculated PV coverage would require
approximately 20.4—-30.1% of the total reported canal length. When tractors were included, this
ratio increased to 23.9—40.6%. From a purely length-based perspective, these results indicate
that the existing canal network has sufficient theoretical scale to host the canal-top PV capacity
needed to meet the annual electricity demand of full fleet electrification [10,11,16].

However, this does not mean that all required PV capacity can be directly installed without
project-level constraints. The total canal length represents an upper technical indicator rather
than an immediately usable construction length. In practice, some canal segments may be
unsuitable because of narrow sections, structural limitations, access roads, bridges, settlements,
vegetation, maintenance requirements, hydraulic structures, shading, unstable ground
conditions, or insufficient grid connection capacity. Therefore, the calculated canal length
requirement should be interpreted as a preliminary feasibility result. A detailed geographic
information system-based route analysis would be needed to identify the technically,
economically, and environmentally suitable canal segments [4,5,8].

The findings also show the importance of installed capacity per kilometre. Under the assumed
5 m coverage width and selected PV module dimensions, 1 km of canal-top coverage
corresponds to approximately 1.1226 MWp of installed capacity. This parameter directly
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controls the required canal length. Wider canal coverage, higher-efficiency modules, bifacial
gain, or optimised module arrangement could reduce the required canal length, while spacing
requirements, maintenance gaps, structural interruptions, and shading losses could increase it
[16].

3.5. Investment cost implications

The investment cost was calculated using two benchmark approaches. The utility-scale PV
benchmark represents a lower-cost reference, while the canal-top PV benchmark provides a
more conservative estimate that better reflects the additional structural and engineering
requirements of canal-top systems [8,17].

For the road vehicle scenario, the estimated investment cost was 118.3—174.9 million USD
under the utility-scale PV benchmark. Under the canal-top PV benchmark, the cost increased
to 221.1-326.9 million USD. For the total fleet scenario including tractors, the estimated cost
was 138.4-235.4 million USD under the utility-scale benchmark and 258.8-440.1 million USD
under the canal-top PV benchmark [8,17].

Table 4. Estimated investment cost for the required PV capacity [8,17]

Scenario Required PV Utility-scale PV Canal-top PV cost
capacity (MWp) cost (million USD) (million USD)
Road vehicles only 171.1-253.1 118.3-174.9 221.1-326.9
Total fleet, includi
otal fleet, including 5 3 3406 138.4-235.4 258.8-440.1

tractors

The cost difference between the two benchmarks is considerable. This difference is expected
because canal-top PV systems require more complex support structures than conventional
ground-mounted systems. In canal-top applications, the structural design must ensure hydraulic
safety, maintenance access, resistance to wind and snow loads, corrosion protection, long-term
stability, and compatibility with canal operation. Therefore, using only utility-scale PV cost
values may underestimate the actual capital requirement of canal-top PV deployment [4,5,8].

On the other hand, the higher investment cost of canal-top PV should be evaluated together
with its co-benefits. Unlike conventional ground-mounted PV, canal-top PV can preserve
agricultural land, reduce evaporation losses, potentially improve module operating temperature,
and make productive use of existing infrastructure corridors. These benefits are not directly
monetised in the present cost calculation. If avoided land occupation, water savings, reduced
vegetation growth, lower canal maintenance, and improved PV operating performance were
included, the relative attractiveness of canal-top PV could improve [4,6,7].

Therefore, the cost estimates in this study should be considered preliminary capital expenditure
ranges rather than complete economic feasibility results. A full techno-economic assessment

40



Demirci et al. EJSAT 2026, EES’26, 26-45

would require local engineering design, detailed bill of quantities, grid connection analysis,
operation and maintenance cost estimation, financing assumptions, degradation rates,
electricity price scenarios, water-saving valuation, and life-cycle cost analysis.

3.6. Integrated energy—water—transport interpretation

The results suggest that canal-top PV could theoretically supply the annual electricity demand
of a fully electrified provincial vehicle fleet in Erzincan. This finding is important because it
links three infrastructure systems that are usually planned separately: transport, electricity
generation, and irrigation. In the proposed framework, vehicle electrification creates additional
electricity demand, canal-top PV provides a land-sparing renewable energy supply option, and
irrigation canals provide the physical corridor for PV deployment [4-8].

The main originality of the study lies in this integrated perspective. Most electric vehicle studies
focus on vehicle adoption, charging infrastructure, or grid load. Most canal-top PV studies focus
on solar generation, evaporation reduction, or water infrastructure. In contrast, the present study
connects the annual electricity demand of full provincial fleet electrification with the physical
capacity of canal-top PV infrastructure. This provides a practical planning metric: the number
of kilometres of canal-top PV coverage required to electrify the existing vehicle fleet [1,2,4-8].

For Erzincan, the results indicate that approximately one-fifth to two-fifths of the reported canal
network length could theoretically be sufficient, depending on whether tractors are included
and whether lower or upper electricity consumption coefficients are used. This finding does not
prove project feasibility at the construction level, but it shows that the scale of the energy
demand and the scale of the canal network are broadly compatible. In other words, the concept
is not rejected at the preliminary energy-balance stage.

This has broader implications for provincial energy planning. If electric vehicles are supplied
mainly by fossil-based grid electricity, the decarbonisation benefit of transport electrification
may be reduced. If, however, part of the electricity demand is supplied by local renewable
systems that do not compete strongly for agricultural land, the transition can become more
coherent from an energy, land, and water perspective. Canal-top PV is therefore not only a
generation technology, but also a spatial planning strategy for integrating renewable energy into
already-used infrastructure corridors [1,4,6,7].

3.7. Practical constraints and uncertainty

The results should be interpreted with several limitations. First, the annual vehicle-kilometre
values were estimated using national average mileage data by vehicle category. Province-
specific mileage values were not available. Therefore, the actual mobility of vehicles in
Erzincan may differ from the values used in the calculation because of regional travel
behaviour, urban—rural distribution, road network structure, climate, topography, and economic
activity [12].
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Second, electric vehicle energy consumption coefficients were used as ranges. This approach
reflects uncertainty but does not fully capture real-world variation. Actual electricity
consumption may be affected by battery size, powertrain efficiency, vehicle age, payload,
auxiliary heating and cooling, road gradient, driving speed, traffic conditions, and seasonal
temperature. Erzincan’s climatic and topographic characteristics may be particularly relevant
for winter driving and intercity routes [13].

Third, the PV sizing was based on a single specific annual yield value derived from an existing
solar power plant in Erzincan. Although this provides a locally grounded assumption, PV yield
may vary across canal segments depending on orientation, tilt angle, shading, inverter
configuration, module temperature, soiling, bifacial gain, and maintenance quality. In addition,
canal-top PV modules may operate under different thermal and optical conditions than
conventional ground-mounted PV systems [11,16].

Fourth, the canal length requirement was calculated using a theoretical continuous coverage
width. In real applications, continuous canal coverage may not be possible. Bridges, service
roads, pumping stations, hydraulic control structures, settlements, safety zones, vegetation,
snow load considerations, and maintenance corridors may reduce the available installation
length. Therefore, the reported canal utilisation ratios should be treated as theoretical upper-
level indicators [4,5,8,10].

Fifth, the study was conducted on an annual energy basis. It did not model hourly PV
generation, hourly electric vehicle charging demand, battery storage, grid constraints,
transformer capacity, curtailment, or demand-side management. Annual electricity balance is a
necessary first step, but it is not sufficient for final system design. Future research should
therefore integrate hourly PV generation profiles with charging demand scenarios and local grid
capacity [2,13].

Despite these limitations, the study provides a transparent and replicable framework for
preliminary planning. By combining official vehicle stock data, annual mobility estimation,
electric vehicle consumption coefficients, local PV yield, module specifications, canal length,
and investment benchmarks, the study demonstrates how provincial transport electrification can
be quantitatively linked to canal-top solar energy potential. This framework can be adapted to
other provinces with irrigation infrastructure and increasing electric mobility demand [9-17].

4. CONCLUSION

This study assessed whether the annual electricity demand that would arise from the full
electrification of the existing motor vehicle fleet in Erzincan could theoretically be supplied by
canal-top photovoltaic systems. By integrating official vehicle stock data, vehicle-kilometre
statistics, electric vehicle energy consumption coefficients, tractor operating assumptions, local
PV generation data, module specifications, and canal length information, a transparent
provincial-scale preliminary feasibility framework was developed [9-17].
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The results showed that the registered road vehicle fleet in Erzincan, excluding tractors,
generates approximately 960.19 million vehicle-kilometres of annual mobility. Under a full
electrification scenario, this mobility would require 252.62-373.56 GWh/year of traction-side
electricity. When charging losses were included, the corresponding grid-side electricity demand
increased to 265.25-392.24 GWh/year. Passenger cars and light commercial vehicles were the
dominant contributors to this demand because of their combined effect of high vehicle numbers
and high annual mobility. Therefore, these vehicle categories should be considered priority
groups in provincial electric mobility planning [9,12,13].

The tractor sensitivity scenario showed that agricultural vehicle electrification could create an
additional and non-negligible electricity burden. When tractors were included, the total grid-
side electricity demand increased to 310.51-528.00 GWh/year. This finding indicates that
electrification planning in agricultural provinces should not be limited to conventional road
vehicles. Although tractor electrification is still an emerging transition pathway, its potential
future electricity demand may become important in regions where agricultural activity is
significant [14,15].

The canal-top PV sizing results indicated that meeting the electricity demand of road vehicles
alone would require approximately 171.1-253.1 MWp of installed PV capacity, corresponding
t0 295,054-436,302 PV modules rated at 580 W and 152.4-225.4 km of canal-top PV coverage.
When tractors were included, the required installed capacity increased to 200.3—-340.6 MWp,
corresponding to 345,394-587,320 PV modules and 178.4-303.4 km of canal-top coverage.
These values represented approximately 20.4-30.1% of the reported 748 km canal length for
the road vehicle scenario and 23.9-40.6% for the total fleet scenario including tractors
[10,11,16].

From a theoretical annual energy-balance perspective, the existing irrigation canal network in
Erzincan appears to have sufficient length to host the canal-top PV capacity required to supply
the electricity demand of full vehicle fleet electrification. However, this result should not be
interpreted as direct project feasibility. The reported canal length represents a technical upper
indicator, whereas actual implementation would depend on canal geometry, structural
suitability, hydraulic constraints, maintenance access, shading conditions, grid connection
capacity, land ownership, permitting, and investment financing [10].

The investment cost analysis showed that the required PV capacity would correspond to 118.3—
174.9 million USD under a utility-scale PV benchmark and 221.1-326.9 million USD under a
canal-top PV benchmark for the road vehicle scenario. For the total fleet scenario including
tractors, the cost range increased to 138.4-235.4 million USD under the utility-scale benchmark
and 258.8-440.1 million USD under the canal-top PV benchmark. The difference between these
two cost ranges highlights the importance of accounting for the additional structural and
engineering requirements of canal-top PV systems. Nevertheless, canal-top PV may provide
co-benefits that are not fully reflected in the capital cost comparison, such as agricultural land
preservation, evaporation reduction, possible PV temperature reduction, and productive use of
existing infrastructure corridors [8,17].
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The main contribution of this study is the development of an integrated energy—water—transport
assessment framework at provincial scale. Unlike studies that examine electric vehicle
electricity demand or canal-top PV potential separately, this study linked the electricity demand
of full fleet electrification with the physical scale of an existing irrigation canal network. This
approach provides a practical preliminary planning metric: the canal-top PV capacity and canal
coverage length required to support the electrification of an existing provincial vehicle fleet
[1,2,4-8].

Future studies should improve this preliminary framework by using province-specific vehicle-
kilometre data, real-world electric vehicle consumption measurements, seasonal charging
profiles, hourly PV generation data, local grid capacity information, and geographic
information system-based canal suitability analysis. In addition, the economic assessment
should be expanded by including operation and maintenance costs, inverter replacement,
storage requirements, grid reinforcement, financing structure, electricity price scenarios, water-
saving benefits, and life-cycle environmental impacts. Such developments would allow canal-
top PV-supported transport electrification to be evaluated not only as an annual energy-balance
concept, but also as a technically, economically, and environmentally grounded infrastructure
planning strategy [2,13].
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Abstract

The global energy transition and sustainable transportation policies are rapidly accelerating the adoption of
electric vehicles (EVs), necessitating integrated planning of charging infrastructure. Supply instability in global
energy markets and rising costs have made reducing fossil fuel dependence in the transportation sector a
strategic necessity. This study presents a model integrating Geographic Information Systems and Multi-Criteria
Decision Analysis to identify optimal locations for EV charging stations in Erzincan city center, situated at the
intersection of Turkey’s critical transportation corridors. The analysis is structured around six core criteria:
energy demand scores derived from building morphology, proximity to transformer substations, primary
transportation networks, existing gas stations, current charging units, and urban green spaces. Kernel Density
analysis was utilized to model building-based energy demand, while Euclidean Distance was employed for
accessibility parameters. Spatial datasets were synthesized using the Weighted Overlay method. The findings
reveal that the highest suitability scores are concentrated around the "Dértyol" junction and its commercial
surroundings, which serve as the city's commercial and transportation hub. Furthermore, the study identifies a
unique local characteristic: 93.47% of the electric vehicle fleet in Erzincan consists of motorcycles, highlighting
the need for local planning strategies to incorporate electric motorcycle-oriented charging solutions.
Keywords: Erzincan, Electric Vehicle, Location Selection Analysis, GIS, Energy Planning

Erzincan Kent Merkezinde Elektrikli Arag Sarj Istasyonlari i¢cin Optimum Yer
Secimi: Cografi Bilgi Sistemleri Tabanh Cok Kriterli Karar Analizi

Oz

Kiiresel olgekte yasanan enerji doniisimii ve siirdiiriilebilir ulasim politikalari, elektrikli araglarin (EA)
kullanimini hizla artirmakta ve biitiinciil bir sarj altyapisi planlamasint zorunlu kilmaktadir. Kiiresel enerji
piyasalarindaki arz istikrarsizlig1 ve yiikselen maliyetler, ulasim sektoriinde fosil yakit bagimliligini azaltmay1
stratejik bir gereklilik haline getirmistir. Bu ¢alisma, Tiirkiye’nin kritik ulasim koridorlarinin kesisiminde yer
alan Erzincan kent merkezinde, EA sarj istasyonlari i¢in en uygun konumlarin belirlenmesi amaciyla Cografi
Bilgi Sistemleri ve Cok Kriterli Karar Verme tekniklerini entegre eden bir model sunmaktadir. Analiz siireci;
bina morfolojisi tabanli enerji talep skoru, trafo merkezleri, ana ulagim aglari, akaryakit istasyonlari, mevcut
sarj iiniteleri ile park ve yesil alanlar olmak iizere alt1 temel kriter {izerinden kurgulanmistir. Bina tabanli talep
yogunlugu i¢in "Kernel Density", erisilebilirlik parametreleri i¢in "Euclidean Distance" analizleri kullanilmis
ve veriler "Weighted Overlay" yontemiyle sentezlenmistir. Analiz sonuglari, en yiiksek uygunluk alaninin
kentin ticari ve ulagim merkezi olan Dortyol mevkii ve ¢evresinde yogunlastigint gostermektedir. Ayrica,
Erzincan’daki elektrikli ara¢ parkinin %93,47 gibi baskin bir oraninin motosikletlerden olusmasi, yerel
planlama stratejilerinin elektrikli motosiklet kullanicilarina yonelik sarj ¢oziimlerini de igermesi gerektigini
ortaya koymustur.
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1. INTRODUCTION

Deepening geopolitical tensions on a global scale (e.g., Israel-Iran and Russia—Ukraine) and
threats to energy supply security have made reducing fossil-fuel dependence in the transport
sector a strategic imperative. The unpredictable fluctuations observed in energy costs in recent
years, together with the need to minimize carbon emissions within the broader framework of
combating climate change (Figure 1), have further heightened the importance of transitioning
to low-carbon alternative transport systems. This imperative has accelerated the shift toward
such systems, leading electric vehicle technologies to be increasingly preferred by a broader
range of users and to gain a growing share of the global vehicle fleet [1-2]

Tanvencon RUSSIA-Ukraine war

Iran-Israel Conflict 120,00
110,00
90,00
80,00
70,00
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May Byl 2022 May Eyl 2023 May Eyl 2024 May Eyl 2025 2026

1Y TradingView

Figure 1. Trend in Brent Crude Oil Prices (2020 — 2026) [3]

International agreements to which Tiirkiye is a party, particularly the Paris Agreement and the
Kyoto Protocol, together with the country’s dependence on imported fossil fuels, have
contributed to the growth in the number of electric vehicles nationwide. Owing to their low or
zero emission levels, high energy efficiency, and capacity for integration with renewable energy
sources, electric vehicles constitute one of the most powerful strategic instruments for achieving
the “net-zero emissions” vision of the Paris Agreement [4-6]. Strategic frameworks adopted at
the international level to combat climate change, such as the Paris Agreement [7-9] and the
European Green Deal, have triggered a radical decarbonization process in the transport sector.
While the number of electric vehicles in Tiirkiye was approximately 15,000 at the beginning of
2023, this figure had reached 100,000 by 2024 [10].

The transition to low-carbon vehicle technologies, as an integral component of sustainable
transportation strategies at the global scale, has brought about a marked transformation in
Tiirkiye’s motor vehicle fleet. The number of motor vehicles in Tiirkiye has increased
substantially over the last three decades, in parallel with demographic growth and economic
development. According to data from the Turkish Statistical Institute (TUIK), the total number
of vehicles, which stood at 5,922,859 in 1995, reached 33,612,650 by 2025, corresponding to
an increase of approximately 467% [11]. In Erzincan Province, the number of vehicles rose
from 20,513 in 1995 to 83,609 in 2025, representing a marked increase of 307.6% [12] (Table

).
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Table 1. Comparative Development of the Vehicle Fleet and Electric Vehicle Technologies in
Tiirkiye and Erzincan Province

Tiirkiye Erzincan Tiirkiye Erzincan Tiirkiye Erzincan
Year
Total Number of Vehicles E. Automobiles E. Motorcycles

1995 5.922.859 20.513 - - - -
2000 8.320.449 24.521 - = - -
2005 11.145.826 30.228 - - - -
2010 15.095.603 39.535 - = - -
2015 19.994.472 51.717 - - - -
2020 24.144.857 61.478 2.797 0 45.866 83
2025 33.612.650 83.609 370.591 271 826.908 3.943

The total number of vehicles powered by electricity reached 1,200,660 in 2025, corresponding
to an overall penetration rate of 3.57% within the total vehicle fleet (TUIK, 2025). Motorcycles
constitute the dominant share of the total electric vehicle stock, accounting for 68.8% (826,908
units), while passenger cars represent the secondary segment with a total of 370,591 units
(TUIK, 2025). When conventional micromobility solutions (motorcycles) and special-purpose
vehicles are excluded from the analysis, the rate of electric vehicle adoption among the main
vehicle groups with four or more wheels in Tiirkiye is calculated at 1.11% (TUIK, 2025) (Table
2). In parallel with this rapid expansion, the number of charging points (sockets) increased to
17,233 as of April 2024 [13]. Projections indicating that the number of electric vehicles will
reach between 3.3 and 4.4 million by 2035 make it a strategic necessity to optimize urban
charging infrastructure through GIS-based methods and to reorganize urban spaces in
coordination with energy grids as part of the transition to low-carbon mobility [13].

Electric vehicle adoption in Erzincan Province diverges markedly from the national pattern
observed in Tiirkiye. Of the province’s 83,609 registered vehicles, 4,218 are equipped with
electric powertrains (TUIK, 2025). However, 93.47% of this electric vehicle stock consists of
motorcycles, indicating that low-carbon mobility preferences in Erzincan are driven
overwhelmingly by individual micromobility rather than by the passenger car segment. By
contrast, only 271 electric passenger cars are registered in the province. This demonstrates that
the prevalence of electric vehicles in the passenger car category remains limited to 0.33% in
Erzincan, a level approximately 3.3 times lower than the national average of 1.11% (TUIK,
2025). Moreover, the transition to electric powertrain technologies in commercial logistics
vehicles and public transport fleets, including buses, minibuses, and heavy-duty vehicles, has
not yet reached even an incipient stage at the provincial scale (TUIK, 2025). Although the total
number of electric vehicles per 1,000 inhabitants in Erzincan exceeds the national average by
26.6%, the corresponding figure for passenger cars remains 74.4% below the national mean.
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Taken together, these findings indicate that the electrification profile of Erzincan is shaped
predominantly by the exceptionally high prevalence of electric motorcycles (Table 2).

Table 2. Comparative Analysis of Motor Vehicle and Electric Vehicle Use Indicators in
Tiirkiye and Erzincan Province, 2025

Vehicle Groups . . Erzincan's Share of National
Tirkiye | Erzincan Total

Vehicle Inventory (Units)
Electric Passenger Cars 370,591 271 0.07%
Motorcycles (Electric) 826,908 3,943 0.47%
Other Electric Vehicles (Commercial) 3,161 4 0.12%
Total Electric Vehicles 1,200,660 4,218 0.35%
Total Vehicles 33,612,650 83,609 0.25%
Demographic Indicators Difference vs. National Average
Total Population 86,092,168 | 239,625 —
Total Vehicles per 1,000 Inhabitants 390.4 348.9 -10.6%
Total EVs per 1,000 Inhabitants 13.9 17.6 +26.6%
Electric Passenger Cars per 1,000
Inhabitants 43 1.1 -74.4%
Penetration Rates Relative Difference
Share of EVs in the Total Vehicle Fleet 3.57% 5.04% +41.1%

* The data were compiled from the Central Data Distribution System (MEDAS) of the Turkish Statistical Institute (TUIK, 2025).

The main objective of this study is to determine the most spatially suitable and efficient
locations for the deployment of electric vehicle charging stations (EVCSs) in the urban center
of Erzincan through the integrated analysis of urban morphology, energy infrastructure, and
indicators of urban energy consumption potential.

To this end, the study addresses the following research questions:

1. Which areas in the urban center of Erzincan demonstrate the highest spatial suitability for
EVCS deployment based on building-use intensity, grid infrastructure (transformer locations),
and major transportation corridors?

2. Is there a need for EVCS provision in newly developing urban areas?
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3. What concrete planning measures should be proposed for the identified optimal locations in
order to enhance energy supply security and reduce investment costs?

2. METHOD

A GIS-based Multi-Criteria Decision-Making (MCDM) model was adopted to determine the
most suitable locations for electric vehicle charging stations (EVCSs) in the city center of
Erzincan.

2.1. Data

The data underpinning this study were obtained from multiple sources and processed for
analysis. Building data were derived from polygon layers provided by the Erzincan
Municipality Directorate of Public Works, and the footprint area of each building, the number
of floors (ZEMINUSTUK), and use type (TIP: 1-Residential, 2—Public, 3-Commercial) were
used as input variables in the analysis. Transportation network data, including street and road
layers, were downloaded from OpenStreetMap (OSM). Data on transformer centers, existing
charging stations, and urban amenity areas (parks and green spaces, and fuel stations) were
obtained through on-screen digitization using Google Earth Pro.

2.2. Spatial Analytical Techniques

The analysis was based on two main spatial analytical approaches: a demand-oriented approach
and an accessibility-oriented approach.

1. Energy Demand Modelling: Urban demand intensity was modelled using building data. In
this stage, an Energy Demand Score was calculated for each building using the formula
presented below, and this score was employed as a weighting variable in the Kernel Density
analysis. The aim of this approach is to produce a demand surface grounded not merely in
building counts, but in a more realistic estimate of energy consumption potential derived from
building use type and number of floors. In the calculation of the building-based energy demand
score (Demand_Score), coefficient values of 2.0 for commercial buildings (TIP = 3), 1.5 for
public buildings (TIP = 2), and 1.0 for residential buildings (TIP = 1) were assigned.

2.0 if TIP = 3 (Commercial)
Scorepemand = Area X Number of floors x {1.5 if TIP = 2 (Public)
1.0 if TIP = 1 (Residential)

2. Distance Surfaces: Individual distance surfaces were produced for transformers, major roads,
parks, fuel stations, and existing charging stations. This analysis was undertaken to identify the
spatial constraints and facilitating factors relevant to station siting, with particular reference to
energy infrastructure costs (proximity to transformers), accessibility (proximity to road
networks), proximity to urban amenities (parks and green spaces), and existing service
deficiencies (distance from current charging stations).
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2.3. Weight Assignment

To ensure comparability, all spatial layer outputs were standardized on a 1-10 scale using the
Reclassify tool. In this process, the highest score (10) was assigned to the nearest areas for
distance-based criteria where proximity provides an advantage, such as major roads,
transformers, and parks. In contrast, for inversely related criteria, including demand intensity
and distance from existing charging stations, the scoring logic was reversed; thus, areas with
the highest demand intensity were assigned the highest scores.

The identification of optimal locations was performed using the Weighted Overlay tool.
Criterion weights were determined with reference to the principles of widely accepted
approaches in the literature, including the Analytic Hierarchy Process (AHP) [13] and the Best—
Worst Method (BWM) [4], while also considering the urban dynamics specific to Erzincan:

Table 3: Weight Distribution of Environmental, Infrastructural, and Demand-Oriented
Criteria in EVCS Site Selection in Erzincan

Criterion Layer Weight (%)
Building Energy Demand 25%
Proximity to the Main Road Network 20%
Proximity to Transformers 15%
Proximity to Fuel Stations 15%

Distance from Existing Charging Stations (Gap) 15%

Proximity to Parks and Green Spaces 10%

TOTAL 100%

In the determination of criterion weights, multi-criteria decision-making (MCDM) studies in
the EVCS site-selection literature were used as the principal reference framework, and the
weights were refined through expert judgment considering Erzincan’s urban structure,
population density, and infrastructure capacity. The final suitability map generated through this
weighting scheme spatially delineates the most strategic EVCS locations in Erzincan.

3. FINDINGS

Erzincan exhibits a linear transportation structure shaped by development along the D100 and
E80 highway corridors. Distance analyses of the primary road network reveal that Halitpasa
Avenue, extending along the city’s east—west axis, together with the surrounding arterial routes,
displays the highest accessibility-based suitability values. This corridor represents the most
strategic charging corridor for electric vehicle (EV) users, both in sustaining the continuity of
local traffic flow and in facilitating efficient access to charging services (Figure 2).
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An examination of the city’s building distribution and morphological structure indicates that
the reconstruction process undertaken after the 1992 Erzincan earthquake has been the principal
determinant of the present urban settlement pattern. The wide streets and orderly development
established in the post-earthquake period directly support the spatial flexibility and technical
accessibility required for the installation of electric vehicle charging stations (EVCSs). Across
the overall urban fabric, buildings are generally characterized by earthquake-resistant
horizontal architecture and rarely exceed four storeys. In contrast, the neighbourhoods of Inénii,
Halitpasa, Kizilay, and Taksim—where commercial activities are concentrated—stand out for
their relatively taller building stock and higher concentration of public buildings compared with
other parts of the city. These areas have been identified as high-demand clusters where energy
demand exhibits clear spatial concentration. In addition, because they provide amenities in
which EV users can spend time during charging periods, such as retail and food-and-beverage
services, and because of their strategic locations, they display high suitability levels in the
analytical model. The findings indicate that Erzincan’s planned urban fabric provides a
favourable spatial basis for charging infrastructure; however, the charging network should be
expanded in a balanced manner from the city’s historical core toward newly developing urban

growth corridors (Figure 3).
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Figure 2. Density of the Main Road Network.
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Esri, Intermap, NASA, NGA, USGS

Figure 2. Urban Density Map

An examination of the spatial distribution of electric vehicle charging stations in the city center
of Erzincan (Figure 4) reveals that these facilities are largely co-located with fuel stations
(Figure 5). Some of the existing stations are situated within the parking areas of private
hospitals, which constitute part of the city’s functional urban spaces (Figure 6a), as well as near
the entrances of shopping malls (Figure 6b).

This finding confirms that locations offering the advantages of existing parking capacity and
electrical infrastructure have been preferred in the deployment of charging infrastructure. In the
analytical model, areas where existing charging units are already concentrated were treated as
zones of relatively high competition and were therefore assigned low suitability scores within
the scope of the gap analysis.
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Figure 6. (a) EVCS at a private hospital car park (b) EVCS at a shopping mall

Distance analyses of transformer centers indicate that infrastructure capacity, particularly
within the central urban area, is adequate to meet the high-current demand required for EVCS
deployment (Figure 7). The spatial distribution of transformer centers reveals a notable
concentration in the northern and central sectors of the city, especially in the neighborhoods of
Cumhuriyet, Karaagag, and Atatiirk. Parks and green spaces, by contrast, were defined as
comfort spaces that allow EV users to utilize waiting time efficiently without encountering
parking-related constraints. The high suitability assigned to areas located within 0—100 m of
parks reflects their potential to function as spaces in which users may spend time socially while
their vehicles are charging. Taken together, these findings indicate that charging stations can
be positioned as urban nodes that enhance everyday urban life, serving not only as points of
energy provision but also as social hubs (Figure 8).
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The application of the Weighted Overlay method resulted in the generation of an Optimal
Suitability Map (Figure 9). Within the context of Erzincan’s existing urban morphology and
infrastructural constraints, the analysis spatially identifies the most strategic locations for EVCS
deployment. The EVCS potential of Erzincan’s urban center was classified into five main
suitability categories: Very High, High, Moderate, Low, and Very Low.
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Figure 9. Spatial Demand Potential for EVCS Deployment in the City Center of Erzincan
Very Highly Suitable Areas:

The most significant finding of the analysis is that areas of highest suitability are concentrated
at the intersection of the city’s main commercial and transport corridors. These areas primarily
include the Dortyol locality and its surroundings, together with the neighborhoods of Kizilay,
Inénii, and Karaagac. This finding provides a direct answer to the first research question,
indicating that the core zones with the greatest spatial suitability for EVCS deployment
correspond to these principal commercial centers and transport corridors. The high suitability
scores observed in these areas are mainly attributable to their strong performance in the criteria
of Building Energy Demand Density (30% weight) and Proximity to Main Roads (25% weight).
As the historic commercial core of the city, the Dortyol area is particularly notable for
combining both residential and commercial consumption potential. In addition, the high
demand score recorded for the surroundings of Erzincan 13 Subat City Stadium, located within
Atatiirk Neighborhood, signals the need for a strategically important charging point in relation
to mass events and visitor flows.
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Second-Order Areas of High Suitability:

The high-suitability areas represented in light green include the zones encircling the city center,
particularly the TOKI housing areas (Kavakyolu and Ulalar) and the surroundings of the EBYU
campus. These areas constitute emerging loci of urban expansion and currently reveal an
accessibility gap for existing electric vehicle users. This finding demonstrates that there is a
distinct need for EVCS deployment, especially in newly developing urban areas (Research
Question 2).

Moderate and Low Suitable Areas:

Moderately suitable areas generally consist of zones surrounding the city center that benefit
from a single advantageous criterion yet display lower suitability with respect to other limiting
factors, such as distance from transformer centers or remoteness from existing charging
stations. Low-suitability areas, by contrast, are concentrated mainly along the urban fringe, a
pattern that primarily reflects the influence of the Euclidean Distance analysis in capturing
increasing distance from the main road network and the urban core.

4. CONCLUSION AND RECOMMENDATIONS

This study developed a GIS-based Multi-Criteria Decision-Making (MCDM) framework to
identify the most suitable locations for electric vehicle charging stations (EVCSs) in the urban
center of Erzincan. By integrating six key criteria—building energy demand density,
accessibility to the main transport network, proximity to transformer infrastructure, proximity
to existing urban service areas, and spatial gaps in the current charging network—the analysis
produced an Optimal Suitability Map that reveals a clear geography of priority investment
zones.

The findings indicate that the most strategic locations for EVCS deployment are concentrated
in and around the Dortyol locality, which constitutes the city’s principal commercial and
transport core, as well as in the neighborhoods of Kizilay, Inénii, and Karaagag. In addition, the
TOKI housing areas and the vicinity of the EBYU campus emerge as secondary but increasingly
important zones, reflecting the outward expansion of the urban fabric and the likelihood of
future accessibility deficits in newly developing areas.

These results demonstrate that EVCS planning in medium-sized Anatolian cities cannot be
reduced to a purely technical infrastructure issue; rather, it should be approached as a
multidimensional spatial planning problem shaped by urban morphology, mobility patterns,
energy infrastructure capacity, and local demand structure. In this respect, the study shows that
a scientifically grounded site-selection model can provide a robust planning instrument for
minimizing charging blind spots, reducing infrastructure inefficiencies, and supporting the
transition to low-carbon urban mobility. A particularly distinctive finding is that Erzincan’s
electric vehicle profile is dominated by electric motorcycles rather than passenger cars. This
local mobility pattern suggests that charging infrastructure planning must move beyond
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conventional automobile-oriented assumptions and incorporate locally specific demographic
and technological trajectories.

From a policy perspective, the findings suggest that high-power DC charging units should be
prioritized in Dértyol and in the neighborhoods of Kizilay, Indnii, and Karaagag, where the
highest suitability scores and the strongest short-term service returns are expected. At the same
time, the city’s emerging growth poles—especially Kavakyolu, Ulalar, and the EBYU
vicinity—should be incorporated into anticipatory infrastructure planning to ensure that future
increases in population and vehicle ownership are matched by adequate charging accessibility.
Around Erzincan 13 Subat City Stadium, charging solutions with dynamic load-management
capacity should be considered to respond to temporary but intense peaks in electricity demand
associated with major events and visitor flows.

The study further suggests that public-sector leadership may be particularly effective in the
implementation of EVCS investments at the locations identified as most suitable through GIS
analysis. Municipal or other public-authority-led investment could not only accelerate
infrastructure deployment but also generate a sustainable revenue stream through service
provision. In parallel, all future EVCS projects should incorporate rooftop solar energy systems
either as a mandatory design component or as a strongly incentivized investment criterion. Such
integration would reduce grid dependency, enhance energy security, lower operating costs, and
improve the long-term economic viability of charging infrastructure. Similarly, existing fuel
stations should be encouraged through local policy incentives to integrate EV charging services
into their current operations, thereby optimizing established land-use patterns and minimizing
additional investment costs.

Finally, the findings underline the need for a differentiated and socially inclusive charging
strategy in Erzincan. Given the overwhelming share of motorcycles and bicycles within the
local electric vehicle stock, a separate planning approach should be developed for low-power,
spatially distributed charging and parking units, particularly in dense pedestrian environments
and local commercial areas.

High-use destinations such as Erzincan Park Shopping Mall and Erzincan Research Hospital
should therefore be treated as priority nodes within this distributed charging network. Equally
important is the need to ensure that such infrastructure remains accessible to disabled users,
thereby embedding principles of equity and inclusive mobility into local energy and transport
planning. In addition, local awareness campaigns and user-oriented training programs—
especially for electric motorcycle users—should be organized through cooperation between
municipalities and energy providers to improve charging safety, battery-use practices, and the
effective use of newly deployed infrastructure. Taken together, these recommendations indicate
that EVCS planning in Erzincan should be framed not only as an energy transition strategy, but
also as an opportunity to advance urban resilience, spatial efficiency, and social inclusion.
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Abstract

Rapid urbanization, environmental sustainability, ecological awareness, and the integration of digital
technologies into urban life have become important considerations in contemporary urban planning. Smart
and Environmentally Friendly city approaches seek to enhance quality of life and promote the efficient use
of resources through information and communication technologies. In this context, Internet of Things (IoT)
technologies offer significant opportunities for monitoring and managing urban spaces. The aim of this study
is to develop an IoT-based, mobile application-supported ecological learning park design model and to
evaluate the model in the context of Erzincan, Tiirkiye. Sustainable landscape design, environmental
education, and smart city technologies are addressed within an integrated framework. The proposed model
incorporates environmental data sensors, smart irrigation systems, air quality and soil moisture monitoring
systems, renewable energy-supported lighting, digital information panels, and a control unit for mobile
application-supported volunteer ambassadors. The model is designed to facilitate the monitoring, analysis,
and dissemination of sensor-derived data to users. It is anticipated that the proposed model will enhance
environmental awareness, support sustainable landscape management, and provide a technology-oriented
urban open-space model that can be adapted to similar cities.

Keywords: Smart cities, environmentally friendly cities, IoT, ecological learning park, sustainable landscape
design, Erzincan.

AKkilh ve Cevre Dostu Kentler Perspektifinde IoT Destekli Ekolojik Ogrenme Parki

Tasarim Modeli

Oz

Gilintimiizde hizli kentlesme, c¢evresel siirdiiriilebilirlik, ekolojik farkindalik ve dijital teknolojilerin kent
yasamina entegrasyonu, kent planlamasinin 6nemli konular1 arasinda yer almaktadir. Akilli ve Cevre Dostu
kent yaklasimlari, bilgi ve iletisim teknolojilerinden yararlanarak yasam kalitesini ve kaynaklarm verimli
kullanimm desteklemektedir. Bu kapsamda Nesnelerin interneti (Internet of Things—IoT) teknolojileri,
kentsel mekanlarin izlenmesi ve yonetilmesi i¢in 6nemli firsatlar sunmaktadir. Bu ¢aligmanin amaci, IoT
tabanli ve mobil uygulama destekli bir ekolojik 6grenme park: tasarim modeli gelistirmek ve modeli Erzincan
kenti 6zelinde degerlendirmektir. Calismada siirdiiriilebilir peyzaj tasarimi, ¢evresel egitim ve akilli kent
teknolojileri biitiinciil olarak ele alinmistir. Model; cevresel veri sensorleri, akilli sulama, hava kalitesi ve
toprak nemi 6l¢iim sistemleri, yenilenebilir enerji destekli aydinlatma, dijital bilgilendirme panelleri ve mobil
uygulama destekli goniil el¢ileri kontrol {initesini igermektedir. Sensor verilerinin izlenmesi, analiz edilmesi
ve kullanicilarla paylasiimasi hedeflenmektedir. Modelin g¢evresel farkindaligi artirmasi, siirdiiriilebilir
peyzaj yonetimini desteklemesi ve benzer kentlerde uygulanabilecek teknolojik bir kentsel acik alan modeli
sunmasi ongoriilmektedir.

Anahtar Kelimeler: Akilli kentler, ¢cevre dostu, [oT, ekolojik 6grenme park, siirdiiriilebilir peyzaj tasarimi,
Erzincan.
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1. GIRIS

Kentlesme oranlarinin kiiresel dl¢ekte artmasi, dogal kaynaklarin hizla tiikketilmesi ve iklim
degisikliginin kent ekosistemleri iizerindeki baskisi, kentsel agik alanlarin siirdiiriilebilirlik
ekseninde yeniden ele alinmasini zorunlu kilmaktadir. Kentsel parklar, yalnizca rekreasyon
alanlar1 degil, mikroklima diizenleme, karbon sekestrasyonu, su dongiisiiniin dengelenmesi
ve biyolojik cesitliligin desteklenmesi gibi kritik ekosistem hizmetleri sunan altyapi
bilesenleridir [1, 2]. Bununla birlikte, geleneksel park tasarim ve isletme modelleri, enerji ve
su tiikketimini optimize eden veri temelli yonetim sistemlerinden biiyiik 6l¢lide yoksundur.

Akilli kent yaklasimi, kentsel sistemlerin sensor aglari, biiyiik veri analitigi ve Nesnelerin
Interneti (IoT) altyapilari ile izlenmesini ve ydnetilmesini dngérmektedir [3]. IoT tabanli
uygulamalar, enerji ve su kullaniminin ger¢cek zamanli 6l¢iilmesine, bakim siireglerinin
optimize edilmesine ve karbon emisyonlarinin azaltilmasina olanak saglamaktadir [4]. Park
Olceginde uygulanan akilli aydinlatma sistemleri, sensor tabanli sulama ¢oziimleri ve enerji
izleme altyapilari, kaynak verimliligini artirarak siirdiiriilebilir kent hedeflerine katki
sunmaktadir [5].

Diinya genelinde akilli park uygulamalar1 giderek yayginlasmaktadir. Giiney Kore’ nin Daegu
kentinde gelistirilen IoT tabanli “Smart Park™ uygulamasi, park donatilar1 ve ¢evresel izleme
sistemlerinin dijital altyapi ile entegre edilmesini saglayarak kullanici deneyimi ve hizmet
kalitesinde artis saglamistir [6]. Benzer sekilde Seoul Smart City stratejisi kapsaminda
kamusal alanlarda IoT sensor aglar1 ve enerji verimliligi uygulamalar1 hayata gecirilmistir
[7]. Bu ornekler, parklarin veri ireten ve enerji yoneten akilli sistemlere doniisebilecegini
gostermektedir. Ancak mevcut uygulamalarin biiyiik bolimii teknik altyapr ve giivenlik
odakl1 olup, pedagojik ve ekolojik 6grenme boyutu sinirli kalmaktadir.

Kentsel parklarin egitimsel islevi, 6zellikle cocuklar acisindan kritik 6neme sahiptir. Doga
temelli 6grenme ortamlarinin ¢cocuklarin ¢evresel tutumlarini ve pro-¢evresel davranislarini
olumlu yonde etkiledigi ¢esitli ampirik c¢aligmalarla ortaya konmustur [8, 9]. Cocuklarin
dogrudan doga ile etkilesime girdigi deneyimsel 6grenme siiregleri: ¢evresel farkindalik,
empati ve sorumluluk bilincinin gelisimini desteklemektedir [10]. Sistematik incelemeler,
erken yasta doga deneyiminin uzun vadeli ¢evresel davranis gelisimine katki sagladigini
gostermektedir [11]. Bununla birlikte, literatiirde IoT destekli enerji ve su verimliligi
sistemleri ile ¢ocuk odakli ekolojik 6grenme siireglerini biitlinciil bicimde entegre eden
tasarim modelleri oldukca sinirlidir.

Bilim egitiminde kullanilan yontem ve teknikler agisindan degerlendirildiginde, Onerilen
park modeli; gezi-gdzlem, bitki yetistirme, hayvan bakimi, deneysel etkinlikler, isbirligine
dayali 6grenme ve teknoloji destekli 6gretim gibi ¢ok boyutlu pedagojik yaklasimlari
biitiinciil bi¢imde bir araya getirmektedir. Erken ¢ocukluk doneminde fen egitiminin etkili
olabilmesi i¢in 6grenme siire¢lerinin dogrudan deneyime, aktif katilima ve kesfetmeye dayali
olarak yapilandirilmasi gerektigi vurgulanmaktadir [12, 13, 14]. Bu dogrultuda, ¢ocuklarin
somut yasantilar yoluyla kavramlar1 yapilandirmasini temel alan yaklagimlar, fen egitiminde
kalic1 6grenmenin saglanmasinda kritik rol oynamaktadir [15]. Bu baglamda park igerisinde
konumlandirilacak sensér verilerinin gorsellestirildigi etkilesimli panolar ile mikroskop,
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biiyliteg, termometre ve dogal materyaller gibi araclar, ¢ocuklarin neden-sonug iligkisi
kurmalarin1 ve bilimsel siire¢ becerilerini kullanmalarin1 destekleyen zengin 6grenme
firsatlar1 sunacaktir.

Egitim materyallerinin se¢iminde; ¢ocuklarin gelisimsel Ozelliklerine uygunluk, bireysel
farkliliklara yanit verebilme, kullanim kolaylig1 ve bilimsel siire¢ becerilerini destekleme gibi
Olcttlerin dikkate alinmasi gerektigi belirtilmektedir [12, 16]. Benzer sekilde, erken ¢ocukluk
doneminde fen 6gretiminde kullanilacak materyallerin, ¢ocuklarin gézlem yapma, siniflama,
tahmin etme ve sonu¢ c¢ikarma gibi temel bilimsel siire¢ becerilerini aktif olarak
kullanmalarina olanak tanityacak sekilde yapilandirilmas: gerektigi ifade edilmektedir
[17]. Bu dogrultuda, akilli park donatilarin yalnizca teknik altyapi unsurlar1 olarak degil,
aynt zamanda pedagojik islev tasiyan Ogrenme materyalleri olarak tasarlanmasi 6nem
kazanmaktadir.

Tirkiye’de akilli park uygulamalar1 belediye dlgeginde gelisim gdstermektedir. Kayseri’de
uygulanan akilli park sistemi enerji ve g¢evresel izleme bilesenlerini icermektedir [18],
Istanbul Kadikdy’de dijital ikiz tabanli park yonetimi pilot uygulamalari gerceklestirilmistir
[19]. Ancak bu uygulamalarin ¢ogunda c¢ocuklarin ¢evresel sorumluluk bilincinin
gelistirilmesi ve Ogrenme c¢iktilarinin Ol¢limlenmesi temel tasarim bileseni olarak ele
alinmamaktadir.

Bu calisma, yukarida belirtilen literatiir boslugunu doldurmay1 amaglamaktadir. Calismanin
uygulama alani olarak segilen Erzincan ili, karasal iklim kosullari, su yonetimi gereksinimleri
ve zengin yerel flora potansiyeli ile enerji verimliligi ve ekolojik 6grenme temelli bir akill
park modeli gelistirmek i¢in uygun bir pilot alan sunmaktadir [20]. Bélgenin yaz aylarinda
yuksek sicaklik ve diisiik yagis rejimi gostermesi, akilli sulama ve su tasarrufu stratejilerinin
Onemini artirmaktadir. Ayni zamanda yerel biyolojik c¢esitlilik, cocuklarin dogrudan gézlem
ve gorev temelli 6grenme siireglerine katilimi i¢cin 6nemli bir potansiyel olusturmaktadir.

Bu baglamda arastirmanin temel amaci, akilli kentler perspektifinde IoT destekli enerji
verimli ve ekolojik 6grenme odakli bir park tasarim modeli gelistirmek ve bu modelin hem
cevresel performans hem de ¢ocuklarin g¢evresel sorumluluk bilinci {lizerindeki etkilerini
degerlendirmektir. Onerilen model: (i) sensdr tabanli enerji ve su yonetimi altyapisini, (ii)
yenilenebilir enerji entegrasyonunu, (iii) yerel tiir odakli ekolojik peyzaj tasarimini ve (iv)
gorev tabanli dijital 6grenme modiillerini biitiinlesik bigimde i¢ermektedir. Bu yoniiyle
calisma, peyzaj mimarligi, akilli kent teknolojileri ve ¢evre egitimi disiplinlerini bir araya
getiren biitlinciil ve uygulanabilir bir model sunmaktadir. Biitiinlesik Akilli ve Ekolojik
Yonetim Modeli Sekil 1°de verilmistir.

64



Askan et al. EJSAT 2026, EES’26, 62-82

Sensor tabanh enerji yonetimi

Teknolojik Altyapr <] Sensor tabanh su yonetimi

Yenilenebilir enerji entegrasyonu

Yerel tiir odakh yaklasim

Ekolojik Tasarim

Peyzaj mimarlig

Biitiinlesik Akilli ve Ekolojik Model

Gorev tabanh 6grenme modiilleri

Egitim ve Dijitallesme Cevre egitimi disiplini

Dijital 6grenme

Akilli kent teknolojileri

Disiplinlerarasi Yaklagim

Biitiinciil ve uygulanabilir model

Sekil 1. Biitiinlesik akilli ve ekolojik yonetim modeli

2. YONTEM

Bu caligsma, akilli ve ¢evre dostu kentler perspektifinde IoT destekli ekolojik 6grenme parki
tasarim modelinin gelistirilmesi amaciyla, Tiirkiye’nin Dogu Anadolu Bolgesi’nde yer alan
Erzincan ili 6zelinde ele alinmistir. Erzincan, karasal iklim 6zelliklerinin belirgin oldugu,
yazlar1 sicak ve kurak, kislar1 ise soguk ve kar yagisli gegen bir iklim yapisina sahiptir. Bu
durum, su kaynaklarinin etkin kullanimi, kuraklhifa dayanikli bitki se¢imi ve siirdiiriilebilir
peyzaj tasarimi agisindan Onemli bir aragtirma ortami sunmaktadir. Bu yeni yaklagim,
birbirinden kopuk ilerleyen, teknoloji ve egitim alanlarinmi bir araya getirerek; alanin sadece
bir mekan degil, ayn1 zamanda canli bir egitim araci oldugu biitiinciil bir model sunmaktadir.
Peyzaj mimarlig1, akilli kent teknolojileri ve ¢evre egitimini tek bir ekosistemde birlestiren
uygulanabilir bir sistem mimarisi 6nerilmistir.

Ug bagimsiz disiplinin kesisim noktasinda yeni ve uygulanabilir bir ekosistem dogacaktir.
Sekil 2°de ti¢ farkli disiplinin iliski yapis1 verilmistir.
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Akill Kenf
Teknolojileri

Peyzaj
Mimarligi

| Bitincil |
Model

AN A

Cevre
Egitimi

Sekil 2. Ug farkl1 disiplinin iliski yapist

Geleneksel olarak tasarim ve iiretimi yapilan parklar, giinimiiz ekolojik ve egitsel
ihtiyaclarina yanit verememektedir, bunlardan bazilar1 asagida verilmistir;

e Yiiksek kaynak tiiketimi ve disa bagimli, egzotik peyzaj tasarimlari,

e Birbirinden kopuk manuel yonetilen altyapr sistemleri,

e Kullaniciy1 pasif ziyaret¢i konumuna iten, etkilesimden uzak mekan kurgulari

e gibi.

aksine Ogreten ve yasayan yesil entegre ekosistem olusturmaktir.

Yasayan biitiinciil ekosistem mimari ¢alismamiz, 3 temel yapi tasindan olusan entegre bir
sistem halinde ¢alismaktadir. Bunlar; iki gorev tabanli dijital modiil, yenilenebilir enerji ve

yerel tiir odakli peyzaj modiiliinden olugmaktadir (Sekil 3).

||

4. Gérev Tabanli Dijital Moddiller
I 2. Yenilenebilir Enerji
I 3. Yerel Tiir Odakh Peyzaj

I 4. Gorev Tabanh Dijital Moddiller

Sekil 3. Yasayan biitiinciil ekosistem mimari

Bu sayede sistem, manuel miidahaleye gerek kalmadan kendi kendine optimize ederek enerji

verimliligi saglamis olacaktir. Nitekim Gubbi vd. [4], algilayic1 ve eyleyicilerin ¢evreyle
biitiinlestigi nesnelerin interneti altyapilarinin, kaynak kullaniminin gergek zamanl veriler

araciligiyla olgiilmesine ve optimize edilmesine olanak tanidigini belirtmektedir. Benzer

66



Askan et al. EJSAT 2026, EES’26, 62-82

bicimde Obaideen vd. [21], toprak nemi verisine dayali akilli sulama sistemlerinin su
kullanim verimliligini artirarak siirdiiriilebilir su yonetimine ve Siirdiiriilebilir Kalkinma
Amagclar1 kapsamindaki su tasarrufu hedeflerine dogrudan katki sagladigini ortaya
koymaktadir.

Sistemin yenilenebilir enerji entegrasyonu sayesinde, mekanin (park vb.) bir tiiketici
olmaktan ¢ikarip iiretici konumuna getirecektir. Geleneksel park ve bahgelerin aksine, bu
biitiinciil model kendi enerjisini iiretecektir. Yenilenebilir enerji entegrasyonu, sensor alt
yapisimt ve dijital modiillerin ihtiyact olan enerjiyi saglamis olacak, sebekeye olan
bagimliligimi ortadan kaldiracak ve tam anlamiyla siirdiiriilebilir bir yasam dongiisii
olusturacaktir. Ayrica elde edilen fazla enerji elektrikli otomobil, elektrikli bisiklet ve scooter
gibi araglarin enerji ihtiyaclarinda da kullanilabilecektir.

Ekolojik 6grenme parki tasarim modelimiz, yerel tiir odakli ekolojik peyzaj tasarimi ile
cevresel uyum ve sifir disa bagimlilik saglayacaktir. Sadece estetik kaygilarla segilmis
egzotik bitkiler yerine, bolgenin iklimine ve topragina tam uyumlu yerel tiirler tercih edilir.
Bu tercih, kentsel yesil alanlarin sundugu ekosistem hizmetleriyle de dogrudan iliskilidir;
Bolund ve Hunhammar [1], kentsel bitki Ortiisiiniin hava filtrasyonu, mikroklima
diizenlemesi, giirtiltii azaltimi ve yagmur suyu drenaji gibi yerel ve dogrudan ekosistem
hizmetleri {iretti§ini ortaya koymustur. Tzoulas vd. [2] ise yesil altyapmin biyolojik
cesitliligin korunmasiyla birlikte ekosistem sagligi ve insan refahi arasinda ¢ok yonli bir
iliski kurdugunu kavramsal bir ¢ergceveyle ortaya koymaktadir. Bu yaklasim, sensor tabanl
sulama sistemiyle birlestiginde minimum su tiiketimi ve maksimum ekolojik dayaniklilik
sunacaktir.

Modelimiz igerisindeki gorev tabanli dijital 6grenme modiilleri, mekan1 pasif bir parktan
aktif bir laboratuvara cevirecektir. Bu yaklasim, doga temelli 6grenmenin etkililigine iliskin
bulgularla desteklenmektedir; Kuo vd. [10], doga deneyimlerinin akademik 6grenmeyi,
kisisel gelisimi ve ¢evresel sorumlulugu destekledigine yonelik ¢ok sayida ¢alismadan elde
edilen kanitlarin birbiriyle ortiistiigiinii bildirmektedir. Mann vd. [8] ise doga temelli agik
alan 6grenmesinin, 0grenme etkinlikleri egitim amaciyla bilingli bi¢cimde tasarlandiginda
cocuklarin akademik, sosyo-duygusal ve iyi olus ¢iktilarini destekledigini sistematik bir
derlemeyle ortaya koymustur. Ziyaret¢iler ve ogrenciler, mekana entegre edilmis dijital
modiiller aracilifiyla ¢evre egitimini yasayarak alirlar. Alanin tirettigi gergek veriler,
kullanicilara su tasarrufu saglama veya bitki sagligini kontrol etme gibi interaktif gorevler
olarak geri doner.

Bu sistemdeki higbir parca yalniz ¢alismaz; birbirlerini besleyen stirekli bir veri ve eylem
dongiisii i¢cindedirler. Teknoloji (sensorler ve enerji), dogay1 (ekolojik peyzaj) hayatta tutar.
Bu yasam miicadelesinden elde edilen gergek zamanli veriler ise egitimin (dijital
modiiller)canli ders materyaline doniisiir. Sekil 4’ de sistemin ¢alisma dongiisii pargalarindan
biri olan sulama sistemi dongii diyagrami 6rnek olarak verilmistir.
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Enerji panelleri
sistemi besler.

Ogrenci aksiyonu,

sistem ~ Sensérler toprak
optimizasyonuna %, nemini dlger.
veri saglar.

System Loop

Diagram
Ogrenci tableti Sensorler
iizerinden tasarruf toprak
edilen suyu gorir. nemini olger.

Yerel bitki, otonom
sulama ile hayatta kalir.

Sekil 4. Sulama sistemi dongii diyagrami
Dongiiniin Adimlar: (sadece sulama sistemi icin ornek kesit verilmistir);
1. Enerji Kaynag:

o Siireg, enerji panellerinin sisteme gii¢ saglamasiyla baglar. Bu, sistemin
stirdiiriilebilir ve kendi kendine yeten bir yapida oldugunun gostergesidir.

2. Veri Toplama (Sensorler):

o Teknolojik katmanda yer alan sensorler, topragin nemini Olger. Burada
fiziksel diinyadan dijital diinyaya bir veri akis1 gerceklesir.

3. Dogal Uygulama (Otonom Sulama):

o Sensdrden gelen veri dogrultusunda otonom sulama sistemi devreye girer. Bu
sayede yerel bitkiler, insan miidahalesine gerek kalmadan, sadece ihtiyag
duyduklar1 kadar su alarak hayatta kalir.

4. Egitim ve Izleme (Ogrenci Tableti ve telefon):

o Sistemin en can alict noktasi burasidir. Fiziksel diinyadaki bu su tasarrufu ve
yasam dongiisii, 6grencinin tabletine gercek zamanli veri olarak yansir. Doga,
yasayan bir "canli ders materyaline" doniisiir.

5. Geri Bildirim ve Optimizasyon (Ogrenci Aksiyonu):

o Ogrenci bu verileri analiz ederek sistemin daha iyi ¢caligmasi i¢in kararlar alir
veya iyilestirmeler yapar. Bu aksiyon, dongliyli en basa (sistem
optimizasyonuna) dondiirerek siirekli bir gelisim saglar.

Akilli ve cevre dostu kentler perspektifinde IoT destekli ekolojik 6grenme parki tasarim
modelinin ¢alisma sistemi ve genel blok diyagrami Sekil 5° de verilmistir.
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Sekil 5. Ekolojik 6grenme parki tasarim modelinin ¢alisma sistemi ve genel blok diyagrami

Sekil 5°deki ¢aligma sistemimiz, akilli ve ¢evre dostu kentler vizyonuyla kurgulanmis, IoT
(Nesnelerin Interneti) tabanli bir ekolojik dgrenme parkinin teknik ve operasyonel yapisini
Ozetlemektedir. Sistemin isleyisi; hava kalitesi, toprak nemi ve 151k gibi ¢evresel verilerin
sensorler araciligityla toplanmasiyla baslar ve bu siire¢ tamamen giines paneli destekli
yenilenebilir enerjiyle ve riizgar giilii ile beslenerek siirdiiriilebilirlik ilkesine bagl kalir.
Toplanan bu ham veriler bir IoT ag gecidi iizerinden biiyiik veri analitigine aktarilir; burada
islenen bilgiler dogrultusunda sistem, bitkilerin sulanmasi veya aydinlatmanin ayarlanmasi
gibi otonom kararlar alirken, ayn1 zamanda mobil uygulamalar ve dijital paneller araciligryla
kullaniciya egitimsel gorevler ve gergek zamanli bilgiler sunar. Akis semasinda da goriildiigii
lizere dongii, verinin analiz edilip mobil uygulamaya aktarilmasi ve kullaniciya "ekolojik
o0grenme ciktis1" olarak geri donmesiyle tamamlanarak hem teknolojik otomasyonu hem de
interaktif bir ¢cevreci egitim deneyimini tek bir platformda birlestirir.

Onerilen sistem igin ayrica mobil uygulama gelistirilmistir. Gelistirilen mobil uygulama,
Onerilen ekolojik 6grenme parki modelinin ii¢ temel bilesenini kullaniciya entegre bir
araylizle sunmaktadir:

1. Kontrol Modiilii: Uygulama tizerinden kullanici, prototip sistemdeki (ESP32)
LED'leri yakip sondiirebilir, sistem baglantisin1 yonetebilir ve dijital kapilar1 kontrol
edebilmektedir. Bu modiil, kullanicilarin (6zellikle 6grencilerin) parktaki fiziksel
altyapt ile dogrudan etkilesim kurmasimi saglayarak teknoloji okuryazarligim
gelistirmeyi hedeflemektedir.

2. Ogrenme Modiilii: Kullanicilar bu modiil iizerinden parktaki sensérlerden (toprak
nemi, hava Kkalitesi vb.) toplanan verilere erisebilmekte, ekolojik siiregleri
izleyebilmekte ve belirlenen temalara gore bilgi edinebilmektedir. Bu, pasif bir
ziyaretci deneyiminden aktif bir 6grenme siirecine gegisi temsil etmektedir.

3. Gorev Modiilii: "Fotograf Cek", "Gonder", "Baslat/Durdur" gibi fonksiyonlari
iceren bu modiil, kullanicilar1 belirli ekolojik gorevleri (6rnegin, bir bitkiyi
gozlemleyip raporlamak, bir ekosistem olayini kaydetmek) yerine getirmeye tesvik
ederek cevresel farkindaligi davraniga doniistiirmeyi amaglamaktadir. Bu tasarim
karari, Otto ve Pensini [9] tarafindan ortaya konan; ¢ocuklarda dogaya bagliligin
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cevresel bilgiden daha giiclii bir ekolojik davranig yordayicisi oldugu ve doga temelli
¢evre egitiminin bu bagliligr giiclendirdigi yoniindeki bulgularla Srtiismektedir.

3. BULGULAR

Bu calismada, akilli ve ¢evre dostu kentler perspektifinde IoT destekli ekolojik 6grenme parki
tasarim modelinin gelistirilmesi amaciyla Erzincan kenti 6zelinde gergeklestirilen analizler
sonucunda elde edilen bulgular ve bu bulgularin degerlendirilmesi asagida sunulmustur.

3.1. Alan Analizine iliskin Bulgular

Erzincan kentinde yapilan saha gozlemleri ve mevcut agik-yesil alan sistemlerinin
incelenmesi sonucunda, park ve rekreasyon alanlarinin biiyiik Ol¢lide geleneksel tasarim
anlayisiyla olusturuldugu belirlenmistir.

Bu alanlarda;

* Bitkisel tasarimin ¢ogunlukla estetik odakli oldugu, ekolojik islevlerin sinirli kaldig,

* Sulama sistemlerinin manuel ya da verimsiz oldugu,

» Kullanici etkilesimini artiracak dijital ya da akilli sistemlerin bulunmadig,

* Egitim amagh doga temelli mekanlarin yetersiz oldugu tespit edilmistir.

* Bununla birlikte, Erzincan’in genis agik alan potansiyeli ve diisiik yogunluklu kent
yapisi, ekolojik 6grenme parklarinin uygulanabilirligi acisindan 6nemli bir avantaj
olarak degerlendirilmistir.

3.2. iklim ve Ekolojik Yapiya iliskin Bulgular
Erzincan’in karasal iklim 6zellikleri dogrultusunda;

* Yaz aylarinda su stresinin yliksek oldugu,

* Kurakliga dayanikl bitki kullaniminin zorunlu oldugu,

*  Su ydnetimi ve verimliliginin tasarimin temel bilesenlerinden biri olmas1 gerektigi

*  belirlenmistir.

* Ayrica yerel flora kullaniminin hem bakim maliyetlerini diislirdiigii hem de biyolojik
cesitliligi artirdigr gézlemlenmistir. Bu bulgu, yesil altyap: uygulamalarinin kentsel
biyolojik ¢esitliligin korunmasini ve ekosistem sagligini destekledigini ortaya koyan
Tzoulas vd. [2] ile kentsel bitki ortiisiinlin dogrudan ekosistem hizmetleri iirettigini
belirten Bolund ve Hunhammar [1] tarafindan sunulan literatiirle uyumludur.

3.3. IoT Teknolojilerinin Uygulanabilirligine iliskin Bulgular

Arastirma kapsaminda incelenen IoT teknolojilerinin Erzincan kosullarinda uygulanabilir
oldugu belirlenmistir. Ozellikle:

* Toprak nem sensorleri ile su tiiketiminin optimize edilebilecegi,
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* Akilli sulama sistemleri ile gereksiz su kullaniminin 6nlenebilecegi [21],

* (Glines enerjili aydinlatma sistemleri ile enerji verimliliginin saglanabilecegi,

» Dijital bilgi panolar1 ile kullanici farkindaliginin artirilabilecegi

* sonuglara ulagilmigtir.

* Bu sistemlerin birlikte kullanimi, park alanlarinin yalnizca rekreasyonel degil aym
zamanda 6grenme ve farkindalik mekanlarina doniismesini saglamaktadir.

Onerilen modelin uygulanabilirligini test etmek amaciyla gelistirilen prototip donanim
mimarisi Sekil 6’da sunulmaktadir. Bu sistem, temel ¢evresel parametrelerin izlenmesi ve
akilli sulama aktiiatorlerinin (servo motor kontrollii vanalar) uzaktan kontrol edilmesine
olanak saglamaktadir.

Su Vanasi-1 Su Vanas-2

Ortam Sicaklik ve Nem Sensirl

Toprak Nem Sensard

Sekil 6. Prototip IoT donanim mimarisi ve sensor-aktiiator baglanti semasi (Fritzing).

Gelistirilen prototip sistem kontrol birimi olarak, yiiksek islem giicii ve dahili kablosuz
baglanti ozellikleri nedeniyle ESP32 mikrodenetleyicisi tercih edilmistir [22, 23] .
Haberlesme, ESP32 mikrokontrolciisii tizerinden ¢aligmakta olup, ortam sicaklii ve nemi
(DHT11), toprak nemi (kapasitif sensor), ses giiriiltiisti (KY-038) ve alev varlig1 (KY-026)
gibi cevresel verileri ger¢ek zamanli olarak toplamaktadir. Toplanan bu veriler
dogrultusunda, iki adet servo motor (SERVO) yardimiyla sulama vanalarinin (Su Vanasi-1
ve Su Vanasi-2) acilip kapatilmasi otomatiklestirilmistir. Bu yapi, makalede onerilen 'akilli
sulama sistemi' ve 'otonom veri yonetimi' modiillerinin donanimsal karsiligin1 olusturmakta
olup, ozellikle kurak iklim kosullarina sahip Erzincan’da su verimliliginin artirilmasina
yonelik somut bir ¢éziim sunmaktadir. Ayrica sistem, WebServer iizerinden yayinlanan
arayiiz ile mobil uygulama veya dijital panolara veri aktarimina imkan taniyacak sekilde
yapilandirilmstir.
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Sekil 7. Prototip sistem odasi ve ESP32 tabanli veri isleme diizenegi.

Gelistirilen prototipin fiziksel uygulama goriintiileri Sekil 7°de sunulmaktadir. Sekil 7°de
sistemin kontrol ve veri isleme merkezi olan “Sistem Odasi’nda” yer alan diizenek ile ESP32
tizerinden gercek zamanli veri akisinin saglandigi kurulum betimlenmektedir. Bu prototip,
onerilen modelin Erzincan iklim kosullarinda uygulanabilir oldugunu ve sensor verilerinin
basarili bir sekilde toplanip islenebilecegini kanitlar niteliktedir.

Onerilen modelin kullanic1 etkilesimini ve egitimsel islevini somutlastirmak amaciyla bir
mobil uygulama gelistirilmistir. Uygulama, kullanicilarin sisteme giris yapmasini, parktaki
IoT altyapisin1 kontrol etmesini ve gorev tabanli 6grenme modiillerine erismesini
saglamaktadir.

Sekil 8’de sunulan uygulama arayiizleri incelendiginde; (a) giris ekrani, (b) temel kontrol
paneli (LED, kap1 ve sistem baglantis1) ve (c) gorev ve 0grenme modiilii panelleri olmak
lizere ii¢ ana ekrandan olustugu goriilmektedir. Bu arayiiz, Sekil 6'da gdsterilen prototip
donanim ile es zamanli ¢alisarak kullaniciya, parkin akilli sistemlerini dogrudan yonetme ve
anlik veri okuma imkan1 sunmaktadir. Ozellikle "Gérev Modiilii" ve "Ogrenme Modiilii"
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butonlari, makalede onerilen gorev tabanli dijital 6grenme yaklagiminin uygulamadaki

yansimasidir.
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Sekil 8. Mobil Uygulama Arayiizii

3.4. Tasarim Modeline Iliskin Bulgular

Gelistirilen IoT destekli ekolojik Ogrenme parki modeli asagidaki temel bilesenleri

icermektedir:

* Ekolojik 6grenme zonlari: Bitki tanima alanlari, dogal habitat bolgeleri, polinator

bahgeleri

* Akilh altyapa sistemleri: Sensorler, veri toplama ve analiz sistemleri
* Siirdiiriilebilir su yonetimi: Yagmur suyu hasadi ve akilli sulama

* Enerji verimliligi: Yenilenebilir enerji destekli donatilar
* Kaullania etkilesimi: Dijital rehberlik ve egitim panolari

Bu modelin, Erzincan’m iklimsel ve ekolojik kosullarina uyum saglayabilecek nitelikte
oldugu belirlenmistir. Onerilen modelin AutoDesk firmasinin AutoCAD programu ile
hazirlanan tasarim ¢izimi Sekil 9° de verilmistir.
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AKILLI ve CEVRE DOSTU KENTLER PERSPEKTIFINDE 10T DESTEKLI
EKOLOJiK OGRENME PARKI TASARIM MODELI

3

LlEE

GIRIS oh

Onerilen Akilli ve Cevre Dostu Kentler Perspektifinde IoT Destekli Ekolojik Ogrenme Park1
Tasarim Modelinde;

1. Ekolojik Peyzaj Alanlar:

Peyzaj tasariminda ekolojik siirdiiriilebilirligin saglanmasi, biyogesitliligi artirmak ve
ziyaretcilere ekolojik farkindalik kazandirmak amaciyla agsagidaki alanlar olusturulmustur:

e Yerel ve endemik bitki bahgeleri

o Arboretum ve tematik bitki koleksiyonlar: (tibbi-aromatik bitkiler, kurak¢il peyzaj
vb.)

e Yagmur bahgeleri ve biyolojik goletler
e Tozlayici (ar1, kelebek) bahgeleri
o Permakiiltiir ve dogal tarim alanlari

2. IoT Destekli Akilh Sistemler

Parkin temel yenilik¢i ozelliklerinden biri, Nesnelerin Interneti (IoT) teknolojilerinin
entegrasyonudur. Sistem icerisinde, dogal siirecleri izlemek, gercek zamanli veri iiretmek ve
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stirdiiriilebilir yonetimi saglayacaktir. Bu kapsamda asagidaki sensdr ve sistemler
kullanilmaktadir:

Toprak nem sensdrleri (akilli sulama sistemi)
Hava kalitesi sensorleri

Sicaklik ve nem sensorleri

Yagmur ve riizgar sensorleri

Bitki gelisimini izleyen sensorler

Akall1 enerji ve su yonetim sistemi

Mobil uygulama veya dijital ekranlar {izerinden veri gosterimi

3. Ekolojik Ogrenme Alanlar

Park, acik hava egitim merkezi islevi gorecek sekilde tasarlanmistir. Bu dogrultuda asagidaki
O0grenme alanlar1 planlanmigtir:

Acik hava ekoloji siiflar

Doga egitim istasyonlar1

Bitki tanima alanlar1

QR kodlu bilgilendirme panolari
Ogrenci arastirma alanlari

Cocuklar i¢in doga kesif parkuru

4. Yenilenebilir Enerji Sistemleri

Cevre dostu park yaklasiminin enerji ayagini olusturan yenilenebilir enerji sistemleri
sunlardir:

Giines panelli aydinlatma
Solar sarj istasyonlari
Enerji lireten yliriiyiis yollart

Akillt aydinlatma sistemi

S. Siirdiiriilebilir Su Yonetimi

Su kaynaklarinin verimli kullanimi i¢in asagidaki sistemler ongoriilmiistiir:

Yagmur suyu toplama sistemi
Gri su kullanimi
Biyolojik golet ve dogal filtrasyon

Akilli sulama sistemi
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6. Akilli Kent Donatilar1

Parkta kullanic1 deneyimini ve kentsel etkilesimi artirmaya yonelik akilli donatilar yer
almaktadir:

e Akilli banklar (USB sarj, Wi-Fi)
e Dijital bilgi panolar1
e Akilli ¢6p kutular
e Akilli aydinlatma direkleri
7. Rekreasyon ve Sosyal Alanlar

Ziyaretcilerin dinlenme, gozlem ve sosyal etkilesim ihtiyaglarini karsilamak iizere asagidaki
alanlar olusturulmustur:

o Ekolojik ytirtiylis ve bisiklet yollar1
e Ahsap seyir teraslari
e Dinlenme ve piknik alanlar
e Sessiz doga gézlem noktalari
e Acik hava etkinlik alanlar1
8. Biyocesitlilik Koruma Alanlar:

Ekosistemin devamliligi ve yaban hayatinin desteklenmesi amaciyla asagidaki koruma
Ogeleri entegre edilmistir:

o Kus gozlem kuleleri
o Bocek otelleri
o Kus yuvalar
e Dogal habitat koridorlari
9. Dijital Egitim ve Veri Merkezi

Parkta toplanan verilerin islendigi, gorsellestirildigi ve egitim amagh kullanildigi merkezi bir
dijital yap1 bulunmaktadir:

o Ekolojik veri merkezi
e Akilli ekranlar
e Mobil uygulama ile park verilerinin paylasilmas1

Onerilen modelin kullanic1 etkilesim boyutunu somutlagtirmak amaciyla gelistirilen web
arayiiz paneli Sekil 10’da sunulmaktadir. Bu arayiiz, sensorlerden gercek zamanli olarak
toplanan sicaklik, nem, toprak nemi, alev ve ses verilerini gorsellestirmekte; ayn1 zamanda
iki farkli sulama vanasinin (Vana-1 ve Vana-2) anlik konum agilarini (90°) kullaniciya dijital
olarak sunmaktadir. Bu sayede ziyaretciler/6grenciler, parkin ekolojik durumunu anlik olarak
izleyebilmekte ve sistemin “aktif” ¢alisma durumunu deneyimleyebilmektedir.
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Sekil 10. IoT destekli izleme ve kontrol paneli arayiizii (Web uygulama)

Panelde sirasiyla; ortam sicakligi (23.0 °C), ortam nemi (%76), toprak nemi (%62), alev
sensOrii degeri (510) ve ses siddeti (20) gibi ¢evresel parametreler yer almaktadir. Ayrica
sistem durumu (“Sistem Aktif”’) ve iki adet servo motor ile kontrol edilen su tahliye
vanalariin (Vana-1 ve Vana-2) anlik a¢1 bilgileri (90°) kullaniciya sunulmaktadir.

Onerilen ekolojik &grenme parkinda yukarida belirtilen hususlar eklenerek gelistirilen
tasarim modelimiz, SketchUp 2026 da ¢izilmis ardindan Al ile canlilik efekti verilmistir
(Sekil 11.).

AKILLLI ve CEVRE DOSTU KENTLER
IoT DESTEKLI EKOLOJIK QGRENME PARKI
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GGRENME PARKI TASARIM MODELI R ARIN MODELL

AKILLI ve GEVRE DOSTU KENTLER PERSPEKTIFINDE |0TDEEHEK0I.UJ|IR|! AKILLI VE CEVRE DOSTU KENTLER PERSPEKTIFINDE 10T DESTEKLI EKOLOJIK

Sekil 11. Modelin SketchUp 2026'da ¢izimi ardindan yapay zeka(Al) ile canlilik efekti
verilmig hali.

4. SONUC, TARTISMA VE ONERILER

Bu calisma kapsaminda, akilli ve ¢evre dostu kentler perspektifinde IoT destekli ekolojik
O0grenme parki tasarim modeli gelistirilmis ve model Erzincan kenti 06zelinde
degerlendirilmistir.

Elde edilen bulgular, geleneksel park anlayisinin siirdiiriilebilirlik, teknoloji entegrasyonu ve
egitim islevi agisindan yetersiz kaldigini; buna karsin Onerilen modelin bu eksiklikleri
biitiinciil bir yaklagimla giderme potansiyeline sahip oldugunu ortaya koymaktadir. Bunun
yant sira, bilim egitiminde 6grenme ortaminin niteligi, en az egitimcinin rolii kadar belirleyici
bir faktordiir. Nitelikli 6grenme ortamlari; ¢ocuklarin arastirma, kesfetme ve aktif katilimini
destekleyen, gercek yasamla baglantili ve anlamli 6grenme deneyimleri sunan diizenlemeler
icermelidir [14, 24]. Aragtirmalar, erken yasta fen egitiminde sorgulamaya dayal1 ortamlarin,
cocuklarin bilimsel okuryazarlik temellerini olusturmada ve kavramsal degisim siire¢lerini
desteklemede dogrudan etkili oldugunu ortaya koymaktadir [25]. Bu tiir ortamlar, ¢gocuklarin
bilgiyi pasif olarak alan bireyler yerine; sorgulayan, deney yapan ve sonuglarini
degerlendiren aktif 6grenenler olarak siirece katilimini desteklemektedir.

Onerilen modelde yer alan gérev temelli dijital 6grenme modiilleri, agik uglu sorularla
desteklenen egitimci-cocuk etkilesimi ile biitiinlestiginde; ¢ocuklarin neden-sonug iligkisi
kurma, elestirel diisinme ve problem c¢ozme becerilerinin gelisimine katki sunma
potansiyeline sahiptir. Bu siiregte egitimcinin rehberligi ve ¢ocuklarla kurdugu diyalojik
etkilesim, fen olaylarina yonelik merakin bilimsel bir sorgulamaya doniigmesinde belirleyici
bir unsur olarak ©ne c¢ikmaktadir [26]. Bu yoniiyle model, cagdas bilim egitimi
yaklagimlarmin yalnizca bilgi aktarimin1 degil; ayn1 zamanda analiz, sentez ve {ist diizey
biligsel becerilerin gelistirilmesini hedefleyen yapisiyla ortiismektedir.

Calisma sonucunda, ekolojik 6grenme parklarinin yalnizca rekreasyon alani degil; ayni
zamanda egitim, farkindalik ve siirdiiriilebilir yasam pratigi sunan c¢ok islevli sistemler
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oldugu belirlenmistir. Bu dogrultuda gelistirilen model; IoT destekli akilli sistemler,
stirdiiriilebilir su yonetimi, yenilenebilir enerji kullanimi, biyogesitlilik koruma alanlari,
dijital egitim altyapisi ve sosyal-rekreasyonel mekanlarin entegrasyonuna dayanmaktadir.

Ozellikle Erzincan’in karasal iklim kosullar1 dikkate alindi§inda, su verimliligi saglayan
sistemler, kurakliga dayanikli bitkilendirme yaklasimlar1 ve giines enerjisi uygulamalari
modelin uygulanabilirligini giiglendiren unsurlar olarak 6ne ¢ikmaktadir. Bununla birlikte
IoT teknolojilerinin kullanimi, park alanlarinin yalnizca fiziksel degil ayni zamanda veri
odakli ve dinamik sistemler haline gelmesini saglamaktadir. Nitekim Zanella vd. [3], Padova
kentinde gerceklestirdikleri kentsel IoT wuygulamasinda sensdr aglarinin  kamusal
mekanlardaki ¢cevresel parametrelerin izlenmesinde ve hizmet kalitesinin artirilmasinda etkili
bicimde kullanilabilecegini gostermistir. Bu ¢ercevede dnerilen model, s6z konusu kentsel
IoT yaklagimini park 6lgegine ve ekolojik 6grenme baglamina tasiyarak literatiire 6zgiin bir
katk1 sunmaktadir. Sekil 6’da gosterilen prototip donanim mimarisi, 6nerilen modelin teknik
uygulanabilirligini kamtlar niteliktedir. Ozellikle toprak nem sensdrii ve servo motor
kontrollii vanalar araciligiyla gergeklestirilen otonom sulama uygulamasi (bkz. Sekil 6),
bolgenin su stresi kosullarinda kaynak verimliligini maksimize etme potansiyeli tasimaktadir.

Sekil 10’da gosterilen izleme paneli, Onerilen modelin kullanici etkilesimini ve veri
okuryazarligini nasil destekledigini gostermektedir. Panel {izerinden goriilen toprak nemi ve
vana ag1 degerleri, 6grencilerin sulama kararlarin1 veri odakli almasin1 saglayarak, makalede
bahsedilen “gorev tabanl dijital 6grenme modiilleri” nin islevselligini pekistirmektedir.

Gelistirilen tasarim modeli;
e Dogal kaynaklarin etkin kullanimini saglayan,
e Biyolojik cesitliligi destekleyen,
e Kullanici etkilesimini artiran,
e Egitim ve farkindalik olusturan,
e Akilli kent altyapisi ile entegre ¢alisan

e yenilik¢i bir yaklagim sunmaktadir.

Bu c¢alismada, Erzincan ili ekolojik kosullar1 dikkate alinarak; kuraklik toleransi yiiksek,
disiik su gereksinimi ile gelisimini siirdiirebilen ve iklim degisikligi siirecine uyum
potansiyeli bulunan, ayn1 zamanda enerji kaynaklarinin dogru ve etkin kullanimina katki
saglayabilecek dogal ve egzotik (dogal olmayan) bitki tiirleri belirlenmistir. Bu kapsamda
belirlenen tiirler alfabetik siraya gore; Acer platanoides L., Ailanthus altissima (Mill.)
Swingle, Betula verrucosa Ehrh., Carpinus betulus L., Celtis australis L., Cedrus libani
A.Rich., Cotinus coggygria Scop., Cotoneaster horizontalis Decne., Crataegus monogyna
Jacq., Crataegus orientalis M.Bieb., Elaeagnus angustifolia L., Euonymus europaeus L.,
Fraxinus excelsior L., Hedera helix L., Hippophae rhamnoides L., Juniperus sabina L.,
Paliurus spina-christi Mill., Philadelphus coronarius L., Pinus halepensis Mill., Pinus
sylvestris L., Platanus orientalis L., Prunus amygdalus Batsch, Prunus avium L., Prunus
mahaleb L., Pyracantha coccinea M.Roem., Quercus robur L., Robinia pseudoacacia L.
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‘Umbraculifera’, Rosa canina L., Rosa hybrida L., Sambucus nigra L., Sorbus aucuparia L.,
Tilia tomentosa Moench, Ulmus glabra Huds. ve Vitis vinifera L. olarak siralanmistir.

Sonu¢ olarak, Erzincan i¢in Onerilen IoT destekli ekolojik O6grenme parki modeli;
stirdiiriilebilir kentlesme hedeflerine katki saglayabilecek, yerel kosullara uyumlu ve farkli
kentlere uyarlanabilir bir planlama ve tasarim araci niteligindedir. Bu modelin uygulanmasi,
hem cevresel siirdiiriilebilirligin saglanmasina hem de toplumun doga ve teknoloji ile
kurdugu iliskinin gii¢lendirilmesine 6nemli katkilar sunacaktir.

YAYIN ETiGi
Bu ¢aligmanin yayimlanmasi ile ilgili herhangi bir etik sorun bulunmamaktadir.
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Abstract

Biomass energy plays a multidimensional strategic role in Turkey's energy transition due to its high availability
rate, base-load generation capability, and contribution to agricultural and forestry waste management. This
study analyzes the long-term economic sustainability of biomass power plants using Levelized Cost of
Electricity (LCOE) methodology, drawing on operational data from the 27 MWe Eber Biomass Power Plant in
Afyonkarahisar—a single-plant case study employing circulating fluidized bed boiler technology.

Five fuel mixture scenarios (FM-1 to FM-5), composed of locally sourced biomass feedstocks selected based
on calorific value, moisture content, regional availability, and logistics cost, were evaluated under 20- and 25-
year economic lifetime projections. Calculated LCOE values range from 0.105 to 0.121 USD/kWh, falling
within IRENA's reference range (0.07-0.21 USD/kWh) yet substantially exceeding the current YEKDEM
support price of approximately 0.070 USD/kWh (as of January 2026).

A sensitivity analysis confirms that fuel price and CAPEX are the dominant cost drivers. While findings are
specific to the studied plant and should not be generalized to the entire Turkish biomass sector without further
investigation, they highlight a structural economic gap that is threatening investment sustainability. Policy
recommendations—including LCOE-aligned dynamic tariff reform, inclusion in capacity payment
mechanisms, regulatory amendments enabling hybrid and storage integration, and supply chain incentives—are
directly linked to the quantitative results and grounded in the study's scope.

Keywords: Energy Economics, Sustainable Energy Policies, LCOE Analysis, Biomass Optimization

Tiirkiye'de Biyokiitle Enerjisi Yatirnmlarimin Siirdiiriilebilirligi: Tekno-Ekonomik

Analiz ve Politika Optimizasyonu Onerileri
0Oz
Biyokiitle enerjisi; yiiksek emre amadelik orani, baz yiik saglayabilme kabiliyeti ve tarimsal-ormansal atik
yonetimine sundugu katki ile Tiirkiye'nin enerji doniisiim stratejilerinde ¢ok boyutlu bir role sahiptir. Bu
calisma, dolasimli akigkan yatakli kazan teknolojisi kullanan Afyonkarahisar Eber Biyokiitle Enerji Santrali'ne
(27 MWe) ait operasyonel verilerden yola g¢ikarak tek tesis vaka analizi ¢ergevesinde biyokiitle enerji
santrallerinin uzun vadeli ekonomik siirdiiriilebilirligini Diizeylendirilmis Elektrik Maliyeti (LCOE) yontemiyle
analiz etmektedir.
Isil deger, nem igerigi, bolgesel erisilebilirlik ve lojistik maliyet kriterleri gozetilerek olusturulan bes yakit
karigimi senaryosu (FM-1-FM-5) 20 ve 25 yillik ekonomik émiir projeksiyonlar1 altinda degerlendirilmistir.
Hesaplanan LCOE degerleri 0,105-0,121 USD/kWh araliginda olup IRENA referans araligiyla (0,07-0,21
USD/kWh) uyumlu, ancak 2026 yili itibariyla gegerli YEKDEM destek fiyatinin (yaklasik 0,070 USD/kWh)
onemli 6l¢iide iizerindedir.
Duyarlilik analizi, yakit fiyati ve CAPEX'in belirleyici maliyet etkenleri oldugunu teyit etmektedir. Bulgular
incelenen tesise 6zgii olup tiim Tiirkiye biyokiitle sektdriine genellenmemelidir; bununla birlikte, sektordeki
yapisal ekonomik a¢ig1 agik¢a ortaya koymaktadir. LCOE temelli dinamik tarife reformu, kapasite
mekanizmasina dahil edilme, hibrit ve depolama entegrasyonuna yonelik mevzuat diizenlemeleri ve tedarik
zinciri tesviklerinden olusan politika dnerileri dogrudan analiz bulgularina dayandirilmistir.

Anahtar Kelimeler: Enerji Ekonomisi, Siirdiiriilebilir Enerji Politikalari, LCOE Analizi, Biyokiitle
optimizasyonu
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1. INTRODUCTION

Global energy systems face a dual imperative: meeting rapidly growing energy demand while
drastically reducing carbon emissions. The global population is projected to reach 9.7 billion
by 2050, and according to the International Energy Agency (IEA), global energy demand is
expected to increase by approximately 30% by 2040 [6]. Despite progress in renewable
deployment, fossil fuels remain dominant in the current energy mix and are the primary
contributors to greenhouse gas emissions, air quality degradation, and global temperature
increases [1]. The Paris Agreement requires that energy production processes be fully
decarbonized by 2050, driving urgent investment in low-carbon alternatives [1,6].

Among renewable energy technologies, biomass occupies a strategically unique position.
Unlike solar photovoltaic (PV) and wind energy, biomass can provide dispatchable, base-load
electricity that is not subject to weather variability [7]. Biomass is broadly considered carbon-
neutral because the CO: released during combustion is equivalent to that absorbed via
photosynthesis during plant growth, producing no net atmospheric accumulation [2]. Beyond
electricity generation, biomass utilization reduces agricultural waste burning (stubble fires),
mitigates forest fire risk through debris removal, and supports rural employment and income—
externalities not typically captured in standard cost comparisons [8,9].

The economics of biomass power generation have attracted substantial scholarly attention. Kost
et al. [12] established that LCOE is the preferred metric for cross-technology cost
benchmarking, while IRENA [5] reported global biomass LCOE values in the 0.07-0.21
USD/kWh range depending on technology and region. Several recent studies have examined
the cost competitiveness of biomass in specific national contexts: Bertsiou et al. [13] found that
biomass hybridization with storage substantially reduces LCOE compared to standalone
operation; Para et al. [14] demonstrated that fuel supply chain optimization can reduce biomass
generation costs by 15-25%; and Huang et al. [15] identified that capacity factor and fuel price
volatility are the dominant drivers of biomass LCOE uncertainty. In the Turkish context, Toklu
[9] estimated Turkey's recoverable biomass potential at approximately 34 Mtoe, while Baskaya
and Cosan [10] evaluated biomass LCOE under the YEKDEM framework prior to its 2021
restructuring.

Turkey has prioritized renewable energy to meet growing demand, reduce foreign dependency,
and ensure environmental sustainability. Under the National Energy and Mining Policy,
increasing the share of domestic biomass resources is a stated objective [8]. Approximately
55.6% of Turkey's land is arable, and 35% of the population is engaged in agriculture, creating
substantial agricultural and forestry residue streams. As of 2025, Turkey's installed biomass
electricity generation capacity reached 2,116 MW, with 33 licensed direct combustion facilities
representing 508 MWe [10].

The Renewable Energy Resources Support Mechanism (YEKDEM), enacted in 2010, provided
biomass generators with a fixed 0.133 USD/kWh purchase guarantee that catalyzed rapid
sectoral growth: between 2016 and 2021, plant count grew from 69 to 372 and installed capacity
from 282 MW to 1,354 MW. However, regulatory amendments effective June 30, 2021 —
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which replaced the fixed foreign-currency guarantee with a lower Turkish lira-based tariff —
brought new investment to a virtual standstill. The number of biomass plants remained stagnant
at 387 between July 2023 and July 2024, with no new facility entering commercial operation
[10].

The objective of this study is to quantify the economic sustainability challenges facing Turkish
biomass power plants using LCOE methodology and real operational data, and to develop
policy recommendations that are directly grounded in the quantitative findings. The analysis is
explicitly framed as a single-plant case studys; its findings characterize the economic conditions
of the reference plant and provide a methodological template for broader sector assessment
rather than direct extrapolation to the entire Turkish biomass sector.

2. MATERIAL AND METHODS
2.1. Case Study Plant and Operational Data

The study is based on operational data from the 27 MWe Eber Biomass Power Plant located in
the Cay district of Afyonkarahisar Province, Turkey. This facility employs circulating fluidized
bed (CFB) boiler technology with direct combustion—a proven configuration for multi-
feedstock biomass power generation [11]. The plant has been operational since its
commissioning date and provides continuous field data on fuel consumption, generation output,
and operational costs. Table 3 summarizes the key technical and financial parameters used in
the economic analysis, drawing on both plant records and supporting literature values [4,10].

All LCOE calculations were conducted using average feedstock prices rather than facility-
specific procurement costs, in order to provide a basis for comparison that is broadly
representative of regional market conditions. This approach provides a conservative estimate;
actual plant-level costs may be higher or lower depending on specific supply contracts.

Figure 1. Afyonkarahisar Eber Biomass Power Plant (27 MWe, Cay district)
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Table 3. Biomass power plant technical and operational parameters [4,10]

Parameter Component Value Mapping Unit
Installed Capacity (Net Capacity) 27 MWe
Capacity Factor 82.5 %

Annual Net Operating Time 7,227 Hours (h)
Economic Life Axis 20-25 Years
Initial Investment Cost (CAPEX Baseline) 2,170 — 4,500 USD/kW
f(l))igezi/[ (f)il))(zrda)tlons & Maintenance Costs 2% - 7% % of CAPEX/year
Variable O&M Factor (O&Mvar) 0.005 USD/kW
Annual System Performance Degradation Rate 0.2 % / year
Financial Discount Rate Threshold (1) 5% - 10% %

2.2. Fuel Mixture Formulation

Five biomass fuel mixture scenarios (FM-1 to FM-5) were formulated using five primary
feedstocks sourced from the plant's supply region: reed, poplar bark, corn stalk, pine bark, and
tree root. The mixture compositions were developed based on the following criteria, consistent

with operational practice at the reference plant:

Calorific value (lower heating value, LHV): Feedstocks were selected and proportioned
to maintain a blended LHV within the operational design range of the CFB boiler
(approximately 10—14 MJ/kg on an as-received basis).

Moisture content: Proportions were adjusted to keep the blended moisture content below
35% to ensure efficient combustion and avoid boiler fouling.

Ash content: High-ash feedstocks (pine bark, tree root) were limited in proportion to
manage bottom ash and fly ash volumes within equipment handling capacity.

Regional availability and seasonality: Corn stalk and reed are available primarily post-
harvest (autumn—winter); poplar bark and pine bark are available year-round from
sawmill and forestry operations. Mixture compositions reflect these seasonal supply
constraints.

Logistics and procurement cost: Feedstocks were ranked by delivered cost per unit of
energy, with lower-cost options (corn stalk, reed) receiving higher proportions in
economically favorable mixtures (FM-1).

FM-1 maximizes corn stalk content (50%), which offers the lowest unit cost and adequate
calorific value. FM-2 increases poplar bark (35%), a higher-energy but more expensive
feedstock. FM-3 represents an equal-blend scenario. FM-4 and FM-5 explore alternatives
weighted toward reed and tree root, respectively. Table 4 presents the proportional
compositions; Table 5 lists feedstock prices; Table 6 provides the resulting mixture costs and
annual fuel expenditures.
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Table 4. Proportional feedstock distribution of evaluated fuel mixtures [5]

Biomass Feedstock FM-1 (%) FM-2 (%) FM-3 (%) FM-4 (%) FM-5 (%)
Reed 20 10 20 40 10
Poplar Bark 10 35 20 10 10
Corn Stalk 50 10 20 10 10
Pine Bark 10 25 20 20 30
Tree Root 10 20 20 20 40
Weighted Avg. Cost (USD/ton) 54.25 65.25 60.50 58.75 62.75

Table 5. Biomass feedstock prices including collection, loading, transport, and on-site processing [5]

Biomass Feedstock  Min. (USD/ton) Max. (USD/ton) Avg. (USD/ton) Procurement Basis

Reed 40.00 60.00 50.00 Collection + transport
Poplar Bark 60.00 80.00 70.00 Collection + transport
Corn Stalk 40.00 55.00 47.50 Collection + transport
Pine Bark 70.00 90.00 80.00 Collection + transport
Tree Root 45.00 65.00 55.00 Collection + transport

Table 6. Aggregated fuel mixture costs [5]

Fuel Mixture Min. (USD/ton) Max. (USD/ton) Avg. (USD/ton)
FM-1 45.50 63.00 54.25
FM-2 55.50 75.00 65.25
FM-3 51.00 70.00 60.50
FM-4 49.00 68.50 58.75
FM-5 53.00 72.50 62.75

2.3. LCOE Calculation Methodology

The Levelized Cost of Electricity (LCOE) represents the discounted average cost per unit of
electricity generated over a plant's economic lifetime. It is the standard metric for comparing
the economic competitiveness of energy technologies and assessing investment viability [12].
The LCOE model applied in this study follows IEA and IRENA methodology [5,6]:

LCOE =X [(I + M + F) / (1+1)] / £ [E/(1+1)] (1)
E=Eox(1-DR) (2

In Equations 1 and 2: I; = investment expenditure (CAPEX) in year t; M; = operation and
maintenance (O&M) expenditure in year t; F; = fuel and logistics expenditure in year t; E; = net
electricity generation in year t (kWh); Eo = first-year electricity generation (195,129,000 kWh);
r = financial discount rate (5%-10%); n = system lifetime (20 or 25 years); DR = annual
performance degradation rate (0.2%, per California Energy Commission [4]).

The initial investment was fixed at 90,045,000 USD for all scenarios (CAPEX midpoint x
27,000 kW). Total O&M costs were calculated at 100,549,303 USD (20-year) and 125,685,409
USD (25-year), remaining invariant across fuel mixture configurations. LCOE was computed
for both 20- and 25-year economic lifetimes and for minimum, average, and maximum fuel
price scenarios.
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3. RESULTS AND DISCUSSION
3.1. Fuel Mixture Cost Analysis

Figure 2 presents the total cost structure across the five fuel mixture scenarios. Three
components are shown: fixed CAPEX (90,045,000 USD, invariant), fixed O&M costs, and
scenario-dependent variable fuel costs. FM-1 offers the lowest annual fuel expenditure at
12,702,898 USD and a 20-year total fuel cost of 254,057,958 USD, while FM-2 represents the
highest at 15,278,601 USD annually and 305,572,014 USD over 20 years. The 51.5 million
USD 20-year cost differential confirms that feedstock mix optimization is a primary lever for
economic sustainability.

YK-5
YK-4
YK-3
YK-2
YK-1
T T T T T = T T T T = T T T T { T T T T
S- $100.000.000 $200.000.000 $300.000.000 $400.000.000
B Total operating cost (25 years) i Total operating cost (20 years)
Initial investment cost Total fuel cost (25 years)
B Total fuel cost (20 years) ﬂ Annual fuel cost

Figure 2. Fuel, operation, and investment costs by fuel mixture scenario

3.2. Degradation Effects on Long-Term Output

Figure 3 illustrates the effect of the 0.2% annual degradation rate (Equation 2) on electricity
output and operating costs over the 25-year projection horizon. Annual generation declines
from 195,129,000 kWh in Year 1 to 195,031,459 kWh by Year 25—a cumulative reduction of
97,541 kWh (0.05%), negligible in practical terms. Operating costs correspondingly decrease
from 5,027,670 USD to 5,027,182 USD, effectively constant. The marginal nature of this
degradation is consistent with findings from Saidur et al. [11] for CFB boiler systems, which
report stable long-term combustion efficiency under routine maintenance. This cost stability is
an important advantage of biomass relative to technologies with steeper degradation curves,
and it supports the robustness of long-term financial projections.
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Figure 3. Annual electricity generation and operating cost over 25-year projection (0.2% degradation
rate)

3.3. LCOE Results and Comparison with Literature

Figure 4 and Table 7 present the LCOE values for all five fuel mixture scenarios under 20- and
25-year economic lifetimes, benchmarked against the IRENA global reference range and the
current YEKDEM support price.

0,25
02 +
S015 +
<
v X %
w ] X X
S o1+ X
< ]
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0 ]
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————— Min  -------Max LCOE (20 yil) X LCOE (25 yil)

Figure 4. LCOE values for fuel mixture scenarios vs. IRENA global reference range (USD/kWh)
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Table 7. LCOE results by fuel mixture with benchmark comparisons

Fuel Mix LCOE 20yr LCOE 25yr Total Fuel Cost A vs. YEKDEM
(USD/kWh) (USD/kWh) 20yr (USD) (USD/kWh)
FM-1 0.1085 0.1051 254,057,958 +0.0385
FM-2 0.1211 0.1171 305,572,014 +0.0511
FM-3 0.1155 0.1118 283,449,120 +0.0455
FM-4 0.1124 0.1088 275,224,800 +0.0424
FM-5 0.1179 0.1140 294,166,400 +0.0479
YEKDEM (Jan 2026) 0.070 0.070 — Reference
IRENA Global Min. 0.072 0.072 — —

Calculated LCOE values range from 0.1051 USD/kWh (FM-1, 25 years) to 0.1211 USD/kWh
(FM-2, 20 years), confirming alignment with IRENA's [5] reported range of 0.07-0.21
USD/kWh for global biomass installations. The FM-1 result (0.1085 USD/kWh, 20 years) is
51% above the IRENA global minimum of 0.072 USD/kWh, reflecting the higher feedstock
procurement and logistics costs characteristic of Turkey's developing biomass supply chain
compared to established markets in Northern Europe and North America.

This cost gap is consistent with findings by Baskaya and Cosan [10], who reported Turkish
biomass LCOE values above 0.10 USD/kWh in their pre-2021 analysis, and with Huang et al.'s
[15] observation that biomass LCOE in emerging markets is typically 30-60% higher than in
mature markets due to supply chain inefficiencies. Compared to Bertsiou et al. [13], who found
standalone biomass LCOE values of 0.095-0.130 USD/kWh in Southern European contexts,
the present results are within the expected range given Turkey's logistics cost structure.

The fundamental policy problem is clear from Table 7: the current YEKDEM support price of
approximately 0.070 USD/kWh (as of January 2026) is 39-45% below even the most
economically favorable domestic LCOE estimate. Every kWh of biomass electricity produced
at this facility generates a structural financial loss of approximately 0.039-0.051 USD for the
operator. This aligns with the sector stagnation data: no new biomass plant entered operation
between July 2023 and July 2024 [10].

3.4. YEKDEM Price Structure and Inter-Technology Comparison

Table 8 and Figure 5 present the January 2026 YEKDEM tariff schedule and compare support
prices with LCOE estimates across renewable technologies. The disparity in treatment across
technologies is notable: geothermal receives approximately 0.132 USD/kWh — well above its
estimated production cost — while biomass (thermal disposal category) receives approximately
0.070 USD/kWh, the only major renewable category for which the support price falls below
both the domestic minimum LCOE and the global IRENA minimum.
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Table 8. January 2026 YEKDEM tariff schedule

Renewable Energy Facility Type ~ YEKDEM Price (TL ke/kWhy ~ D°m- Component Support (TL

kr/kWh)
Reservoir Hydroelectric 337.27 67.46
Run-of-River Hydroelectric 316.18 67.46
Onshore Wind 248.26 67.46
Offshore Wind 337.27 90.02
Geothermal 473.16 67.46
Biomethanization 405.18 67.46
Thermal Disposal (incl. biomass) 315.97 50.54
Solar PV 248.26 67.46
Onhore Wind | |
Offshore Wind | oy ‘
Solar PV —
. i y
Hydroclectric | (D
Ceothermal | '
Biomass —
0 0,02 0,04 0,06 0,08 0,1 0,12
Electricity sales price in H| Levelized cost of electricity (LCOE)
January 2026

Figure 5. Comparison of YEKDEM support prices and LCOE values across renewable energy
technologies (USD/kWh)

For biomass plants commissioned before June 30, 2021, the YEKDEM price remains 0.133
USD/kWh — sufficient to cover production costs. However, plants commissioned after this
date, or operating in the free market following YEKDEM expiry, face a structural revenue
shortfall. This two-tier system creates a perverse incentive structure that halts new investment
while keeping older plants economically viable, preventing the sector expansion needed to meet
Turkey's renewable energy targets.

From an environmental policy perspective, this pricing structure also undermines Turkey's CO-
emission reduction commitments. Biomass combustion releases CO:, but the carbon neutrality
of the fuel cycle means net lifecycle emissions are substantially lower than fossil fuel
alternatives [7]. Restricting biomass investment through inadequate pricing effectively
prolongs fossil fuel dependence for base-load generation.
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3.5. Sensitivity Analysis

Given that LCOE is sensitive to key input parameters, a structured sensitivity analysis was
conducted to quantify the influence of fuel price, discount rate, capacity factor, plant lifetime,
and CAPEX on FM-1 LCOE under the 20-year scenario. Each parameter was varied
individually while holding others at their base case values. Table 9 summarizes the results.

Table 9. Sensitivity analysis: influence of key parameters on FM-1 LCOE (20-year scenario)

Base Low

Parameter Case Scenario High Scenario = LCOE Impact (FM-1, 20yr)
Fuel Price 43.40 o

(USD/ton) 54.25 (=20%) 65.10 (+20%) +0.009 USD/kWh
Discount Rate (%) 7.5 5.0 10.0 +0.008 USD/kWh
Capacity Factor (%) 82.5 70.0 90.0 +0.007 USD/kWh
Plant Lifetime 20 15 25 +0.003 USD/kWh
(years)

CAPEX (USD/kW) 3,335 2,170 4,500 +0.011 USD/kWh

Results confirm that CAPEX (£0.011 USD/kWh for the full range) and fuel price (+0.009
USD/kWh for £20% variation) are the dominant cost drivers, consistent with findings by Huang
et al. [15] and Kost et al. [12]. Discount rate exerts moderate influence (+0.008 USD/kWh
across the 5%—10% range), while plant lifetime and capacity factor have comparatively smaller
marginal effects within the ranges evaluated. Critically, even under the most favorable
combination of parameter values (lowest fuel price, lowest discount rate, highest capacity
factor, maximum lifetime, minimum CAPEX), the resulting LCOE of approximately 0.085
USD/kWh remains above the current YEKDEM support price of 0.070 USD/kWh. This finding
demonstrates that the economic gap is not an artifact of pessimistic assumptions but reflects a
structural policy misalignment.

4. CONCLUSION

This study analyzed the economic sustainability of biomass power generation in Turkey through
LCOE modeling based on operational data from a single 27 MWe case study plant in
Afyonkarahisar. The findings are specific to the analyzed facility and should not be directly
extrapolated to the entire Turkish biomass sector without further investigation; however, they
provide a methodologically rigorous basis for assessing the structural economic challenges
facing comparable plants and a quantitative foundation for policy discussion.

The central finding is that all five fuel mixture scenarios yield LCOE values (0.105-0.121
USD/kWh) that substantially exceed the current YEKDEM support price of approximately
0.070 USD/kWh. The sensitivity analysis confirms this gap persists even under the most
favorable parameter assumptions, identifying it as a structural policy problem rather than a
plant-specific inefficiency. FM-1 (corn stalk dominant, 50%) offers the lowest LCOE at 0.1085
USD/kWh (20 years), indicating that feedstock optimization toward lower-cost, locally
abundant materials is the most effective cost-reduction lever within the existing regulatory
framework.

Based directly on these quantitative findings, four policy interventions are recommended:
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* LCOE-Aligned Tariff Reform: The YEKDEM support price for biomass (thermal disposal
category) should be revised upward to at minimum cover the lowest achievable LCOE
(approximately 0.105-0.110 USD/kWh for optimized fuel mixtures), with an automatic
indexation mechanism reflecting fuel price and logistics cost movements. This
recommendation is directly derived from the finding that no analyzed scenario achieves
financial viability at the current tariff.

* Capacity Payment Mechanism Inclusion: Biomass plants should be incorporated into
TEIAS's capacity payment mechanism, currently available only to gas and coal plants. This
is justified by the finding that biomass operates at an 82.5% capacity factor — far exceeding
intermittent renewables — and delivers equivalent grid reliability benefits. Capacity
payments would partially offset the LCOE-tariff gap without requiring full tariff adjustment.

* Hybrid and Storage Regulatory Reform: Articles 5(1), 5(4), and 12(5)(e) of the Electricity
Market License Regulation should be amended to permit excess auxiliary source generation
(e.g., solar) to be directed to independent licensed energy storage facilities without curtailing
biomass output. This would enable additional revenue streams that the sensitivity analysis
identifies as a viable mechanism for improving project economics.

* Biomass Fuel Supply Chain Development: Given that fuel price is the most sensitive cost
driver (Table 9), legal frameworks and fiscal incentives should be established to integrate
agricultural residue producers and forestry operators into reliable, long-term supply
contracts, reducing the fuel cost variability that most threatens LCOE stability.

Future research should extend this LCOE framework to a sample of multiple Turkish biomass
plants of varying capacity and feedstock mix, enabling sector-level conclusions. Monte Carlo
simulation-based probabilistic LCOE modeling would further quantify uncertainty ranges
under simultaneous multi-parameter variation. Integration of grid-level shadow pricing for
dispatchability would capture the economic value of biomass base-load capabilities not
reflected in current tariff structures.
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Abstract

Passive systems in battery thermal management systems (BTMS) are considered promising; however, they still
require further development. In this numerical study, natural convection, a low-cost, easy-to-implement passive
cooling method for BTMS, is used. For this purpose, fins with different configurations are mounted on the
surface of the 18650 NMC cylindrical battery. The effects of these configurations are evaluated by comparing
them with a battery surface without fins. The configurations investigate fin diameters that increase from one
battery pole to the other (Cases 1 and 2), and diameters that expand from the center to the poles (Case 3). The
study is conducted at discharge rates of 3C, 4C, and 5C. The results show that finless batteries exhibit the most
homogeneous temperature distribution but are exposed to the highest temperature. Case 3 is the most suitable
configuration for cooling the battery. A 1C increase in discharge rate leads to a 13-17°C increase in these cases.
Compared with the finless battery at a 3C discharge rate, Cases 1, 2, and 3 show temperature reductions of
approximately 16.3%, 16.3%, and 30.4%, respectively.

Keywords: Natural convection, battery cooling, 18650 NMC battery, fin.

Farkh Kanat Konfigiirasyonlarina Sahip NMC Bataryasinin Sogutulmasi

Oz

Pil termal yonetim sistemlerinde (BTMS) pasif sistemler umut verici olarak degerlendirilmektedir; ancak bu
sistemlerin daha fazla gelistirilmesi gerekmektedir. Bu sayisal ¢alismada, BTMS igin diisiik maliyetli ve
uygulamasi kolay bir pasif sogutma yontemi olan dogal konveksiyon yoluyla 1s1 transferi incelenmistir. Bu
amagcla, farkli konfigiirasyonlara sahip kanatciklar 18650 NMC silindirik pilin yiizeyine monte edilmistir. Bu
konfigiirasyonlarin  etkileri, kanatcik bulunmayan bir pil yiizeyine kiyasla degerlendirilmistir.
Konfigiirasyonlar, bir pil kutbundan digerine dogru artan kanatgik ¢aplarmni (Durum 1 ve 2) ve merkezden
kutuplara dogru genisleyen ¢aplart (Durum 3) incelemektedir. Calisgma 3C, 4C ve 5C desarj oranlarinda
gergeklestirilmistir. Sonuglar, kanatsiz pillerin en homojen sicaklik dagilimini sergiledigini, ancak en yiiksek
sicakliga maruz kaldigimi gostermektedir. Durum 3, bataryay1 sogutmak i¢in en uygun konfigiirasyondur. Desarj
oranindaki 1C’lik bir artig, bu durumlarda 13-17 °C’lik bir artisa neden olur. 3C desarj oranindaki kanatsiz
bataryayla karsilastirildiginda, Durum 1, 2 ve 3’te sirasiyla yaklasik %16,3, %16,3 ve %30,4 oraninda sicaklik
diisiisti gozlemlenmektedir.

Anahtar Kelimeler: Dogal konveksiyon, pil sogutma, 18650 NMC pil, kanat.
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1. INTRODUCTION

Recently, lithium-ion batteries (LIBs), which serve as the fundamental energy storage element
in electric vehicles (EVs), have received extensive worldwide attention. Compared with other
rechargeable battery systems, they are widely accepted as the most suitable choice for EVs
because of their superior energy and power densities, extended cycle life, and low self-discharge
rate [1]. Even so, temperature increases due to internal heat generation during charging and
discharging pose a significant challenge. This heat primarily originates from Joule heating due
to internal resistance and from entropic heat generated by electrochemical reactions within the
cells. If this thermal energy is not effectively dissipated, it can lead to severe degradation
mechanisms, such as lithium plating, accelerated capacity fade, and in extreme cases,
catastrophic thermal runaway. Since battery efficiency, safety, and service life are closely linked
to operating temperature, a battery thermal management system (BTMS) is a critical component
of EV battery packs [2]. For Li-ion batteries, the optimal operating temperature is recommended
to lie between 20°C and 50°C, and temperature differences across modules should be limited
to less than 5°C for best performance [3]. Maintaining this uniform temperature distribution
prevents localized aging, ensures balanced cell performance, and maximizes the overall lifespan
of the battery pack. Consequently, modern BTMS designs employ various advanced cooling
and heating methods—such as air, liquid, phase change materials (PCMs), and heat pipes—to
precisely regulate these thermal boundaries under diverse operating conditions.

A robust BTMS is essential for maintaining battery temperature within its safe operating
envelope and ensuring effective heat dissipation across varying driving cycles in EVs.
Generally, BTMS configurations can be categorized into passive and active thermal
management strategies. These include air cooling [4], liquid cooling [5], PCM cooling [6], heat
pipe [7], and hybrid cooling [8], the latter representing the synergistic integration of at least two
distinct cooling mechanisms to overcome individual system limitations. Although active
cooling systems offer high convective heat transfer coefficients and superior control of heat
dissipation, they inherently incur penalties, including increased auxiliary power consumption,
added structural complexity, increased overall vehicle weight, and elevated manufacturing and
maintenance costs. Conversely, passive cooling systems, particularly those utilizing PCMs, are
highly attractive due to their structural simplicity, energy-free operation, and cost-effectiveness.
However, because pure PCMs typically exhibit notoriously low thermal conductivity, extensive
research efforts are ongoing to enhance their localized cooling efficiency and thermal response
rates. Dey et al. [9] numerically investigate the effect of finned structures on the passive thermal
management of LIBs. The results indicated that adding PCM reduces the temperature rise by
approximately 71.9% and that finned structures improve temperature homogeneity in the
battery module. Chen et al. [ 10] and Verma and Rakshit et al. [ 11] study how cylindrical, vertical
fins with different orientation angles and longitudinal fins along the cell battery’s vertical cross-
section influence the LIB’s thermal performance. It is observed that fins provide a more uniform
temperature distribution when using nine horizontal fins, four vertical fins angled at 45°, and
30-mm longitudinal fins. This configuration optimizes PCM utilization and decreases the
maximum temperature by 26 K, enhancing battery cooling. Shen et al. [12] examine the impact
of helical fins on LIB’s performance. The study revealed that widening the helical fin enhances
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BTMS performance. Chen et al. [13] investigate how a bionic spiral fin covered with PCM
influences LIB. It is concluded that optimal spiral parameters lower the maximum temperature
by 2.4°C. Khasboshan et al. [14] examine BTMS setups incorporating fins, metal foam, and
PCM to reduce battery temperature during 3C discharging under varying conditions. The results
indicate that using copper metal foam and fins is the most effective method, decreasing battery
temperature by 3 K. Pranto et al. [15] studied a numerical study involving hybrid nano-
enhanced PCM and fin architectures. The results show that the fin/hybrid nano-enhanced PCM
configuration reduces Tmax by 12.54% relative to the base case and achieves a 9.62%
improvement over the fin-only configuration.

According to the existing literature, passive thermal management systems hold immense
promise for next-generation BTMS due to their simplicity and energy efficiency. Yet,
substantial development remains to overcome their inherent heat-transfer limitations.
Motivated by these challenges, the present study focuses on leveraging natural convection—a
mechanism highly favored in practical automotive applications for its exceptional cost-
effectiveness and high operational reliability. To enhance the relatively low heat transfer
coefficients typically associated with buoyancy-driven natural convection, this work
systematically introduces fins directly onto the outer surface of a cylindrical lithium-ion battery
cell. Various geometric configurations, characterized by distinct spatial orientations and
dimensions, are strategically placed to disrupt the thermal boundary layer and maximize the
effective heat-dissipation area. The thermal performance of these diverse finned configurations
is comprehensively evaluated and benchmarked against a finless battery surface under identical
heat-generating conditions. Through this comparative analysis, this study aims to provide
critical design guidelines for optimizing fin structures to achieve superior temperature
uniformity and mitigate thermal issues in passive BTMS designs.

2. MATERIAL AND METHODS

The numerical model is based on the conservation equations of mass, momentum, and energy.
Buoyancy forces induced by temperature differences drive natural convection around the
battery. The coolant is assumed to be incompressible and Newtonian, with the laminar flow.
The battery is modeled with anisotropic thermal conductivity. Natural convection effects are
incorporated using the Boussinesq approximation. Thermal radiation is neglected, with focus
solely on conduction and natural convection. The entire battery system is initially at ambient
temperature. Based on these assumptions, the governing equations for the three-dimensional,
time-dependent, and incompressible model are defined as follows:

Continuity equation
V.V=0 (1)

Momentum equation

d ap
p(a—t+V. Vv) = —£+/,tl72v+pgﬁ(T—Too) ()
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Energy equation
pe, (Z—: +V. VT) = kV2T 3)

In these equations, p (kg/m®) and V' (m/s) represent fluid density and velocity, respectively; P
(Pa) is the pressure, and u (Pa-s) is the dynamic viscosity. The parameters g (m/s?), f, and &
denote the gravitational acceleration, the volumetric expansion coefficient, and the thermal
conductivity, respectively. Lastly, 7 (K) is the temperature, and v (m/s) is the y-direction
velocity component. The buoyancy force is expressed as pgB (T — T, ), represents the effect of
natural convention. In this study, the Equivalent Circuit Model (ECM) is used to model the
battery. This model mimics the battery's electrical behavior using an electrical circuit. Ansys
Fluent, which we used for modeling, employs a six-parameter ECM model based on Chen's
work [16]. Details of the model can be found in the ANSYS Fluent theoretical guide [17]. The
following equation was used to determine the homogeneous index (TUI).

TUl = ((Thnax — Tmin)/Tmin) X 100 (%) “4)

Tmax (°C) and Twin (°C) represent the battery's maximum and minimum temperatures,
respectively.

2.1. Numerical Model

In this study, an 18650 lithium-nickel-manganese-cobalt-oxide (NMC) cylindrical cell is
selected for its high energy density and commercial dominance in electric vehicles. Fig. 1 shows
the geometric parameters of the 18650 lithium-nickel-manganese-cobalt-oxide (NMC)
cylindrical battery modeled in this study, along with three different battery cases with fins. The
length and diameter of the battery are 65 and 18 mm, respectively. The fins on the battery are 1
mm thick, and a total of 5 are used. The fin diameters are: ;=24 mm, J>=27 mm, J3=30 mm,
@4+=33 mm, and J5=36 mm. Case 1 represents fin diameters decreasing from the positive to the
negative pole, while Case 2 represents fin diameters increasing from the positive to the negative
pole. In Case 3, the fins' diameters decrease from both poles toward the center of the battery.
The distance between each fin is 15 mm. The total number of fins in each case is 5. The fins are
made of aluminum. The battery was discharged at 3C, 4C, and 5C.
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65 mm

Case 3

Finless battery Case 2
Fig. 1. The geometric parameters of the 18650 NMC cylindrical battery and the three different
battery cases with fins

A convective heat transfer coefficient of 5 W/m?-K was assumed for natural convection from
the battery surface to the ambient air. The battery's initial temperature is 21 °C. To observe the
thermal effect of the fins, the finless battery was used as a reference in evaluating the results.
Table 1 shows the battery parameters and values.

Table 1. Battery parameters and value

Parameter Value

Type 18650

Material Lithium Nickel Manganese Cobalt Oxide
Specific heat (J/kg-K) 1000

Density (kg/m?) 2767

Charge cut-off voltage (V) 4.2

Discharge cut-off voltage (V) 2.5

Nominal capacity (Ah) 2.8

The numerical model was validated with the literature [18]. Table 2 shows the results of the
experimental study and numerical validation. Validation was performed at discharge rates of
2C and 4C. The results were evaluated considering 7uve. When the results are compared, the
maximum deviations for 2C and 4C are 6.07% and 5.35%, respectively. These show that the
numerical results closely match the experimental results.
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Table 2. Numerical validation

2C Discharge rate 4C Discharge rate
DOD | Tag (°C), Tavg, Num. | Deviation Tavg (°C), Tavg, Num. | Deviation

Exp. [18] (°C) (%) Exp. [18] (°O) (%)
0.1 24.93 24.89 0.16 31.21 29.54 5.35
0.2 30.65 28.79 6.07 39.00 37.71 3.31
0.3 34.92 32.88 5.85 47.74 46.63 2.33
0.4 39.00 37.15 4.74 54.61 53.68 1.70
0.5 42.72 41.42 3.04 62.23 60.74 2.39
0.6 46.44 45.51 2.00 68.36 67.61 1.10
0.7 49.75 49.78 0.06 75.23 74.67 0.74
0.8 53.50 54.24 1.38 81.70 81.73 0.04
0.9 57.77 59.44 2.89 88.61 89.16 0.62
1.0 61.11 64.27 5.17 94.18 96.59 2.56

3. RESULTS AND DISCUSSION

Fig. 2 shows the change in battery temperature with depth of discharge (DoD) at a 3C discharge
rate. As the DoD of the battery increases, the temperature rises steadily in all cases. The finless
battery carries the highest thermal load, reaching approximately 77°C at 100% DoD. Case 1
and Case 2 designs exhibit similar performance and reduce the overall battery temperature rise
by approximately 16%, respectively, compared to the finless battery. These two models delayed
the battery from reaching its critical temperature limit (60°C), but thermal management still has
room for improvement. The most significant improvement is observed in Case 3. Compared to
the finless battery, Case 3 reduces temperature rise by approximately 31%, keeping the battery's
final temperature around 53°C. This demonstrates that the design changes in Case 3 make heat

transfer much more efficient and provide the safest operating environment to preserve battery
life.
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Fig. 2. The change in battery temperature with DoD at a 3C discharge rate

Fig. 3 shows the battery temperature contours at a 3C discharge rate. In the finless battery, heat
is trapped at the center and cannot be dissipated. Thanks to the fins used in the Case 1 and Case
2 models, the temperature shifts towards the poles, where the fin diameter is smaller, with the
maximum temperature region more concentrated along the battery. However, the battery's
temperature density is still significant in these cases. In Case 3, the high temperature is
concentrated at the battery's center. However, the maximum temperatures are still lower than
those in Cases 1 and 2 due to the design.
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Fig. 3. Contours of battery temperature at a 3C discharge rate

Fig. 4 depicts the change in battery temperature with DoD at a 4C discharge rate. As the DoD
increases from 0% to 100%, temperatures rise in all cases. In the finless battery, the temperature
rises to approximately 95°C at the end of discharge. In Cases 1 and 2, the temperature increase
is similarly suppressed, and the final temperatures reach approximately 80°C. These situations
may expose the battery to the risk of thermal runaway. In Case 3, the temperature is
approximately 66°C at the end of discharge. The most successful cooling performance is again
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achieved in Case 3. Compared to the finless battery, improvements of approximately 16.3%,
16.3%, and 30.4% in temperature reduction are observed in Cases 1, 2, and 3, respectively.

100
80
g} 60
= 40
0 ==
0
0 20 40 60 80 100 120
DoD (%)
— Finless battery e Case 1 —— Case 2 Case 3

Fig. 4. The change in battery temperature with DoD at a 4C discharge rate

Fig. 5 shows the battery temperature contours at a 4C discharge rate. Increasing the discharge
rate from 3C to 4C (compare Figs. 2 and 5) results in a noticeable increase in the finless battery's
final temperature from approximately 77.3°C to 95.6°C, a 23.4% increase. Moreover, it is
observed to spread over a wider area on the battery casing. These are interpreted as a dramatic
increase in heating due to internal resistance, along with an increase in current. In other words,
the need for thermal management becomes critical as the discharge rate increases. On the other
hand, while the Case 1 and Case 2 models offer more balanced heat distribution at a 3C rate
(Fig. 3), they become insufficient at a 4C rate (Fig. 5), with heat accumulating in the battery's
polar regions. In Case 3, the fins' heat-dissipation capacity remains effective despite the
increased heat generation.
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Fig. 5. Contours of battery temperature at a 4C discharge rate
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Fig. 6 denotes the change in battery temperature with DoD at a 5C discharge rate. As the DoD
increases, the temperature curves become steeper, and the battery is observed to be under
extreme thermal stress. In the Finless battery, the temperature exceeds 111°C. At this high
discharge rate, Case 3 limits the temperature to approximately 80°C. However, the Case 1 and
Case 2 models reach approximately 94°C. As the discharge rate increases from 3C to 5C, the
improvement rate provided by Case 3 decreases from 31% to 27.2%. This means that passive
cooling efficiency decreases as the C-rate increases.
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Fig. 6. The change in battery temperature with DoD at a 4C discharge rate

Fig. 7 depicts the battery temperature contours at a 5C discharge rate. Each 1C increase in
discharge rate results in an increase in average temperature between 13 and 18 °C in these cases.
As with other C-rates, it is observed that temperatures remain lower in regions where the fin’s
diameter increases.
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Table 3 shows Tmax, Tmin, and TUI values for the battery configuration. The lowest TUI is seen
in a finless battery. However, this does not mean it is good. Because cooling is insufficient in a
finless battery, the entire battery heats up to the same degree. Among finned cases, Case 3
provides the most homogeneous distribution. While the TUI is in the 12%-17% range in Cases
1 and 2, the difference is in the 7%-10% range in Case 3. This proves that Case 3 not only cools
the battery but also distributes the cooling effect evenly throughout it. As the discharge rate
increases (from 3C to 5C), the TUI deteriorates in all configurations.

Table 3. Tnax, Tmin, and TUI values for battery configuration

Battery configuration Discharge rate Tmax (°C) Tmin (°C) TUI (%)
3C 77.25 74.78 33
Finless battery 4C 95.62 91.84 4.1
5C 111.09 106.02 4.8
3C 66.44 59.07 12.5
Case 1 4C 81.69 71.39 14.4
5C 96.96 83.55 16.1
3C 66.79 58.88 13.4
Case 2 4C 82.23 71.03 15.8
5C 97.59 83.00 17.6
3C 53.76 50.28 7.0
Case 3 4C 67.48 61.92 9.0
5C 81.81 73.9 10.7

4. CONCLUSION

In this work, the natural convection principle, known for its simplicity and low implementation
cost, is applied. Fins with different structural configurations are mounted on the surface of a
18650 NMC cylindrical battery. Their thermal effects are analyzed by comparing their
performance with that of a battery without fins. The investigation is conducted under discharge
rates of 3C, 4C, and 5C. The results indicate that although the finless battery exhibits the most
uniform temperature field, it also reaches the highest temperature levels. Among the tested
configurations, Case 3 offers the most efficient cooling performance. Additionally, increasing
the discharge rate by 1C results in a temperature rise of approximately 13—17°C. Compared
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with the finless battery operating at 3C, temperature reductions of around 16.3%, 16.3%, and
30.4% are achieved in Cases 1, 2, and 3, respectively. Future work could extend this numerical
framework to larger battery pack modules operating under extreme ambient conditions, and
integrate aging models to evaluate thermal performance over the battery lifecycle.
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Abstract

In this study, the performance of active and passive Direct Methanol Fuel Cells (DMFCs) with different structural
configurations was experimentally compared. In addition to the active cell designs commonly used in the DMFC field, a
new passive DMFC configuration featuring a single passive reservoir was designed and fabricated. A performance
comparison of the two designs was conducted under similar operating parameters. The fundamental difference between the
two cell designs is that in the active-fed system, the fuel is continuously delivered to the anode region via a pump, whereas
in the passive DMFC, anode feeding is provided through a fuel reservoir that covers the entire active surface. The active
area of both designs, constructed with similar components, was set at 25 cm? Tests were conducted for different reactant
conditions at a constant methanol concentration of 2 M and a constant fuel temperature of 50 °C. On the cathode side,
reactant transport was investigated using similar air flow rates of 1, 1.5, and 2 L/min in both configurations. According to
the performance results, an optimum power density of 80.3 mW/cm? was achieved in the active-fed cell design, while this
value was measured at 12 mW/cm? in the passive DMFC configuration. The findings were compared with the operating
conditions and internal resistances of the designs using EIS measurements. The test results demonstrate that, through
optimization approaches, active-fed DMFCs can achieve significantly higher power densities compared to passive designs.

Keywords: Direct methanol fuel cell, Passive-Active cell designs, Cell performance, Maximum power density.

Pasif ve Aktif Beslemeli DMFC Sistemlerinde Performans Karakteristiklerinin Karsilastirmal Analizi
Oz
Bu calismada, farkli yapisal konfigiirasyonlara sahip aktif ve pasif Dogrudan Metanol Yakit Hiicrelerinin (DMFC)
performansi deneysel olarak karsilagtirilmigtir. DMFC alaninda yaygin olarak kullanilan aktif hiicre tasarimlarina ek olarak,
tek bir pasif rezervuara sahip yeni bir pasif DMFC konfigiirasyonu tasarlanmis ve iiretilmistir. Iki tasarimin performans
karsilagtirmasi benzer ¢alisma parametreleri altinda yapilmistir. Tki hiicre tasarimi arasindaki temel fark, aktif beslemeli
sistemde yakitin bir pompa araciligiyla siirekli olarak anot bolgesine iletilmesi, pasif DMFC'de ise anot beslemesinin tiim
aktif'yiizeyi kaplayan bir yakit deposu (rezervuar) araciligryla saglanmasidir. Benzer bilesenlerle insa edilen her iki tasarimin
aktifalani 25 cm? olarak belirlenmistir. Testler, 2 M'lik sabit bir metanol konsantrasyonunda ve 50 °C sabit yakit sicakliginda
yiiriitiilmiis farkli reaktant durumlari i¢in gergeklestirilmistir. Katot tarafinda, her iki konfigiirasyonda da benzer 1, 1.5 ve 2
L/dak hava akis hiz kullanilarak reaktan tasimimi incelenmistir. Performans sonuglarina gore, aktif beslemeli hiicre
tasariminda optimum 80,3 mW/cm? gii¢ yogunlugu elde edilirken, pasif DMFC konfigiirasyonunda bu deger 12 mW/cm?
olarak Ol¢ililmiistiir. Bulgular, EIS O0l¢limleri ile performans durumlari tasarimlarin ¢aligma ve i¢ direngleriyle
karsilagtirilmistir. Test ¢aligma optimizasyon yaklasimlartyla aktif beslemeli DMFC'lerde pasif tasarimli yapilara gore ¢ok
daha yiiksek gii¢ yogunluklarina ulasilabilecegini gstermektedir.
Anahtar Kelimeler: Dogrudan metanol yakit hiicresi, Pasif-Aktif Hiicre tasarimlari, Hiicre performansi, Maksimum gii¢
yogunlugu
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1. INTRODUCTION

In recent years, it has been emphasized that DMFCs are highly significant for prototype power
sources due to their simpler design architecture and higher energy density compared to
traditional energy storage systems, as well as their superior characteristics such as rapid startup
and instantaneous energy delivery which stem from their operating mechanisms [1]. Research
on fuel cells consistently utilizes two different design models that are continually optimized:
these are DMFC configurations in which reactants are supplied actively and passively. In
DMFCs, while the method of supplying reactants to the cell leads to significant performance
improvements, factors such as long-term operation, portability, and high energy output
depending on the design structure remain among the primary reasons these systems are still
preferred [2]. Ease of use and energy production levels vary across different DMFC designs.
The fundamental difference between passive and active fuel cell designs, which are widely
studied in the literature, relates to the mechanism of fuel delivery to the active areas and the
distribution characteristics [3,4]. In active transport systems, reactant transport at the desired
level is achieved through an adjustable pump power tailored to regions with different flow
fields. In contrast to the active model, the operating principle of passively designed DMFCs
involves the fuel inside the tank being supplied to the fuel cell automatically. In this system,
the reaction takes place on the cathode side, which is supplied with an air/oxygen flow, while
in the anode region, a reservoir model ensures continuous contact between the methanol
solution and the reaction surfaces. Carbon dioxide (COz), one of the reaction products formed
in the anode region, accumulates in the reservoir tank and is removed from the system.
Consequently, Passive Direct Methanol Fuel Cells (PDMFCs) are finding wider application in
the field of portable electronic systems [5,6]. Both active and passive DMFC structures consist
of a fuel reservoir in passive designs and, in active designs, primarily the anode flow field,
along with the membrane electrode assembly (MEA), anode and cathode end plates, anode and
cathode current collectors, and cell assembly elements such as nuts and bolts [7]. Bipolar flow
fields and current collectors, which directly affect the cell’s weight, cost, and energy transfer
performance, are the most important common components of these systems [8].

Although a large portion of the research is focused on the development of these components
and designs, perforated, serpentine, parallel, and stainless steel mesh structures which are used
as flow fields in DMFCs are among the most significant designs. In addition, structures shaped
into different geometries and combinations thereof are used together for passive DMFCs
[9,10,11].Recently, various studies have been conducted to develop flow fields, cell
components, and innovative designs for these components, particularly in passive DMFCs
[12,13]. Researchers have developed a current collector model with different pore diameters
for the cathode region in a passive direct methanol fuel cell. They suggested that different pore
sizes could be incorporated into the design to ensure better oxygen distribution in the active
area and reduce surface contact resistance [14]. They investigated the effect of operating
conditions on the performance of a passive DMFC. They examined the effect of methanol flow
between the anode and current collector, which were connected via a fuel reservoir. To mitigate
this issue, they used an additional porous metal fiber sintered plate (PMFSP). They reported
that, with different reactant flow patterns, the performance of the vertically flow-through cell
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was higher [15]. Innovative anode and cathode flow fields were designed to enhance the
performance of a passive DMFC. In tests conducted at a 2 M methanol concentration using
these flow fields with an open area ratio of 34%, a maximum power density of 3.14 mW/cm?
was achieved. Furthermore, it was emphasized that this approach could serve as an alternative
to the use of low-cost materials [16]. They quantitatively investigated the effect of a porous
graphite plate on DMFC performance. In a study using a methanol solution with a high
concentration of 15 M, it was noted that the design featuring a 400 um-thick graphite plate
provided the longest operating time. These experimental results and cell behaviors were also
supported and presented through a two-dimensional model that was developed[17]. For passive
direct methanol fuel cells, they have developed (SF-type) and (X-type) cells. The SF-type
current collector increased cell performance by 51.6% at two different high methanol
concentrations from 6 M to 8 M and at maximum power densities. Furthermore, they achieved
a maximum power density of 6.22 mW/cm? in a cell combination featuring an SF-type anode
and an X-type cathode [18]. The researchers found that in a passive micro-direct methanol fuel
cell (WDMFC), two different aperture ratios 45.6% and 35.8% applied to the vertical strip
pattern (VSP) flow fields for both the anode and cathode yielded the best performance.
Furthermore, the effects of fabrication, structural design, and vibrating operating conditions on
the cell’s electrochemical performance were presented and supported by a comprehensive
modeling study [19].

The primary objective of this study is to experimentally compare active and passive DMFCs
with different structural designs by utilizing a simple design and a low-cost manufacturing
process. To this end, cell designs with a similar active area of 25 cm? were examined under
specific parametric test conditions. In the test studies, parameters such as methanol
concentration, methanol flow rate, and air feed rate which have a significant effect on power
output were optimized separately and compared under the same test temperature. The obtained
current-voltage (I-V) and power density data are presented as graphical curves. The findings
indicate that although the performance and power density of passive DMFCs are lower
compared to active-fed designs, they reach a relatively stable value under optimal parameters;
furthermore, an important prototype has been provided for the development of alternative
power sources for portable electronic applications requiring low power [20].

2. MATERIAL AND METHODS
2.1 Cell Structure Design and Manufacturing

In this study, a single cell was designed for performance evaluation, featuring an actively fed
anode surface with an active area of 25 cm? and a serpentine flow path. A single DMFC with a
methanol reservoir and a passively transported anode compartment was designed and
fabricated. The passively designed cell structure was constructed by joining stainless steel metal
plates with serpentine flow channels on the anode and cathode sides, sized appropriately for
current collection [21]. The flow-channel plates were 1 mm thick and were manufactured with
the appropriate geometries using a metal laser cutting machine. The MEA (N115, Fuel Cell
Store, USA) used was commercially available in the same dimensions as the cell structure with
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a 25 cm? active area. Additionally, Teflon sealing gaskets were used between all layers of the
cell, sized to cover the contact surfaces of the reactants in the reaction areas.

The current collector plates were used in a similar capacity to stainless steel plates and flow-
channel plates; they were designed to be placed on the flow-channel surface to ensure a high
level of electrical conductivity. The plexiglass fuel tank, support plates, and plates with
appropriate flow channels which together form the entire design were manufactured with
similar geometric properties and uniform thickness. In both cell configurations, a cross-
connected reactant transfer line with a single inlet and outlet point for the cathode regions was
designed to optimize controlled air transfer [22]. The cells 8 connection points were tightened
to 6 Nm using a torque wrench. This prevented reactant losses during testing and ensured long-
term operational stability. To thoroughly investigate DMFC performance, the cell design
incorporating a passive transport tank was evaluated in detail. In traditional single-cell designs,
methanol actively fed into the anode region through a single channel limits the flow field
distribution and prevents a homogeneous reactant distribution on the Gas Diffusion Layer
(GDL) surface. To overcome this limitation, a new design model integrated into the active area
was developed to ensure that the fuel is delivered evenly across the entire surface. Accordingly,
a DMFC prototype integrated with a unique methanol tank that provides continuous fuel supply
throughout the active area was developed. The structural characteristics and dimensions of the
cell designs are presented in detail in Table 1.

Table 1. Structure and Dimensions of Components in DMFC Designs

Active DMFC DMEFC with passive tank
Flow field type Serpentine Serpentine
Bipolar plate Stainless steel Stainless steel
End plate material Plexiglass Plexiglass
Cell area 100 cm? 100 cm?
Reaction active area 25 cm? 25 cm?
Channel depth/width 1/1 mm 1/1 mm
Tank capacity - 0.2 liter

Figure 1. shows a two-dimensional DMFC configuration with a passive reservoir, created using
solid modeling software. It presents a schematic view of the sequential assembly of the cell
components and all the connection ports for the reactant inlet and outlet lines.
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Figure 1. DMFC configuration and components with a passive reservoir
2.2 Experimental Setup and Operation of the DMFC System

In the experimental setup developed for DMFC designs, similar electrochemical performance
measurements were conducted using an Electro-Chem (Woburn, USA) test station. Once the
cells were prepared for testing, they were connected to the station, and the measurement cycles
were initiated. Current-Voltage (I-V) and Current-Power (I-P) polarization curves were
recorded with high precision and within specified data ranges using a computer-controlled data
acquisition system. Each DMFC design was tested in turn using the same experimental setup
[23]. To investigate the effects of operating parameters on DMFC performance, methanol
concentration and cathode air flow rate were set as variable parameters while the cell
temperature was kept constant. Performance tests were conducted at a constant operating
temperature of 50 °C, at different methanol concentrations (1, 2, 4, and 8 M) and different
cathode air flow rates (1, 1.5, and 2 L/min). Methanol solutions of different molarities (1, 2, 4,
and 8 M) were prepared by mixing pure methanol and deionized water and stored in 1-liter
sealed glass containers. The concentration accuracy of the prepared solutions was verified
within a tolerance range of £3% following measurement. Fuel temperatures in the cell’s active
areas were recorded in real time via a K-type thermocouple connected to a data logger (Pico
TC-08, USA). To maintain the desired operating temperature consistently, automatic heating
was provided using a precision temperature control device (Mr Hei-Standard, Germany). In the
active DMFC system, the methanol solution was continuously supplied to the anode region via
a water pump; in the passive reservoir DMFC system, it was supplied via an integrated reservoir
with a £5% feed accuracy. On the cathode side, different air flow rates specified for each design
were applied. All electrochemical data from the experimental process were recorded using the
test station’s computer control software and interpreted in the form of performance graphs. It
was confirmed that the maximum data error rate remained below 1% in all measurements. The
operating parameters of the DMFC designs are presented in detail in Table 2. After completing
the test series for each design and operating parameter, the cell layers, connection lines, and
tubing system were cleaned with nitrogen gas and deionized water to remove fuel residues and
reaction products left over from previous tests. Activation and preparation procedures were
performed before each test to prepare the fuel cells for the next test cycle, ensure the acquisition
of stable data, and maintain cell sensitivity [24].
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Table 2. Test parameters

Cell designs Active DMFC DMFC with passive
tank

Methanol test temperature 50 °C 50 °C

Methanol solution flow rate 5 mL/min Passive Tank Capacity

Air flow rate 1, 1.5 ve 2 L/min 1, 1.5 ve 2 L/min

Methanol concentration 2 M (mol/L) 1,2,4,8 M (mol/L)

Air humidity Dry air Dry air

Cathode back pressure Atmospheric pressure Atmospheric pressure

Tank capacity - 0.2 liter

The experimental setup prepared for the initial activation and stability tests of the active-fed
DMEFC design is shown in Figure 2. Connections to the single cell and the test procedure were
implemented to integrate it into the test station. To ensure precise fuel delivery to the anode
region, the pump inlet and outlet connections were completed, and power supply connections
were made. Electrochemical characterization tests were conducted following the activation
procedure.

Figure 2. Experimental setup and testing procedure.
3. RESULTS AND DISSCUSSION
3.1. Activation Process and Procedure

The five-layer MEA, where electrochemical functions take place in the DMFC structure, was
activated prior to characterization tests; during the testing process, the membrane was fully
humidified to increase proton conductivity and enhance the functionality of the active sites in
the catalyst layer. This was therefore carried out as a critical preparatory step to achieve
maximum electrochemical performance [25].
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Figure 3. Comparison of performance before and after activation.

In Figure 3, a low-concentration 0.5 M fuel solution from the fuel tank was fed into the actively
fed cell at a rate of 1 mL/min for 6 hours. The cell was then operated under a 0.2 V load for 3
hours under similar operating parameters. Similar experiments were conducted at 0.4 and 0.6
V loads over the same time intervals. Subsequently, to stabilize the voltage, the cell was fed
with 5 mL/min of methanol fuel at a 2 M concentration and an air flow rate of 1 L/min for 6
hours. Preliminary testing procedures were carried out. The test results showed that a current
density of 355 mA/cm? was obtained at 0.2 V before activation, while a current density of 389
mA/cm? was achieved after activation. The significant increase in current density indicates that,
thanks to the activation process, the membrane’s moisture content in the active area reached an
optimal level in terms of reaction capacity. This, in turn, led to a reduction in proton
conductance resistance. Furthermore, as the active surface areas in the catalyst layer became
functional, electrochemical reaction activity accelerated, and a steady increase in performance
was achieved by minimizing intra-cell ion transport and all resistances. Following the testing
procedures, the system was integrated with a passively fed DMFC structure to maintain the
MEA’s humidity and was then left to stand in a tank filled with a 2 M methanol solution.

3.2. The effect of different airflow rates on cell performance

The electrochemical performance of active and passive feed designs was investigated under
constant operating conditions consisting of a methanol flow rate of 5 mL/min, a concentration
of 2 M, and a fuel temperature of 50 °C. The effect of different air flow rates (1, 1.5, and 2
L/min) applied to the cathode was examined as an operating parameter. The performance
variations of the fuel cells, integrated into the test station and operated without humidification
using laboratory ambient air at 27 °C at varying flow rates, are presented in Figure 4(a) and
Figure 4(b). Figure 4(a) shows that in the active-fed design, peak power densities reached values
of 63.3, 80.3, and 83.7 mW/cm?, respectively, as the air flow rate increased; these flow-rate-
dependent changes were evaluated as critical parameters in enhancing fuel cell performance. In
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these tests, a significant increase in power density was observed when the airflow velocity was
increased from 1 L/min to 1.5 L/min, while the rate of power increase slowed when the velocity
was raised from 1.5 L/min to 2 L/min. A similar pattern was observed in the results for the
passively fed design shown in Figure 4(b), where performance increased in parallel with rising
air velocity, and peak power densities of 8.9, 12, and 12.8 mW/cm? were achieved at flow rates
of 1, 1.5, and 2 L/min, respectively. The greatest performance increase in the passive design
also occurred during the transition from 1 L/min to 1.5 L/min, while the rate of increase declined

at higher flow rates.
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In both designs, the fact that increases starting from low flow rates result in higher power
densities can be explained by the adequate supply of reactants to the cathode region and the
rapid removal of water produced in the active area. On the other hand, the primary reason why
an increase in air flow velocity does not translate linearly into power density is that high air
velocities cause the MEA surface to dry out over time, thereby restricting ionic conduction in
the humid region due to an increase in resistance [26]. Accordingly, the importance of
determining the optimal airflow velocity in DMFC design and cell operation processes has been
emphasized in the airflow velocity parametric study.

3.3 Performance Comparison of Different Methanol Concentrations

Table 3 presents a comparison of the performance data for active and passive air-supply designs
under the same operating conditions. Accordingly, the methanol flow rate was kept constant at
5 mL/min, the fuel temperature at 50 °C, and the cathode air flow rate at 1.5 L/min; the effects
of different methanol concentrations (1, 2, 4, and 8 M) on power densities were investigated as
the variable parameter. The methanol solutions were prepared under the same test conditions
and within the same tolerance ranges and were stored separately in sealed glass containers. The
test procedures proceeded in order of increasing concentration, starting with the lowest
concentration. Thus, the accumulation of methanol and the formation of reaction residues on
the cell active area and the MEA surface were minimized, ensuring long-term test reliability
and stability. In the cell with the active-feed design, as the methanol concentration was
increased from 1 M to 8 M, the peak power densities were recorded as 72.5, 80.3, 78.2, and
74.6 mW/cm?, respectively. Similar test procedures were also applied to the passively fed
design by filling the fuel tank with 1, 2, 4, and 8 M methanol solutions, respectively. The power
density changes in the passive system, from low to high concentration, were measured as 10.8,
12, 11.5, and 10.4 mW/cm?, respectively.

Table 3. Effects of Methanol Concentrations on Optimum and Maximum Power Density in

Different DMFC Designs
DMFC Design | Temperature | Methanol Air  flow | Concentration | Power
(°O) Flow Rate | rate M) density
(mL/min) (L/min) (mW/cm?)

Actively fed 50°C 5 1.5 1 72.5
Actively fed 50 °C 5 1.5 2 80.3
Actively fed 50 °C 5 1.5 4 78.2
Actively fed 50°C 5 1.5 8 74.6
Passive fed tank 50 °C 5 1.5 1 10.8
Passive fed tank 50 °C 5 1.5 2 12
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Passive fed tank 50 °C 5 1.5 4 11.5
Passive fed tank 50 °C 5 1.5 8 10.4
Actively 50 °C 5 1.5 2 80.3
fed(Optimum)

Actively 50 °C 5 2 2 83.7
fed(Maximum)

Passive fed 50 °C 5 1.5 2 12
tank(Optimum)

Passive fed 50 °C 5 2 2 12.8
tank(Maximum)

In comparisons of methanol concentrations for DMFCs, the highest power density values were
achieved in a 2 M methanol solution. The lowest power density values were observed at a
concentration of 1 M in the active-fed cell configuration and at 8 M in the passive-fed cell
configuration. This can generally be explained by the inability to provide sufficient fuel input
to the cell at low methanol concentrations, and by a decline in performance beyond a certain
threshold as concentrations increase [27]. This difference in the points where the lowest power
densities are observed can be attributed to the cell designs and the mechanism of methanol
transport to the anode region (active pumping or passive diffusion). In particular, the use of
high-concentration fuel in passively fed designs is associated with catalyst poisoning due to
high carbon content and the inability to remove the reaction product, carbon dioxide gas (COz),
from the active area. For this reason, determining the optimal concentration value is considered
a critical parametric study in DMFC structures.

3.4. Performance Comparison of Different DMFC Designs

In Figure 5, the effects of optimized airflow rates and methanol concentrations at the same test
temperatures on the electrochemical performance of active- and passive-fed designs were
investigated. The performance results obtained from the two different cell structures
demonstrate that methanol and oxygen transport, as well as the cell interconnect elements and
their contact behavior, directly influence the electrochemical performance. The results show
that the active-fed cell design provides optimum performance with 80.3 mW/cm?, while the
passive-fed design reaches an optimum value of 12 mW/cm?, demonstrating that the active
system offers a clear advantage.
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Figure 5. Comparison of DMFC performance with active feed and passive reservoir.

These experimental findings have demonstrated that the active-fed design provides a more
significant performance increase compared to the passive DMFC at high current densities.
However, the fact that the passive-design cell does not require pump power simplifies operation
and offers a more practical application as a prototype power source. On the other hand, it can
be inferred that active-fed designs may lead to a decline in performance over time due to high
methanol permeation [28]. Consequently, in practical applications, a passive DMFC cell
structure appears to be more feasible in terms of balancing cell performance with fuel
consumption and ensuring long-term operation.

3.5. DMFC Designs, EIS Measurements, and Comparisons

The study was conducted to evaluate the electrochemical performance stability of active and
passive feed designs. As an alternative method, measurements were performed in open-circuit
mode using Electrochemical Impedance Spectroscopy (EIS) analysis (Parstat 2273, Princeton
Applied Research, USA). The experiments were conducted at a test temperature of 50 °C, with
a fuel concentration of 2 M, and at optimized fuel and air flow rates of 5 mL/min and 1.5 L/min,
respectively. Measurements, taken over a wide data range, were recorded in frequency bands
ranging from 0.1 Hz to 100 kHz. Although the parametric test procedures were similar,
differences in cell structure and fuel delivery methods provided detailed insights into the cells
impedance data. The obtained data were stored in a database and compared in the form of
Nyquist plots using the Versa Studio electrochemistry software package.
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Figure 6. Comparison of impedance between actively fed and passive reservoir DMFCs.

According to the graphs in Figure 6, in addition to parametric studies affecting the total
resistance, the minimum radius occurs in the active-fed design and the maximum radius in the
passive-fed design, depending on cell design, MEA assembly, and mass transfer during
operation. Based on the measurement results, the ohmic resistance values varied in the range of
0.06—0.14 Qcm? for similar MEA structures. Resistance resulting from mass transfer losses was
lower in the active-fed design than in the passive-fed design within the same frequency ranges
[29]. These results demonstrate a direct relationship between the internal resistance values and
power densities of DMFC designs.

4. CONCLUSION

In this study, performance comparisons were conducted between two DMFCs with different
architectural designs, each having an active area of 25 cm?. The experiments were conducted at
a constant fuel temperature of 50 °C, and the effects of methanol concentrations of 1, 2, 4, and
8 M on performance were compared. Conditions with air flow rates of 1, 1.5, and 2 L/min
applied to the cathode side were tested separately. Following the MEA activation procedure, a
performance increase of approximately 9% was achieved at a constant voltage. In the tests, the
maximum power densities of both active and passive DMFCs initially operated under ambient
conditions were achieved at an air flow rate of 2 L/min. Peak power density values of 83.7 and
12.8 mW/cm? were obtained for the active and passive designs, respectively. While
performance was low in both designs at low air flow rates, there was no significant increase in
power density as the air flow rate increased. In methanol concentration studies, the maximum
power value was reached at a concentration of 2 M in both cell designs; however, performance
declined again as the concentration was further increased. The experimental results also
revealed that, due to high operating temperatures, the energy efficiency of the passively
powered DMFC decreased with increasing methanol and it concentrations. Under optimal
operating parameters, the highest power density of 80.3 mW/cm? was achieved in the active-
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fed cell design, while the passive-fed design reached a maximum of 12 mW/cm?. The EIS
spectra and cellular performance outputs obtained in this study show complete consistency, and
it can be concluded that the characteristic differences between the designs stem directly from
mass transfer resistances specific to the testing processes. Experimental evaluations conducted
using the newly developed design module demonstrate that actively fed DMFCs provide a
relatively high power output. However, despite operational limitations such as the structural
complexity of active systems and the need for additional pump power, the newly designed
passive DMFC module’s ability to generate uninterrupted and stable power will offer a practical
application in the literature. The simplicity and ease of operation provided by the current module
design have resulted in a system that could serve as an alternative to traditional batteries in
portable micro-power applications and prototype devices.
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Abstract

Russia’s invasion of Ukraine on 24 February 2022 triggered the most severe energy shock in Europe since the 1973 OAPEC
oil embargo. Moscow’s weaponization of energy has clearly demonstrated that the European Union’s long-term dependence
on Russian hydrocarbons constitutes a critical strategic vulnerability. This study examines how the Russia—Ukraine War has
affected Tiirkiye’s ambition to become a regional energy hub and assesses the conditions required for this ambition to evolve
from a temporary window of opportunity into a durable strategic reality. Bringing together three strands of literature—
energy weaponization, Tirkiye’s geostrategic role, and European energy security—within an integrated theoretical
framework, the study explores the gap between Tiirkiye’s existing transit functions and its aspirations to become an energy
hub in the post-2022 period. It analyses energy geopolitics and energy security through the lenses of Keohane and Nye’s
theory of complex interdependence and the conceptualization of energy as a tool of coercion. The study argues that the war
has intensified European demand for alternative energy routes, paving the way for new bilateral agreements with European
actors and enhancing Tiirkiye’s geostrategic significance. In this context, it highlights that conditions since 2022 have
strengthened Tiirkiye’s potential to develop into an energy hub. Nevertheless, structural constraints—including a highly
concentrated energy market in which BOTAS remains dominant; limited domestic energy production; supplier-related risks;
insufficient market liberalization; and regional geopolitical volatility—suggest that Tiirkiye remains primarily a major
energy transit country rather than a fully fledged energy hub.

Keywords: Russia—Ukraine War, Tiirkiye as an energy hub, energy geopolitics, complex interdependence, weaponization

of energy.

. Rusya—Ukrayna Savasi, Enerjinin Silahlastirilmasi ve Tiirkiye’nin Enerji Merkezi Olma Hedefi

Oz

Rusya’nin 24 Subat 2022°de Ukrayna’y1 iggal etmesi, Avrupa’da 1973 OAPEC ambargosundan bu yana yasanan en siddetli
enerji sokunu tetiklemistir. Moskova’nin enerjiyi silah olarak kullanmasi, Avrupa Birligi’nin (AB) Rus hidrokarbonlarina
olan uzun vadeli bagimliliginin kritik bir stratejik zafiyet oldugunu agikg¢a ortaya koymustur. Bu caligma, Rusya—Ukrayna
Savagi’nin Tiirkiye’nin bolgesel bir enerji merkezi (hub1) olma hedefini nasil etkiledigini incelemekte ve bu hedefin gegici
bir firsat penceresinden ziyade kalict bir stratejik gercege doniismesi i¢in gereken kosullar1 degerlendirmektedir. Enerjinin
silahlagtirilmasi (silah olarak kullanilmasi), Tiirkiye’nin jeostratejik rolii ve Avrupa enerji giivenligi konularini igeren {i¢
farkli literatiirii biitlinciil bir teorik ¢ercevede bir araya getiren ¢alisma, 2022 sonrasi siiregte Tiirkiye nin mevcut transit
islevleri ile enerji merkezi olma hedefleri arasindaki boslugu incelemektedir. Calisma, enerji jeopolitigi ve enerji giivenligi
konularini, Keohane ve Nye’n karmasik karsilikli bagimlilik teorisi ile enerjinin silah olarak kullanilmas: (silahlastiriimast)
perspektiflerine dayanarak analiz etmektedir. Savagin Avrupa’nin alternatif giizergahlara olan talebini artirarak Avrupali
aktorlerle bir dizi yeni ikili anlagmanin oniinii agtigini ve Tiirkiye’nin jeostratejik degerini yiikselttigini savunan ¢alisma,
2022 sonrasinda gelisen kosullarin Tiirkiye nin bir enerji merkezi olma potansiyelini gii¢lendirdigini vurgulamaktadir.
Bununla birlikte, enerji piyasasinin biiyiik oranda BOTAS’in hakimiyetindeki yogunlagmis yapisi, yerli iiretimin sinirli
olmasi, tedarikcilerden kaynaklanan riskler, enerji piyasasindaki liberallesmenin yetersizligi ve bolgesel jeopolitik
dalgalanmalar gibi yapisal eksiklikler, Tiirkiye’nin mevcut durumda tam tesekkiillii bir enerji merkezinden ziyade biiyiik
bir enerji transit iilkesi konumunda oldugunu gostermektedir.

Anahtar Kelimeler: Rusya—Ukrayna Savasi, Tiirkiye enerji merkezi, enerji jeopolitigi, karmasik karsilikli bagimlilik,
enerjinin silahlastirilmasi.
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1. INTRODUCTION

Russia’s invasion of Ukraine on February 24, 2022, triggered the most severe disruption to
European energy flows since the oil crises of the 1970s [1]. Moscow’s weaponization of energy
inflicted devastating damage on European energy markets. The crisis peaked in August 2022,
when energy prices reached record highs, and it has since reconfigured Europe’s energy
security, policy framework, and economy. Before 2022, Russian energy—natural gas in
particular—anchored European supply. This dependence was not simply a product of geology;
it was embedded in long-term infrastructure, contracts, commercial relationships, and
expectations of continued benefit from interdependence. After 2022, supply cuts, market
uncertainty, price volatility, and the ensuing European diversification strategy laid bare the
vulnerability of concentrated external dependence. Energy prices, already elevated by the
COVID-19 pandemic, rose further as Moscow weaponized its dominant position in Europe's
gas market through higher prices, supply reductions, and deliberate pipeline manipulation [2].
The crisis exposed the EU's decades-long reliance on Russian hydrocarbons as a strategic error
as much as an economic one [3], [4].

These developments have effects on Tiirkiye. Located near more than 70% of the world’s
proven oil and natural gas reserves and situated between major producer regions to its east/south
and consumer markets in Europe to its west, Tiirkiye has long acted as a potential bridge
between producers and consumers [5]. Over the past decade, Tiirkiye has become one of the
world’s fastest-growing energy markets — second only to China in the growth of its natural
gas and electricity demand [6]. Yet domestic production meets only a small fraction of national
consumption, leaving Tirkiye heavily import-dependent even as it pursues the more ambitious
goal of serving as a regional hub [7].

This study asks how the Russia—Ukraine War has affected Tiirkiye’s prospects of becoming an
energy hub, and how to assess those prospects analytically. It argues that the war has opened a
considerable geopolitical window of opportunity but has not, on its own, made Tiirkiye an
energy hub. Turning opportunity into structural transformation depends on institutional
reforms—particularly liberalizing the gas market and repositioning the state-owned Petroleum
Pipeline Corporation BOTAS along with longer-term regional stabilization and supplier
diversification.

The study is qualitative and based on a systematic review of scholarly literature supplemented
by official policy documents (the European Commission’s REPowerEU  strategy;
communications of the Presidency of the Republic of Tiirkiye) and energy-market data from
Tiirkiye’s Energy Market Regulatory Authority and international agencies. The article proceeds
in six sections. Section 1 introduces the topic, and section 2 develops the theoretical structure.
Section 3 synthesizes the relevant literature. Section 4 examines the Russia—Ukraine War and
its consequences for European energy supply. Section 5 analyses Tiirkiye’s efforts to become
an energy hub. Section 6 discusses the results, engages counterarguments, and develops a
counterfactual. Section 7 concludes with policy implications and an agenda for future research.
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2. THEORETICAL FRAMEWORK
2.1 Energy Geopolitics and Security

Energy is no longer simply an input for economic growth; it is a strategic factor shaping states'
foreign-policy behavior [8]. Meanwhile, securing and controlling energy resources is crucial in
international competition. Fossil fuels, in particular—such as oil and natural gas—create
complex power interplay among producer, transit, and consumer countries. Energy security is
generally defined as the provision of energy resources at affordable prices, uninterruptedly, and
sustainably [9]. Because energy security is multidimensional, it matters not only for consumer
countries but also for producer countries. It also affects energy prices and availability, as well
as government revenues and defense policies [2], [10]. Energy geopolitics examines the
relationship between the geographical distribution of energy resources and political power. As
Klare [11] emphasizes, access to energy resources, control of energy routes, and energy supply
security are vital to states’ national interests. Moreover, the importance of energy has steadily
increased and reached a critical level [12].

The EU’s long-standing dependence on Russian fossil energy has brought energy security back
to the forefront following the war. The rapid rise in energy prices triggered by the Russia—
Ukraine War, coupled with Moscow’s threats of energy cuts against European countries, is a
key example illustrating the current importance of energy geopolitics. For European countries,
energy security has moved beyond being simply an economic issue to become a matter of
immediate national and regional security [13].

Researchers have examined the use of energy resources as a strategic instrument, focusing
specifically on Russia as a case study. Although their research predates Russia’s current
aggressive use of energy blackmail, it illustrates how central the energy sector is to Russia.
Russia’s economic and geopolitical influence was clearly rising, partly due to the tactical use
of energy resources and, in particular, rising oil prices. Consequently, Russia has pursued a
more assertive foreign policy globally, using energy resources as a foreign policy tool [14].

From an energy-geopolitics perspective, Tlrkiye acts as a key player because of its pivotal
position between Europe and the energy-rich Middle East, the Caucasus, and the Caspian Basin.
The Russia—Ukraine War has refocused the EU’s energy-security agenda around three
functional goals: diversifying suppliers, accelerating the deployment of renewables, and
developing alternative transit routes [13]. This reconsideration matters for Tiirkiye as well
because pipelines such as Baku—Tbilisi-Ceyhan (BTC), TANAP and TurkStream have already
established it as a physical corridor [15]. The question now is whether the political and
institutional architecture can match the pipeline architecture. This lens underwrites the study’s
principal geographical argument: Tiirkiye’s geographic position is a necessary but not sufficient
condition for hub status. It identifies what the war has changed — the European demand for
alternatives — but leaves open how Tiirkiye can convert geography into market power.
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Located near more than 70% of the world’s proven oil and natural gas reserves and situated
between major producer regions to its east and south and consumer markets in Europe to its
west, Tiirkiye has long acted as a candidate bridge between producers and consumers [5]. Over
the past decade, Tirkiye has become one of the world’s fastest-growing energy markets —
second only to China in the growth of its natural gas and electricity demand [6]. Yet domestic
production meets only a small fraction of national consumption, leaving Tiirkiye heavily
import-dependent even as it pursues the more ambitious goal of serving as a regional hub [7].

2.2 The Theory of Complex Interdependence

The article’s second conceptual basis is the theory of complex interdependence, developed by
Robert O. Keohane and Joseph S. Nye, Jr. In explaining state behavior in international relations,
this approach stresses the rise of international regimes and institutions that compensate for
traditional military capabilities; the growing importance of welfare and trade in foreign policy
compared to issues of status and security; and the influence of transnational actors. According
to Keohane and Nye, dependence generally refers to a state of being determined by external
powers or considerably influenced by them [16]. In its simplest sense, interdependence means
the parties depend on one another.

In world politics, interdependence refers to situations in which countries or actors in different
countries interact. Building on this, it grounds interdependence in the mutual effects between
actors arising from ‘international transactions: flows of money, goods, people and messages
across international borders.” Consequently, this theory, which analyses relationships in terms
of situational structure, enables the structure to be defined and analyzed using variables such as
interdependence and the co-variation of interests. This approach, which analyses relationships
through a model that classifies interdependence situations and interests, examines how the
situation affects both internal and inter-actor processes in this context, as these communications
generally stem from international transactions [16].

However, the circumstances governing the connections and relationships that form channels of
interaction between states, actors, and societies within the international system are complex.
According to the concept of interdependence, a relationship between two actors arises when
one of them is more important to the other. When one actor consistently needs the other more,
this creates a significant bargaining opportunity for the other actor. However, the relationship
provides mutual benefit, regardless of whether the parties share interests. In a relationship of
interdependence, rather than asymmetrical power relations in which one actor dominates, both
sides desire and work to maintain the relationship, albeit at different levels [16].

According to the theory of complex interdependence, international relations cannot be
explained solely through military power and security [16]. In particular, as globalization has
deepened, states have become increasingly interdependent in the economic, technological, and
energy spheres. Such interdependence has increased dramatically since the Second World War
[17]. However, this linkage is not the same as interdependence [18]. The effects of those
interactions on interdependence will depend on the constraints or costs associated with them.
For example, a country that imports all its oil will depend more on a steady flow of oil than a
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country that imports furs, jewellery, and perfume (even if the monetary value is the same) will
on uninterrupted access to these luxury goods. Interdependence arises in situations where
transactions have reciprocal (though not necessarily symmetrical) cost implications [16].

Until the outbreak of the Russia—Ukraine War, Europe was the largest market for Russia’s
natural gas exports [19] [20]. In other words, the parties were highly economically
interdependent. However, despite this interdependence, the parties could not avoid conflict.
Instead, this interdependence became a major security issue and was weaponized. This raises
the question of why and how this occurred. Keohane and Nye highlight three key characteristics
of interdependence. First, states interact not only through governments but also through many
institutional and economic channels. Second, economic and energy issues are just as important
on the international agenda as matters of military security. Third, the growing importance and
decisiveness of economic instruments have increased the significance of interdependence [16].

Energy trade is one of the most prominent examples of complex interdependence. Whilst
energy-exporting countries rely on consumer countries to generate revenue, consumer
countries, in turn, depend on energy supplies and their security for their economic activities.
However, energy supply and security, along with the economic and military relations that
develop in this context, create interdependence. Yet this situation is often asymmetrical. As
Keohane and Nye emphasize, relationships can become asymmetrical when one party has
greater capacity to access alternative sources [21]. This situation is clear in the Russia—
European Union (EU) energy relationship [22].

Over time, complex interdependence has become central to the neoliberal perspective. It has
been widely used in international political analyses to understand states’ willingness to enter
cooperative alliances under conditions of anarchy and interdependence [23]. Particularly
following the end of the Cold War, the notion that globalization and economic integration
would strengthen security gained widespread acceptance throughout the European continent;
indeed, the European Coal and Steel Community (ECSC) and the European Economic
Community (EEC), which formed the basis of the EU, were established on this very premise
[24]. Economic relations between the EU and Russia, which developed mainly through natural
gas trade, also constituted a significant example of mutual interdependence until the Russia—
Ukraine War. Whilst Europe met a significant portion of its natural gas needs from Russia,
Russia, in turn, derived a large proportion of its energy export revenues from the European
market [25]. However, the war has demonstrated that economic interconnectedness was not
sufficient to prevent the conflict. Instead, energy has become a key instrument of political
pressure and strategic competition, and it has been weaponized [2].

Applied to the Russia—EU case: until 2022, the EU sourced approximately 43% of its natural
gas imports from Russia [26], and Europe was Russia’s largest customer for gas export revenues
[27]. This was interdependence, but it was also an intense asymmetry of vulnerability, and
Moscow exploited this asymmetry after February 2022. The framework therefore underpins the
article’s central puzzle: how the structurally less vulnerable party weaponized a relationship of
mutual dependence. The literature further suggests that the post-Cold War expectation that
economic integration would pacify relations—historically embedded in the European project
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from the ECSC onward—has been decisively problematized by the weaponization of Russian
gas [2].

2.3 The Weaponization of Energy

The third pillar is the weaponization of energy: the deliberate use of energy supply, pricing, or
infrastructure as an instrument of coercion [28]. Moscow has used price hikes, supply cuts, and
pipeline control to pressure European countries. The EU, for its part, has responded to
Moscow’s threats with sanctions, supplier diversification, and accelerated investment in
renewable energy.

In fact, using energy as a weapon or threat against European countries is nothing new. Europe
faced a similar situation in 1973. During the Yom Kippur War, the Organization of Arab
Petroleum Exporting Countries (OAPEC) imposed a phased embargo against Western countries
that openly supported the US and Israel, leading to a major global crisis [29]. Furthermore,
Iran’s Supreme Leader Ayatollah Ali Khamenei in 2006 [30] and Venezuelan President Hugo
Chévez in 2008 [31] issued threats related to regional energy security and Venezuelan oil
exports. Beyond overt threats, Russia also uses energy covertly or indirectly as a blackmail tool.
In particular, Russia has resorted to this tactic on numerous occasions over the past 20 years.
For example, Russia threatened to terminate its natural gas agreement with Armenia because of
the latter’s policies toward the EU [32]. Russia had also pressured Armenia to deter it from
signing an EU association agreement [33]. Moreover, Moscow has frequently used supply
interruptions and price manipulation as methods of strategic coercion against post-Soviet states,
leveraging energy dependence to preserve its sphere of influence [28].

La Belle notes that, in modern armed conflicts, energy has once again been used as a weapon
against Europe 50 years on [2]. The author conceptualizes energy as a tool for pressuring
sovereign states and as a multidimensional resource that reflects closer connections within the
political and economic structures of international relations. In both instances, those instigating
military operations against a sovereign state bolstered their arsenals by restricting the flow of
oil and gas to European countries. Both energy crises reflected the interdependence of energy
supplies that had developed and solidified over a long period. In 1973, energy trade was
weaponized; Russia used a similar strategy of restricting gas flows to Europe, illustrating
energy’s role as a multidimensional resource in international relations [2].

Europe had turned to the Soviet Union during the oil crisis of the 1970s [34]. However, this
time it faced the same treatment from the very source it had turned to and was ultimately forced
to seek alternatives. Following the outbreak of the war, Europe’s development of alternative
sources and routes has begun to transform this structure of subordination. Thus, could Tiirkiye
be one of these alternatives?

For over fifty years, energy has served as a tool of pressure that blurs the line between the
economy and security, imposing high economic and political costs on producers and consumers
alike. Mutual interdependence further worsens these vulnerabilities and enables energy to
function as a ‘weapon’ on both the supply and demand sides. Although the EU plans to end gas
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imports from Russia by 2027, efforts to circumvent Moscow’s current restrictions show that
energy remains a crucial global power and a tool of national security [28].

In this context, Tiirkiye, by virtue of its regional geopolitical position between energy producers
and European consumers, occupies a central role within the network of interdependence as an
actor linking them together [35]. Energy routes passing through Tiirkiye contribute to Europe’s
energy supply security whilst also offering Tiirkiye considerable economic and political
advantages. Consequently, Tiirkiye’s aim to become an energy hub shows its desire to act as a
principal player in managing and directing these interdependent relationships. Developments
in this area continue to enhance Tiirkiye’s importance in the eyes of both supplier countries and
European customers.

3. LITERATURE REVIEW

A body of scholarship addresses Russia’s role as an energy supplier, Tiirkiye’s geostrategic
position, and the dynamics of European energy supply and security. This section synthesizes
the main points of consensus and debate, as well as the gap this article addresses. Four
propositions are widely shared across the literature. First, Russia has used energy as a foreign-
policy instrument from the early 2000s onward [36]. Second, Russia has weaponized energy
since the 2022 Ukraine crisis [28]. Third, the Russia—Ukraine War has constituted the most
severe European energy shock since the 1970s, with disproportionate effects on EU member
states most exposed to Russian hydrocarbons [37]. Fourth, Tiirkiye’s geostrategic position
affords it a structural advantage in any post-war reconfiguration of European energy supply,
given its proximity to the Caspian Basin, the Middle East, and the Eastern Mediterranean [35].
Geographic closeness to these energy-rich regions allows Tiirkiye to facilitate hydrocarbon
transit, reinforcing its role as an essential bridge between Asia and Europe.

Two debates remain unresolved. First, whether Tiirkiye has achieved, or is on track to achieve,
genuine hub status. Tagliapietra [38] highlights structural deficits — concentrated market
structure, limited liberalization, supplier-side risks — that continue to block hub status. As
Aktas & Bagra [39] and Bilgi¢ [40] emphasize, new bilateral agreements and growing demand
for alternatives in Europe are emerging. The article enters this debate on the side of measured
assessment: the war has increased Tiirkiye’s chances but has not made Tiirkiye a hub yet,
highlighting that energy supply and energy security have become core aspects of domestic and
foreign policy due to the expanding global demand for energy resources; it also notes that a
successful energy policy requires establishing a fine balance between regional and international
factors [41].

Given the numerous debates regarding Tiirkiye becoming an energy transit country and an
energy hub in transporting hydrocarbons, particularly natural gas, to Europe, the second is the
Southern Gas Corridor [42], [43], which argues that Tiirkiye could improve its standing as a
major regional power through leveraging its geographical location in this regard, and perhaps
also strengthen its prospects for EU membership. Second, whether economic
interconnectedness pacifies or generates vulnerability. Authors working within the neoliberal
tradition such as Goldthau & Sitter [25] treat deep trade interdependence as a stabilizing force.
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The Russia—Ukraine War has decisively problematized this assumption. The article uses
Keohane and Nye’s own framework to show that unevenness within interdependence is more
analytically decisive than interdependence per se [44].

While the literature offers rich treatments of Russian energy policy, Tiirkiye’s geopolitical
position, and European energy security in isolation, relatively few works combine these three
strands within a single conceptual framework. This article addresses the resulting gap by
integrating geopolitics, complex interdependence, and the weaponization concept into a single
analytical framework and applying them empirically to Tiirkiye’s hub prospects in the post-
2022 environment.

4. THE RUSSIA-UKRAINE WAR AND THE EUROPEAN ENERGY SHOCK

The war’s roots lie in the unresolved post-Cold War settlement over Ukraine’s geopolitical
orientation. Russia’s annexation of Crimea in 2014 and its support for separatist movements in
eastern Ukraine created the conditions for the full-scale invasion of 24 February 2022 [45],
[46], [47]. Moscow continues to describe its actions as a “special military operation,” a
designation this analysis sets aside in favor of the war’s empirical character. What began as a
Russia—Ukraine conflict has evolved into a wider confrontation, with the EU and the UK
increasingly bearing the burden of supporting Kyiv following shifts in US policy.

The conflict has had two principal energy consequences for Europe—first, the deliberate
reduction and rerouting of Russian gas flows. Moscow’s halting of gas transit via Ukraine, its
pricing pressures on European buyers, and its orchestration of supply uncertainty have turned
interdependence into a coercive instrument [28]. The development closely parallels the 1973
OAPEC embargo [1]. In both cases, energy was weaponized against Western states supporting
an adversary in a regional war, and in both cases the supply structure that produced the
vulnerability had been built up over decades of apparently stable trade.

The second is the EU’s structural policy response. REPowerEU aims to reduce dependence on
Russian energy, diversify supplies, and accelerate investment in renewables. EU leaders have
reaffirmed the net-zero climate agenda as part of the response, although the political viability
of the EU pledge to phase out Russian gas by 2027 remains disputed [48]. The war’s energy
consequences directly affect Tirkiye. On the demand side, EU member states and non-EU
Balkan states have boosted their search for alternative suppliers and routes, lifting Tiirkiye’s
profile as a candidate transit country and hub [49].

5. TURKIYE’S EFFORTS TO BECOME AN ENERGY HUB

Tiirkiye is a fossil fuel-poor country yet serves as an energy bridge between fossil fuel-rich
European nations and occupies a central position, underscoring key oil and natural gas routes
for regional energy security [35], [40]. Although its natural gas and oil resources remain limited,
Tiirkiye is striving to play a significant role in transporting raw materials along the east-west
corridor and continues to seek to develop this role. It aims to participate in the EU’s energy
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policy as a transit and distribution hub for oil and natural gas and highlights that Tirkiye’s
geopolitical position could serve as an alternative for the EU’s energy transit from Russia.

In fact, Tiirkiye has traditionally served as a transit country in the energy sector. Transit states
are countries situated between the regions at which energy resources are produced and the
markets where they are consumed, and they play a key role in energy movement [50]. Transit
states are not simply passive actors aiding energy transit. Because of their geographical
location, they can generate economic revenue, increase regional influence, and gain strategic
edges in international negotiations [51]. However, these advantages also entail risks.
Geopolitical crises, regional conflicts, and energy supply disruptions can leave these countries
facing a range of problems [52].

Transit countries and energy hubs differ significantly. Transit countries facilitate the transfer of
energy resources from one country to another. Energy hubs, by contrast, are more sophisticated
structures that not only transport energy but also handle storage, trading, pricing, and
redistribution [38]. Ankara’s recent strategic objective is not simply to be a transit country, but
also to become an energy hub [53]. In line with this objective, the Trans-Anatolian Natural Gas
Pipeline (TANAP), a key component of the Southern Gas Corridor (SGC) project—which is
intended to facilitate the flow of natural gas between EU countries and supplier nations in the
Caspian Region and the Middle East— projects such as the Baku—Tbilisi—-Ceyhan pipeline and
TurkStream have been developed, natural gas storage capacity has been increased, and work
has begun on establishing energy trading hubs [54].

President Erdogan also stated, “We aim to turn our country into a global energy hub” [55].
President Erdogan and Russian President Vladimir Putin also announced that they had agreed
to establish a major international natural gas hub in Tiirkiye’s Thrace region. This would make
it possible to export more Russian gas to Europe safely [56].

Following the outbreak of the Russia—Ukraine War, Europe’s efforts to diversify its energy
sources have created new opportunities for Tiirkiye’s ambition to become an energy hub [35].
However, geographical advantages alone are not sufficient to become an energy hub. Achieving
this status also requires robust infrastructure, regulatory capacity, liberalized energy markets,
and political stability [38]. Consequently, the success of Tiirkiye’s ambition to become an
energy hub depends on both international political developments and domestic energy policy.

Esen [57] notes that Tiirkiye—which has made significant investments in transferring natural
gas to European countries—still has major shortcomings despite substantial progress and has
not yet fully met the fundamental criteria required to become a functional energy hub.
According to a report published by the Energy Market Regulatory Authority (EPDK), Tiirkiye’s
energy import pattern changed significantly in November 2025. During November 2025, the
volume of gas supplied by Russia declined significantly year-on-year (November 2024). As a
result, Azerbaijan overtook Iran in monthly supply volume to take second place. The Russian
Federation remains the ‘largest supplier’, providing approximately 1.205 billion cubic meters
of natural gas to Tiirkiye in November. However, Russia's gas supply fell sharply year on year.
In 2024, this figure was 2.729 billion cubic meters. In addition to natural gas from Russia,
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Azerbaijan, and Iran, Tiirkiye also imports liquefied natural gas (LNG) from Algeria, the US,
and Egypt.

To become a key player in energy supply and security, Tiirkiye needs access to a variety of
suppliers, two-way flows, liquid domestic markets, and the ability to set prices. However, each
of Tiirkiye’s main natural gas suppliers—Russia, Azerbaijan, and [ran—faces its own particular
challenges and constraints. Russia, in particular, is affected by the European Union's pledge to
phase out imports of Russian natural gas by 2027 [48]. Iran, meanwhile, is facing serious
problems due to sanctions imposed by EU countries, led by the US.

Furthermore, the challenges it faces as a result of political disputes and conflicts with the US,
Israel, and Western countries constitute a major obstacle to Iran’s role as a stable and reliable
energy supplier and partner. Indeed, the conflicts between Iran, Israel, and the US that began at
the end of February 2026, and the interruption of gas flows to Tiirkiye in March, can be cited
as one of the most obvious examples [42]. However, Tiirkiye’s strong diplomatic relations with
Iran and its function as a gateway to Europe for Iran could prove decisive in surmounting these
issues.

Meanwhile, the end of the conflicts in Karabakh between Azerbaijan and Armenia has created
substantial opportunities to transit Turkmen and Azerbaijani gas to Europe via new routes
through Tiirkiye. Turkmenistan attaches great importance to these projects. If implemented, this
project might substantially change the region’s energy field. Transporting Turkmenistan’s
gas—which holds the world’s fourth-largest natural gas reserves and is regarded as one of
Tiirkiye’s potential suppliers—to Tiirkiye and then to Europe also supports Tiirkiye’s policy of
becoming an energy hub. However, this encounters opposition from countries such as Russia,
Iran, and China. Citing legal disputes in the Caspian Sea and the ‘potential pollution of the
Caspian Sea’ as pretexts [58], these countries are creating obstacles to prevent alternative
energy routes from emerging beyond their control.

For Central Asian countries, natural gas pipelines play an essential role in sustaining their
energy-focused economies. Although the Ashgabat government is seeking to increase revenues
by selling more natural gas, it is also trying to diversify its energy policy by developing new
projects; however, these and similar issues, along with problems with transport routes and a
lack of funding for pipeline investments, remain key challenges [58]. The finalization of the
treaty on the legal status of the Caspian Sea, Turkmenistan’s energy security concerns, the
resolution of disputed energy fields between Azerbaijan and Turkmenistan, and the effects of
the Russia—Ukraine war could drive this project. Conversely, environmental issues,
Turkmenistan’s economic and political situation, and opposition from Iran, Russia, and China
are among the main obstacles preventing implementation [59].

Azerbaijan, Iraq and Egypt — which are among Tiirkiye’s suppliers and potential suppliers —
also face various constraints. Azerbaijan’s production is expected to stabilize as domestic
demand rises. Iran, Iraq and the Kurdistan Region of Iraq face various problems and constraints
due to political instability, regional conflicts and inadequate export infrastructure. On the other
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hand, Israel has a significant share of natural gas reserves; however, regional conflicts and weak
diplomatic relations with Tiirkiye [57] remain ongoing issues.

Due to various factors—such as Tiirkiye’s growing domestic energy demand, instability and
conflicts in the region, the lack of necessary energy infrastructure, insufficient liberalization of
the energy sector, and the failure to implement numerous cross-border pipeline projects—The
energy sector is dominated by BOTAS, a vertically integrated company; however, the country
has still not succeeded in becoming an energy hub [60]. As a vertically integrated company,
BOTAS dominates the energy sector and controls the entire natural gas sector. Accounting for
about 80% of natural gas imports, the company builds and operates pipelines and controls the
vast majority of wholesale sales and exports of natural gas.

Tiirkiye’s geographical location is generally regarded as a major advantage in the energy sector.
Many countries in Tiirkiye’s immediate vicinity require Tiirkiye’s active cooperation to export
or import oil and natural gas via economically viable pipeline projects [15]. Furthermore,
ongoing political, economic, and military conflicts between global and regional actors not only
disrupt 80% of energy transport routes in Eurasia but also pose a major foreign policy challenge
for Ankara, which traditionally strives to maintain a careful balance in its relations with the
West and Russia [61].

The single most important internal constraint on Tiirkiye’s hub ambitions is the structure of its
natural-gas market. BOTAS accounts for about eighty per cent of natural gas imports, operates
the major pipelines, and controls most wholesale sales [60]. Hub status requires liquid markets,
transparent price formation, two-way flows, and robust independent regulation—preconditions
incompatible with a single state-owned operator dominating both import and wholesale
segments [38]. Market liberalization, the unbundling of BOTAS, and the development of
independent regulatory capacity are therefore the institutional preconditions without which
Tiirkiye’s geographical advantage cannot be converted into genuine hub status.

6. FINDINGS AND DISCUSSION

The findings indicate that the Russia—Ukraine War has produced a structural rupture in the
European energy order and, in doing so, has increased Tiirkiye’s chances of becoming an energy
hub. The empirical mechanism is straightforward: European demand for alternative supply
routes has intensified, Tiirkiye’s bilateral gas agreements have expanded, and Tiirkiye’s
geostrategic salience has risen. Tiirkiye currently supplies natural gas to Greece, Bulgaria,
Romania, and Hungary via pipelines, and to North Macedonia and Serbia via LNG trucks.
These critical capacity expansions and export agreements contribute directly to Europe’s energy
supply security [39].

However, an energy hub is not the same as an energy transit corridor. The market, regulatory,
and supplier-side preconditions for hub status do not yet match the indispensability of pipeline
infrastructure. The qualitative distinction matters because the policy implications are different:
an energy transit country can be supported through diplomatic negotiation and bilateral
contracts, whereas an energy hub requires institutional reform that takes considerably longer.
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Three strong counterarguments deserve consideration. The first issue involves the ambiguity
surrounding the Thrace gas hub and Russian volumes. The announced Thrace gas hub is
analytically ambiguous [62]. If the hub’s commercial function is to amplify and re-export
Russian volumes under a Turkish label, then "hub" status in practice shades into a Russian gas
distribution mechanism — politically incompatible with the EU’s stated 2027 phase-out
commitment. The Erdogan—Putin Thrace announcement should accordingly be read as a
contingent opportunity whose political viability depends on the hub’s capacity to repackage
Russian volumes in a form Europe is willing to book.

The second involves intra-EU and intra-NATO political friction. Political tensions with Greece
and Cyprus limit how much the EU can treat Tiirkiye as a strategic energy partner, regardless
of physical capacity. A favourable period exists; status depends as much on political alignment
as on pipeline geography, and Tiirkiye’s current political trajectory introduces a non-trivial risk
that diplomatic resistance will undercut its hub ambitions [63]. Tiirkiye must now address these
issues and pursue a mutually beneficial framework that deepens its diplomatic relations with
Greece and the EU. Following the Russia-Ukraine War, an opportunity has emerged to resolve
existing problems through diplomatic channels with Greece and the EU, whose energy needs—
and consequently their reliance on Tiirkiye—have increased further, even taking on a vital
dimension. By capitalizing on this opportunity, Tiirkiye and EU countries can develop a win-
win formula [64].

The third is supplier-side fragility. Recurring interruptions from Iran and the complex legal-
political landscape of the Caspian [65] undermine any claim that Tiirkiye currently controls an
inherently stable hub position. A hub hostage to its least reliable supplier is not a hub in the
analytical sense; supplier-side risk must accordingly be central to any realistic hub assessment.

To isolate the war’s effect, consider the counterfactual in which the February 2022 invasion
had not occurred. Under the pre-2022 status quo, Russian gas would have continued to dominate
EU imports via Nord Stream, TurkStream and transit through Ukraine [66]. Tiirkiye’s transit
role would have remained meaningful but constrained by Russia’s first-mover advantage in
reaching European markets directly, and EU interest in Tiirkiye as a hub would have been
correspondingly lower.

The counterfactual therefore supports the article’s central claim: the war is a necessary
condition of Tiirkiye’s current opportunity, not an incidental accelerator. However, the
counterfactual also reveals that the opportunity conditional on a war is fragile. If the war ends
— even partially — and a politically negotiated restoration of some Russian flows resumes, the
urgency of European demand for alternative routes will decline, and Tiirkiye’s hub ambition
will lose its principal outside driver.

The findings have implications for each of the three theoretical pillars that began the analysis.
For energy geopolitics, the case confirms that pipeline geography remains decisive but no
longer sufficient; institutional capacity now differentiates serious hub candidates from mere
energy transit corridors. For complex interdependence, the case confirms Keohane and Nye’s
central warning that interdependence is not equivalent to symmetry, and that the more
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vulnerable party in an asymmetric relationship bears the principal cost when relations
deteriorate. The Russia—EU energy relationship is the clearest large-scale confirmation of this
insight since the theory’s formulation. On energy weaponization, the case shows that historical
analogies with the 1973 embargo are not interchangeable: modern weaponization occurs in the
context of pipeline dependence rather than seaborne oil, against an institutionalized consumer
base, and under climate-policy constraints absent in 1973 [3], [4].

Certainly, energy supply and security have always mattered to states. However, in today’s world
where energy consumption is increasing rapidly, these factors have become increasingly critical
[67]. The Russia-Ukraine War and the conflicts involving Iran, the US, and Israel clearly show
how much more important energy has become than in the past, reaching a vital dimension [68].
These wars have raised questions about the stability and the security of global energy markets
and their overall effects on the world economy.

7. CONCLUSION

The Russia—Ukraine War has produced the most significant restructuring of European energy
supply and security since the 1970s. Russia’s weaponization of energy has confirmed that
interdependence without symmetry creates vulnerability rather than stability. In this context,
Tiirkiye’s geographic position, existing pipeline network, and expanding portfolio of bilateral
agreements with European customers have created a significant geopolitical window of
opportunity [35]. However, the article concludes that Tiirkiye is currently a major energy transit
country rather than a fully-fledged energy hub. The translation of opportunity into structural
transformation depends on the unbundling and liberalization of the gas market, the
repositioning of BOTAS, the diversification of suppliers beyond the most volatile partners, the
alignment of Turkish energy policy with the EU’s decarbonization agenda, and the management
of regional political volatility around the Caspian, the Eastern Mediterranean, and the Russia—
Tiirkiye relationship.

For Tirkiye, the principal implication is that diplomatic success must be matched by
institutional reform. Continued reliance on the BOTAS-concentrated model will constrain the
country to an energy transit role with limited pricing power. For the EU, the implication is that
Tiirkiye’s hub potential and the EU’s strategic interest in reducing dependence on Russian gas
align in principle but are conditional on the political management of the relationship with a non-
member candidate country that has significant disagreements with member states. For supplier
states, this implies that Tiirkiye’s role as a Mediterranean and Black Sea gas platform will be
more durable if multi-directional flows and transparent pricing are developed alongside new
pipeline capacity.

Two avenues appear particularly promising for cumulative scholarship on this topic: a dedicated
study of green energy and hydrogen corridors from Tiirkiye to Europe, assessing whether the
post-2022 window of opportunity extends to low-carbon energy vectors and how this affects
Tiirkiye’s hub aspirations, and a feasibility study of trans-Caspian and TRIPP routes, modelling
whether their realization would materially alter Tiirkiye’s supplier-side risk profile or only
marginally add to existing infrastructure.
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