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Congress Programme

Zoom Meeting ID: 847 7043 0612

Zoom Passcode: 070707
https://us02web.zoom.us/j/847704306122pwd=R IxIrgk WESSQEB7YgNCyUzaXFgqéwoz.1

Important, Please Read Carefully

To be able to aftend a meeting online, login via https://zoom.us/join site, enter ID "Meeting ID or Personal Link
Name" and solidify the session.

The Zoom application is free and no need to create an account.

The Zoom application can be used without registration.

The application works on tablets, phones and PCs.

The participant must be connected to the session 5 minutes before the presentation time.

All congress participants can connect live and listen to all sessions.

Moderator is responsible for the presentation and scientific discussion (question-answer) section of the session.

Points to Take into Consideration TECHNICAL INFORMATION

Make sure your computer has a microphone and is working.

You should be able to use screen sharing feature in Zoom.

Attendance certificates will be sent to you as pdf at the end of the congress.

Requests such as change of place and time will not be taken into consideration in the congress program.

kkk

Before you login to Zoom please indicate your hall number, name and surname

exp. Hall-1, Ethem KILIC
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Abstract

The Mediterranean region, and particularly the city of Ghardaia in southern Algeria, faces pressing
challenges linked to high solar radiation, arid climate, and growing energy demand for cooling. In
this context, passive cooling of buildings represents a sustainable and cost-effective solution to reduce
dependence on mechanical air conditioning. This paper provides a comprehensive review of passive
cooling techniques in building design, including thermal mass, natural ventilation, shading devices,
evaporative cooling, and earth-air heat exchangers, with a focus on their suitability under
Mediterranean climatic conditions. Current research increasingly emphasizes the role of
microclimatic parameters such as solar exposure, wind regime, and humidity in shaping the
performance of these techniques. Special attention is given to recent studies from Ghardaia, which
offer valuable insights into the adaptation of vernacular architecture and modern passive strategies.
A critical gap identified is the limited integration of microclimate feedback into building operation
models, despite its significant influence on thermal comfort and energy efficiency. Previous review
articles have addressed isolated aspects of passive cooling, yet few have systematically assessed the
two-way interaction between microclimate and building operation. This paper contributes by
synthesizing available knowledge and highlighting future development directions, including
advanced simulation tools, sensor-based monitoring, and climate-responsive architectural design. The
findings underscore the importance of localized studies in hot, arid Mediterranean cities to guide the
transition toward energy-efficient, resilient, and sustainable built environments.

Keywords: Passive Cooling, Building Energy Efficiency, Microclimate Interaction, Mediterranean
C
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ABSTRACT

The impacts of climate change are becoming more evident in Azerbaijan. Reducing water sources,
increasing number of forest fires, declining level of Caspian Sea and abnormal weather events are the
most noticable effects of climate change in the region. In the contrast of intensifying climate change,
transitioning to green energy has become essential.

As a country rich in fossil fuel resources, Azerbaijan has taken major staps towards green energy
transition in the last 5 years by enhancing green policy and legislative framework. For example, in
2021 the Law “on the Use of Renewable Energy Sources in the Production of Electric Energy”, in
2023 the Law “on Energy” and the Law “Electro-energy” were adopted. The adoption of “Azerbaijan
2030: National Priorities on the Socio- economic Development” marked pivotal point in the green
energy transition, as fifth national priority declared the aim of “green energy space” for nation’s S0Cio-
economic development. In order to implement the National Priorities, “Socio-economic Development
Strategy of Azerbaijan in 2022-2026 was approved. This Strategy sets clear steps to be taken by the
government to promote green energy transition and energy efficiency. Furthermore, the liberation of
Karabakh and Eastern Zengezur opened a new page in green transition of Azerbaijan, as the President
declared liberated territories “clean energy zones”.

This study analyses the concept of “green energy” in the Republic of Azerbaijan by adressing latest
legal developments and national policy documents. Furthermore, this reserach reviews the natinal
energy objectives of Azerbaijan and the effectiveness of the relevant legal acts in achieving these
objectives.

Keywords: climate change, green energy, environmental legislation, Azerbaijan.

www.iksadkongre.com 3



4t INTERNATIONAL ENERGY CONGRESS

October 7™, 2025 / Sivas-Tirkiye
Sivas Cumhuriyet University

NTERNATIONAL AVIATION LAW AND THE REGULATION OF SUSTAINABLE
AVIATION FUELS AND HYDROGEN

Aleksandra NIKOLOVA MARKOVIC

Associate Professor, Megatrend University, Faculty of Law, Belgrade-Serbia (Responsible Author) ORCID
ID: https://orcid.org/0009-0000-9724-8739

ABSTRACT

The global aviation industry is under increasing pressure to adapt to the international framework for
tackling climate change, through the requirements for reducing harmful gases, decarbonizing aviation,
and ensuring the sustainability of the aviation industry in the long term. Sustainable aviation fuels
(SAF) and hydrogen stand out as the most promising alternatives to the conventional fossil fuel
kerosene. The transition to greener skies is a complex legal issue that must be viewed from several
different angles, such as regulatory alignment, certification, and harmonization of international
aviation law. Although technological processes have made these fuels a reality, the regulatory and
legal frameworks differ across countries.

This paper aims to analyze the international legal framework related to environmental protection, CO-
emissions reduction, and the introduction of alternative fuels in the aviation industry. Special focus
is placed on the analysis of the Chicago Convention, ICAO’s environmental standards, and the
Carbon Offsetting and Reduction Scheme for International Aviation (CORSIA). The analysis further
examines regional and national approaches, focusing on the European Union’s ReFuel Aviation
Regulation and the US Tax credit approach for promoting SAFs and hydrogen in order to emphasize
the different regulatory and legal treatments by countries.

Ultimately, by analyzing the current legal frameworks and approaches, the paper concludes that
stronger international cooperation and the establishment of uniform international aviation regulations
are the most important foundations for achieving a legally grounded transition towards sustainable
decarbonization of international aviation.

Keywords: sustainable aviation fuels, hydrogen, aviation law, international law, sustainable energy.
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Abstract

Hydrogen is gradually becoming a clean energy carrier; the transport sector can leverage this
technology since it can power cars and trucks without generating harmful emissions when used in a
fuel cell. However, the high temperatures resulting from high pressure hydrogen filling reduce storage
efficiency and safety. Pre-cooling strategies and thermal management systems powered by renewable
energy present a promising solution to alleviate these problems. In this work, the performance of
various precooling methods and the effects of ambient temperature and pressure ramp rates on
hydrogen storage efficiency are analyzed using H2Fills simulation software. Results demonstrate that
pre-cooling hydrogen to -20°C can increase the state of charge from 19% to 93% and enhance storage
mass by up to 166% compared to refueling at 20°C. Type 4 tanks, which include composite liners,
showed improved thermal behavior and faster filling performance compared with Type 3 tanks. For
instance, at 21 MPa/min, Type 4 tanks needed 320 kJ of energy for cooling compared to 830 kJ for
Type 3 tanks. Seasonal analysis confirms improved performance during winter, while summer
conditions significantly reduce SOC due to accelerated heat buildup.

Keywords: Hydrogen Pre-Cooling, High-Pressure Storage, Thermal Management, HZ2Fills
Simulation, Fuel Cell Vehicles.
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Abstract

The global race to expand renewable energy is often framed as a clear win for the planet. But on the
ground, the story is more complicated. Large- scale wind farms, solar parks, and hydro projects are
frequently built on lands that Indigenous peoples have lived on, governed, and protected for centuries.
When these projects move forward without free, prior, and informed consent, they risk repeating the
same injustices that fossil fuel development caused, only this time in the name of “green progress’’.
This work looks at how we can shift to renewable energy without repeating the same mistakes made
during the fossil fuel era? To understand this, it examines international human rights law, national
land-use rules, and cases where Indigenous groups have opposed those “green” development projects.
It reviews cases showing both the successes and failures of legal protections for Indigenous
communities. The paper argues that respecting those communities’ sovereignty is not a barrier to
development but a path toward more durable, just, and socially accepted energy projects. Solutions
like benefit-sharing, locally led renewable projects, and clear requirements for free and informed
consent help make the transition just and equitable also. True climate justice requires including the
communities that have cared for these lands for generations- not ignore them.

Keywords: Renewable Energy, Indigenous Rights, Climate Justice, Legal Frameworks, Sustainable
Development.
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ABSTRACT

Agriculture is crucial for sustaining human but remains highly vulnerable to climate change. This
sector contributes to greenhouse gas emissions, especially through irrigation, posing risks to crop
yields and rural livelihoods. This study used ARDL model to investigate the impact of CO-, methane,
N20 emissions, and renewable energy on agricultural productivity in Bangladesh. Panel data from
the WDI were analyzed through descriptive statistics, correlation, and unit root tests. The
relationships among the variables were estimated using ARDL and dynamic ARDL models, with
bounds testing and lag determination. Correlation analysis revealed that agricultural output is
positively associated with fertilizer use and N20O emissions, while renewable energy consumption,
rural population, and CO: emissions were negatively associated. Unit root and bounds testing
confirmed long-run cointegration among the variables, validating the ARDL approach. Long-run
estimates showed that CO. emissions, per capita emissions, renewable energy use, and rural
population reduce output, while fertilizer consumption and N20O emissions enhance productivity.
Short- run dynamics highlighted the lagged effects of CO. emissions and rural population. The
dynamic ARDL simulation further confirmed persistence in output and mixed short-run impacts of
emissions, with N20 remaining a strong positive driver. Diagnostic tests validated model stability,
while Granger causality results indicated the bidirectional relationship between agricultural output
and agricultural CO: emissions, renewable energy, fertilizer, land use, rural population, and N20O
emissions alongside unidirectional links with CO- emissions per capita and CH4 emission. The
findings emphasize that while renewable energy mitigates emissions, its expansion may constrain
output, highlighting the trade-off between sustainability and productivity.

Keywords: Climate Change, Renewable Energy, Greenhouse Gas Emissions, Agricultural
Productivity, ARDL Model
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THE ABILITY OF THE SALSOLA BARYOSMA PLANT TO REMOVE THE TURBIDITY
OF WASTEWATER

Kaddour ZINEB
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ABSTRACT

Aguatic plants that can adapt to and survive in floating settings are employed in natural biological
treatment systems all around the world since numerous studies have demonstrated how well these
plants can remove contaminants from wastewater. We shall demonstrate the efficacy of the Saharan
plant in this study, as it has a very respectable capacity to eliminate contaminants. Since the salsola
Baryosma plant is situated in the estuary of sewage effluent that is subject to initial treatment in EI-
Oued city, in the northeastern Algerian desert, this study intends to highlight the role of the Saharan
plant in the secondary treatment of wastewater. Before its conversion to an estuary, this region was
recognized for its abundance of desert grazing plants. However, the majority of plants managed to
adjust to their new surroundings. Because of the way its morphology was designed, the Salsola plant
was able to live in harmony with the estuary water and its presence on the site's periphery, depending
on its needs for water. In the area of residential wastewater treatment, the study was conducted on a
pilot scale (ONA EI-Oued, Algeria). The findings demonstrated that the Salsola treatment reduced
the turbidity from 106.34 NTU to 3.28 NTU. According to the study's findings, the Salsola plant is
highly effective at Turbidity removal. This plant, despite not being considered an aquatic plant, can
demonstrate effective treatment in wastewater estuaries.

Keywords: Phytoremediation, Saharan plant, Turbidity, Wastewater, EI-Oued.
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Abstract

The growing challenges of environmental pollution and energy scarcity highlight the urgent need for
sustainable plastic waste management strategies. Among various methods, pyrolysis offers a thermo-
chemical approach that not only mitigates plastic pollution but also recovers valuable energy
resources in the form of oil and gas. Unlike conventional mechanical recycling, pyrolysis can process
mixed plastic waste streams, making it a promising route for large-scale application.

This research investigates the production of fuel from plastic waste through pyrolysis. Experiments
were carried out on polyethylene (PE), polyethylene terephthalate (PET), and polyvinyl chloride
(PVC) within a temperature range of 250-450 °C, under varying operational conditions such as
heating rates and reactor configurations. The shredded plastic feedstocks were thermally decomposed
into three major products: liquid oil, gaseous fuel, and solid residues. Characterization of the pyrolysis
oil revealed physicochemical properties comparable to those of conventional diesel, suggesting its
potential use as an alternative fuel in compression ignition engines.

Key words: plastic waste, pyrolysis, polyethylene (PE), polyethylene terephthalate (PET), polyvinyl
chloride (PVC)
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Abstract

The objective of this study was to investigate the influence of particle size on the gap energy and
dielectric properties of MgNiO: . The compound was synthesised via two distinct methods: the solid-
state method (denoted MNO-S) and organometallic combustion (denoted MNO- SG). Both powders
exhibited cubic crystallisation with Fm-3m space group and cell parameters a=4.189056 A for MNO-
S and 4.192983 A for MNO-SG. Morphological analyses were conducted using MEB-EDS and TEM-
EDS, which confirmed the formation of micro-particles in MNO-S and nanoparticles in MNO-SG.
The optical band gaps of the samples were determined by means of diffuse reflectance spectroscopy.
A comparable band gap value of 3.7 eV was attained, and the thermal stability of the compounds was
substantiated by DSC analyses. The findings indicated that the compounds exhibited exceptional
stability, with no discernible phase transitions. The dielectric properties were investigated at
frequencies between 10 Hz and 1 MHz, with temperatures ranging from 30°C to 390°C. The results
demonstrate a notable increase in the dielectric constant, accompanied by a reduction in loss tangent,
as the particle size is diminished. The impedance spectroscopy revealed the presence of two broad
peaks in both the low and high frequencies, which can be attributed to the response of the grains and
grain boundaries. The activation energy of relaxation time and DC conductivity exhibited a decline
with a reduction in grain size, accompanied by an increase in capacity. The analysis of AC
conductivity through the Jonscher low model indicated the presence of diverse mechanisms
governing charge conductivity. The extracted activation energy from modulus demonstrated a
decrease with a reduction in particles, exhibiting a similar order of magnitude to that obtained from
the impedance spectroscopy.

Keywords: MgNiO2, solid-state, sol-gel, XRD, nanoparticles, MEB-EDS, Gap energy, DSC,
dielectric constant, impedance, ac-conductivity
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Abstract

In this theoretical investigation, we explore the optoelectronic properties of four quinoxaline-based
derivatives (M1-M4) as potential electron donor materials for application in organic solar cells
(OSCs). The study is carried out using density functional theory (DFT) and time-dependent (TD-
DFT) calculations at the B3LYP/6-31G(d,p) level, incorporating solvation effects via the PCBM
model in tetrahydrofuran (THF). The photovoltaic performance of individual molecules is evaluated
by examining important parameters such as frontier molecular orbital energies, band gaps, absorption
spectra, and overall reactivity descriptors.[1-2]

Among the studied derivatives, compound M3 stands out by exhibiting the narrowest energy bandgap
(2.94 eV), the broadest and most red-shifted absorption spectrum (extending from 400 to 800 nm),
and the highest chemical softness (0.678 eV). These characteristics suggest improved light-harvesting
efficiency and more favorable charge transport properties, making M3 a strong candidate for use in
OSCs. Conversely, M1 and M2 display deeper HOMO energy levels (—6.88 eV and —6.81 eV,
respectively), which are conducive to achieving higher open- circuit voltages (1.28 eV for M1 and
1.05 eV for M2). However, their relatively large bandgaps (4.01 eV and 4.00 eV) limit their ability
to absorb across the solar spectrum. Overall, this study highlights the tunability of quinoxaline
derivatives through molecular design and provides valuable insights into their potential as efficient
donor materials in the development of high- performance organic photovoltaic devices.

Keywords: Quinoxaline derivatives, Organic solar, TD-DFT, Photovoltaic performance, Charge
transport, Energy bandgap
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ABSTRACT

Internet of Drone Things (IoDT) is a hybrid, on-demand network of flying drones that can access the
internet, share data with other drones and various 10T devices, and process on-board data. The 1oDT
paradigm can unravel multidimensional problems in disasters. Drone applications especially in wind-
induced disaster management is a dominant research area for its decision-making capability with
dynamic path planning in harsh situations. In strong wind situations, drones sometimes are not capable
of flying and highly deviate from its intended route. But, in a post disaster scenario, when wind
becomes moderate, swarms of drones are capable to reach to the affected area. Path planning of the
drones towards the affected area in presence of wind is crucial for damage assessment, supply, and
rescue. For this reason, optimized path planning of swarms of drones is a safeguard to reach the centre
of disaster. In this proposed approach, we investigate drones’ path using Glowworm Swarm
Optimization (GSO) in windy environments. In this work, the deployed drones are modelled as a
glowworm in a search space. The luciferin of the glowworms is updated with respect to the proximity
to the destination and moves probabilistically towards their neighbour with higher luciferin value.
Our proposed method generates optimized path of the drones toward the centre of disaster in both no-
wind and wind-influenced scenarios. A comparative analysis of energy consumption for sustainability
is also performed to demonstrate the wind influence in drones’ path with respect to no-wind scenario.
The results show that GSO effectively guides the flying drones with feasible trajectories towards the
centre of disaster in a windy environment.

Keywords: Glowworm swarm optimization, Path planning, 10DT, Sustainability, Wind-induced
disaster response.
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ABSTRACT

The optimization of energy use, particularly from fossil sources, is a critical challenge for preserving
resources and mitigating the effects of climate change. In this context, the development of sustainable
energies, especially solar energy, represents a major avenue for improving energy utilization in
technological, industrial, and economic sectors. Advances in solar cell technology play a central role
in this transition. Within this framework, the present work investigates the development of next-
generation solar cells, with a particular focus on dye-sensitized solar cells (DSSCs). This study
explores the influence of n- bridge modification in dye molecules on the optoelectronic and charge-
transfer properties of DSSCs, including excitation energies, absorption spectra, oscillator strengths,
open-circuit voltages, and frontier molecular orbital energies (HOMO and LUMO). Density
Functional Theory (DFT) and Time-Dependent Theory (TD-DFT), using the 6-31G(d,p) basis set,
were employed to evaluate these properties. This research emphasizes the correlation between
molecular design and photovoltaic performance, highlighting how structural modifications at the n-
bridge level can enhance light absorption and electron injection. By providing a detailed theoretical
framework, the study contributes to a deeper understanding of structure— property relationships and
offers valuable guidelines for the rational design of innovative dyes. Our results indicate that the
studied molecules are promising candidates for dye-sensitized solar cells (DSSCs) applications.

Keywords: Solar cells; Climate change; Energy; DSSC; DFT; TD-DFT.
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ABSTRACT

The passive mitigation methods for urban heat island (UHI) phenomenon are classified into green
(vegetation), blue (water bodies) and grey (man-made structures) infrastructures. Among the grey
infrastructures, concrete is commonly used in pavement, walls and roofs that are exposed to solar
radiation. Although concrete is one of the main contributors to UHI effect, its impact can be minimized
by altering the solar reflectance of surfaces. Cool coatings with high solar reflectance can efficiently
reduce the surface temperature. However, due to coatings are predominantly organic-based,
susceptible to abrasion, lower durability when exposed to weathering, that leading to more frequent
maintenance. Hence, using exposed concrete without organic coating, especially in high traffic
locations or areas with difficulties to access for maintenance can reduce the overall life-cycle costing
while extending lifespan. Colour of concrete is mainly influenced by the colour of the cement
(binder). White cement concrete has higher albedo (more sunlight reflection and lower thermal
absorption) compared to grey cement concrete. While addition of colourants enhances the visual
appearance of concrete, it may also modify the albedo of the concrete surface. White, cool and
reversible thermochromic pigments can be incorporated into the cement matrix to reduce the solar heat
absorption of concrete. However, due to coloured concretes are permanently exposed to view;
therefore, it shall be treated with high standard to achieve the desired aesthetic appearance. This type
of concrete requires an involvement of professionals and skilled workers to deliver a quality and
durable product. In addition, cement is highly alkaline and pigment may be chemically unstable in
this alkaline environment and lose its chromatic properties in the long run. Research and tests are
needed prior to application of a solar reflective pigment in the concrete matrix to ensure that it does
not compromise the mechanical properties, optical properties and its durability.

Keywords: Albedo, concrete, pigment, colour, strength, surface, solar radiation
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OZET

Hidrojen, enerji doniisiim teknolojilerinde ve karbon nétrliigli hedeflerine ulagmada stratejik bir rol
oynamaktadir. Giiniimiizde hidrojen {iretiminin 6énemli bir kismi fosil yakitlara dayanmakla birlikte,
fosil yakit kaynakli CO2 emisyonlar1 nedeniyle temiz hidrojen iiretim yontemleri {izerine ¢alismalar
devam etmektedir. Bu baglamda, metan pirolizi (CH4 — C + 2H2), dogrudan karbonsuz hidrojen
tiretimi i¢in umut vadeden bir yontemdir. Ozellikle erimis metalde gergeklestirilen piroliz prosesleri,
yiiksek 1s1 kapasitesi, hizli 1s1 transferi ve kontrol edilebilir karbon ayrigmasi gibi avantajlar
sunmaktadir. Bu calismada, erimis metal destekli siirekli metan pirolizi yoluyla hidrojen tiretimi,
NASA CEA (Uygulamali Kimyasal Denge) yontemi kullanilarak modellenmis ve elde edilen
termodinamik denge sonugclari, metan pirolizi kinetik modelleri ile karsilastirilmistir. CEA tabanl
model, farkli sicaklik araliklarinda (800-1800 K) metan doniisiimiinii, hidrojen verimini ve karbon
olusumunu tahmin etmek i¢in kullanilmistir. Bununla birlikte, kinetik modellere ait reaksiyon hizlari,
aktivasyon enerjileri ve kararli durum siireleri metan pirolizi hakkinda bilgiler saglamistir.
Karsilagtirma sonuglart NASA CEA modelinin sistemin maksimum verimlilik potansiyelini ve
termodinamik sinirlarini belirlemek i¢in uygun oldugunu, kinetik modellerin ise gercek zamanli
reaktor tasarimi i¢in daha giivenilir oldugunu gdstermistir. Bununla birlikte, erimis metal profilinin
(6r. Sn, Cu, Fe) se¢iminin hem termodinamik denge hem de kinetik davranis {izerinde kritik etkileri
oldugu bilinmesine ragmen, erimis metal dnerilen model ¢alismasinda yalnizca bir karbon tasiyicisi
olarak dikkate alinmistir. Sonu¢ olarak, NASA CEA tabanli model ve kinetik modellerin birlikte
kullanilmasi, erimis metal destekli metan pirolizinin daha biitiinsel bir degerlendirmesini
saglamaktadir. Bu yaklasim, yalnizca laboratuvar 6l¢eginden endiistriyel Olcege gecis icin daha
gercekci tahminler saglamakla kalmaz, ayn1 zamanda enerji verimliligi ve karbon yonetimi agisindan
hidrojen iiretim siire¢lerinin optimizasyonuna da katkida bulunur.

Anahtar Kelimeler: Denge modeli, erimis metal, hidrojen.

ABSTRACT

Hydrogen plays a strategic role in energy conversion technologies and achieving carbon neutrality
targets. While a significant portion of hydrogen production today relies on fossil fuels, studies on
clean hydrogen production methods continue due to CO2 emissions from fossil fuels. In this context,
methane pyrolysis (CH4

— C + 2H2) is a promising method for direct carbon-free hydrogen production. Pyrolysis processes,
particularly those conducted in molten metal, offer advantages such as high heat capacity, rapid heat
transfer, and controllable carbon separation. In this study, hydrogen production via molten metal-
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assisted continuous methane pyrolysis was modeled using the NASA CEA (Chemical Equilibrium
with Applications) method, and the obtained thermodynamic equilibrium results were compared with
methane pyrolysis kinetic models. The CEA-based model was used to predict methane conversion,
hydrogen yield, and carbon formation over different temperature ranges (800-1800 K). However, the
reaction rates, activation energies, and steady-state times of the kinetic models provided insights
into methane pyrolysis. Comparison results showed that the NASA CEA model was suitable for
determining the maximum efficiency potential and thermodynamic limits of the system, while the
kinetic models were more reliable for real-time reactor design. However, although the selection of
the molten metal profile (e.g., Sn, Cu, Fe) is known to have critical effects on both thermodynamic
equilibrium and kinetic behavior, the molten metal was considered only as a carbon carrier in the
proposed model study. Consequently, the combined use of the NASA CEA-based model and kinetic
models provides a more holistic assessment of molten metal-assisted methane pyrolysis. This
approach not only provides more realistic predictions for the transition from laboratory to industrial
scale but also contributes to the optimization of hydrogen production processes in terms of energy
efficiency and carbon management.

Keywords: Equilibrium model, molten metal, hydrogen.
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OZET

Artan enerji talebi, fosil yakitlarin ¢evresel etkileri ve iklim degisikligi ile miicadele gerekliligi,
biyoyakitlar1 siirdiiriilebilir enerji ¢oziimleri arasinda 6n plana c¢ikarmaktadir. Bu baglamda
biyoetanol, yenilenebilir, gevre dostu ve karbon ayak izi diisiik bir yakit olarak dikkat ¢ekmektedir.
Lignoseliilozik biyokiitle gibi siirdiiriilebilir hammaddelerin endiistriyel 6lgekte etanol iiretiminde
kullanilmasi, yiiksek verimlilik ve ekonomik avantajlar sunar. Ancak, bu tiir biyokiitlelerin icerdigi
hem heksoz (C6) hem de pentoz (C5) sekerlerin etkin bir sekilde fermente edilebilmesi, mevcut
mikroorganizma sinirlamalar1 nedeniyle zorluk olusturmaktadir. Ozellikle yaygin olarak kullanilan
Saccharomyces cerevisiae mayasi yalnizca heksozlari fermente edebilirken, dogada yaygin olan
pentozlar1 degerlendiremez. Bu engelin asilmasi i¢in es kiiltiir fermantasyonu, yani farkli
mikroorganizma suslarinin birlikte kullanimu, etkili bir ¢6ziim olarak 6ne ¢ikmaktadir. Pichia stipitis,
Scheffersomyces stipitis, Spathaspora passalidarum gibi pentoz fermente edebilen maya tiirleri,
Saccharomyces cerevisiae ile es kiiltiirde kullanilarak her iki seker grubunun es zamanli doniistimii
saglanabilir. Bu calismada, lignoseliilozik biyokiitle kaynakli biyoetanol {iiretiminde es kiiltiir
stratejisinin verim, etkinlik, sinerjik avantajlari ve karsilagilan zorluklar1 bilimsel literatiir temelinde
degerlendirilecektir.

Anahtar Kelimeler: Biyoyakit, biyoetanol, lignoseliilozik biyokiitle, es kiiltiir fermantasyonu, pentoz
fermentasyonu

THE ROLE OF CO-CULTURE FERMENTATION IN BIOETHANOL PRODUCTION:
HIGH-EFFICIENCY CONVERSION STRATEGIES FROM LIGNOCELLULOSIC
BIOMASS

ABSTRACT

The growing global demand for sustainable energy, along with the environmental concerns associated
with fossil fuel consumption, has highlighted the importance of biofuels. Among them, bioethanol
stands out as a renewable, environmentally friendly, and low-carbon alternative. Industrial-scale
bioethanol production from lignocellulosic biomass requires not only an abundant and renewable
feedstock but also efficient conversion of both hexose (C6) and pentose (C5) sugars. The widely used
Saccharomyces cerevisiae strain is effective in fermenting hexoses but lacks the ability to utilize
pentoses, which are the second most abundant sugars in nature. To overcome this limitation, co-culture
fermentation—using compatible yeast strains in synergy—has emerged as a promising strategy.
Pentose-fermenting yeasts such as Pichia stipitis, Scheffersomyces stipitis, Spathaspora
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passalidarum, and others have been successfully co-cultured with Saccharomyces cerevisiae to
simultaneously convert both sugar types into ethanol. This review examines the efficiency,
advantages, and limitations of co- culture approaches in bioethanol production from lignocellulosic
biomass, emphasizing recent advances and potential for industrial application.

Keywords: Biofuel, bioethanol, lignocellulosic biomass, co-culture fermentation, pentose conversion
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ABSTRACT

Photocatalysis holds great potential for sustainable hydrogen production, as it enables the direct
conversion of solar energy into chemical energy. However, in photocatalytic processes, the rapid
recombination of charge carriers remains one of the major challenges that significantly reduces system
efficiency [1]. Overcoming these limitations requires the development of new support materials,
among which clay minerals have attracted considerable attention. Due to their large surface area, high
adsorption capacity, and structural features that promote charge separation, clays offer remarkable
advantages in dye-sensitized hydrogen production systems [1]. Bentonites, consisting mainly of
montmorillonite, are natural clay minerals that exhibit high cation exchange capacity, large specific
surface area, and strong adsorption properties[2]. These characteristics make them widely applicable
in environmental remediation, wastewater treatment, and ion removal, as well as suitable support
materials in catalytic systems. The high surface reactivity of bentonite facilitates the effective
adsorption of dye molecules and contributes to enhanced charge separation. In this study, bentonite
with its characteristic layered structure was sensitized with eosin Y dye to enable hydrogen generation
under visible light irradiation. To further improve catalytic performance, MoSx cocatalysts were
deposited onto the bentonite surface by a photodeposition method. Among transition metal
dichalcogenides, MoS: is frequently employed due to its high chemical stability and low cost. Its
remarkable activity in the hydrogen evolution reaction (HER) primarily originates from the
catalytically active edge sites. During the photodeposition process, amorphous MoSy species enriched
with unsaturated S-S bonds were generated, providing additional active sites, facilitating charge
transfer, and thereby significantly enhancing hydrogen production efficiency [3]. The hydrogen
generation rate of the bentonite/EY photocatalyst was determined to be 1.37 mmol g's™, whereas
the incorporation of the MoSi cocatalyst increased this value to 7.55 mmol g's™ for the
bentonite/EY/MoS; system. These results demonstrate that natural clay minerals such as bentonite
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can serve as efficient support

materials for dye-sensitized MoSx-based photocatalysts, offering a promising approach for hydrogen
production under visible light irradiation.

Keywords: hydrogen, catalysis, catalyst, clay, photocatalysis
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FOTOKATALITIK HIDROJEN URETIMINDE BENTONIT DESTEKLI MoS,
FOTOKATALIZORLERIN iINCELENMESI

OZET

Stirdiiriilebilir hidrojen {iiretiminde fotokataliz, dogrudan gilines 1s18inin kimyasal enerjiye
doniistiiriilmesini saglamasi nedeniyle biiylik potansiyele sahiptir. Ancak fotokatalitik siire¢lerde, ytik
tastyicilarin hizli rekombinasyonu, sistem verimliligini azaltan baslica sorunlardan biri olarak 6ne
cikmaktadir[1]. Bu kisitlarin asilabilmesi igin yeni destek malzemelerinin kullanimi kritik 6nem
tagimakta, Ozellikle kil mineralleri bu noktada dikkat ¢cekmektedir. Genis yiizey alani, yiiksek
adsorpsiyon kapasitesi ve yiik ayrigsmasmi tesvik eden yapisal ozellikleri sayesinde killer, boya
duyarli hidrojen iretimi c¢aligmalarinda umut verici avantajlar sunmaktadir[1]. Bentonit,
montmorillonit esasli yapisi nedeniyle yiiksek katyon degisim kapasitesi, genis 6zgiil yiizey alani ve
giiclii adsorpsiyon ozellikleri sergileyen dogal bir kil mineralidir[2]. Bu 6zellikleri sayesinde ¢evresel
iyilestirme, atik su aritim1 ve iyon gideriminde yaygin olarak kullanilmakta; ayn1 zamanda katalitik
sistemlerde destek malzemesi olarak degerlendirilmektedir. Bentonitin yiiksek yiizey reaktivitesi,
boya molekiillerinin etkin bicimde adsorplanmasina ve yiik tasiyici ayrigmasinin kolaylastirilmasina
katkida bulunur. Bu ¢alismada tabakali yapisiyla 6ne ¢ikan dogal bir kil minerali olan bentonit,
goriiniir 151k altinda hidrojen tiretimini gerceklestirmek lizere eosin Y boyast ile 1518a duyarl hale
getirilmistir. Sistemin katalitik etkinligini artirmak i¢in, bentonit yiizeyine fotodepozisyon
yontemiyle MoSx yardimci katalizorii entegre edilmistir. Gegis metali dikalkojenidleri arasinda 6ne
cikan MoS., kimyasal kararlilig1 ve diisiik maliyeti sayesinde sik¢a tercih edilmektedir. Hidrojen
evrimi reaksiyonunda MoS:’nin sergiledigi yiiksek etkinlik, 6zellikle kenar kisimlarinda yer alan
katalitik olarak aktif bolgelerden ileri gelmektedir. Fotodepozisyon siireciyle olusan, amorf ve
doymamis S-S baglar1 agisindan zengin MoS; tiirleri ise ¢ok sayida yeni aktif bolge olusturarak ytik
tasiyicilarin iletimini kolaylagtirmakta, bunun sonucunda da hidrojen iiretim hizinda 6nemli bir artig
saglamaktadir [3]. Boya duyarlilastirma sonrasi elde edilen Bentonit/EY katalizoriiniin hidrojen
dretimi 1.37 mmol g 's™' olarak belirlenmistir. MoS, yardime1 katalizoriiniin yiiklenmesi ile bu deger
Bentonit/EY/MoS; i¢in 7.55 mmol g's™! seviyesine ylikselmistir. Bu sonuglar, bentonit gibi dogal kil
minerallerinin boya duyarlilastirilmis MoSx bazli fotokatalizorler icin etkin bir destek malzemesi
oldugunu ve goriiniir 151k altinda hidrojen {iretimi i¢in umut vadeden bir yaklasim sundugunu
gostermektedir.

Keywords: hidrojen, kataliz, katalizor, kil, fotokataliz.
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tarafindan desteklenmistir.
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ABSTRACT

Ammonia (NH3) is a well-known and highly important compound due to its widespread applications
in various fields, including chemicals, synthetic fibers, and fertilizer industries. In addition, owing to
its high energy density and carbon-free nature, it is considered a promising alternative energy carrier
to fossil fuels. Currently, the Haber-Bosch process is the primary industrial method for NHj3
production; however, its harsh conditions, energy demand, and greenhouse gas emissions pose major
challenges. Recently, the electrochemical nitrogen reduction reaction (NRR) has been proposed as a
sustainable alternative to the Haber-Bosch process. Nevertheless, achieving high NH3 production
efficiency requires overcoming the substantial dissociation energy barrier of the inert N=N triple
bond, as well as suppressing the competing hydrogen evolution reaction (HER) [1]. In this context,
the development of catalysts with high catalytic activity and selectivity is of great importance for
NRR. In recent years, transition metal dichalcogenide, particularly WS», have been reported to
possess catalytically active sites suitable for various photo- and electrochemical applications. To
enhance the NRR performance of WS»-based catalysts, different strategies such as crystal plane
engineering, particle size and morphology control, defect engineering, and heteroatom doping have
been explored [2]. In this study, the electrochemical NRR performances of WS, catalysts with
different particle sizes were investigated together with the effect of electrolytes (Na>SOa, Li2SO4, and
K2S04). The morphological characterizations of the commercially obtained catalysts were carried out
by TEM analysis, while their electrochemical activities were evaluated through linear sweep
voltammetry (LSV) and chronoamperometry (CA). The amount of NH3 produced was quantified
spectrophotometrically using the indophenol blue method based on a standard calibration curve. The
results revealed that nanostructured WS2 catalysts exhibited superior NH3 production performance
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compared to their microstructured counterparts, and the electrolyte performance followed the order
Li2SO4 > K2SO4 > NazSOs.

Keywords: Ammonia, electrocatalysis, transition metal dichalcogenide, electrolyte.

*Acknowledgment: This work was supported by the R&D project No. AG-24-03 conducted by YEO
Technology

NANO OLCEKLIi WS2 KATALIZORLERININ ELEKTROKIMYASAL AZOT
INDIRGEME REAKSiYON PERFORMANSI UZERINDE ELEKTROLITIN ETKIiSI

OZET

Amonyak (NH3), kimyasallar, sentetik elyaflar ve giibre endiistrileri dahil olmak {iizere gesitli
alanlardaki uygulamalar1 nedeniyle iyi bilinen olduk¢a 6nemli bir bilesiktir. Ayrica yiiksek enerji
yogunluguna sahip olmas1 ve karbon icermeyen yapis1 nedeniyle fosil yakitlara alternatif bir enerji
tasiyicisi olarak goriilmektedir. Haber-Bosch prosesi su anda NHj3 iiretimi i¢in birincil endiistriyel
yontemdir; ancak zorlu kosullari, enerji talebi ve sera gazi emisyonlari biiytlik zorluklar yaratmaktadir.
Son zamanlarda, elektrokimyasal N> indirgeme reaksiyonu (NRR), mevcut Haber-Bosch islemine
alternatif olarak disiiniilmektedir; ancak, yiiksek NHj iiretim verimliligi elde etmek i¢in yiiksek
ayrigsma enerjisi gerektiren kararli ve inert N=N {i¢li baginin kirilmasi ve rekabet eden hidrojen
iretim reaksiyonu engelini agsmak gerekmektedir [1]. Bu baglamda NRR i¢in yiiksek katalitik
aktiviteye sahip ve seciciligi yiiksek katalizor ihtiyaci ortaya c¢ikmaktadir. Son yillarda yapilan
caligmalar gegis metali dikalkojenitlerinden WS> nin ¢esitli foto ve elektrokimyasal uygulamalarda
kullanilabilecek aktif katalitik bolgelere sahip oldugunu gostermistir. Bunun yani sira bugiine kadar,
elektrokimyasal NRR performansini artirmak ic¢in kristal diizlem miihendisligi, parg¢acik boyutu
ve/veya morfolojik olarak kontrol edilebilir sentez, kusur olusturma ve heteroatom dopingi dahil
olmak iizere cesitli stratejiler olusturulmustur [2]. Bu calismada farkli boyutlara sahip WS>
katalizorlerin elektrokimyasal NRR reaksiyonlarinda performanslar1 ve elektrolit etkisi (Na2SOs,
LizSOs ve KoSO4) arastirtlmistir.  Ticari olarak temin edilen katalizérlerin  morfolojik
karakterizasyonu TEM analizi ile yapilmis ayrica elektrokimyasal performanslarit dogrusal taramali
voltametri (LSV) ve kronoamperometri (CA) testleriyle anlagilmistir. Elde edilen NH3 miktar1 ise
standart bir kalibrasyon grafigi iizerinden spektrofotometrik olarak indofenol mavisi yontemi ile tayin
edilmistir. Elde edilen bulgular nanoboyutlu WS, katalizorlerin, mikroboyutlulara kiyasla daha
yliksek NHj3 tiretim performans: sergiledigini ve elektrolit performansinin da Li2SO4 > Ko2SO4 >
Na>S04 seklinde oldugunu gdstermistir.

Keywords: Amonyak, elektrokataliz, gecis metali dikalkojentiler, elektrolit.

*Tesekkiir: Bu ¢alisma YEO Teknoloji tarafindan yiiriitiillen AG-24-03 numarali Ar-Ge
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Abstract

The viability of a green hydrogen economy in Algeria depends on successfully exploiting its green
energy production, water availability, and its potential to convert to hydrogen. Identifying optimal
production sites should encompass the entire hydrogen value chain, while considering all elements
influencing the levelized cost of hydrogen (LCOH). This comprehensive approach can ensure the
sustainable development of a hydrogen economy in Algeria, while providing insight into potential
synergies between the actors involved. This would improve the efficiency of the value chain and
potentially reduce the LCOH.

Stable production of green hydrogen requires a constant supply of sustainable energy. Fortunately,
Algeria has abundant solar and wind resources suitable for large-scale green hydrogen production.
The strategic approach of harnessing both solar and wind sources offers significant benefits. This
synergy enhances the stability of sustainable energy supply by mitigating the production fluctuations
inherent in variable renewable resources. [1]

This article has been developed to document and deepen knowledge on green hydrogen (GH2) from

existing research and policy documents. The demonstrated knowledge is expected to contribute to a
better understanding of the factors relevant to the optimal location of GH2 production facilities.

The second objective is to use the knowledge developed under the first objective to identify optimal
locations and regions for GH2 production using wind and solar energy. This includes the process and
methodology used to leverage geographic information systems (GIS) to identify optimal locations for
Algeria's GH2 production facilities. The document details the factors incorporated into the evaluation
process, fully explaining the logic behind the importance or weighting assigned to each factor. The
analysis results are discussed, and relevant questions to improve the process in future evaluations are
presented.

As part of this study, three green hydrogen production scenarios are established:
e Scenario 1: Large-scale pilot sites with an electrolyser capacity of 20 to 50 MW,
e Scenario 2: Industrial sites with an electrolyzer capacity of 200 to 400 MW,
e Scenario 3: Giga-sites with an electrolyzer capacity of 2 GW.

For each of the three GH2 production scenarios, typical configurations including electrolyzers, wind,
and solar energy were established. The analysis starts with a 1 MW electrolyzer as a reference. Using
current technological data, the potential production of hydrogen is calculated based on different
capacity factors (CFs).

Keywords: Green Hydrogen (GH2), Hydrogen Economy in Algeria, Optimal Production Sites, Solar
Energy in Algeria, Wind Energy in Algeria, Geographic Information Systems (GIS), Site Selection
Methodology.
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Abstract:

Algeria, which has immense potential for renewable energy thanks to its solar, wind and geothermal
resources, now faces major challenges in successfully transitioning to renewable energy. This work
proposes an approach to optimizing hybrid energy systems, combining local renewable sources and
smart technologies, in order to accelerate this transition while meeting the country's growing energy
needs in a sustainable manner.

The study focuses on modelling hybrid systems adapted to Algeria’s specific conditions, particularly
the Saharan areas rich in solar radiation and the coastal regions suitable for wind power. Smart
technologies, such as artificial intelligence and 10T systems, will be used to optimize energy flow
management, anticipate the variability of renewable resources and improve the efficiency of storage
infrastructure. In addition, an in-depth socio-economic analysis will be carried out, highlighting the
advantages of decentralized models for rural and isolated areas, where access to energy remains
limited.

The aim is to demonstrate that the integration of these hybrid systems can not only reduce greenhouse
gas emissions, but also create significant local jobs and reduce the country's dependence on fossil
fuels. This approach represents a unique opportunity for Algeria to capitalize on its abundant natural
resources while pursuing a sustainable and inclusive development strategy.

Keywords: Hybrid energy systems, Renewable energies in Algeria, Energy optimization, Smart
technologies, Energy transition, Sustainable development, Decentralized management.
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ABSTRACT

Biochar was prepared from waste sugarcane bagasse using an oxygen-limited pyrolysis route to
obtain a safe and effective adsorbent. The raw material was first rinsed thoroughly and air-dried to
remove surface impurities and residual moisture. It was then subjected to a preliminary heat treatment
at 200 °C for one hour to drive off volatile compounds, followed by carbonization at 500 °C for three
hours under anaerobic conditions to promote pore formation and structural stabilization. The resulting
carbonaceous product was investigated by X-ray diffraction (XRD), Fourier-transform infrared
spectroscopy (FTIR), scanning electron microscopy (SEM), energy-dispersive X-ray analysis (EDX),
and Brunauer—Emmett-Teller (BET) surface area measurements. Characterization indicated that the
biochar is an amorphous material and exhibits a combined micro- and mesoporous network with a
very high specific surface area (SBET = 553 m? g™'), properties that are favorable for adsorption and
surface interaction. To demonstrate its applicability, the bagasse-derived biochar was incorporated
into a toothpaste formulation as a natural cleaning and adsorbing agent. Standard safety evaluations
of the prepared toothpaste confirmed that the product met all required quality criteria, highlighting
the potential of this biochar both as a functional additive and as a sustainable pathway for valorizing
agricultural residues.

Keywords: Sugarcane bagasse; Biochar; Pyrolysis; High surface area; Toothpaste additive; Natural
adsorbent; Sustainable materials.
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Summary

Diesel fuel has traditionally been regarded as one of the most efficient fuels for transportation;
however, it is associated with significant environmental pollution, which poses considerable risks to
human health and the environment. As a result, ongoing efforts are being made to identify alternatives
that can replace diesel fuel and reduce its characteristic emission levels. One such alternative is
synthetic diesel, which is currently gaining attention. It is produced from gas or other renewable
sources, and its production process generates fewer pollutants. Due to its compatibility with existing
diesel infrastructure, synthetic diesel is considered a viable substitute, requiring only minor
modifications. This article presents an experimental study comparing conventional diesel with
synthetic fuel, specifically, Hydrotreated Vegetable Oil (HVO). The study involves measurements of
fuel consumption, exhaust gas emissions, and engine power output. The results indicate that the
change in fuel consumption when using synthetic diesel is minimal, while engine power decreases by
up to 2%.

Keywords: diesel; renewable diesel (HVO), emission characteristics
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Abstract

This paper describes a performance-optimized double-gate tunnel field-effect transistor (DGTFET)
for biosensing purposes through heterostructure engineering and gate dielectric design. A material-
engineered DGTFET device is proposed with a low-bandgap GaSb source, Alo.47Gao.s3As channel
and GaAs drain, and an N*-doped pocket region close to the source- channel junction to enhance
tunneling efficiency. The research assesses major performance analysis such as subthreshold swing
(SS), ON current (ION), OFF current (IOFF), and ION/IOFF ratio, in different 111-VV compound
semiconductors and different dielectric stacks such as SiO2, Al.Os and HfO.. Simulation outcomes
with SILVACO ATLAS show that the fabricated structure has an ultra-low SS of 9.6 mV/dec, ION of
3.5x10°7 A, IOFF of 8.8x107'* A, and a remarkable ION/IOFF ratio of 4x10'3, which proves it fit for
ultra-low power and high- sensitivity applications.
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Abstract

In this study, we designed and analyzed novel non-fullerene electron acceptors based on quinoxaline
derivatives (R, M1-M5) for organic photovoltaic cells. Using density functional theory (DFT) and
time-dependent density functional theory (TD-DFT), we investigated the main electronic and optical
properties, including frontier molecular orbitals (FMOs), density of states (DOS), molecular
electrostatic potential (MEP), global reactivity descriptors, dipole moment, charge mobility, and
optical characteristics. Our results reveal that the engineered compounds exhibit a small band gap,
favorable optical properties, and efficient charge mobility. Furthermore, when paired with PTB7-Th
as an electron donor, these molecules demonstrate strong charge conduction and effective electron
transfer. These promising findings suggest that experimental validation of these molecules could lead
to improved performance in non- fullerene organic photovoltaic cells.

Keywords: Non-fullerene acceptors, quinoxaline derivatives, organic photovoltaics cells, density
functional theory (DFT).
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ABSTRACT

The increasing integration of renewable energy sources, such as solar and wind, presents significant
challenges for power system operation, particularly regarding voltage stability and reliability. To
address these issues, Flexible AC Transmission System (FACTS) devices, especially Static VAR
Compensators (SVCs), are crucial for enhancing reactive power support and maintaining voltage
levels. However, their effectiveness greatly depends on optimal placement and sizing within the
network.

This study employs the Spider Wasp Optimization (SWO) algorithm on the IEEE 30-bus test system
with renewable energy sources to determine the ideal location and capacity of SVC devices. The
optimization targets two main objectives: minimizing total generation costs and reducing active
power losses, essential for maximizing economic and technical efficiency. The performance of the
SWO algorithm is benchmarked against established metaheuristics like Particle Swarm Optimization
(PSO) and Ant Lion Optimizer (ALO). Results show that SWO outperforms these methods in solution
quality, convergence speed, and robustness, consistently achieving optimal control variables without
violating system constraints.

These outcomes underscore the SWO algorithm's potential as a powerful tool for optimizing energy
systems amidst the challenges of renewable energy integration and FACTS device placement.

Keywords: Spider Wasp Optimization (SWO), Static VAR Compensators (SVCs), renewableenergy
sources, IEEE 30-bus test system.
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ABSTRACT

In this study, we introduced a Spider Wasp Optimization (SWO) algorithm designed to solve the
Optimal Power Flow (OPF) problem on the IEEE 30-bus test system while incorporating renewable
energy sources.

The algorithm was applied to a variety of single-objective functions, including minimizing fuel costs
while accounting for valve-point effects (VPE) without incorporating renewable energy, reducing
total active power losses, minimizing overall generation costs while accounting for all power
generation sources, and lowering total generation costs while including a carbon price. The proposed
SWO method demonstrated its ability to provide high-quality solutions to OPF problems involving
stochastic energy sources.

To validate its effectiveness, we conducted a comprehensive comparison between the results obtained
using the SWO algorithm and those produced by alternative optimization approaches found in the
literature.

Keywords: Spider Wasp Optimization (SWO), Optimal Power Flow, renewable energy sources,
IEEE 30- bus test system.
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ABSTRACT

Effective geotechnical monitoring is critical during the final stages of nuclear power plant (NPP)
construction to ensure long-term structural integrity and environmental safety. At the Akkuyu NPP
site in Tirkiye, significant challenges arise due to the destruction or inaccessibility of initial
monitoring wells during earlier construction phases. This study proposes a comprehensive, integrated
geotechnical monitoring framework tailored to the unique geological and operational conditions at
the site. In addition, drawing on the Bushehr-1 NPP experience in Iran, this study summarizes
strategies for well protection, use of large diameter wells, multiple aquifer monitoring and mitigation
against surface and groundwater seepage. The results advocate for early implementation of
comprehensive monitoring systems to create reliable hydrogeological and geodynamic models,
forming a transferable framework for future sites like the planned Sinop NPP.

Keywords: Geotechnical monitoring, Well, Nuclear power plant, Mersin

Introduction

Nuclear energy is released from an atomic nucleus, which consists of neutrons and protons. There are
two methods for producing nuclear energy: nuclear fission or nuclear fusion. The nuclear energy used
today to generate electricity is produced through nuclear fission. A heavy atom's nucleus splits into
two or more smaller nuclei during nuclear fission, releasing heat in the process. This heat energy turns
water into steam and then electricity in a nuclear reactor, just as heat from fossil fuels like gas, oil
and coal is converted to generate electricity. Therefore, energy in a nuclear reactor is generated by
initiating and controlling a sustained nuclear chain reaction. The electrical energy generated in this
way is a very low-carbon generation method (Mathew, 2022).

The “Agreement on Cooperation between the Government of the Republic of Tiirkiye and the
Government of the Russian Federation on the Establishment and Operation of a Nuclear Power Plant
(NPP) at the Akkuyu Field in the Republic of Tiirkiye” was signed on May 12, 2010 for the Mersin
Akkuyu Nuclear Power Plant. The agreement calls for the installation of four VVER 1200 type
reactors at Mersin Akkuyu Field, totaling 4800 MW of installed capacity. Once operational, the
Akkuyu nuclear power plant will produce approximately 35 billion kWh of electricity annually (URL-
1, 2025). The first unit of the Akkuyu power plant is expected to produce electricity at the beginning
of 2026. An image of the Akkuyu Nuclear Power Plant construction is shown in Figure 1 (URL-1,
2025).
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Figure 1. An image of the Akkuyu Nuclear Power Plant construction

Geotechnical monitoring is a detailed examination of subsurface conditions at a construction site to
ensure safe and efficient structural design and includes comprehensive evaluation of soil, rock and
groundwater properties. It is seen in the literature that many studies have been carried out on
geotechnical monitoring at nuclear power plant sites around the world (Al Rashdi et al, 2021;
Aptikaeva and Aptikaev, 2019; Dizman et al., 2023; Iban and Sahin, 2022; Petisco-Ferrero et al.,
2023; Sedin and Ulyanov, 2019; Sedin et al, 2025; Ulyanov et al., 2025; Zaykin and Ryasny, 2025).
In addition, modeling and some predictions are being made regarding geotechnical monitoring of
nuclear power plants (Bilgi¢ and Giindiiz, 2020; Lyubarskiy et al., 2023).

Drawing on previous nuclear power plant installation experiences, this study discusses how to
implement more appropriate and sustainable geotechnical monitoring, particularly for the Akkuyu
Nuclear Power Plant. In this context, well protection, the use of large-diameter wells, multi-aquifer
monitoring, and mitigation strategies against surface and groundwater leakage for nuclear power
plants are discussed. The results will serve as a guide for future sites such as the Sinop Nuclear Power
Plant, which will be Tiirkiye's second nuclear power plant.

Materials and Methods

In the last few years, the nuclear energy sector has evolved significantly to meet the growing demand
for affordable and sustainable energy worldwide. Studies are ongoing to make nuclear power plants
safer and longer-lasting, and standards are being established for this purpose. In this context, one of
the first steps to ensure the safety of nuclear power plants is the establishment of a monitoring system
equipped with reliable and durable sensors. Today, geotechnical monitoring, particularly at nuclear
power plant construction sites, is performed using sensitive equipment. Some of these devices are
listed in Table 1.
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Type of device Principle Location Measured Aim
Parameter
Global  positioning Aiming by satellite  Site Topography of the  Site evaluation
system (GPS) site
Piezometers Hydraulic pressure Bore holes Pore pressure, Monitoring of water
water table table
Settlement Topographic aiming  Ground surface Displacements, Settlement of
monuments settlements structures
Gamma graphy, Superposition of Groundsurface Deformation of Deformation of
photogrammetry picture topography structures
In situ settlement Topography Ground surface  Displacements Settlement of
plates structures
Inclinometers, Mechanic Bore-holes Verticality Stability of slopes
tiltmeters
Seismometers Accelerometers, Free field, Accelerations, Operability of plants;
triggers buildings time histories seismic behavior of
structures; floor
response spectra
Hydraulic devices Hydraulic U-tube, On basement Deformations and Behavior of the soil-

Glotzl cells

and beneath

stresses of the

basement

structure system

Findings and Discussion

The implementation of geotechnical monitoring at different periods of NPP construction differs
significantly. As experience with nuclear power plant construction shows, most exploration wells
suitable for monitoring are typically destroyed during the construction phase. Those that remain on
the periphery of the site are often unsuitable for use. New monitoring wells are usually drilled only
after construction has been completed. This valuable information, which is essential for
understanding processes and phenomena, ends up in a "temporary shadow" during the construction
phase and is often permanently lost. Based on this, during construction, all surviving engineering-
geological wells should be included in the monitoring network until their decommissioning,
especially those that fall within the boundaries of structures, roads, excavations, etc. All other wells,
including those in the vicinity of the site, should be preserved and retrofitted to protect them from
damage. Photographs showing the work on opening geotechnical monitoring wells at the Akkuyu
Nuclear Power Plant construction site are shown in Figures 1 and 2 (URL-2, 2025).
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Figure 3. Drilling well at the Akkuyu NPP site

Geotechnical monitoring at the Akkuyu NPP site during the completion of construction of the main
facilities must also be comprehensive (TAEK, 2017; TAEA, 2022). Given the characteristics of the
site, it should consist of the following blocks:

Geodetic (external and internal, including the water area and the slopes of the mountainous
frame);

Seismo-tectonic (traditional seismological stations, including additional radon stations);
Radiation (including the determination of tritium and radon in groundwater);
Hydrogeochemical (for monitoring the condition of the carbonate layer);

Thermometric (including monitoring thermal effects from operating equipment).
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In this case, comprehensiveness means creating a unified data exchange bus between the blocks and
the coordination center. The existing chemical laboratory at the Akkuyu NPP should be capable of
processing water samples from wells and other water intake points, including determining the content
of tritium and radon (Lyubarskiy et al., 2023).

The placement of monitoring wells should take into account both the hydrogeological conditions and
the specifics of the site, as well as the operational characteristics of individual buildings and
structures, especially those that are underground Figure 4 (URL-3, 2025). It is advisable to divide
monitoring wells into different aquifers. Wells for the technogenic aquifer, which are typically
shallow, may be constructed later, when the formation of this aquifer becomes irreversible, and the
aquifer itself is proven and stable. With sufficient justification, some wells can also be located in the
water area.

Figure 4. Hydrogeological monitoring well at the Bushehr-1 NPP site

Based on the experience of completing Unit 1 at the Bushehr Nuclear Power Plant in Iran, some wells
should initially be of large diameter (up to 325 mm or more) and designed for the placement of
pumping equipment with the necessary fittings. The configuration of the wells should align with the
idea of creating so-called anti-filter curtains from the most vulnerable directions, and before drilling
large-diameter wells, this should be confirmed through trial filtration tests conducted in standard
monitoring wells or remaining geotechnical (exploratory) wells. The curtain from these wells should
be used in case of flooding of the NPP site under extremely unfavorable weather and climatic
conditions. Large-diameter monitoring wells should primarily be equipped for the technogenic
aquifer. Pumping equipment should be stored on the NPP site in the required quantity (corresponding
to the number of large-diameter wells) and maintained in constant working condition (24/7), with
necessary transport and trained personnel available (Ulyanov, 2017a, 2017b; Ulyanov, 2021; Ulyanov
and Elokhin, 2016).

After the completion of construction and the accumulation of sufficient data, the creation of
hydrogeological and, more importantly, geodynamic models of the site and the adjacent area is
entirely possible. However, it is important not to justify the lack of monitoring points by replacing
them with modeling. In the absence of a significant portion of the initial data, the results of such
modeling can be far from reality, especially in extreme situations. Underground elements of the
nuclear power plant buildings and structures, primarily the rarely visited long cable and technological
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ducts, should be additionally equipped, including for the convenience of conducting all types of
monitoring (access for inspection, instrumental observations.

Practice shows that during the pre-commissioning and commissioning periods, the main goal of
geotechnical monitoring at the nuclear power plant site is to identify leaks from technological
systems. This includes preventing the flooding of cable and technological ducts by eliminating all
technogenic leaks and leaks from pipelines of various purposes, located both within the ducts
themselves and in the soil layer above or near them. Additionally, it involves identifying pathways
for groundwater and surface water to enter the underground areas of the NPP.

Based on the experience of completing Bushehr-1 Nuclear Power Plant, to prevent distortion of
hydrogeochemical monitoring results, the infiltration of surface atmospheric and technological waters
(such as condensate from steam chambers, equipment spills, etc.) into the groundwater aquifer within
the site should be minimized. All surface waters should be diverted into storm water drains. The
territory of the Akkuyu Nuclear Power Plant should be maximally concreted and asphalted. From the
slopes of the mountains, surface runoff should be intercepted and diverted away from the site using
horizontal upper-level ditches and storm water drains. If necessary, measures should be implemented
to intercept the water and debris from mudflow streams.

Conclusion and Recommendations

The construction phases of a nuclear facility typically consist of excavation, backfill, and building
construction. Soil behavior must be monitored during each of these phases. During excavation and
backfill, deformation of the subsurface material (e.g., heave and subsidence, lateral displacements)
must be monitored and load assessments must be conducted. Monitoring must continue throughout
the life of the nuclear facility.

Geotechnical monitoring devices should be carefully selected to ensure that the monitoring system
provides the expected information throughout the facility's lifespan. Device selection should be based
on experience from monitoring other nuclear facilities. Anticipated failure rates, especially the
requirement for replacement, should be considered while deciding on the number of devices and
manual measuring sites.

The successful completion and operation of the Akkuyu NPP hinge on a robust, interdisciplinary
geotechnical monitoring system. By preserving existing wells, integrating advanced technologies,
and learning from global NPP practices, the Akkuyu project can establish a benchmark for nuclear
site monitoring. The strategies proposed not only ensure site safety but also create a transferable
blueprint for upcoming projects such as the Sinop NPP (in case the project is realized). Investing in
early-stage, comprehensive monitoring is not only a technical imperative but a long-term commitment
to environmental stewardship and nuclear safety. In addition to ensuring site security, the proposed
strategies can also form a workable plan for future projects, such as the Sinop Nuclear Power Plant.
Finally, investing in comprehensive geotechnical monitoring at an early stage is not only a technical
necessity, but also a long-term commitment to environmental management and nuclear safety.
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Ozet

Bu ¢alismada, silindirik Li-iyon pillerde, pil modiil geometrisinin batarya termal yonetimi tizerindeki
etkisi sayisal olarak incelenmistir. Sayisal c¢alisma ANSYS Fluent programi kullanilarak
gerceklestirilmis ve analizler k-¢ tiirbiilans modeli ile ¢oziilmiistiir. Calismada diiz modiil ve
dikdortgen oluklu modiil olmak tizere iki farkli pil modiil geometrisi kullanilmistir. Her modiil ii¢
kademeli sira halinde diizenlenmis toplam 15 silindirik Li-iyon pil hiicresi icermektedir. Her pil
hiicresi yiizeyinin q"=400W/m? sabit 1s1 akisinda tutuldugu varsayilmistir. Sogutucu akiskan hava
olup, hava modiile sabit bir sicaklikta (Tix=300 K) girmistir. Modiil geometrisinin pillerin ylizey
sicakligr ve modil ¢ikis sicakligi tizerindeki etkileri farkli Reynolds sayilarinda (2000<Re<8000)
analiz edilmistir. Ayrica, modiil geometrisinin batarya termal yonetimi {izerindeki etkisini
gozlemlemek i¢in ¢esitli Reynolds sayilarinda hiz ve sicaklik kontur goriintiileri sunulmustur. Pil
modiil geometrisinin pil yilizey sicakliklarin1 6nemli Sl¢iide etkiledigi sonucuna varilmistir. Ayrica,
dikdortgen-oluklu modiilde pil yiizey sicakliklarinin diiz modiile kiyasla daha diisiik oldugu
gozlenmistir. Reynolds sayisinin artmasi her iki modiilde de pil yiizey sicakliklarini diisiirerek daha
homojen bir sicaklik dagilimi saglamistir. Ayrica, Reynolds sayisinin artmast modiil ¢ikis sicakliginda
bir diisiise neden olmus ve dikdortgen-oluklu modiilde ¢ikis sicakliginin diiz modiile gore daha diisiik
oldugu bulunmustur. Bu calisma sonuglari, pil modiill geometrisinin degistirilmesinin, 6zellikle
elektrikli ve hibrit araclarda batarya termal ydnetiminde Onemli avantajlar saglayabilecegini
gostermektedir.

Anahtar kelimeler: Li-iyon batarya, Batarya modiil geometrisi, Hava sogutma, Batarya termal
yoOnetimi, Sayisal ¢calisma

INVESTIGATION OF THE EFFECT OF BATTERY HOUSING GEOMETRY ON LI-ION
BATTERY THERMAL MANAGEMENT

Abstract

This study numerically investigates the effect of battery housing geometry on battery thermal
management in for cylindrical Li-ion batteries. The numerical study was conducted using the ANSY'S
Fluent program, and the analyses were solved using the k-¢ turbulence model. Two different battery
housing geometries were used in the study: a flat module and a rectangular corrugated module. Each
module contained a total of 15 cylindrical Li-ion battery cells arranged in three staggered rows. Each
battery cell surface was assumed to be maintained at a constant heat flux of q"=400W/m?. The coolant
fluid was air, and the air entered the module at a constant temperature (Ti»=300 K). The effects of
module geometry on the surface temperature of the batteries and the module exit temperature were
analyzed at different Reynolds numbers (2000<Re<8000). Furthermore, velocity and temperature
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contour images were presented at various Reynolds numbers to observe the effect of module geometry
on battery thermal management. It was concluded that the battery housing geometry significantly
affected the battery surface temperatures. It was also observed that the battery surface temperatures
were lower in the rectangular-corrugated module compared to the flat module. Increasing the
Reynolds number decreased battery surface temperatures in both modules, resulting in a more
uniform temperature distribution. Furthermore, increasing the Reynolds number resulted in a decrease
in the module outlet temperature, and the outlet temperature was found to be lower in the rectangular-
corrugated module than in the flat module. These study results demonstrate that changing the battery
housing geometry can provide significant advantages, particularly in battery thermal management for
electric and hybrid vehicles.

Keywords: Li-ion battery, Battery housing geometry, Air-cooling, Battery thermal management,
Numerical study

1. Giris

Silindirik pil gruplarini diger pil hiicresi tiirleriyle karsilastirdigimizda, termal kontroliin daha zor
oldugu goriilir (Gungor vd., 2023). Ozellikle yiiksek akim gerektiren uygulamalar, Li-iyon
bataryalarda (LIB) biiyiik miktarda 1s1 iretilebilir (Behi vd., 2021). Bir batarya paketi icerisindeki
homojen olmayan sicaklik dagilimi, modiillerin yerlesiminden, dis etkenlerden ve kullanilan 1sitma
ve sogutma sisteminin tilirlinden kaynaklanabilir. Homojen olmayan sicaklik dagilimina sahip bir pil
paketi, hem pillerin hem de aracin performansini diisiirecek elektriksel olarak dengesiz modiillere
sahip olabilir. Ornegin, Li-iyon piller, 25 ila 40 °C arasindaki sicakliklarda en iyi performansi gosterir.
Bu sicakliklarda, performans ve 0miir arasinda bir denge kurarlar. Hiicreler arasinda 5 °C'den diistik
bir sicaklik dagilimi tercih edilir (Pesaran, 2002). Sarj ve desarj sirasinda, LIB'ler 1s1 iiretir, bu da
pilin sicakligini artirir ve pil takiminin iginde sicaklik diizensizlikleri olusturarak pil 6émriinii kisaltir
(Chaudhari vd., 2024). Sonug olarak, pil performansini artirmak i¢in pil takiminin sicakligin1 uygun
bir calisma araliginda kontrol etmek amaciyla bir batarya termal yonetim sistemleri kullanilmalidir
(Zhang vd., 2023). Literatiirde hava sogutma (Li vd., 2025) ve siv1 sogutma (Tong vd., 2025) gibi
cesitli termal yonetim stratejileri kullanilmistir. Hava sogutma sistemleri, diisiik gii¢c yogunluklu pil
paketlerinde yaygin olarak tercih edilir. Daha biiyiik 6zgiil 1s1 kapasiteleri ve termal iletkenlikleri
sayesinde sivi sogutma sistemleri, yiiksek gii¢ yogunluklu uygulamalarda daha iyi performans
gosterir. S1vi sogutma sistemleri, sogutucu sirkiilasyonu yoluyla piller tarafindan tiretilen 1s1y1 hizla
dagitarak sicaklik homojenligini 6nemli 6l¢iide artirabilir. Bununla birlikte, s1vi sogutmanin yiiksek
sistem karmagikligi, olas1 korozyon ve sizint1 tehlikeleri ve nispeten yiiksek bakim masraflar gibi
birka¢ dezavantaji1 vardir (Liu vd., 2025).

Xie vd. (2024) farkli biiyiikliikteki batarya modiillerinin silindirik hiicreli bir batarya sisteminin
termal yonetim performansi tizerine etkilerini aragtirmiglardir. Sonuglar, modiil boyutunun artmasinin
batarya termal yonetimi i¢in 1s1 dagilim performansina, 6zellikle homojen sicaklik dagilimi agisindan
olumsuz etki gosterdigini belirlemistir. Aldawi (2025), yaptig1 calismada, farkli geometrilere (diiz,
dalgali ve zikzak) sahip mini kanal soguk plakalar: iizerinde siiperhidrofobik yiizeyler kullanan pil
sogutma sistemlerinin termal performansini incelemislerdir. Calisma sonucunda, kanal tasariminin
tepe hiicre sicakligini 6nemli l¢iide etkiledigini gostermistir. Wang vd. (2025), daldirma s1vi sogutma
sistemi ile yapilan sogutma isleminde performans artis1 saglamak icin, pil termal yonetiminde kare,
diizgiin altigen ve dairesel yapili yan duvarlar kullanmislardir. Sayisal olarak yaptig1 ¢alismada Timax
(1,28 °C) ve AT (0,88 °C) en biiyiik diisiisler kare yapili duvar sisteminde elde etmistir. Modiil
geometrisindeki degisimlerin batarya termal yonetimini 6nemli dl¢iide etkiledigini ortaya koymustur.

Literatiir ¢aligmalar1 inecelendiginde, bataryalarin termal yonetiminde batarya modiil geometrisinin
etkisini arastiran ¢aligmalarin oldukca az oldugu anlasilmaktadir ve bu konuda yeni ¢aligmalara
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ihtiya¢c duyulmaktadir. Bu nedenle bu c¢alisma, iki farkli modiil geometrisinin (diiz modiil ve
dikdortgen oluklu modiil) batarya termal yonetimine etkisi 2000<Re<8000 araligindaki Reynolds
sayilar1 (Re) i¢in sayisal olarak aragtirilmistir.

2. Malzeme ve Metotlar

2.1 Sayisal Geometri
Sayisal calismada, ¢ap1 d=18 mm ve uzunlugu 65 mm olan silindirik LIB hiicreleri dikkate alinmistir.
Sekil 1'de gosterildigi gibi, diiz ve dikdortgen oluklu geometriden olusan iki farkli modiil igererisine
15 adet batarya hiicresi kademeli olarak yerlestirilmistir. Modiile akigkan H=20 mm ve L=20 mm
oOlgiilerindeki bir kanaldan giris ve ¢ikis saglamaktadir. Diger geometrik O6zellikler Tablo 1'de
verilmistir.

(a) (b)

b
4

=0 olelolon! 0O |
5 T BE 0000 +

+—

WE®EE | OIOIOIOI0

L L

Sekil 1. Sayisal model, a) diiz modiil, b) dikdortgen oluklu modiil

Bataryalarin sogutulmasinda akigkan olarak hava kullanilmistir. Akiskan hiz1 farkli Reynolds sayilari
(2000<Re<8000) i¢cin hesaplanmistir. Sogutucu akigskan Ti»=300 K sicakliginda modiile girmektedir.
Havanin termofiziksel 6zellikleri Tablo 2’de verilmistir.

Tablo 1. Geometrik parametreler

Sembol a b c d e H | t L
Deger (mm) 25 15 5 18 7 20 20 5 165
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Tablo 2. Sogutucunun termofiziksel 6zellikleri (300K)

Akaskan Ozgill 151, C | Termal iletkenlik, k | Yogunluk, p | Viskozite,
i (J/kgK) (W/mK) (kg/m’) 4 (kg/ms)
Hava 1006.43 0.0242 1.225 1.7894e-5

2.2 Korunum Denklemleri
Calismada sogutma akiskanin sikistirilamaz, tek fazli ve Newton tipi oldugu varsayilmistir.
Coziimlerde 1s1l radyasyon ve yer¢ekimi etkileri ihmal edilmistir. Viskoz model olarak standart k-¢
tirbiilans modeli kullanilmistir. Coziimler stirekli kosullar altinda gergeklestirilmistir. Bu
varsayimlara gore, korunum denklemleri asagidaki Esitlikler (1)-(3) ile verilmistir:

0

(@) =0 @
% (o) + o () = = 22+ o |t 1) (B2 + 22)| - g @
% (peT) + 2 (o) = ai |+ ()] ©

Tiirbiilans modeline ait denklemler Esitlik 4 ve 5 ile verilmistir:

% (010 + o= (o) = o | (u+ 22) 25| + G - pe @

Ox;

9 2 (peii) = 2 Hr) 92 EG —Crpe
% (p) + o (pe) = o | (1 + 1) 22| + €10 26— Coen S (5)
Reynolds sayist, Esitlik 6 ile hesaplanmistir:

pUDp
u

Re = (6)

Burada p sogutucu akiskanin yogunlugunu, U ortalama akigkan hizini, p akiskanin viskozitesini ve
Dn hidrolik capini temsil eder.

2.3 Sayisal Yontem ve Simir Sartlar
Sayisal modelin iki boyutlu geometrisi ve hiicrelere ayrilmasi1 Gambit yazilimi ile gergeklestirilmistir.
(6ziim alaninda yapilandirilmamis tiggen elemanlar kullanilmigtir. Cézlimlerin eleman sayisindan
bagimsizligini belirlemek i¢in mesh bagimsizlik testi uygulanmis ve diiz ve dikdortgen oluklu modiil
icin strastyla 109802 ve 99832 eleman sayilarinin ¢oziimler i¢in yeterli oldugu goriilmiistiir.
Iterasyonlar ANSYS Fluent programi kullanilarak  ¢dziilmiistii. Tasmim  terimlerinin
ayriklastirilmasinda ikinci dereceden ileri fark semasi kullanilmistir. Basing ve hiz bagintisi igin
SIMPLE vyaklasimi secilmistir. Coziimler siirekli kosullar altinda gerceklestirilmistir. Yakinsama
kriteri olarak enerji denklemlerinde 10®, diger denklemlerde ise 10™* kullanilmistir. Calismada,
akiskan kanala sabit hiz ve sicaklikta (Ti»=300K) girmektedir. Kanal ¢ikisinda basing ¢ikis sinir
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kosulu kullanilmistir. Her bir batarya hiicresinin dis yiizeyinin sabit bir 1s1 akisinda (q"=400W/m?)
korundugu varsayilmistir. Batarya modiiliine ait duvarlar adyabatik 6zelliktedir. Tiim yiizeyler i¢in
kaymaz sinir sart1 tanimlanmaistir.

3. Bulgular ve Tartisma

Sayisal calismada elde edilen sonuglar, Hasan vd. (2023), tarafindan gerceklestirilen sayisal sonuglarla
karsilastirilmis ve her iki sonug arasindaki uyum Sekil 2'de sunulmustur. Béylece bu ¢alismadaki ¢6ziimlerin
dogrulugu saglanmigtir.

Bu béliimde, coklu bataryalar iceren modiiliin geometrisinin batarya termal yonetimine etkisini gozlemlemek
icin farkli Reynolds sayilarinda hiz ve sicaklik goriintiileri paylasilmistir.

60

50 m
w40
3
» 30 |
=
§ 20 L B Hasanvd. (2023)
3 —6—bu calisma
Z10 |

0 1 1 1 1

0 1000 2000 3000 4000 5000
Reynolds sayisi

Sekil 2. Sayisal ¢alismanin dogrulanmasi

Sekil 3’te diiz modiil i¢gin Re=2000 ve Re=8000 i¢in (a) hiz konturlar1 ve (b) sicaklik konturlar
sunulmustur. Reynolds sayisinin hiz ve sicaklik goriintiilerini etkiledigi acgik¢a goriilmektedir.
Re=2000’de akiskan dort farkli kola ayrilarak her bir siradaki batarya hiicrelerinin iizerinden
akmaktadir. Daha sonra akisin modiil ¢ikisina yakin birlestigi ve modiilii terkettigi goriilmektedir.
Re=8000 de akigskanin hizinin artmasi ile modiil i¢inde atalet ve tiirbiilans etkileri artmaktadir. Bu
durum akista salimimlar olusturarak akiskanin bataryalar arasina daha iyi niifuz etmesine neden
olmaktadir (Sekil 3a). Sekil 3b’de ise Reynolds sayisinin artmasi ile bataryalarin yiizey sicakliklarinin
diistiigli g6zlenmektedir. Re=2000’de modiil i¢inde en yiiksek sicaklik degeri 355 K iken Re=8000’de
317 K degerine diistligii tespit edilmistir. Her iki Reynolds sayisinda da, ¢ikisa yakin hiicrelerin ylizey
sicakliklarmin girise yakin hiicrelerden daha yiiksek oldugu goriilmektedir. Ancak Re=8000 de
sicaklik gradyan1 Re=2000’e gore oldukga diistliktiir ve daha homojen bir sicaklik dagilimi dikkat
cekmektedir.

Proceedings Book 46



October 07, 2025

3.15e+02
3.14e+02
3.13e+02
3.13e+02

3.42e+02
3550402 3170402 3.39e+02
3520402 3160402 3.37e+02
3.49e+02 3.16e+02 = 3.35e+02
3480402 3140502 = 3 336402 3.12e+02
3.4de+02 3.13e+02 — 3.31e+02 3.11e+02
3.41e+02 3.13e+02 m 3.20e+02 3.10e+02
3.38e402 3120402 e 3.27e+02 3.10e+02
3.35e+02 3. 11e+02 .m 3.25e+02 3.09e+02
3.33e+02 3.10e+02 3.23e+02 3.08e+02
3.30e+02 3.09e+02 kl 3.21e+02 3.07e+02
3.27e+02 3.08e+02 ~ 3.10e+02 3.07e+02
3.25e+02 3.08e+02 < 3.17e+02 3.06e+02
3.22e+02 3.07e+02 w 3.15e+02 3.05e+02
3.19e402 3.08e+02 N 3128402
3 16e+02 3.05e+02 g 3.04e+02
3.14e402 3.0de+02 = 3.10e+02 3.04e+02
3116402 3.03e+02 ~ 3.08e+02 3.03e+02
3 08e+02 3.03e+02 3.06e+02 3.02e+02
3056402 3.02e+02 3.0de+02 3016402
3030402 3.01e+02 3.02e+02 3010402
3.00e+02 3008402 3.00e+02 3.00e+02

47

b) Sicaklik Konturlar

1.96e+00 8.21+00

1.99e+00 8.36e+00 1.86e+00 7.80e+00
1.892+00 7.95e+00 1.77e+00 7398400
1.79e+00 7.53e+00 1.67e+00 6.98e+00
1.69e+00 7.11e+00 = 1576400 8.57e+00
1592200 6.69e+00 < 1.47e+00 6.16e+00
1.49¢400 6.27e+00 —
1.39e+00 5.856+00 =5 1.37e+00 5.78e+00
1296400 5.44e+00 m 1.26e-+00 5.34e+00
1.19e+00 5.026+00 o) 1.18e+00 4.93+00
1.09e+00 4.60e+00 LY 1.08e+00 4.52e+00
9.95¢-01 4.18e+00 N 9.81e-01 4.11e+00
8.96e-01 3.76e+00 m 8.83e-01 3.69e+00
7.96e-01 3.35e+00 7.85e-01 3.28e+00
6.97e-01 2.832400 — 6.87e-01 2.87e+00
5.97e-01 2.51e+00 ) 5.808-01 2.466+00
4.98e-01 w.awﬁs 4.90e-01 2.05e+00
3.98e-01 It 39201 1.646+00
29901 ) 2.94e-01 1.23e+00
19901 8.36e-01

418001 1.96e-01 8.21e-01
9.95¢-02 :

0.00e+00 9.81e-02 4.11e-01
0.00e+00 00

0.00e+00 0.00e+00
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Diiz modiil i¢in farkli Reynolds sayilarinda (a) Hiz konturlari, (b) Sicaklik konturlari
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Sekil 3.

Sekil 4. Dikdortgen oluklu modiil i¢in farkli Reynolds sayilarinda (a) Hiz konturlari, (b) Sicaklik

konturlar1
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Sekil 4°te dikdortgen oluklu modiil icin Re=2000 ve Re=8000 i¢in (a) hiz konturlar1 ve (b) sicaklik
konturlar1 sunulmustur. Dikdortgen oluklu modiilde Reynolds sayisi, hiz ve sicaklik goriintiilerini
etkilemektedir. Oluklu modiil duvarlar1 akiskan1 batarya hiicrelerinin aralarina yonlendirmekte ve
akista bir salinim etkisi olusturmaktadir. Bu durum akiskanin bataryalarin etrafini daha iyi sarmasina
neden olmaktadir. Re=8000’de bataryalar daha fazla soguk akigkan ile temas ederek bataryalar
arasindaki durgun akigskan bolgelerini azaltmaktadir (Sekil 4a). Sekil 4b’de artan Reynolds sayisi ile
bataryalarin ylizey sicakliklarinin azaldigi gézlenmektedir. Re=2000’de modiil i¢inde en yiiksek
sicaklik degeri 342 K iken Re=8000’de 315 K degerine diistiigii tespit edilmistir. Diiz ve dikdortgen
oluklu modiill geometrisi karsilastirildiginda, dikdortgen oluklu modiilde bataryalarin ylizey
sicakliklarmin oldukga diisiik oldugu ve modiilde daha homojen bir sicaklik dagilimi elde edildigi
goriilmektedir.

Sekil 5’te diiz modiil i¢in farkli Reynolds sayilarinda batarya hiicrelerinin yiizey sicakliklari
goriilmektedir. Reynolds sayisindaki artigla hiicrelerin yiizey sicakliklarinda 6nemli oranda diisiisler
meydana gelmistir. Ozellikle Re=2000’den Re=4000’e yiikseldiginde sicaklikta biiyiik bir diisiis
gbzlemlenmektedir. Sogutucu havanin giris kismima yakin olan 1,6,11 ve 12 numarali hiicrelerin
ylizey sicakliklarinin girise uzak olan diger hiicrelere oranla olduke¢a diisiik oldugu goriilmektedir.
Reynolds sayisinin artmasiyla birlikte aradaki bu ylizey sicaklik farklarinin azaldigi tespit edilmistir.
Reynolds sayisinin artmasi, modiiliin giris kismindan uzakta olan hiicreleri sogutmada etkili bir
yontem oldugu sonucuna varilmistir. En diislik hiicre yiizey sicakligr 305,11 K olarak 6 numarali
hiicrede Re=8000’de elde edilmistir ve ayn1 hiicredeki en yliksek sicaklik degeri Re=2000’de 312,65
K olarak belirlenmistir. Re=8000 i¢in hiicreler arasindaki en yiiksek ve en diisiik yiizey sicaklik farki
At=3,87 K olarak bulunmustur.

| B Re=2000 B Re=4000 ERe=6000 ORe=8000

335
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330
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320

315
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310

305

300
1 2 3 4 5 6 7 & 9 10 11 12 13 14 15
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Sekil 5. Diiz modiil i¢in farkli Reynolds sayilarinda batarya hiicrelerinin yiizey sicakliklar
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Sekil 6. Dikdortgen oluklu modiil i¢cin farkli Reynolds sayilarinda batarya hiicrelerinin yiizey
sicakliklar

Sekil 6°da dikdortgen oluklu modiilde farkli Reynolds sayilari igin tiim hiicrelerin yiizey sicakliklar
gorlilmektedir. Reynolds sayisindaki artis ile bu modiilde de hiicrelerin yiizey sicaklilarinda 6nemli
diisiisler meydana gelmistir. Diiz modiil ile kiyaslandiginda, Re=2000’de dikdoértgen oluklu
modiildeki (6zellikle modiil girisine uzak bolgedeki) hiicrelerin yiizey sicakliklarinin daha diistik
oldugu gozlenmistir. Bu durum, diisiik Reynolds sayisinda bile oluklu modiiliin daha etkili bir
sogutma performans: sagladigini gostermektedir. Dikdortgen oluklu modiilde yapilan sogutma
isleminde, girise uzak bolgelerdeki hiicrelerin yiizey sicakliklarinin daha diisiik olmas1 énemlidir
clinkii sogutma acisindan en 6nemli noktalardan biri girise uzak bolgedeki pillerin etkili bir sekilde
sogutulmasidir. Sonug olarak, oluklu modiil i¢in en diisiik hiicre yiizey sicakligi degeri 12 numarali
hiicrede ve Re=8000 degerinde 305,13 K olarak elde edilmistir. Re=8000 i¢in hiicreler arasindaki en
yiiksek ve en diislik yiizey sicaklik farki AT=3,10 K olarak bulunmustur. Dikddrtgen oluklu
modiildeki hiicreler arasindaki maksimum yiizey sicaklik farkinin diisiik olmasi, bu modiilde daha
homojen bir sogutma perfomansinin oldugunu ortaya koymaktadir.
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Sekil 7. Her iki modiil i¢in farklt Reynolds sayilarinda batarya ylizey sicakliklarinin karsilastirmasi
(a) Re=2000, (b) Re=4000, (c) Re=6000, (d) Re=8000

Sekil 7a-d’de farkli Reynolds sayilari i¢in diiz ve dikdortgen oluklu modiillerdeki her bir hiicrenin
ortalama yiizey sicakliklari karsilastirmali olarak gosterilmistir. Reynolds sayisinin artmasi her modiil
icin hiicre yiizey sicakliklarini azaltmis ve genel olarak dikdortgen oluklu modiilde daha diisiik hiicre
yiizey sicaklik degerleri elde edilmistir. Reynolds sayisinin artmasiyla modiillerin arasindaki farkin
azaldipy goze carpmaktadir. Ozellikle Re=2000’de iki modiil arasindaki batarya termal ydnetim
performansi farki gozlemlenebilmektedir. Sonug olarak, dikdortgen oluklu modiilde batarya sogutma
performansinin daha iyi oldugu sdylenebilir.
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Sekil 8. Her iki modiil i¢in Reynolds sayist ile (a) bataryalarin ortalama yiizey sicakliklari, (b) modiil
cikis sicaklig
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Sekil 8a-b’de her iki modiil i¢in sirasiyla bataryalarin ortalama ylizey sicakliklar1 ve modil ¢ikis
sicakliklart gosterilmistir. Sekil 8a’da her iki modiil icinde Reynolds sayisindaki artigin bataryalarin
ortalama ylizey sicakliklarini azalttig1 ve sicaklik degerlerin biitiin Reynolds sayilar1 i¢in dikdortgen
oluklu modiilde daha diisiik oldugu goriilmektedir. Ortalama en diisiik yiizey sicaklik degeri 306,72
K olarak dikdortgen oluklu modiilde ve Reynolds sayisi 8000°de bulunmustur. Sekil 8b
incelendiginde, benzer sekilde, Reynolds sayisindaki artig ile sogutucu havanin modiil ¢ikis
sicakliklart azalmis ve bu degerler dikdortgen oluklu modiilde daha diisiik olmustur. En diisiik ¢ikis
sicaklik degeri 302,30 K olarak belirlenmistir.

4. Sonuclar ve Oneriler

Bu caligma, silindirik Li-iyon bataryalar1 iceren modiiliin geometrisinin batarya termal yonetimi
iizerindeki etkisini sayisal olarak incelemistir. Calismada diiz modiil ve dikddrtgen oluklu modiil
olmak iizere iki farkli batarya modiil geometrisi kullanilmistir. Modiil geometrisinin pillerin yiizey
sicakligr ve modiil ¢ikis sicakligr tizerindeki etkileri farkli Reynolds sayilarinda (2000<Re<8000)
analiz edilmistir. Dikdortgen-oluklu modiilde batarya hiicrelerinin yiizey sicakliklarinin diiz modiile
gore daha diisiik oldugu tespit edilmistir. Reynolds sayisinin artmasi ile her iki modiilde de
bataryalarin ylizey sicakliklar1 azalmis ve daha homojen bir sicaklik dagilimi saglamistir. Ayrica,
Reynolds sayisinin artmasi modiil ¢ikis sicakliginda bir diisiise neden olmus ve dikddrtgen-oluklu
modiilde ¢ikis sicakliginin diiz modiile gére daha diisiik oldugu bulunmustur. Bu ¢alisma sonuglari,
oluklu batarya modiil geometrisinin batarya termal yonetiminde 6nemli avantajlar saglayabilecegini
ve uygun akis sartlarinda homojen bir sicaklik dagilimi elde edilebilecegini gostermektedir.
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Ozet

Bu calismada, dikdortgen oluklu bir modiil igerisinde yer alan birden fazla bataryanin termal yonetimi
iizerinde nanoakiskanlarin etkisi sayisal olarak analiz edilmistir. Sayisal ¢alisma, ANSYS Fluent
programi kullanilarak laminer kararli akis kosullari altinda gerceklestirilmistir. Calismada, diiz modiil
ve dikdortgen oluklu modiil olmak {izere iki farkli modiil geometrisi kullanilmistir. Her bir modiile,
kademeli bir diizende toplam 15 adet silindirik Li-iyon batarya hiicresi yerlestirilmistir. Batarya
hiicrelerinin yiizeyleri, q" = 400W/m? sabit 1s1 akisinda tutulmustur. Calisma akiskani olarak su
icerisinde Al>O3 nanopartikiillerin stispansiyonu kullanilmistir. Nanopartikiil hacim orani, ¢ = %3
sabit tutulmustur. Modiile akiskan giris sicakligt Tin = 300 K'dir. Calismada, batarya hiicrelerinin
ylizey sicakligt ve modiilden akiskan ¢ikis sicakligi, 10<Re<150 aralifinda diisik Reynolds
sayilarinda analiz edilmistir. Ayrica, ¢oziimler, temel akiskan i¢in diiz modiil ve oluklu modiildeki
bataryalarin termal yonetimiyle karsilastirilmistir. Modiil geometrisi ve nanoakiskanin batarya termal
yonetimi tiizerindeki etkilerini gdzlemlemek igin farklt Reynolds sayilarinda hiz ve sicaklik
gortintiileri paylasilmistir. Calisma sonuglari, batarya modiil geometrisinin ve Reynolds sayisinin,
batarya yiizey sicakliklarin1 6nemli Olgiide etkiledigini gostermistir. Dikdortgen oluklu modiilde
batarya yiizey sicakliklarinin diiz modiile kiyasla daha diisiik oldugu belirlenmistir. Oluklu modiilde
nanoakiskan kullanimi, batarya yiizey sicakliklarini diigiirmiis ve yliksek Reynolds sayilarinda (Re =
150) modiil iginde homojen bir sicaklik dagilimi saglamistir. Reynolds sayisinin artmasi, modiil ¢ikis
sicakliginda bir diislise neden olmus ve ¢ikis sicakliginin dikddrtgen oluklu modiilde diiz modiile gore
daha diisiik oldugu tespit edilmistir. Re = 150°de, oluklu modiiliin ¢ikis sicakli§i nanoakiskan ve temel
akiskan i¢in benzer bulunmustur. Bu calismanin sonuglari, oluklu modiill geometrisinin ve
nanoakiskan kullaniminin, 6zellikle elektrikli araglarin batarya termal yonetiminde 6nemli avantajlar
saglayacagini gostermektedir.

Anahtar Kelimeler: Batarya termal yonetimi, Oluklu modiil, Li-iyon batarya, Nanoakiskanlar,
Sayisal ¢alisma

NUMERICAL ANALYSIS OF THE EFFECT OF NANOFLUIDS ON THE BATTERY
THERMAL MANAGEMENT IN A CORRUGATED MODULE

Abstract

This study numerically analyzes the effect of nanofluids on the thermal management of multiple
batteries housed in a rectangular corrugated module. The numerical study was carried out under
laminar steady flow conditions using the ANSYS Fluent program. Two different module geometries
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were used in the study: a flat module and a rectangular corrugated module. A total of 15 cylindrical
Li-ion battery cells were placed in each module in a staggered arrangement. The surfaces of the
battery cells were maintained at a constant heat flux of q” = 400W/m?. A suspension of Al>Os
nanoparticles in water was used as the working fluid. The nanoparticle volume fraction was kept
constant at ¢ = 3%. The fluid inlet temperature to the module was Tin=300 K. In the study, the surface
temperature of the battery cells and the fluid outlet temperature from the module were analyzed at
low Reynolds numbers in the range of 10<Re<150. In addition, the solutions were compared with the
thermal management of batteries in flat modul and corrugated modul for the base fluid. To observe
the effects of module geometry and nanofluid on battery thermal management, velocity and
temperature contour were shared at different Reynolds numbers. Results of the study showed that
battery module geometry and Reynolds number significantly affect battery surface temperatures. It
was determined that battery surface temperatures were lower in rectangular corrugated modul
compared to flat modul. The use of nanofluid in the corrugated module reduced battery surface
temperatures and provided a homogeneous temperature distribution within the module at high
Reynolds numbers (Re = 150). Increasing the Reynolds number caused a decrease in the module
outlet temperature, and the outlet temperature was determided to be lower in the rectangular
corrugated module than in the flat module. At Re = 150, the outlet temperature of the corrugated
module was similar for the nanofluid and base fluid. The results of this study demonstrate that
corrugated module geometry and the use of nanofluid will provide significant advantages, especially
in the battery thermal management of electric vehicles.

Keywords: Battery thermal management, Corrugated module, Li-ion battery, Nanofluids, Numerical
study

1. Giris

Batarya sisteminin sicakligini uygun aralikta olmasini saglamak, yalnizca batarya sisteminin
performansini 6nemli 6lcilide etkilemekle kalmaz, ayn1 zamanda giivenlik ve stabilite i¢in oldukca
onemlidir (Lin vd. 2021). Batarya paketindeki modiillerin yerlesimi, sogutucu ve 1sitici sistem tiirleri
ve disaridan gelebilecek etkiler, paket icerisinde bulunan batarya hiicrelerinin sicaklik dagilimlarim
etkileyebilir. Batarya hiicrelerinde meydana gelen homojen olmayan sicaklik dagilimlar elektriksel
dengesizlige ve sonug olarak batarya performansinin diigmesine yol acabilir. Li-iyon piller, 25-40 °C
arasinda en yiiksek performans: sergilerler. Bu nedenle, Li-iyon pillerin bu sicaklik araliginda
tutulmasini saglayacak termal yonetim sistemleri, batarya performansi acisindan onemlidir. Ayrica
batarya hiicreleri arasindaki sicaklik farkinin 5 °C'den az olmas: istenilen bir durumdur (Pesaran,
2002). Sarj-desarj siireclerinde Li-iyon bataryalarin sicakligi artar ve batarya paketi igerisinde
homojen olmayan sicaklik dagilimina neden olabilir. Bu durum bataryanin kullanim émriinii azaltir
(Chaudhari vd., 2024). Sonug¢ olarak, batarya performansini artirmak i¢in batarya paketindeki
hiicrelerin sicakligini uygun bir sicaklik araliginda tutmak amaciyla bir batarya termal yonetim
sistemi kullanilmalidir (Zhang vd., 2023). Elektrikli araglarin performansi, verimliligi ve giivenligi
acisindan, batarya termal yonetim sistemleri uygulamasi dnemli bir konudur. Elektrikli araglarin
kullanimdaki artis devam ettik¢e, verimli bir batarya sicaklik kontroliiniin 6nemi artmaktadir ve
cesitli termal yonetim teknikleri gelistirilmistir (Tivari vd., 2025).

S1v1 sogutma (Tong vd., 2025) ve nanoakiskan (Liu vd., 2025) ile yapilan batarya sogutma islemleri,
Li-iyon batarya termal yonetminde kullanilan 6nemli yontemlerdendir. Sivi kullanilarak yapilan
batarya termal optimizasyon yontemleri, sistemdeki farkli bilesenlere gore kategorilere ayrilabilir. Bu
kategoriler, optimizasyon yontemlerini, yapisal, akis kontrolii ve calisma akigkani optimizasyonu
olarak ayrilabilir. Elektrikli ara¢ bataryalarinin termal yonetimindeki sorunlar ve yiiksek sarj ve desar;j
akimlari, arastirmacilarin daha etkili ve yenilik¢i ¢Ozlimler aramasini gerektirmektedir.
Nanoakiskanlar, geleneksel akiskanlara kiyasla daha yiiksek termal iletkenlik saglayabilmeleri ile
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yuksek 1s1 transfer hizina sahiptir ve 6nemli bir batarya termal yonetim sistemi olarak 6nerilmektedir.
(Gasmelseed vd., 2024). Batarya termal yonetimini etkileyebilecek bir bagka degisken de batarya
modiil geometrisidir. Wang vd. (2025), daldirma ile yapilan sivi sogutma sisteminde, performans
artis1 saglamak icin, batarya termal yonetiminde kare, diizgiin altigen ve dairesel yapili yan duvarlar
kullanmiglardir. Calisma sayisal olarak yapilmis ve ¢alismada Tmax (1,28 °C) ve AT (0,88 °C) en
bliylik diistisler kare yapili duvar sisteminde elde edilmistir. Batarya termal yonetiminde, Modiil
geometrisindeki degisimlerin 6nemli Slgiide etkili oldugu ortaya koyulmustur.

Literatiir calismasina gore bataryalarin termal yonetiminde batarya modiil geometrisinin etkisini
arastiran caligmalarin olduk¢a az oldugu ve bu caligmalarda nanoakiskan etkisinin arastirilmadigi
anlagilmaktadir. Bu nedenle bu ¢alismada, dikddrtgen oluk geometrisine sahip bir modiilde bulunan
bataryalarin termal yonetiminde, Al2Os-su nanoakiskanin etkisi diisiik Reynolds sayilarinda
(10<Re<150) sayisal olarak arastirilmistir. Ayrica ¢calisma diiz ve oluklu modiilde temel akiskan akis1
ile karsilastirilmistir.

2. Malzmeler ve Metotlar

2.1 Sayisal Model

Sayisal ¢alismada, ¢gapt D=18 mm ve uzunlugu 65 mm olan silindirik Li-iyon batarya hiicreleri, diiz
ve dikdortgen oluklu bir modiil igerisine kademeli olarak yerlestirilmistir. Sekil 1, diiz ve dikdortgen
oluklu modiiliin geometrisini gostermektedir. Modiilde bataryalar ii¢ sira halinde yerlestirilmistir. Her
sirada 5 adet batarya olmak tizere toplam 15 adet batarya hiicresi kademeli olarak konumlanmustir.
Akiskanin modiile girdigi kanalin ytiksekligi ve uzunlugu sirastyla H=20 mm ve L=20 mm’dir. Diger
geometrik 0zellikler sayisal model lizerinde verilmistir. Bataryalarin sogutulmasinda ig yapan akigskan
olarak Al,Os-su nanoakiskan kullanilmistir. Nanoakigskanin partikiil hacim oran1 ¢=%3 olarak sabit
tutulmustur. Temel akigkana ve ¢=%3 partikiill hacim oranina sahip Al,Os-su nanoakiskana ait
termofiziksel 6zellikler Tablo 1’de sunulmustur.

(a) (b)

15
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Sk OO d2e 0000® A
Y OEEE® [F | 0e®®

165 165

Sekil 1. Sayisal model (a) Diiz modiil, (b) Dikdortgen oluklu modiil (6l¢iiler mm’dir)

Tablo 1. Su ve Al,O3-su nanoakiskanin (¢=%3) termofiziksel 6zellikleri (Danismaz ve Akdag, 2025)

- Termal o . .
Materyal ((l)é/gkulo Cl:S)l, Cp iletkenlik, i ?l{(og/&l;;uk, p Vlskkozne, Prandtl
g (W/mK) g w (kg/ms) sayisl
Su 3412 0,6070 998,2 0,001003 5,85
ALOs-su (9=%3) 3421 0,7189 1181,05 0,001390 5,76
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2.2 Korunum Denklemleri
Calismada, Al,O3 nanopartikiillerin temel akigskan i¢inde homojen dagildigi, sikistirilamaz, tek fazl
ve Newton tipi oldugu varsayilmistir. Coziimlerde yergekimi etkileri ve radyasyonla 1s1 transferi
ihmal edilmistir. Viskoz model olarak laminer akis modeli kullanilmistir. Simiilasyonlar siirekli
kosullar altinda gerceklestirilmistir. Bu varsayimlara gore, korunum denklemleri Esitlik 1-4'te
verilmistir:

Sureklilik denklemi:
du av
=0 1)

Momentum korunum denklemi:

du du du 1 ap a%u  a%u

E‘l‘lta‘l"!?a—?——aa ny (@ a_Vz) (2)

v v v 1 8P a?v  a%v

E-l_uﬂ-l_va_y__aa_y-i_ﬁ”f (@‘I‘a—?z) (3)

Enerji denklemi:

a7 aT a7 air 8T

ot et vy = (Gt 50) “)
nf Pnf ( )

_ _Fnf 6

a:nf {chnf ( )

Reynolds sayis1, Denklem 7 ile hesaplanmistir:

Re = £nf7% (7

Burada p nanoakiskanin yogunlugunu, U ortalama akiskan hizini, p akiskanin viskozitesini ve Dn
hidrolik ¢apin1 temsil eder.

Nanoakiskanin termofiziksel 6zelliklerinden yogunluk (p) (Pak ve Cho, 1998), 6zgiil 1s1 (Cp) (Maiga
vd., 2005), 1s1l iletkenlik (k) (Hamilton ve Crosser, 1962) ve vizkosite (¢) (Brinkman, 1952) Esitlik
(8)-(11) ile hesaplanmustir.

pnr = (L — @)ppr + @pp: )
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_ (=@)pbfCof +@Ppicy;

nf ons )
[kpt+2kp 7 —2@(Kp f—kpe)]
k — 1 P 10
T UL [kpe+2kp p+(Rp pkpe )] (10)
Hnp = Mpp[123¢% +7.3¢ + 1] (11)

Burada nf, p ve bf alt indisleri sirasiyla nanoakiskani, nanopartikiilii ve temel akigkani ifade
etmektedir.

2.3 Sayisal Yontem ve Sinir Sartlar

Sayisal model ve hiicrelere ayirma Gambit yazilimi ile olusturulmustur. Coéziim alaninda
yapilandirilmamis {iggen elemanlar kullanilmistir. Coztimlerde en uygun eleman sayisini belirlemek
icin ag bagimsizlik testi uygulanmis ve bu testin sonucunda diiz ve dikdortgen oluklu modiil icin
strastyla 109802 ve 99832 eleman sayilar1 ¢oziim alanina uyarlanmistir. Simiilasyonlar, ANSYS
Fluent paket programi yardimiyla ¢ozllmiistiir. Tasinim terimlerinin ayriklastirilmasinda ikinci
dereceden ileri fark semasi kullanilmistir. Basing ve hiz bagintist SIMPLE algoritmasi ile ele
alimmigtir. Coztimler siirekli kosullar altinda gerceklestirilmistir. Yakinsama kriteri olarak enerji
denklemlerinde 10°%, diger denklemlerde ise 10 kullanilmistir. Bu degerlerde ¢oziimlerin yakinsadigi
gorilmiistiir.

(Calismada, akiskan modiiliin giris kanalina sabit hiz ve sicaklikta (Tix=300 K) girmektedir. Kanal
cikisindaki basincin atmosfer basincina esit oldugu varsayilmistir. Her bir batarya hiicresinin dis
yiizeyinin sabit bir 1s1 akisinda (q"=400W/m?) korundugu kabul edilmistir. Batarya modiiliine ait
duvarlar adyabatik 6zelliktedir. Tiim ylizeyler i¢in kaymaz sinir sarti tanimlanmistir. Akigkanin hizi
Reynolds sayisi ile belirlenmis ve 10<Re<150 arasindaki diisiik Reynolds sayilar i¢in ¢oziimler
gergeklestirilmistir.

3. Bulgular ve Tartisma

Sayisal ¢alismada elde edilen sonuglar, Lavasani vd. (2016) ve Zhauskas (1987) tarafindan gerceklestirilen
sonugclarla karsilagtirilmis ve tiim ¢aligma sonuglari arasindaki uyum, Sekil 2'de sunulmustur.

30

v : —+— bu galisma
10 O — . = Lavasanivd. (2016)
o Zhauskas (1987)

0 100 200 300 400 500 600
Re

Sekil 2. Sayisal calismanin Onceki ¢aligmalar ile karsilagtirilmasi

Bu boliimde, diiz ve oluklu modiil igerisine kademeli yerlestirilmis bataryalarin termal ydnetimine,
temel akiskanin ve nanoakigkanin etkisini gozlemlemek i¢in farkli Reynolds sayilarinda hiz ve
sicaklik goriintiileri sunulmustur.

Sekil 3’te diiz modiilde temel akigkanin Re=10 ve Re=150 degerleri i¢in (a) hiz konturlar1 ve (b)
sicaklik konturlari verilmistir. Hiz ve sicaklik goriintiilerinin Reynolds sayisindan etkilendigi acik¢a
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goriilmektedir. Re=10’da, ana akiskanin ilk ve son siradaki bataryalar {izerinden aktig1, orta siradaki
bataryalar arasina daha az niifuz ettigi goriilmektedir. Bataryalarin kademeli yerlesiminin akista bir
saliliim olusturdugu goézlenmektedir. Bu salinimlar, akis karigimi ve 1s1 transferi i¢in Onemli
olgulardir. Reynolds sayisinin artmasi ile modiile giren akiskanin tiim siradaki bataryalar arasina daha
iyl dagildigi ve akis salinimlarinin arttigi gériilmektedir (Sekil 3a). Re=10da girise yakin bataryalarin
ylizey sicakligi daha disiik iken ¢ikisa yakin bataryalarin sicakligi daha ytksektir. Re=150"de
modiildeki sicaklik gradyani oldukg¢a azalmis ve Re=10’a gore daha homojen bir sicaklik dagilimi
saglanmistir. Ancak orta siradaki bataryalar arasinda yiiksek sicaklik gradyani dikkat cekmektedir.
Re=10"de modiil i¢inde en yiiksek sicaklik degeri 326 K iken Re=150"de 306 K degerine diistiigli
tespit edilmistir.

o
—
I
(5]
4
B
i o000
q) o -
o

00000
YY)

(@) (b)

Sekil 3. Diiz modiilde temel akiskan icin farkli Reynolds sayilarinda (a) Hiz konturlari, (b) Sicaklik
konturlari

Sekil 4’te oluklu modiilde Al,O3-su nanoakiskanin Re=10 ve Re=150 degerleri i¢in (a) hiz konturlari
ve (b) sicaklik konturlar1 sunulmustur. Oluklu modiil ve nanoakiskanin hiz ve sicaklik goriintiilerinin
Reynolds sayisindan etkilendigi gozlenmektedir. Diiz modiile gore oluklu modiil, akiskan1 bataryalar
arasina daha iyi niifuz etmesini saglamigtir. Sekil 3a’da oldugu gibi Reynolds sayisinin artmasi,
modiile giren akiskanin atalet etkilerini artirmakta ve her ii¢ siradaki bataryalar arasina daha iyi
dagildig1 ve akis salimimlarinin arttigi goriilmektedir (Sekil 4a). Sekil 4b’de Re=10 i¢in modiilde
cikisa yakin bataryalarin sicaklik gradyaninin girise gore daha yiiksek oldugu goriilmektedir.
Re=150"de modiildeki sicaklik gradyani diigmiistiir ve daha homojen bir sicaklik dagilimi (orta
siradaki bataryalarin arasi1 hari¢) meydana gelmistir. Re=10’de modiil i¢inde en yiiksek sicaklik degeri
314 K iken Re=150’de 305 K degerine diistiigii tespit edilmistir. Sekil 3b ve Sekil 4b
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karsilagtirildiginda, dikdortgen oluk geometrisine sahip bir modiilde nanoakiskan kullaniminin
bataryalarin yiizey sicakliklarin1 6nemli derecede diistirdiigii goriilmektedir.

Re=10

Re=150

(@) (b)

Sekil 4. Dikdortgen oluklu modiilde Al;Os-su nanoakiskan i¢in farkli Reynolds sayilarinda (a) Hiz
konturlari, (b) Sicaklik konturlar

Farkli Re’de ve diiz modiildeki temel akigkan i¢in batarya hiicrelerinin yiizey sicakliklar1 Sekil 5’te
verilmistir. Re’nin artmasiyla bataryalarin yiizey sicakliklarinda diisiis gdzlemlenmistir. Ozellikle
Re=10’dan Re=50’ye yiikseldiginde sicaklikta biiyiik bir diisiis gozlemlenmektedir. Tiim bataryalar
icinde en diisiik sicaklik Re=150’de 301,02 K ile 2 numarali batarya hiicresinde gerceklesmistir.
Re’de artis, yiizey sicaklik farklarini azaltmistir.
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‘ ORe=10 DRe=50 ORe=100 IRe=150‘
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Sekil 5. Diiz modiil, temel akiskan i¢in farkli Reynolds sayilarinda batarya hiicrelerinin yiizey
sicakliklar

Re’nin artmasi, modiile giris bolgesinden uzakta olan bataryalarin sogumasinda etkili bir yontem

oldugu belirlenmistir. Re=150 i¢in hiicreler arasindaki en yiiksek ve en diisiik yiizey sicaklik farki
AT=2,3 K olarak bulunmustur.

Sekil 6’da oluklu modiilde temel akiskan i¢in farkli Re’de batarya hiicrelerinin yiizey sicakliklari
goriilmektedir. Reynolds sayisinin artmasiyla bataryalarin yiizey sicakliklar1 diismeye baslamistir.
Diiz modiile benzer sekilde, 6zellikle, Re=10’dan Re=50"ye ylikseldiginde sicaklikta biiytik bir diisiis
gozlemlenmektedir. En diisiik sicaklik Re=150"de 301,2 ile 2 ve 12 numarali batarya hiicrelerinde

gerceklesmistir. Re=150 icin hiicreler arasindaki en yiiksek ve en diisiik yiizey sicaklik farki AT=2 K
oldugu tespit edilmistir.

‘ ORe=10 DRe=50 ORe=100 lRe=150‘
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Sekil 6. Oluklu modiil, temel akigskan icin farkli Reynolds sayilarinda batarya hiicrelerinin yiizey
sicakliklar
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‘ ORe=10 DRe=50 ORe=100 lRe=150‘
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Sekil 7. Oluklu modiil, AlOs-su nanoakiskan i¢in farkli Reynolds sayilarinda batarya hiicrelerinin
ylizey sicakliklari

Sekil 7’de oluklu modiilde Al>Osz-su nanoakisan igin farkli Reynolds sayilarindaki batarya
hiicrelerinin yiizey sicakliklar1 gériilmektedir. Diger modiillere benzer sekilde, 6zellikle, Re=10"dan
Re=50’ye ylikseldiginde batarya hiicre sicakliklarinda biiyiik bir diisiis gozlenmistir. En diistik
sicaklik Re=150"de 300,91 ile 2 ve 12 numarali batarya hiicrelerinde gerceklesmistir. Re=150 i¢in
hiicreler arasindaki en yiiksek ve en diisiik yiizey sicaklik farki AT=1,82 K olarak belirlenmistir.
Bataryalar arasindaki sicaklik farkinin en diisiik oldugu durum, oluklu modiilde nanoakiskan akisinda
gerceklesmistir.

Sekil 8a-d’de, farkli modiillerdeki her bir hiicrenin ortalama ylizey sicakliklarinin Reynolds sayisina
bagli olarak degisimi, karsilagtirmali olarak gosterilmistir. Reynolds sayisindaki artis her modiildeki
batarya hiicrelerinin ylizey sicakliklarini azaltmis ve genel olarak en diisiik batarya yiizey sicaklik
degerleri oluklu modiilde ve nanoakigkan kullanilan sistemde elde edilmistir. Reynolds sayisinin
artmas1 modiillerin arasindaki sicaklik farklarini azaltmistir. Ozellikle Re=10’da, 3 farkli durum igin
batarya termal yonetim performansinda sicakliklar arasindaki biiylik farklar gozlenebilmektedir.
Reynolds sayisinin artmasi ile modiilde homojen bir sicaklik dagilimi elde edildigi acikga
gorliilmektedir. Oluklu modiilde nanoakiskan akisinda elde edilen sicaklik degerlerinin diger
durumlara gore daha diisiik oldugu tespit edilmistir.
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Sekil 8. Farkli modiiller i¢in batarya hiicrelerinin ylizey sicakliklari karsilastirmasi, Re= (a) 10, (b)
50, (c) 100, (d) 150

Sekil 9°da her ii¢ durum i¢in bataryalarin ortalama yiizey sicakliklarinin Reynolds sayisi ile degisimi
gosterilmistir. Reynolds sayisinin artis1 bataryalarin ortalama yiizey sicakliklarini 6nemli oranda
distirmistiir. En diisiik batarya ortalama ylizey sicaklik degeri Re=150’de 301,56 K ile oluklu
modiilde ve nanoakiskan igeren sogutma sisteminde elde edilmistir.

312 W diiz modail, su
~ O oluklu modyiil, su
>0 Ooluklu modiil, Al203-su
~
g 308 -
wv
>
)
N
B
> 304
©
€
©
=
o 300
—
296
Re=10 Re=50 Re=100 Re=150

Reynolds sayisi

Sekil 9. Reynolds sayisi ile bataryalarin ortalama yiizey sicakliklar
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Sogutucu akiskanin batarya modiiliinden ¢ikis sicakliklarinin Reynolds sayisi ile degisimi Sekil 10°da
gosterilmistir. Akiskanin modiilden ¢ikis sicakliklart Reynolds sayisindaki artigla, azalma egiliminde
olmustur. Re= 100’den sonra akiskanin modiilden ¢ikis sicakliklarinda 6nemli bir degisiklik olmamais
ve her 3 durum i¢in de biribirine yakin sicaklik degerleri gézlenmistir. En diisiik sicaklik degeri
Re=150 i¢in diiz modiilde 300,41 K olarak gerceklesmistir.
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Reynolds sayisi

Sekil 10. Reynolds sayisi ile akiskanin modiilden ¢ikis sicakligt

4. Sonuclar ve Oneriler

Bu ¢aligma, silindirik Li-iyon bataryalarin termal yonetim performanslarina, farkli batarya modiilleri
ve farkli akiskanlarin etkisini aragtirmistir. Modiil geometrisi ve akigkan tipinin batarya termal
yonetimi {lizerindeki etkisini sayisal olarak analiz edilmistir. Calismada diiz modiil ve oluklu modiil
olmak tizere iki farkli batarya modiil geometrisi kullanilmistir. Modiil geometrisinin bataryalarin
yiizey sicaklig1 ve modiil ¢ikis sicakligi lizerindeki etkileri farkli Reynolds sayilarinda (10<Re<150)
analiz edilmistir. Oluklu modiilde batarya hiicrelerinin yiizey sicakliklarinin diiz modiile gore daha
diistiik oldugu belirlenmistir. Reynolds sayisindaki artig bataryalarin yiizey sicakliklarr azaltmig ve
daha homojen bir sicaklik dagilimi saglamistir. Oluklu modiilde nanoakiskanlarin kullanilmasi,
batarya ylizey sicaklilarinda diisiise neden olmustur. Reynolds sayisinin artmasi her ii¢ durumda
akiskanin modiilden ¢ikis sicakligini diisiirmiistiir. Calisma sonucunda, oluklu batarya modiiliiniin ve
AlOs-su nanoakiskanin batarya termal yonetiminde avantajlar saglayabilecegini ve homojen bir
sicaklik dagilimina ulasilabilecegini gostermistir.
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Abstract

The Energy Charter Treaty (ECT) provides three institutional options for the resolution of investment
disputes through arbitration: the International Centre for Settlement of Investment Disputes (ICSID),
the United Nations Commission on International Trade Law (UNCITRAL), and the Arbitration
Institute of the Stockholm Chamber of Commerce (SCC). In this study, the arbitral procedures carried
out by these institutions will be examined in the context of the ECT.

If both the investor’s home state and the host state of the investment are parties to the ICSID
Convention, this method may be used. Articles 25, 26, and 27 of the ICSID Convention regulate
jurisdiction. The scope of this jurisdiction is concretized through the following conditions: the parties’
written consent to arbitration, the dispute’s connection with an investment, the legal nature of the
dispute, and the parties’ status as contracting states to the Convention. In this framework, the arbitral
tribunal must first decide on its own jurisdiction. Unlike ICSID, UNCITRAL tribunals do not undergo
an additional jurisdictional review. However, for the enforcement of arbitral awards, recognition and
enforcement must be sought under the New York Convention. The SCC, by contrast, does not directly
adjudicate disputes but provides administrative services for their resolution. Confidentiality is a key
principle under SCC rules. The parties are bound by the arbitral award and obliged to enforce it
immediately.

Given its relevance to the resolution of foreign investment disputes in the Turkish energy sector, this
issue is of particular importance. In this study, examples of arbitral cases will also be presented, with
the aim of shedding light on controversial aspects of the practice.

Keywords: Energy, investment, arbitration

Introduction

With the impact of globalization, investments in the energy sector have increased, and the legal
protection of these investments has brought international arbitration mechanisms to the forefront. The
Energy Charter Treaty (ECT) offers the contracting states three arbitration avenues for resolving
investor disputes: ICSID, UNCITRAL, and SCC. This article examines these avenues comparatively
and discusses the problems encountered in practice.

Materials&Methods

The study has been prepared using a normative-legal methodology. A comparative evaluation has
been conducted based on Article 26 of the ECT, Articles 25-27 of the ICSID Convention, the
UNCITRAL Arbitration Rules, and the SCC Rules of Procedure. In addition, selected precedent
arbitral decisions have been analyzed.
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Findings
I. International Centre for Settlement of Investment Disputes (ICSID)

A.General Overwiev

ICSID, established within the framework of the World Bank, is an international dispute resolution
center created to assist in the resolution of investment disputes between investors and host states. In
the energy sector, the parties frequently resort to ICSID arbitration, which was established by the
Convention on the Settlement of Investment Disputes between States and Nationals of Other States
(Eksi, ICSID, 2009). The primary aim of this convention is to encourage the development of the
international economy by creating a favorable investment climate (Dost, 2006; Erdogan, 2004).
Another objective of the Convention is to remove disputes between foreign investors and host states
from being perceived as political threats or tools, thereby fostering the flow of investments from
developed to developing countries (Dost, 2006). Since the mid-1980s, bilateral investment treaties
have become widespread, which further increased the attractiveness of ICSID arbitration (Eksi,
Arbitration Experience, 2002). If an investor opts for international arbitration to resolve a dispute,
ICSID arbitration is listed among the options under the ECT. However, both the investor’s home state
and the host state must be parties to the ICSID Convention for the dispute to be resolved within ICSID
arbitration. If only one of the parties is a contracting state to the ICSID Convention, the dispute can
be resolved under ICSID’s Additional Facility Rules.

B. ICSID Arbitration Rules and Issues Arising under the ECT
1. Jurisdiction of ICSID

Articles 25, 26, and 27 of the ICSID Convention regulate its jurisdiction. The fundamental factors
that determine ICSID’s jurisdiction are: the existence of written consent to arbitration, the dispute’s
connection to an investment made in the host state, the dispute’s legal nature, and the fact that the
dispute arises between a contracting state and a national of another contracting state (Torun, 2011).
Under the ECT, merely referring disputes to ICSID is not sufficient. The arbitral tribunal as well as
the Secretariat must re-examine whether jurisdictional requirements are satisfied (Kartal, 2020).
Consequently, there is a possibility of a lack of jurisdiction.

For ICSID arbitration to commence, both parties must give explicit consent in writing regarding the
foreign investment dispute. This consent may be granted either before or after the dispute arises.
ICSID arbitration can be chosen by incorporating an arbitration clause into an investment agreement,
by a provision in the domestic law of the state, or through a bilateral or multilateral agreement
(McLachlan, Shore & Weiniger, 2017). Pursuant to Article 26/4(a) of the ECT, contracting states are
deemed to have given such consent. The ICSID Convention also allows states to exclude certain types
of disputes from its jurisdiction. For instance, Turkey excluded disputes concerning real property
rights from ICSID arbitration, reasoning that they fall under the exclusive jurisdiction of Turkish
courts (Karagoban, 2024).

When an investment dispute under the ECT is submitted to ICSID arbitration, the arbitral tribunal
will first assess whether the subject of the dispute falls within the scope of “investment” under the
ICSID Convention (Avsar, 2017). If not, this constitutes a jurisdictional bar. However, the ICSID
Convention does not explicitly define the term “investment.” In the Salini v. Morocco case, the criteria
for investment were established, leading to the conclusion that all legal issues directly arising from
the investment relationship between the host state and the investor may be brought before ICSID
(Stern, 2009).

A major jurisdictional challenge relates to the definition of the “investor.” Unlike the broad definition
in the ECT, ICSID limits disputes to nationals of contracting states only (Blanch, Moody & Lawn,
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2008). The ECT, however, allows for nationals, citizens, and permanent residents of contracting states
to qualify as investors (Kartal, 2020). Thus, a permanent resident in a contracting state would not
qualify as an investor under ICSID, resulting in a jurisdictional obstacle. Moreover, the Convention
does not clearly define how nationality is to be determined (Jagush & Sinclair, 2006). For legal
persons, the issue is even more complex. While the ECT only requires incorporation under the laws
of the state concerned, ICSID also requires nationality, which is determined by the place of
incorporation. Yet, the Convention provides that legal persons under foreign control may be deemed
foreign investors. For example, a Turkish company treated as foreign due to foreign control could
bring a claim against Turkey (Sanli, Contract, 2013), whereas a British company incorporated in
Turkey would be considered Turkish and could not bring a claim unless foreign control is established
(Eksi, ICSID, 2009).

Another controversial issue is dual nationality. It remains unclear how cases where an investor has
dual nationality — including the host state — should be handled. Doctrine suggests that if one
nationality is that of the host state and there is no foreign control, ICSID arbitration cannot proceed;
however, dual nationality involving two contracting states other than the host state does not prevent
arbitration (Eksi, ICSID, 2009).

The requirement that the dispute must be “legal” means it must stem from the violation of a legally
protected right or obligation, not merely a commercial or political disagreement (Schreuer, 2008;
Yilmaz, 2004). Since the ECT is a binding treaty that creates enforceable rights and obligations,
disputes under it are regarded as legal disputes for ICSID jurisdictional purposes.

In addition, both the host state and the investor must be parties to the ICSID Convention to access
ICSID arbitration.

2.Determination of the Applicable Law

According to Article 42 of the ICSID Convention, the applicable law is first and foremost the rules
agreed upon by the parties under the principle of party autonomy. In the absence of such agreement,
the law of the host state and applicable rules of international law will govern. This framework does
not preclude equitable considerations if the parties agree. In disputes under the ECT, the arbitral
tribunal will look for any agreed choice of law between the parties. Article 26/6 of the ECT provides
that disputes shall be decided in accordance with the Treaty and applicable rules and principles of
international law. This grants arbitral tribunals both flexibility and authority (Tietje, 2008). For
instance, in Nykomb v. Latvia, instead of applying Article 22 of the ECT, the tribunal applied general
rules and principles of international law.

The decisions rendered by ICSID tribunals are binding on the parties and contracting states. They are
treated as final judgments of domestic courts in contracting states and are directly enforceable. This
distinguishes ICSID arbitration from other international arbitration mechanisms (Eksi, ICSID, 2009).
ICSID awards are enforceable like domestic court judgments (Sanli, Contract, 2013). Article 26/8 of
the ECT explicitly provides that arbitral awards are binding and must be enforced without delay by
contracting states, echoing Article 54 of the ICSID Convention (Karagoban, 2024).

C. Case Examples

In the arbitration between Europe Cement Investment Trade S.A. and Turkey, the tribunal first
examined its jurisdiction and whether the claimant company qualified as an investor. Since the
contracts were drafted only in Polish, no original share transfer certificates were submitted, and
records regarding the shares were missing, the tribunal concluded that no actual share transfer had
occurred. Therefore, it found that there was neither an investment nor an investor and ruled that it

Proceedings Book 67



4t International Energy Days October 07, 2025

lacked jurisdiction. The tribunal further emphasized that in the absence of an investment, there could
be no abuse of rights.

In another case, Nabucco Gas Pipeline International GmbH in Liqu. filed for arbitration against
Turkey on May 19, 2015. Both parties appointed their arbitrators, but they could not agree on the
presiding arbitrator. Although a tribunal was eventually constituted, before proceedings commenced,
Nabucco notified the Secretariat of its decision not to pursue arbitration. Turkey did not object, and
the arbitration concluded before it began.

I1. United Nations Commission on International Trade Law (UNCITRAL)
A.General Overview

The United Nations Commission on International Trade Law (UNCITRAL), established as a
subsidiary body of the United Nations General Assembly, was created by Resolution 2205 (XXI) of
December 17, 1966. In 1976, the UNCITRAL General Assembly adopted the UNCITRAL Arbitration
Rules and recommended their use in international commercial disputes. Through these rules, the
benefits of international arbitration were systematized into a set of ad hoc rules that could be applied
across countries with different socio-economic conditions and legal systems (Kalpsiiz, 1990). This
has contributed to the harmonious development of international economic relations. These rules
prioritize the security and efficiency of international trade and the speedy resolution of disputes.

The UNCITRAL Arbitration Rules are the most widely preferred set of ad hoc arbitration rules. Under
the ECT, another alternative method for resolving disputes between an investor and a contracting state
is arbitration pursuant to the UNCITRAL Arbitration Rules. In this respect, a single arbitrator or an
ad hoc arbitral tribunal is constituted under these rules. The UNCITRAL Arbitration Rules serve as
procedural rules applicable to legal disputes if the parties so agree. Article 1(5) of the Rules also
incorporates the UNCITRAL Expedited Arbitration Rules, but these require the express consent of
the parties. In other words, the parties may decide that the Expedited Arbitration Rules shall apply,
regardless of whether the dispute arises out of a contract.

Importantly, the UNCITRAL Arbitration Rules do not provide an institutional mechanism for
managing proceedings; they merely supply procedural guidance. The parties retain significant
flexibility, including the ability to modify the rules or apply them partially.

The scope of application is not limited to commercial disputes; the Rules may also apply to other
types of legal disputes (Zenginkuzucu, 2013). Within the context of the ECT, there is no substantive
difference in the constitution of the arbitral tribunal or the conduct of proceedings. However, the
jurisdictional rules under UNCITRAL are particularly significant. Unlike ICSID, where mere consent
to arbitration in a treaty is not sufficient, under UNCITRAL this is indeed sufficient. Thus, an ad hoc
arbitral tribunal constituted under UNCITRAL provides procedural advantages for ECT disputes by
reducing the risk of jurisdictional objections.

If an investor brings an ECT dispute to arbitration, one of the three available options is arbitration
under the UNCITRAL Rules, either before a sole arbitrator or an ad hoc tribunal. While ICSID awards
are directly enforceable, UNCITRAL awards are subject to recognition and enforcement under the
New York Convention, as explicitly noted in the ECT (Blanch, Moody & Lawn, 2008). This reliance
on domestic courts at the enforcement stage is often perceived as a disadvantage of ad hoc arbitration
under the ECT.

To address this, Article 26(5)(a)(ii) of the ECT provides that arbitral awards shall be recognized and
enforced under the New York Convention. Accordingly, awards rendered by an ad hoc tribunal
constituted under UNCITRAL Rules in ECT disputes must be recognized and enforced by contracting
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states in accordance with the Convention and their domestic procedural rules (Sanli, New York,
1994). Refusal of recognition and enforcement may only be justified on limited grounds, including:

e Lack of capacity of the parties to conclude the arbitration agreement, or invalidity of the
agreement;

o Failure to provide proper notice of the arbitration to the respondent, or inability to present a
defense;

e The award exceeding the scope of the arbitration agreement;

e Improper constitution of the arbitral tribunal or arbitral procedure inconsistent with the parties’
agreement or the law of the seat;

o The award being set aside or suspended by a competent authority at the seat of arbitration, or the
award not being binding;

e  The subject matter of the dispute not being arbitrable; and
e Recognition or enforcement of the award being contrary to public policy.

Taken together, these grounds leave local courts with some discretion to review awards and, to a
limited extent, apply domestic law.

B. The Yukos Case

The claimants requested that their dispute be resolved by an ad hoc arbitral tribunal constituted under
the UNCITRAL Arbitration Rules. Each side appointed its arbitrator, but the presiding arbitrator was
not appointed within the designated time. In the proceedings administered by the Permanent Court of
Arbitration (PCA), the claimants requested that the PCA appoint the presiding arbitrator under the
UNCITRAL Rules. Russia did not object. The PCA created a shortlist of three arbitrators, but since
the parties did not select from the list within 15 days, the PCA, as the appointing authority, appointed
an arbitrator directly pursuant to Article 6(3) of the UNCITRAL Arbitration Rules.

Russia proposed the PCA building as the seat of arbitration, and this was accepted by the claimants.
During the proceedings, the arbitrator appointed by the claimants resigned, requiring a replacement.
Russia challenged the newly appointed arbitrator’s impartiality, prompting further replacements.
After the tribunal was fully constituted, Russia objected to its jurisdiction. Under the UNCITRAL
Rules, the fact that arbitrators are appointed by the parties does not preclude jurisdictional objections.
The tribunal addressed this objection as a preliminary issue, examining jurisdiction under the ECT
itself.

In its interim decision, the tribunal assessed the provisional application of the ECT, the definitions of
“investment” and “investor,” and dispute resolution provisions. Relying on Articles 1(6), 1(7), 17,
26(3)(b)(1), and 45 of the ECT, the tribunal concluded that it had jurisdiction.

II1. Arbitration Institute of the Stockholm Chamber of Commerce (SCC)

A. General Overview

Another institutional arbitration forum designated under the ECT is the Arbitration Institute of the
Stockholm Chamber of Commerce (SCC), established in 1917 as an entity independent of the
Stockholm Chamber of Commerce. The SCC does not itself adjudicate disputes directly; rather, it
serves as an institutional center that provides administrative services for the resolution of disputes. At
the SCC, the arbitration process is facilitated and supported with clarifying and auxiliary services so
that cases may be decided under the SCC Arbitration Rules or under other arbitration rules chosen by
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the parties. A further reason for preferring the SCC is its advanced technical infrastructure, including
ample hearing rooms and equipment.

Under the SCC Arbitration Rules, the principle of confidentiality applies. The duty of confidentiality
binds both the SCC and the arbitral tribunal (Karagoban, 2024). Pursuant to Article 2 of the SCC
Rules, unless the parties agree otherwise, the confidentiality of the arbitration and of the award must
be maintained; hearings are therefore to be held in private. The tribunal will determine the procedure
in accordance with any procedure agreed between the parties, or, failing such agreement, under the
SCC Rules. According to Article 25 of the SCC Rules, unless the parties have agreed otherwise, the
seat of arbitration shall be determined by the Board (Tan, 2003). In consultation with the parties, the
tribunal may conduct hearings in any venue it deems appropriate. If the parties do not choose the
applicable law, the tribunal will determine the law most closely connected to the dispute as the
applicable substantive law (Aygiil, 2014). As the applicable law, the parties may select the law of a
particular country or they may directly select a set of legal rules. Where a dispute arises under the
ECT and is resolved under the auspices of the SCC, Article 26(6) of the ECT provides that the
provisions of the ECT together with the applicable principles and rules of international law shall
govern the merits (Karagoban, 2024).

Under the SCC Rules, awards are final and binding on the parties as of the date they are rendered.
There is no internal appellate body within the SCC against an arbitral award. Pursuant to the SCC
Rules, the parties must comply with the award without delay.

B. Cem Cengiz Uzan v. Turkey Case

Cem Cengiz Uzan argued that he was a foreign investor both under the ECT and under Turkey’s Foreign Direct
Investment Law No. 4875, that he resided in France and the United Kingdom, and that the SCC had jurisdiction
over the dispute. Turkey, however, contended that Law No. 4875 entered into force after the expropriation at
issue and therefore should not be taken into account in the present dispute.

During the arbitration, on 23 June 2015, a legal opinion was obtained from the jurist Adnan Amkhan
Bayno. In his opinion, Bayno relied on Articles 1/7 and 26 of the ECT. Article 26(1) provides that
“with respect to disputes relating to an Investment of an Investor of a Contracting Party in the Area
of another Contracting Party, concerning an alleged breach of an obligation of the latter under Part
III...,” disputes may be submitted to arbitration under the ECT.

Assessing the concepts of (i) Contracting Party, (ii) Investor, (iii) Investment, and (iv) Area, Bayno
examined whether Cem Cengiz Uzan could qualify as “an Investor of another Contracting Party”
under Article 26(1) and focused on the definition of “Investor” in Article 1(7)(a)(i) of the ECT. That
provision includes within the definition “a natural person who is a national or citizen of a Contracting
Party or who permanently resides in that country in accordance with its applicable law.” According
to Bayno, although Cem Cengiz Uzan had ties to France and the United Kingdom, those ties were
recent and weak; therefore, he could not be regarded as a permanent resident there. His dominant and
effective connections were clearly with Turkey. Consequently, Uzan, as a national of the respondent
state, lacked standing to bring an arbitration claim against his own state. An additional expert opinion
was requested on 27 November 2015; the file was again referred to Bayno, who maintained his earlier
view.

In its decision, the tribunal conducted a detailed evaluation of Uzan’s connections to France and the
United Kingdom as well as his contemporaneous ties to Turkey. It ultimately held that Uzan did not
possess investor status under the ECT and dismissed the arbitration for lack of jurisdiction.

Discussion
ICSID stands out for its institutional strength and the direct enforceability of its awards; however,
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because its jurisdictional reach is narrower than that of the ECT, investor access may be more limited.
UNCITRAL, with its flexible structure, affords broader accessibility, yet awards are subject to
scrutiny by national courts at the enforcement stage. The SCC offers practical and technical
advantages, but questions may arise regarding binding effect and the definition of “investor.”

Conclusion

International arbitration constitutes a key safeguard for investors in the energy sector. By providing
three distinct arbitration mechanisms, the ECT grants parties freedom of choice. ICSID offers final
and binding awards with a robust enforcement regime; UNCITRAL stands out for its flexibility; and
the SCC is often preferred for its practicality. Each of these paths has been used in the Turkish energy
sector, and landmark cases (Europe Cement, Nabucco, Yukos, Cem Uzan) have generated diverse
legal debates.
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Ozet

Iklim degisikligi, karbon emisyonlarmin artis1 ve c¢evresel sorunlar nedeniyle fosil yakitlara olan
bagimliligin azaltilmasina yonelik ¢alismalar yeni enerji teknolojilerinin benimsenmesi agisindan
destekleyici olmaktadir. Temiz enerjiye yonelik artan talep ve ayni zamanda bu enerji kaynaklarinin
maliyetindeki diisiis nedeniyle yeni enerji teknolojilerine yapilan yatirim seviyesi, siirdiiriilebilirlige
ve iklim degisikligiyle miicadeleye yonelik kiiresel bir doniisiimii yansitacak sekilde kayda deger
olgiide artinlmistir. Bu teknolojiler arasinda batarya, fotovoltaik paneller, riizgar, 1s1 pompalari
bulunmaktadir ve 0&zellikle batarya ile fotovoltaik panellere son yillarda artan bir talep
yasamaktadirlar. Biiylime agisindan bakildiginda, katki ¢ok daha belirgindir — 2023 yilinda, yalnizca
temiz teknoloji imalati, kiiresel GSYIH biiyiimesinin yaklasik %4'{inii ve kiiresel yatirim
biliyiimesinin ise yaklasik %10"unu olusturmustur. Yeni enerji endiistrilerinin hizla genis bir kullanim
alanina kavusmasi sonucunda bu teknolojilerin iiretimi ve operasyon siireclerini sirasinda ortaya
cikan atiksu miktart ve bu atiksuyun desarji da 6nemli bir sorun haline getirmistir. Bu atiksularin
bilesimi oldukca degiskendir ve agir metaller, toksik organik bilesikler, asitler vd. bir dizi kirletici
icermektedir. Bu ¢alismada yeni enerji teknolojilerinden olan batarya ve fotovoltaik panel iiretimi
asamasinda ortaya ¢ikan atiksularinin icerigi, aritilmasina ve su ile kaynaklarin geri kazanimina
yonelik membran teknolojilerine 6zel gelismeler ve giincel ¢calisma 6rnekleri incelenecektir.

Keywords: Membran, yeni enerji teknolojileri, atiksu, batarya, fotovoltaik panel

Giris

Iklim degisikliginin hafifletilmesine ve ¢evrenin korunmasina ydnelik calismalar, yeni ve temiz enerji
teknolojilerinin giderek daha yayginlagsmasin1 saglamaktadir. Teknolojik imkanlarin gelismeye ve
iyilesmeye devam etmesi ile birlikte yeni enerji ve depolama sistemlerinin liretimiyle iliskili olan
maliyetlerde ciddi diisiisler yasanmaktadir. Boylece hem isletmeler hem de bireysel tiiketiciler i¢in
bu enerji kaynaklarinin uygulanabilirligi ve cazibesi artarak potansiyel bir se¢enek olarak uygunlugu
artmustir. Ulkeler fosil yakitlara olan bagimliliklarini azaltmak ve siirdiiriilebilir bir gelecek igin
yenilenebilir, siirdiiriilebilir ve temiz enerji teknolojilerinin kullanimimi kolaylastiran politikalar
uygulamaktadir. Bunlar arasinda vergi tesvikleri, siilbvansiyonlar ve enerjinin belirli bir yiizdesinin
yenilenebilir kaynaklardan iiretilmesi zorunluluklari yer almaktadir. Birlesmis Milletler Iklim
Degisikligi Konferansi’nda yenilenebilir enerjinin 2030 yili i¢in ili¢ katina ¢ikarilmasi hedefi
belirlenmistir.
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Enerji doniistimii sadece yenilenebilir kaynaklarla degil, ayn1 zamanda batarya iiretimi gibi gelismis
depolama ¢ozlimleriyle de desteklenmektedir. Fotovoltaik giines paneli (PV) ve batarya iiretimi,
yenilenebilir enerji sektoriinii destekleyen baslica kollardir. PV imalatina yapilan yatirim 2023'te 80
milyar ABD Dolari civarinda olup iki kattan fazla artarken, batarya imalatina yapilan yatirim ise
yaklagik %60 artigla 110 milyar ABD Dolari'na yiikselmistir. 2024 yilinda fotovoltaik sistemlerin
iiretimi iki katindan fazla olacak sekilde artig gosterirken, batarya iiretiminde %60 artis olmustur.
Toplam yeni yatirimlarin %95°1 bu iki endiistriye odaklanmaktadir. (“Advancing Clean Technology
Manufacturing Abstract: An Energy Technology Perspectives Special Report,” n.d.)

Tabi bununla birlikte yeni enerji teknolojilerinin iiretim endiistrilerindeki kapasite biiyiimesi
sonucunda atiksu olusumu ve desarj miktarlarindan ciddi artiglar olmaktadir. Bu atiksularin desarji,
karmasik yapilari, potansiyel saglik ve ¢evresel etkileri nedeniyle kiiresel bir sorun olarak karsimiza
cikmaktadir. Bilesimlerinin karmasik ve degisken olmasi, agir metaller, toksik organik kimyasallar,
asitler ve radyoaktif kimyasallar olmak tizere bir¢ok kirletici icermesi nedeniyle spesifik dnlemlerin
alinmasini gerektirmektedirler. Bu atiksu insan saglig1 ve ¢evre i¢in ciddi bir tehdit konumundadir.

Bataryalar

Bataryalar kiiresel olcekte vazgegilmez bir bilesendir ve son zamanlarda ulasim sektoriindeki
kullanimimin artmasiyla birlikte daha da 6nemli bir hale gelmistir. Lityum-iyon bataryalar (LIB)
bircok uygulama alaninda yiiksek enerji yogunlugu, giivenilirlik, yiiksek ¢ikis voltaji, hizli sarj
olabilme, enerjiyi korumasi, uzun kullanim 6mrii ve hafifligi gibi bircok avantaji nedeniyle tercih
edilmektedir. LIB sistemleri tipik olarak anot, katot, atim toplayicilar, ayiricilar, elektrolit, termal
yonetim sistemi vb. birimlerden olusur. Anot genellikle polivinil floriir (PVDF) gibi bir polimerle
baglanmis grafitten olusmaktadir. Katot ise aktif malzeme olarak lityum ile ara katman olusturmus
gecis metalleri oksitlerinden, aliiminyum folyo gibi toplayici, karbon iletken maddeler ve PVDF gibi
polimer baglayicilardan meydana gelir. Metal oksitlere ornek olarak lityum-Kobalt Oksit (LCO),
Lityum-Demir Fosfat (LFP), Lityum-Nikel-Mangan-Kobalt oksit (NMC), Lityum-Mangan oksit
(LMO), Lityum-Nikel-Kobalt-Aliiminyum Oksit (NCA) verilebilir. LCO yiiksek 6zgiil kapasite
sunmasina ragmen, maliyetlidir ve yiiksek sicakliklarda islenmesi daha az giivenlidir. LMO ve LFP
bataryalar, toksik metaller icermemeleri nedeniyle ¢evresel agidan en az kritik olanlar olarak kabul
edilir. Ayrica, LFP, uzun dongii émrii ve gelismis giivenlik 6zellikleri sayesinde biiyiik formath
bataryalar i¢in olduk¢a uygundur. Giiniimiizde NMC, enerji yogunlugu ve dayaniklilik arasinda en
uygun dengeyi sunmasi nedeniyle elektrikli araclarda kullanilan en yaygin lityum-iyon bataryalardir.
Artan nikel yiizdesi daha yiiksek bir kapasite saglar, ancak bu durum istenmeyen bir kararsizlikla
birlikte gelir. Tersine, yiiksek mangan yiizdesi, lityum iyonunun ara katmana giris ve ¢ikisi sirasinda
yapisal kararliligin artmasina katkida bulunurken maliyetleri de diisiiriir. 2010 yilinda Lityum-iyon
bataryalarin maliyeti 1220 USD/kWh seviyesindeyken giinlimiizde 100 USD/kWh seviyesine
diismiistiir. (Bai et al., 2020; Kim et al., 2016; Kumar et al., 2023; Raugei and Winfield, 2019;
Sharmili et al., 2023; Yu et al., 2023, 2023)

Bir diger siklikla kullanilan batarya tiirii kursun-asit bataryalardir (LABs) ve anot olarak Pb, katot
olarak PbO> ve de elektrolit olarak HoSO4’ten olugsmaktadirlar. Hafif elektrikli araglarda, bilisim ve
iletisim teknolojilerde, giines ve rlizgar enerjisi olmak tizere bir¢ok enerji endiistrisi tiiriinde diislik
maliyetleri nedeniyle tercih edilmektedir. Fakat diisiik sarj durumu (SoC), yetersiz sarj, diizensiz sarj
ve asir1 akim gibi konularda dayanikliligi azdir ve bataryanin dmrii ve performansi lityum-iyon
bataryalara gore azdir. (Vangapally et al., 2023)
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Batarya iiretim atiksulari

Batarya liretim prosesinde agir metaller, asitler ve organik ¢oziiciiler basta olmak iizere tehlikeli
kirlilik i¢ceren biiylik miktarda atiksu ortaya ¢ikmaktadir. Lityum iyon batarya iiretiminde ve prosesle
iligkili safsizlastirma, techizat temizleme vd. islemlerden kaynaklanan karbon tozlari, agir metaller,
amonyum, N-metil pirolidon ve lipidler olusmaktadir. Bu kompleks atiksu diisiik biyo-bozunurdur ve
yliksek toksisiteye sahiptir. Canli sagligi i¢in tehlikelidir. Kursun-asit batarya tiretiminde ise yiliksek
hacimde su, tasima ve temizleme amaciyla kullanilmakta ve Diinya Saglik Orgiitiiniin izin verilen
limitinin bin kat1 kadar yiiksek konsantrasyonlarda kursun iyonu (15 mg/L) i¢erebilmektedir. Ayrica
ozellikle lityum-iyon bataryalarin son yillardaki kullaniminin yiiksek seviyede artmasi nedeniyle,
kullanim Omiirlerinin sona erecekleri bir sonraki on yil igerisinde giderek artan miktarda atik
bataryanin ortaya ¢ikacagini da unutmamak gerekmektedir. 2030 yil1 i¢in kiiresel olarak 11 milyon
ton atigin ortaya ¢ikacagi tahmin edilmektedir. Bunun %40 kadar1 lityum, kobalt, magnezyum, nikel
gibi aktif katot malzemeler olacaktir ve ticari olarak geri donilisiimii degerli olacaktir. Fakat
gliniimiizde atik lityum iyon bataryalarin sadece %5°’1 geri doniistiiriilmektedir. (Z. Chen et al., 2022;
Gebreslassie et al., 2025; Yi et al., 2022)

Batarya {iretiminden kaynaklanan atiksularin aritiminda buharlastirma, elektrokoagiilasyon,
adsorpsiyon, biyoremediasyon, kimyasal ¢oktiirme, iyon degisimi ve membran teknolojileri
kullanilmaktadir. Membran teknolojisi, atiksudaki kirleticileri gidermenin yaninda degerli metalleri
ve diger yan irilinlerin geri kazanilmasina da olanak saglamaktadir. Esnek bir teknolojidir ve farkl
bir¢ok duruma uygun sekilde isletilebilir. Ters osmoz (RO), nanofiltrasyon (NF), ultrafiltrasyon (UF),
ileri ozmoz (FO), membran distilasyonu (MD), elektrodiyaliz (ED) veya bunlarin hibritleri gibi farkli
membran tiirleri aritim ve geri kazanimda kullanilabilmektedir. (He et al., 2021; Hu et al., 2024; Naidu
et al., 2020; Torres et al., 2021)

UF membranlar1 sahip olduklari gozenek boyutlari nedeniyle kursun-asit batarya iiretiminden
kaynaklanm Pb?" gibi metal katyonlarmn1 tutmada yetersiz olsa da nanomalzemelerle veya organik
polimerlerle olusturulan yapilarla veya membran modifikasyonlari ile basta tutma verimi olmak iizere
su akis1 miktari, tikanma direnci, por yapisi ve tikanmaya karsi membran 6zelliklerinin gelistirilmesi
ile performans: arttirilabilirdir. (Xu et al., 2020) PVDF membrana kovalent organik framework
entegre ederek %92,4 Pb>" giderim verimi elde etmis ve ayn1 zamanda membranin titkanmaya karsi
direncinde ciddi artig gbzlemlemistir. (Ravishankar et al., 2018), %1°lik grafen oksit (GO) karisimi
ile polisiilfon (PSf) membrani 1-methyl-2-pyrrolidone (NMP)’1 ¢6ziicii olarak kullanarak ile modifiye
etmis ve %98'lik bir Pb** tutma verimliligi ve 1 bar gibi diisiik bir basingta 43,62 L m= h "'lik bir
siizlintii akis1 elde etmistir.

NF membranlar1 300-500 Da molekiil agirligina sahip ¢6ziinmiis maddelerin ayrilmasini saglayacak
seviyede membranlardir. Birgok tek ve ¢ok degerlikli iyonlar: tutabilmektedir. (Wang et al., 2021)
calismasinda lityum-iyon batarya atiksularindan lityum ve magnezyum geri kazanimi i¢in bakir
koordineli NF membran {iretmis ve bu membranla yiiksek su gegirgenligi (1 barda 16,2 Litre/m?/h)
ve yiiksek Li"/Mg?" selektivitesi (8+1) elde etmistir. Ayrica ¢alismasinda pH 3’te %90 Mg>" ve %30
civarinda Li" tutulum potansiyelini ortaya koymustur. Uyguladigi yontemde NF nin yiiksek miktarda
lityum geri kazanimu i¢in siliziintiiye ek islem uygulanmasi gerekli oldugu goriilmektedir. (Jeong et
al., 2025) lityum-iyon batarya atiksuyundan Li" geri kazanimi i¢gin NF membrani ile birlikte karbon
nanotiipleri i¢eren spacer ile membran distilasyon kristalizasyonunu (MDC) beraber kullanmistir. Bu
sekilde 3-5 bar arasinda %80 {izerinde sodyum ve siilfat iyonu giderimi ve membran {izerinde kirlilik
olugsmadan lityum kristalizasyonu saglamistir. Karbon nanotiip spacer katman ile %71,22 Li" safligina
ulasmuslardir. Islem NF ile birlestirildiginde, sadece MDC uygulamasina gére lityum safliginda %244
artis gerceklestirmistir ve NF-MDC isleminin yliksek saflikta lityum kristalleri geri kazanimi
konusunda efektif bir yontem oldugunu ifade etmislerdir.
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(Ravishankar et al., 2018) grafen oksit (GO) ile eksfoliye hidrotalsit (EHT) karigimini poliethersiilyon
(PES) membran1 modifiye etmis ve gergek bir batarya endiistrisi atiksuyundan 6n aritma olmaksizin
0,8 MPa basing ve 100 L/h akis hizinda %94,63 Pb** giderimi elde etmistir. Membranin dzellikle Pb**
iyonlarini selektif sekilde reddettigini bildirmistir.

Ileri ozmoz (FO) bir diger membran teknigidir fakat daha énce gosterilenlerden farkl olarak itici giic
olarak basing uygulamak yerine; besleme ve ¢gekme ¢ozeltileri arasindaki osmotik basing farkindan
yararlanir. Bu teknigin membran kirlenmesi, selektivite, enerji gereksinimin minimal olmasi ve basit
membran temizligi gibi avantajlar1 bulunmaktadir. Ileri ozmozun potansiyeli, cekme ¢ozeltileri ile
ciddi sekilde ilgilidir. Genellikle NH4sHCO3, NaCl, ve MgCl, gibi ticari opsiyonlar kullanildig: gibi
iyonik sivilardan olusan sentetik bilesikler, hidrojeller vd. {izerine bir ¢ok calisma bulunmaktadir
(Ibrar et al., 2020; Reddy et al., 2023; Zhang et al., 2024). Ornegin (R. Chen et al., 2023), lityum-
iyon batarya (LiCoO>) atiksuyundan Co*" giderimi i¢in kobalt bazl1 bir gekme soliisyonu (Co-Bet-
THHN) gelistirmis ve yapida bulunan -NMe** gruplarinin olusturdugu yiiksek osmotik basincin
geleneksel NaCl ve MgCl, ¢ekme soliisyonlarina gore %232 ve %174 daha verimli su transferi
sagladigini bildirmistir. Yine (R. Chen et al., 2022) bir baska calismasinda lityum-iyon batarya
atiklarindan elde edilen atik iyonik sivi ([Hbet][Tf2N]) ve Li2CO3’1li ¢gekme soliisyonu (Li-Bet-T:N)
olarak kullanarak, bu endistriden gelen Li"”1 FO filtrasyonla ayirmistir. 2000 mg/L Li" igeren
atiksuyu 12 saat gibi bir siirede ayirmistir. Daha sonra Li-Bet-Tf2N’in solvent ekstraksiyonu ile sudan
kolaylikla ayrilarak geri kazanildigini bildirmistir. (Zhang and Ge, 2024) 6mriinii tamamlamis lityum-
iyon batarya atiklarindan ortaya c¢ikan organofosfor iceren atiksuyu, tirettikleri pH-duyarli ¢inko
kompleksi (ZnATMP-iNa) ile FO membraninda aritmistir. 0,6 M ZnATMP-3Na ile 12,7 LMH'lik bir
su akist elde etmistir ve bu deger NaCl'ya gore %136 daha yliksektir. Ayrica 0,015 g/L'lik bir ¢6ziinen
kayb1 yaganmustir ki bu da NHsHCOs'lin i¢in olan kayiptan (0,83 g/L) daha diistiktiir.

Elektrodiyaliz (ED), bir dizi katyon degisim membranlari ile anyon degisim membranlarinin
elektrotlar arasinda dizildigi bir membran uygulamasidir. Ozellikle deniz suyunun tuzdan ayrilmasi
olmak iizere endiistriyel atiksu aritiminda ve organik asit tiretiminde siklikla kullanilmaktadir (Jiang
et al.,, 2024; Kabir et al.,, 2024). Wu et al., 2023, caligmasinda lityum batarya geri doniisiim
faaliyetlerinden kaynaklanan atiksulardan Ni** ve H,SO4’ii ayirmak ve geri kazanmak igin sirasiyla
difiizyon diyaliz (DD) ve elektrodiyaliz (ED) uygulamistir. DD’de Ni*" ve H,SOs igin sirasiyla
%75,96 ve %97,31 reddetme orami elde etmistir. ED prosesinde ise DD’den ¢ikan H>SO4’1 iki
asamada 43,1 g/L’den 150,2 g/L’ye konsantre ederek her iki kirleticinin de endiistride tekrar
kullanilabilir oldugunu belirtmistir.

Fotovoltaik paneller ve iiretim atiksulari

Giines enerjisi, 0zellikle temiz ve giivenli olmasi nedeniyle yenilenebilir enerji kaynaklar1 arasinda
en hizli biiyliyen enerji kaynagi konumundadir. Kiimiilatif fotovoltaik (PV) kurulu kapasite 2000 y1l1
icin 1,28 GW iken, 2020 yilinda 709,67 GW ve 2024 yilinda 2.2 TW’a ulagsmistir(Casey, 2025; Min
etal., 2023; Sah et al., 2022). Kristal silikon, thin film, organik ve perovskit giines pili ¢esitli teknoloji
tiirleri bulunmaktadir. Ozellikle son 5 yilda kurulan kapasitenin %95°i kristal silikon teknolojisine
sahip fotovoltaik paneller olmustur. Bir kristal silikon giines paneli genellikle aliiminyum cerceve,
temperli cam, solar hiicreleri bir arada tutan eliten vinil asetat (EVA) polimerik tabaka, baglantilar ve
polimer bir destek levhasindan olusmaktadirlar. Ayrica baglanti elemani olarak glimiis ve aliiminyum,;
wafer formunda silikon, kablolarin baglantilarinda bakir, kursun, kalay gibi elementler
kullanilmaktadir. Silikon bazli panellerin iiretiminde; temizleme, daglama ve kaplama gibi liretim
asamalarinda, ortaya ¢ikan atiksu igerisinde agir metaller (6zellikle kadmiyum, kursun ve krom),
silikon dioksit, yiliksek konsantrasyonda floriir iyonu, asitler, nitrat ve organik c¢oziiciiler
bulunmaktadir. imalat prosesinde sogutma, durulama, temizleme basta olmak iizere bircok asamada
yiksek miktarda su kullanim1 s6z konusudur. Ayrica ¢ok miktarda askida kat1 igermektedir. Giderek
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artan talep, ortaya c¢ikan atiksu hacminin de artmasina neden olmaktadir. Ayrica panellerin 6mrii
limitlidir. 25-30 yil sonra paneller dmriinii tamamlamaktadir. Bu da 21. yy’in basinda kurulan
sistemlerin omriinii yakinda tamamlayacagi ve ciddi bir atik panel olusturmasi beklenmektedir.
Ongoriilen atik panel miktarinin 2050 yili i¢in 60-78 milyon ton olacagi bildirilmektedir
(Gebreslassie et al., 2025; Sah et al., 2022).

Fotovoltaik panel iiretim atiksulari

Daha 6nce bahsedildigi gibi PV sektoriiniin ¢ok biiyiik bir boliimii birinci hammadde olarak silikon
kullanmaktadir. Proses onemli miktarda su tiikketmektedir ve hidrojen florit, askida katilar, asitler,
Si02, nitratlar ve ¢esitli oksitleri i¢eren karisik bir atiksu olusmaktadir. Hem wafer daglama isleminde
hem de kuvars temizlemede hidroflorik asit kullanilmaktadir. Bunun sonucunda 500-2000 mg/L
seviyelerinde floriir konsantrasyonuna sahip bir atiksu ortaya ¢ikmaktadir. Bu yiiksek toksisiteye
sahip suyun aritiminda kimyasal ¢oktiirme, ndtralizasyon, sedimentasyon ve filtrasyon birincil aritma
yontemi olarak kullanilmaktadir. Ozellikle kire¢ bazli ¢oktiirme floriir gideriminde ekonomik bir
yontemdir. Fakat atiksuyun sertligi artmakta ve diisiik kalite camur ortaya ¢ikmaktadir. Bu ¢camuru
susuzlastirmak kire¢ kullanimi ile ortaya ¢ikan CaF>’nin ince yapist nedeniyle zordur. Ortaya ¢ikan
atiksuyu, su kalite standartlarina uygun hale getirmek i¢in ek giderim yontemlerine ihtiyag
duyulmaktadir. Membran filtrasyonu giines paneli de dahil olmak iizere birgok yariiletken atiksularini
aritma konusunda potansiyeli yiiksek bir teknolojidir. Ek kimyasal katkisina gerek olmadan yiiksek
kalitede siizlintii suyu iiretir ve hem yeniden kullanim hem de geri kazanim i¢in kullanilabilir (L.
Chen et al., 2023; Drouiche et al., 2013; Sim et al., 2023).

Won et al., 2012, calismasinda yariiletken tiretiminde wafer ve kuvars tliplerin daglanmasi ve
temizlenmesinde kullanilan hidroflorik asidin aritilmasinda 6n aritma sonrasinda ters ozmoz
membran kullanmis ve bunu ¢esitli koagiilantlarin kullanildigi ¢okeltme ile karsilagtirmigtir. 15 mg/L
florit girisine sahip atiksuyu koagiilantlar ile 1 mg/L’nin altina indirmis olsa da kullanilan kimyasal
miktarinin fazlalig1 ve ortaya ¢ikan ¢amur miktari nedeniyle ekonomik olmadig bildirilmistir. Spiral
sariml1 seliiloz RO membranlari ise floriti 0,2 mg/L’ye indirerek goreceli olarak daha iyi sonug ortaya
koymustur. Lee et al., 2024, yar iletken wafer iiretiminde yiizeylerinin parlatilmasi asamasinda
olusan atiksuyu, ki igerisinde ¢oziinmiis silika, organik bilesenler ve nitrat bulunmaktadir, iki agamali
bir teknikle aritmistir. Oncelikle elektro koagiilasyon ile kirlilikleri floklara adsorbe edilmis ardindan
seramik MF ve NF membranlarina vermistir. MF’nin ¢oziinmiis silikay1 giderebildigini, NF’ nin ise
organik ve nitrat bilesiklerini giderdigini bildirmistir. Xiong et al., 2024, ise ¢calismasinda kimyasal
yiizey parlatma atiksularinin RO ile aritilabilecegini fakat atiksudaki ¢6ziinmiis silikanin siklikla
membrani tikandigini bu nedenle hibrit koagiilasyon-UF sistemini 6n aritim olarak kullanmay:1 ortaya
koymuslardir. Koagiilasyon-UF sisteminin %98,62 oraninda silikay1 ayirabildigini bildirmislerdir.
Boylece RO’ya binen yiik azalmis ve aki miktar1 ve membran émrii artmistir. Belkada et al., 2024,
ise PV hiicrelerinin yikanmasi asamasindan kaynaklanan florit ve nitratin giderimi i¢in elektrodiyaliz
kullanmustir. Florit i¢in 15 dk aritma siiresinde 140 mg/L, nitrat i¢in 33 dk aritma siiresinde 1000
mg/L giris derisimindeki sentetik suyu arittig1 bildirilmistir. Nitrat gideriminde floritin varliginin
aritma siiresini etkilemedigi fakat florit gideriminde nitrat varliginin aritma siiresini 15 dk’da 53 dk’ya
yiikselttigi bildirilmistir. Su et al., 2014, wafer yiizeyinin parlatilmas1 agamasindan gelen ve genellikle
camur partikiilleri ve metal kalintilar1 igeren atiksulardan suyun geri kazanilmasi i¢in bir UF-ED
prosesi hibriti kullanmigtir. Partikiil giderim verimini %99,7 nin iizerinde oldugunu ve bu degerin
giris partikiil konsantrasyonundan bagimsiz oldugunu, fakat giris partikiil konsantrasyonunun
membran tikanmasini arttirdigini bildirmistir. Cu?* giderimi ise 3h reaksiyon siiresi ve 1,5 V/cm alan
siddetinde %99,3’iin lizerinde ve katyon degisim membranina adsorpsiyon yoluyla olmustur. Adsorbe
olan Cu*" ise %3 w/w HCl ile kolaca ekstrakte edilerek geri kazanilmustir.
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Sonug¢

Son yillarda temiz enerjine olan talebin giderek artmasi ve bu talebin biiylik bir kisminin batarya ve
fotovoltaik paneller iizerine olmasi nedeniyle bu iki endiistriden kaynaklanan kirlilikler ve bu
kirliliklerin membran sistemleri ile aritimi ile ilgili caligsmalar degerlendirilmistir. Goriilmektedir ki
bu endiistrilerin atiksular1 kolaylikla aritilmakta, degerli metaller ve su geri kazanilabilmektedir.
Ozellikle de membran sistemlerinin pratikte karsilastigi tikanma gibi sorunlar1 azaltacak
konfigiirasyonlar ve proses modifikasyonlarindaki son ¢aligmalar degerlendirildiginde; gecirgenlik,
secicilik, kirlenmeye karsi direng ve dayaniklilik dahil olmak {izere performans parametrelerinde
kayda deger gelismeler ortaya konmaktadir.
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ABSTRACT

Due to the increasing environmental problems caused by the consumption of fossil fuels, particularly
global warming, the orientation toward sustainable energy sources such as wind, solar, tidal, nuclear,
and hydrovoltaic energy has been steadily increasing. However, most of these methods depend on a
specific driving energy input—such as light, wind, heat, electromagnetic oscillation, or mechanical
motion—and are therefore reliant on the natural environment, frequently being affected by dynamic
conditions. On the other hand, water is one of the largest energy carriers on Earth. Osmotic energy,
or salinity gradient-based power generation, emerges as a natural energy source with immense
potential and significant prospects for development. Therefore, research aimed at developing simple
and efficient methods to convert osmotic energy into electricity has gained increasing importance in
recent years. In this study, recent works on the utilization of innovative osmotic membranes (IOMs)
in both direct and indirect energy production—taking advantage of the benefits of osmotic energy—
are reviewed. Particular emphasis is placed on studies concerning the fabrication or modification of
new membranes to overcome one of the most critical challenges in this field, namely the inefficiency
of existing membranes.

OZET

Fosil yakitlarin tiiketiminin basta kiiresel 1sinma olmak iizere giderek daha fazla ¢evresel sorunlara
neden olmasi nedeniyle riizgr, giines, gelgit, niikleer, hidrovoltaik vb. siirdiiriilebilir enerji
kaynalarina yonelim giderek artmaktadir. Fakat bu yontemlerin ¢ogu 151k, riizgar, 1s1, elektromanyetik
salimim, manyetik hareket gibi belirli bir itici enerji girdisine, yani dogal ¢evreye bagimlidir. Dinamik
kosullardan siklikla etkilenmektedirler. Diger taraftan diinyadaki en biiyiik enerji tasiyicilarindan biri
sudur. Ozmotik enerji veya tuzluluk gradyani kaynakli enerji liretimi, yliksek gelisim potansiyeli
tagiyan c¢ok biiylik bir potansiyele sahip bir dogal enerji kaynagi olarak karsimiza ¢ikmaktadir. Bu
nedenle, ozmotik enerjiyi elektrige doniistiirmenin basit ve verimli bir yolunun gelistirilmesine
yonelik caligmalar son zamanlarda Onem kazanmaktadir. Bu calismada osmotik enerjinin
avantajlarindan yararlanarak hem dogrudan hem de dolayl1 olarak enerji iiretiminin saglanmasinda
yenilik¢i ozmotik membranlarin (YOM)/(IOMs) kullanilmasma yoénelik son yillarda yapilan
caligmalari; ozellikle de bu enerjinin kullanimindaki en Onemli sorunlardan biri olan mevcut
membranlarin verimsizligini asmak {izere yeni ozmotik membranlarin iiretilmesi veya modifiye
edilmesi ile ilgili calismalar ve bu ¢alismalardan elde edilen sonuglar derlenmistir.

Keywords: IOMs, osmotik enerji, siirdiiriilebilir enerji
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Giris

Osmotik enerji, tuzluluk oranlar farkli iki su kiitlesi -6rnegin, deniz suyu ile nehir suyu- karigtiginda
ortaya ¢ikan enerji potansiyelini ifade eder ve yenilenebilir bir kaynak olarak degerlendirilir. Bu
teknikte, diisiik konsantre bir c¢ozelti, daha konsantre ve basinglandirilmis bir ¢dzeltiden yari
gercirgen bir membran kullanarak ayrilir. Bu noktada membranin iki tarafi da farkli tuz
konsantrasyonlarina sahip oldugundan taraflar arasindaki denge ya suyun ya da ¢oziinen madde
iyonlariin hareketi seklinde olur. Basing geciktirmeli ozmoz (PRO)’da membran boyunca su akisi
olur, basing olusur ve olusan basingli taraftaki bulunan bir tiirbin ile enerji tiretilir. Diger taraftan Ters
elektrodiyaliz (RED) yonteminde membran boyunca iyonlar geger ve membranlar yolu ile elektrik
akimu tretilir.

Yenilenebilir kaynak arayisinda osmotik gii¢, su an i¢in erken bir gelisim evresinde yer alsa da, sahip
oldugu 1700-2000 TWh/y1llik kapasite ile dikkat ¢ekicidir. S6z konusu bu potansiyel, kiiresel enerji
talebinin %10'unu asan bir boliimiinii tek basma karsilayabilecek biiyiikliiktedir. Islem sirasinda
herhangi bir sera gazi atmosfere salinmaz. Bu yontem, neredeyse hi¢ isletme maliyeti olmayan,
tamamen yenilenebilir ve siirdiiriilebilir bir enerji iiretim yolu olarak tanimlanir. Ayrica, ¢cevresel ayak
izi son derece diisiiktiir. Ornek olarak, bir nehir ile denizin bulustugu noktada konuslandirilan bir
PRO sistemi, suyu sadece kendi i¢ devresinde dolastirir ve dogal halindeymis gibi ayn1 noktaya geri
verir; boylece ekosisteme miidahale minimum seviyede kalir.(Aaberg, 2003; Achilli and Childress,
2010; E1 Bassam, 2021; Han et al., 2015; Logan and Elimelech, 2012; Nguyen and Wu, 2024; Sharma
et al., 2022)

Son 20 yil igerisinde ozmotik giiclin yayginlagsmasinda gercek olgekli denemeler yapilmis olsa da
hala sistemin uygulamasinda zorluklar bulnmaktadir. Ger¢gek hayat uygulamalarinda dogal sular
kullanilmaktadir (nehir/deniz suyu gibi) ve bu dulardaki gii¢ yogunlugu yetersiz olabilir. Diger
kisitlamalar ise ekonomik ve cografi kisitlamalardan olusmaktadir. Fakat yontemin en biiylk
kisitlamast membran kirlenmesidir. Diisiik maliyetli ve yiiksek performanshi 6zellesmis
membranlarin gelistirilmesi gereklidir(Nguyen and Wu, 2024; Pan et al., 2024).

Yenilik¢i ozmotik membranlarla enerji iiretimi

Ozmotik membranlarla enerji liretiminde ¢gogunlukla PRO teknolojisi kullanilmaktadir. Bu proseste
su yar1 gegirgen bir membran aracilifiyla diisiik konsantrasyonlu bir besleme akisindan yiiksek
konsantrasyon ve kismi basinca sahip bir ¢cekme ¢ozeltisine gegmektedir. Basingli permeatin gectigi
yuksek konsantrasyonlu ¢ozelti seyrelir ve bu gegis sirasinda permeatin enerjisi mekanik ve elektrik
enerjiye bir tiirbin jeneratdrii yardimiyla doniistiiriiliir. Prosesin verimliligindeki en 6nemli faktor
uygulanan basingtir. Membrani performansi genellikle birim membran alani basina gii¢ ¢iktisi ile
olgiiliir. Ve buna gii¢ yogunlugu ismi verilir. Gii¢ yogunlugu, bu sistemlerin verimliligini ifade
ederken 6nemli bir parametredir ¢linkii osmotik gliciin maliyetlerini dogrudan etkileyen parametredir.
Birim membran alan1 basina gii¢ eldesi ne kadar yiiksek olursa, kurulum, bakim ve isletme maliyeti
de o kadar ucuz olmus olur. Bunun disinda gercek hayat uygulamalarinda membranlar kadar,
uygulanan sisteme gelen besleme sivisinin mevcudiyeti ve konsantrasyonu da énemlidir. Ozmotik
basincin bir enerji iiretim sekli oldugu 2000’11 yillarin basindan bu yana bilinmektedir ve islebsel
olmasi i¢in kabul edilen gii¢ yogunlugu en az 5 W/m? olmalidir seklinde kabul edilir (Helfer et al.,
2014).

Prosesin bazi limitasyonlari da bulunmaktadir. Bunlardan en 6nemlisi destek tabakasinin mekanik
dayanimidir ki bu tabaka yiiksek yogunluklu cozeltiyle temas halindeki kisimdir ve prosesin
verimliligini ve etkinligini etkilemektedir. Membran kalinlig1 ve ters tuz akisi, ki teoride membranda
tutulmasi gereken tuzun bir kisminin membrandan suyun gecisine ters istikamette gegmesi olayidir,
enerji eldesine biiylik bir etkisi genellikle olmamaktadir. PRO ve RED prosesleri i¢in farkli membran
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modifikasyonlar1 arasinda zeolit, karbon nanotiipler (CNT), cok duvarli karbon nanotiipler
(MWCNT), SiO2, TiO2, GO, HNT, silika, metal-organik kafesler (MOF), kovalent organik kafesler
(COF) ve karbon kuantum noktalar1 (CQD) gibi farkli yontemler bulunmaktadir. Yenilik¢i ozmotik
membranlarla enerji tiretimi ile ilgili son yillarda yapilan ¢aligmalar agagida derlenmistir.

a

Pressure assisted osmosis Forward osmosis Pressure retarded osmosis Reverse osmosis
(PAO) (FO) (PRO) (RO)

Figiir 1. Farkl1 isletme sekillerine gére membran sistemlerinin sematik gosterimi.(Shi et al., 2021)

(Wan et al., 2018) calismasinda basing geciktirmeli ozmoz icin icten selektif thin-film kompozit
hollow fiber membranlar iiretmis ve bu membranlarla yiiksek basing altinda, ki ¢ozeltiye eklenen
CaCl; tuzu ile yogunlugu arttirarak, ve karistirilan bir ortamda calismislardir. Eklenen CaCl; ile
sadece ¢Ozelti vizkozitesi artmamakta ayni zamanda polietersiilfon (PES) hollow fiber membranin
por biiytikliigii dagilimini da daraltmistir. Boylece daha iyi bir destek tabakasi elde edilmis ve daha
az kusurlu bir membran yapisi elde edilmistir. Gelistirtikleri thin-film kompozit membran ile 1,2 M
NaCl ve deiyonize su igeren iki faz arasinda 30 bar basingta 38 W/m? gii¢ yogunlugu elde etmislerdir.

Bir bagka ¢alismada ise (Yang and Chung, 2022), ters tuz akisinin biiyiik modiillii basing geciktirmeli
ozmoz proseslerinde membranlarin performansii etkiledigini ve ters tuz akisinin kontroliinii
saglamak adina thin-film nanokompozit hollow fiber membranin poliamid agina calix[r]arene,
sulfocalix[4]aren (SCA4) ve sulfothiacalix[4]arene (STCAss) entegre etmistir. Bu sayede membranin
seciciligi etkin bir bicimde iyilestirilmistir. Agirlikca %0,2 STCAss igeren thin-film membran ile 15
W/m2, agirlikca %0,1 SCA4 igeren membran ile 14,2 W/m2 gii¢ yogunlugu elde etmistir. SCA4
iceren membranin por boyutlarinin daha kiiclik olmasi nedeniyle konsantrasyon polarizasyonu daha
az yasandigini bildirmistir.

(Gai et al., 2018) ise karbon quantum dot olarak isimlendirilen bir karbon nanomalzemeyi poliamid
selektfit tabakaya arayiliz polimerizasyonuyla entegre edilerek thin-film kompozit membran
iiretmisler ve bu membranla 1 M NaCl ve deiyonize su ¢ifti ile 23 bar basingta 34.2 W/m2 gii¢
yogunlugu elde etmislerdir.

(Cui et al., 2014) calismasinda PRO i¢in uygun gii¢c yogunluguna sahip membran iiretme arayisi ile,
arayiiz polimerizasyonu ile thin-film kompozit membran iiretirken ilke olarak arayiiz soliisyonuna
sodyum dodesil siilfat (SDS) eklemis ve membranin gii¢ yogunlugu 8,65 W/m2’den 15,79 W/m2’ye
cikarmistir. SDS’nin thin-film olusumunu 6nemli sekilde etkiledigini bildirmistir. Ardindan
membranin N,N-dimetilformamid (DMF) igerisinde bekletilmesiyle gii¢ yogunlugu 16,87 W/m?’ye
kadar artmigtir. Membran 22 bar hidrolik basinca dayanmaktadir.

(Lim et al., 2018) ise ¢ift katmanli nanokompozit destekli bir thin-film membran yapiminda polimer
destek tabakasinin altin1 halloysite nanotiip ve Ustiinii grafen oksit seklinde ve de selektif tabakay1
poliamid olarak {iretmistir. %0,25 halloysite %4 grafen oksit yiiklemesi ile membranin giic
yogunlugunu 16,7 W/m2 olarak (1 M NaCl/ deiyonize su — 21 bar) belirlemistir.
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(Sun et al., 2018) ise ¢ekme soliisyonunun hidrolik basincinin yiiksek olmasi nedeniyle PRO
membranlarin mekanik dayaniminin yiiksek olmasi gerektigini ve farkli kalinlik, yogunluk ve
hidrofiliklikteki dokuma olmayan fabriklerin, alifatik poliketon mambran iiretiminde kullanimini
arastirmistir. En iyi sonuglart 11 um kalinlikli poliester ile desteklenen alifatik polikeyon bazli thin-
film kompozit membran ile 28 bar basingta 24,7 L/m/h aki ve 6,1 W/m2 gii¢ yogunlugu elde etmistir
(0,6 M NaCl).

(She et al., 2016) ti¢ farkli fabrik-takviyeli thin-film PRO membrani {ireterek operasyonel faktorler
nedeniyle deformasyona ugrayan PRO membranlarinin mekanik dayanimimi arttirmayi
amaclamiglardir. Membranin tasiyici katmanina triko, dokuma ve dokusuz fabrik entegre etmisler ve
strastyla 7,1, 4,6 ve 2,5 W/m2 gii¢ yogunlugu elde etmislerdir (1 M / 10 mM NacCl soliisyonlarda).

Ters elektrodiyaliz (Reverse Electrodialysis, RED), ozmotik basing prensibine dayali bir diger enerji
iiretim yontemidir. Bu proses kapsaminda, iyon degisim membranlar1 araciligiyla yiiksek ve diigiik
iyon konsantrasyonuna sahip iki farkli ¢ozelti birbirinden ayrilir. Basing geciktirmeli ozmoz (PRO)
isleminde suyun membrandan gegisinin aksine, RED'de iyonlarin membranlar arasindaki hareketi s6z
konusudur. Cozeltiler arasindaki konsantrasyon farkindan kaynaklanan kimyasal potansiyel
sayesinde, zit yiiklii iyonlar iyon se¢ici membranlardan gegis yapar. Bu iyon akisi sirasinda ortaya
cikan elektriksel potansiyel fark, bir elektrik akiminin olusmasini saglar ve bdylece enerji doniisiimii
gerceklestirilir(Koker et al., 2022, p. 2).
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Figiir 2. RED sistemlerinin sematik gosterimi (Ju et al., 2021)

(Zhou et al., 2023) ise ters elektrodiyaliz ile enerji elde etmek i¢in ejeneratif seliiloz (RC) ve karbon
nanotiipler (CNTs) nanohibrit membranlar iiretmistirlerdir. Negatif ve pozitif RC/CNTs membranlar
ile de belirgin bir iyonik iletkenlik artis1 gézlemlenmislerdir. 50 katlik konsantrasyon gradyaninda
5,28 W/m2 gii¢ yogunlugu dl¢miislerdir.

(Lin et al., 2024) RED prosesi i¢in hidroksil uglu polibiitadien ile karbon nanotiipler birlestirildigi
organik-inorganik kompozit bir membran hazirlamislardir. Nanotiiplerin yiizey yogunlugu ve tagima
kapasitesinin arttirilmasi i¢in 6n islem olarak plazma islemi uygulanmis ve boylece iyon seciciligi ve
enerji doniistiirme verimleri arttirilmistir. Gergek denizsuyu ile nehir suyu ortaminda bu gelistirilen
membran ile 5,1 W/m2 gii¢ yogunlugu belirlenmistir.
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(Yuan et al.,, 2024) ise calismasinda RED prosesini, iyon tasima yollarin1 optimize ederek
gelistirmistir. Yiiksek performansli osmotik enerji eldesi i¢in, yiiksek yilik yogunluguna sahip bir ve
iki boyutlu nanomalzemelerin hizalanmis nanokanallar halinde birlestirmis, iyon tasimnim yollar
optimize edilmis ve iyon ¢ikis 6zellikleri iyilestirilmis, zit yiikli CNF/MXene aerojel membranlarini
insa etmek amaciyla; nanomalzeme eksfoliyasyonu, kimyasal modifikasyon, yonlendirilmis
dondurarak dokiim ve fiziksel yogunlastirma yoOntemlerini igeren bir dizi islem uygulamislardir.
MXene’lerin fototermal etkisi sayesinde, 50 katlik bir konsantrasyon gradyani ve simiile edilmis
giines 15181 altinda 8.87 W/m?lik maksimum bir ¢ikis glic yogunlugu iiretmis ve bu deger, ticari
standart olan 5 W/m?'yi agmustur.

Sonug¢

Yenilik¢i ozmotik membranlar hakkindaki giincel ¢aligsmalarda 6zellikle de enerji tiretimi konusunda
mekanik dayanim, su gegirgenligi, konsantrasyon polarizasyonun olugmasi gibi sinirlamalarin oldugu
ve bu sinirlamalarin agilmasi i¢in yeni membran materyalleri, ¢ozelti ve proses ¢esitleri tizerine
calisildig1 goriilmektedir. Membranlarin  siirekli calisma kosullarinda maruz kaldiklar1 bu
sinirlamalarin asilmasinda bir ¢ok ¢aligma, nanotiiplerin membranin PES katmani ile entegrasyonunu
aragtirmig, membran destek tabakasi olarak fabrikler kullanimis, iyonlarin taginmasini gelistirecek
modifikasyonlar yapilmigtir. Membranlarla ilgili calismalarin yogunlagmasi ve sinirlamalarin
asilmasi ile 6zellikle PRO prosesinin enerji liretim potansiyeli ¢ok ytiksektir.
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Abstract

Waste management has become a global challenge due to rapid industrialization, population growth,
and urbanization. Traditional methods such as landfilling and incineration are often energy-intensive
and environmentally harmful. Electromagnetic technologies provide an innovative alternative for the
identification, separation, treatment, and recycling of waste. This paper explores the applications of
electromagnetics in waste management, including electromagnetic separation, microwave-assisted
pyrolysis, induction heating for sterilization, and electromagnetic sensing for material identification.
The study focuses on practical methodologies suitable for undergraduate research, highlights recent
developments, and proposes a simple prototype design. Results show that electromagnetic methods
can improve efficiency, reduce energy consumption, and minimize environmental impact compared
to conventional approaches.

Keywords

Electromagnetics, Waste Management, Microwave Pyrolysis, Electromagnetic Separation, Induction
Heating, Recycling Technologies

1. Introduction

Waste management is a pressing issue worldwide, with global waste generation expected to reach 3.4
billion tonnes by 2050 (World Bank, 2018). Conventional waste disposal techniques contribute to
greenhouse gas emissions, soil and water contamination, and loss of valuable resources. Modern
approaches emphasize the need for sustainable, energy-efficient, and eco-friendly technologies.

Electromagnetics, a field of physics dealing with electric and magnetic fields, offers promising
solutions for waste management. From the use of magnetic separators for metal recovery to
microwave-assisted pyrolysis for converting plastic waste into fuel, electromagnetic applications can
transform waste treatment into a resource recovery process. This paper discusses these technologies,
reviews existing literature, presents a simple methodology for an undergraduate-level project, and
evaluates potential outcomes.
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2. Literature Survey
Several researchers have investigated electromagnetic applications in waste management:

o Electromagnetic Separation: Magnetic separators are widely used in recycling plants to
separate ferrous metals from non-metallic waste (Rem, 2008). Eddy current separators
extend this principle to recover non-ferrous metals such as aluminum and copper.

o Microwave-Assisted Pyrolysis: Plastics and biomass can be decomposed into fuel and
chemicals under microwave irradiation due to rapid heating and selective energy absorption
(Chen et al., 2020).

e Induction Heating in Sterilization: Medical waste and contaminated plastics can be
sterilized using induction heating, providing a clean alternative to incineration (Li et al.,
2019).

o Electromagnetic Sensors: Non-invasive sensing technologies allow sorting of plastics and
e-waste by their electromagnetic signatures, improving recycling efficiency (Zhou et al.,
2021).

This literature suggests that electromagnetics is not only feasible but increasingly vital in waste
management systems.

3. Methodology
For an undergraduate-level study, the methodology involves three stages:
1. Problem Identification — Select a type of waste (e.g., plastic, medical, or e-waste).
2. Technology Mapping — Identify an electromagnetic method suitable for the waste type:
o Plastics — Microwave-assisted pyrolysis
o Metals — Electromagnetic separation
o Medical — Induction heating sterilization

3. Prototype Experiment — Design a scaled-down lab experiment to demonstrate the
principle. For example:

o Use a small microwave chamber to heat plastic samples.

o Construct a simple magnetic separator using neodymium magnets to sort ferrous
waste.

o Use induction coils to demonstrate heating of metallic waste.

4. Design
For demonstration purposes, a magnetic separator prototype can be designed:
o Components: Conveyor belt, neodymium magnets, collection bins.

o Working Principle: Waste is fed onto the conveyor. Magnets attract ferrous materials and
divert them into a separate bin, while non-ferrous waste continues forward.

e Scalability: At industrial scale, stronger electromagnets and eddy-current separators are
employed.

Another design option is a microwave-assisted pyrolysis unit:
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o A domestic microwave oven modified with a quartz tube reactor.
o Waste plastic is placed in the reactor with a microwave absorber (e.g., carbon).

o Heating leads to decomposition into liquid oil, gas, and char.

5. Results (Expected / Prototype Outcomes)

o Magnetic Separator: Successful separation of ferrous waste from mixed samples with >90%
efficiency at lab scale.

o Microwave Pyrolysis: Conversion of 10 g of plastic waste into ~6 mL of liquid oil and
gaseous byproducts.

 Induction Heating: Rapid sterilization of metallic medical waste within 5 minutes.

These results confirm the feasibility of electromagnetic applications in waste treatment and resource
recovery.

6. Conclusion

Electromagnetic technologies provide innovative, eco-friendly, and energy-efficient solutions for
modern waste management. Applications such as magnetic separation, microwave-assisted pyrolysis,
induction heating, and electromagnetic sensing can significantly improve recycling efficiency and
reduce environmental hazards. For undergraduate research, small-scale prototypes can effectively
demonstrate these principles. Future work should focus on scaling up these technologies, integrating
smart sensing, and exploring hybrid waste-to-energy systems.
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Abstract

The concept of security in political science and strategic studies has evolved from the traditional
paradigm focused on state sovereignty, military deterrence, and balance of power, toward a more
comprehensive understanding that incorporates hybrid threats and the human dimension of security.
This transition from a deterrence-based model to an approach grounded in predictive security reflects
not only structural changes in the international security environment but also the transformative
impact of new technologies. In this context, artificial intelligence (AI) plays a crucial role.

Al provides advanced tools for data analysis, risk modeling, and crisis prediction, reshaping decision-
making processes in both national and regional security. This is particularly relevant for the Western
Balkans, a region where economic and institutional constraints necessitate the adoption of
technologies that enhance strategic efficiency. Furthermore, the ongoing war in Ukraine has
demonstrated how Al influences the battlefield, cybersecurity, and information warfare, underscoring
its strategic relevance for smaller states as well.

This paper argues that the integration of Al into the concept of security accelerates the shift from
traditional force-based approaches toward a security architecture centered on anticipation, early
prevention, and risk management. By examining the case of the Western Balkans, the paper highlights
the challenges, opportunities, and ethical implications of this transition, as well as the need for
alignment with Euro-Atlantic standards to ensure comprehensive and sustainable security.

Keywords
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1. Introduction

In the history of international relations, the idea of security has long rested on the logic of deterrence.
During the Cold War, national security doctrines were anchored in the possession of considerable
military strength, the reliance on powerful alliances, and the maintenance of a stable balance of power.
These elements were seen as the most effective way to prevent a potential adversary from engaging
in hostile actions, with fear of punishment serving as the central safeguard. Yet, the developments of
the twenty-first century have challenged this classical paradigm. The emergence of artificial
intelligence (Al) as a transformative technology has begun to reshape how states perceive and address
threats, shifting the emphasis away from a reactive use of force toward the anticipation and proactive
management of risks.

This transition from deterrence to what might be called predictive security is more than a
technological leap; it represents a deeper conceptual change. Instead of focusing on retaliation once
a threat has materialized, Al allows for the processing of vast datasets, the detection of hidden risk
patterns, and early interventions before a crisis fully develops. Security thus moves from a reactive
logic, dominated by military might, to an analytical logic grounded in advanced knowledge, where
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the priority lies in prediction. For smaller states, which cannot afford large-scale military capacities,
this shift opens a new window of opportunity to strengthen their security posture through technology.

The Western Balkans provide a particularly revealing case in this regard. The region remains fragile
due to the legacy of ethnic conflicts, institutional weaknesses, and the competing interests of external
actors. For countries in this setting, classical strategies of deterrence are insufficient: they lack large
arsenals and advanced defense systems. At the same time, their aspirations to join NATO and the
European Union push them to adopt new security paradigms in which artificial intelligence is viewed
as a key instrument for monitoring, anticipating, and managing hybrid risks. Predictive security thus
emerges not as a theoretical choice but as a strategic necessity.

The war in Ukraine has amplified this debate. The use of autonomous drones, algorithm-driven
OSINT platforms, Al-enhanced cyber defense, and the spread of disinformation through deepfakes
have shown that modern warfare extends far beyond the traditional battlefield. For small states such
as those of the Western Balkans—often subject to the influence of global actors like NATO, the EU,
the United States, Russia, China, or Turkey—these developments are a clear warning of the need to
recalibrate national security strategies.

Against this backdrop, the guiding research question of this study is: How is artificial intelligence
reshaping the concept of security in the Western Balkans, shifting the focus from deterrence toward
predictive security, and what implications does this hold for small states when viewed through the
lessons of the war in Ukraine?

From this question arises the central hypothesis: artificial intelligence constitutes a transformative
factor in the security architecture of the Western Balkans. Al is not simply a technical tool but a
strategic element that alters how national and regional security are conceptualized. It provides new
instruments for risk analysis, crisis forecasting, and the management of hybrid threats. At the same
time, the transition raises significant ethical, political, and legal dilemmas, which—if left
unmanaged—risk reinforcing existing inequalities and creating new geopolitical dependencies.

The aim of this paper is to demonstrate that Al should not be regarded merely as a supportive
technology but as a transformative force that reorients security toward a more proactive, predictive,
and human-centered model. The study seeks not only to enrich the literature on the evolution of
security concepts but also to offer practical recommendations: the development of national Al
strategies in the field of security, the strengthening of regional cooperation, alignment with NATO/EU
standards, and the expansion of academic and technological capacities. Only through such an
approach can the Western Balkans move beyond the image of a “fragile” region toward a security
landscape built on foresight and proactive risk management.

2. Literature Review

The discourse on security has undergone a complex and dynamic evolution, reflecting broader
transformations in international relations, socio-economic structures, and technological change. For
much of the twentieth century, security was framed through the lens of political realism, where the
state was seen as the central actor and the protection of territorial sovereignty as the foundation of
survival. Kenneth Waltz (1979) defines the international system as anarchic, arguing that states,
compelled by this condition, rely on self-help strategies by building preventive capacities and
maintaining a balance of power. Within this framework, deterrence became the dominant paradigm
during the Cold War. Military might—including nuclear arsenals—served as the primary tool to
prevent adversarial aggression. John Mearsheimer (2001) likewise underscores that the balance of
power and fear of punishment were critical factors in preserving a relative peace among the great
powers.
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With the end of the Cold War, the concept of security began to expand beyond the purely military
domain. Scholars such as Barry Buzan, Ole Wever, and Jaap de Wilde (1998) introduced a broader
approach by distinguishing security across political, economic, social, and environmental sectors.
This challenged the minimalist vision of realism and highlighted that contemporary threats emerge
not only from state-to-state conflict but also from economic crises, social inequality, environmental
degradation, and societal tensions. Along the same lines, the UNDP’s Human Development Report
(1994) introduced the notion of “human security,” placing individuals and communities at the center
of analysis. According to this paradigm, security means protection from poverty, disease,
unemployment, exploitation, and lack of opportunity. Paris (2001) emphasizes that human security
should not replace the traditional concept but rather expand and deepen it in a world of
multidimensional threats.

Building on this expansion, Mary Kaldor (2012), through her concept of “new wars,” argues that
contemporary conflicts no longer follow the traditional state-to-state model but instead emerge from
a mix of violence, criminality, and politics. These hybrid wars involve non-state actors, the use of
new technologies, and innovative forms of propaganda and disinformation. The Western Balkans
illustrate this reality vividly: the conflicts of the 1990s contained elements of ethnic violence but also
hybrid characteristics such as the involvement of non-state groups, transnational criminal networks,
and external interference.

Contemporary scholarship has increasingly placed technological change—and especially artificial
intelligence (Al)—at the heart of security debates. Brynjolfsson and McAfee (2014) describe Al as
the driving force of a “new machine age,” reshaping work, productivity, and social organization. Kate
Crawford (2021), in Atlas of Al, examines the political, social, and environmental costs of this
technology, warning that its use in governance and security could reinforce existing asymmetries of
power. Cathy O’Neil (2016), in Weapons of Math Destruction, critiques large-scale algorithms that,
instead of ensuring neutrality and efficiency, often reproduce inequality and distort democratic
processes. ZavrSnik (2020) highlights the risks Al poses to human rights and civil liberties,
particularly in criminal justice and public surveillance. On the other hand, Michael Horowitz (2018)
argues that Al will significantly shape international competition and the global balance of power,
becoming a defining factor in states’ strategic advantage. Taken together, this body of literature shows
that Al is not merely an auxiliary technology but a transformative element of the global security
architecture.

The practical applications of Al in security are wide-ranging. Rid and McBurney (2012) discuss the
concept of “cyber weapons” and their implications for international conflict, stressing the destructive
potential of digital attacks. Singer and Friedman (2014) present cybersecurity as one of the most
pressing defense policy areas of the twenty-first century, where technology and politics are deeply
intertwined. In another domain, Eric Topol (2019) points to AI’s potential in healthcare, suggesting
that it could “humanize” medical practice through more accurate diagnoses and personalized
treatments. This example illustrates that AI’s impact extends beyond the military sphere to social and
human dimensions, thereby expanding the meaning of security itself.

The Western Balkans, marked by recurring conflicts and prolonged political transitions, offer a
significant case for analyzing the intersection between security paradigms and technological change.
Florian Bieber (2018) employs the term “stabilitocracy” to describe how regional governments
maintain power through a fragile equilibrium between formal stability and a lack of functional
democracy. This suggests that security is not only about external threats but also about internal
resilience, closely tied to institutional quality. Bechev (2019) highlights the role of Russia in
Southeastern Europe, showing how the Balkans remain vulnerable to external interference through
hybrid means—from energy to disinformation. Krasniqi (2020) underscores the specific
vulnerabilities of small states in the region, which lack robust internal capacities and are highly
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exposed to external pressures. These analyses converge on the point that the region cannot rely solely
on classical models of security but must develop predictive and proactive mechanisms.

Official documents from the region echo this recognition. Albania’s National Security Strategy (2021)
stresses the importance of cyber defense and the integration of new technologies into national
policies. Similar strategies in Kosovo and North Macedonia prioritize resilience against hybrid threats
and preparedness for challenges arising from digital transformations. These documents reveal a clear
orientation toward predictive security, even if practical capacities to implement it remain limited.

The lessons of the war in Ukraine have further sharpened the debate. Hoffman (2007) argues that
“hybrid warfare” has become the norm, combining conventional and unconventional tools. Peter
Pomerantsev (2019) highlights the centrality of information and perception warfare, showing that
manipulation of truth is as crucial as territorial control. NATO’s Strategic Concept (2022) explicitly
lists Al as a priority for the development of collective defense. This signals clearly that, even for the
Western Balkans, security can no longer rest solely on traditional deterrence but must embrace
predictive and proactive instruments.

In sum, the literature on security and artificial intelligence reveals a clear evolutionary trajectory:
from a model rooted in traditional deterrence toward one focused on prediction and proactive risk
management. For the Western Balkans, this transition is not a theoretical preference but a strategic
necessity, given the fragility of the region and the transformative nature of emerging technologies.
This study seeks to bridge classical security theories with modern technological developments and
the specific context of the Western Balkans. Security, in this sense, is understood not only as the
defense of territory and sovereignty but also as the ability to anticipate, manage, and mitigate hybrid,
human, and technological challenges that define the new era.

3. Methodology

This study adopts a qualitative approach, aiming to provide both a theoretical and practical analysis
of how artificial intelligence (Al) is influencing the transformation of the security concept in the
Western Balkans. The choice of a qualitative methodology reflects the purpose of the research: not to
statistically measure phenomena, but to explain them through an examination of academic literature,
strategic documents, and current developments in security policy. Such an approach allows for a
deeper interpretation of security dynamics and a more nuanced understanding of their interaction with
technological change.

The sources employed are diverse, including academic literature from the fields of international
relations and security studies, official NATO and European Union documents, national security
strategies from the states of the region, and analyses produced by international organizations and
research institutes. For example, Albania’s National Security Strategy (Government of Albania, 2021)
represents a key reference point in understanding how states in the region are beginning to integrate
cyber defense and emerging technologies into their official frameworks. Similarly, NATO’s Strategic
Concept (2022) emphasizes the role of Al and other emerging technologies as priorities in the
architecture of collective defense.

The analysis is structured around a comparative case study method, highlighting both similarities and
differences among Western Balkan states in their approaches to security and technology. Albania and
Montenegro, as NATO members, align more closely with Euro-Atlantic standards, whereas Bosnia
and Herzegovina and Kosovo face significant obstacles due to political uncertainties and institutional
weaknesses (Bieber, 2018; Krasniqi, 2020). This comparative lens helps to reveal how the role of Al
can be adapted to the specific circumstances of each state, and the extent to which predictive security
is feasible across the region.
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A central element of the methodology is thematic analysis of the literature on Al and security. Authors
such as Horowitz (2018), Crawford (2021), and O’Neil (2016) provide insight into the potential and
risks associated with Al, while studies focused on the Balkans (Bechev, 2019; Bieber, 2018; Krasniqi,
2020) situate the debate within a concrete geopolitical and social context. Integrating these strands of
scholarship makes it possible to balance theoretical reflection with practical considerations.

The limitations of the study stem primarily from the lack of empirical data on the direct use of Al by
security institutions in the Western Balkans. Much of the available information is indirect, derived
from policy documents and expert analyses, while the rapid pace of technological change creates the
risk that certain findings may quickly lose relevance. Nonetheless, focusing on overarching trends
and their implications for the security concept provides a valuable analytical perspective. In sum, the
chosen methodology rests on the triangulation of academic literature, policy documents, and regional
comparative analysis. This combined approach allows the study to offer an in-depth interpretation of
how artificial intelligence is reshaping security in the Western Balkans, marking a shift from
traditional deterrence to predictive security.

From an ethical standpoint, this study prioritizes transparency and academic integrity in the selection
and interpretation of sources. All data are drawn from publicly available academic literature, policy
documents, and expert analyses, ensuring that no confidential or sensitive information is used. Efforts
have been made to avoid bias by engaging with a broad spectrum of perspectives, including critical
voices that highlight the risks of artificial intelligence alongside those emphasizing its potential.
Reliability is reinforced through triangulation: comparing insights across academic studies, official
strategies, and regional cases to validate findings. This approach seeks to provide a balanced,
evidence-based interpretation while recognizing the inherent limitations of a rapidly evolving
technological and geopolitical landscape.

4. The Evolution of the Security Concept in the Western Balkans

The concept of security in the Western Balkans has been shaped by a complex interplay of historical,
political, and social factors that reflect the region’s turbulent character. In the first half of the twentieth
century, security was understood primarily in traditional terms, closely tied to state sovereignty and
territorial defense. The Balkan Wars, the First and Second World Wars, and the ideological
polarization of the Cold War created a reality in which state survival and border protection were
fundamental (Fischer, 1999; Puto, 2009). During this period, classical deterrence and military power
were the central instruments of security, consistent with the realist perspectives articulated by Waltz
(1979) and Mearsheimer (2001).

With the end of the Cold War and the dissolution of Yugoslavia, security in the region took on a more
complex character. The violent conflicts in Bosnia and Herzegovina and in Kosovo during the 1990s
demonstrated that threats no longer stemmed solely from interstate rivalry but also from ethnic
divisions, outbreaks of internal violence, and institutional collapse. The literature on “new wars”
(Kaldor, 2012) is particularly relevant to the Balkans, where violence often blended political, ethnic,
economic, and criminal elements, challenging the classical deterrence framework. NATO’s
intervention in Kosovo in 1999 (Daalder & O’Hanlon, 2000) further underscored that regional
security could no longer be understood outside the international dimension and the logic of
humanitarian intervention.

Entering the twenty-first century, Western Balkan states began building new security structures
aligned with Euro-Atlantic standards. Strategic documents in countries such as Albania, North
Macedonia, and Montenegro started to reflect not only national security in military terms but also
aspects of human and cyber security (Government of Albania, 2021). This evolution paralleled the
broader framework developed by Buzan, Weaver, and de Wilde (1998), which emphasized the
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importance of multiple security sectors beyond the military. As a result, challenges such as mass
migration, unemployment, corruption, and social insecurity came to be recognized as genuine threats
to regional stability, highlighting that security could no longer be confined to border defense.

The region has also been directly affected by the rise of hybrid threats. Disinformation campaigns,
cyberattacks, and economic pressure from external actors have created an environment in which
threats are often invisible, diffuse, and difficult to manage through traditional means. Bechev (2019)
has analyzed Russia’s hybrid influence in Southeastern Europe, while Bieber (2018) describes the
phenomenon of “stabilitocracy,” where governments invoke the rhetoric of stability to justify
democratic backsliding, thereby making institutional fragility itself a component of the security
dilemma. Krasniqi (2020) adds that for the region’s small states, threats arise not only from external
pressures but also from internal weaknesses in crisis management.

Against this backdrop, artificial intelligence offers a new perspective on how the concept of security
may evolve further. Recent lessons from the war in Ukraine show that Al has become central to
modern warfare, including the use of autonomous drones, satellite data analysis, and cyber defense
systems (Hoffman, 2007; Pomerantsev, 2019). NATO’s Strategic Concept (2022) explicitly identifies
Al and emerging technologies as priorities for the architecture of collective defense. These
developments have direct implications for the Western Balkans, where states can no longer rely on
classical deterrence alone but must adopt predictive security approaches, harnessing technology to
anticipate and neutralize threats.

The evolution of the security concept in the Western Balkans is thus a layered process that combines
the legacy of traditional conflict with the challenges of hybrid and human security. From a region
once divided by violent conflicts in the 1990s, it has transformed into a space where insecurity is
increasingly linked to fragile democracy, migration, energy dependency, and disinformation. The
integration of artificial intelligence into security policy is therefore not merely a modernizing option
but a strategic necessity for building a more resilient and inclusive security architecture. This process
marks a shift from a traditional concept rooted in deterring adversaries to a new paradigm where
prediction, adaptation, and proactive risk management lie at the core of strategic thinking.

Country-Level Illlustrations. Albania has taken significant steps toward aligning its security policies
with Euro-Atlantic standards. As a NATO member since 2009, Albania’s National Security Strategy
(Government of Albania, 2021) highlights cyber defense, resilience to hybrid threats, and the
integration of emerging technologies as priorities. Recent cyberattacks against government systems
in 2022 underscored the urgency of these measures, pushing Albania to strengthen cooperation with
NATO’s Cooperative Cyber Defence Centre of Excellence and to explore Al-assisted cybersecurity
frameworks.

Kosovo, still in a process of consolidating statehood, faces more complex challenges. Its security
institutions remain fragile, and the country lacks NATO membership, making it more vulnerable to
external influence and disinformation campaigns. Despite this, Kosovo’s National Security Strategy
has gradually included human security and cyber resilience as focal points, while international
partnerships—particularly with the EU and the United States—play a decisive role in capacity
building. However, internal political divisions and limited resources constrain the implementation of
predictive and technology-based security models.

North Macedonia, having joined NATO in 2020, illustrates both the opportunities and dilemmas of
integration. On one hand, NATO membership provides external guarantees that traditional deterrence
alone could not secure. On the other, North Macedonia’s domestic security environment remains
marked by ethnic tensions and institutional weaknesses. Its National Security Strategy (2020)
emphasizes resilience against hybrid threats and the modernization of defense through digital
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technologies. The government has begun to invest in cyber defense units and partnerships aimed at
incorporating Al into monitoring and crisis response systems.

Taken together, these cases show that while Western Balkan states share similar vulnerabilities, their
responses are mediated by their geopolitical status, NATO integration, and institutional capacities.
For Albania and North Macedonia, NATO membership has created a clearer pathway toward adopting
predictive security models supported by Al. Kosovo, by contrast, remains more exposed to hybrid
threats, relying heavily on external actors to compensate for its limited institutional capacity.

5. The Role of Artificial Intelligence in Transforming Security

Artificial intelligence (AI) has become a decisive factor in how security is conceptualized and
exercised at both global and regional levels. At a time when threats are no longer purely traditional,
Al provides the tools to move from a paradigm centered on deterrence and reaction to a new security
architecture grounded in prediction and proactive risk management. This transformation is especially
visible in the Western Balkans, a region whose institutional fragility, exposure to external actors, and
internal tensions make it particularly vulnerable to hybrid, cyber, and informational threats.

In theoretical terms, Horowitz (2018) argues that Al is reshaping the balance of power in international
politics, granting strategic advantages to actors that invest in technology and develop advanced
capabilities. This holds true for the Balkans as well, where states cannot rely solely on the collective
security offered by NATO but must also build national capacities capable of leveraging new
technologies. Unlike classical deterrence—expensive and difficult to implement for small states—
predictive security offers a more accessible model: Al can compensate for the absence of large-scale
military power by enabling risk forecasting and advanced analysis.

Cybersecurity is the field where Al’s impact is most immediate. Rid and McBurney (2012) note that
cyber weapons have already become inseparable from modern conflict, while Al is increasingly
employed to detect attacks in real time and to develop adaptive defense systems. Albania provides a
telling example: in 2022, a massive cyberattack temporarily paralyzed government services, affecting
more than 1.2 million users of the e-Albania platform (Council of the EU, 2022). This incident
highlighted the urgent need for regional states to invest in Al technologies for predicting and
preventing such attacks, making cybersecurity a cornerstone of national security architectures.

Another key dimension is border management and migration, an area where the Western Balkans face
recurring challenges. In 2023, FRONTEX reported more than 100,000 illegal crossings along the
Balkan route—a 27% increase compared to 2022. Such figures illustrate how irregular migration can
evolve into a potential security crisis. Al-based surveillance systems, including sensors and predictive
algorithms, can help forecast migratory flows and enable early interventions before situations escalate
(UNDP, 2021). This directly links national security with human security, as managing borders more
effectively also protects individuals and communities.

Al is equally central in the realm of information warfare and disinformation. In the Balkans, where
democracies remain fragile, disinformation campaigns have become tools for external actors to shape
public opinion. Pomerantsev (2019) highlights that control over information is a new form of power,
while Crawford (2021) warns that Al in this context may reinforce existing asymmetries of influence.
Algorithms can generate deepfakes and highly sophisticated propaganda, but Al can also be harnessed
to expose such manipulations. A 2022 study in Kosovo revealed that over 35% of social media content
related to dialogue with Serbia contained elements of disinformation, demonstrating that battles over
information are as consequential as traditional military confrontations.

Al also plays a growing role in policymaking and crisis management. Brantingham, Valasik, and
Mohler (2018) show that predictive systems, though ethically debated, can assist in allocating security
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resources more effectively and in preventing crime. For Western Balkan states, where human and
financial resources are often scarce, Al could provide optimization tools. For example, algorithms
used to analyze urban crime hotspots could reduce patrol costs and improve police efficiency. At the
same time, the potential of Al must be approached with caution due to its risks and limitations. O’Neil
(2016) and Zavrsnik (2020) warn that algorithms lacking transparency and ethical standards can
perpetuate discrimination, erode privacy, and undermine human rights. Without safeguards, Western
Balkan states risk not only public mistrust but also international criticism—particularly as they aspire
to integrate into the European Union. For this reason, building ethical and legal frameworks for Al
use is as essential as technological investment.

In summary, the role of artificial intelligence in transforming security in the Western Balkans is
multidimensional. From cyber defense and border management to countering disinformation and
forecasting crime, Al offers tangible opportunities to shift from reactive to predictive security. Yet
realizing this potential requires sustained investment, strengthened regional cooperation, and close
alignment with NATO and EU standards. Only through such measures can the Western Balkans
construct a security architecture that is effective, ethical, and sustainable—turning Al from a potential
risk into a strategic opportunity.

6. Strategic and Ethical Implications for the Western Balkans

The integration of artificial intelligence (Al) into security policies in the Western Balkans carries far-
reaching implications that extend across strategic, ethical, and political dimensions. On one hand, Al
is viewed as an instrument that enhances the capacity of small states to address challenges larger than
those they could manage with traditional tools; on the other, its use without transparency and ethical
safeguards risks reinforcing existing insecurities.

From a strategic perspective, Al offers regional states a way to compensate for their limited military
power. Through predictive systems and risk-analysis tools, they can develop more effective
mechanisms for crisis management and for countering hybrid threats. Horowitz (2018) emphasizes
that for small states, Al is not a luxury but a strategic necessity for survival in an increasingly
competitive international system. NATO statistics indicate that only four states in the region allocate
more than 2% of GDP to defense (NATO, 2023), which makes investment in technology a more
attainable path for strengthening security capacities.

Another strategic implication lies in regional and international relations. Both NATO (2022) and the
European Union have identified emerging technologies as priority areas, making the adoption of Al
not only a security issue but also a matter of political convergence with Euro-Atlantic standards.
Albania and Montenegro, as NATO members, are better positioned, having already begun
harmonizing national policies with the Alliance’s strategic concept. Kosovo, Bosnia and Herzegovina,
and North Macedonia—despite facing internal challenges—can employ Al as a marker of
modernization and as an argument in their pursuit of EU integration. However, the absence of a
coordinated approach risks deepening regional fragmentation. For example, the Balkan Barometer
(2023) reports that 68% of citizens believe their countries do not cooperate sufficiently on shared
challenges, including cybersecurity.

Ethical implications are just as pressing as the strategic ones. O’Neil (2016) warns that the use of
algorithms in security can result in unavoidable discrimination, particularly against vulnerable
groups. In a region where ethnic tensions remain high, predictive policing could risk reinforcing
stereotypes and undermining fragile reconciliation processes. Zavrsnik (2020) further argues that the
lack of transparency in Al deployment by justice and security institutions increases the likelihood of
fundamental rights violations—a challenge especially acute for states aspiring to EU membership,
where rule of law is a central requirement.
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Another ethical dilemma lies in balancing privacy and security. Crawford (2021) notes that Al
requires large-scale data collection, which raises the risk of mass surveillance. In the Western Balkans,
where public trust in institutions is low—according to the Gallup Balkan Monitor (2022), only 32%
of citizens express confidence in their governments—expanded surveillance without democratic
safeguards could further erode institutional legitimacy.

In practice, ethical and strategic implications are deeply intertwined. Al-based tools for countering
disinformation are essential for protecting democratic processes, yet if deployed without
transparency, they may be perceived as censorship. A Freedom House (2023) survey found that 42%
of citizens in the Western Balkans fear their governments might misuse digital technologies to restrict
freedom of expression. Similarly, the use of Al in border monitoring can enhance security but, absent
clear humanitarian standards, could lead to violations of migrants’ rights. This concern is particularly
relevant given that in 2023 more than 22,000 migrants crossed Albanian territory and over 70,000
passed through Bosnia and Herzegovina (Frontex, 2023).

In this sense, integrating Al into security policy in the Western Balkans requires three guiding
principles. First, building national capacities through investment in education and technology to avoid
full dependency on external providers. Second, developing regional cooperation mechanisms, since
hybrid and cyber threats transcend borders. Third, ensuring the establishment of ethical and legal
frameworks aligned with NATO and EU standards, so that Al is used as an instrument of democratic
security rather than as a tool of authoritarian control.

In conclusion, the strategic and ethical implications of Al for the Western Balkans show that
technology is never neutral: it can strengthen security and stability, but it can also generate new
insecurities and tensions if used without transparency and democratic oversight. Only by combining
the strategic with the ethical dimension, and by anchoring Al to Euro-Atlantic standards, can the
Western Balkans construct a security concept that is sustainable, inclusive, and credible in the digital
age.

7. Conclusions and Recommendations

The use of artificial intelligence (Al) in the security domain of the Western Balkans presents both
remarkable opportunities and significant challenges. On the one hand, Al holds the potential to
strengthen the capacities of small and fragile states, offering them tools to anticipate and mitigate
threats that would otherwise exceed their traditional capabilities. On the other, it raises concerns
related to weak institutions, fragmented regional cooperation, and the absence of clear ethical and
legal frameworks. In a region characterized by institutional fragility, exposure to hybrid threats, and
dependence on Euro-Atlantic integration processes, policy responses cannot be separated into isolated
national or regional measures. Instead, they must be viewed as a whole—an architecture of security
in which Al is deployed as an instrument of stability rather than as a source of further division.

At the national level, the first and most urgent recommendation is the development of dedicated
strategies that explicitly connect Al with security. At present, most Western Balkan states lack such
documents. Existing frameworks—such as Albania’s National Security Strategy (Government of
Albania, 2021)—mention cyber defense but stop short of articulating a broader vision of Al’s role in
forecasting risks, protecting critical infrastructure, and combating disinformation. This gap is
especially concerning given that, according to a UNDP (2022) survey, 62% of public institutions in
the region have faced cyberattacks within the past five years. Integrated strategies are therefore
essential. They should establish not only how Al will be used but also under what conditions, with
what safeguards, and in pursuit of which security objectives.

Another pressing national challenge lies in building human and technological capacities. The region
suffers from a lack of local expertise and an overreliance on foreign technology providers, many of
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which are linked to broader geopolitical agendas. The Balkan Barometer (2023) reports that only 19%
of public universities in the region offer courses specifically dedicated to artificial intelligence. This
shortage limits the preparation of future professionals who could bridge the gap between technology
and security. Accordingly, universities and security academies should integrate specialized Al
programs into their curricula. Public-private partnerships could also play a vital role in fostering local
innovation and reducing dependence on external suppliers.

At the regional level, cooperation is indispensable. At present, each state tackles cyber and hybrid
threats largely in isolation, even though such challenges are transnational by nature. A regional
mechanism for joint monitoring and information-sharing—supported by Al-enabled tools for
analyzing attack patterns and predicting future targets—would significantly improve resilience. A
model could be drawn from the European Union’s European Union Agency for Cybersecurity
(ENISA), but adapted to the particular realities of the Balkans. Migration management offers another
field where regional collaboration is critical. The Western Balkans remain a major transit corridor for
irregular migration, with Frontex reporting more than 100,000 illegal crossings along the Balkan route
in 2023 alone. Coordinated Al-based surveillance and forecasting mechanisms could enable earlier
interventions and more humane, effective management of flows that no single country can control on
its own.

From a political and normative perspective, harmonization with NATO and EU standards is
essential—not only in terms of technology but also in terms of ethics and the rule of law. For states
aspiring to EU integration, such as Serbia, Kosovo, and Bosnia and Herzegovina, alignment with
European legal and ethical frameworks is a prerequisite for accession. Without these safeguards, Al
risks being used as a tool of authoritarian control, reinforcing the “stabilitocracy” phenomenon
criticized in the literature (Bieber, 2018). To avoid this outcome, Al integration must be accompanied
by strong guarantees for the protection of human rights and privacy. Al should be embedded within a
democratic architecture of security, not positioned as a threat to it.

Equally important is the role of Al in enhancing transparency and public trust. In a region where
institutional confidence remains low—only 34% of citizens in the Western Balkans express trust in
their governments, according to the Gallup Balkan Monitor (2022)—the introduction of new
technologies without independent oversight risks deepening skepticism. National or regional ethics
boards dedicated to monitoring the use of Al in policing, justice, and security could reassure citizens
that the technology is not being misused for mass surveillance or political control. Instead, AI must
be presented and applied as a means of improving transparency, efficiency, and democratic
legitimacy.

Looking more broadly, the evolution of the security concept in the Western Balkans—from the
classical paradigm of deterrence to a more multidimensional approach—mirrors the political and
technological transformations of the region. From the legacy of ethnic conflict and fragile
democratization to new challenges such as hybrid warfare and disinformation, the region has
undergone a transition in which security has expanded into a multi-layered phenomenon. Within this
process, artificial intelligence has emerged as a new factor, facilitating a shift toward predictive
security. In this paradigm, foresight and proactive risk management replace the traditional logic of
fear and punishment.

The analysis has shown that Al is already reshaping how security is understood and practiced in the
region. Its applications—ranging from cyber defense and border management to crime prevention,
disinformation control, and humanitarian crisis management—demonstrate that it is no longer a
secondary tool but an essential element of statecraft. Concrete examples, such as the 2022 cyberattack
against Albania’s e-governance systems or disinformation campaigns in Kosovo and North
Macedonia, reveal that modern threats cannot be addressed through military force alone. Rather, a
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comprehensive security architecture is required—one that uses Al to anticipate and neutralize risks
before they materialize.

From a strategic standpoint, Al offers small states an opportunity to offset their limited military and
economic capacities. Investment in technology and human capital can provide a disproportionate
advantage relative to their size, enabling them to “punch above their weight” in security affairs. This
is particularly relevant for Albania, Montenegro, and North Macedonia, all NATO members expected
to align with the Alliance’s priorities on emerging technologies (NATO, 2022). For Serbia, which
straddles between East and West, Al could become a contested arena between Euro-Atlantic and
Eurasian models, creating new dilemmas about its long-term orientation.

From an ethical perspective, the risks are as profound as the opportunities. Algorithmic
discrimination, mass surveillance, and privacy violations are not hypothetical but real threats. In states
where democracy remains fragile, such as Bosnia and Herzegovina and Kosovo, uncontrolled use of
Al could harm civil liberties and strengthen authoritarian tendencies. This underscores the necessity
of embedding every Al initiative within robust legal and institutional frameworks that align with EU
and NATO standards.

Looking forward, the future of security in the Western Balkans will depend on two critical factors:
convergence with Euro-Atlantic architectures and the ethical, democratic use of AI. On one side,
integration into the EU and NATO offers institutional frameworks and common standards. On the
other, domestic challenges—corruption, political polarization, and low public trust—remain serious
obstacles. For this reason, regional cooperation and the collective use of Al to build resilience should
be treated as priorities.

Ultimately, Al represents both a challenge and an opportunity for the Western Balkans. If adopted
transparently, ethically, and in coordination with Euro-Atlantic partners, it can help transform the
region from a perceived source of insecurity into a space of stability and democratic innovation. If
not, it risks exacerbating fragmentation, authoritarianism, and mistrust. The choice lies in whether
policymakers see Al merely as a technological fix or as a catalyst for building a more resilient,
inclusive, and forward-looking security architecture for the digital age.

Bibliography

1. Bechev, D. (2019). Russia’s influence in Southeast Europe. Routledge.

2. Bieber, F. (2018). The Western Balkans between stabilitocracy and democracy. European Politics and
Society, 19(3), 317-330. https://doi.org/10.1080/23745118.2018.1488620

3. Brantingham, P. J., Valasik, M., & Mohler, G. O. (2018). Does predictive policing lead to biased arrests?
Results from a randomized controlled trial. Statistics and Public Policy, 5(1), 1-6.
https://doi.org/10.1080/2330443X.2018.1438940

4. Brynjolfsson, E., & McAfee, A. (2014). The second machine age: Work, progress, and prosperity in a
time of brilliant technologies. W. W. Norton & Company.

5. Buzan, B., Waver, O., & de Wilde, J. (1998). Security: A new framework for analysis. Lynne Rienner
Publishers.

6. Council of the EU. (2022). EU condemns cyberattack against Albania. https://www.consilium.europa.eu

7. Crawford, K. (2021). Atlas of Al: Power, politics, and the planetary costs of artificial intelligence. Yale
University Press.

8. Daalder, I., & O’Hanlon, M. (2000). Winning ugly: NATO'’s war to save Kosovo. Brookings Institution
Press.

9. Fischer, B. J. (1999). Albania at war, 1939-1945. Hurst & Company.

10. Freedom House. (2023). Freedom on the net 2023. https://freedomhouse.org

11. Frontex. (2023). Risk analysis for 2023. European Border and Coast Guard Agency.

12. Gallup Balkan Monitor. (2022). Insights and perception in the Western Balkans. Gallup Europe.

Proceedings Book 102



4t International Energy Days October 07, 2025

13.

14.

15.

16.

17.
18.

19.
20.

21.
22.
23.
24.
25.

26.
27.
28.
29.

30.
31.

Hoffman, F. (2007). Conflict in the 21st century: The rise of hybrid wars. Potomac Institute for Policy
Studies.

Horowitz, M. C. (2018). Artificial intelligence, international competition, and the balance of power. Texas
National Security Review, 1(3), 36-57.

Kaldor, M. (2012). New and old wars: Organized violence in a global era (3rd ed.). Stanford University
Press.

Krasnigi, A. (2020). Small states and security challenges in the Western Balkans. Journal of Balkan and
Near Eastern Studies, 22(4), 531-548. https://doi.org/10.1080/19448953.2020.1761420

Mearsheimer, J. J. (2001). The tragedy of great power politics. W. W. Norton & Company.

NATO. (2022). Strategic concept  2022. North  Atlantic  Treaty = Organization.
https://www.nato.int/strategic-concept

NATO. (2023). Defence expenditure of NATO countries (2014-2023). https://www.nato.int

O’Neil, C. (2016). Weapons of math destruction: How big data increases inequality and threatens
democracy. Crown.

Paris, R. (2001). Human security: Paradigm shift or hot air? International Security, 26(2), 87-102.
Pomerantsev, P. (2019). This is not propaganda: Adventures in the war against reality. PublicAffairs.
Puto, A. (2009). Historia e diplomacisé shqiptare, 1912—-1939. Toena.

Qeveria e Shqipéris€. (2021). Strategjia e sigurisé kombétare. Tirang.

Rid, T., & McBurney, P. (2012). Cyber-weapons. The RUSI Journal, 157(1), 6-13.
https://doi.org/10.1080/03071847.2012.664354

Singer, P. W., & Friedman, A. (2014). Cybersecurity and cyberwar: What everyone needs to know. Oxford
University Press.

Topol, E. (2019). Deep medicine: How artificial intelligence can make healthcare human again. Basic
Books.

UNDP. (1994). Human development report 1994: New dimensions of human security. Oxford University
Press.

UNDRP. (2021). Digital governance in the Western Balkans. United Nations Development Programme.
Waltz, K. (1979). Theory of international politics. Addison-Wesley.

Zavr$nik, A. (2020). Criminal justice, artificial intelligence systems, and human rights. ERA Forum, 21(2),
243-257. https://doi.org/10.1007/s12027-020-00602-0

Proceedings Book 103



4t INTERNATIONAL ENERGY CONGRESS

October 7™, 2025 / Sivas-Tirkiye
Sivas Cumhuriyet University

THE EFFECT OF RECUPERATOR INTEGRATION ON ORGANIC RANKINE CYCLE
PERFORMANCE: AN ENERGY AND ECONOMIC ANALYSIS

Cenker AKTEMUR

Asst. Prof., Sivas University of Science and Technology, Department of Mechanical Engineering,
Sivas, Tiirkiye ORCID ID: https://orcid.org/ 0000-0001-9045-832X

Baris KAVASOGULLARI

Asst. Prof., Sivas University of Science and Technology, Department of Aerospace Engineering,
Sivas, Tiirkiye (Responsible Author) ORCID ID: https://orcid.org/0000-0002-6086-8923

ABSTRACT

This study compares the thermodynamic and techno-economic performance of two Organic Rankine
Cycle (ORC) configurations — a basic ORC and a recuperated ORC — to estimate the impact of
adding a recuperator on system efficiency. The cycles were modelled using the Engineering Equation
Solver (EES) software, with each unit and energy balance method applied to each constituent, and
the area of the heat exchangers computed using the log mean temperature difference approach. The
economic investigation considered correlations in the cost of purchasing equipment, Net Present
Value (NPV), Levelised Cost of Electricity (LCOE), Payback Period (PP) and Savings-to-Investment
Ratio (SIR). Eight commercially available and environmentally friendly working fluids —
R1233zd(E), R1234ze(Z), n-pentane, isopentane, cyclopentane, n-hexane, isobutane and n-butane —
were investigated under identical boundary conditions (source: 150 °C; sink: 25-35 °C). The
recuperator layout increased the thermodynamic efficiency by 3-8% and reduced the specific
evaporation heat by up to 8%, indicating better energy recovery. However, these enhancements came
at the cost of a 20-30% increase in LCOE and a 12—-15% decrease in NPV, due to the increase in
capital cost. In terms of efficiency, cyclopentane achieved the highest value of n = 0.161, while n-
pentane offered a balanced compromise between cost and performance. The results show that
recuperation is technically superior for applications involving the recovery of low-grade heat;
however, economic viability depends on the scale of the plant, the availability of a heat source and
the capital cost profile.

Keywords: Organic Rankine Cycle, Net Present Value, Levelised Cost of Electricity, Payback Period
and Savings-to-Investment Ratio

1. INTRODUCTION

The global challenge of meeting rising energy demand while simultaneously mitigating greenhouse
gas emissions has led to a search for technologies that can capture and convert low-grade thermal
energy. Many industrial and geothermal processes generate low-temperature waste heat that is usually
discarded. Recycling this thermal energy can increase the overall efficiency of systems and reduce
their environmental impact (Ahmad et al., 2020; Muhumuza & Eames, 2022). The Organic Rankine
Cycle (ORC) is a popular solution for such applications as it can function optimally with medium-
and low-temperature heat sources using organic working fluids with suitable boiling and
thermophysical properties (Moreira & Arrieta, 2019; Pilia et al., 2020). However, the precise
efficiency of the simple ORC can be compromised for applications with minimal temperature sources
or zero temperature ranges (Li et al., 2012; Sun et al., 2017). To mitigate these disadvantages, various
enhanced ORC systems have emerged over time, including regenerative, reheat, multi-pressure,
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transcritical and recuperative systems. These systems aim to optimise the interaction between the
working fluid and the heat sources under specified working conditions, thereby maximising net power
output or exergetic efficiency (Zhang et al., 2014; Guo et al., 2015). In the recuperative ORC (R-
ORC), an internal heat exchanger (recuperator or internal heat exchanger, IHE) is located between
the turbine exhaust and the pump discharge. This configuration enables temperature recovery from
the turbine exhaust to preheat the working fluid prior to evaporation, improve thermal matching, and
reduce the need for external heat inputs (Zhang et al., 2018; Javanshir et al., 2017). Some earlier
numerical and experimental studies also suggest that internal temperature recovery can affect patterns
of exergy destruction and design considerations for heat exchanger area and pinch points. Gains for
a cycle can therefore depend greatly on the properties of the working fluid and the temperature profile
of the hot source (Ma et al., 2018; Sun et al., 2017). The choice of working fluid remains at the centre
of ORC design, particularly in the context of environmental control and lifecycle thinking. Numerous
comparative studies in the literature demonstrate the impact of fluid characteristics (dry, isentropic
and wet), critical temperatures and vapour densities on both first-law efficiency and auxiliary power
requirements (Xu et al., 2016; Ma et al., 2018). Conversely, recent applications emphasise the use of
lower-GWP working fluids as a substitute for high-GWP ones, as well as considering safety
(flammability) and lifecycle emissions when selecting a working fluid (Tanbar et al., 2025). In
addition to thermodynamics, system integration and techno-economic factors notably impact the
economic viability of recuperative designs. Adding an IHE increases capital costs, raises the area of
the heat exchanger and may also incur other pressure losses that influence net power. Thus,
performance and cost analyses that incorporate both factors are required to estimate the value of
efficiency improvements in terms of the allowable additional initial outlay (Feng et al., 2023;
Kosmadakis & Neofytou, 2022). Some recent studies utilise composite thermodynamic and economic
parameters (e.g. LEC, NPV and payback period) to provide balanced design recommendations for
ORC applications in scenarios such as biomass, flue gas and geothermal power plants
(Georgousopoulos et al., 2021; Feng et al., 2023).

This study compares and evaluates the economic and thermodynamic efficiencies of basic and
recuperative ORC configurations under identical working conditions. Using low-GWP working fluids
and a given waste heat input, the analysis evaluates the impact of recuperation on heat usage, thermal
efficiency and economic parameters. The results provide a practical benchmark for optimising the
sustainability and performance of ORC-based power generation technologies for use in low-
temperature industrial and geothermal applications.

2. THERODYNAMIC MODELLING
2.1 System Description

The recuperated Organic Rankine Cycle (ORC) arrangement in Figure 1 improves upon the standard
ORC by incorporating an internal recuperator (a regenerative heat exchanger), thereby increasing its
overall thermal efficiency. Even after expansion by the turbine, the working fluid retains a
comparatively high temperature. Rather than releasing all this heat into the condenser, some of it is
recovered in the recuperator to preheat the pressurised liquid before it reaches the evaporator. Internal
heat recovery means that less external heat needs to be supplied to the evaporator, thereby increasing
cycle efficiency and reducing fuel or resource utilisation. The process flow can be outlined as follows:

1-2 (pump): The working fluid is accelerated from low to high pressure, with its enthalpy increasing
slightly as a result of the work of the pumps.

2-3 (Preheating in recuperator): The pressurised liquid absorbs heat from the turbine exhaust in the
recuperator, raising its temperature before entering the evaporator.
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3—4 (Evaporator): The liquid is boiled off using an external source of heat (geothermal, solar, waste
heat, etc.).

4-5 (Expander): The high-pressure vapour moves through a turbine, doing mechanical work which
is converted to electricity by a generator.

5—6 (Recuperator cooling): The turbine exhausts the vapour, transferring some of its lingering heat to
the pressurised liquid stream.

6—1 (Condenser): The condensed vapour is converted into liquid by shedding heat to the cooling
medium, thus concluding the cycle.

| ©

O G (100

Figure 1. Schematic presentation of recuperated organic rankine cycle

2.2. Methodological Basis for Thermodynamic and Economic Evaluation

The thermodynamic and economic equations presented above were used to conduct the analysis in
this study. These formulations are consistent with the methodologies employed by Elmaihy et al.
(2023), Zare (2015), Baral and Sebo (2024) and van Santen and Blom (2023).

Pump (1-2)

hzs = h(P_evap, s1)

h2 =hi + (hzs — hi) /n_pump

Pump work:

W_pump = m(hz2 — hi)

Recuperator (2—3 cold side, 5—6 hot side)
Heat balance:

Q _rec = m(hs — h2) = m(hs — he)

LMTD method:
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A rec=Q rec/ (U rec - AT Im,rec)
AT Im,rec = ((Ts — Ts) — (Te — T2)) / In((Ts — T5)/(Ts — T2))

Evaporator (3—4)

Heat absorbed:
q evap =hs —hs
Q evap=m - q _evap

Heat exchanger area:
A evap=Q evap/ (U evap - AT Im,evap)
AT Im,evap = ((T_hw,in — T4) — (T_hw,out — T5)) / In((T_hw,in — T4)/(T_hw,out — Ts))

Turbine (4—5)

hss =h(P_cond, s4)
s = ha —1_turb(hs — hss)

Turbine work:
W_turb = Ii’l(h4 — hs)

Condenser (6—1)

Heat rejected:
q _cond =hs —h:
Q cond=m - q cond

Heat exchanger area:
A cond=Q cond/ (U cond - AT Im,cond)
AT Im,cond = ((Te — T _cw,out) — (T: = T _cw,in)) / In((Ts = T_cw,out)/(T: — T_cw,in))

Net Power & Efficiency

W _net=W_turb—W_pump
n=W net/Q evap

Annual electricity generation:
E year=W net - 8760 - CF

Annual revenue:
REV =price el - E year

Capital & Operating Costs

Purchase Equipment Cost (PEC) correlations:

PEC TG =10"(2.6259 + 1.4398-1og10(W_turb) — 0.1776-(loglO(W _turb))?)

PEC PUMP = 10"(3.3892 + 0.0536-1og1 0(W_pump) + 0.1538-(logl O(W_pump))?)
PEC_EVAP = 10000 + 324-(A_evap)*0.91

PEC_COND = 10000 + 324-(A_cond)"0.91

PEC_REC = 10000 + 324-(A_rec)0.91

Direct capital cost:
CAPEX direct =PEC_TG + PEC_PUMP + PEC_EVAP + PEC_COND + PEC_REC

Total investment:
CAPEX total = CAPEX direct - (1 +f BOP + f cont)
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Operating expenses:
OPEX =f O&M - CAPEX total

Capital Recovery Factor (CRF):
CRF=i(1 +i)*n/((1 +i)*n—1)

Levelized Cost of Electricity (LCOE):
LCOE = (CRF - CAPEX total + OPEX)/E year [$/kWh]

Net Present Value (NPV):
NPV =—CAPEX total + Z(CF_ann/ (1 +1)"t)

Payback Period (PB):
PB = CAPEX total / (REV — OPEX) [years]

Savings-to-Investment Ratio (SIR)
SIR =%(CF _ann/ (1 +1)*t)/ CAPEX total

2.3 Input parameters and Assumptions

The economic and thermodynamic performances were determined by applying the input parameters
given in Table 1. These were all taken from reputable scholarly articles and engineering databases to
ensure uniformity and reproducibility. The thermodynamic operating conditions, such as the
evaporator and condenser saturation temperatures (130 °C and 35 °C, respectively), were selected
based on typical medium-temperature heat recovery cases, as validated in earlier work on the ORC
(Walnum et al., 2011). Superheating (10 K) and subcooling (3 K) levels were adopted to optimise
cycle stability and prevent condensation or vapour lock in the expander. The working fluid mass flow
rate was set to 0.4 kg/s, in line with the base case capability of a small-scale ORC package. The heat
exchanger parameters were determined using reliable online engineering sources (EngineeringPage,
n.d.), with the overall heat transfer coefficients being found to be 1.2 kW/m*:K, 0.6 kW/m?-K and 0.3
kW/m?-K for the condenser, evaporator and recuperator respectively. The recuperator effectiveness
was set to 0.8, which is typical for compact plate heat exchangers used in low-enthalpy cycles.
Regarding system performance, Baldasso et al. (2017) gave the isentropic pump and turbine
efficiencies as 0.75 and 0.80, respectively. Additionally, CF was set to 0.90, corresponding to stable
geothermal or industrial waste heat conditions (Stefansson, 2002). The system lifetime was given as
20 years (Rubio-Maya et al., 2016), with a discount rate of 11% (i rate), which is typical of investment
conditions in renewable energy projects. Economic considerations comprised a market-oriented
electricity selling price (P_(elec)) of 0.12 USD/kWh based on current market information, an
operation and maintenance (O&M) cost fraction (f (O&M)) of 3% (Rubio-Maya et al., 2016) and a
balance-of-plant (BOP) cost fraction (f (BOP)) of 15% (NETL, 2021). Finally, the contingency cost
fraction (f (cont)) was set at 8%, in line with costing estimation practices put forward by Rubin
(2016) and frequently implemented in the techno-economics of ORC studies. Together, these
assumptions provide a realistic, literature-based framework for calculating the thermodynamic and
economic performance of basic and recuperated ORC systems.
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Table 1. Thermodynamic and economic input parameters and assumptions used for the basic and
recuperated ORC analyses.

Symbol Value Unit Reference

T evap,sat 130 °C This study

T cond,sat 35 °C This study

SH_evap 10 K Walnum et al. (2011)
SC cond 3 K Walnum et al. (2011)
m 0.4 kg/s This study

T cw,in 25 °C This study

T cw,out 35 °C This study

U_cond 1.2 kW/m?-K EngineeringPage (n.d.)
U evap 0.6 kW/m?-K EngineeringPage (n.d.)
U rec 0.3 kW/m?-K EngineeringPage (n.d.)
€ rec 0.8 - This study

n_pump 0.75 - Baldasso et al. (2017)
n_turb 0.80 - Baldasso et al. (2017)
CF 0.90 - Stefansson (2002)
n_years 20 years Rubio-Maya et al. (2016)
i_rate 0.11 - This study

P_elec 0.12 USD/KWh This study

f O&M 0.03 - Rubio-Maya et al. (2016)
f BOP 0.15 - NETL (2021)

f cont 0.08 - Rubin (2016)

3. RESULTS AND DISCUSSIONS

Figures 2 through 7 illustrate the comparative technological, economic and thermodynamic results of
both the base Organic Rankine Cycle (ORC) configurations and their recuperated counterparts in
depth. These figures effectively delineate the subtle trade-oft between increased efficiency and overall
economic feasibility when a recuperator is integrated into the operating cycle.

Figure 2 shows how the specific evaporation heat varies for conventional and recuperated Organic
Rankine Cycle (ORC) configurations using different working fluids. The recuperated configuration
consistently exhibits lower specific evaporation heat values than the conventional configuration,
reflecting improved thermal efficiency due to internal warming/recuperation measures. The reduction
varies from around 4% to 8%, with the maximum reduction occurring with n-pentane and isopentane.
This finding indicates that the working fluid is effectively preheated as it enters the recuperator,
thereby reducing the need for additional external heating. Working fluids such as R1233zd(E) and
R1234ze(Z) require the least heating (approximately 245 klJ/kg), making them suitable for
applications involving limited energy sources at reduced temperatures. In contrast, cyclopentane and
n-hexane require additional heating due to their elevated latent heat of vaporisation.
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Figure 2. The variation of specific evaporation heat using differen type of working fluids

Figure 3 shows the thermal efficiencies of the two configurations using seven different working fluids.
For all the analysed fluids, the recuperated Organic Rankine Cycle (ORC) is more efficient than the
conventional ORC, demonstrating the positive effects of internal heat recuperation. The recuperator
facilitates the reuse of some of the heat energy from the turbine's exhaust stream to heat the
compressed liquid prior to its entry into the evaporator. This decreases the external heat demand and
curbs exergy loss. An improvement in efficiency of between 4% and 6% is observed, depending on
the specific working fluid. The highest efficiency corresponds to cyclopentane at 0.161, followed
successively by n-hexane at 0.153 and n-pentane at 0.151. This shows that hydrocarbons with high
critical temperatures are the most effective working fluids in medium-temperature cycles. However,
the efficiency of isobutane and n-butane is below 0.145, mainly due to their low boiling points

inducing high condenser pressures and smaller temperature differences across the heat exchangers,
thus inhibiting energy recuperation.
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Figure 3. The variation of thermal efficiency using differen type of working fluids

Figure 4 presents a comparative analysis of the Levelised Cost of Electricity (LCOE) for both
systems. The recuperated ORC typically exhibits marginally higher LCOE values due to the
additional costs incurred by the recuperator and the longer payback period associated with a greater
capital investment. Despite its lower efficiency, the basic ORC continues to deliver lower electricity
costs thanks to its simpler design and reduced equipment requirements. The minimum LCOE,
quantified at $0.039/kWh, is achieved with cyclopentane, whereas the maximum costs are associated
with the environmentally benign refrigerants R1233zd(E) and R1234ze(Z), rising to $0.087/kWh.
These results imply that, while next-generation low-global warming potential (GWP) fluids are
thermodynamically feasible, they are not as economically competitive due to higher market prices
and reduced thermal efficiencies at intermediate temperature levels.
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Figure 4. The variation of Levelised Cost of Electricity using differen type of working fluids

Figure 5 shows the Net Present Value (NPV) of the two layouts, which is a critical economic
parameter needed to estimate project profitability. For all working fluids, the Organic Rankine Cycle
(ORC) always achieves a higher NPV, confirming that installing an additional recuperator decreases
the overall return on investment. For example, the NPV of the cyclopentane-fired ORC is
approximately 170,494 USD, whereas the recuperated ORC yields 148,803 USD. Similarly, in the
cases of n-pentane and isopentane fuels, installing a recuperator reduces the NPV by about 13—-15%.
Although increased efficiency enhances energy consumption, these efforts cannot offset the increase
in equipment costs under the above economic conditions (interest = 11%, lifetime = 20 years).
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Figure 5. The variation of Net Present Value using differen type of working fluids
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Figure 6 shows the results of the Savings-to-Investment Ratio (SIR) analysis, which highlights the
economic patterns identified in the NPV analysis. The SIR values demonstrate greater investment
performance for the basic ORC across all working fluids. Specifically, the SIR for cyclopentane in
the basic ORC is 3.62, compared to 2.80 for the recuperated system. Furthermore, fluids such as n-
pentane and n-hexane consistently exhibit SIR values in excess of 3 in the basic configuration, thereby
affirming their significant economic viability.
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Figure 6. The variation of Savings-to-Investment Ratio using differen type of working fluids

Figure 7 shows the payback period (PB) results for the base and recuperated ORC systems. The
payback period is the time needed for the system to recover the full investment through the revenue
stream. As can be seen, the base ORC always has a shorter payback period than the recuperated ORC
under all working fluids, highlighting the increased economic feasibility under the considered
assumptions. Although the addition of the recuperator increases thermal efficiency, it also leads to a
higher initial system cost and thus increases the time needed for investment recovery. For example,
R1233zd(E) and R1234ze(Z) have the longest payback periods in the recuperated system, at around
4.01 and 4.15 years respectively, due to their relatively high equipment cost and moderate thermal
gains. Conversely, cyclopentane, n-hexane and isopentane demonstrate the shortest payback periods,
ranging from 2.20 to 2.95 years, indicating their significant potential for use in medium-temperature
heat recovery applications.

Proceedings Book 113



4t International Energy Days October 07, 2025

N Basic ORC
mmm Recuperated ORC

B
=]
T

3.48

N w w
n = n
- -

Payback Period (years)
N
=)

A
1’5316@
Q\'\

1,3\1) {\'(.")‘\e ‘.a(\e

N
Q\'\_'I:b (\’?e \9096

Figure 7. The variation of Savings-to-Investment Ratio using differen type of working fluids

CONCLUSION

A detailed thermodynamic and techno-economic comparison of recuperated and base ORC systems
revealed a clear quantitative trade-off between cost and performance. Adding a recuperator increased
the thermal efficiency of all working fluids by 4-6%, raising the average base level of 0.139-0.154
in the base ORC to the recuperated level of 0.144-0.161. However, this thermodynamic advantage
was offset by an 8-20% increase in the LCOE, with the average levelised cost of electricity rising
from 0.045 $/kWh in the base ORC to 0.053 $/kWh in the recuperated ORC.

From an investment perspective, the NPV levels decreased substantially — by almost 15-20% — for
all fluids when the recuperator was considered. For instance, the NPV of cyclopentane decreased
from 170,494 $ (base ORC) to 148,803 $; similarly, values decreased for n-pentane and isopentane.
Also, SIR values decreased by approximately 0.6-0.8, indicating lower profitability. Similarly,
payback time increased by around 0.8—1.0 years, rising from a base level of approximately 2.6 years
in the base case system to around 3.5 years in the recuperated system.

Of the working fluids considered, cyclopentane had the highest efficiency (0.161) and the lowest
levelised cost of electricity (0.039 $/kWh), as well as achieving the best economic equilibrium. This
was followed by n-hexane and n-pentane. Conversely, R1233zd(E) and R1234ze(Z) exhibited high
costs and long payback periods despite their environmental benefits.

In summary, although recuperation increases energy use, the fundamental ORC remains economically
favourable for small- and medium-scale plants due to low capital expenditure and rapid revenue
recovery. A recuperated design is potentially viable on a large scale or in continuous production
operations, where the long-term efficiency gains outweigh the increased expense.
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Ozet

Gilinlimiizde hizla artan niifus, enerji talebinde de paralel bir artisa yol agmaktadir. S6z konusu talep
halen biiyiik 6l¢iide fosil yakitlardan karsilanmaktadir. Yogun fosil yakit kullanimi hem rezervlerin
giderek tiikenmesine hem de kullanim sirasinda yogun karbon salinimi ortaya ¢ikarmaktadir. Bu
durum, kiiresel 1sinmanin hizlanmasina neden olmaktadir. Fosil yakit temelli enerji {iretiminin
cevresel stirdiirtilebilirlik tizerindeki olumsuz etkilerini azaltmak ve enerji verimliligini en st diizeye
cikarmak amaciyla alternatif teknolojiler gelistirilmektedir. Is1 pompalari, dogal ¢evrede yer alan
hava, su ve toprak gibi diisiik sicaklikli enerji kaynaklarindan yararlanarak, yiliksek enerji
verimliligiyle 1sitma ve sogutma imkéani sunan yenilik¢i sistemlerdir. Is1 pompasiin performansi
dogrudan kullanilan kaynagin 1s1 enerjisi ve kaynagin tiirii ile ilgilidir. Kaynaklara bakildiginda ise
havaya gore su ve toprak yil boyu daha kararli sicaklik degerlerindedir. Bu da su ve toprak kaynakli
1s1 pompalarini hava kaynakli 1s1 pompalarina goére daha verimli olmasini saglamaktadir. Toprak
kaynakli 1s1 pompalarinda; topragin nem orani, tiirii (kil, kum vb.), 1s1l iletkenligi, yogunlugu,
derinlige bagli sicakligi, yer alt1 su seviyeleri, toprak yapisindaki mevsimsel degisimler ve borulama
derinligi ile diizeni sistem performansini dogrudan etkilemektedir. Su kaynakli 1s1 pompalarinda ise
su sicakligl, suyun debisi, suyun derinligi, kimyasal ve biyolojik 6zellikleri, akis rejimi, suyun
mevsimsel sicaklik degisimi ve su kaynaginin siirekliligi sistem verimini belirleyici faktorlerdir. Bu
nedenle jeotermal sular gibi yiiksek sicaklikli sularin kaynak olarak kullanilmasi su kaynakli 1s1
pompasinin verimini artirmaktadir. Bu c¢alismada, Afyonkarahisar ilinde bulunan bir termal tatil
koyiiniin jeotermal havuzlarindan desarj edilen atik sudan yararlanilarak su kaynakli 1s1 pompasi ile
gerceklestirilen 1sitma ve sogutma uygulamalari incelenmistir. Inceleme sonuglari, jeotermal
sahalarda bulunan biiytik 6lcekli tesislerde 1s1 pompast kullaniminin enerji tiiketimini 6nemli dlciide
azalttig1 belirlenmistir. Buna ek olarak 1s1 pompalarinin karbon emisyonlariin diisiik olmasi ¢evreci
ve slirdiirtilebilir bir ¢dziim olarak ortaya ¢ikmaktadir.

Anahtar Kelimeler: Su kaynakli 1s1 pompasi, Jeotermal enerji, Atik 1s1 geri kazanimi
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WATER SOURCE HEAT PUMP APPLICATION IN A TOURISM REGION IN
AFYONKARAHISAR PROVINCE

Abstract

Today's rapidly growing population is leading to a parallel increase in energy demand. This demand
is still largely met by fossil fuels. The intensive use of fossil fuels is leading to the depletion of
reserves and significant carbon emissions during their use. This situation is accelerating global
warming. Alternative technologies are being developed to mitigate the negative environmental
impacts of fossil fuel-based energy production and to enhance energy efficiency. Heat pumps are
innovative systems that utilize low-temperature energy sources found in the natural environment,
such as air, water, and soil, to provide heating and cooling with high energy efficiency. The
performance of a heat pump is directly related to the heat energy of the source used and the type of
source. When examining the sources, water and soil exhibit more stable temperature values
throughout the year compared to air. This makes water and soil-source heat pumps more efficient than
air-source heat pumps. In ground-source heat pumps, the moisture content of the soil, its type (clay,
sand, etc.), thermal conductivity, density, temperature at depth, groundwater levels, seasonal changes
in soil structure, and the depth and layout of the piping directly affect system performance. In water-
source heat pumps, the following factors determine system efficiency: water temperature, water flow
rate, water depth, chemical and biological properties, flow regime, seasonal temperature variation of
the water, and the continuity of the water source. Therefore, the use of high-temperature water sources
such as geothermal water increases the efficiency of water-source heat pumps. This study examines
heating and cooling applications using a water-source heat pump powered by wastewater discharged
from the geothermal pools of a thermal resort in Afyonkarahisar province. The study results
determined that the use of heat pumps in large-scale facilities located in geothermal fields
significantly reduces energy consumption. In addition, the low carbon emissions of heat pumps make
them an environmentally friendly and sustainable solution.

Keywords: Water source heat pump, Geothermal Energy, Waste heat recovery

Giris

Niifusun artmasiyla her gecen giin gelisen kentlesme enerji talebinde artisa neden olmaktadir. Enerji
ihtiyac1 halen biiyiik 6l¢iide fosil yakitlar araciligiyla karsilanmaktadir (Url-1). Ancak fosil yakitlarin
rezervlerinin azalmasi ve kullanimi sirasinda yogun karbon salinimi nedeniyle kiiresel 1sinmaya
etkisinin yliksek olmasi ¢evresel siirdiiriilebilirligi olumsuz yonde etkilemektedir. Bu baglamda
iilkeler Kyoto Protokolii ve Paris Iklim Anlagmasi gibi uluslararasi ¢evre politikalar ile yenilenebilir
enerji kaynaklarinin ve yiiksek enerji verimliligine sahip teknolojilerin kullanimini tesvik etmistir
(Giiner ve Turan, 2017). Cevresel etkileri azaltmaya ve enerji verimliligini artirmaya yonelik bu
gelismeler, 1s1 pompalar1 gibi yenilik¢i ve g¢evre dostu teknolojilerin gelistirilmesini miimkiin
kilmistir.

Is1 pompalari, hava, su ve topraktan aldig1 1s1 enerjisini kullanarak 1sitma ve sogutma yapabilen
yuksek enerji verimliligine sahip sistemlerdir. Is1 pompalarinin genel ¢alisma prensibi su sekilde
aciklanabilmektedir: Isitma modunda sistem kaynaktan aldig: diisiik sicakliktaki 1s1 enerjisini daha
yuksek sicakliga getirerek enerjiyi ortama transfer etmektedir. Sogutmada ise bu dongiiniin tam tersi
olup ortamdan ¢ektigi 1s1 enerjisini kaynaga veya dig ortama iletmektedir gerektirir (Cengel ve Boles,
2011).

Kiiresel dl¢ekte kullanim oranlaria bakildiginda hava kaynakli 1s1 pompast kullanimi su ve toprak
kaynakl1 1s1 pompasina gore daha diisiik ilk yatirnm maliyetleri, kurulum kolayligi1 nedenleriyle daha
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yaygin oldugu goriilmektedir. Fakat su ve topragin yil boyunca kararli sicaklik degerinde olmasi su
ve toprak kaynakli 1s1 pompalarinin en dnemli avantaji haline gelmektedir. Bu avantaj séz konusu
sistemlerin hava kaynakli 1s1 pompasina gére daha yiiksek verime sahip performans sunmalarini
saglamaktadir. Ozellikle jeotermal potansiyeli yiiksek bolgelerde, biiyiik 6lgekli yapilar veya
endiistriyel tesislerde su ve toprak kaynakli 1s1 pompalar tercih edildigi durumda ciddi derecede
enerji tasarrufu saglanabilmektedir (Wu, 2009; Ren, 2025). Diinyada ve iilkemizde de boyle
uygulamalar yer almaktadir. Kalkan ve Kaya (2019) yaptiklar1 calismada 80 m? alana sahip bir ortam1
bir su kaynakli 1s1 pompasi ile 1sitmislardir. Su kaynagi olarak yeralti suyunu tercih etmislerdir.
Evaporator su debisi, kondenser su debisi ve Fan-coil hava debisi belirli degerlerde sabitlenip 9 farkli
senaryoda Olctimler alinmistir. En yliksek degerlerin oldugu kosulda 1s1 pompasinin COP degeri 4.27,
tiim sistemin COP degeri 2.92 ve 1sitma kapasitesi 14.32 kW sonuglarina ulasmislardir. Yeralt1 suyu
kalitesi ve sicakligina bakildiginda yeralt1 suyu kaynakli 1s1 pompasinin Erzincan ili i¢in uygulanabilir
oldugu kanisina varmiglardir. Cavus ve Usta (2015) bir 1s1 pompasi sistemi hazirlamiglardir. Yaptiklar
caligmada 1s1 pompast sisteminde kullanilacak sogutucu akiskant R404a olarak belirlemislerdir. Ek
olarak evaporator yerine 1,71 m? giines kollektorii kullanmislardir. Kondenser 40 litrelik bir su kabina
yerlestirilmis ve 1s1 pompasiyla kis kosullarinda sicak su elde etmek i¢in deneyler yapilmistir. Deney
sonuglarina bakildiginda su sicakliginin 44.6 °C’ye yiikseldigi gozlemlenmistir. Is1 pompasinin COP
degeri ise 2,19 olarak bulunmustur. Elde edilen sonuglara bakildiginda tasarlanan bu sistemin
kullanim sicak suyu ve yerden 1sitma sistemlerinde kullaniminin uygun oldugu goriilmiistiir. Caner
vd. (2019) yatay toprak kaynakli 1s1 pompasinin Sivas ili iklim kosullarinda ¢alisma performansini
aragtirmak i¢in Sivas Cumhuriyet Universitesi kampiisiinde kurulmus olan enerji evine yatay toprak
kaynakli 1s1 pompasi sistemi uygulamislardir. Yapilan calismada, toprak sicakliklarinin derinlikle
dogrusal oranda artmasi ve hem dis ortam hem de i¢ ortam sicakliklarinin degiskenlik gdstermesi
nedeniyle, 1s1 pompasi i¢in 1,96-2,3; sistem i¢in ise 1,7—1,99 arasinda COP degerleri elde edilmistir.
Yerdesh vd. (2022) Kazakistan'daki hava kosullar1 altinda toprak kaynakli 1s1 pompasi tabanli bir
1sitma sistemi gelistirmek ve termodinamik performansini degerlendirmek i¢in deneysel ve teorik
arastirmalar yiriitmiislerdir. Yerden 1sitmal1 1s1 degistirici ve R134a sogutucu akiskani ile entegre
edilen sudan suya bir 1s1 pompasi 1sitma sistemini sicak su saglayarak ortamin 1sitma gereksinimlerini
karsilamak icin tasarlamislardir. Is1 pompasi sisteminin performans katsayisinin dngoriilen degerleri
ile deneysel sonuclar %6,2 oraninda iyi bir uyum i¢inde oldugunu bulmuslardir. Ayrica 1s1 pompast
sistemini R152a, R450A, R513A, R1234yf ve R1234ze gibi diger sogutucu akiskanlar kullanarak
termodinamik performansini iyilestirmek i¢in incelemislerdir.

Sunulan bu ¢alismada ise, Afyonkarahisar ili [hsaniye ilgesinde bulunan Grand Ozgiil Termal Tatil
Koyii'nde uygulanan su kaynakli 1s1 pompasi sistemi ele alinmis; sistemin tasarimi, c¢aligma
prensipleri, enerji verimliligi ve ¢evresel siirdiiriilebilirlik acisindan performansi degerlendirilmeleri
yapilmistir.

Uygulama

Ist1 pompalari, kaynak olarak hava, su ve topragi kullanan termodinamik sistemlerdir. Diisiik
sicakliktaki ¢evresel bir kaynaktan alinan 1s1 enerjisi evaporator araciligiyla sogutucu akiskana
aktarilmakta ve bdylece sogutucu akigkan buharlasarak gaz fazina gegmektedir. Daha sonra buhar
fazindaki sogutucu sogutucu akigskan bir kompresor yardimiyla sikistirilarak basinci ve sicakligi
artirllmaktadir. Yiiksek sicaklik ve basinca ulasan sogutucu akiskan kondenserden gecerken 1sisini
ortama aktarmakta ve yogusarak, sivi fazina gegmektedir. S1vi fazindaki sogutucu akigkan genlesme
valfinden gecerek basinci ve sicakligi diisiiriilerek baslangi¢ kosullarina geri dondiiriilmekte ve
cevrim bu sekilde tekrarlanmaktadir. Is1 pompasi sistemi i¢inde yer alan dort yollu vana kullanilarak
akigkan yoniinlin degistirilmesiyle sogutma sistemine doniismektedir. Is1 pompasinin 1sitma ve
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sogutma siireglerindeki ¢alisma prensipleri Sekil 1°de sematik olarak gosterilmektedir (Cengel ve
Boles, 2011)

Isitma Modu Sogutma Modu
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Sekil 1. Is1 pompasinin genel ¢aligma prensibi (Cengel ve Boles, 2011)

Toprak ve su kaynakli 1s1 pompalari, ki mevsiminde toprakta veya suda (nehir, gol, atik su vb.)
depolanmis 1s1 enerjisini i¢ ortama aktarmakta, yaz mevsiminde ise ortamdan aldig1 1s1y1 topraga veya
suya transfer etmektedir. Baska bir ifadeyle, toprak ve su kisin bir 1s1 kaynagi, yazin ise bir 1s1 kuyusu
gorevi listlenmektedir. Benzer sekilde hava da ayni islevsellige sahiptir.

Is1t pompast sistemlerinin kararli ve verimli ¢alisabilmesi i¢in, kaynak veya kuyunun sicakliginin
zaman icerisinde biiyiik dalgalanmalar gostermemesi gerekmektedir. Bu nedenle, 1s1 pompasinin
kurulacagi bolgenin cografi kosullart sistemin etkinligi agisindan kritik Oneme sahiptir. Is1
pompasinin performansi, ayni zamanda kullanilan 1s1 kaynagina bagli olarak da farklilik
gostermektedir.

Kullanilabilecek 1s1 kaynaklar1 arasinda hava, erisilebilirlik agisindan kolay olmasi ve kurulum
maliyetlerinin gorece diisiik olmasi nedeniyle en yaygin tercih edilen kaynaktir. Ancak, ayni iklim
kosullarinda toprak ve su kaynakli 1s1 pompalari, hava kaynakli 1s1 pompalarina gore kiyasla daha
yiiksek verime sahiptir. Kis aylarinda hava sicakliginin diisiik ve dalgali seyretmesi, hava kaynakli 1s1
pompalarinin performansin diisiirmekte ve dolayisiyla enerji tiikketimini artirip verimi azaltmaktadir.
Buna karsilik, yer alt1 toprak tabakalarinin ve belirli su rezervuarlarinin sicakligi y1l boyunca daha
sabit ve hava sicakligina kiyasla daha yiiksek degerlerde seyretmekte, bu da toprak ve su kaynakli
sistemlere performans agisindan avantaj saglamaktadir (Bilen ve Demir, 2021).

Su kaynakli 1s1 pompalar1 kaynak olarak nehir, gol, sehir sebekesi, gri su veya jeotermal su
kullanmaktadir. Su kaynakli 1s1 pompalar1 agik sistem ve kapali sistem olarak iki farkli sekilde
uygulanmaktadir.

Acik sistem uygulamalarinda bazi kritik miihendislik ve cevresel faktorler dikkate alinmasi
gerekmektedir. Ozellikle kaynak olarak kullanilacak suyun icerdigi mineraller, ¢oziinmiis gazlar ve
partikiiller sistemde korozyon, kirlenme, tikanma ve verim kaybi gibi sorunlara neden olabilmektedir.
Bu nedenle su kalitesi sistem giivenligi ve siirdiiriilebilirligi agisindan 6nemli bir parametredir. Ayrica,
su kiitlesinin hacimsel olarak yeterli biiytikliikte olmas1 kararli bir 1s1 aligverisi i¢in gereklidir. Bir
diger 6nemli faktor ise agik sistemlerde kullanilan suyun nasil desarj edilecegidir. Kullanilan kaynaga
gore donlis suyunun ¢evreye zarari en az olacak sekilde desarj edilmesi gerekmektedir.

Kapal1 sistem uygulamalarinda uygun alan ve derinlik 6nemli etmenlerdir. Mevsimsel degisimlerden
dolay1 kaynaktaki su kiitlesinin degisken olmasi goz oniinde bulundurulmalidir. Kuraklik veya su

Proceedings Book 120



4t International Energy Days October 07, 2025

seviyesinin azalmasi borulama sistemini etkileyerek 1s1 pompasi sisteminin kullanilamaz hal
getirebilmektedir (Danis, 2007). A¢ik ve kapali sistem su kaynakli 1s1 pompalart Sekil 2’de
gosterilmektedir (Url- 2).

Kapalt Sistem Acik Sistem

Sekil 2. Kapali ve agik sistem su kaynakli 1s1 pompasi

Su kaynakli 1s1 pompalarinin 6nemli kaynaklarindan biri de iilkemizde de yogunlugu fazla olan
yliksek sicaklikli jeotermal sulardir. Yerkabugunun, farkli derinliklerinde birikmis 1s1 enerjisinin
olusturdugu, sicakliklar1 bolgesel atmosferik sicaklik degerlerinden fazla olan, normal yer alt1 ve yer
iistii sularina gore daha fazla erimis mineral, tuz, gaz igeren sicak su ve buhar olarak tanimlanan
jeotermal enerji, lilkemiz gibi geng ve aktif tektonik kusakta yer alan iilkelerde 6nemli bir dogal
kaynaktir. Jeotermal kaynaklardaki sular genellikle meteorik kokenlidir, atmosferik siire¢ devam
ettigi siirece rezervler kendilerini yenilemektedir. Jeotermal enerjinin 1s1 kaynagi ise tektonik
hareketler sonucu yer yiiziine kadar ulasan magma faaliyetleridir. Tektonizmanin yarattig1 kiriklar
boyunca ilerleyen meteorik sular (yagmur suyu, kar vb.) yer kabuguna yaklastik¢a sicakliklar: artar
ve kayaclar icerisinde birikmektedir. Biriken sularin yer yiiziine tekrar ¢ikmasi ise jeotermal
kaynaklar1 olusturmaktadir (Arslan vd. 2001). Jeotermal kaynaklarin olusum siireci Sekil 3’de
gosterilmektedir.

Sekil 3. Jeotermal kaynaklarin olusum dongiisii (Arslan vd. 2001)

Tiirkiye jeotermal potansiyel olarak Avrupa’da birinci, kurulu giic bakimindan da diinyada 4. sirada
yer alarak kaynak ag¢sinda diinyanin sayili iilkelerinden biri arasinda yer almaktadir (Url-3).
Ulkemizdeki dagilima bakildiginda ise bat1 Anadolu’da jeotermal enerjiden elektrik enerjisi iiretimi,
konut ve sera isitmasi ve balneolojik kullanim daha yogundur. Afyonkarahisar ili de jeotermal
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potansiyeli yiiksek illerimizin basinda gelmektedir (Dinger ve Ezan, 2020). Afyonkarahisar ili
sinirlart icerisinde yer alan Omer-Gecek, Sandikli-Hiidai, Bolvadin-Heybeli ve Gazligél gibi 6nemli
jeotermal enerji sahalari, bolgenin termal turizm ve jeotermal enerji potansiyelini ortaya koymaktadir
(Kervankiran, 2012). Calismada ele alinan Grand Ozgiil Termal Tatil Kdyii Gazligdl jeotermal
sahasinda bulunmaktadir.

Otelin Is1 Pompas1 Uygulamasindan Onceki Isitma Sistemi

Grand Ozgiil Termal Tatil K&yii’niin 1s1 pompasi uygulamasindan 6nceki kullanim sicak su ve 1sitma
sistemi Sekil 4’de sematik olarak gosterilmistir.

Sosyal Tesis, Bina, Gobek Tasi, Hamam,
Spa Isitmasi ve Kullanim Sicak Suyu

JEOTERMAL
e t t t t
o GiDiS KOLEKTORT
OTEL
ISITMA
ESANJORU l l l l
SICAK DONUS KOLEKTORU |
JEOTERMAL

DEPO

Havuzlara ve Bloklara giden jeotermal su

JEOTERMAL
DEPO GIiDiS KOLEKTORT

Sekil 4. Otelin 1s1 pompas1 uygulamasindan 6nceki 1sitma sistemi gemast

Grand Ozgiil Termal Tatil K&yii niin 1sitma ve kullanim sicak suyu sistemi, jeotermal enerji kaynakli
bir altyapiya sahiptir. Jeotermal kaynaklardan elde edilen sicak su Oncelikle bir ana toplama
deposunda biriktirilmektedir. Depolanan sicak su, farkli kapasitelere sahip toplam 7 adet 1s1
esanjoriine yonlendirilmekte ve burada gerceklesen 1s1 transferi yoluyla cesitli kullanim alanlarina
dagitilmak i¢in gidis kolektoriinde toplanmaktadir. Bu alanlar arasinda konaklama binalarinin 1sitma
sistemleri, spa, kadin ve erkek hamamlari, gébek tasi sistemleri ile kullanim sicak suyu ihtiyact yer
almaktadir. Ote yandan, esanjorlerdeki 1s1 degisimi sonrasinda sicakligini biiyiik 6lgiide kaybetmis
olan ve artik insan kullanimi i¢in uygun sicakliga ulasan 1lik jeotermal su ayri bir 1lik jeotermal su
deposunda toplanmaktadir. Bu depodaki 1lik jeotermal su ise havuzlara ve binalara iletilmektedir.

Is1 Pompas1 Se¢imi

Ist1 pompasinin performansit dogrudan kullanilan kaynaginin tiirii ve 1s1 enerjisi potansiyeli ile
dogrudan ilgilidir. Is1 pompasi sisteminin tipinin se¢ciminde ise 1sitilmasi veya sogutulmasi planlanan
mahalin konumu, c¢evresel iklimi, toprak tiirii, yeralt1 ve yeriistii sularina ulagilabilirlik, atik 1s1
enerjisin var veya yok olmasi, yeni yapilacak bir ortama mi yoksa mevcut sisteme mi entegre
edilecegi gibi faktorler g6z Oniine alinmaktadir. Bu faktérlere bakilarak hangi sistem 1s1 pompasinin
uygulanacagini karar verilmektedir (Erdogan vd., 2006).

Bolgenin jeotermal enerji sahasi lizerinde bulunmasinin bir sonucu olarak, 6zellikle turizm sektorii
ile seracilik faaliyetleri son yillarda hizla gelismektedir. Bu durum jeotermal su kaynaklarinin yogun
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bigimde kullanilmasina neden olmaktadir. Ayrica, Afyonkarahisar ilinde kis aylarinin son yillarda
daha sert gecmesi, mevcut jeotermal su kaynaklarinin isitma amaglhi kullaniminda kapasite
sorunlarina neden olmaktadir. Bu baglamda, Grand Ozgiil Termal Tatil K6yii’niin mevcut durumu
degerlendirildiginde, ek enerji kaynagi olarak jeotermal havuzlardan tahliye edilen atik sularin atik
151 geri kazanimi acisindan yeterli sicaklik seviyelerine sahip oldugu goriilmektedir. Desarj edilen bu
atik sular su kaynakli bir 1s1 pompasi sistemine entegre edilerek tekrar kullanilabilir hale getirilebilir.
Ener;ji verimliligi ve siirdiiriilebilirlik ilkeleri ¢ergevesinde degerlendirildiginde bu tiir bir uygulama
hem ¢evresel etkilerin azaltilmasina katki saglayacak hem de mevcut enerji sisteminin performansini
artiracaktir. Bu nedenle su kaynakli 1s1 pompasi sistemlerinin uygulanabilirligi s6z konusu tesis i¢in
etkin ve ¢evreci bir ¢dziim olarak 6ne ¢ikmaktadir.

Is1 Pompasi Entegre Edilmis Isitma ve Sogutma Sistemi

Mevcut tesisata 151 pompasi sistemi entegre edilmesi ve sistemin hem 1sitma hem de sogutma
modlarinda ¢alisacak sekilde tasarlanmasi nedeniyle gidis ve doniis kolektorleri yapilandirilmisgtir.
Her bir kolektor ikiye ayrilmis ve toplamda dort ayri kolektor hatti olusturulmustur. Sekil 5 ‘de gidis
kolektoriiniin 1 numarali kism1 sogutmanin yapilacagi sosyal tesise ve bina 1sitmasina ayrilmistir. 2
numarali kisimda ise kullanim sicak suyuna, gobek tagina, hamam ve spanin 1sitmasina ayrilmistir.

GIDis
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o o 1 2 |
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KOLEKTORT l l T T l l
SICAK | |
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DEPO
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Sekil 5. Kolektorleri ayrilmig 1sitma sistemi semasi
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Sekil 6. Is1 pompasi entegre edilmis sistemin sematik goriintiisii

Sekil 6’de 1s1 pompasinin entegre edildigi sistem sematik olarak gosterilmektedir. Bu sistemde, ilk
olarak atik su bir esanjor vasitasiyla 1sisin1 1 numarali 1s1 pompasinin buharlastirict tinitesindeki
kapali ¢evrimde dolasan suya aktarmaktadir. Buharlastiricida kapali ¢evrimde dolasan sudan
sogutucu akiskana 1s1 ge¢isi olmakta ve sogutucu akiskan buharlasmaktadir. Cevrim sirasinda ytiiksek
sicaklik ve basinca ulasan sogutucu akigkan 1 numarali 1s1 pompasi ile gidis kolektorii arasina
yerlestirilmis olan bir esanjor vasitasiyla 1sisin1 gidis hattindaki suya aktararak bu suyun sicakligini
artirmaktadir. Sicaklig1 azalan atik su hem sogutma hem de 1sitma amaciyla kullanilan 2 numarali 1s1
pompasinin esanjoriine ydlendirilerek sisteme dahil olmaktadir. Yaz mevsiminde 2 numarali 1s1
pompasi sogutma modunda calisirken atik suya 1s1 vermektedir. 2 numarali 1s1 pompasi kullanilarak
dontis kolektoriine eklenen hattan gelen su sogutularak gidis kolektoriiniin sosyal tesis kismina
iletilmektedir. Kis mevsiminde ise, 2 numarali 1s1 pompasi icerisinde yer alan dort yollu vana
aracilifiyla sistem 1sitma modunda calismaktadir. Bu durumda 1sitilan su tekrar gidis kolektoriine
iletilmektedir.

Sonug ve Tartisma

Bu ¢alismada Afyonkarahisar ilinin fhsaniye ilgesinde yer alan Grand Ozgiil Termal Tatil Koyiinde
uygulanan jeotermal su kaynakli 1s1 pompasi sistemi incelenmistir. Agustos aymda hat iizerinde
gerekli Olglimler geceklestirilmistir. Yapilan ol¢limler sonucunda 1sitma amaciyla kullanilan 1s1
pompasinin performans katsayist (COP) degeri 5.1, sogutma yapan 1s1 pompasinin COP degeri ise
3.3 olarak hesaplanmistir. Elde edilen bu degerler jeotermal potansiyelin yiiksek oldugu bolgelerde
su kaynakli 1s1 pompasi sistemlerinin etkinligini ve verimliligini agik¢a ortaya koymaktadir.

Yeralt1 sular1 ve jeotermal kaynaklarin stirekliligi, 1s1 pompasi sistemlerinin kararli ve giivenilir bir
sekilde caligmasina katkida bulunurken, fosil yakit kullaniminin azalmasi sonucunda karbon salinimi1
da onemli Olgiide diigmektedir. Bu baglamda, su kaynakli 1s1 pompalar1 yalnizca ekonomik
faydalariyla degil, ayn1 zamanda cevresel etkileri azaltma potansiyeliyle de siirdiiriilebilir enerji
doniisiimiinde kritik bir rol tistlenmektedir.

Ote yandan, sistemin uygulanabilirligi yalnizca enerji ve cevre boyutlariyla smirl degildir. Ozellikle
otel gibi bliyiik 6lcekli yapilarda, konfor kosullarinin siirekli ve giivenilir bir sekilde saglanmasi da
biiyiik onem tagimaktadir. Uygulanan 1s1 pompas1 sistemi uzun bir periyotta incelenebilirse su
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kaynakli 1s1 pompasi sistemlerinin, bu tiir yapilarda hem kullanici konforu hem de isletme verimliligi
acisindan daha kapsamli ve saglikli sonuglar elde edilebilecektir.

Ozellikle jeotermal agidan zengin bolgelerde yer alan biiyiik 6lgekli tesislerde su kaynakli 1s1 pompasi
sistemlerinin daha yaygin bicimde uygulanabilmesi i¢in hem akademik aragtirmalarin hem de kamu
destek mekanizmalarmin tesvik edici yonde gelistirilmesi kritik dneme sahiptir. Ilerleyen dénemlerde
yapilacak c¢aligmalarin, farkli iklim bolgelerinde sistem performansini degerlendirmesi, ekonomik
fizibilite analizlerini genisletmesi ve kullanict memnuniyetine yonelik parametreleri de icermesi, bu
teknolojilerin yayginlastirilmasi siirecine 6nemli katkilar saglayacagi ongdriilmektedir.

Tesekkiir

Bu calismaya verdikleri destekleri icin Grand Ozgiil Termal Tatil K8yii yonetimine tesekkiir ederiz.
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Abstract

Nuclear reaction codes have become one of the most important tools for insight into nuclear
structures. The development of nuclear codes capable of making accurate predictions in situations
with experimental limitations provides significant ease by reducing the workload. They are used in
the simulation and modelling of topics such as nuclear reactions, nuclear energy production and
fission energy, as well as in predicting fission products, energy efficiency, and safety analyses. One
of the most common applications of nuclear reaction codes, which can contain many models and
hundreds of parameters, is cross-section calculations. For the fission cross-section, which can cover
a wide energy spectrum, to be calculated with high accuracy, many components must have the correct
values. In this study, fission cross-section calculations for *He-induced reactions were performed for
target nuclei 3¢ 184 183 182y yp to an energy region of 150 MeV. Various model parameters were
tested to identify the contributions of components related to compound nucleus and pre-equilibrium
reaction mechanisms and to find the combination that best matches experimental values. The effects
of ingredients such as the fission barrier, level density, and optical model on the cross section were
investigated. The calculated values were compared with experimental equivalents compiled from the
EXFOR library.

Keywords: fission cross section, nuclear reaction codes, *He-induced reactions, nuclear energy.

Introduction

In nuclear cross-section calculations, a variety of theoretical models (compound nucleus models, pre-
equilibrium reaction models, direct reaction mechanisms, and the optical model) play significant roles
in accurately representing the underlying physical processes. Each of these models involves numerous
parameters, potentially numbering in the hundreds, which govern reaction probabilities, energy
distributions, and particle emissions. The predictive success of any nuclear reaction code heavily
depends on the appropriate selection and tuning of these model parameters (Biiylikuslu, 2017).
Therefore, to ensure reliable and physically meaningful results, it is essential to systematically test
both the models and their associated parameters against experimental data. Such benchmarking not
only improves the precision of the calculations but also contributes to a deeper understanding of the
dominant reaction mechanisms involved.

SHe-induced nuclear reactions offer a valuable framework for investigating complex nuclear
processes due to their ability to effectively initiate both compound and pre-equilibrium mechanisms
across a broad energy spectrum (Rubehn et al., 1996; Iyer & Cobble, 1968). These reactions are
particularly useful in probing medium to heavy target nuclei, such as tungsten (W) isotopes, which
are of interest in various technological and scientific applications. Tungsten isotopes (8W, 184w,
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18W, and '"®2W) are notable for their high atomic number and structural stability, making them
relevant in fields such as nuclear fusion, accelerator-driven systems, and spallation neutron sources
(Jing et al., 2001). Accurate fission cross-section data for these isotopes are essential not only for
theoretical model development but also for practical applications involving energy production,
radiation shielding, and nuclear safety analysis. Consequently, evaluating the contribution of different
reaction model components in predicting the fission cross sections of these nuclei provides critical
insight into the reliability and limitations of nuclear reaction codes.

In this study, the contribution of various reaction model components to the calculated fission cross
sections of *He-induced reactions on tungsten isotopes %W, 184W, 183W_and '®2W at incident energies
up to 150 MeV has been investigated. A systematic parameter analysis was carried out to evaluate the
impact of key input parameters such as fission barrier models, level density models, and optical model
potentials. Since the incident energy range corresponds to the higher end of the energy spectrum,
attention was paid to pre-equilibrium mechanisms. Through this comparative approach, the study
aims to identify optimal model combinations that yield improved agreement with experimental data
and to provide insights for future refinements in nuclear reaction modeling.

Materials and Methods

Modern nuclear reaction codes have become indispensable tools for simulating and analyzing nuclear
processes, especially in cases where experimental data are scarce or difficult to obtain. Among these
codes, TALYS (Koning et al., 2023) stands out as a comprehensive and versatile framework capable
of modeling nuclear reactions over a wide range of projectile-target combinations and incident
energies. TALYS integrates multiple reaction mechanisms, including optical models, compound
nucleus formation, pre-equilibrium emission, direct reactions, and fission processes, all governed by
detailed nuclear structure data and adjustable model parameters. The code allows users to calculate
various reaction observables such as cross sections, angular distributions, and energy spectra with a
high degree of flexibility. Its modular structure enables systematic testing of different models and
parameter sets, which is crucial for understanding the sensitivities and contributions of individual
components to specific observables. In this study, TALYS was employed to evaluate the impact of
selected model ingredients (particularly those related to fission barrier heights, level densities, and
pre-equilibrium parameters) on the calculated fission cross sections of tungsten isotopes under *He
bombardment. All models selected in the study and the keywords in the code are given in Table 1.

In TALYS, the modeling of the fission process is controlled through the fismodel parameter, which
determines the type of fission barrier used in the calculation. fismodel I uses semi-empirical or
“experimental” barrier heights compiled from available data. fismodel 2 and fismodel 3 correspond
to theoretical barrier systematics, based on the Mamdouh and Sierk models, respectively. fismodel 4
employs a rotating liquid drop model, incorporating deformation and angular momentum effects,
while fismodel 5 uses a semi-classical WKB approximation to describe the fission path (Sin et al.,
2006). The selection of the fission model significantly influences the calculated fission cross sections,
as the barrier height and shape directly affect the probability of fission, particularly in heavy nuclei
such as tungsten. In this study, different fismodel values were tested to investigate their impact on the
agreement between theoretical predictions and experimental data.

Level density is a fundamental component in nuclear reaction modeling, as it determines the number
of available nuclear states at a given excitation energy and directly influences reaction probabilities,
particularly in compound and pre-equilibrium processes. In TALYS, the Idmodel parameter allows
users to select among six different models for nuclear level density. The first three are
phenomenological: ldmodel 1 corresponds to the Constant Temperature + Fermi Gas Model (CTM)
(Ercison 1960; Gilbert & Cameron, 1965), ldmodel 2 uses the Back-shifted Fermi Gas Model (BFM),
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and ldmodel 3 represents the Generalized Superfluid Model (GSM), which accounts for pairing and
phase transition effects. The remaining models are microscopic: ldmodel 4 and ldmodel 5 are based
on Skyrme-Hartree-Fock-Bogolyubov (HFB) calculations, with the latter using a combinatorial
method, while ldmodel 6 utilizes a temperature-dependent combinatorial level density derived from
Gogny-HFB theory. In this study, multiple level density models were tested to evaluate their influence
on the calculated fission cross sections, especially considering the sensitivity of compound nucleus
formation to level density assumptions.

Pre-equilibrium processes play a crucial role in nuclear reactions at intermediate and high energies,
where the incident projectile interacts with the target nucleus before a compound system is fully
formed. TALYS simulates pre-equilibrium emission through the preeqmode parameter, which
governs how particle emission prior to equilibrium is modeled. There are four available options.
preegmode I employs the exciton model (Gruppelaar et al., 1986; Koning & Duijvestijn, 2004) with
analytical transition rates, where the transition probabilities are computed using energy-dependent
matrix elements. preeqgmode 2 uses the same exciton model but with numerical evaluation of
transition rates, offering improved accuracy at the expense of computation time. preeqgmode 3 further
refines the approach by incorporating the optical model to determine collision probabilities, resulting
in a more physically realistic description of nucleon interactions. Finally, preegmode 4 adopts a multi-
step direct/compound model, which treats the pre-equilibrium process as a sequence of direct and
compound-like steps, allowing for angular momentum and channel-specific effects. In this study,
different preeqgmode settings were explored to understand their impact on fission cross sections at
energies where pre-equilibrium contributions become significant, particularly above ~50 MeV.

Table 1. Level density models, pre-equilibrium models, and fission barrier models controllable with
the TALYS code

level densities models pre-equilibrium models fission barrier models

ldmodel 1 preegmode 1 fismodel 1
Constant Temperature + Fermi gas Exciton model: Analytical “experimental” fission barriers
model (CTM) transition rates with energy-
dependent matrix element.
Idmodel 2 preegmode 2 fismodel 2
Back-shifted Fermi gas Model Exciton model: Numerical theoretical fission barriers,
(BFM) transition rates with energy- Mamdouh table
dependent matrix element
Idmodel 3 preegmode 3 fismodel 3
Generalised Superfluid Model Exciton model: Numerical theoretical fission barriers,
(GSM) transition rates with optical Sierk model
model for collision probability
ldmodel 4 preegmode 4 fismodel 4
Skyrme-Hartree-Fock-Bogolyubov ~ Multi-step direct/compound theoretical fission barriers,
level densities from numerical model rotating liquid drop
tables
Idmodel 5 fismodel 5

Skyrme-Hartree-Fock-Bogolyubov
combinatorial level densities from
numerical tables

WKB approximation for
fission path model

Idmodel 6
Temperature-dependent Gogny-
Hartree-Fock-Bogolyubov
combinatorial level densities from
numerical tables
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To evaluate the individual and combined effects of model components on fission cross-section
calculations, a two-step parameter testing strategy was employed. First, each model group (fission
barrier models (fismodel), level density models (/dmodel), and pre-equilibrium models (preegmode))
was varied independently while keeping the others fixed, allowing for the assessment of their isolated
impact on the results. This procedure was repeated for each target nucleus ('*W, 34w, 83W, and
182W). In the second stage, all possible model combinations (6 level density x 5 fission x 4 pre-
equilibrium models, totaling 120 combinations) were tested to identify optimal configurations
yielding the best agreement with experimental data (Biiylikuslu 2024). The agreement between
theoretical and experimental cross sections was quantitatively assessed using the chi-square (¥*/N)
method, defined as:

Xsz _ lz (Uexp - Utheo)z
"N

Ageyp

where 0exp and oy, are the experimental and calculated cross sections, respectively, and Adgy,

denotes the associated experimental error. This statistical metric enabled a consistent, objective
comparison across models and provided a robust measure for identifying the most reliable model
combinations.

All experimental fission cross-section data used for comparison in this study were collected from the
EXFOR database (Otuka et al., 2014; Jing et al., 2001), maintained by the International Atomic
Energy Agency (IAEA). The selected datasets correspond to peer-reviewed measurements for *He-
induced reactions on tungsten isotopes in the energy range up to 150 MeV.

Findings and Discussion

Figures 1 presents the calculated fission cross sections of the '*W(*He,f) reactions for different
selections of level density, pre-equilibrium, and fission barrier models tested independently. Although
similar trends were observed for other tungsten isotopes (**W, '3¥W, and '8*W), only the results for
1823 are shown here for illustrative purposes. Among the level density models, the Generalized
Superfluid Model (GSM, Ildmodel 3) provided the best agreement with experimental data across a
broad energy range. For the pre-equilibrium component, the most accurate results were obtained using
preeqmode 3, which applies the exciton model with numerical transition rates and incorporates the
optical model to estimate collision probabilities. Regarding fission barrier models, both fismodel 1
(experimental barrier heights) and fismodel 5 (WKB approximation for the fission path) produced
results that closely matched the experimental cross sections. These findings suggest that specific
model configurations are consistently more reliable for simulating *He-induced fission reactions on
W isotopes.
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Figure 1. For the 2W(3He,f) reaction: comparison of level density models on the left, comparison of
pre-equilibrium models in the middle, comparison of fission barrier models on the right
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Figures 2 presents the fission cross-section calculations using the model combinations that yielded
the lowest chi-square values for each tungsten isotope. The results, summarized in Table 2,
demonstrate a consistent preference for the Generalized Superfluid Model (/dmodel 3) across all
isotopes, indicating its robustness in reproducing the level density behavior of medium-to-heavy
nuclei under *He bombardment. For fission barriers, both experimental data (fismodel 1) and the
WKB approximation (fismodel 5) yielded the best fits, depending on the isotope. Interestingly, while
preeqmode 3 (numerical exciton model with optical model coupling) provided optimal results for
182W and '83W, preeqmode 1 (analytical exciton model) was more effective for '%*W and '®W. These
findings suggest that while some model components show stable performance across isotopes, others
may require isotope-specific optimization to achieve the best agreement with experimental data.
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Figure 2. Fission cross-section calculations for the 82W(*He,f) reaction in the upper left, for the
183\W(3He,f) reaction in the upper right, for the 3*W(He,f) reaction in the lower left, and for the
186\\/(3He, ) reaction in the lower right.

The Generalized Superfluid Model (/dmodel 3) demonstrated superior performance across all target
nuclei, likely due to its inclusion of pairing and phase transition effects, which are especially relevant
for heavy nuclei such as tungsten. The success of fismodel 1 and fismodel 5 suggests that both
empirical data and semi-classical WKB-based barrier estimations can effectively capture the fission
dynamics when tuned appropriately. In contrast, the variation in optimal preequilibrium models
between isotopes indicates a more complex interplay between reaction energy and nuclear structure
effects; while preegmode 3 (which accounts for detailed transition rates and collision probabilities)
excels in certain cases, simpler analytical models (preegmode 1) may suffice for others. These
findings are broadly consistent with earlier studies emphasizing the sensitivity of fission cross-section
predictions to level density and barrier parameters, though the strong and repeated performance of
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GSM in this context reinforces its utility for reactions involving light ions and medium-heavy targets.
Future work may benefit from a more detailed isotope-specific tuning of optical model parameters
and pre-equilibrium configurations, particularly at higher energies where discrepancies tend to
increase.

Table 2. Optimal combinations of level density models, pre-equilibrium models, and fission barrier
models for fission cross-section calculations

Pre-equilibrium

Isotope Fission Model Level Density Model Model Y3/N
(fismodel) (Idmodel) (preegmode)

182\ 5 (WKB 3 (Generalized Superfluid 3 (Exciton + Optical 36.34
approximation) Model) Model)

183y 1 (Experimental 3 (Generalized Superfluid 3 (Exciton + Optical 79.84
barriers Model) Model)

184y 1 (Experimental 3 (Generalized Superfluid 1 (Exciton, Analytical 109.68
barriers) Model rates)

186y 5 (WKB 3 (Generalized Superfluid 1 (Exciton, Analytical 89.80
approximation) Model) rates)

It is important to emphasize that all other input parameters and reaction models within TALY'S (such
as optical model potentials, gamma-ray strength functions, and compound nucleus decay schemes)
were kept at their default settings. Therefore, the improvements in theoretical-experimental
agreement observed in this work are solely due to the variation of the three studied components. It is
highly likely that further enhancements in accuracy and correlation could be achieved by fine-tuning
additional parameters beyond the scope of this study.

Conclusion and Recommendations

In this study, the impact of three major model components (level density models, pre-equilibrium
reaction models, and fission barrier models) on the calculated fission cross sections of *He-induced
reactions on tungsten isotopes ('32W, '8W, 13*W, and '86W) was systematically investigated using the
TALYS nuclear reaction code. The results demonstrated that specific combinations of these models,
particularly the Generalized Superfluid Model (/dmodel 3) for level density and either experimental
barriers (fismodel 1) or the WKB approximation (fismodel 5) for fission, yield significantly improved
agreement with experimental data. Among the pre-equilibrium models, both analytical (preegmode
1) and optical-model-enhanced numerical approaches (preegmode 3) showed effectiveness depending
on the target isotope.

Overall, this study demonstrates the critical role of model selection in fission cross-section
calculations and provides a foundation for further refinements in the predictive power of nuclear
reaction simulations. Moreover, such studies contribute to the ongoing improvement of nuclear
reaction models and codes by providing systematic benchmarks and model validation opportunities.
Future research may benefit from testing alternative or more detailed model components beyond those
considered in this study, potentially leading to more accurate predictions and improved correlation
with experimental results.
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Ozet

Enerji tiiketimindeki hizli artis ve iklim degisikligiyle miicadele, temiz ve siirdiiriilebilir enerji
kaynaklarina olan kiiresel arayisi hizlandirmistir. Fosil yakitlarin cevresel zararlari ve sinirh
rezervleri, yenilenebilir enerji, hidrojen, niikleer ve 6zellikle de fiizyon enerjisi gibi ileri teknolojileri
glindeme getirmistir. Bu teknolojilerin her biri, depolama, giivenlik, emre-amadelik, enerji-yogunluk
veya teknolojik olgunluk gibi kendi zorluklarini tagimaktadir.

Gelecek vadeden bu teknolojilerden biri olan fiizyon enerjisi, glines ve diger yildizlardaki
reaksiyonlar taklit ederek enerji-yogun ve temiz enerji iiretmeyi hedefler. Geleneksel déteryum-
trityum (DT) flizyonu, yiiksek enerji iiretimi saglamasina karsin, radyoaktif ndtronlar ve sinirh
trityum rezervleri gibi ciddi sorunlar barindirir. Bu zorluklara potansiyel bir ¢cziim sunan proton-bor
(pB) fiizyonu, ndtron iiretmedigi i¢in radyoaktivite riski tasimaz ve karbon emisyonu olmadig i¢in
tamamen temiz bir enerji kaynagidir.

pB flizyonunda kullanilan yakit olan bor-11 izotopu, dogada bol miktarda bulunur. Bu durum, diinya
bor rezervlerinin yaklasik %73'line sahip olan Tiirkiye i¢in stratejik bir avantaj yaratmaktadir. Her ne
kadar pB reaksiyonunun gergeklesmesi icin gereken sicakliklar (yaklasik 1.5 milyar derece) DT
fiizyonuna gore c¢ok daha yiliksek olsa da lazer teknolojilerindeki son gelismeler bu zorlugun
asilmasina yonelik umut verici yollar sunmaktadir.
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pB flizyonunun bir diger onemli avantaji da reaksiyon sonucu ortaya ¢ikan yiiksek enerjili alfa
parcaciklarinin dogrudan elektrige doniistiirilebilme potansiyelidir. Bu, geleneksel enerji doniisiim
siireclerindeki verim kayiplarint minimuma indirerek genel verimliligi artirabilecektir. Tiirkiye, sahip
oldugu yiiksek bor rezervleriyle bu alanda 6ncii bir rol oynayabilir ve bu teknolojiyi sadece kendi
enerji giivenligini saglamak i¢in degil, ayn1 zamanda kiiresel temiz enerji pazarinda kilit bir oyuncu
olmak i¢in kullanabilir. Bu baglamda, Tiirkiye'nin bu teknolojiye yonelik arastirmalara yatirim
yapmasi ve stratejik politikalar gelistirmesi biiyiik bir 6neme sahiptir.

Anahtar Kelimeler: Temiz enerji, proton-Bor fiizyonu (pB), bor, fiizyon teknolojileri.

PROTON-BORON FUSION for THE CLEAN ENERGY and TURKIYE

Abstract

The rapid increase in energy consumption and the fight against climate change have accelerated the
global search for clean and sustainable energy sources. The environmental damage and limited
reserves of fossil fuels have brought advanced technologies like renewable energy, hydrogen, nuclear,
and especially fusion energy to the forefront. Each of these technologies has its own set of challenges,
such as storage, safety, being ready to use, energy density, or technological level.

One of these promising technologies is fusion energy, which aims to produce energy-dense and clean
power by using the reactions within the sun and other stars. While conventional deuterium-tritium
(DT) fusion provides high energy output, it carries significant problems like radioactive neutrons and
limited tritium reserves. A potential solution to these challenges is proton-boron (pB) fusion, which
does not produce neutrons, thus eliminating the risk of radioactivity, and is a completely clean energy
source as it emits no carbon.

The fuel used in pB fusion, the boron-11 isotope, is abundant in nature. This provides a strategic
advantage for Tirkiye, which holds approximately 73% of the world's boron reserves. Although the
temperatures required for the pB reaction (approximately 1.5 billion degrees Celsius) are significantly
higher than those for DT fusion, recent advancements in laser technologies offer promising avenues
for overcoming this challenge.

Another key advantage of pB fusion is the potential for direct conversion of the high-energy alpha
particles produced by the reaction to electricity. This capability could minimize energy conversion
losses common in traditional power generation processes, thereby increasing overall efficiency. With
its huge boron reserves, Tiirkiye could play a leading role in this field, utilizing this technology not
only to secure its own energy future but also to become a key player in the global clean energy market.
Therefore, it is of great importance for Tiirkiye to invest in research on this technology and to develop
strategic policies.

Keywords: Clean energy, proton-boron fusion, boron, fusion technologies.

Giris

Teknolojik gelismelerin hiz kazanmasi, kentlesme ve sanayilesmedeki artisla birlikte kiiresel enerji
tilketimi her y1l istikrarl bir sekilde yiikselmektedir. Yapilan hesaplamalara gore 2024 yili itibariyla
diinya toplam enerji tiiketimi yaklasik 648 exajoule (EJ) diizeyine ulagsmistir (IEA, 2025). Yillara gore
artis trendi incelendiginde, enerji tilketimindeki artisin exponansiyel bir karakter sergiledigi agikca
goriilmektedir (Sekil 1). Kiiresel enerji tiikketiminde en biiyilik pay sahibi kdmiir, petrol ve dogalgaz
gibi fosil yakitlardir. Niikleer enerji ve hidroelektrik sistemler orta diizeyde katki saglarken,
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yenilenebilir enerji kaynaklar1 olan giines ve riizgar, son yillarda biiyiime gdstermelerine ragmen
halen sinirl1 bir paya sahiptir.

Diinya Enerji Tiiketimi
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Niikleer

— 400 2 .
= Hidroelektrik
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Sekil 1. Yillara Gore Diinya Enerji Tiiketimi (Gail Tverberg, 2012).

Enerji tiiketiminde kullanilan kdmdir, petrol ve dogalgaz sera gazi emisyonuna sebep olan CO; aciga
cikaran kaynaklar arasinda en on sirada gelmektedir (Sekil 2). Sera gazi emisyonu ise iklim
degisikligine yol acan sebeplerin basinda gelmekte olup diinya {ilkeleri tarafindan iizerinde durulan
onemli bir husustur. Tklim degisikligi ile miicadele kapsaminda Paris iklim Antlasmasi kabul edilmis
ve taraf iilkeler bu dogrultuda 2050 yilina kadar karbon emisyonlarini belirli bir degere azaltmay1
hedeflemektedirler. Tiirkiye ise 9 Temmuz 2025 yilinda ¢ikardig1 Iklim Kanunu kapsaminda “2053
Net Sifir Emisyon Hedefi ve Yesil Bilyilime” politikasini ortaya koymustur. Sekil 2’den goriildiigi
iizere en ¢ok karbon emisyonuna sahip olan komiir, petrol ve dogalgaz enerji kaynaklarinin yerine
kullanilabilecek alternatif enerji kaynaklari izerinde ¢aligmalar yogunlasmustir.
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Sekil 2. Diinya’nin Enerji Kaynaklarma bagli CO, emisyon oram (TUIK, 2022; BP, 2023)

Alternatif enerji kaynaklar1 arasinda riizgar, giines, hidrojen ve flizyon enerji kaynaklar1 yer
almaktadir. Ayrica, mevcut enerji kaynaklar1 icerisinde yer alan ve karbon emisyonu diisiik olan
hidroelektrik ve niikleer (fisyon) enerji kaynaklarinin kullanim oranlarinin arttirilmasi yoniinde
caligmalar mevcuttur. Alternatif enerji kaynaklari arasinda potansiyele sahip olan fiizyon
teknolojileri, uygulamaya gecilmesine bagl olarak enerji arz giivenligi acisindan emre amadelik ve
enerji-yogun Ozelliklere sahip olabilecegi Ongoriilmektedir. Ancak, filizyon reaksiyonunun
gergeklesmesi i¢in gerekli olan zorlu kosullar bu teknolojinin uygulanabilir hale gelmesinin 6ntindeki
engelleri olusturmaktadir. Son dénemde flizyon teknolojilerinin uygulamaya ge¢mesine yonelik
yogun ¢alismalar yiiriitiilmektedir.

Materyal ve Yontem
Fiizyon Teknolojileri

Fiizyon reaksiyonu genellikle kiiciik atom kiitleli elementlerin uygun kosullar altinda birleserek daha
biiyiik atom kiitleli elementler olusturmasi ve bunun neticesinde enerji agiga ¢ikmasi olayr olarak
tanimlanmaktadir. Sekil 3’te atom kiitlesine gore flizyon ve fisyon bolgeleri verilmistir.
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Sekil 3. Atom kiitlesine bagli olarak enerji lireten fisyon ve flizyon bdlgeleri (Nouhi vd., 2022)

Literatiirde yer alan temel flizyon reaksiyonlar1 Sekil 4’te de verilmistir. Bu reaksiyonlar icerisinde
izerinde en ¢ok odaklanilan reaksiyonlar Doteryum-Trityum (DT) fiizyonu ve Déteryum-Doteryum
(DD) fiizyonu olmakla birlikte DT fiizyonu diinya genelinde daha yaygin ve ilgi odagi durumundadir.

1. D+T >  “He(3.5MeV)+n(14.1 MeV)

2. D+D - T (1.01 MeV)+p (3.02 MeV) (50%)
>  He(0.82 MeV) +n (2.45 MeV) (50%)

3. D+'He >  “‘He(3.6MeV)+p (147 MeV)

4. THT >  ‘He+2n+11.3MeV

5. ‘He+'He = ‘He+2p

6. ‘He+T >  ‘He+p+n+12.1MeV (51%)
S ‘He (4.8 MeV)+ D (9.5 MeV) (43%)
> “‘He (0.5 MeV)+n (1.9 MeV) +p (11.9 MeV) (6%)

7. D+Li >  2'He+224MeV

8. p+°fLi > ‘He (1.7 MeV) + *He ( 2.3 MeV)

9. ‘He+°Li =  2%He+p+16.9MeV

10. p+!B >  3%He+8.7MeV

Sekil 4. Bazi temel fiizyon reaksiyonlar1 (Kikuchi vd., 2012)

DT flizyonunda Ddéteryum ve Trityum izotoplarmnin plazma kosullarinda bir araya gelerek Alfa
parcaci8i ve ndtron olusturmasi ve neticesinde 17.6 MeV degerinde enerjinin agiga ¢ikmaktadir. Bu
enerji seviyesi fosil yakitlardan elde edilen enerji seviyesinin yaklasik dort milyon kati, fisyon
reaksiyonunda a¢iga cikan enerjinin yaklasik dort kat1 kadar olup enerji-yogun uygulama olarak
ortaya ¢ikmaktadir. Ancak reaksiyonun gergeklesebilmesi igin gerekli plazma sicakliginin yaklasik
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150 Milyon derece olmasi, girdilerden (yakit) Trityumun dogada sinirli miktarda olmasi ve agiga
¢ikan enerjinin 6nemli bir kismimin (%80) iiretilen notronlar iizerinde olmasi DT fiizyonundan
siirdiiriilebilir enerji eldesi i¢in asilmasi gereken baslica hususlar arasindadir (Katoch vd., 2025).
Ayrica her ne kadar fisyon reaksiyonundaki kadar olmasa da, iiretilen ndtronlarin olusturacagi
radyoaktivite iizerinde durulmasi gereken bir bagka husustur. Son donemde ozellikle lazer
teknolojilerindeki ilerlemeler neticesinde bir diger flizyon reaksiyonu olan proton-bor (pB)
flizyonunu ilgi odag1 haline gelmeye baslamistir (Turcu vd., 2024; Nissim vd., 2025; Picciotto vd.,
2024). Proton-bor flizyonu konularinda yapilan ¢aligmalar bu teknolojinin gelecekte umut vadeden
onemli bir temiz enerji kaynagi olma potansiyeline sahip oldugunu gdstermektedir.

Bulgular ve Tartisma
Proton-Bor Fiizyonu

Proton-Bor (pB) fiizyon reaksiyonunda proton ve Bor-11 (!'B) izotopu plazma ortaminda birleserek
kararsiz '°C izotopu olusturmakta ve akabinde '2C izotopu 3 adet Alfa (*He"?) parcacigina bdliinmekte
ve 8.7 MeV enerji agiga ¢ikmaktadir (Batani vd., 2025). pB flizyonu reaksiyonu Esitlik 1°de
verilmistir.

p + 1B — 2¢*— 3%He + 8.7 MeV (1)

pB fiizyon reaksiyonunda acgiga ¢ikan birim kiitle basina enerji DT flizyonuna gore bir miktar daha
diisiik olmakla birlikte fisyon (**°U) reaksiyonu ile yaklasik ayn1 seviyede olup diger enerji tiirlerine
(fosil, hidrojen vb.) oldukca yiiksek seviyededir. Bu nedenle pB fiizyonu enerji-yogun enerji kaynagi
olarak tanimlanabilmektedir. Tablo 1°de DT, pB ve fisyon (**°U) reaksiyonlarinin yaklasik birim kiitle
basina enerjileri verilmistir.

Tablo 1. Bazi niikleer reaksiyonlarda agiga ¢ikan birim kiitle basina enerji miktar

Reaksiyon Reaksiyonda aciga ¢ikan enerji Birim kiitle basina aciga
(MeV) cikan enerji (MeV/niikleon)

DT 17.6 3.52

Fisyon 200 0.847

pB 8.7 0.725

pB flizyonu i¢in en Onemli dezavantaj reaksiyonun gerceklesebilmesi icin gerekli olan plazma
sicakligidir. DT reaksiyonu icin gerekli olan plazma sicakligi 150 Milyon derece iken pB flizyonu
icin gerekli olan plazma sicakligi 1.5 Milyar derece mertebesinde olup DT flizyonunun yaklasik 10
kat1 kadardir. Bu agidan degerlendirildiginde siirdiiriilebilir pB flizyonu kosullarinin DT fiizyonuna
gore daha zor oldugu sdylenebilmektedir. Ancak son donemde Lazer teknolojilerindeki onemli
ilerlemeler (Chirped Pulse Amplification, CPA uygulamasi gibi) ve bu gelismelere bagh olarak ¢cok
daha giiclii (Terawatt, Petawatt seviyesi) lazer sistemlerinin gelistirilmesi (Jeong ve Lee, 2014), bu
sistemlerin pB flizyonu reaksiyonunu tetiklemek icin gerekli olan enerjiyi saglama potansiyelini
ortaya koymustur. Ozellikle Lazer Tetikleyici Fiizyon (Laser Driven Fusion) konusunda son dénemde
artan ilgi ve yayin s6z konusudur (Molloy vd., 2025; Aladi vd., 2025); Tosca vd., 2025). Ayrica, pB
flizyon ana reaksiyonunda Fisyon ve DT fiizyonunda oldugu gibi nétron agiga ¢ikmamaktadir. Bu
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nedenle pB fiizyon reaksiyonu ayni zamanda anétronik (ndtron iliretmeyen) reaksiyon olarak
tanimlanmaktadir. pB reaksiyonunda ndtron acgiga c¢ikmamasi reaksiyonun radyoaktif atik
olusturmamasi yoniinden 6nemli 6zelligi olarak 6n plana ¢ikmaktadir (Zhang vd., 2024). Fisyona ve
hatta DT flizyonuna gore daha da temiz enerji eldesi miimkiin hale gelebilmektedir. Fisyon
reaksiyonunda radyoaktivite olduk¢a 6nemli husustur. DT fiizyonu ise fisyona gore olduk¢a az ndtron
icerdiginden daha temiz enerji olarak kabul edilmekle birlikte hala radyoaktivite konusu
degerlendirilmesi gereken husus durumundadir. pB fiizyonu ise bu noktada digerlerine gore en temiz
enerji sinifinda yer almaktadir. Ayrica pB fiizyonu barindirdigi baz1 diger 6zellikler nedeniyle medikal
uygulamalar ve uzay teknolojilerinde kullanim potansiyele sahip durumdadir. pB fiizyonunda agiga
c¢ikan alfa parcaciklar1 hasta tedavisinde (PBCT) kullanilabilecektir (Jakobsen vd., 2025). Ek olarak
pB fiizyonunda agiga ¢ikan alfa pargaciklari yapisi itibariyle dogrudan elektrik enerjisine ¢evrilebilme
potansiyeline sahiptir. Boylelikle hem enerji doniisiim islemleri (pB-Elektrik) azaltilarak verimlilik
yukseltilebilecek hem de 1s1 enerjisi devre dis1 birakilarak enerji doniisiimlerindeki sorunlarin 6niine
gecilebilecektir (Mckenzie vd., 2023). Bu da pB fiizyonunun enerji {iretiminde ve uzay
teknolojilerinde kullanilma potansiyelini artirmaktadir. Siirdiiriilebilir enerji eldesi hedefinde pB
flizyon reaksiyonunun sahip oldugu zorluklar 6zetle ii¢ ana baglik altinda toplanabilmektedir
(Mckenzie vd., 2023). Bunlar;

e Yiiksek Plazma Sicakliginin eldesi ve siirdiiriilebilir olmas1 (1.5 Milyar derece)

e Yeterli iyon yogunlugunun eldesi ve yeterli hapsetme siiresi (Bor hedef malzemesi, proton kaynagi
vb.)

e Sistemin kosullarin1 muhafaza edebilecek malzeme eldesi (malzeme teknolojisi, 1s1 transferi vb.)

olarak ifade edilebilir. Bu zorluklarin bazilar1 DT fiizyon reaksiyonu ile benzer oldugundan ¢éziim
yaklagimlar1 da benzer niteliktedir. Diger taraftan bazi zorluklar pB flizyonuna has oldugundan farkl:
¢ozlim yaklasimlar1 degerlendirilmektedir. Bu baglamda pB flizyonu ile ilgili tasarimlart ve
caligmalar ii¢ alt baslik altinda toplamak miimkiindiir. Bunlar;

e Manyetik Hapsetme Fiizyonu (Magnetic Confinement Fusion, MCF)
e Eylemsiz Hapsetme Fiizyonu (Inertial Confinement Fusion, ICF)
e [azer Tetikleme Fiizyonu (Laser Driven Fusion, LDF)

MCEF klasik DT flizyonu ile benzer sekilde plazma ortaminin manyetik kosullar (yiiksek manyetik
alan gibi) altinda muhafaza etmeyi hedeflemektedir. MCF uygulamasinda klasik DT flizyonunda
genel olarak simit seklindeki Tokamak sistemi lizerinde ¢alisilirken pB fiizyonunda bunun yaninda:
Liu vd. (2024) Kiiresel Torus, Liu vd. (2024) ve Ogawa vd. (2024) Helisel sistem ile Lerner ve Hassan
(2024) plazmoid gibi yapilarda tizerinde durulan tasarimlar arasindadir. ICF sistemi de benzer sekilde
hem klasik DT flizyonu hem de pB fiizyonu i¢in 6nerilen bir yontemdir. Burada MCF’ye gore ¢ok
daha yogun olan hedef malzemenin dis kismina enerji aktarilarak plazma ortaminin olusturulmasi
hedeflenmektedir. En dista baslayan flizyon reaksiyonu neticesinde ortaya ¢ikan enerji ve yiiksek
basing hem malzemenin disina hem de igine etki edebilmektedir. Ice dogru etki eden enerji ve basing
i¢ kisitmdaki hedef malzemenin de zincir seklinde flizyona ugramasina neden olmaktadir. LDF ise
genelde ICF ile benzerlik gostermektedir. Ancak LDF’de iki yaklasim s6z konusudur. Bunlar Pitcher-
Catcher ve in-target modelleridir (Batani, 2023). Pitcher-Catcher metodunda lazer bir proton iiretici
malzemeye (Pitcher) gonderilerek yliksek enerjili proton iiretilmesine sebep olur. Yiiksek enerjiye
sahip bir sekilde Pitcher’den ayrilan protonlar bor asali malzemeye (Catcher) carparak pB flizyonunu
gerceklestirmektedir. In-target modelinde ise lazer 1s1nlar1 dogrudan hem bor hem de hidrojen (proton
icin) hedef malzemeye gonderilir ve malzemenin plazmaya doniismesi ve bu plazma i¢inde pB
flizyonu reaksiyonunun gerceklestirilmesi amaglanir (Batani, 2023). Literatiirde pB fiizyonu
uygulamalarinda MCF, ICF ve LDF tek olarak oOnerildigi gibi bazi calismalarda hibrit olarak
onerilmektedir (Khalemdo vd., 2024).

Proceedings Book 140



4t International Energy Days October 07, 2025

Proton-Bor Fiizyonu ve TURKIYE

pB fiizyonu reaksiyonunda girdiler (yakit) hidrojenin ¢ekirdegi olan proton ve Bor-11 izotopudur.
Hidrojen dogada en ¢ok bulunan elementlerden biri olup bu baglamda proton eldesi reaksiyon
acisindan sorun teskil etmemektedir. Diger girdi olan Bor-11 izotopu dogal bor i¢inde %80 oraninda
bulunmaktadir. Tiirkiye diinya bor rezervlerinin yaklasik %73 iine sahip olup bu konuda ac¢ik ara ile
ondedir. Tiirkiye’nin bor rezervleri yaklasik 3.3 milyar ton seviyesinde kabul edilmekle birlikte bunun
esdegeri yaklasik 960 milyon ton boroksit (B203)’tir (Bulut vd., 2025; Mckenzie vd., 2023). Buradan
hareketle bunun yaklagik 240 milyon tonu B-11 izotopu olarak degerlendirilebilir. Bu Bor-11 miktari
teorik olarak ve tam verim kabulii ile giinliimiiz enerji ihtiyacimi binlerce yil (yaklasik 28 bin yil)
karsilayabilecek seviyededir. Bu nedenle proton-bor fiizyonu konularinda diinyadaki gelismelerin
takip edilmesi, ortak calismalar yiiriitilmesi ve bu konularda gerekli altyapinin olusturularak
planlamalarin yapilmasi Tiirkiye’nin gelecek vizyonu agisindan oldukga biiyiik 6neme sahiptir.

Sonuc ve Oneriler

Enerji ihtiyac1 giderek artmakla birlikte iklim degisikligi ile miicadele kapsaminda temiz enerji
iiretimi 6nemli hale gelmektedir. Emre-amadelik, karbon emisyonu, radyoaktivite ve enerji-yogun
hususlar degerlendirildiginde pB flizyon uygulamast oldukca yiiksek potansiyele sahip gelecek
vadeden siirdiiriilebilir enerji kaynagi durumdadir. Bu nedenle diinyanin teknolojide 6nde olan
iilkelerinin neredeyse tamami pB fiizyonu konusunda temiz, siirdiiriilebilir ve yogun enerji eldesi
amaciyla caligmalar yiiriitmektedir. Bu baglamda {ilkemizin de pB fiizyonu konusunda planl
caligmalar yiiriitmesi 6nem arz etmektedir.

Diger taraftan pB flizyonunun en kritik girdisi olan bor-11 izotopu, bu reaksiyonun ana yakit
durumunda olup dogal borun yaklasik %80°1 bor-11 izotopudur. Tiirkiye, diinya bor rezervlerinin
%73 line sahip olmasiyla bu alanda yalnizca enerji liretebilecek bir lilke degil, ayn1 zamanda kiiresel
olgekte yakit saglayicist potansiyeline sahiptir. Bu essiz kaynak iistiinliigii sayesinde, pB fiizyonunun
ticarilesmesi durumunda Tiirkiye:

e Diinya enerji arz zincirinde merkezi bir rol iistlenebilecek,

o Jeostratejik konumunu enerji diplomasisine entegre edebilecek,

e Uzun vadeli enerji giivenligini yerli kaynaklarla saglayabilecek potansiyele sahiptir.
Bor rezervlerimizin mevcut diinya enerji tiiketim diizeyi goz oniine alindiinda, binlerce yillik enerji
thtiyacim1 karsilayabilecek diizeyde olmasi, bu teknolojinin iilkemiz agisindan ne denli kritik
oldugunu agikca ortaya koymaktadir.

pB fiizyonunun diinya genelinde hizla artan arastirma ve yatirim ilgisine konu olmasi, bu teknolojinin
ontimiizdeki birka¢ on yil i¢inde uygulanabilir hale gelmesi ihtimalini gii¢lendirmektedir. Tiirkiye
acisindan bu gelismelerin anlami biiytiktiir. Tiirkiye nin pB fiizyonu planlamasi baglaminda ortaya
c¢ikan Oneriler;

e FUsion TURKIYE (FUTURE) Arastirma Merkezi/Enstitiisii kurularak pB fiizyonu konularinda
faaliyetler yuriitmelidir.
e Ik 10 y1l iginde, altyap: olusturulmali, Ar-Ge desteklenmeli ve insan kaynag yetistirilmelidir. 20 y1l
icinde ise Tiirkiye, bor bazli flizyon yakitinin stratejik tireticisi ve ihracat¢ist olarak konumlanmalidir.
Kiiresel gelismeler yakindan izlenmeli,
Uluslararast ig birlikleri kurulmali,
Bor politikalar1 pB flizyon perspektifi de dikkate alinarak yeniden yapilandirilmali ve
e Uzun vadeli bir devlet politikasi ile bu alan desteklenmelidir.
Tiirkiye’nin sahip oldugu dogal kaynak giicli, bilimsel kapasitesi ve vizyoner yaklasimi
birlestirildiginde, pB flizyonu Tiirkiye’nin 21. yiizyildaki enerji geleceginde anahtar rol oynayacak
potansiyele sahiptir. Bu teknoloji, yalnizca bir enerji ¢oziimii degil, ayn1 zamanda 2053 hedefleri
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dogrultusunda ulusal kalkinma, enerji bagimsizligi ve stratejik iistlinliik saglayabilecek bir firsat
olarak degerlendirilmelidir. Bu hususta GELECEK (FUTURE) ifadesinden esinlenerek 6nerdigimiz
FUsion TURKiyE (FUTURE) Arastirma Merkezi’nin olusturulmasi ve “TURKIYE YUZYILI”
vizyonuna 2053 hedefli olmak iizere “TURKIYE FUZYILI” adi altinda katki sunulmasi
amagclanmistir.

Tesekkiir ve Bilgi Notu

CA21128 Numaralt Cost Aksiyonu “Proton Boron Nuclear Fusion: From Energy Production To
Medical Applications-PROBONO” yonetimine desteklerinden dolayi tesekkiir ederiz.
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Ozet

Gilinimiizde enerji tiretimi biiytik 6l¢iide fosil yakitlara dayali olup, bu durum yilda yaklasik 20 milyar
ton karbondioksit salimima yol agmakta ve iklim degisikligini hizlandirmaktadir. Giines, riizgar ve
biyoyakit gibi yenilenebilir kaynaklar ise heniiz bu a¢ig1 kapatacak kapasitede degildir. Geleneksel
doteryum-trityum (DT), gelecekteki niikleer fiizyon reaktorleri igin bilinen en iyi aday yakittir. DT
yakit1 6nerilen diger yakitlara kiyasla daha diisiik enerjilerde daha biiyiik flizyon kesiti saglar. Ancak,
radyoaktif trityumun tedarik ve yonetimi, gelecekteki reaktorler i¢in Onemli zorluklar
olusturmaktadir. Bu nedenle giiniimiizde farkli yakitlarla ¢alisan ileri fiizyon projeleri iizerinde
yogunlasilmaktadir. Proton—Bor-11 (pB) fiizyonu, yakitlarinin kararli (radyoaktif olmayan) olmasi ve
ortaya ¢ikan flizyon iirlinlerinin andtronik, yani nétron iiretmeyen yiiklii parcaciklardan olusmasi
nedeniyle cazip bir alternatiftir. pB flizyon denklemi Esitlik (1) ile verilmistir.

p+ "B — *He + *He + *He + 8.7 MeV (1)

Ayrica bu durum, daha verimli dogrudan enerji doniisiimiine imkan tanimaktadir. Ancak pB
flizyonunun, doteryum—trityum (DT) fiizyonuyla karsilagtirilabilir tepkime kesitlerine ulagabilmesi
icin ¢ok daha ytiksek enerjiler gerekmektedir. 2005 yilindan bu yana Rusya, Fransa, Cek Cumbhuriyeti,
Japonya ve ABD'de yapilan bir dizi "pitcher-catcher" deneyi, kisa darbeli lazerlerle yonlendirilen pB
reaksiyonundan 6nemli alfa verimleri elde etmislerdir. Optimal pB yakitinin belirlenmesine yonelik
arastirmalar heniiz baslangi¢c asamasinda olmakla birlikte, bu siire¢ faydali pB flizyonunun nihai
basaris1 icin kritik bir rol oynamaktadir. Son yillarda yapilan ¢aligmalarda, bor bazli malzemeler
arasinda bor nitriir (BN), elementel bor (B), bor karbiir (B4C), amonyum boran (NH3BH3), ¢esitli
boran tiirevleri, nano-bor yapilar1 ve son olarak bor katkili kopiikler 6ne ¢ikmaktadir. Mevcut
arastirmalar, bor yogunlugunu en iist diizeye ¢ikarmay1 ve malzeme safligini artirmay1 hedefleyerek
alfa parcacig1 verimini yiikseltmeyi amaglamaktadir. Bu ¢aligmada, pB fiizyonu i¢in hedef malzeme
olarak secilen bor bazli yapilarin kullanilabilirligi ve potansiyeli tartisilmaktadir.

Anahtar Kelimeler: Doteryum-trityum (DT), proton-Bor fiizyonu (pB), alfa verimi, bor tabanh
malzemeler
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DEVELOPMENT AND PERFORMANCE EVALUATION OF BORON BASED TARGET
MATERIALS IN PROTON-BORON FUSION STUDIES

Abstract

Today, global energy production relies predominantly on fossil fuels, resulting in approximately 20
billion tons of carbon dioxide emissions annually and thereby accelerating climate change.
Renewable sources such as solar, wind, and biofuels currently lack the capacity to fully compensate
for this deficit. Conventional deuterium—tritium (DT) fusion remains the most promising candidate
fuel for future nuclear fusion reactors, as it provides relatively high fusion cross-sections at lower
energies compared to alternative fuels. However, the supply and management of radioactive tritium
pose significant challenges for prospective reactor operations. Consequently, increasing attention has
been directed toward advanced fusion projects utilizing alternative fuels. Proton—Boron-11 (pB)
fusion emerges as an attractive option due to the stability (non-radioactivity) of its fuel components
and the aneutronic nature of its fusion products charged particles without neutron emission. The pB
fusion reaction is expressed by Equation (1):

p+ "B — *He + *He + “He + 8.7 MeV (1)

This feature also enables the prospect of more efficient direct energy conversion. Nevertheless,
achieving fusion cross-sections comparable to D-T fusion requires considerably higher energies.
Since 2005, a series of “pitcher—catcher” experiments conducted in Russia, France, the Czech
Republic, Japan, and the United States have reported significant alpha yields from p—B reactions
driven by short-pulse lasers. Research on identifying the optimal pB fuel is still in its early stages but
remains a crucial factor for the eventual success of practical pB fusion. In recent years, various boron-
based materials have been investigated, including boron nitride (BN), elemental boron (B), boron
carbide (B4C), ammonium borane (NHs;BHs), other borane derivatives, nanostructured boron
materials, and most recently, boron-doped foams. Current efforts aim to maximize boron density and
enhance material purity to increase alpha particle yield. In this study, the applicability and potential
of selected boron-based structures as target materials for pB fusion are discussed.

Keywords: Deuterium-tritium (DT), proton-Boron fusion (pB), alpha yield, boron-based materials

Giris

Kontrollii flizyon enerjisi arayisi, 1950'lerden beri insanligin uzun siiredir hayalini kurdugu bir konu
olmustur; bu hayalin temel nedeni, karbonsuz yapisi, yiiksek birim enerjisi ve bol miktarda kaynak
icermesidir. Ancak, bu hedefe ulasmada karsilasilan zorluklar hem bilimsel hem de miihendislikle
ilgilidir (Liu vd., 2024). Arastirma ve teknolojik gelistirmenin ana akimi flizyon enerjisi i¢in
doteryum-trityum reaksiyonuna yonelik olsa da, 11B(p,a)2a siireci yeniden ilgi gordii (Liu vd., 2024).

Proton-bor olarak da bilinen hidrojen-bor 11 (HB11) flizyon reaksiyonu, iklimi etkileyen fosil
yakitlarin gelecekteki kullanimini azaltma ¢abalar1 kapsaminda biiytik 6l¢ekli enerji tiretimi i¢in en
umut verici adaydir. Niikleer bir siirec olarak, kimyasal reaksiyonlardan yaklasik yedi kat daha yiiksek
bir enerji yogunluguna sahiptir ve andtronik birincil reaksiyonla, malzemelerde aktivasyona neden
olmaz ve bu da ihmal edilebilir diizeyde radyoaktif atiga yol acar. Bu reaksiyonda ii¢ alfa parcacigi
ve yaklasik 8,7 MeV enerji iiretilir (McKenzie vd., 2023). Proton-bor (pB) fiizyon reaksiyonun ii¢
ana semasi sunlardir (Tosca vd., 2023):

p+''B =30+ 8.7 MeV (1)

p+'B — ao + *Be + 8.6 MeV — ao + ag + o2 ()
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p+t!'B — a1 + 5Be* + 5.7 MeV — o + o1 + o2 3)
o’ o’ @ -
0 (s 7 MeV) 0 (3.8 MeV)
% s *-[a s o
uc. uc.
ug e c a, g 8ge* ’ a,,
(a) (2.9 Mev) (b) (4.9 MeV)

Sekil 1. Proton-bor fiizyonu (pB) ardisik siire¢lerinin sematik diyagrami (Li vd., 2024)

Yiiksek enerjili notronlar yerine yalnizca yuklii alfa parcaciklar tirettigi i¢in 6zellikle ilgi ¢ekicidir.
Bu, uzun 6miirlii radyoaktif atik sorununu ortadan kaldirir ve ytiklii pargaciklardan dogrudan elektrige
enerji doniisiimii olasiligin1 miimkiin kilar (Picciotto vd., 2024). Dahasi, bor bol miktarda bulunur,
ucuzdur ve radyoaktif degildir, bu da onu gelecekteki enerji sistemleri i¢in cazip bir yakit haline
getirir (Mohammadian, 2025; Aladi vd., 2025). Giig iiretiminin 6tesinde, pB fiizyonunun tibbi izotop
iiretimi, ileri kanser tedavileri ve uzay itki sistemlerinde potansiyel uygulamalar1 vardir (Meschini
vd., 2023).

Proton-bor flizyonunun bir¢ok avantaji olmasina ragmen pB fiizyonunu gergeklestirmek zordur.
Geleneksel doteryum-trityum (D-T) yakitiyla karsilastirildiginda, pB'nin fiizyon kesiti daha diistiktiir
ve daha yiiksek proton enerjilerinde zirveye ulasir; bu da 200 keV'nin iizerinde iyon sicakliklarina
sahip asir1 plazma kosullar1 gerektirir (Mehlhorn vd., 2022). Termal plazmalarda, bu kosullar borun
yiiksek ylik durumundan kaynaklanan 6nemli bremsstrahlung radyasyon kayiplar1 nedeniyle daha da
karmasiklasir. Sonug¢ olarak, iyonlarin tiim plazmay1 1sitmadan flizyonla ilgili enerjilere
hizlandirildig1 denge dis1 yaklasimlar giderek daha fazla ilgi gormektedir. Ozellikle, ultra kisa, yiiksek
yogunluklu lazer sistemlerinin ortaya ¢ikisi, termal olmayan fiizyon rejimlerini kesfetmek icin yeni
firsatlar yaratmistir.

Son yirmi yilda, cesitli deneysel kampanyalar lazerle calisgan pB flizyonundan olgiilebilir alfa
pargacigi verimleri bildirdi. Ilk deneyler, pikosaniye lazerlerin bor agisindan zengin hedeflerle
etkilesime girmesiyle reaksiyonun tetiklenmesinin uygulanabilirligini gosterdi. Daha yakin
zamanlarda, PALS (Prag Asterix Lazer Sistemi) ve ELI Beamlines gibi tesislerdeki deneyler, darbe
basma 10" alfa pargacigina kadar rekor verimlere ulasarak, lazerle ¢alisan diizeneklerin reaktiviteyi
artirma potansiyelini dogruladi (Giuffrida vd., 2020; Mehlhorn vd., 2022; Tosca vd., 2025a).

Proton Bor flizyon deneyleri genellikle iki ana i1simnlama diizenine, yani "in-target" ve “pitcher—
catcher" diizene gore siniflandirilir. "In-target" (hedef i¢i) konfigiirasyonlar (protonlarin dogrudan bor
acisindan zengin hedeflere hizlandirildigi) ve “pitcher—catcher” (atici-yakalayici) diizenekler (ayr1 bir
proton kaynaginin bir bor hedefini 1s1nladig1) gibi farkli deneysel geometriler arastirildi ve her biri
kendine 6zgii avantajlar sundu (Batani,2023). Buna paralel olarak, hidrojen agisindan zengin
kopitikler, bor-hidrokarbon kompozitleri ve amonyum boran malzemeleri iceren yeni hedef
tasarimlari, reaksiyona giren iyonlarin bulunabilirligini artirarak fiizyon verimini onemli Olgiide
artirmada umut vaat etmektedir.

Yapilan calismalardaki sonuglar, pB flizyonunun ilerlemesindeki hem ilerlemeyi hem de zorluklari
vurgulamaktadir. Tepkime deneysel olarak gosterilmis olsa da net enerji kazanimina 6l¢eklendirme
zorlu bir gorev olmaya devam etmektedir. Bu nedenle, mevcut ¢alismalar hedef tasarimini, lazer-
plazma etkilesim fizigini ve proton hizlandirma mekanizmalarini optimize etmeye ve alfa
parcaciklarinin reaktiviteyi daha da artirdig1 olasi ¢i1g etkilerini arastirmaya odaklanmaktadir. Bu
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gelismeler bir araya geldiginde, lazerle ¢alisan pB fiizyonunun heniiz bir giic kaynagi olarak pratik
olmasa da hem fiizyon enerjisi hem de uygulamali bilimler i¢in 6nemli ¢ikarimlara sahip verimli bir
arastirma alani olarak hizla ortaya ¢iktigini gostermektedir.

Bu calismada bor bazli hedef materyal se¢iminin alfa verim artis1 lizerindeki etkisini gorebilmek
amaciyla 2005-2025 yillar1 arasindaki giincel literatiir caligmalar1 incelenmistir. Hedef malzemelerin
yapisal Ozellikleri ve hedef geometrisi tiiriiniin flizyon verimine katkisi g¢aligmalarda agikca
goriilmektedir. Hedef i¢i geometri konfigiirasyonunun son yillarda verimdeki artistan dolay1 daha ¢ok
tercih edildigi gozlenmistir.

Materyal ve Yontem
Bor Hedefleriyle Gerceklestirilen Lazer Deneylerinde Alfa Parcacigi Uretim Verimleri

Oliphant ve Rutherford (1933) tarafindan yapilan ¢alismadaki teorik 6ngoriilerden ilham alinarak
lazerle ¢alisan pB fiizyonu iizerine gergeklestirilen deneysel calismalar Belyaev vd. (2005) tarafindan
baslatilmis ve son birkag¢ yilda bu ¢alismalara yogunlasilmistir. Genellikle polimerler ve bor nitriir
(daha nadiren B ve diger B bilesikleri), hidrojen ve bor i¢in kati kaynaklar olarak hizmet eder ve
bunlarin yi1gin halindeki malzemeler halindeki kombinasyonlari, lazer 1s1mmimi i¢in hedef olarak
kullanilir. Bugiine kadar, bu ¢abalar diizlemsel hedef yiizeylerin diisiik enerji sogurma kapasitesinin
kritik bir sinirlamasiyla karsi karsiya kalmistir: a-parcaciklarinin verimi, proton verimiyle gii¢lii bir
sekilde iliskilidir ve bu da diizlemsel ylizeylerden gelen giiclii bir lazer yansimasiyla sinirlidir. Teorik
hesaplamalar Margarone vd. (2015) ve Giuffrida vd. (2017) tarafindan yapilan c¢aligmalarda bu
zorlugun nanoyapili ve gézenekli malzemeler kullanilarak hafifletilebilecegini gostermistir ¢linkii
gelen lazerin dalga boyundan (~1 pum) daha kii¢iik yapilar, coklu foton sagilmasini kolaylastirarak
lazer darbesinin hacimsel emilmesini arttirabilir ve iyon enerjisi kesintisini, verimini ve ivmesini
tyilestirebilir. Ne yazik ki, bor ve hidrokarbonlar1 ayn1 anda birlestiren uygun nanomalzemeler
kolayca bulunamamaktadir, ¢linkii bu termodinamik olarak karigmayan malzemelerin geleneksel
kimyasal denge kosullar1 altinda nasil karistirilacagi konusunda bir bilgi boslugu bulunmaktadir
(Tosca vd., 2025b).

Belyaev vd. (2005) bor agisindan zengin bir polimer hedefle etkilesime giren yogun bir pikosaniye
lazer darbesi (2x10'® W/cm?) kullanarak proton-Bor (pB) flizyonunu baglatma olasiligini ilk kez
gosterdiler. Bu diizenekte, lazer-hedef etkilesimiyle iiretilen protonlar bor ¢ekirdekleriyle ¢arpisarak
niikleer reaksiyonlar1 tetikler. Baslangictaki alfa pargacik verimi ~10° alfa/sr/atig olarak tahmin
edilmis, daha sonra Kimura ve ark. tarafindan 10° alfa/sr/atis olarak giincellenmistir (Kimura vd.,
2009).

Labaune vd. (2013) Fransa'daki LULI lazer tesisinde iki lazerli bir sema kullanarak deneyler
yiriittiiler: kat1 bir bor hedefini iyonlagtirmak i¢in nanosaniye siireli bir lazer ve protonlari
hizlandirmak i¢in yiiksek yogunluklu bir pikosaniye lazer (6x10'® W/cm?). Bu yaklasim, onceki
raporlart 6nemli dl¢iide asan, yaklasik 9x10° o/sr/atiglik maksimum o-pargacik verimi elde etti.

Picciotto vd., tarafindan ytiriitiilen deneyde Belyaev vd. (2005) tarafindan daha 6nce kullanilan deney
diizeneklerini, Prag Asterix Lazer Sistemi'nde (PALS, Cek Cumhuriyeti) nanosaniyenin altinda orta
yogunluklu bir lazer (10'® W/cm?) ile uygulayarak, onemli dl¢iide daha yiiksek a-parcacik verimleri
(~10° a/sr/atig) elde ettiler. Hedefleri, iyon asilama yoluyla borla katkilanmis ve tavlama yoluyla
hidrojenle zenginlestirilmis hidrojene silikondan olusuyordu. Sonraki deneyler, bu sonuglar1 farkli
hedef tipleri ve kalinliklarinda dogrulad: (Picciotto vd., 2014).

Giuffrida vd. (2020) lazerle yonlendirilmis proton-Bor (pB) flizyon reaksiyonunu kullanarak o
zamana kadar elde edilmis en yiiksek alfa pargacig: tiretimini gerceklestirmistir. Caligmada 0.3 ns
siireli ve 3x10'® W/cm? yogunlukta lazer darbesi ile yarim mm kalmligindaki Bor Nitriir (BN) hedef
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iizerine yapilan 1sinlanma sonucunda yaklasik 1.3x10!! tane alfa pargacig1 elde etmistir. Deneyde elde
edilen alfa pargaciklar1 10 MeV’ye kadar kinetik emerjiye,10 ns darbe siiresine ve 1 metre mesafede
yaklagik 2 A tepe akimina sahiptir. Termontikleer reaksiyonlarla agiklanamayan bu yiiksek verim ileri
yonde hizlandirilan protonlarin hedefteki !'B atomlariyla etkileserek fiizyon olusturdugu 1sin temelli
bir modelle agiklanmistir. Ayrica alfa parcaciklarinin geri yonde hizlanarak beklenenden daha yiiksek
enerjiye sahip olduklar1 gdzlenmis ve bu durum lazer kaynakli elektrostatik alanlara baglanmistir. Bu
sonuglar andtronik fiizyon uygulamalar i¢in umut vaat eden bir gelisme olarak degerlendirilmektedir.

Picciotto vd. (2024) lazerle ¢alisan proton-Bor (pB) fiizyonu i¢in bor agisindan zengin yeni bir hedef
malzeme olarak amonyum boran1 (NH:BHs) tanitmistir. Ayrintili kimyasal, morfolojik ve plazma
tanilama yontemleriyle, amonyum borandaki yiiksek atom yogunluklu hidrojen ve borun, atig basina
108 o/sr’a varan verimlerle verimli alfa pargacik iiretimine olanak sagladigini gosterdiler. Radyasyon-
hidrodinamik ve hiicre i¢i parcacik simiilasyonlariyla desteklenen c¢aligma, amonyum borani,
andtronik fiizyon ve kompakt alfa parcacik kaynaklari i¢in kararli, 6l¢eklenebilir ve umut verici bir
hedef olarak 6n planda tutmaktadir.

Krts vd. (2024) kat1 halde bulunan bor hidriirlerinden biri olan oktadekaboran (BisH22) kullanarak
lazerle c¢alisan proton-Bor (pB) fiizyonunu deneysel olarak gergeklestirilmistir. PALS tesisinde
gerceklestiren calismada 550 J enerjili ve 350 ps siireli lazer darbeleriyle hedef 1sinlanmis ve 1.7x10°
a/sr/shot diizeyinde alfa parcacigi liretimi elde edilmistir. Alfa pargaciklarinin tiretimi CR39 niikleer
iz dedektorleriyle dogrulanmis, pargacik enerjileri ise zaman-ucgus (TOF) spektrometresiyle 38 MeV
civarinda dl¢tilmistiir. Elde edilen veriler, fiizyon kaynakli o parcaciklarin acik bir sekilde tiretildigini
ve bor hidriirlerin “’hedef i¢i” flizyon semalar i¢in giiclii bir aday yakit tiirii oldugunu ortaya
koymaktadir.

Tosca vd. (2025) LFEX petawatt tesisinde hedefi¢i (dogrudan 1sinlama) konfigiirasyonlar1 kullanarak
lazerle calistirilan proton-bor fiizyonunu arastirdilar. Petawatt sinifi, 2,7 ps lazer darbeleri (= 2-3 x
10" W cm?) farkli geometrilere sahip bor iceren hedeflere odaklandi; bu hedefler diiz folyolar, kama,
silindirler ve bor oksit katkili polimerler ve bor nitriirden yapilmis tamamen kapali kiiresel
kapstillerdir.CR-39 dedektorleri ve bir Thomson parabol spektrometresi kullanan ekip, kiiresel olarak
sinirlandirilmis hedeflerin diizlemsel folyolara (= 107-10% a/sr) kiyasla iki biiyiikliik sirasina kadar
daha yiiksek alfa parcacik verimi (= 10°-10"" a/sr) iirettigini buldu. Bu gelisme, lazerle hizlandirilmis
protonlarin bor g¢ekirdekleriyle etkilesim siiresini artiran geometrik hapsetmeye atfedildi. Kama
hedefler ara sonuglar verirken, BN silindirler daha az etkili performans gosterdi. Calisma, kapali
hedef geometrilerin pB deneylerinde a-parcacik iiretimini ve genel flizyon verimliligini 6nemli
olgtide arttirabilecegini gostermistir.
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Sekil 2. Lazer enerjisiyle normalize edilen ve hedef geometriyle ayrilan lazer giidiimlii pB fiizyon
reaksiyonlar1 yoluyla iiretilen 2005-2025 yillar1 arasindaki alfa parcacigi verimleri (Soldaki 6lgek
hedefe iletilen lazer enerjisine (pargacik/J/sr) gore normallestirilmistir.) (Molloy vd., 2025)

Bulgular ve Tartisma

2005 yilindan bu yana, g¢esitli arastirma tesislerinde ¢ok sayida lazerle ¢alisan proton-bor-11 (pB)
flizyon deneyleri gerceklestirilmistir. Bu deneylerin ortak amaci, lazerle ¢alisan yiiklii parcacik
hizlandirma (CPA) yoluyla yiiksek enerjili proton liretimini optimize etmek ve bu protonlar: bor
iceren hedeflerde pB flizyon reaksiyonu yoluyla alfa pargacigi iiretimini baglatmak i¢in kullanmaktir.

Tablo 1. 2005-2025 yillar1 arasinda lazer giidiimlii pB fiizyon ¢aligmalarina ait veriler (Mehlhorn vd.,
2022; Schollmeier vd., 2023; Wei vd., 2023; Tosca vd., 2023; Picciotto vd., 2024; Kruas vd., 2024;
Tosca vd., 2025b; Molloy vd., 2025; Tosca vd., 2025a; Wang vd., 2025)

Alfa Parcacig
Yil | Arastirmaci | Tesis Lazer Geometri (a/sr/shot)
Tiiri
2005 | Belyaev NLF, Rusya Neodim TW | Hedef i¢i 1.3x10°
2013 | Bonasera ENEA, italya ABC Hedef ici <10°
2013 | Labaune LULLI, Fransa Pico2000 Pitcher— 1x10°
Catcher
2014 | Margarone Prag PALS Hedef i¢i 1x10°
2014 | Picciotto Prag PALS Hedef i¢i 1x10°
2015 | Baccou LULI, Fransa ELFIE Pitcher— 1x108
Catcher
2019 | Tayyab Hindistan 150 TW | Pitcher— 41.4x10°
Ti:Sa Catcher
2020 | Bonvalet Japonya LFEX Pitcher—
Catcher 4108-10°
2020 | Giuffrida Prag PALS Hedef Ici 3x10%°
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2020 | Margarone | Japonya LFEX Pitcher— 5x10°
Catcher
2022 | Hegelich Teksas TPW Pitcher— 4x10°
Catcher
2022 | Margarone ILE LFEX Hedef Ici 1.2x10%°
2023 | Schollmeier | ALEPH, ABD Ti:Sa Hedef Ici 1.3x108
Wei Lazer Fiizyon Arastirma | XG-IlI Pitcher— 1.5x10%
2023 Merkezi, Cin Catcher
Queen’s University | TARANIS Hedef Ici 1x108
2023 | Tosca Belfast,UK
Prag Perla B Hedef Ici 6x10°
Queen’s University | TARANIS Hedef I¢i Ax108
2024 | Picciotto Belfast, UK
2024 | Kriis Prag PALS Hedef Ici 1.7x 10°
2025 | Tosca Queen’s University | TARANIS | Hedef i¢i 5.6x108
Belfast,UK
2025 | Molloy Queen’s University | TARANIS | Hedef ici 5x108
Belfast,UK
2025 | Tosca ILE, Japonya LFEX Hedef ici ~10%-10%
2025 | Wang SIOM, Cin Ti:Sa PW Hedef I¢i ~107

Sekil 2 ve Tablo 1'de goriildiigii lizere, alfa verimleri 2005 ve 2015 yillar1 arasinda 10° ile 108 arasinda
degiserek nispeten sabit kalmistir. 2020'yi takiben iiretim seviyeleri belirgin bir artis gostermis,
siklikla 10° ve hatta 10'° mertebesinde degerlere ulasmigstir. 2023 ve 2025 yillar1 arasinda toplanan
veriler, alfa iiretiminin bu doénemde maksimuma ulastigin1 gostermektedir. Alfa verimindeki bu
belirgin iyilesme, Ozellikle lazer teknolojisi ve hedef tasariminda, iiretim verimliligini topluca
optimize eden deneysel metodolojilerdeki son gelismelerin 6nemli etkisini yansitmaktadir. Lazerle
calisan proton-Bor (pB) flizyonunun son deneysel arastirmalari ve sayisal simiilasyonlari, bor bazl
hedeflerin yiikseltilmis hidrojen ve bor igerigi, nanometre dlgeginde yapilandirma veya optimize
edilmis geometrik konfigiirasyonlarla tasarlandiginda onemli Olgiide iyilestirilmis performans
gosterdigini gostermektedir. Bu gozlemler, maksimum fiizyon verimine ulagsmada malzeme
optimizasyonunun ve teknolojik yeniligin énemli roliinli vurgulamaktadir.

Son yirmi yilda bor bazli malzemelerin gelistirilmesi, proton-Bor (pB) fiizyonunun daha yiiksek
reaktivite ve enerji verimine dogru ilerlemesinde merkezi bir faktor olarak ortaya ¢ikmistir. Bor nitriir
kompozitlerinden ve sinirlandirilmis kiiresel geometrilerden nanotel ve nano gézenekli yapilara kadar
uzanan tasarlanmis bor yapilarini kullanan son deneysel arastirmalar, malzeme morfolojisinin
plazma-hedef kuplajin1 (etkilesim verimliligi) ve fiizyon dinamiklerini kritik bir sekilde yonettigini
gostermistir. Kiiresel ve silindirik bor nitriir hedefler gibi sinirlandirilmis konfigiirasyonlarda, ~10'—
10" o/sr’a kadar arttirilmis a-pargacik emisyonu bildirilmistir. Bu artis, protonlarin hedef i¢inde daha
uzun siire kalmasi, birden fazla ¢arpisma yolu izlemesi ve plazmanin kendi kendine olusturdugu
elektromanyetik alanlarin iyonlart belirli bolgelerde hapsederek flizyon reaksiyonlarini
yogunlastirmasi gibi etkenlere baglanmaktadir (Tosca vd., 2025a).

Ultra yogun femtosaniye lazer darbeleriyle 1sinlanan nano yapili ve nanotel dizili bor hedeflerini
kullanan paralel ¢aligmalar, nano boyutta alan iyilestirmesinin ve artan yiizey alaninin termal olmayan
pB fiizyon siireclerini yonlendirmedeki roliinii daha da dogrulamistir. Genellikle bor karbiir veya
borla zenginlestirilmis polimerlerden olusan bu nanotel sistemleri, {istiin lazer emilimi ve proton
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hizlandirma verimliligi sergileyerek, teorik tahminler ve hiicre ici parcacik simiilasyonlariyla tutarl
a-parcacik ¢iktilart saglar (Wang vd., 2025).

Bu bulgular topluca, pB fiizyon arastirmalarinda basit diizlemsel folyolarin kullanimindan, daha
verimli reaksiyon ortamlarini destekleyebilen karmasik, nanoyapili ve geometrik olarak
sinirlandirilmis bor malzemelerine dogru bir paradigma degisiminin altin1 ¢izmektedir. Malzeme
bilimi, hedef miihendisligi ve yiiksek yogunluklu lazer teknolojisinin bir araya gelmesi, andtronik
flizyon ¢alismalarinda yeni bir rejim tanimlamaktadir; burada bor bazli ortamlarin optimizasyonu
yalnizca yardimci olmakla kalmayip, 6nemli alfa parcacik iiretimi elde etmek ve net enerjili lazerle
calisan flizyon i¢in ilgili kosullara yaklagmak i¢in temel teskil etmektedir.

Sonuc ve Oneriler

Proton-bor (pB) fiizyonunda yiiksek alfa verimine giden yolda bazi sinirlamalar ve belirsizlikler hala
devam etmektedir. Yiiksek hidrojen ve bor icerigine sahip bor bazli malzemelerin (6rnegin boranlar,
amonyum boran), nanoyapili yiizeylerin (kopiikler, nanoteller, nanotiipler) ve hacimsel emilimi veya
proton tutulumunu destekleyen geometrilerin (6rnegin nanotel dizileri, optimum kalinliktaki
kopiikler, sinirli geometriler) en yiliksek alfa verimine yol actigini gostermektedir. Gelecekteki
caligmalar i¢in, hidrojen-bor (H/B) oranminin, hedef yogunlugunun, goézenekliligin ve lazer
kontrastinin fiizyon verimleri iizerindeki etkisini belirlemek i¢in sistematik parametre ¢calismalarina
ihtiya¢ vardir. Ayrica yiiksek tekrarlama oranli lazerlerin iyi karakterize edilmis bor-hidrojen
kompozitleriyle entegre edilmesi, temel alfa pargacigi tiretiminden, uygulamalar i¢in uygulanabilir
Olcekte yiiksek verimlere ulagma yolunda koprii olusturabilir.
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Abstract

As is known, semiconductors belonging to the A2B6 semiconductor group (CdTe, CdS, CdSe, ZnSe,
ZnS, etc.) contain elements with high vapor pressures and develop numerous structural defects during
their production. This restricts the use of these materials in device fabrication. In this study, CdTe
films used as absorber layers in solar cells (CdS/CdTe) were grown for the first time on the surface
of cooled glass/Au+Cu layers at wide substrate temperatures (300 K-100 K) with 50 K intervals. It
was observed that the CdTe films produced at all substrate temperatures grew in the direction of (111)
planes in a cubic structure. However, as the substrate temperature approached 100 K, the X-ray
diffraction patterns (XRD) spectra of the CdTe films exhibited broad 20 angle spectra similar to a
Gaussian distribution. FESEM images showed that the CdTe film produced at a substrate temperature
of 200 K consisted of grains of equal size (30-40 nm), and this occurred via the soliton growth
mechanism expected from the cold substrate method. In the second stage of the study, CdTe (2.5-3
um) was evaporated onto the surface of the Glass/Au+Cu binary structures at a substrate temperature
of 200 K. This ternary structure was heated at a substrate temperature of 230 °C, and the CdS optical
window layer (100-150 nm) was evaporated. The photovoltaic parameters of the resulting In/n-
CdS/p-CdTe/Cu+Au/Cam solar cell were investigated in dark and bright conditions (100 mW/cm?),
and the obtained photovoltaic parameters were compared with solar cells produced using standard
methods. It was understood that the solar cell obtained with the new application exhibited higher
photovoltaic parameters (Isc = 11.53 mA, Voc = 0.43 V, FF = 0.56 and I] (%) = 5.60) due to the fact
that the CdTe photoactive layer with high vapor pressure was produced by the cold substrate method
and thus has a high stoichiometric crystal structure. The photovoltaic parameters of the CdS/CdTe
solar cells of the CdS layers produced at 200 K substrate temperatures were calculated as,
respectively.

Keywords: Cold Substrate, Soliton Model, Nanoparticle, Solar Cell, Photovoltaic Parameter.

Introduction

The biggest obstacle to the widespread use of solar cells is their high cost (De Vos et al., 1994;
Nykyruy et al., 2019). On the other hand, semiconductors belonging to the A2B6 group (such as CdS,
CdSe, CdTe, ZnTe, and ZnSe), known to be low-cost, are not preferred for device production because
they contain elements with high vapor pressures (S, Te, and Se). These semiconductors are generally
produced by vacuum evaporation, and uncontrolled defects and defect complexes form in their crystal
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structures. These uncontrolled defects in the crystal structure mainly consist of cadmium interstitials
with donor properties and sulfur and tellurium (Cdi, Vs, VTe) vacancies (Chou et al., 1996). This
negatively affects the characteristics of devices built on the produced films. A review of studies
conducted on the A2B6 semiconductor in the literature reveals the importance of developing
innovative methods for the widespread use of these structures. In this study, we planned to produce a
CdTe film, used as the photoactive layer in a CdS/CdTe solar cell, on cooled substrates using a new
method. This method will allow us to produce CdTe films with highly stoichiometric crystal
structures and investigate their effects on solar cell efficiency.

Studies have shown that the film formation mechanism on cooled substrates is mediated by soliton
waves (Manir et al., 2025, Nevruzoglu et al., 2020, Belyaev and Rubets, 2001, Polat et al. 2011).
Thanks to the soliton waves generated on the substrate surface, films generally consist of equally
sized grains. This allows the produced film to exhibit properties close to single crystal properties. In
theliterature, the minimum thickness of the CdTe film used as the photoactive layer is 350 nm, while
the minimum thickness of the CdS film used as the optical window is 100-150 nm (Das vd., 2020).
In this study, we will first determine the soliton temperature for the formation of the CdTe layer and
the evaporation time required to achieve the desired thickness. Photovoltaic parameters of solar cells
with the same structural content produced by two different technological methods (classical and cold
substrate method) will be examined in dark and light (100 mW/cm?) environments and the obtained
results will be compared and interpreted.

Materials and Methods

The fabricated In/n-CdS/p-CdTe/Au+Au solar cell model is shown in Figure 1. In this design, a
metallic In-CdTe structure will be applied as an ohmic contact to the CdS layer, and a Cu+Au binary
structure will be applied to the CdS and CdTe surfaces. In this application, the In and Cu+Au binary
structures will be evaporated onto the CdS and CdTe surfaces, respectively, by vacuum evaporation
(Bazner et al., 2000). First, CdTe films grown on glass surfaces using the cold-substrate method will
be obtained at different substrate temperatures (300-100 K) at 50 K intervals, and their characteristic
properties will be investigated. The results obtained from structural experiments (XRD, FESEM,
EDS) and optical measurements will be analyzed, and the production regime in which the soliton
growth mechanism occurs will be determined. Then, in the specified regime, a CdTe film of the
desired thickness will be evaporated using the cold-substrate method, and the CdS film will be
evaporated to a 100-150 nm thickness onto a CdTe surface heated at 200 °C. Ohmic contacts will be
applied to this sandwich structure and the formation of the heterojunction will be achieved by
annealing it at 350 °C for 15 minutes in air.

hv

Cu+Au

Figure 1. Fabricated In/n-CdS/p-CdTe/Au+Au solar cell model
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Sigma Aldrich CdS powder with 99.99% purity was used in the production of CdS films, and Sigma
Aldrich CdTe powder with 99.99% purity was used in the production of CdTe films. Chempur brand
99.9% pure molybdenum was used as the ohmic contact for p-CdTe, and metallic indium was used
as the ohmic contact for n-CdS. Figure 2 shows a schematic view of the cryogenic substrate impact
method used in the study.

Figure 2. Schematic drawing of the vacuum chamber and evaporation apparatus (1. Window
adjustment lever, 2. Vacuum chamber height adjustment lever, 3. Liquid nitrogen inlet, 4.
Thermocouple, 5. Adjustable window, 6. Quartz reactor, 7. Vacuum chamber, 8. Evaporator source).

XRD analysis of CdS and CdTe films was carried out using a Rigaku brand SmartLab x-ray
diffractometer. CuKa (A = 1.5408 A) was used as the X-ray source. Analysis was carried out at room
temperature, in the range of 10° < 26 < 80° and in 0.02° steps. Electrical measurements of n-CdS/p-
CdTe solar cells were carried out at room temperature (300 K) using an Ivium CompactStat.h10800
electrical measuring device. For photovoltaic measurements, a Sciencetech SF150C solar simulator
with a power of 100 mW/cm? was used. A Zeiss Sigma 300 instrument was used for field emission
scanning electron microscope (FESEM) analysis. A SpektraMax M5 UV-VIS spectrophotometer was
used for optical measurements of the produced films.

Findings and Discussion

Figure 3 shows the XRD spectra of CdTe thin films produced at 300-100 K temperatures with 50 K
intervals, measured in the range of 20 = 10-80°. When the XRD spectra of the CdTe films are
examined, it is understood that the reflection peak occurring at 20 = 23.510 is in the (111) plane of
the cubic structure. Furthermore, the reflections occurring at 20 = 39.200 and 20 = 46.180 angles of
the spectrum originated from the (220) and (311) planes, respectively, and this feature was determined
to be the characteristic peaks of CdTe. It was observed that the CdTe films produced at all substrate
temperatures had a cubic crystal structure.
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Figure 3. X-ray diffraction of CdTe thin films produced by the cold substrate method

Figure 4 shows the XRD pattern of a CdS film produced at a substrate temperature of 200°C. As can
be seen from the figure, the film has a hexagonal structure and grew predominantly in the (002) plane.
However, it was observed that the low intensity reflection peaks in the spectrum belong to the (101),
(103) and (201) hexagonal structures.
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Figure 4. X-ray diffraction pattern of CdS film produced at 200 °C substrate temperature

Figure 5 shows the changes in thickness values for CdTe films produced at all substrate temperatures.
As can be seen, the thickness values decrease with temperature. This is understood to be due to
changes in grain size depending on the substrate temperature, as seen in the FESEM images.
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Figure 5. Thickness values of CdTe films produced at different substrate temperatures.

Figure 6 shows FESEM images of CdTe thin films grown at temperatures between 300 and 100 K.
When the images are examined, structural changes in the surface appearance of the films are observed
depending on the substrate temperature. As the substrate temperature increases from 300 K to 100 K,
the grain sizes of the produced films decrease. This causes the films to grow in a tighter packing
pattern and gradually decreases the intergrain spacing. In particular, when the FESEM images of the
CdTe film grown at a substrate temperature of 200 K are examined, it is observed that the crystal
structure consists of equally sized clusters. This indicates that CdTe films grown at a substrate
temperature of 200 K are formed by a soliton growth mechanism (Tomakin et al., 2012).
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Figure 6. FESEM images of CdTe films produced at different substrate temperatures a) 300 K, b)
250 K, ¢) 200 K, d) 150 K and e) 100 K

Figure 7 shows that the CdS film produced at a substrate temperature of 200 °C exhibits an appearance
similar to an amorphous structure.

Figure 7. FESEM image of CdS thin film produced at 200 °C substrate temperature

The grain sizes of CdTe films produced at substrate temperatures of 300 K and 200 K were calculated
using the ImageJ program. It was determined that the grain sizes at 300 K substrate temperature varied
between 140 and 180 nm, while at 200 K substrate temperature, the grain sizes varied predominantly
between 100 and 125 nm. The CdS film was determined to have a grain size of 32 nm.

Figure 8 shows the optical transmittance spectra of CdTe films produced at substrate temperatures of
300 K and 200 K, examined at visible wavelengths (350-750 nm). The optical transmittance spectra

Proceedings Book 159



4t International Energy Days October 07, 2025

show that the film produced at 300 K has an optical transparency of 40%, while the film produced at
200 K has an optical transparency of ~70%. The reason for this high transparency is the more
homogeneous surface and uniformly sized clusters of the film produced at 200 K.

Wavelength (nm)

Figure 8. Optical transmittance graph of CdTe thin films

Figure 9 shows the absorption spectra of CdTe films produced at substrate temperatures of 300 K and
200 K. When the absorption spectra are examined, it is seen that the spectrum of the CdTe film
produced at 300 K absorbs at wavelengths of approximately 855 nm and 910 nm. The absorption at
855 nm corresponds to the band gap value of the CdTe film (1.45 eV). However, it is understood that
the absorption peak occurring at 910 nm originates from point defects. Studies have reported that this
defect phase, in particular, originates from the formation of Vte. When the absorption spectrum of
the CdTe film produced at 200 K is examined, only an absorption peak occurring at a wavelength of
820 nm is observed. This absorption peak corresponds to the band gap value of CdTe (1.51 eV).
When the obtained results are examined, it is seen that the CdTe film grown on the cooled substrate
surface is significantly free of point defects.
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Figure 9. Optical absorption spectra of CdTe thin films produced at 300 K and 200 K substrate
temperatures.

Table 1. Band gap values of CdTe films produced at different substrate temperatures.

Substrate 300 250 200 150 100
Temperature (K)
Eg (eV) 143 148 153 155 145
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The carrier charge densities of CdTe thin films produced at different substrate temperatures were
determined by Hall measurement at a magnetic field value of 0.47 Tesla and the results are given in
Table 2.

Table 2. Carrier charge density and resistivity values of CdTe thin films

Temperature (K) Charge Density (cm3) Resistance (Ohm.cm 103)
300 1,3x108 6,63
250 6,71x10% 6,85
200 5,68x10 7,04
150 1,51x10% 7,07
100 8,63x10%° 7,25

An examination of Table 2 reveals that the changes in carrier density values follow a Gaussian
distribution, with the lowest carrier density occurring in the sample grown at soliton temperatures.
This indicates that the crystal structure of the sample grown in the soliton regime is more
stoichiometric. Indeed, these results are also confirmed by electrical measurements. The Van der
Pauw method was used to determine the resistivity values of the samples. The results showed that the
resistivity values varied with temperature, with the highest resistivity value occurring in the film
grown at 100 K. This is due to the amorphous structure of the film grown at 100 K, as seen in the
XRD spectrum.

Figure 10 shows the semi-logarithmic 1-V plots obtained under the correct feeding regime for solar
cells with a photoactive layer (CdTe) produced at substrate temperatures of 200 K and 300 K.
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Figure 10. Semi-logarithmic 1-V graph of solar cells a) 200 K and b) 300 K

Short circuit current (Voc), fill factor (FF), maximum power (Pmax), cell efficiency (1) and current
density (Isc) values were calculated from the I-V measurements of solar cells in a light environment
(100 mWcm?).

Table 3 shows the numerical values of photovoltaic parameters obtained in a light environment at
substrate temperatures of 200 K and 300 K. As can be seen from the table, the short-circuit current
(Isc), open-circuit voltage (\Voc), fill factor (FF), and cell conversion efficiency are highest for solar
cells with photoactive layers produced at a substrate temperature of 200 K. This suggests that the
cryogenic method would be beneficial in producing photodevices with high vapor pressure.
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Table 3. Photovoltaic values of solar cells produced at different substrate temperatures

Substrate Isc Voc (V) FF I1(%) Nga(cm?®) n lo(nA)
Temperature (mA)

200 K 11.53 0.43 0.49 5,60 2.25x10*? 313 0.33
300 K 5.41 0.35 040 1,73 1,12x102  4.35 0.47

Conclusion and Recommendations

X-ray diffraction patterns (XRD) showed that CdTe films produced at all substrate temperatures grew
in a cubic structure, while CdS films grew in a hexagonal crystal structure. FESEM images revealed
that the soliton growth mechanism occurred at a substrate temperature of 200 K. Optical
measurements determined that the CdTe film produced at 200 K had higher optical transparency.
However, it was understood that the characteristic properties of CdTe films produced at all substrate
temperatures varied depending on the substrate temperature. The characteristic properties of solar
cells (In/n-CdS/p-CdTe/Au+Cu) based on CdTe optical absorption layers obtained via island (300 K)
and soliton (200 K) growth mechanisms were investigated. The results showed that the photoactive
CdTe layer-based solar cell obtained at 200 K substrate temperature exhibited higher photovoltaic
parameters compared to the other solar cells.
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ABSTRACT

Hydrogen, which is widely used in key sectors such as heavy industry and transportation, should be
produced from renewable energy sources in order to effectively address climate challenges. Among
renewable sources, onshore wind energy has been identified in the literature as one of the most
economical options for green hydrogen production. However, for a hydrogen production system that
integrates a renewable energy source and an electrolyzer, it is essential to consider both technical and
economic criteria in order to achieve a cost-effective investment. In this context, Samsun Province,
with its high wind energy potential and its access to the Black Sea for water supply required in
hydrogen production, stands out as a promising location for green hydrogen generation. Accordingly,
this study aims to determine the optimal PEM electrolyzer power-to-wind power ratio that ensures
the most economical long-term hydrogen production for this region, taking into account technical and
economic considerations. Based on a 25-year investment plan, the results indicate that for a wind
power capacity of 6 MW, the optimal PEM electrolyzer capacity is 2.3 MW, corresponding to a PEM
electrolyzer-to-wind power ratio of approximately 38.3%. At this ratio, the cost of green hydrogen is
calculated as 8.19 USD per kilogram. The cost obtained for Samsun province remains higher
compared to hydrogen production costs calculated for different regions in the literature. In this
context, although the current technical and economic criteria indicate that the green hydrogen cost is
relatively high for Samsun, more comprehensive analyses will be required in the future, considering
the decreasing investment costs and increasing electrolyzer efficiencies brought about by
technological advancements.

Keywords: pem electrolyzer, wind energy, green hydrogen production, Samsun, Tiirkiye

EKONOMIK YESIiL HIDROJEN URETIiMi iCiN RUZGAR ENERJiSi VE PEM
ELEKTROLIZOR SiSTEMLERi ARASINDAKI OPTIMUM GUC ORANININ
BELIRLENMESI: SAMSUN iLi ORNEGI

OZET

Agir sanayi ve ulagim gibi kritik sektorlerde kullanilan hidrojenin, yenilenebilir enerji kaynaklarindan
elde edilmesi iklim sorunlariyla miicadele agisindan son derece kritiktir. Yenilenebilir enerji
kaynaklar1 arasinda 6zellikle karasal riizgar enerjisi, literatiirdeki ¢aligsmalarda yesil hidrojen tiretimi
icin en ekonomik kaynak olarak 6ne ¢ikmaktadir. Ancak, yenilenebilir enerji kaynagi ve elektrolizor
iceren bir hidrojen iiretim sisteminin teknik ve mali kriterler dikkate alinarak tasarlanmasi ve
kurulmasi, ekonomik bir yatirim i¢in gereklidir. Bu kapsamda, yiiksek riizgar enerjisi potansiyelinin
varlig1 ve hidrojen iiretimi i¢in gerekli suya Karadeniz kiyis1 sayesinde erisim kolayligi, Samsun ilini
potansiyel bir yesil hidrojen {iretim merkezi haline getirmektedir. Bu ¢calismada da s6z konusu bolge
icin uzun vadede en ekonomik hidrojen iiretimini saglayacak optimum PEM elektrolizor giicii/riizgar
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enerjisi giicii oraninin, teknik ve mali kriterler g6z Oniinde bulundurularak belirlenmesi
amaclanmistir. Yirmi bes yillik yatirim plani kapsaminda elde edilen sonuglara gore, 6 MW’lik bir
riizgar enerjisi isletme giicii i¢in PEM elektrolizor gilicli optimum olarak 2.3 MW bulunmus; bu da
yaklagik %38,3’liik bir PEM elektrolizor giicii/rlizgar enerjisi giicii oranina karsilik gelmektedir. Bu
oran i¢in kilogram basina yesil hidrojen maliyeti 8.19 ABD dolar1 olarak hesaplanmistir. Samsun ili
ozelinde elde edilen bu maliyet, literatiirde farkli bolgeler i¢in hesaplanan hidrojen maliyetlerine
kiyasla yiiksek kalmaktadir. Bu kapsamda, Samsun ili i¢in her ne kadar giinlimiiz teknik ve ekonomik
kriterleri ile yesil hidrojen maliyeti yliksek bulunsa da gelecek yillarda teknolojik gelismelerin
getirdigi diisen yatirim maliyetleri ve ylikselen elektrolizor verimleri ile bu bolge i¢in daha kapsamli
analizlere ihtiyag¢ vardir.

Anahtar kelimeler: PEM elektrolizori, riizgar enerjisi, yesil hidrojen tiretimi, Samsun, Tiirkiye

GIRIS

Diinya genelinde fosil kaynaklardan yenilenebilir enerjiye geg¢is adimlar ile enerji kaynaklarimin
kullaniminda 6nemli degisimler meydana gelmekte ve bu degisim giin gectikge hizlanmaktadir.
Glines ve riizgar enerjisi gibi yenilenebilir enerji kaynaklart giiniimiiz diinyasi i¢in bu degisimin
onciiliigiinii yapmaktadirlar. Ulkemiz de bu enerji kaynaklarindan faydalanma noktasinda énemli bir
potansiyeli barindirmaktadir. Bu baglamda diinyadan ve iilkemizden arastirmacilar farkli branglar ve
caligma alanlar altinda iilkemizdeki bu potansiyele yonelik cesitli ¢alismalar yapmaktadirlar [1]. Bu
calisma alanlarindan biri de yesil hidrojen iiretimi i¢in yenilenebilir enerji kaynagi-elektrolizor
sisteminin tasarlanmasi ve analiz edilmesine yonelik arastirmalardir [2]. Nitekim, fosil-bazli enerji
kaynaklarindan yenilenebilir enerji kaynaklarina gecise benzer sekilde gri hidrojen iiretiminden yesil
hidrojen {iretimine gecis de temiz bir ¢evre i¢in dnem arz etmektedir.

Giliniimiiz teknik ve ekonomik sartlar1 altinda su an igin yesil hidrojen iiretim maliyeti gri hidrojen
iiretim maliyetine kiyasla heniiz tam anlamiyla istenen ekonomik degerlere ulagmis degildir. Bunda,
yenilenebilir enerji santrali ve elektrolizor kurulum maliyetlerinin yiiksekligi, elektrolizor veriminin
diistikliigli ve yenilenebilir enerji kaynaklariin degisken gii¢ ¢ikis1 kaynakli elektrolizér dmriintin
kisalmasi gibi ¢esitli etkenler rol oynamaktadir. Bu noktada, yenilenebilir enerji kaynaklarinca yiiksek
potansiyelli bolgelerin se¢imi, uygun elektrolizor tipinin se¢imi, uygun yenilenebilir enerji kaynagi
ve elektrolizor isletme gii¢lerinin se¢imi gibi faktorler ekonomik bir yesil hidrojen iiretimi i¢in son
derece dnemlidir [3].

Bu calismada, {ilkemiz yiiksek riizgar enerjisi potansiyeline sahip bolgelerinden biri olan Samsun ili,
riizgar enerjisinden yesil hidrojen lretiminin saglanmasinda riizgar enerji santrali-elektrolizor
sisteminin kurulumu i¢in secilen bolge olmustur [4]. Yiiksek riizgar enerjisi potansiyelinin yaninda
Samsun’un Karadeniz’e olan kiyis1 dolayisiyla hidrojen iiretiminde kullanilan suyun saglanmasi
noktasinda da segilen bu bolge oldukea elverislidir. Bu sekilde tatli su yerine deniz suyu kullanimu ile
su tasarrufu agisindan da olabilecek olumsuz etkilerin de Oniine geg¢ilmektedir. Diger yandan, bu
caligmada, yiiksek akim yogunlugu, diisiik calisma sicakligi ve hizli baglama gibi avantajlari
dolayistyla proton degisim membranli (proton exchange membrane, PEM) elektrolizoriiniin se¢imi
uygun bulunmustur [5]. Ozellikle PEM elektrolizoriin hizli baslama ozelligi, bu elektrolizdrii
yenilenebilir enerji kaynaklarmin giic ¢ikis1 dalgalanmalar1 acisindan bu kaynaklar ile birlikte
kullanim1 noktasinda uygun kilmaktadir. PEM elektrolizorii ile deniz suyundan hidrojen eldesinde
bazi literatiir ¢alismalarinda deniz suyu direkt olarak elektrolizore verilmektedir [6]. Fakat bu durum
elektrolizor Omriinii oldukga kisaltmaktadir. Bu ¢alismada, uzun vadeli bir plan dikkate alindig1 i¢in
ters osmoz biriminin de sisteme dahil edilmesi uygun goriilmiistiir. Bunun yaninda iiretilen hidrojenin
giinliik olarak depolandigi ve ertesi gilin i¢in tekrardan dolum yapilacak sekilde hidrojen tankinin
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tamamen bos oldugu varsayilmistir. Bu kapsamda, PEM elektrolizorii ve riizgar enerji santrali i¢in
isletme giicleri oranin en ekonomik degeri bulunmaya ¢aligilmistir.

MATERYAL VE YONTEM
Yesil Hidrojen Uretimi i¢in Uygun Riizgar Enerjisi Potansiyelli Bélgenin Belirlenmesi

Samsun ilinde yesil hidrojen tiretimi i¢in kurulacak olan riizgar enerji santrali i¢in uygun bolgenin
secimi iki kriter dogrultusunda verilmistir. Bunlar; yiiksek riizgar enerjisi potansiyelinin olmasi,
ormanlik alan olmamasi ve denize yakinlik olarak belirlenmistir. Bu kapsamda segilen bdlge ve bu
bolge i¢in riizgar hizi ve riizgar giicii yogunlugu Sekil 1’de goriilmektedir. Global Wind Atlas
sitesinden elde edilen gorselde 50 m ylikseklikte secilen bolgenin %10’luk en potansiyelli kisminda
riizgar hiz1 ortalamasinin 5.88 m/s ve riizgar giicii yogunlugunun 552 W/m? oldugu, riizgar yoniiniin
ise giiney bat1 yoniinde hemen hemen tek tarafta yogunlastigi gériilmektedir [7].
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Sekil 1. Segilen bolge i¢in riizgar potansiyeli gorseli ve bilgileri

Diger yandan Google Maps aracilig1 ile elde edilen gorsel iizerinde riizgar enerji santrali ve PEM
elektrolizorii igin kurulum bélgeleri ve bu bolgeler aras1 uzaklik Sekil 2°de goriilmektedir. iki bolge
aras1 uzakligin 5 km oldugu goriilmektedir. Bu noktada riizgdr enerjisinin PEM elektrolizoriine
ulastirilmasi i¢in bu iki mesafe arasina iletim hattinin ¢ekilmesi de yatirim modeli kapsaminda dikkate
alinmustr.

Riizgar Tiirbini Ozellikleri

Riizgar enerji santrali i¢in secilen bdlgeye ait giic yogunlugu verisi ile uyumlu olarak 2 adet Enercon
firmasinin E-82 E4 model 3 MW isletme giiclindeki rlizgar tiirbini kullanilmigtir. Riizgar tiirbinine ait
bilgiler Tablo 1’de verilmistir [8].
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Tablo 1. Riizgar tiirbini bilgileri [8]

Uretici Model Nominal Baslangic Nominal Kesilme Giic
giic riizgir hiz1 | riizgir hiz1 | riizgir hiz1 | yogunlugu
Enercon E-82 E4 3 MW 2.5 m/s 16 m/s 34 m/s 568.1 W/m?
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Sekil 2. Riizgar enerji santrali ve PEM elektrolizori kurulum bolgeleri

Tiirbine ait giig-riizgar hiz1 verisi ve bu veri dogrultusunda MATLAB kullanilarak elde edilen
uyarlanmis egri Sekil 3°te goriilmektedir. Bu ¢alismada, bu egri ile bolge i¢in elde edilen riizgar hizi
verisi kullanilarak riizgar enerji santrali ¢ikig giicli hesaplanmuistir.
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Riizgar hizi (m/s)

Sekil 3. Tiirbin gii¢-riizgar hiz1 verisi ve uyarlanmis egrisi

Uyarlanmis egriye ait fonksiyon ise Esitlik (1)’deki gibi elde edilmistir.
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Prgs = 0.01657v° — 0.8477v* + 13.56v> — 62.38v2 + 99.84v — 0.224 )

burada Pz ve v sirastyla riizgar tiirbini ¢ikis giliciinii ve riizgar hizin1 ifade etmektedir.

Optimum Gii¢ Oram Hesabi

Glig oranina gore yapilacak olan yatirimin maliyeti ve Tlretilecek olan hidrojenin miktari
degismektedir. Bu dogrultuda en uygun fiyath sekilde en fazla hidrojenin iiretimi en dogru se¢im
olacaktir. Bu kapsamda ekonomik bir hidrojen iiretimi i¢in en uygun olan riizgar enerji santrali giicii-
elektrolizor gilicii oraninin belirlenmesi gerekmektedir. Bu ¢alismada gergeklestirilen yatirim
planlamasi kapsaminda hidrojen maliyeti asagidaki esitlik ile elde edilebilmektedir:

CAPEXggs X Phgs + CAPEXpe X Pip + CAPEXgnr X my'g™ + CAPEXy x d
Co = +CAPEX o + OPEXggs X BXo X N; + OPEXpe X PX. X N, 2)
2 N; X Xogo4 My,

burada CAPEXggs, CAPEXpg, CAPEX )1, CAPEX;y ve CAPEX g sirastyla riizgar enerji santrali,

PEM elektrolizorii, hidrojen tanki, iletim hatti kurulumu ve ters osmoz birimi i¢in gerekli sermaye
harcamasini ifade etmektedir. OPEXggs ve OPEXpg ise sirasiyla riizgar enerji santrali ve PEM
elektrolizoril i¢in y1llik bakim isletim maliyetini ifade etmektedir. Pi-c ve Pi sirastyla riizgar enerji
santrali ve PEM elektrolizorii isletme giiclerini, ”131_?1;;5 giinliik bazda elde edilebilen maksimum
hidrojen miktarini, d riizgar enerji santrali ile PEM elektrolizorii kurulum bolgeleri arasindaki

mesafeyi, N; yatinm igin Ongériilen proje Omrlnii ve my, ise iretilen hidrojen miktarini

gostermektedir.

Bu caligmada, segilen bolge i¢in 2024 yili riizgar hizi verisinin kullanilarak yillik hidrojen eldesi
degerinin bulunmasi ve bunun proje dmrii boyunca yillik sabit kaldig1 varsayilmistir. Hidrojen
eldesinin hesaplanmasi ise asagidaki esitlik ile yapilmaktadir [9]:

Npe X Eggs 3)
HHVH,

anz =

burada HHVH, hidrojenin {iist 1s1l degerini ifade etmektedir ve degeri 39.4 kWh/kg’dir. npp ise
elektrolizor verimini ifade etmekte ve bu ¢calismada asagidaki esitlikte verildigi gibi dikkate alinmistir

[3]:

roe = { 5e-5x0° — 6.1e-3x0"+0.237x0° — 4.201x0°+36.675%0 — 62.87, 0<%15 @
PE 7 1-0.149x0+74.977, 0>%15
burada O elektrolizor giris giicliniin elektrolizor isletme giiciine oranidir. Esitlik (4) kullanilarak PEM

elektrolizorii verim egrisi Sekil 4’teki gibi ¢izdirilebilmektedir. Sekilden de goriildiigii izere PEM
elektrolizorii en yiiksek verimi %20 civari isletme giiciinde vermektedir.

Bu esitlikler dogrultusunda 6 MW bir rlizgar enerjisi santrali i¢in en uygun PEM elektrolizorii giiciinii
Esitlik (2)’deki Cp, *nin minimum degeri vermis olacaktir.
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BULGULAR VE TARTISMA

Riizgar Hiz1 ve Maliyet Verileri
Bu calismada, segilen bolge i¢in NASA POWER’1n Data Access Viewer platformu {izerinden 2024

yilina ait riizgar hiz1 verisi 50 m yiikseklik i¢in saatlik bazda alinmistir [10]. Sekil 5’te bu veriye bagh
riizgar hiz1 degisimi saatlik bazda goriilmektedir. Bu veri dogrultusunda saatlik riizgar hiz1 bilgisi

kullanilarak Esitlik (1) ile saatlik iiretilen riizgar enerjisi degerleri de bulunmaktadir.

Diger yandan 6nerilen yatirim modeli i¢in literatiirdeki ¢calismalardan edinilen maliyet bilgileri Tablo
2’de verilmistir. Burada farkli ¢alismalarda degisebilen maliyet bilgileri icin bu calismada bu
degerlerin ortalamasi alinarak onerilen yatirrm modeli i¢in kullanilmistir.
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Sekil 4. PEM elektrolizorii verim egrisi
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Sekil 5. Se¢ilen bolge i¢in 2024 y1li riizgar hiz1 degisim grafigi
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Optimum Gii¢ Oraninin Bulunmasi

Optimum gii¢ orani, Esitlik (2) ile verilen hidrojen maliyet fonksiyonunun minimize edilmesi ile
bulunmaktadir. Bu fonksiyon {iizerinden PEM elektrolizoriiniin isletme giicliniin degisimi ile
elektrolizor kurulum maliyeti ve buna bagh elektrolizér isletme maliyeti de degisecektir. Diger
yandan giinliik olarak iiretilen hidrojen miktar1 degisecegi i¢in hidrojen tanki maliyeti de degisecektir.
Yine benzer sekilde payda kismindaki iiretilen toplam hidrojen miktar1 da degisecektir. Bu noktada
degisen bu kosullar altinda ekonomik bir yatirim i¢in hidrojen liretim maliyetinin en diisiik oldugu
elektrolizor giicliniin bulunmasi bir gerekliliktir. Bu ¢alismada, PEM elektrolizorii isletme giicii
degeri 1 MW degerinden baslatilmak tizere 100 kW’lik artiglarla 4 MW degerine kadar analiz
edilmistir. Bu kapsamda degisen PEM elektrolizorii isletme giiciine karsilik kg basina elde edilen
hidrojen maliyeti egrisi Sekil 6’daki gibidir.

Tablo 2. Yesil hidrojen sistemi maliyet parametreleri ve degerleri

. Ortalama
Komponent Parametre Maliyet Maliyet
1208 €/kW [11]
CAPEXRes ve 1300 US$/kW | 1374 US$/kKW
Riizgar Enerji [9]
Santrali 16 US$/kW [9]
OPEXRges ve 16.7 US$/kW | 16.4 US$/KW-y1l
[12]
1000 €/kW [11]
CAPEXepe ve 1280 US$/kW | 1240 US$/kKW
PEM E?l]lhk olarak
Elektrolizorii ) ,.. | Yillik olarak
CAPEX’in %4’ .
OPEXPE - CAPEX mn
[11] ve %3.1°1 %3.6°
05.0 81
[9]
210 US$/kg [9]
Hidrojen Tanki | CAPEXw2t ve 355 AUD/Kkg | 222 US$/kg
[13]
gle;in i OSMOZ | - APEX 105 271.200 US$ [14]
fletim Hattx CAPEXiu 5118 US$/km [15]
Proje Omrii 25 yil

*€/US$ ve US$/AUD kur doniigiimii sirasiyla 1.2 ve 1.5 alinmstir.

Sekil 6 incelendiginde PEM elektrolizorii gliciiniin 2 MW ile 2.5 MW arasinda ekonomik deger
irettigi, en ekonomik durumun ise 2.3 MW degerinde elde edildigi goriilmektedir. Bu gii¢ degeri,
rlizgar enerji santrali gli¢ degerinin (6 MW) yaklasik %38.3 ne karsilik gelmektedir. Bu oran i¢in elde
edilen hidrojen maliyetinin ise 8.19 US$/kg oldugu goriilmektedir.
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Sekil 6. Elektrolizor giicline karsilik hidrojen maliyeti degisim egrisi

Sekil 7°de ise PEM elektrolizorii giicliniin 2.3 MW olmas1 durumunda giinliik olarak elde edilen
hidrojen tiretimi miktarlart degisimi goriilmektedir. En yiiksek hidrojen miktar1 329. giinde 1462 kg
olarak elde edilmistir. Bu deger Esitlik (2)’de hidrojen tanki kurulum maliyetini direkt olarak
belirlemektedir.

1500 - n

X:329
Y: 1462

= 1000 1 J
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Giinliik hidrojen iiretimi (kg)

Sekil 7. PEM elektrolizorii giiciiniin 2.3 MW oldugu durumda giinliik elde edilen hidrojen miktari
degisimi

Diger yandan bu ¢alismada elde edilen maliyet ile literatiirdeki diger ¢alismalarda riizgar enerjisi ile
yesil hidrojen iiretim maliyeti degerleri Tablo 3’te goriilmektedir. Farkli lokasyonlar i¢in elde edilen
minimum maliyet degerlerinin bu ¢aligmada Samsun ili i¢in elde edilen degere kiyasla diisiik kaldig:
goriilmektedir. Kanada icin yapilan ¢alismada elde edilen maliyetin bu ¢alismada Samsun i¢in elde
edilene yakin oldugu fakat 6zellikle Almanya i¢in elde edilen gibi diger maliyetlere kiyasla Samsun
ozelinde yapilacak bir yatirim oldukca ytliksek maliyetli kalmaktadir.
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Tablo 3. Yesil hidrojen sistemi maliyet parametreleri ve degerleri

Lokasyon Hidrojen maliyeti (US$/kg) | Referans

Heide, Almanya 3.06* [3]

Chuja Adasi, Giiney Kore | 5.7-14.8* (Ort. 10.3) [16]

Alberta, Kanada 7.55-10.15 (Ort. 8.85) [17]

Samsun, Tiirkiye 8.19 Sunulan Caligma

*€/US$ kur doniistimii 1.2 alinmustir.

Bu sonucun yaninda literatiir ¢alismalar1 tizerinden daha adil bir karsilastirma i¢in daha kapsamli
analizlere ve degerlendirmelere ihtiyacin oldugu da vurgulamak gerekmektedir. Ornegin, degisken
yatirim maliyetleri ve degisken elektrolizor verimi degerleri, maliyet hesaplamalarini 6nemli 6l¢iide
etkilemektedir. Bunun yaninda riizgar enerjisi ve elektrolizér kurulumunda yiiksek kapasitelere
ciktikca maliyette de ciddi diisiisler olmaktadir [11]. Bunun yaninda gelisen teknoloji ile birlikte
yatinm maliyetleri diiserken elektrolizér verimi de gittikge artmaktadir. Bu gibi etkenler altinda
Samsun ili i¢in daha kapsamli ¢alismalara ihtiyag¢ vardir.

SONUCLAR

Bu ¢alismada, Samsun ili 6zelinde yapilacak bir riizgar enerjisi bazli yesil hidrojen iiretim sistemi
icin en ekonomik hidrojen maliyetini veren riizgar enerji santrali giicii-elektrolizor giicli oranin
belirlenmesine ve bu kapsamda Samsun ili i¢in yesil hidrojen iiretim maliyetinin hesaplanmasina
yonelik tekno-ekonomik bir analiz sunulmaktadir. Calismada, riizgar enerji santrali, PEM
elektrolizorii ve hidrojen tankindan olusan bir sistem i¢in maliyet hesab1 yapilmaktadir. Elde edilen
sonuglar Samsun ili 6zelinde 6 MW’lik bir riizgar enerji santrali i¢in 2.3 MW’lik PEM elektrolizor
kapasitesinin kurulumu durumunda en ekonomik yesil hidrojen tretimi 8.19 US$/kg olarak
bulunmaktadir. Bu sonug, literatiir ¢alismalarinda farkli lokasyonlar icin elde edilen hidrojen
maliyetlerine kiyasla ytliksek kalsa da Samsun ili 6zelinde daha kapsamli analizlere ihtiya¢ oldugu
degerlendirilmektedir.
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ABSTRACT

The purpose of this thesis at the master's level is to describe the energy sector, taking into account all
the resources that exist in our country, starting from fossil fuels to renewable sources. As the main
factor of a country's economic development, electricity production is the main factor. In Kosovo, the
supply of electricity is very problematic and is based mainly on the energy produced by the Kosovo
A and Kosovo B Power Plants, which use lignite as a raw material for over 95%. This form of
electricity production is almost the only option for ensuring a stable, safe, quality and uninterrupted
supply of electricity for our country, as a key condition for the development of the state of Kosovo.
Globally, Kosovo does not fare much worse than the countries of the region in terms of annual
balance. But Kosovo's problem is covering the peak, especially in the winter season, and meeting the
needs and demands for additional capacity for regulation in the electricity system.

Keywords: Efficient energy source, efficient lighting, energy intensity, efficient equipment, public
sector.

Introduction

The paper is focused on the field of saving electricity. This paper as a study issue that uses it in various
socio-economic activities and for technological development. In view of the gradual increase in
demand for electricity and the future possibility of not serving all sectors of consumption, its
optimization is necessary.

It is not enough just to manage the implementation of electricity services to be successful, but this
issue requires more detailed analysis and research, in which the application of strategies based on the
pillars of energy efficiency and environmental education in order to minimize electricity costs in
public buildings, which were selected for this master's topic due to the fact that the managers of these
buildings show a lack of action to apply this strategy.

Concern about the correct consumption of electricity since the costs are related to the public treasury
and are not always perceived by the people as resources that come from the taxes paid by citizens.
Among the public buildings that consume the most electricity, the most important in the municipality
of Ferizaj are those in the education sector.
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Therefore, energy efficiency is necessary, which plays an important role in all sectors of the lives of
citizens in our country, and with this undoubtedly also for the municipality of Ferizaj. Energy is one
of the largest operating costs for the municipality of Ferizaj. The municipality of Ferizaj uses
electricity for daily needs.

1.1 Research purpose (research questions)

The purpose of this study is to investigate the level of efficiency of electricity use in the Municipality
of Ferizaj, taking into account the advantages and disadvantages, as well as the level of awareness of
the work of efficiency of electricity use.

The research will be oriented towards identifying and analyzing the problems that people most often
face in the use of electricity in the Municipality of Ferizaj in the public sector, through the following
research questions:

1. How do you evaluate the infrastructure in your facility?

How satisfied are you with heating during the winter season?

What do you use for heating?

Is the electric lighting sufficient?

In what condition are the windows and doors in your facility?

How much do you think the poor insulation of the facility affects heating?

N o g bk~ w D

How much investment has there been in the last 5 years in your facility for insulation of walls,
windows, doors, central heating and electric lighting?

8. How often do you submit requests and complaints about the conditions of the facility to the
responsible officials?

9. Have you ever been forced to interrupt classes due to poor conditions for normal work in your
facility?

10. Apart from atmospheric conditions, how much damage is caused by students, what are the
measures you take to prevent these damages?

Research methodology

The methodology used was based on environmental education of the research participants, along with
the replacement of lamps with LED (Light Emitting Diode) systems in strategic locations in the
building, building insulation, replacement of windows with higher efficiency and monitoring of the
results. The actions to be carried out include the replacement of inefficient lamps and educational
lectures offered to students of different age groups in two or three school tours in partnership with
school employees and teachers in the selected municipality on energy efficiency and strategies for
reducing electricity consumption. The project directly mobilizes around 200 people belonging to the
target audience and indirectly 300 students who would be part of the teaching unit. Therefore, the
results relate to the possibility of investing in energy efficiency projects for public buildings,
subsidizing actions in the design, renovation and maintenance of public buildings.

The data collected from the questionnaires will be processed using the Microsoft Office program and
through the Microsoft Excel program, analysis and presentation of the findings will be carried out by
presenting the results in the form of tables and graphs.

In this research on the MASTER topic, the tool that | have used is the questionnaire which contains
research questions and hypotheses raised in the research.
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We have built and formulated the questionnaire form in a form that contains several questions about
the sources of electricity used in the schools of Ferizaj and the role that the source of electricity has.
The questions are of the closed type scaled with nominal values, but there are also open-ended
questions.

2.1 Objective of the work

This work aims to discuss the energy issues facing the public sector of the municipality of Ferizaj,
the steps that municipal public sector personnel in Kosovo, specifically in the municipality of Ferizaj,
can take to understand and reduce energy use and reduce the cost of bills, as well as the sources of
financing for energy efficiency projects. The focus of this thesis is to identify opportunities for
increasing the energy efficiency of public facilities managed by the municipality and
recommendations will be given on how to achieve increased energy efficiency in the municipality of
Ferizaj, and perhaps this will also be an initiative to use this topic in other municipalities in Kosovo.

The objective of this paper is to provide information and resources to assist the management of
municipal public companies and their staff in identifying and implementing opportunities to reduce
energy use.

The following are some specific objectives:
1. Recording the current situation in public municipal companies,
2. Discussing and finding the most objective solutions to overcome these problems,

3. Increasing the efficiency of electricity for these facilities that will be considered based on the
experiences of countries in the region and the world.

2.2 Research questions and hypotheses
2.2.1 Research questions
To achieve and fulfill the objectives of this paper, | used the following research questions:
1. What are some examples of distributed energy, are there existing models?
2. What are the advantages of electricity?
3. What are the costs of projects in the electricity sector?
4. s there a reduction in energy consumption due to efficiency measures?
5. Can there be competitors in the creation of electricity?
2.2.2 Hypotheses

A hypothesis is an assumption about the relationships between the elements of the phenomenon being
studied or about the connection between that phenomenon and another phenomenon. In this research,
[ will try to present and prove the following theses:

H1: The efficiency of optimizing the cost of Energy Transition and strengthens the decarbonization
effect of renewable energies.

H2: The use of efficient electricity reduces electricity costs by up to 50%.
Energy Efficiency in Kosovo

According to Article 35 of the Treaty, the Energy Community may adopt measures to promote energy
efficiency. The Council of Ministers of the EC established a Task Force on Energy Efficiency,
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Emissions in December 2007, which became operational in January 2008 and in application of the
objectives set out in the TEC, MEM was obliged to draft a National Energy Efficiency Action Plan,
entitled the Kosovo Energy Efficiency Action Plan (KEEAP), a long-term document, drafted and
implemented at national level and covering the period 2010-2018.

The first KEEAP was approved in principle by the Secretariat of Energy in November 2010. In April
2011, the National Energy Efficiency Action Plan for the period 2010 — 2018, prepared by the former
Ministry of Energy and Mining, was adopted by the Assembly of the Government of Kosovo and in
June 2011 the new Law on Energy Efficiency was adopted by the Parliament of the Republic of
Kosovo.

As well as the adoption of energy labelling, eco-design, energy performance of buildings and energy
efficiency for end-use. The law also provided the legal basis for the Agency for Energy Efficiency
and for the establishment of a fund for the promotion of energy efficiency and renewable energy
projects®.

Investments in energy efficiency in the public sector can significantly reduce energy costs, creating
fiscal space for other development priorities and increasing competitiveness and job creation.
International experience has shown that investments in energy efficiency in the public sector can help
catalyze efficient energy markets, enabling governments to lead by example and paving the way for
similar improvements in the private sector.

The central and municipal governments will benefit from the Kosovo Energy Efficiency and
Renewable Energy Project through reduced energy costs, a renovated building stock, and greater
comfort and functionality of interiors. The Ministry of Economic Development, the Ministry of
Environment and Spatial Planning, the Kosovo Energy Efficiency Agency, and the Energy
Regulatory Office will all develop their capacities to promote sustainable energy investments across
the country?.

3.1 The Impact of Energy Efficiency in Kosovo

Electricity production in Kosovo relies mainly on energy produced from lignite burned by thermal
power plants (TC Kosovo A and B). Lignite is the most important energy resource in Kosovo, which
supplies about 95% of total electricity production, while the remaining about 5% of energy production
is mainly realized by small hydropower plants built in different periods of time. The demand for
electricity in Kosovo exceeds the needs for Kosovo's supply, therefore Kosovo must rely on unreliable
and unstable imports of electricity. Regarding the supply of heat in Kosovo, the main energy sources
for space and water heating in buildings are biomass (mainly firewood) and electricity, which together
cover over 80% of heating consumption. The high consumption of firewood in an uncontrolled and
unregulated manner can lead to forest degradation, causing adverse environmental, economic and
health impacts. Heating with electricity is very inefficient and exacerbates power outages, especially
during the winter season when the population needs heating. Kosovo is particularly constrained
during the winter months due to the demand for electricity for heating. Taking into account the above
and adding to this the fact of air pollution in recent years in our country, it is clear that energy
efficiency (EE) should be one of the essential objectives in Kosovo’s energy strategy to support its
economic growth as well as meeting global obligations for climate change mitigation and
environmental sustainability. Kosovo’s energy intensity, in terms of energy use per unit of gross
domestic product (GDP), is more than three times higher (0.46 TPES/$000 GDP) than that of the
Organization for Economic Cooperation and Development (OECD) countries, indicating

! Final Report- National Building Energy Efficiency Study for Kosovo, fq 22
2 https://www.worldbank.org/en/country/kosovo/brief/al-energy-efficiency-kosovo
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considerable potential for improving EE. Furthermore, Kosovo's per capita energy use is about one-
third of OECD countries, so its energy intensity is likely to increase further as incomes rise (IEA
2015)°,

3.2 Renewable Energy Sources in Kosovo

Renewable Energy Sources (BER) represent an important source of energy in Kosovo with an
untapped potential. The use of these renewable energy sources contributes to the achievement of the
country's long-term energy policy goals, such as:

e Supporting Economic Development,

e Increasing Security of Electricity Supply, and

e Environmental Protection.
In function of these resources, support measures for Renewable Sources are increased from a financial
and fiscal perspective for all BER, as well as their provision with green certificates. To stimulate
Renewable Sources of Energy in Kosovo, feed-in tariffs have been established for sources of water,
wind, photovoltaic energy and biomass, including biogas. These measures of the incentive policy
towards RES aim to fulfill the requirements of the European Union directives.

3.2.1 Solar Energy

Solar energy is the sunlight that reaches the earth, converted into heat energy and electrical energy.
Solar energy is a form of energy radiated by the Sun, which includes light, X-rays and radioactive
waves. Concentrated solar collectors require large areas of approximately 1km? for every 20-60 MW,
20-60 MW, based on the Earth's surface (510.1x106 km? we can conclude that we are dealing with
large amounts of solar energy (about 106 TWh/year). Kosovo Within a year of 365 days, 285 days
are covered with sunshine while the solar constant is 1367 W/m?.
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Figure 9 Operation of the photovoltaic system*

The material used in photovoltaic cells is crystalline silicon, which is mostly found in sand, because
the photovoltaic system does not only need sunlight but can also produce electricity on cloudy days.
The types of PV materials are polycrystalline, monocrystalline, hybrid, and all-black.

3 https://a-a-k.org/wp-content/uploads/2020/07/Udhezuesi-per-komunat.pdf, fq 14
4 https://knowledgecenter.ubt-uni.net/cgi/viewcontent.cgi?article=2842&context=etd, pg. 19
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Figurel.Operation of the photovoltaic system®

The possibilities of using Solar Energy in Kosovo are good because, as mentioned earlier, it has a
solar radiation of 1367 W/m?.

Latitude from 41° 52 to 43° 16 (N)
Longitude from 19° 59 to 21° 16 (E)®

3.2.2 Wind Energy
Kosovo has a favorable position for the production of wind energy and the prices are favorable.

A wind power plant has been built in Kamenica by the company KITKA, which has an installed
capacity of 32.5 MW and will generate 95,600,000 kWh of electricity per year, there will be 9
generating units with 137 turbines with a height of 110m and a diameter of about 137m. This wind
power plant was completed on August 31, 2018. Wind turbines are large rotating machines that serve
to convert the kinetic energy of the wind into mechanical power, which drives the generator to
generate energy’.

Types of wind turbines are vertical and horizontal axis, most are horizontal axis, the main components
include:

Low speed rotor, which rotates at 30-60 rpm,

High speed shaft connected to the low speed rotor through the impeller housing,
Rotor connection to the propeler,

Connection to the tower,

Wind turbine housing,

Blades 21,

Chassis,

Tower,

Main frame,

Turbine body?.

VVVVVVVYVYYY

5 https://knowledgecenter.ubt-uni.net/cgi/viewcontent.cgi?article=2842&context=etd, pg 20
& Right there., pg. 20

7 https://www.ebrd.com/work-with-us/projects/psd/kitka-wind.html. 2018

8 http://www.akm.gov.al/assets/energjite-e-rinovueshme.pdf
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3.3 Transmission System Operator Kostt

Kostt is a public company with 100% shares owned by the Republic of Kosovo according to the Law
on Electricity, shareholder rights are exercised in the Assembly of the Republic of Kosovo based on
Law No. 05/L-085.

Kostt operates under two licenses issued by the Energy Regulatory Office ERO, as a System and
Transmission Operator and as an Electricity Market Operator.

Kostt manages the Transmission System of the Republic of Kosovo that operates on high voltage
lines 400 kV, 220 kV, and 110 kV. Kostt's responsibility is to transmit Electricity safely and reliably
from generation units to the distributed system, 24 hours a day, 365 days a year®.

3.4 Furnizimi me Energji Elekrike (KESCO)

KESCO was established in 2015 by the Limak-Calik consortium, Kesco has around 500 thousand
customers and is spread across all cities in Kosovo, managed by 7 main districts, Kesco's customers
are households, commercial and industrial.

> Kesco's tariff structure.

» The tariff structure for each household approved by ERO is divided into three blocks,

> First tariff block - Applies to monthly consumption up to 200 kWh/month,

» Second tariff block - Applies to consumption between 201 kWh/month and 600 kwWh/month,

» Third tariff block - Applies to consumption above 600 kWh/month.
The existing tariff structure for household consumers in Kosovo is such that, in addition to being
divided into three blocks, it applies different prices for consumption during the night and during the
day, in order to reflect the difference in electricity costs at different times.

3.5 Energy audit in buildings

Energy audit in the Law on EE No.06/L-079 is defined as a systematic procedure carried out by an
energy auditor, the purpose of which is to provide the necessary information regarding the energy
consumption profile of a building or group of buildings, an activity, industrial or commercial
installation, or a private or public service, with which cost-effective energy saving opportunities are
identified and quantified and the results are reported.

Energy audit consists mainly of the collection and measurement of data by certified auditors, which
are valid for the assessment of the energy consumed by a building. Its main purpose is to make an
initial energy study and identify the operating and maintenance procedures. Its main task is to describe
and evaluate the current energy demand and consumption, to identify possible and most important
energy management improvements and, ideally, to provide an energy management plan.

The data collected during the energy audit, such as from building observation/measurement, data
collection and also from user interviews, should describe the energy demand of the building, which
is mainly influenced by the use of the building and the building envelope, as well as the energy
consumption, which is influenced by the equipment and the type of energy used for heating, cooling,
ventilation, lighting the building and for heating sanitary hot water. By implementing energy audit
processes, assessing the energy use used within a building or a certain area, we can accurately identify
opportunities to reduce consumption.

9 KOSTT. "Web Kostt."
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Energy audits are the first step to improve the energy efficiency of buildings, public lighting and
industrial facilities?®.

3.6 Benefits of an energy-efficient building

"Energy efficiency” means the ratio in percentage of the energy output to the energy input, in the
same energy system, which in our case is the building. This is the theoretical definition of "Energy
Efficiency”. More simply, we would say that "Energy Efficiency" is when in an energy process the
same results are achieved using less energy. The excess energy in this case is the energy saved by
taking measures to reduce the amount used in this process.

What are the benefits of efficient buildings:

» We save energy and pay less on energy bills,

» Better quality of life and comfortable environment,

» Longer lifespan of buildings,

» Environmental protection and reduction of emissions into the environment,
» Increase in the value of the building/apartment.

The purpose of energy saving in buildings is to create conditions for the systematic rehabilitation of
existing buildings and improve the required level of thermal protection of buildings New. Old
buildings consume on average in a year Q=131 — 325 kWh/m? of energy used for heating, while
buildings insulated in a standard way use less than Q=120 kWh/m?.

325

400
300

200
100

kWh/m2vit

Zona A Zona B Zona C

Figure 2 Annual energy consumption in homes in the three climate zones™’

The annual heating demand, Q (kWh/year), is the calculated amount of energy that the heating system
must supply to the building during the year to maintain the design internal temperature. Such an
expression of energy consumption in buildings in m? or m*® provides basic data that allows the
presentation of the energy performance of the building as well as to compare the “energy
performance” of different buildings.

This annual energy, calculated for heating, should not be higher than that required in the regulations
established for this purpose. In this case, it is important to emphasize that in our country too there is
a Law and a Regulation that establishes norms for heat conservation in buildings*2.

10 https://a-a-k.org/wp-content/uploads/2020/07/Udhezuesi-per-komunat.pdf, fq 24
1 https://a-a-k.org/wp-content/uploads/2020/07/Udhezuesi-per-komunat.pdf, fq 25
12 https://a-a-k.org/wp-content/uploads/2020/07/Udhezuesi-per-komunat.pdf, fq 23
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3.7 Comparative analysis of Kosovo's energy efficiency law with countries in the region

To assess the progress that Kosovo has made in terms of approximating its efficiency legislation and
policies with those of the EU, INDEP has compared Kosovo’s legislation with the countries of the
region. The following countries were included in the comparative analysis: Albania, Montenegro,
Serbia, Croatia, Turkey. The European Union Directive 2006/32 and the new Energy Efficiency
Directive 2011/0172 were also consulted. The comparison with Directive 2011/0172 was made only
to see the new challenges that countries are expected to face when this directive enters into force on
1 January 2014. This analysis will present the main findings that mainly relate to the shortcomings of
the Kosovo Efficiency Law in comparison to the laws of the above-mentioned countries.

It should be noted that the Kosovo Law on Energy Efficiency is deficient in many areas since a
number of measures that will be described below are not defined by law but by the Energy Efficiency
Action Plan 2010-2018. On the other hand, the above-mentioned countries list more direct measures
in their Energy Efficiency Laws. Thus, great importance has been given to the content of the Action
Plan so that the study is as comprehensive as possible. The Energy Efficiency Agency (AKEE), as an
implementing institution for Energy Efficiency, is present in Albania, Serbia and Romania, in
addition to Kosovo. Meanwhile, in Croatia there is the Energy Regulatory Council, in Bulgaria the
State Energy Regulatory Commission, and in Turkey the Energy Efficiency Coordination Board.

The countries of the region also differ from each other in the target of primary energy saving. The
European Union Directive 2006/32 requires energy savings of 9%, while the new Directive
2011/0172 will provide for a 17% saving of primary energy consumption by 2020. This figure stands
at 9% by 2018 for Kosovo®?, 26% by 2020 for Albania'4,, 20% by 2023, for Turkey®, 9% by 2016
, for Montenegro®®,, 20% by 2020, for Croatial’ and 13.5% by 2016 for Romania 8.

3.8 General recommendations for improving energy efficiency in buildings
Below we are providing some efficient measures that you can implement in your residential buildings.

» Simple measures to improve energy efficiency in existing buildings, which do not require
additional costs and bring immediate savings. .
e Turn off heating or cooling appliances at night and when there are no people at home,
Avoid covering heating radiators with covers, etc.,
Determine the optimal heating time for preparing hot water,
Reduce the heating temperature in the room by 1°C in the heating season,
Set the cooling temperature to 26°C as a minimum in the cooling season,
Use natural lighting as much as possible,
e Turn off the lights in the room when they are not needed™®.
» Simple measures to improve energy efficiency in existing buildings, which do not require
additional costs and bring immediate savings..

13 First Medium-Term Energy Efficiency Action Plan for Kosovo(2010-2012), pg 19

14 Energy Charter Protocol on Energy Efficiency and Related Environmental Aspects PEEREA (2007), Albania, a regular
revie€ of Energy Efficiency policies report.

15 ABB Group. National energy policies, and energy efficiency and CO2 trends for industries and utilities. Country Report:
Turkey. (2011). pg 1.

16 Ministry of Economy of Montenegro. Energy Efficiency in Montenegro — National Energy Efficiency Plan. (2010).

17 ABB Group. National energy policies, and energy efficiency and CO2 trends for industries and utilities. Country Report:
Croatia. (2011).

18 ABB Group. National energy policies, and energy efficiency and CO2 trends for industries and utilities. Country Report:
Romania. (2011).

19 http://akbn.gov.al/images/informacion/Eficenca/brochura%z20final.pdf, pg 32
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Adjustment of joints (connections) of doors and windows with walls,
Thermal insulation of terraces and roofs,
Installation of thermostatic valves on heating radiators,
Installation of shutters and awnings during the hot season,
e Maintenance and repair of heating/cooling systems,
¢ Installation of automatic energy control,
¢ Installation of efficient light bulbs,
e Replacement of household electrical appliances with class A?° equipment.
» Measures to improve energy efficiency with higher costs and with a payback period greater
than 3 years..
e Replacing doors and windows with double-glazed or triple-glazed windows/doors
with low transmission coefficient,
e Thermal insulation of the exterior (envelope) of the building such as its surrounding
walls, terrace/roof, floor,
e Closing the stairwell and entrance to the building when they are open,
e Thermal insulation of hot water pipes and its storage,
e Use of renewable energy sources, such as installing solar panels for hot water, using
biomass, geothermal energy, etc?.

Research results

This chapter presents the methodology for carrying out this work, which is based on mainly
qualitative methods of data collection and analysis. The three main typologies of scientific research
methods are also applied in the field of engineering: quantitative, qualitative, and mixed research
methods that combine quantitative and qualitative methods. The quantitative method is a research
method that is often used to test theories or hypotheses, to collect descriptive information, or to
examine relationships between different variables that are measurable, and the data can be analyzed
statistically. | will also supplement my work with photographs, tables, and graphics of other
explanatory material.

The results and discussions section will begin with some socio-demographic data of the respondents.
This is to present the characteristics of the participants in this study, that is, to know the characteristics
of the respondents.

4.1 The current state of schools

The existing building of the "Tefik Canka™ Primary and Secondary School in Ferizaj and the "Dr.
Shaban Hashani" Social Gymnasium in Ferizaj and their history are given below.

4.1.1 The current situation of the "Tefik Canka'" primary and secondary school in Ferizaj

Regarding the images of the existing condition of the school that are presented below, some photos
show that the school is damaged and has large losses of electricity, the doors and windows are
damaged. Saving energy in the public sector helps reduce harmful air and water pollution, as well as
greenhouse gas emissions - generally with a negative impact on our pollutant emissions or CO2,
different from those with electricity and wood. It is worth noting that the use of all these heating

20 http://akbn.gov.al/images/informacion/Eficenca/brochura%z20final.pdf, pg 33
2L Right there, pg 34
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sources does not positively affect the conservation of electricity, there is no possibility to save
electricity because there is cooling throughout the building.

Figure 5. Damaged floor

4.1.2 The current state of the school Social Gymnasium "'Dr. Shaban Hashani" Ferizaj

Regarding the images of the existing condition of the “Dr. Shaban Hashani” Social High School
school that are presented below, in some photos the school is damaged and there are no savings (there
are large losses) of electricity, the doors and windows are damaged, therefore this school has no
insulation of the building. Saving energy in the public sector helps reduce harmful air and water
pollution, as well as greenhouse gases, emissions or CO2 different from those with electricity and
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wood. It is worth noting that the use of all these heating sources does not positively affect the
conservation of electricity.

~

Figure 7 Damaged lights

Figure 8 The lights and their damage are not the same.

Figure 9 Damaged lights.
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4.1.3 Electricity consumers

The table below shows that in the primary and lower secondary school "Tefik Canka" Ferizaj, the
consumers of electrical energy are: electric lights, projector, computers and heating, in the "Dr.
Shaban Hashani" Secondary School, the consumers of electrical energy are considered to be "Lighting
and computers".

Table 1 Spenders at schools

PSLSch “Tefik Canka” EHSch” Dr. Shaban Hashani”
Who are the | Lighting, Lighting and,
consumers of | Projector, Computers
electricity? Computers and,

Heating

The table below shows school expenditures in the last 5 years in tabular form as well as in the graph
presented.

Table 2 Electricity consumption in the last 5 years

Vitet 2022 2021 2020 2019 2018
PSLSch “Tefik Canka” 512.54€ 703.82€ 38.04€ 3582€ 39.87€

EHSch”Dr. Shaban Hashani” 109.47€ 150.48€ 54.69€ 52.775€ 3748¢€

2020

Graphics 1. Electricity consumption in the last 5 years

4.2 Descriptive results

This chapter presents and analyzes the data collected through questionnaires distributed to citizens.
From the collected data, we obtained the results, which we analyzed and interpreted through the tables
and graphs below.

Results from the questionnaire with the staff of the school '""Tefik Canka' and the social
gymnasium "'Dr Shaban Hashani"'

Pyetja e paré:
How do you evaluate the infrastructure in your facility?
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I distributed 10 questionnaires on this question and of these, 5 respondents from the primary school
"Tefik Canka" and 5 from the social high school "Dr Shaban Hashani" answered.

The results are presented in the following table:

SI E VLERSONI INFRASTRUKTUREN NE OBJEKTIN TUAJ?

5 58 & & & g g 8
F & ¥ ¥ ®B F R 2

Shume mirg

= SHEMU “Tefik Ganka” ™ SHML” Dr. Shaban Hashani”

Graphic 2. How do you rate the infrastructure in your facility?

Analysis of results:

The assessment of the infrastructure in these two facilities according to the surveys shows that the
difference is large, in the "Tefik Canka" school it is assessed by a majority of 80% as Good, while in
the "Dr. Shaban Hashani" school the assessment of the respondents is 60% as Bad.

Second question:
How satisfied are you with heating during the winter season?

I distributed 10 questionnaires on this question and 5 respondents from the primary school "Tefik
Canka" and 5 from the social high school "Dr Shaban Hashani" answered.

The results are presented in the following table:

SA JENI TE KENAQUR ME NGROHJE, GJATE STINES SE DIMRIT?

Aspak Pak Mire Shumé mire

™ SHFMU “Tefik Canka® ™ SHML” Dr. Shaban Hashani®

Graph 3 How satisfied are you with heating during the winter season?

Analysis of the results:

According to the analysis of the results, it can be seen that in these two schools there is a big difference
in heating, as can be seen in the graph in the column Poor with 60%, most of the staff of the school
"Dr. Shaban Hashani", while the staff of the school "Tefik Canka" rated the heating in this facility
with 60% Good.
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Third question:
What do you use for heating?

| distributed 10 questionnaires for this question and 5 respondents from the *’Tefik Canka’’ primary
school and 5 from the “’Dr Shaban Hashani’’ secondary school answered.

The results are presented in the following table:

ME QKA FURNIZOHENI PER NGROHJE?

> 4 A A > 4
Dru Qymyr Energi elektrike Te tjera: Nafté
HEMU “Tefik Ganka” SHML” Dr. Shaban Hashani”

Graphic 4. You are supplied with cake for heating

Analysis of the results:

According to the school staff, as seen in the graph above, the “’Tefik Canka’’ school is supplied with
only wood for heating, while in the “’Dr. Shaban Hashani’’ school, heating is done with 80% oil and
20% wood according to the respondents’ analysis.

Question four:
Is electric lighting sufficient?

This question was open for response, | distributed 10 questionnaires and of these, 5 respondents from
the primary school “Tefik Canka” and 5 from the secondary school “Dr Shaban Hashani”.

The results are presented in the following table:
Is electric lighting sufficient?

PSLSch “Tefik Canka” EHSch” Dr. Shaban Hashani”
Yes, since natural lighting is sufficient, there That's fine.

are enough lamps in the classroom.

Yes. To some extent.

Yes, it is sufficient. Yes.

No, it is not sufficient, our school needs Yes.

technical lighting.

Yes, itis sufficient. Not sufficient.

Analysis of the results:

In this question, according to the respondents, as can be seen in the table above, in the “Tefik Canka”
school building, electric lighting is sufficient, while in the “Dr. Shaban Hashani” school, some of the
respondents answered positively and some negatively.
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Fifth question:
What is the condition of the windows and doors in your building?

I distributed 10 questionnaires on this question and 5 respondents from the ‘’Tefik Canka’’ primary
school and 5 from the “’Dr Shaban Hashani’’ secondary school answered.

The results are presented in the following table:

NE CFARE GIENDJE JANE DRITARET DHE DYERT NE OBJEKTIN TUAJ?

60%

s0%

20%

30%

20%

10% v

0% > 4

Jo mire Shumé mire

Keq Mird

= SHFMU “Tefik Canka SHML" Dr_ Shaban Hashani”

Graphic 5 What condition are the windows and doors in your facility?

Analysis of results:

In these two school buildings, the condition of the doors and windows is assessed as unsatisfactory,
with 60% of those in the “Dr. Shaban Hashani” school being satisfied, while only 40% in the “Tefik
(Canka” school being satisfied.

Question six:

How much do you think the poor insulation of the building affects heating?
I distributed 10 questionnaires on this question, and of these, 5 respondents from the “Tefik Canka”
primary school and 5 from the “Dr. Shaban Hashani” secondary school answered.

The results are presented in the following table:
SA MENDONI SE NDIKON I1ZOLIMI JO | MIRE | OBJEKTIT PER
NGROHJE?

-4 A
Nuk ndikon fare Ndikon paké Ndikon shum#

= SHFMU “Tefik Ganka® SHML” Dr. Shaban Hashani”

Graph 6. How much do you think poor insulation of a building affects heating?
Analysis of results:

According to the analysis conducted, the respondents of the two schools give convincing answers that
poor insulation has a very big impact on heating in their facilities.

Question seven:

How much investment has there been in the last 5 years in your facility for insulation of walls,
windows, doors, central heating and electric lighting?
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This question was open for answers, | distributed 10 questionnaires and of these, 5 respondents from
the primary school "Tefik Canka" and 5 from the secondary school "Dr Shaban Hashani".

The results are presented in the following table:

How much investment has there been in the last 5 years in your facility for wall insulation,
windows, doors, central heating and electric lighting?

PSLSch “Tefik Canka” EHSch” Dr. Shaban Hashani”

Yes, they constantly have investments, In heating.

renovations of doors, windows, bathrooms, etc.

Yes. A little.

Yes, there have been investments where toilets, For central heating, there has been.

digital boards, administrative equipment have

been renovated, projects from donors where they

have been placed in all classrooms.

Yes, there has been. There has never been.

There were none. There has been none at all because the school
building, the former building of the "Gjon
Sereg" school, is questionable.

Analysis of results:

The analysis of this question is that in the school "Tefik Canka" in the last 5 years of continuation
there were investments mostly in renovations, while in the school "Dr. Shaban Hashani™ according
to the respondents in this school only heating had investments because it was previously the facility
of the school "Gjon Sereci".

Question eight:

How often do you submit requests and complaints about the conditions of the facility to the
officials responsible?

I distributed 10 questionnaires for this question and 5 respondents from the “’Tefik Canka’’ primary
school and 5 from the *’Dr Shaban Hashani’’ secondary school answered.

The results are presented in the following table:

SA SHPESH PARASHTRONI| KERKESA DHE ANKESA PER KUSHTET E
OBJEKTIT TEK ZYRTATRET PERGIEGJES?

30%
20% 1 1 -l
10%
> >
0%
Asnjeher Rallé Shpeshi

SHFMU “Tefik Ganka” SHML” Dr. Shaban Hashani”

Graph 7. How often do you submit requests and complaints about the conditions of the facility to the
officials responsible?
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Analysis of the results:

In graph 7 the school “Tefik Canka” sometimes seems to be dissatisfied with the conditions of its
facility, while the school “Dr. Shaban Hashani” often submits requests and complaints to the
responsible officials.

Question nine:

Have you ever been forced to interrupt classes due to poor conditions for normal work in your
facility?

I distributed 10 questionnaires on this question and of these, 5 respondents from the primary school
“Tefik Canka” and 5 from the secondary school “Dr. Shaban Hashani” answered.

The results are presented in the following table:

A KENI PASUR RAST QE JENI DETYRUAR TE NDERPRENI MESIMIN PER
ARSYE TE KUSHTEVE JO TE MIRA PER PUNE NORMALE NE OBJEKTIN
TUAJ?

| -

Asnjeher Ralle Ndlonjeher Shpesh

SHEMU “Tefik Canka” SHML” Dr. Shaban Hashani”

Graph 8. Have you ever been forced to interrupt your studies due to poor working conditions in your
facility?

Analizé e rezultateve:

In the "Tefik Canka" school, despite the good school conditions, lessons are rarely interrupted, while
in the "Dr. Shaban Hashani" school, lessons are often interrupted, according to respondents.

Question ten:

Apart from the weather conditions, how much damage is caused by students, what are the
measures you take to prevent this damage?

This question was open for answers, | distributed 10 questionnaires and of these, 5 respondents from
the primary school “Tefik Canka” and 5 from the social high school “Dr Shaban Hashani”.

The results are presented in the following table:

Apart from weather conditions, how much damage is caused by students, what measures do you
take to prevent this damage?

PSLSch “Tefik Canka” EHSch” Dr. Shaban Hashani”

Damages from students are more numerous Conversations on raising awareness for the
than those from the atmosphere, measures preservation of public spaces in general.

are taken, penalties are given, material

compensation are given by parents.

Yes. Disciplinary measures against students.
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Damages are made, even though they are There is also damage from students to doors,
renovated, they are still completed in all the windows.

necessary equipment, and we take measures

against those who are irresponsible.

There is a lot of damage from the Very large, the measures are minimal.

environmental condition of students,

punishment occurs by the school body.

There is damage from students. The damage is large. Punishments against
students are made based on the school
regulations.

Analizé e rezultateve:
Analysis of the results:

The analysis shows that in both buildings there is significant damage, mostly on the part of the
students, but measures are taken, and punishments are given to all school students who cause damage.

o Conclusions and Recommendations
o 5.1 Conclusions

From the findings of this study, we conclude that schools in the city of Ferizaj use mostly wood for
heating schools, while electricity and coal are not used at all. Furthermore, schools spend a high
annual amount on electricity, which includes the use of lights for lighting, computers, monitors,
individual heating, etc. Based on the research and findings related to the analysis of the Energy Sector,
| have come to the conclusion that:

Construction of new generation capacities,

Construction of Renewable Resources - their utilization,

Saving Electricity,

Reducing Environmental Pollution from Wood Burning,

Improving the Electricity Network,

Reducing Losses,

Creating Conditions for the Importation of Natural Gas,

Creating an Open and Competitive Electricity Market

VVVYYVYVVYY

. 5.2 Recommendations

From the above results obtained from the interview of the staff of the two schools, we come to
conclusions and recommend that:

» Save as much electricity as possible, which is used in unnecessary circumstances, in order for
schools to be able to be equipped with other necessary materials that help make learning as
effective as possible,

> Insulate the walls of schools in order to reduce thermal losses as much as possible,

» Replace old model windows with triple-glazed windows - German profiles or similar with 7
ventilation areas and 3 seals with a profile thermal coefficient Uf- 0.96 W / m?K Color:
WHITE, GLASS: Manufacturer GUARDIAN or similar, type A Configuration: 4 Low E x 16
Alu. with argon gas x 4 float x 16 Alu. with argon gas x 4 Clima Solar with thermal coefficient
of glass Ug- 0.6 W /m?K
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» Adjustment of the roof of schools where intervention is needed and installation of photovoltaic
solar panels to produce electricity.
» Etc.
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Ozet

Bu ¢alisma, Sivas ili merkez ilgeye bagli Calli Kdyii’'nde yer alan kdy odasinin geleneksel mimari
Ozellikleri baglaminda enerji verimli iyilestirme ¢alismalar1 sonucunda sifir enerjili bina (SEB)
potansiyelini arastirmay1 amaclamaktadir. Kirsal mimari mirasin 6nemli bir 6gesi olan kdy odalari,
yerel iklim kosullarina uyumlu pasif tasarim stratejileri ve 6zglin malzeme kullanimlariyla enerji
verimliligi acisindan dikkate deger bir potansiyel sunmaktadir. Bu yapilarin enerji performansinin
iyilestirilmesi hem siirdiiriilebilirlik hem de geleneksel yapilarin degerlerinin korunmasi agisindan
bliylik 6nem tagimaktadir. Caligma kapsaminda, geleneksel yontemlerle rolovesi alinan kdy odast,
DesignBuilder yazilimi kullanilarak modellenmis ve mevcut durumuna iliskin enerji performansi
analizleri gerceklestirilerek yillik enerji tliketim verileri elde edilmistir. Sonraki asamada farkl
iyilestirme senaryolar1 lizerinden enerji verimli iyilestirme ¢alismalart uygulanarak detayli analizler
yaptlmistir. Enerji verimliligi stratejileri, Historic England tarafindan belirlenen koruma ilkeleri
dogrultusunda gelistirilmis ve yapi biitlinliigii ile 6zgiin cephe oranlarinin korunmasi esas alinmistir.
Bu kapsamda, enerji verimliligine yonelik caligmalar, yapinin tarihi niteligini, dokusunu ve kimligini
korumay1 esas alarak opak ve saydam yap1 kabugunda yapilan iyilestirmeler ve yenilenebilir enerji
sistemlerinin entegrasyonu ile degerlendirilmistir. Analiz sonuglari, kdy odasinin mevcut durumda
sahip oldugu enerji performans: ile SEB kriterleri arasindaki farklar1 ortaya koymakta ve
uygulanabilecek iyilestirme senaryolarinin etkinligini gostermektedir. Bulgular, kirsal mimari miras
yapilarinin hem tarihi degerlerini koruyarak hem de SEB hedeflerine uyum saglayarak ener;ji
performanslarinin artirilabilecegini ortaya koymaktadir. Calisma, kirsal yerlesimlerdeki geleneksel
yapilarin korunmasi ve enerji verimliligi yoniinden iyilestirilmesi i¢in bir model sunmakta ve
gelecekte benzer yapilarin siirdiiriilebilirlik baglaminda degerlendirilmesine katki saglamay1
amaglamaktadir.

Anahtar Kelimeler: SEB, kirsal mimari miras, kdy odast, enerji verimliligi, DesignBuilder, Historic
England

TOWARDS ZERO-ENERGY BUILDINGS IN RURAL ARCHITECTURAL HERITAGE:
THE CASE STUDY OF CALLI VILLAGE ROOM

Abstract

This study aims to investigate the potential of a traditional village room located in Call1 Village,
Sivas, Turkey, to achieve zero-energy building (ZEB) standards through energy-efficient retrofit
interventions. As a significant element of rural architectural heritage, village rooms present notable
potential for energy efficiency owing to their passive design strategies and use of local materials
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adapted to climatic conditions. Improving the energy performance of such buildings is of great
importance both for sustainability and for the preservation of the cultural values of traditional
architecture. Within the scope of the study, the village room was surveyed using traditional methods,
modeled in DesignBuilder software, and its existing energy performance was analyzed to obtain
annual energy consumption data. In the subsequent stage, energy-efficient retrofit scenarios were
applied and subjected to detailed analyses. The energy efficiency strategies were developed in line
with the conservation principles defined by Historic England, with particular emphasis on preserving
the building’s integrity and original fagade proportions. Accordingly, energy efficiency
improvements were evaluated through enhancements to the opaque and transparent building envelope
and the integration of renewable energy systems, while maintaining the historical character, texture,
and identity of the structure. The results reveal the differences between the current energy
performance of the building and the ZEB criteria, as well as the effectiveness of the proposed retrofit
scenarios. Findings demonstrate that rural architectural heritage buildings can be upgraded to improve
their energy performance while preserving their historical values and aligning with ZEB targets. This
study provides a model for the conservation and energy-efficient enhancement of traditional buildings
in rural settlements and aims to contribute to the sustainable evaluation of similar structures in the
future.

Keywords: ZEB, rural architectural heritage, village room, energy efficiency, DesignBuilder,
Historic England

Giris

Kiiresel oOlgekte artan enerji talebi, fosil yakitlarin neden oldugu cevresel etkiler ve iklim
degisikliginin giderek belirginlesen sonuglari, yapi sektoriinde enerji verimliligini siirdiiriilebilirlik
politikalarinin merkezine yerlestirmistir. Yap1 stokunun onemli bir kismini1 olusturan mevcut
binalarin enerji performanslarinin iyilestirilmesi, Avrupa Birligi’nin ‘Sifir Enerjili Binalar (SEB)’
hedefleri dogrultusunda oncelikli stratejik alanlardan bir1 olarak goriilmektedir (European
Commission, 2010). Bununla birlikte, tarihi ve kiiltiirel miras niteligi tasiyan geleneksel yapilarin bu
doniisiim siirecine dahil edilmesi, yalnizca teknik degil, ayn1 zamanda koruma ilkeleri agisindan da
cok boyutlu bir yaklasim gerektirmektedir (ICOMOS, 2019).

Kirsal yerlesimlerdeki geleneksel yapilar, bulunduklar1 bolgenin iklimsel, cografi ve sosyo-kiiltiirel
kosullara uyumlu olarak sekillenmis, yerel malzeme ve pasif tasarim stratejileriyle enerji verimliligi
acisindan dikkate deger potansiyeller barindirmaktadir. Bu yapilardan biri olan kdy odalari, Anadolu
kirsal mimarisinin 6zgiin bir 6rnegini teskil eder (Bulut, 2017). Koy odalari, yore halkinin sosyal ve
kiiltiirel etkilesim mekani olmanin yani sira, yerel iklim kosullarina uyumlu yapim teknikleri ve dogal
malzeme kullanimlariyla ¢evresel siirdiiriilebilirlik agisindan da dikkat ¢ekici yapilardir (Tuztas,
2004). Ancak, zaman igerisinde kullanimdan diismeleri ve bakim-onarim eksiklikleri nedeniyle bu
yapilarin biiyiik kismu islevsiz hale gelmis; enerji verimliligi agisindan ¢agdas gerekliliklerin
gerisinde kalmaistir.

Gilinlimiizde, kirsal mimari mirasin korunmast ile enerji verimliligi hedeflerinin bir arada ele alinmasi
gerekliligi, disiplinler arasi bir arastirma alani ortaya ¢ikarmistir. Bu baglamda, uluslararasi koruma
ilkeleri ve stirdiiriilebilir enerji politikalar1 arasindaki dengeyi saglamak, geleneksel yapilarin yagam
dongiistinii uzatmanin ve kiiltiirel kimligin stirekliligini korumanin temel yollarindan biri olarak
goriilmektedir. Historic England (2022) tarafindan yayimlanan “Energy Efficiency and Historic
Buildings” rehberinde, tarihi yapilarin enerji performansini artirmaya yonelik miidahalelerin, yapinin
ozgiinliigiine zarar vermeden, geri dontisiimlii ve diisiik riskli yontemlerle gerceklestirilmesi gerektigi
vurgulanmaktadir. Bu yaklasim, geleneksel yapilarin sifir enerjili bina (SEB) standartlarina
uyarlanabilirligini arastirmak i¢in glivenilir bir ¢erceve sunmaktadir.
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Bu ¢alisma, Sivas ili merkez il¢eye bagli Calli Koyii’'nde yer alan kdy odasinin enerji verimliligi
potansiyelini arastirarak, geleneksel kirsal mimari miras yapilarinin sifir enerjili bina standartlarina
ulagabilirligini ortaya koymay1 amaglamaktadir. Calisma kapsaminda, kdy odasinin mevcut durumu
rolove verileriyle belgelenmis; Historic England tarafindan Onerilen enerji verimliligi miidahale
stratejileri temel alinarak enerji iyilestirme senaryosu olusturulmustur. Her iki senaryo,
DesignBuilder simiilasyon yazilimi araciligtyla enerji tikketim performansi agisindan karsilagtirmali
olarak analiz edilmistir. Arastirma, kirsal mimari miras yapilarinda kiiltiirel degerleri koruyarak enerji
performansini iyilestirmeye yonelik biitiinciil bir yaklasim sunmakta; benzer nitelikteki geleneksel
yapilarin siirdiiriilebilir doniistim siireclerine 151k tutmay1 hedeflemektedir.

Kuramsal Cerceve

Tarihi yapilarin enerji performansinin artirilmasina yonelik caligmalar, uluslararasi koruma
ilkeleriyle enerji politikalarinin kesisiminde yer alan 6nemli bir arastirma alani olarak giderek 6nem
kazanmaktadir. Geleneksel mimari yapilar, iiretildikleri donemde enerji verimliligi odakl bir tasarim
anlayisiyla inga edilmemis olsalar da yerel malzeme se¢imi, yonlenme, dogal havalandirma ve kiitle-
form iligkisi gibi pasif tasarim 6zellikleri nedeniyle giiniimiiziin siirdiiriilebilirlik dlgiitleriyle biiylik
olgiide ortiigmektedir (ICOMOS, 2019). Bu ozellikler, geleneksel yapilarin “dogal enerji etkinlik”
potansiyelini gdstermekte; bu yapilarin uygun miidahalelerle cagdas enerji standartlarina
yaklastirilabilecegini ortaya koymaktadir.

Uluslararas1 koruma literatiiriinde, tarihi yapilarin enerji performansinin artirilmasinda temel ilke,
“Once koruma, sonra miidahale” yaklagimidir. Bu ilke, yapilarin tarihsel 6zgiinliigiiniin korunmasini
esas alirken, cagdas kullanim gereksinimlerini de dikkate alan ¢ok katmanli bir yaklasim
sunmaktadir. ICOMOS (2019) tarafindan yayimlanan Principles for the Conservation of Built
Heritage belgesinde, her miidahalenin geri dondiiriilebilir, minimum diizeyde ve yapiya zarar
vermeyecek nitelikte olmasi gerektigi belirtilmistir. Bu anlayis, enerji verimliligi odakl
uygulamalarin da ayn etik cergeve i¢inde ele alinmas1 gerektigini gostermektedir.

Bununla birlikte, enerji verimliligi politikalariin yapr miras1 lizerindeki etkilerini diizenleyen en
kapsamli rehberlerden biri Historic England (2022) tarafindan yayimlanan Energy Efficiency and
Historic Buildings belgesidir. Bu rehberde, tarihi yapilarin enerji performansini artirmak igin 6nerilen
miidahaleler “pasif”, “aktif” ve “yenilenebilir enerji sistemleri” olarak lic ana baslik altinda
siiflandirilmaktadir.

o Pasif sistem iyilestirmeleri, yapinin bi¢imi, yonlenmesi, dogal havalandirmasi, giines kontrolii
ve yap1 kabugu bilesenlerinin 1s1 gegirgenlik katsayilarinin iyilestirilmesi gibi unsurlari igerir.

o Aktif sistem entegrasyonlari, 1sitma-sogutma sistemlerinin enerji verimliligi yiiksek
donanimlarla yenilenmesini ve aydinlatmada diisiik enerji tiikketimli sistemlerin kullanilmasini
kapsar.

e Yenilenebilir enerji uygulamalar1 ise fotovoltaik paneller, giines kolektorleri veya diigiik
karbonlu enerji iiretim teknolojilerinin yapiya zarar vermeden entegre edilmesini hedefler
(Historic England, 2022).

Tiirkiye’de tarihi yapilarin enerji performansina yonelik diizenlemeler heniiz sistematik bir koruma-
enerji entegrasyonu olusturmus degildir. TS 825 “Binalarda Is1 Yalitimi Kurallar1” (2024) standardh,
yeni yapilarin enerji etkin tasarimi i¢in gerekli sinir degerleri tanimlamakta; ancak geleneksel veya
koruma altindaki yapilarin ozelliklerini dogrudan kapsayamamaktadir. Bu nedenle, geleneksel
yapilarin enerji performansi degerlendirilirken, TS 825’in teknik sinirlari, Historic England ve
ICOMOS ilkeleriyle harmanlanarak yerel kosullara uyarlanmalidir.
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Ener;ji verimliligi ve kiiltiirel miras arasindaki dengeyi kurmak i¢in son yillarda gelistirilen modeller,
“adaptif yeniden kullanim” (adaptive reuse) ve “enerji odakli koruma” (energy-conscious
conservation) kavramlarini 6ne ¢ikarmaktadir. Bu yaklagimlar, koruma siirecinde hem karbon ayak
izinin azaltilmasini hem de yapilarin yasam dongiisiiniin uzatilmasini amacglamaktadir (European
Commission, 2010).

Bu kuramsal ¢ergeve dogrultusunda Calli Koyii odast 6rnegi, geleneksel tas yapinin hem koruma
ilkeleriyle hem de enerji etkin tasarim kriterleriyle uyumlu bi¢cimde degerlendirilmesine imkan
tanimaktadir. Boylelikle calisma, kirsal mimari mirasin siirdiiriilebilirligine iliskin literatiirde yer alan
boslugu doldurmay1 ve SEB hedeflerine ulagsmada kiiltiirel yapilar i¢in uygulanabilir bir model
sunmay1 hedeflemektedir.

Materyal ve Yontem

(Calisma alani olarak segilen Call1 Kdyii, Sivas ili merkez ilgesine bagli, deniz seviyesinden yaklasik
1.300 metre yiikseklikte yer alan bir kirsal yerlesimdir. Bolge, TS 825: Binalarda Is1 Yalitimi
Kurallar1 (Tiirk Standartlar1 Enstitiisii, 2024) standardina gore 5. derece giin bolgesi (¢ok soguk iklim)
icinde bulunmaktadir. Kis aylarinda uzun siireli don olaylar1 ve diisiik sicaklik degerleri hakimdir.
Aragtirma kapsaminda incelenen kdy odasi, 1930—-1933 yillar1 arasinda ydresel is¢ilikle insa edilmis
olup, moloz tas ile yigma sistemde yapilmistir. Duvar kalinliklart ortalama 60—70 cm olup, dis
cephede saman katkili camur siva, icte ise tath kire¢ siva kullanilmistir. Yapinin ¢at1 ortiisii ahsap
makas sistemli, lizeri kiremit kaplamadir. Toplam ingaat alan1 yaklasik 76 m?’dir. Yapi tek katli olup,
bir ana oda ve bir aralik mekanindan olusmaktadir.

Resim 1. Calli kdy odasina ait i¢ ve dis mekan gorselleri

Arastirma, belgeleme, modelleme ve simiilasyon analizi olmak iizere {i¢ asamada yiiriitiilmiistiir.
Belgeleme asamasinda, yerinde yapilan Olgiimler, fotograflama, rolove cizimleri ve kullanici
goriismeleriyle yapinin mimari 6zellikleri kaydedilmistir. Modelleme asamasinda, yapinin geometrik
ve termofiziksel verileri DesignBuilder v7.0.2 yazilimina aktarilmistir (DesignBuilder Software Ltd.,
2023). Yapiin kullanim sekli dikkate alinarak i¢ ortam konfor kosullari belirlenmistir.

(Calisma kapsaminda enerji performansini degerlendirmek iizere iki senaryo olusturulmustur:
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Ik senaryoda mevcut durumun analizi yapilmistir. Yapiin 6zgiin malzeme 6zellikleri, duvar kesiti,
pencere tipleri ve mevcut ¢at1 yapist dikkate alinarak model olusturulmustur. Herhangi bir enerji
iyilestirmesi yapilmamistir. Ikinci senaryoda ise enerji verimli iyilestirme ¢alismasi yapilarak analiz
gergeklestirilmistir. Bu senaryoda, Historic England tarafindan gelistirilen Energy Efficiency and
Historic Buildings rehberindeki miidahale 6l¢egi temel alinmistir. Bu kapsamda:

e Duvarlarda icten ek yalitim (diisiik yogunluklu mineral yiin) uygulanmstir.

e (Cati ortiistinde yalitim tabakasi 1s1 kopriileri dikkate alinarak uygulanmaistir.

e Pencerelerde ahsap dogramali ikincil cam uygulamasi onerilmistir.

e Hava sizdirmazlig: gili¢lendirilmis, i¢ mekanda dogal havalandirma stratejisi korunmustur.
e (atiya fotovoltaik (PV) panel yerlestirilmistir.

Bu miidahaleler, Historic England (2022) ilkelerinde belirtildigi iizere, yapmin 6zglnligiini
koruyacak sekilde “geri dondiiriilebilir ve diisiik riskli” sistemlerden segilmistir.

Simiilasyonlarda yap1 kabugu bilesenleri i¢in kullanilan 1s1 gegirgenlik katsayilar1 (U-degerleri) TS
825 (2024) sinir degerleriyle uyumlu olarak tanimlanmistir. Her iki senaryo, birim alan bagina diisen
yillik toplam enerji tiikketimi (kWh/m?-y1l) ve 1sitma yiikleri (kWh) acisindan karsilastirilmistir.
Simiilasyon c¢iktilar1 grafik ve tablo formatinda analiz edilerek enerji verimliligi farki nicel olarak
degerlendirilmistir. Bu yontem, Historic England (2022) ve ICOMOS (2019) ilkeleriyle uyumlu
olarak, enerji performans analizini kiiltiirel miras koruma baglaminda ele alan nitel-nicel biitiinciil bir
yaklagim sunmaktadir.

Bulgular ve Tartisma

Tarihi yapilarin enerji verimliligi baglaminda iyilestirilmesi, teknik ¢oziimler kadar koruma etigi
acisindan da dikkat gerektiren bir konudur. ICOMOS (2019) ilkelerinde vurgulandigi {izere, tarihi
yapilarda uygulanacak enerji tyilestirmeleri “minimum miidahale” ve “geri dondirtlebilirlik”
ilkelerine dayanmalidir.

W Room Electricity (kWh) [ Lighting (kWh) [ Heating (Gas) (kwh) I Cooling (Electricit

7000 |

6000

5000 —

4000

Fuel (kwh)

3000 -

2000 —

1000 —

0
Year

Room Electricity (kWh) 884 46

Lighting (kWh) 750,69

Heating (Gas) (kWh) 740244
Cooling (Electricity) (kWh) 0,08

DHW (Gas) (kWh) 193148

Sekil 1. Call1 kdy odas1t mevcut durum enerji analiz verileri (DesignBuilder Software Ltd., 2023)
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Room Electricity (kWh) 754 52

Lighting (kWh) 634,44

Heating (Gas) (kWh) 2603,48
Cooling (Electricity) (kWh) 512

DHW (Gas) (kWh) 161847

Sekil 2. Call1 kdy odasi enerji verimli iyilestirme sonrasi analiz verileri (DesignBuilder Software
Ltd., 2023)

(Calisma kapsaminda olusturulan mevcut durum ve enerji verimli iyilestirme senaryolarinin analiz
sonuclarina gore yapinin mevcut durumda yillik toplam enerji tiikketimi 10.969,15 kWh olarak
belirlenmistir. Onerilen enerji verimli iyilestirmeler uygulandiginda bu deger 5.616,03 kWh
seviyesine diismiis; bu da %48,80 oraninda enerji tasarrufu anlamina gelmektedir.

Yillik 1s1tma yiikii 7.402,44 kWh’tan 2.603,48 kWh’a gerilemis, %64,83’liik bir diisiis saglanmistir.
Sogutma yiiklerinde ise yaklasik %?22’lik bir azalma gozlemlenmistir. Bu sonug, yapmin dig
kabugunda yapilan yalitim iyilestirmelerinin, i¢ mekan sicaklik dengesini koruma ve enerji
kayiplarini azaltma agisindan etkili oldugunu gostermektedir.

Yapiya entegre edilen 24 m*’lik fotovoltaik (PV) panel sistemi yillik 5.699,40 kWh elektrik {iretimi
saglamistir. Boylece yapinin toplam enerji ihtiyaci yenilenebilir kaynaklardan karsilanmistir. Bu
durum, yapinin net sifir enerjili bina (NSEB) standardina ulasabilecegini gdstermektedir (European
Commission, 2010).

Analiz sonuglari, Historic England (2022) tarafindan onerilen diislik riskli miidahalelerin, yap1
ozgiinliigiinii koruyarak enerji performansini ciddi oranda artirdigini ortaya koymaktadir. Ozellikle
tag duvar sistemine eklenen igten yalitim tabakasi, 1s1 kaybini azaltmis; pencere dogramalarinin
tyilestirilmesi ve hava sizdirmazliginin artirilmasiyla birlikte yap1 kabugunun genel 1s1l direnci
yiikselmistir. Bununla birlikte, yapinin bulundugu ¢ok soguk iklim bolgesinde (5. derece giin bolgesi)
cat1 izolasyonunun enerji dengesine katkisinin yiiksek oldugu goriilmiistiir. Ayrica, i¢ mekan konfor
sicakliklarin y1l boyunca daha stabil oldugu, bu durumun kullanict konforu acisindan da olumlu
sonuglar dogurdugu belirlenmistir. Ayrica, ¢atiya entegre edilen PV panellerin tasiyici sistemden
bagimsiz olarak monte edilmesi, sokiilebilirlik ilkesine uygun bir ¢6ziim sunmustur. Bu yaklasim,
uluslararasi koruma ilkeleriyle enerji verimliligi hedefleri arasinda denge kuran bir uygulama 6rnegi
olarak degerlendirilebilir.

Elde edilen bulgular, kirsal mimari miras yapilarinin yalnizca estetik veya tarihsel degerleriyle degil,
ayni zamanda iklimsel uyum potansiyelleriyle de siirdiiriilebilir enerji politikalarina katki
saglayabilecegini gostermektedir (ICOMOS, 2019). Bu tiir ¢alismalar, yerel malzeme bilgisinin
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cagdas teknolojilerle bulusturulmasi yoluyla “enerji bilingli koruma” (energy-conscious
conservation) anlayisina katki saglamaktadir (Historic England, 2022).

Tablo 1. Mevcut durum ve enerji verimli iyilestirme senaryosu enerji tilketim verileri

karsilastirmasi

Parametreler Mevcut durum Enerji verimli

iyilestirme
Yillik toplam enerji tiiketimi 10969,15 kWh 5616,03 kWh
Toplam alan basina elektrik tiikketimi 144,33 kWh/m2 73,89 kWh/m2
Yillik toplam 1sitma yiikii 7402,44 KWh 2603,48 kWh
Toplam alan basina 1sitma yiikii 97,40 kWh/m2 34,26 kWh/m2

Isitma yiikiiniin toplam enerji tiiketimine orani %67,48 %46,36

Yillik toplam enerji tiretimi 5699,40 kWh

Enerji tiretimi sonrasi yillik toplam enerji ihtiyact - -83,37 kWh
Enerji tiretimi sonrasi toplam alan bagina enerji - -1,10 kWh/m2

ihtiyact

Sonuc ve Oneriler

Bu ¢alisma, Sivas ili Calli Kdyii’nde yer alan kdy odasi iizerinden yiiriitiilen enerji simiilasyonu
sonuclarina dayanarak, geleneksel kirsal mimari miras yapilarimin sifir enerjili bina (SEB)
standartlarina ulasabilirligini aragtirmistir. Calismanin temel amaci, Historic England (2022)
tarafindan belirlenen enerji verimliligi miidahale ilkelerini, yerel kosullar ve TS 825 (2024)
standartlar1 dogrultusunda yeniden yorumlayarak Tiirkiye’deki kirsal yap1 stoguna uyarlanabilir bir
model onermektir.

Simiilasyon bulgulari, kdy odasinin mevcut durumda yiiksek enerji kayiplarina sahip oldugunu,
ozellikle duvar ve cati bilesenlerinde 6nemli 1s1l iyilestirme potansiyelleri bulundugunu ortaya
koymustur. Uygulanan enerji verimli iyilestirme senaryosu sonucunda:

e Yillik toplam enerji tiikketiminde %48,8 oraninda azalma,
o Isitma yiiklerinde %64,8 oraninda diistis,
e PV panel entegrasyonu ile yillik 5.699,40 kWh yenilenebilir enerji iiretimi saglanmais,

e Yapinin toplam enerji ihtiyact yenilenebilir kaynaklardan karsilanarak net sifir enerji dengesi
elde edilmistir.

Bu sonuglar, geleneksel tas yigma yapilarda dogru yalitim, hava sizdirmazlik ve yenilenebilir enerji
entegrasyonu ile teknik olarak NSEB standardina ulasilabilecegini gostermektedir (European
Commission, 2010). Ayrica, onerilen miidahalelerin yapinin tarihi 6zgiinliigline zarar vermeden
gerceklestirilebilir oldugu belirlenmistir. Ozellikle i¢ten yalitim, sokiilebilir PV sistemler ve geri
doniistiiriilebilir malzeme kullanimi, ICOMOS (2019) ve Historic England (2022) ilkeleriyle tam
uyum gostermektedir. Bu yoniiyle calisma, kiiltiirel mirasin korunmasi ile enerji verimliligi
hedeflerinin biitiinciil bir yaklasimla ele alinabilecegini kanitlamaktadir.

Arastirma, kirsal mimari miras yapilarinin enerji verimliligi baglaminda yeniden ele alinmasina
yonelik disiplinler aras1 bir metodoloji gelistirmistir. Enerji simiilasyonu, yapi fizigi, koruma kurami
ve slirdiirtilebilirlik ilkeleri birlikte degerlendirilmistir. Sonuglar, Historic England (2022)
yaklagiminin Anadolu kirsal mimarisi i¢in uyarlanabilir oldugunu gostermekte; ulusal standartlarla
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uluslararas1 koruma politikalar1 arasinda uyumlastirici bir koprii 6nermektedir. Boylelikle, bu
modelin gelecekte “enerji etkin restorasyon” uygulamalar1 igin referans teskil edebilecegi
ongoriilmektedir.

Tiirkiye’de kiiltiirel miras niteligindeki yapilarin enerji performansina iliskin degerlendirmelerin
koruma projelerinin ayrilmaz bir parcasi haline getirilmesi gerekmektedir. TS 825 standardi, tarihi
yapilarin 6zgiin kosullarin1 dikkate alacak bicimde esnek uygulama kilavuzlartyla giincellenmeli;
boylece ulusal standartlar, uluslararasi koruma ilkeleriyle uyumlu hale getirilmelidir. Ayrica, Kiiltiir
ve Turizm Bakanlhii ile Cevre, Sehircilik ve Iklim Degisikligi Bakanligi’nin is birligiyle, enerji
verimliligi ve miras korumasii biitlinlestiren kapsamli bir “Enerji Verimli Miras Yapilar”
stratejisinin gelistirilmesi onerilmektedir.

Farkli iklim bdlgelerinde yer alan geleneksel yapi tiplerinin enerji performanslariin karsilastirmali
bicimde incelendigi yeni saha arastirmalarinin yapilmasi, Tiirkiye’nin kirsal yap1 stoguna yonelik
siirdiiriilebilir koruma politikalarmin gelistirilmesine katki saglayacaktir. Universitelerde mimarlik,
enerji mithendisligi ve koruma disiplinlerinin ortak yiirlittigii aragtirma laboratuvarlarinin kurulmas;
bu tiir yapilarin hem enerji modelleme hem de yasam dongiisii analizlerinin yapilabilmesine olanak
tantyacaktir.

Sonug olarak, Call1 K6y Odas1 6rnegi, kirsal mimari miras yapilarinda enerji verimliligi hedefleriyle
koruma ilkelerinin bir arada uygulanabilecegini kanitlayan somut bir drnek niteligi tagimaktadir.
Geleneksel yapilarin yalnizca ge¢gmisin taniklar: degil, ayn1 zamanda gelecegin siirdiiriilebilir enerji
politikalara entegre edilebilecek yasayan miras unsurlari oldugu goriilmektedir. Bu baglamda,
calisma hem teknik hem de kiiltiirel acidan siirdiiriilebilir koruma anlayisina katki saglamakta ve
gelecekteki arastirmalar igin yol gosterici bir ¢cergeve sunmaktadir.
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