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ENDUSTRIYEL iCECEK URETIiMINDE SU GERi KAZANIMI VE ENERJi VERIMLILiGi
ODAKLI PROSES IYILESTIRMELERI: BiR VAKA CALISMASI

PROCESS IMPROVEMENTS FOCUSED ON WATER RECOVERY AND ENERGY
EFFICIENCY IN INDUSTRIAL BEVERAGE PRODUCTION: A CASE STUDY

Alper DIBEKOGLU"
YTeknik Projeler Kidemli Yoneticisi, Makine Miihendisi
'ORCID ID: https://orcid.org/0009-0004-2975-0590

OZET

Bu calisma, endiistriyel 6lcekte faaliyet gosteren bir icecek iiretim tesisinde tandem tankli su aritma
sistemine yonelik siirdiiriilebilirlik odakli iyilestirmeleri kapsamaktadir. Proses ekipmanlarinin su
tilketim parametreleri analiz edilerek atik su akig yonii optimize edilmis, demir kontaminasyonunu
onleyici proses degisiklikleri ve sogutma suyu geri kazanim hatlar1 devreye alinmigtir. Bu iyilestirmeler
sonucunda toplam su tiikketiminde %25, tuz tiiketiminde %25 azalma saglanirken; recine yiikii azaltilarak
aritma kapasitesi ve regine omrii artirilmigtir. Kimyasal ve enerji kullaniminda saglanan iyilestirmeler
sayesinde, tesisin su ve enerji yonetiminde biitiincill bir silirdiiriilebilirlik kazanimi elde edilmistir.
Calisma, Birlesmis Milletler Siirdiiriilebilir Kalkinma Amaglari'ndan (SKA 6: Temiz Su ve Sanitasyon,
SKA 7: Erisilebilir ve Temiz Enerji, SKA 12: Sorumlu Uretim ve Tiiketim, SKA 13: iklim Eylemi)
hedefleriyle dogrudan iliskilidir. Ayrica, Tiirkiye Ulusal Enerji Verimliligi Eylem Plani1 ve Yesil
Mutabakat Eylem Plan1 dogrultusunda endiistriyel su verimliligi ve enerji tasarrufuna katki
saglamaktadir.

Anahtar Kelimeler: Su geri kazanimi, tandem tank sistemi, siirdiiriilebilir tiretim, endiistriyel su
yonetimi, enerji verimliligi, SKA, Tiirkiye enerji politikalar

ABSTRACT

This study covers sustainability-oriented improvements to a tandem tank water treatment system in an
industrial-scale beverage production plant. Water consumption parameters of process equipment were
analyzed, wastewater flow direction was optimized, process changes to prevent iron contamination and
cooling water recovery lines were commissioned. As a result of these improvements, total water
consumption was reduced by 25% and salt consumption by 25%, while resin load was reduced,
increasing treatment capacity and resin life. Thanks to the improvements in chemical and energy use, a
holistic sustainability gain was achieved in the plant's water and energy management. The work is
directly related to the targets of the United Nations Sustainable Development Goals (SDG 6: Clean
Water and Sanitation, SDG 7: Affordable and Clean Energy, SDG 12: Responsible Production and
Consumption, SDG 13: Climate Action). In addition, Turkey contributes to industrial water efficiency
and energy savings in line with the National Energy Efficiency Action Plan and Green Deal Action Plan.

Keywords: Water recovery, tandem tank system, sustainable production, industrial water management,
energy efficiency, SDGs, Turkey energy policies
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SUT VE iICECEK SOCU'I:MA SISTEMLERINDE YUKSEK COP TEKNOLOJILERI ILE
ENERJI VERIMLILiIGI ARTISI: ENDUSTRIYEL iICECEK FABRIKASINDA BIR
UYGULAMA

ENERGY EFFICIENCY INCREASE WITH HIGH COP TECHNOLOGIES IN MILK AND
BEVERAGE COOLING SYSTEMS: AN APPLICATION OF INDUSTRIAL BEVERAGE
FACTORY

Alper DIBEKOGLU*
YTeknik Projeler Kidemli Yoneticisi, Makine Miihendisi
'ORCID ID: https://orcid.org/0009-0004-2975-0590

OZET

Sogutma sistemlerinde enerji tiiketimi, siit ve icecek sektoriinde iiretim maliyetlerinin belirleyici
kalemlerinden biridir. Bu ¢alismada, Izmir’de bulunan bir icecek firmasindaki sogutma sistemlerinin
enerji verimliligini artirmak amaciyla gergeklestirilen yiiksek COP (Coefficient of Performance)
degerlerine sahip yeni nesil ekipman entegrasyonu anlatilmaktadir. Proje kapsaminda; mevcut
sistemlerde detayli enerji etiidii yapilmis, eski sistemlerde 1.12 olan COP degerinin, yeni teknoloji
ekipmanlar1 ve izolasyon iyilestirmeleri sayesinde 5.3 seviyelerine ¢ikarilmasi saglanmistir. Esdeger
enerji kullanimu ile yaklagik 5 kata yakin iretim kapasitesi artirilmis, enerji maliyetlerinde %80°e varan
tasarruf saglanmistir. Otomasyon ve uzaktan izleme sistemleriyle {iretim duruslari minimize edilerek
bakim maliyetleri azaltilmistir. Karbon ayak izinin azaltilmasi ve siirdiiriilebilir {iretim hedeflenmis,
proje sonucunda %93 OEE seviyesine ulasilmistir. Bu vaka calismasi, yliksek verimli sogutma
teknolojilerinin endiistriyel 6lgekte uygulanabilirligini ve enerji verimliligine katkisim géstermektedir.

Anahtar Kelimeler: Enerji verimliligi, COP, sogutma sistemleri, stirdiirilebilirlik, siit endiistrisi,
igecek iiretimi

ABSTRACT

Energy consumption in cooling systems is one of the determinants of production costs in the dairy and
beverage industry. This study describes the integration of new generation equipment with high COP
(Coefficient of Performance) values to increase the energy efficiency of existing cooling systems in a
beverage company in 1zmir. Within the scope of the project; a detailed energy audit was carried out in
the existing systems, and the COP value of 1.12 in the old systems was increased to 5.3 levels thanks to
new technology equipment and insulation improvements. With the use of equivalent energy, production
capacity was increased nearly 5 times and energy costs were saved by up to 80%. Automation and
remote monitoring systems minimized production downtime and reduced maintenance costs. Reducing
the carbon footprint and sustainable production were targeted and 93% OEE level was achieved as a
result of the project. This case study demonstrates the applicability of high efficiency cooling
technologies on an industrial scale and their contribution to energy efficiency.

Keywords: Energy efficiency, COP, refrigeration systems, sustainability, dairy industry, beverage
production
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TURKIYE’DE SERT KABUKLU TARIMSAL ATIKLARIN BiYOKUTLE
POTANSIYELININ ENERJi ACISINDAN DEGERLENDIRILMESI

EVALUATION OF THE BIOMASS POTENTIAL OF HARD-SHELLED AGRICULTURAL
WASTES IN TERMS OF ENERGY IN TURKIYE

Betiil SAHIN*
logr. Gor.Dr., Trabzon Universitesi, Besikdiizii MYO, Trabzon, T tirkiye.
'ORCID ID: https://orcid.org/0000-0003-0882-594X

OZET

Tirkiye, artan enerji ihtiyact ve disa bagimliligi azaltma hedefi dogrultusunda yenilenebilir enerji
kaynaklarina yonelmektedir. Bu cergevede biyokiitle enerjisi, Ozellikle tarimsal atiklarin
degerlendirilmesi acisindan 6nem kazanmaktadir. Bu caligma, Tiirkiye’de yaygin olarak yetistirilen
findik, ceviz, badem, kestane ve antep fistig1 kabuklarinin biyokiitle potansiyelini analiz ederek,
alternatif enerji kaynagi olarak kullanilabilirligini incelemistir. Calismada degerlendirilen findik, ceviz,
badem, kestane ve antep fistigina ait tarimsal atik miktarlari, Tiirkiye Istatistik Kurumu’nun (TUIK)
2022 ve 2023 yillarina ait resmi iiretim verileri temel alinarak belirlenmistir. Her bir sert kabuklunun
ortalama biyokiitle miktar1 ton olarak hesaplanmig, kuru biyokiitle miktar1 ortalama 1sil degeri
1kcal=1.10" TEP (Ton Esdeger Petrol) bagintis1 dikkate alinarak TEP cinsinden hesaplanmstir. Elde
edilen sonuglar, dnce sert kabuklularin her biri igin tek tek sonrasinda da hepsinin toplami hesaplanarak
Tirkiye de ki toplam sert kabuklu biyokiitle potansiyeli ortaya koyulmustur. Sonuglar tablolarla
verilmistir. Elde edilen bulgular, sert kabuklularin 6nemli bir enerji degerine sahip oldugunu
gostermistir. Bu da, sert kabuklu meyve atiklarinin &zellikle kirsal alanlarda biyoyakit olarak
degerlendirilmesine imkan tanimaktadir. Calisma, bu atiklarin enerji liretim siireclerine entegre
edilmesinin, hem c¢evresel siirdiiriilebilirlige katki saglayacagini hem de Tirkiye’nin yerli ve
yenilenebilir enerji kaynaklarina dayali enerji doniisiimiine destek olacagini1 gostermektedir.

Anahtar Kelimeler: Biyokiitle, biyoyakit, tarimsal atiklar, sert kabuklular, Tiirkiye

ABSTRACT

Tiirkiye, with its growing energy demand and its strategic goal of reducing dependence on foreign
resources, is increasingly turning to renewable energy sources. In this context, biomass energy has
gained importance, particularly with regard to the utilization of agricultural residues. This study analyzes
the biomass potential of the shells of hazelnuts, walnuts, almonds, chestnuts, and pistachios, which are
widely cultivated in Tiirkiye, and examines their usability as an alternative energy source. The quantities
of agricultural residues from these products were determined based on the official production data of
the Turkish Statistical Institute (TUIK) for the years 2022 and 2023. For each type of hard shell, the
average biomass amount was calculated in tons, and the dry biomass values were converted into tons of
oil equivalent (TOE) by considering the conversion factor of 1 kcal = 1.1077 TOE. The results were first
calculated separately for each type of shell and then aggregated to reveal the total biomass potential of
hard-shelled residues in Tirkiye. The findings, presented in tabular form, indicate that these residues
possess a significant energy value. This suggests that hard-shelled fruit wastes can be effectively utilized
as biofuels, particularly in rural areas. The study demonstrates that integrating these residues into energy
production processes would not only contribute to environmental sustainability but also support
Tiirkiye’s transition toward a domestic and renewable energy-based system.

Keywords: Biomass, biofuel, agricultural waste, hard-shelled nuts, Tiirkiye
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OZET

Gilinlimiizde enerji sistemleri, artan niifus, hizlanan sanayilesme ve cevresel kaygilar nedeniyle 6nemli
bir doniisiim siirecinden ge¢mektedir. Fosil yakitlarin tiikenebilirligi ve sera gazi emisyonlarinin iklim
degisikligine yol agmasi, alternatif ve siirdiriilebilir enerji kaynaklarina olan ihtiyaci kaginilmaz
kilmaktadir. Bu baglamda biyodizel, biyolojik kdkenli olmasi, ¢evre dostu yapisi ve karbon nétr 6zelligi
sayesinde One c¢ikan alternatif yakit tiirlerinden biridir. Biyodizel iiretimi ¢ogunlukla bitkisel yaglar,
hayvansal yaglar ve atik yaglarin transesterifikasyonu ile gerceklestirilmektedir. Bu siire¢ sonucunda
gliserol ve metil/etil esterleri elde edilmekte olup, kullanilan katalizér tiirli, reaksiyon sicakligi ve
alkol/yag oran1 gibi parametreler {iriin verimini ve reaksiyon etkinligini belirleyici rol oynamaktadir. Bu
calismada, biyodizel iiretim teknolojilerinin mevcut durumu kapsamli bicimde incelenmis; yakitin
fiziksel (viskozite, yogunluk, parlama noktasi vb.) ve kimyasal (asidik deger, iyot sayisi, setan sayisi
vb.) ozellikleri degerlendirilmistir. Ayrica biyodizelin temel oOzellikleri, standart dizel yakitla
karsilastirilmis ve yanma davraniglari analiz edilmistir. Elde edilen bulgular, biyodizelin 6zellikle
ulagim ve tarim sektorlerinde kullanilabilecek 6nemli bir alternatif yakit oldugunu ortaya koymaktadir.
Sonug olarak, biyodizel ¢evresel faydalari, teknik avantajlar1 ve karbon nétr yapisiyla stratejik bir enerji
kaynag1 olarak One c¢ikmaktadir. Ancak biyodizelin yaygin kullaniminin saglanabilmesi igin
stirdiiriilebilir hammaddelere erisimin giivence altina alinmasi, iiretim maliyetlerinin azaltilmasi ve ilgili
mevzuatlarin destekleyici yonde gelistirilmesi gerekmektedir. Bu calisma, biyodizel teknolojisini ve
yakat ozelliklerini biitiinciil bir bakis agisiyla ortaya koyarak, gelecekteki arastirmalara katki saglamay1
hedeflemektedir.

Anahtar Kelimeler: Biyodizel, Yenilenebilir Enerji, Alternatif Yakitlar, Yakit Ozellikleri

ABSTRACT

Today’s energy systems are undergoing a significant transformation due to population growth,
accelerated industrialization, and increasing environmental concerns. The depletion of fossil fuels and
the contribution of greenhouse gas emissions to climate change have made the need for alternative and
sustainable energy sources inevitable. In this context, biodiesel stands out among alternative fuels owing
to its biological origin, environmentally friendly nature, and carbon-neutral characteristics. Biodiesel
production is primarily carried out through the transesterification of vegetable oils, animal fats, and
waste oils. This process yields glycerol and methyl/ethyl esters, while parameters such as the type of
catalyst used, reaction temperature, and alcohol/oil ratio play a decisive role in product yield and
reaction efficiency. In this study, the current state of biodiesel production technologies has been
comprehensively examined, and the physical properties of biodiesel (e.g., viscosity, density, flash point)
as well as its chemical properties (e.g., acid value, iodine number, cetane number) have been evaluated.
Furthermore, the fundamental characteristics of biodiesel have been compared with those of standard
diesel fuel, and its combustion behavior has been analyzed. The findings reveal that biodiesel represents
a significant alternative fuel, particularly for the transportation and agricultural sectors. In conclusion,
biodiesel emerges as a strategic energy source due to its environmental benefits, technical advantages,
and carbon-neutral nature. However, ensuring sustainable access to raw materials, reducing production
costs, and developing supportive regulations are essential for its widespread adoption. By presenting a
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holistic evaluation of biodiesel technology and fuel properties, this study aims to contribute to future
research and practical applications in the field.

Keywords: Biodiesel, Renewable Energy, Alternative Fuels, Fuel Properties

1.GIRiS

Glnlimiizde diinya genelinde gozlemlenen hizli niifus artisi, buna paralel olarak kentlesme oranlarindaki
yiikselis ile sanayi ve teknolojideki gelismeler, enerji talebini siirekli olarak artirmaktadir. Enerji, ayni
zamanda ekonomik kalkinmanin bir unsuru ve toplumsal refahin siirdiiriilebilirliginin de teminatidir.
Her ne kadar giiniimiizde enerji ihtiyacinin biiyiik bir boliimii hala fosil yakatlar araciligiyla karsilantyor
olsa da, mevcut rezervlerin bu artan talebi uzun vadede kargilamasinin miimkiin olmadig1 agiktir. Basta
komiir, petrol ve dogal gaz gibi fosil yakitlarin yogun bicimde kullanimi, atmosferdeki sera gazi
konsantrasyonlarint artirmakta ve bunun sonucunda kiiresel 1sinma, deniz seviyelerinde yiikselme,
kuraklik, alisilmadik hava olaylar ve ekosistem bozulmalari gibi ciddi g¢evresel tehditler ortaya
¢ikmasina sebep olmaktadir. Bu durum ilerleyen yillarda enerji arz giivenligini tehdit etmekle kalmayip
ekonomik istikrar iizerinde de baski olusturabilecektir. Ayrica gevresel sorunlar kiiresel enerji
politikalarinin yeniden sekillendirilmesini de mecbur kilmistir (IPCC, 2022). Bu nedenle sadece enerji
arzini karsilamay1 degil ¢evresel sorunlara sebep olmayacak ve siirdiiriilebilirligi olan alternatif enerji
kaynaklar1 arastirmalar lilkemizde ve tiim diinyada stratejik bir hedefe doniismiistiir. Enerji kullanim
sonrasi ¢evreye verdigi zararlarin diisiik seviyede tutulmasi hedefi diisiik karbon igerigine sahip olan
yenilenebilir enerji kaynaklarina dikkat c¢ekerken buna uygun sistemlerin kurulmasini —
donistiiriilmesini gerektirmektedir. Bu gelismeler, yalnizca ¢evresel sorunlari degil, aynt zamanda
ekonomik, teknik ve sosyal dinamikleriyle bir biitiindiir. Bu biitiinsellik ¢ok yonlii bir doniisiim siirecini
beraberinde getirerek finansal tesvik ve desteklerinde 6n plana ¢ikmasina sebep olmustur (IEA, 2021).

Bu galigmada, enerji ihtiyacindaki artig ve fosil yakitlarin neden oldugu ¢evresel sorunlar karsisinda 6ne
c¢ikan yenilenebilir enerji kaynaklarindan biri olan biyodizel ele alinmaktadir. Calismanin temel amaci,
biyodizelin tarihsel gelisimini, iiretiminde kullanilan hammaddeleri, tiretim teknolojilerini ve yakit
Ozelliklerini inceleyerek bu yakitin siirdiiriilebilir enerji politikalar1 acisindan sundugu imkanlari
degerlendirmektir. Ayrica biyodizelin avantaj ve dezavantajlarinin biitiinciil bir bakigla ele alinmasiyla,
gelecekte enerji sektoriindeki potansiyel roliine 151k tutulmasi hedeflenmektedir.

2.Biyodizel

Yenilenebilir enerji kaynaklari, enerji iiretiminde siirdiiriilebilirlik yaklasgimini benimsemektedir.
Ayrica artan enerji ihtiyacini karsilamak igin gelistirilen ¢oztimler, gevresel zararlart en aza indirmeyi
ve ekonomik olarak da uygulanabilir olan yenilenebilir enerji kaynaklarini desteklemektedir. Bu sebeple
biyoyakitlar, ¢evre dostu olmalar1 ve biyo-tabanli hammaddelerden iiretilebiliyor olmalarindan dolay1
on plana ¢ikmaktadirlar. Tarimsal ve endiistriyel siirecler sonunda ortaya c¢ikan biyokiitle kokenli
atiklarin enerjiye doniistiiriilmesi atik yonetimini saglamakla birlikte sera gazi emisyonlarinin da
azaltilmasini desteklemektedirler. Bu siirecte biyoyakitlardan biri olan biyodizel, ¢evre dostu olmasi,
karbon nétrliigii ve dizel motorlarla uyum gostermesi sebebiyle 6n plana ¢ikmaktadir. En basta bitkisel
yaglar ve atik yaglar olmak tizere koken olarak biyolojik olan hammaddelerin transesterifikasyonu
islemi ile {iretilen bir yakattir. Biyodizel tarimsal atiklarin degerlendirilmesine olanak vermesiyle, diisiik
emisyon salmimiyla ve siirdiiriilebilirligiyle dnemli bir alternatif yakittir (Demirbas, 2009; Knothe,
2008). Biyodizel iiretiminde tercih edilen hammadde tiirleri, uygulanan {iretim yontemleri ve belirlenen
teknolojik parametreler, elde edilen yakitin kalite Ozelliklerini ve potansiyel kullanim alanlarin
dogrudan belirlemektedir. Tablo 1°de biyodizel iiretiminde hammadde tiirleri, tiretim teknolojileri,
teknolojik parametreler ve yakit kalitesine etkileri {izerine bir tablo yer almaktadir (Fukuda vd., 2001;
Ataban vd., 2012).
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Tablo 1. Biyodizel Uretiminde Hammadde Tiirleri, Uretim Teknolojileri, Teknolojik Parametreler ve
Yakiat Kalitesine Etkileri

Kriter Aciklama

Bitkisel yaglar (6r. soya, kolza, aygicegi), hayvansal yaglar,
Hammadde Tiirleri atik yaglar ve mikroalg biyokiitlesi gibi c¢esitli biyolojik
kaynaklar biyodizel iiretiminde kullanilmaktadir.

Kimyasal transesterifikasyon (baz veya asit katalizorli),

Uretim Yontemleri (Geleneksel) dogrudan esterifikasyon

Enzimatik Transesterifikasyon: Lipaz enzimleri ile diisiik
sicaklik ve basingta tiretim.

Stiperkritik  Metotlar: ~ Siiperkritik metanol  kullanarak

Yeni Nesil Uretim Teknolojileri Katalizorsiiz hizli firetim.

Mikroalg Temelli Uretim: Yiiksek yag verimine sahip mikroalg
tiirlerinden biyodizel eldesi.

Reaksiyon sicakligi, basing, alkol/yag mol orani, katalizor tiirii
Teknolojik Parametreler ve miktar1, reaksiyon siiresi, karigtirma hiz1 gibi degiskenler
iiretim verimini ve yakit kalitesini dogrudan etkiler.

Viskozite, setan sayisi, yogunluk, oksidatif kararlilik ve kiikdirt
Yakiat Kalitesi Uzerindeki Etkiler | icerigi gibi yakit 6zellikleri, kullanilan hammadde ve iiretim
yontemlerine bagli olarak degisir.

Biyodizel; motorin ile karisim olarak veya dogrudan dizel

Kullanim Alanlar motorlarda, ¢evre dostu alternatif yakit olarak kullanilmaktadir.

Bunun yaninda viskozite, yogunluk, parlama noktas1 gibi fiziksel, asit sayisi, iyot sayisi, setan sayist
gibi kimyasal 6zellikler de biyodizelin kalitesini yakindan etkiler. Uretilen biyodizelin yakit dzelliklerini
bilmek yakit o6zelliklerinin degerlendirilmesinde, motor seg¢iminde, emisyon profili gibi yanma
ozelliklerinin belirlenmesinde de 6nem teskil eder.

3. Biyodizel Teknolojisinin Gelisimi

Biyodizelin ge¢misi i¢ten yanmali motorlarin icad: kadar eskidir. ilk biyodizel denemesi, Rudolf
Diesel’in 1893 yilinda gelistirdigi dizel motorunda yakit olarak yerfistigi yagi kullanmasiyla
gerceklestirilmistir. Boylece bitkisel yaglarinda motor yakiti olarak kullanilabilecegini kanitlamigtir
(Knothe, 2001). Fosil yakitlarin heniiz yayginlasmadigi donemde bitkisel yaglar 6nemli bir enerji
potansiyeli olarak degerlendirilmis, ancak fosil yakitlarin yayginlasarak ucuzlamasiyla enerji
iiretimindeki roliinii kaybetmistir. Bu durum biyodizel arastirmalarinin uzun siire ikinci planda kalarak
gerilemesine neden olmustur (Demirbag, 2008). 20. ylizyilin sonlarina dogru (1973-1979) yasanan
petrol krizleri enerji arzindaki giivenligi giindeme getirmistir. Bu durum alternatif enerji kaynaklar
arayisini beraberinde getirmistir. Avrupa da kolza (kanola) yagi, aycigek yagi gibi tarimsal yag
bitkilerinden elde edilen biyodizel yakitlarin gelistirilmesi {izerine arastirmalar yapilmistir Zaman
icerisinde petrol fiyatinda yasanan degisimler biyodizeli ekonomik bir strateji haline de getirmistir. 1973
ve 1979 yillarinda yasanan petrol krizleri, enerji arz giivenligi sorunlarini giindeme getirmis ve alternatif
yakit arayislarini hizlandirmistir (IEA, 2010). Bu dénemde birgok iilkede biyodizel {izerine arastirma
projeleri baslatilmis; 6zellikle Avrupa’da kolza (kanola) yagi ve aygicegi yagi gibi tarimsal yag
bitkilerinden biyodizel liretim teknikleri gelistirilmistir (Ma & Hanna, 1999). Petrol fiyatlarinda yasanan
dalgalanmalar, biyodizelin stratejik bir enerji kaynagi olarak Onemini pekistirmistir. Giinlimiizde
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biyodizel tretimi ve kullanimi artik enerji politikalarinin bir pargasidir. Enerji giivenliginin yan1 sira
sera gazi emisyonlarinin azaltilmasi ve kirsal kesimlerdeki kalkinmanin saglanabilmesi bakimindan da
onemli bir stratejik aractir (Hill vd., 2006). Biyodizel teknolojisinin tarihsel gelisim siireci, iiretim
yontemlerinin ¢esitlenmesiyle birlikte kullanilan hammaddelerin de Onemini artirmus; bu nedenle
biyodizel iiretiminde tercih edilen bitkisel ve hayvansal kaynaklarin teknik, ekonomik ve ¢evresel agidan
degerlendirilmesi gereklilik haline gelmistir.

4. Biyodizel Uretiminde Kullamlan Hammaddeler

Bitkisel yaglardan elde edilen biyodizel degerli bir yenilenebilir enerji kaynagidir. Ancak gida olarak
kullanimi ve yakit olarak kullanimi rekabet halindedir. Tarim arazilerinin kullanimu, {iretim maliyetleri
ve siirdiiriilebilirlik {izerinde sorunlar yaganmaktadir. Bu sebepledir ki bitkisel yag se¢imi yapilirken
sadece teknik performans etkisini g6z Oniine almak yetmez. Ayni zamanda ekonomik ve cevresel
faktorler de goz oniinde bulundurulmalidir (Hill vd., 2006). Tablo 2’de biyodizel tiretiminde kullanilan
baslica bitkisel yag kaynaklari, verimleri ve 6zellikleri yer almaktadir.

Tablo 2. Biyodizel Uretiminde Kullanilan Baslica Bitkisel Yag Kaynaklari, Verimleri ve Ozellikleri

Bitkisel Yag Verimi | Baslica Avantajlar Dezavantajlar | Kaynaklar
Yag (Litre/Hektar) | Uretim
Kaynag Bolgeleri
Yiiksek doymamis | Orta diizey | Issariyakul
. e yag asidi orani, iyi | verim & Dalai,
Ayeicegi | 800 E\Jfrﬁlgae akiskanlik 2014
Diisiik erime | Baz1 boélgelerde | Knothe,
Kolza 1190 Avrupa noktast, yiiksek | sinirlt {iretim 2005
Kan aFc)i a’ setan sayisi
Soya 446 ABD, Yiksek oksidatif | Gorece diisik | US  DOE,
Brezilya, kararlilik yag verimi 2006
Arjantin
Palm 5950 Malezya, Yiiksek verim, | Soguk hava | Gui vd.,
Endonezya | diisiik maliyet performansinin | 2008
diisiik olmasi
Pamuk 325 Hindistan, | Yan {iriin olarak | Gorece  diisiik | Hill vd.,
tohumu Cin, ABD | pamuk lifi iiretimi | yag orant 2006

Yiiksek trigliserit igeren bitkisel yaglar biyodizel iiretiminde kullanilan 6nemli bir hammaddedir. Ayrica
yiiksek trigliserit icerikleri transesterifikasyon reaksiyonlari icinde uygun bir zemin sunar (Ma & Hanna,
1999). Kolza (Kanola), soya, palm ve pamuk tohumu &nemli bitkisel yaglar arasindadir. Bu bitkisel
yaglar farkli cografyalarda tarimsal iiretim kapasitesi, iklim kosullar1 ve yerel ekonomik yapiya bagl
olarak yetisirler. Ozellikle Avrupa ve Tiirkiye’ de Aygicegi (Helianthus annuus) iiretimi yaygin olan bir
yag bitkisidir. Yag verimi yaklasik %38 ve %45 arasinda degismektedir. Bu ylizde dikkate deger bir
verimdir. Igerisinde bulunan doymamus yag asitleri yagin akiskanligin iyilestirir (Issariyakul & Dalai,
2014). Kolza (kanola) yagi (Brassica napus), soguk iklim bdlgelerinde yaygin olarak yetistirilmektedir.
Avrupa Birligi iilkeleri igin biyodizel iiretiminde en popiiler hammaddedir. Erime noktas1 diistik, setan
sayist yiiksektir. Soguk hava sartlarinda motor performansi oldukga iyidir. Viskozitesi diisiik, oksidatif
kararlilign yiiksektir (Knothe, 2005). Amerika kitasinda yaygin olarak yetistirilen soya fasulyesi
(Glycine max) biyodizel iiretiminde biiyiik bir paya sahiptir. Oyle ki ABD biyodizel pazarmin yaklasik
yaris1 soya yagimi kullanmaktadir. Soya yagy, yiiksek oksidatif kararliliga sahiptir. Yanma 6zellikleri
oldukga iyidir (US DOE, 2006). Malezya ve Endonezya gibi tropikal bdlgelerde Palm yag: (Elaeis
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guineensis) lretimi yiiksektir. Maliyeti diigiiktiir. Yag verimi yiiksektir. Soguk havada performansi
oldukc¢a sinirlidir (Gui, Lee & Bhatia, 2008). Pamuk tohumu yag1 yerel iiretime katkis1 olan diger bir
bitkisel yagdir (Hill vd., 2006, Kayisoglu & Aktas, 2023).

5. Biyodizel Uretim Teknolojileri
5.1. Kimyasal Transesterifikasyon

Biyodizel iiretiminde en sik kullanilan yéntem kimyasal transesterifikasyon yontemidir. Islem boyunca
stirecte trigliseridler (yaglar ya da yag asitleri) kisa zincirli alkol (¢ogunlukla metanol) ile katalizor
mevcudiyetinde reaksiyona girer ve yag asidi metil esterleri (FAME) olusur. Bazik katalizorler,
transesterifikasyon siirecinde kisa reaksiyon siiresine sahiptir. Bazik olan katalizorlere 6rnek olarak
NaOH, KOH, sodyum veya potasyum metoksit verilebilir. Ancak bazik katalizorler, serbest yag
asitlerine (FFA) karst duyarlidir. Yiiksek FFA icerigi, sabunlagma reaksiyonlarinin meydana gelmesine
yol agarak {riin veriminin azalmasina neden olur. Asidik katalizorler esterifikasyon ve
transesterifikasyona toleranslidirlar. Asidik katalizorlere 6rnek olarak H.SO4 ve HCI verilebilir. Asidik
katalizorlerde reaksiyonun yavas gergeklesmesi, alkol kullaniminin fazlaligi, atik su olusumu,
asinmalarin olusmasi gibi problemler mevcuttur. Sivi fazda ¢6ziinen homojen katalizérlerde hizl etki
gorulur Uriin ayirmada ve yeniden kullanimda ciddi sorunlar olusur. Kat1 fazda, heterojen katalizorlerin
ise ayrigmasi gorece kolaydir. Yeniden kullanima aciktir (Christopher vd., 2014; Arslan, 2015;
Dagdelen & Yiiksek, 2016).

5.2. Enzimatik Yontemler

Biyolojik katalizorler ile gergeklestirilen (lipazlar gibi) enzimatik transesterifikasyonlar ¢evre dostu bir
yaklasima sahiptir. Diisiik sicakliklarda islem gerceklesebilir. Yiiksek FFA igcermesi ile sabunlasmanin
oniine gecilebildigi goriiliir. Yiiksek maliyeti sebebiyle daha diisiik fiyathh lipaz kullanimlar
arastirilmaktadir (Moschana vd., 2024).

5.3. Siiperkritik Metotlar

Katalizér kullantmini ortadan kaldiran, yiliksek sicaklik ve basing altinda gergeklesen siiperkritik
metotlar teknoloji olarak oldukca yenidir. Yag ve metanolun tek faz olusturdugu bu yontemde su ve
FFA sabunlagsma olusumuna engel olur. 20:1 — 126:1 araliginda gergeklesen metanol-yag mol orani
yiiksektir. Bu durum reaksiyon verimini artirir ancak molar oranlarda verim diisiisii goriilebilir. Enerji
ihtiyact yiiksek olan bu teknoloji, yiiksek sicaklik ve basingta gerceklesiyor olmasindan dolayi isletme
maliyeti bir hayli yiiksektir (Y1lmaz, 2015).

6.Biyodizel ve Dizel Yakit Karsilagtirmasi

Biyodizel ve fosil kdkene sahip dizelin yakit olarak karsilagtirilmasi yakitlarin ¢evresel etkileri ve
kullanim alanlariin degerlendirilmesi bakimindan 6nem tasimaktadir. Biyodizel yenilenebilir yapisi,
cevre dostu dzellikleri ile 6n plandadir. Bunun yaninda fosil dizelin enerji yogunlugu daha yiiksektir.
Yaygin bir altyapr kullanimina sahiptir. Viskozite, yogunluk, parlama noktasi, setan sayisi, emisyon
ozellikleri ve yaglayicilik gibi teknik parametreler, her iki yakitin avantaj ve sinirliliklarini ortaya
koymaktadir. Asagida ki Tablo 3’te biyodizel ve dizel yakitin karsilagtirmasi1 goriillmektedir.
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Tablo 3. Biyodizel ve Dizel Yakit Karsilastirmasi

Ozellikler Biyodizel Fosil Dizel

Viskozite (40 °C) 3,5-5,0 mm?#/s (daha yiiksek) 2,5-3,2 mm?/s

Yogunluk ~0,88 g/cm? (~880 kg/m?) ~0,85 g/cm?

Parlama Noktasi >101°C 95)11 clde daha diisik (~60-70
Setan Sayisi 51 ve tizeri Genellikle 4050 araliginda

Daha diisik CO ve partikiil
Emisyon ve Cevresel Etki emisyonu;  %10-12  daha
yiiksek oksijen igerik

Daha yiiksek emisyon; oksijen
igerigi daha diisiik

~9% daha distik enerji

yogunlugu Daha yiiksek enerji yogunlugu

Yakit Enerji Yogunlugu

Daha iyi yaglayic1 oOzellik;

enjeksiyon ekipmanina katki Diisik yaglayicilik

Yaglayicihk

Biyodizel ve fosil dizel teknik parametreler bakimindan karsilastirildiginda, biyodizelin viskozitesinin
daha yiiksek oldugu goriilmektedir. Bu durum 6zellikle soguk hava kosullarinda akiskanlik sorunlarina
yol acgabilirken, uygun katki maddeleriyle bu sorun biiylik 6lgiide giderilebilmektedir. Yogunluk
acisindan da biyodizel, dizelden biraz daha yogundur ve bu da motor performansini hafif etkileyebilir.
Ancak parlama noktasi agisindan biyodizel daha giivenli bir yakit olup >101 °C gibi yiiksek bir degere
sahiptir. Bu, depolama ve tagima giivenligini artirir.

Setan sayisi, dizel motorlarda atesleme kalitesini belirleyen énemli bir parametredir ve biyodizel bu
alanda da avantajlidir (51 ve tizeri), bu da motorun daha sessiz ve verimli ¢alismasina katki saglar.
Emisyon agisindan biyodizel, 6zellikle karbon monoksit (CO) ve partikiil madde (PM) emisyonlarinda
daha ¢evre dostu bir se¢enek sunmaktadir. Ayn1 zamanda biyodizelin oksijen igerigi fosil dizelden %10—
12 oraninda daha yiiksektir, bu da daha temiz yanma anlamina gelir.

Ancak, biyodizelin enerji yogunlugu yaklagik %9 oraninda daha diisiiktiir. Bu, ayn1 mesafe i¢in daha
fazla yakit tiiketimi anlamina gelmektedir. Yaglayicilik agisindan ise biyodizel 6ne c¢ikar; motor
enjeksiyon sistemlerinin korunmasina ve émriiniin uzamasina yardimei olur.

Tiim bu degerlendirmeler, biyodizelin teknik olarak bir¢ok avantaj sundugunu gostermektedir. Ancak
iiretim maliyetleri, hammadde temini ve altyap1 uyumu gibi faktorler de g6z oniine alinmali; biyodizelin
ekonomik yonleri detayli bicimde arastirilmalidir. Gelecekte biyodizel iiretim teknolojilerinin
gelismesiyle, bu ¢evre dostu yakitin daha yaygin ve rekabetci hale gelmesi beklenmektedir (Oztiirk,
2016; Avcioglu vd., 2011).

7.Biyodizelin Avantaj ve Dezavantajlar

Biyodizel, enerji politikalarinin siirdiiriilebilirligi bakimindan degerli bir alternatif yakat tiiriidiir. Fosil
yakitlarin ¢cevreye verdigi zararlarin ¢ogalmasi, enerji arz giivenligi konusundaki belirsizlikler, 6zellikle
tarim odakli {ilkelerde biyodizelin potansiyelini yiikseltmektedir. Biyodizelin yakit olarak
kullanilmasinin bir¢ok avantaj ve dezavantaji vardir. Yakit olarak biyodizel kullaniminda ¢esitli
avantajlar bulunmaktadir. Biyodizel, alevlenme noktasinin yiiksek olmasi sebebiyle giivenilir bir yakit
tiiriidiir ve diinya standartlarina gore giivenilir yakit olarak kabul gérmektedir. Biyodizel ¢evre dostu bir
yakittir. Ciinkii biyolojik olarak neredeyse tamamen ayrisabilmektedir. Zehirli degildir. Ayrica fosil
yakitlara nazaran daha az kirletici gaz icermektedir. Biyodizel bitki temelli oldugundan kullanildiginda
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karbon dengesini korur. Fosil yakitli dizel motorlarda kullanimi miimkiindiir. Kurum olusumuna sebep
olmadig1 i¢in motorun dmriinii uzatmaktadir. Setan sayisinin yiiksek olmasi yaglayicilik 6zelligini de
iyilestirmektedir. Biyodizel, fosil yakitl bir dizelle hizlica karisabilir ve yakit kalitesinde iyilesme
saglar. Biyodizel, ulasim disinda birgok yerde kullanilabilmektedir. Bunun basinda evsel 1isinmalar ve
jenerator kullanimlar1 gelmektedir. Tarima dayali ekonomilerde biyodizelin degeri katlanmaktadir. Bu
durum, ekonominin petrol fiyatlarindaki dalgalanmalardan etkilenmesini dnleyerek enerji alanindaki
disa bagimhiligin azalmasina katki saglamaktadir. Bunun yaninda biyodizelin negatif yonleri de
bulunmaktadir. Isil degerinin petrole kiyasla daha diisiik olmasi, olumsuz hava kosullarindan hizli
etkilenmesi, motor yaginin seyrelmesine yol acabilmesi, ayrica oksidasyona ve yakit sisteminde
tikanmalara meyilli olmasi biyodizelin dezavantajlari arasindadir (Oztiirk, 2012; Oztiirk, 2016;
Avcioglu vd., 2011).

8.Biyodizelin Yakit Ozellikleri

Biyodizel, dizel motorlarda kullanilirken herhangi bir degisiklik istemeyen bitkisel yag bazli tek yakattir.
Enerji sistemine ek bir uyum siireci gerektirmediginden, ilave enerji yatirimi ihtiyact dogurmamaktadir.
Petrol kokenli yakitlarla olduk¢a homojen sekilde karigtirilabilmektedir. Bu karisimlar, biyodizel katki
oranina isimlendirilmektedirler.

B20: %20 biyodizel + %80 dizel,
B50: %50 biyodizel + %50 dizel,
B100: %100 biyodizel.

Biyodizelin yakit 6zellikleri, yogunluk, viskozite, 1s1l deger, parlama noktasi, karbon kalintisi ve setan
sayis1 gibi teknik parametrelerle tanimlanmakta olup, bu 6zellikler hem motor performansini hem de
cevresel etkilerini dogrudan belirlemektedir.

Yogunluk: Biyodizel yogunluk olarak dizel yakittan daha yiiksektir. Bu durum hammaddesine ve
hammadde tlizerinde yapilan islemlere gore farklilik gdsterebilir. Genellikle biyodizelin yogunlugu 0,86
— 0,90 kg/m® arasindadr.

Viskozite (Kinematik viskozite): Viskozite, atomizasyon ve yanma 6zelligini dogrudan etkilemektedir.
Biyodizelin yiiksek viskoziteye sahip olmasi, yaglayicilik 6zelligini artirmaktadir. Ancak atomizasyon
ozelligini kotiilestirmektedir. Ayrica enjektdr kirlenmelerine de sebebiyet vermektedir. Kullanilan
bitkisel yaga gore degisiklik gdstermekle birlikte genellikle biyodizelin viskozitesinin dizel yakita gore
yiiksek oldugu goriilmektedir.

Is1l deger: Biyodizelin igerisinde ki oksijen miktarimin fazlalig: 1s1l degerini diisiirmektedir. Biyodizel,
yaklasik bir ifadeyle dizele oranla %10 daha diisiik 1s1l degere sahiptir.

Parlama noktasi: Biyodizelin parlama noktasi, dizelden daha yiiksek bir seviyededir. Bu ozellik,
biyodizelin depolanmasi ve tasinmasi siirecinde Onemli kolayliklar saglamaktadir. Biyodizelin
mininmum parlama noktas1 130 C°dir.

Karbon kalintisi: Yakitin gliseritlerden, sabun ve diger organik kalintilardan tam olarak ayrismamasi,
biyodizel yakitlar agisindan 6nemli bir problem olusturmaktadir. Biyodizelin yanma sonrasinda yakit
enjektorleri ve yanma odalarinda biraktigi karbon kalintilari, motor pargalarinda asinmaya yol
agmaktadir.

Setan sayisi: Setan sayisi, tutugsma meylinin ve tutusma gecikmesinin bir gostergesidir. Biyodizelin setan
say1st, tretiminde kullanilan hammaddeye bagli olarak farkhilik gostermektedir. Bitkisel yaglardan
edilen biyodizelin setan sayis1 46 — 60 arasinda degismektedir (Oztiirk, 2012; Oztiirk, 2016; Avcioglu
vd., 2011).

9. SONUCLAR

Biyodizel, yenilenebilir enerji kaynaklari arasinda ¢evresel siirdiiriilebilirligi ve dizel motorlarla yiiksek
uyumlulugu sayesinde one ¢ikan stratejik bir yakit tiiriidiir. Tarihsel gelisimi incelendiginde, ilk
kullanim 6rnekleri 19. yiizyilin sonlarina dayanmaktadir. 1970’1 yillarda yasanan petrol krizleriyle
birlikte yeniden dnem kazandigi goriilmektedir. Giiniimiizde ise enerji arz giivenligini desteklemesi,
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sera gazi emisyonlarini azaltmasi ve kirsal kalkinmaya katki saglamasi nedeniyle kiiresel enerji
politikalarinin merkezinde yer almaktadir. Uretiminde kullamlan hammaddeler ve tercih edilen
teknolojiler, biyodizelin kalitesini dogrudan belirlemektedir. Bitkisel yaglar, hayvansal yaglar, atik
yaglar ve mikroalgler iiretim siirecinde 6nemli bir gesitlilik sunarken, kimyasal transesterifikasyon
yontemi halen en yaygin kullanilan yéntemdir. Bununla birlikte, enzimatik ve siiperkritik metotlar gibi
yeni nesil teknolojiler gevresel ve verimlilik agisindan umut vericidirler. Ancak maliyet sorunlar
nedeniyle sinirh bir uygulama alanina sahiptirler. Biyodizelin yakit dzellikleri incelendiginde; yiiksek
parlama noktasi ve biyolojik olarak parcalana bilirligi giivenlik ve cevresel acidan avantaj saglamakta,
yogunluk ve viskozitenin yiiksekligi yaglayiciligi artirarak motor dmriine katkida bulunmaktadir. Buna
karsin diigiik 1s1l deger, oksidasyona yatkinlik ve enjektorlerde karbon kalintisi birakma egilimi
dezavantajlaridir.

Sonug olarak biyodizel, siirdiiriilebilir enerji politikalar1 kapsaminda 6nemli bir alternatif yakat tiiriidiir.
Ancak, teknik smrhiliklart ve ekonomik maliyetleri dikkate alindiginda, hammadde cesitliliginin
artirtlmast ve iiretim teknolojilerinin gelistirilmesi gerekmektedir. Bu dogrultuda biyodizel, hem
cevresel hem de ekonomik boyutlariyla gelecegin enerji doniisiimiinde stratejik bir rol {istlenme
potansiyeline sahiptir.
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ABSTRACT

Integration of photovoltaic technology in agriculture has witnessed notable technical and economic
evolution, supporting the transition toward sustainable and energy-efficient farming practices.
Technically, Photovoltaic panel technology has undergone remarkable transformations, driven by the
global push for cleaner and more efficient energy solutions. This presentation provides a concise
overview of key technical advancements in PV panels, from the dominance of crystalline silicon cells
to the emergence of thin-film, bifacial, and perovskite-based technologies. It highlights major
improvements in efficiency, cost reduction, and integration techniques, such as PERC and tandem
structures. Challenges related to degradation, recyclability, and material scarcity are also addressed. The
session concludes with insights into future research directions that will shape the next generation of
high-performance, sustainable PV modules. Economically, the declining costs of PV modules, driven
by technological progress and mass production, have enhanced their affordability for small and medium-
scale farmers. Life cycle cost analyses increasingly show that PV-powered systems offer competitive or
superior long-term returns compared to diesel or grid-powered alternatives. As climate change and water
scarcity challenge traditional agriculture, PV systems offer a resilient solution by reducing operational
costs and carbon footprints while promoting energy independence.

Key Words: Photovoltaic Panels, PV Technology Evolution, Silicon Photovoltaic Cells, Perovskite
Photovoltaic Cells, Economic Evolution, Cost Reduction
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ABSTRACT

The rapid adoption of electric vehicles (EVs) presents new challenges in designing and managing
efficient and economically viable charging infrastructure. This paper develops an integrated framework
that evaluates the cost-performance trade-offs in electric vehicle charging stations (EVCS) under
infrastructure and grid constraints. By incorporating real-world operational characteristics—such as
charger failures, finite capacity, and user impatience—into a multi-server queueing model, the transient
and steady-state dynamics of EVCS are analyzed. The study also formulates a cost optimization problem
that minimizes expected total operational costs by adjusting charger count, station capacity, and service
levels. Empirical RDE-based energy consumption data and real-world electricity tariffs are used to
validate the economic impact of charging mode selection. The paper also provides a comprehensive
policy review and technological classification of EV charging systems, followed by a discussion on
future trends such as V2G integration and hydrogen-based mobility. This work contributes actionable
insights for urban planners, energy policymakers, and infrastructure investors by linking analytical
modeling with empirical evaluation and cost-optimization strategies.
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ABSTRACT

Proton exchange membrane fuel cells (PEMFCs) have emerged as a promising sustainable energy
source due to their high efficiency, zero emissions, and low operating temperature. However,
performance degradation over time remains a significant challenge to their long-term reliability.
Consequently, accurate estimation of the remaining useful life (RUL) of PEMFCs is essential for
predictive maintenance and safe operation. This study presents a data-driven methodology employing
deep learning models to estimate the RUL of PEMFCs based on voltage time series data. Two model
architectures are evaluated: a conventional long short-term memory (LSTM) model and an advanced
LSTM model enhanced with an attention mechanism. Both models are trained on time series data from
the IEEE PHM 2014 Data Challenge, which includes over 1,100 hours of PEMFC aging measurements
under steady-state load conditions. Following preprocessing and filtering, the dataset is downsampled
to 1,155 data points and divided into training, validation, and test subsets. Bayesian optimization is
utilized to fine-tune the model hyperparameters. Experimental results demonstrate that the LSTM-
Attention model surpasses the standard LSTM model, achieving an RMSE of 0.001457, MAE of 0.0003,
and R? of 0.985, compared to the LSTM’s RMSE of 0.001869, MAE of 0.0004, and R? of 0.979. These
findings underscore the effectiveness of incorporating attention mechanisms to enhance the accuracy of
RUL prediction for PEMFC systems.

Keywords: PEM fuel cells, Remaining useful life, LSTM networks, Attention mechanism

1. INTRODUCTION

In modern energy systems, sustainability, reducing environmental impacts, and minimizing dependence
on fossil fuels have become primary focus areas (Dincer, 2023). In this regard, proton exchange
membrane fuel cells (PEMFCs) have emerged as a promising alternative energy source, particularly in
transportation, portable power systems, and backup power applications. This is primarily due to their
zero-emission operation, high efficiency, low operating temperatures, and rapid start-up capabilities
(Wang, 2023; Alaswad, 2020). However, PEMFC systems are subject to various physical and chemical
degradation mechanisms during operation, which can lead to performance loss, system failures, and
increased maintenance costs. Therefore, accurately and reliably estimating the remaining useful life
(RUL) of PEMFCs is critical for maintenance planning, early fault detection, system reliability, and
overall operational efficiency (Gibey, 2024; Kebede, 2024).

Approaches for estimating PEMFC RUL can be generally classified into three categories: model-based
methods, data-driven methods, and hybrid approaches that combine both methodologies (Sagar, 2023;
Song, 2024; Yi, 2025; Tian, 2023). While model-based approaches rely on the physical principles
governing fuel cell (FC) behavior, data-driven techniques learn complex relationships directly from
experimental observations. Hybrid models aim to leverage the advantages of both approaches by
integrating physical system dynamics with data-based learning in a unified modeling framework.
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In this regard, Qu et al. (2020) proposed a semi-empirical model that considers degradation in
electrochemical surface area and equivalent resistance for RUL prediction. Liu et al. (2017) introduced
an adaptive unscented Kalman filter (AUKF)-based framework that outperformed traditional UKF
approaches in terms of accuracy. Pan et al. (2020) developed a hybrid model combining a Kalman filter
and a data-driven NARX neural network to simultaneously capture reversible and irreversible
degradation dynamics. Similarly, Wang et al. (2023) proposed a hybrid strategy by integrating semi-
empirical and data-driven models to improve long-term prediction accuracy. Despite these
advancements, the complex multi-scale behavior of PEMFCs and the computational burden of model-
based techniques limit their widespread real-time deployment (Yin, 2021).

To address these limitations, recent studies have increasingly turned to data-driven methods, which are
gaining widespread attention. These methods enable high-accuracy RUL prediction by directly learning
from time-dependent performance data, bypassing the need to model underlying physical processes.
However, traditional artificial neural networks (ANNSs) and classical recurrent neural networks (RNNSs)
often struggle to capture long-term dependencies in time series data (Sun, 2023).

One widely adopted solution involves the use of long short-term memory (LSTM) architectures. These
networks incorporate gating mechanisms that address issues such as vanishing and exploding gradients,
allowing them to effectively capture temporal degradation patterns in PEMFC systems (Zang, 2021).
Consequently, LSTM-based approaches have become widely adopted for time-series-based RUL
estimation. For instance, Liu et al. (2019) smoothed aging data using the LOESS method and achieved
highly accurate predictions with an LSTM model. Nevertheless, LSTM models still face limitations in
modeling very long sequences due to their inherently sequential processing structure, which also
restricts parallel computation efficiency.

To overcome these challenges, this study proposes an LSTM architecture enhanced with an attention
mechanism called the LSTM-Attention model. Within this framework, multivariate sensor data, which
include temperature, pressure, current, and voltage readings from a PEMFC stack, are utilized to develop
and compare the predictive performance of standard LSTM and LSTM Attention models. The modeling
process is based on an experimental aging dataset published in the IEEE PHM 2014 Data Challenge,
which reflects real-world PEMFC degradation behavior. Model performance is evaluated using
statistical metrics such as MAE, RMSE, and R2. The results demonstrate that the LSTM-Attention
architecture significantly outperforms the classical LSTM model by highlighting critical information
regions in the time series more effectively. In this regard, the study demonstrates the applicability of
data-driven methods to PEMFC systems and presents a practical approach that contributes to the
development of predictive maintenance strategies.

2. MATERIALS AND METHODS
2.1. Experimental Dataset and Preprocessing Steps

The experimental dataset used in this study was published as part of the IEEE PHM 2014 Data Challenge
(Harel, 2021) and comprises multi-sensor data collected under constant load conditions during an
approximately 1,154-hour aging process of a PEMFC stack. The long-duration tests, conducted under
steady-state conditions close to nominal operating parameters, were structured as time series, enabling
the monitoring of the FC stack’s evolving health status over time. The PEMFC stack employed in the
study consists of five cells, each with an active area of 100 cm?2. The system is well-suited for compact
and portable applications with a nominal electrical output capacity of approximately 1 kW. The key test
parameters are presented in Table 1.

The dataset includes a wide array of sensor measurements related to the fuel (hydrogen), oxidant (air),
and cooling circuits, encompassing physical parameters such as temperature, pressure, flow rate, and
humidity. The indices of these sensors within the dataset and their corresponding physical interpretations
are provided in Table 2.
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Table 1. PEMFC stack and experimental operating parameters.

Parameter Value
Number of cells 5

Active area 100 cm?
Load current 70 A
Operating hours 1154 h
Air flow rate 23 L/min
Hydrogen flow rate 4.8 L/min
Coolant flow rate 2 L/min
Pressure of anode and cathode 1.3 bar
Stack temperature 55°C
Relative humidity of anode and cathode 50 %

Table 2. Definition of input variables in the dataset

Index (as in datasets) | Physical meaning

Urot Total voltages of the stack (V)

;] Current (A) and current density (A/cm?)
Tin_Ho; Tow_H2 Inlet and outlet temperatures of H, (°C)
Tin_air; Tow_air Inlet and outlet temperatures of air (°C)

Tin_water; To_water | Inlet and outlet temp. of cooling water (°C)

Pin_H2; Pou_H2 Inlet and outlet pressure of Hz (mbar)
Pin_air; Pou_air Inlet and outlet pressure of Air (mbar)
Fin_H2; Fou_H: Inlet and outlet flow rate of H, (L/min)
Fin_air; Fou_air Inlet and outlet flow rate of air (L/min)
F_water Flow rate of cooling water (L/min)
Air_hyg Air hygrometry at inlet (%)

Before model training, the PEMFC data were subjected to a multi-stage preprocessing procedure. The
aim of these steps was to reduce high-frequency noise, facilitate the learning process, and prepare the
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time-series data for supervised learning tasks. The raw dataset, initially consisting of 143,861 samples,
was downsampled at 1-hour intervals. Duplicate measurements were removed, resulting in a reduced
set of 1,155 samples. This process decreased the data size and allowed long-term degradation trends to
be more clearly observed.

Due to the presence of high-frequency noise after resampling, a Savitzky—Golay filter (SGF) was applied
to each sensor column. Configured with a window length of 21 and a polynomial order of 2, this method
effectively suppresses short-term fluctuations while preserving the overall data trend. The effects of
these preprocessing steps on the voltage signal, including the raw, resampled, and filtered versions, are
illustrated in Fig. 1.
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Figure 1. Time series analysis of original, resampled, and smoothed voltage signals

In the final stage, the dataset was divided into three subsets: 50% for training, 10% for validation, and
40% for testing. This partitioning strategy is essential for monitoring potential overfitting during training
and for enabling realistic performance evaluation. Normalization was performed using the min—max
method, based solely on the minimum and maximum values of the training set. This ensured that the
validation and test sets were scaled fairly relative to the training data. As a result of these steps, a cleaned
and well-balanced dataset was obtained, providing a suitable foundation for accurate and reliable RUL
prediction.

2.2. LSTM-Based Regression Models and Training Strategy
2.2.1. LSTM model architecture

The LSTM network is an enhanced variant of traditional RNNs, specifically designed to capture long-
term dependencies in sequential data such as time series (Song, 2020). Unlike standard RNNs, which
often suffer from vanishing or exploding gradient issues during backpropagation through time, LSTM
mitigates these problems through a gated memory mechanism that selectively controls the flow of
information (Mienye, 2024). At the core of the LSTM unit lies a cell state that functions as a memory
line, allowing information to be preserved or discarded over time. This mechanism is governed by three
types of gates: forget gate, input gate, and output gate (Yu, 2019).

The forget gate determines which information from the previous cell state C,—; should be discarded. It
takes the previous hidden state h:.1, and the current input x; as inputs and produces a forget vector f; using
a sigmoid activation function:

ft= U(Wf [he—q, xe] + bf) 1

A value of f; close to 0 causes the corresponding information to be forgotten, while values near 1 allow
it to be retained (Song, 2020).

The input gate decides which new information will be stored in the cell state. It also uses the current
input and the previous hidden state:
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ip = o(W; - [he—q,x¢] + by) (2
Simultaneously, a candidate cell state C, is computed using the tanh activation function:
Ce = tanh(W¢ - [he_1, x¢] + b¢) 3)

The new cell state C; is then updated by combining the retained previous state and the candidate
information:

o :ftQCt—1+it QE (4)

where © denotes the element-wise (Hadamard) product (Yu, 2019).

The output gate determines which part of the updated cell state should be sent to the next layer as output.
First, the gate activation is calculated:

or = oWy - [he—q, x¢] + bo) (5)
Then, the hidden state h;, which also serves as the output of the LSTM block, is computed as:
h't = 0¢ @ tanh(Ct) (6)

This output allows the model to selectively emit information that reflects both short- and long-term
patterns in the input sequence (Yu, 2019).

In summary, the LSTM’s gated architecture enables it to flexibly control the flow of information across
time steps. The forget gate filters past information, the input gate governs the incorporation of new input,
and the output gate determines what to expose to the next layer. This design empowers LSTM models
to maintain long-range dependencies in time series data, thereby making them highly effective for
predictive tasks (Song, 2020). The overall LSTM architecture employed in this study is illustrated in
Fig. 2.

o a tanh o

4 4 4 4 o

Forget Gate Input Gate Output Gate

Figure 2. Architecture of the LSTM model
2.2.2. LSTM with attention mechanism

The attention mechanism is a widely adopted enhancement in sequence-to-sequence learning tasks,
particularly effective when the lengths of input and output sequences differ (Hao, 2019). Rather than
compressing the entire input sequence into a fixed-size vector, attention dynamically allocates
importance across the input sequence at each decoding step. This allows the model to circumvent the
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limitations of fixed memory representations and retain relevant contextual information, especially in
long sequences (Li, 2023).

Conventional LSTM architectures assign equal weight to all past time steps, which may dilute the
significance of critical temporal features. The attention mechanism overcomes this limitation by
enabling the model to selectively emphasize informative moments in the input sequence, thereby
enhancing both prediction accuracy and generalization performance (Hernandez, 2021).

In this architecture, the encoder LSTM processes the input sequence and generates a set of hidden states
hs. The decoder then computes alignment scores between its current hidden state h; and each encoder
state hs . The simplest scoring method is the dot-product formulation:

score(hy, hg) = hy - hy (7)
A more expressive, learnable scoring function employs a parameter matrix W, as follows:

score(hg, hg) = h{ - Why (8)

These raw scores are normalized using the softmax function to yield attention weights:

exp(score(t,s))
ZZ’=1 exp (score (¢, s’))

9)

Ass =

The attention weights determine each encoder’s hidden state’s contribution to the current context. The
context vector c; is then computed as the weighted sum of encoder hidden states:

Ct = Z Ats " hs (10)

s=1
Finally, the decoder combines the context vector ¢; with its current hidden state h; to produce a refined
representation

hy = tanh(W,c, + Wyh,) (11)

where W, and Wy are trainable parameter matrices, the resulting vector &, is typically passed to a fully
connected layer for final output generation. The overall attention mechanism utilized in this study is
schematically illustrated in Fig. 3.
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Figure 3. Simplified version of the attention mechanism.
2.2.3. Model training and optimization

The model training was conducted on a laptop with an Intel Core i5-12450H processor (2.0 GHz), 32
GB of RAM, and an NVIDIA RTX 3050 GPU with 6 GB of dedicated memory. The modeling workflow
was implemented using Python programming, and deep learning (DL) models were built via the Keras
library. In this study, two distinct neural network architectures were developed and trained: a standalone
LSTM model and an LSTM model enhanced with an attention mechanism. Each architecture was
tailored to handle sequential time series data effectively.

To enhance model performance, Bayesian optimization was employed for hyperparameter tuning. This
approach explored a predefined search space involving four key hyperparameters:

o Number of hidden neurons in the LSTM layer: 50-120
o Dropout rate: 0.05-0.4

o Batch size: 32-128

. Learning rate: 1x10°-1x1073

The optimization process was initialized with 20 random sampling points and iterated over 480 trials.
Each model was trained for up to 150 epochs, with early stopping applied based on validation loss
stagnation for 30 consecutive epochs, minimizing overfitting. The final hyperparameter configurations
obtained from Bayesian optimization are presented in Table 3, while the performance distribution across
iterations is visualized in Fig. 4.
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Figure 4. Performance distribution of Bayesian optimization trials: (a) LSTM, (b) LSTM-Attention

Table 3. Final hyperparameters selected by Bayesian optimization

Model Hidden Neurons | Learning Rate Dropout | Batch Size
LSTM 82 0.0001958 0.137 78
LSTM-Attention 119 0.000405 0.149628 | 115

2.2.4. Evaluation Metrics

To assess the predictive performance of the developed models, three widely used regression metrics
were employed: the coefficient of determination (R?), root mean square error (RMSE), and mean
absolute error (MAE). R? quantifies how well the predicted values capture the variance of the actual
values, with values closer to 1 indicating better performance (Chicco, 2021). RMSE reflects the square
root of the average squared differences between predicted and actual values, thus penalizing larger errors
more severely (Chicco, 2021). Conversely, MAE computes the average of absolute differences and is

more robust to outliers (Agbulut, 2021).
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where y; denotes the actual value, i is the predicted value, and y represents the mean of the actual
values.

3. RESULTS AND DISCUSSION

The primary motivation of this study is to contribute to the estimation of the RUL of PEMFCs by
monitoring their performance degradation over time. In this context, the gradual decline in output
voltage is treated as a degradation indicator, and a data-driven approach is employed to infer the RUL
using voltage prediction models. To address this, two distinct DL models were developed and
comparatively analyzed: a standard LSTM model and an LSTM model enhanced with an attention
mechanism. Both models were trained on the same experimental dataset under identical conditions,
using 150 epochs and an early stopping patience value of 30. Hyperparameters for each model were
individually optimized using Bayesian optimization, ensuring fair and unbiased comparisons by
enabling both models to operate under their respective optimal configurations.

The quantitative results of the model’s performance are summarized in Table 4. The LSTM-Attention
model achieved the best performance with the lowest RMSE value of 0.001457 and MAE value of
0.0003, along with the highest R? score of 0.985. This result suggests the positive impact of the attention
mechanism, which enhances the model’s ability to capture long-term dependencies within sequential
data and substantially improves prediction accuracy. These findings underscore the importance of
boosting long-term forecast precision to contribute to more reliable and robust RUL estimation for
PEMFC systems.

Table 4. Model performance metrics

Model RMSE MAE | R?

LSTM 0.001869 | 0.0004 | 0.979

LSTM Attention | 0.001457 | 0.0003 | 0.985

The training loss curves for both models are illustrated in Fig. 5. As shown in Fig. 5(a), the LSTM model
demonstrates a stable convergence pattern, with the validation loss closely tracking the training loss,
indicating no signs of overfitting and confirming the model’s generalization capability. In contrast, Fig.
5(b) reveals that the LSTM-Attention model reaches a stable validation loss earlier and at a lower level.
Notably, training was halted at around the 110" epoch, indicating the effective operation of the early
stopping mechanism and optimal convergence of the model.
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Figure 5. Loss curves during training, (a) LSTM, and (b) LSTM-Attention.
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Comparative evaluations on the test dataset are presented in Fig. 6. As seen in Fig. 6(a), the LSTM
model tracks the actual voltage trajectory and successfully captures the overall trend. However, it
exhibits minor deviations at points of abrupt voltage changes. In contrast, Fig. 6(b) demonstrates that
integrating the attention mechanism significantly improves prediction accuracy. The LSTM-Attention
model produces results that closely follow actual values across the entire test interval, particularly during
segments with complex and fast-changing voltage patterns. These outcomes highlight the attention
mechanism’s ability to boost the model’s learning capacity and enhance its ability to detect important
temporal dependencies and subtle patterns.

The effect of both models on RUL estimation is visualized in Fig. 7, which shows their prediction
performance over the full dataset. As illustrated in Fig. 7(a), the LSTM model generally follows the
overall voltage degradation trend across the training, validation, and test sets. However, toward the end
of the FC’s life, the model struggles to capture the highly dynamic and nonlinear fluctuations in voltage,
potentially leading to forecasting errors in critical degradation phases. In contrast, Fig. 7(b) reveals that
the LSTM-Attention model delivers high-accuracy predictions that almost perfectly align with the
ground truth in the test segment. Particularly during rapid and critical voltage drops, the deviation
between predicted and actual values is minimal, affirming the significant role of the attention mechanism
in improving both prediction accuracy and RUL reliability.

In conclusion, the integration of the attention mechanism into the LSTM architecture improves the
model's forecasting performance for PEMFC degradation patterns. This enhancement leads to lower
prediction errors and greater reliability in RUL estimations, which is important for maintaining the
operational safety and efficiency of FC-based systems.
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Figure 7. Comparison of actual and predicted voltage profiles over the entire dataset, (a) LSTM, and (b)
LSTM-Attention.

4. CONCLUSION

This study proposed and comparatively evaluated two DL models, namely the standard LSTM and the
LSTM model with an integrated attention mechanism, for predicting voltage degradation in PEMFCs
and estimating their RUL. By treating output voltage decline as a degradation indicator, the models were
trained and validated using a time series dataset that reflects the aging characteristics of PEMFCs. To
ensure fairness and performance optimization, Bayesian optimization was employed to fine-tune the
hyperparameters of each model independently. Quantitative evaluation demonstrated that the LSTM-
Attention model consistently outperformed the standard LSTM model across all metrics. Specifically,
the LSTM-Attention model achieved an RMSE 0of 0.001457, an MAE of 0.0003, and an R? 0f 0.985. In
contrast, the LSTM model yielded an RMSE of 0.001869, an MAE of 0.0004, and an R? of 0.979. These
results indicate a 22% reduction in RMSE and a 25% reduction in MAE when incorporating the attention
mechanism. Graphical comparisons further confirmed the superiority of the LSTM-Attention model,
particularly in capturing rapid voltage fluctuations and long-term degradation patterns. Notably, the
model exhibited minimal deviations during critical RUL estimation intervals, suggesting that it is better
suited for practical deployment in predictive maintenance systems.
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OZET

Is1 pompalart kullanilan sogutucu akiskan secimlerinin kiiresel 1sinma potansiyeline olan etkisi
sebebiyle iklim politikalart ile dogrudan iligkili sistemlerdir. Bu ¢aligmada, gevre dostu 1s1 pompasi
sistemleri i¢in alternatif sogutucu akigkan karigimlarinin  termodinamik performanslarinin
degerlendirilmesi amaglanmistir. Bu kapsamda oOncelikle, kiiresel 1sitnma potansiyeli (GWP) diisiik,
ozon tabakasina zarar vermeyen (ODP=0) ve yiiksek performans katsayisina (COP) sahip 46 farkli saf
sogutucu akigkan belirlenmistir. Bu akigkanlar kullanilarak ¢esitli oranlarda olusturulan 693 ikili karigim
seklinde, Refprop ve EES yazilimlari kullanilarak enerji analizleri yapilmistir. Analizler sonucunda her
bir karisim i¢in COP, kompresor ¢ikis sicakligi, sikistirma orant ve GWP degerleri hesaplanmistir. Elde
edilen veriler ¢ok kriterli karar verme yontemlerinden biri olan TOPSIS (Technique for Order
Preference by Similarity to Ideal Solution) ile degerlendirilmis, ii¢ farkli agirliklandirma senaryosuna
gbre optimum karigimlar belirlenmistir. Ug farkli senaryo performansin 6nemli oldugu, cevresel
etkilerin 6nemli oldugu ve dengeli bir agirlik seklinde olusturulmustur. Sonuglar, COP ve GWP
kriterlerine gore yapilan tek kriterli segimlerle biiyiik dl¢iide ortiigmekle birlikte, cok kriterli yaklagimin
performans ve cevresel etkilerin ayn1 anda dikkate alinmasina olanak tanimasi agisindan daha giivenilir
bir degerlendirme sundugunu gostermektedir. Bununla birlikte, gelecekte yapilacak g¢aligmalarda
sikistirma orani, yogusturucu basinci, kompresor ¢ikis sicakligi ve giivenlik smiflart gibi ek
parametrelerin de optimizasyona dahil edilmesi, daha kapsamli ve uygulamaya doniik sonuglarin elde
edilmesine katki saglayacaktir.

Anahtar Kelimeler: Is1 pompasi, COP, Kiiresel 1sinma potansiyeli, Sogutucu akigkan

ABSTRACT

Heat pumps are systems directly related to climate policies due to the impact of refrigerant selection on
global warming potential (GWP). This study aims to evaluate the thermodynamic performance of
alternative refrigerant mixtures for environmentally friendly heat pump systems. In this context, 46 pure
refrigerants with low GWP, zero ozone depletion potential (ODP = 0), and high coefficient of
performance (COP) were selected. Using these fluids, 693 binary mixtures were systematically
generated and analyzed through Refprop and EES software. For each mixture, COP, compressor
discharge temperature, pressure ratio, and GWP values were calculated. The obtained data were then
assessed using TOPSIS (Technique for Order Preference by Similarity to Ideal Solution), a multi-criteria
decision-making method, to identify optimum mixtures under three different weighting scenarios. These
scenarios were defined as performance-oriented, environmentally oriented, and balanced weighting. The
results indicate that, while the findings largely overlap with single-criterion selections based on COP or
GWP, the multi-criteria approach provides a more reliable evaluation by simultaneously considering
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both performance and environmental impacts. Furthermore, it is suggested that future studies should
incorporate additional parameters such as compression ratio, condenser pressure, compressor discharge
temperature, and safety classifications into the optimization process to achieve more comprehensive and
practically applicable results.

Keywords: Heat pump, COP, Global warming potantial, Refrigerant

INTRODUCTION

In line with the scopes of energy efficiency and environmental sustainability, the selection of refrigerants
used in heat pumps plays a critical role. The high GWP and low ODP values of conventional refrigerants
impose significant environmental limitations, thereby increasing the need for new refrigerant mixtures
that can offer both low environmental impact and high performance. In this context, a summary of the
major studies conducted in recent years is presented below.

Quenel et al.[1], experimentally investigated the performance of R290 (propane) and R600a (isobutane)
mixtures in a heat pump that employs water as the heat source and supplies hot water at temperatures
above 60 °C. The study revealed that the zeotropic behavior of the mixture reduces exergy destruction
in the heat exchangers; however, this effect remained limited since the majority of the overall exergy
destruction occurred in the compressor. Based on the analyses, the mixture composition of 26.7% R600a
and 73.3% R290, which yielded the lowest pressure ratio, was identified as the optimum ratio.

Goémez-Hernandez et al.[2], conducted a thermodynamic analysis of carbon dioxide—acetone mixtures
in a heat pump designed to supply hot water in the 150-200 °C range. The results indicate that the low
critical temperature limitation of carbon dioxide can be mitigated by the addition of acetone. The highest
COP and exergy efficiency were achieved under conditions where the mole fraction of carbon dioxide
ranged from 0.4 to 0.6. Furthermore, it was demonstrated that temperature glide reduces exergy losses,
which in turn positively contributes to the COP.

Kristensen et al. [3], investigated the full-load and part-load performance of five different natural
zeotropic refrigerant mixtures in heat pump applications. In the study, the mixtures R1270/R600a,
R1270/R600, R290/R600, DME/R601, and R744/R290 were analyzed by varying the mass fractions in
10% increments, with comparisons primarily based on COP values. The results indicated that the
DME/isopentane mixture achieved the highest COP at both full-load and part-load conditions; however,
it also exhibited the greatest performance degradation when the load decreased. Overall, it was found
that zeotropic mixtures demonstrated superior performance compared to pure refrigerants under both
full-load and part-load conditions, particularly in cases with large temperature glides.

Dong et al. [4], theoretically investigated the performance of an R744/R41 refrigerant mixture in a heat
pump system designed for water heating. Considering both flammability and thermodynamic properties,
the optimal composition was determined as 58.3% CO:/ 41.7% R41, which also satisfies the Al safety
classification. The analysis results revealed that this mixture reduces system operating pressures by
approximately 22—-38% and provides significant improvements in COP compared to systems using pure
CO..

Luo et al. [5], experimentally investigated the performance of R744/R600a refrigerant mixtures in an
air-source heat pump designed for low-temperature conditions. The optimal mixing ratio was
determined by considering both the improvement of COP and the reduction of system operating
pressures to safe levels. The findings revealed that the addition of hydrocarbons improved the
unfavorable thermodynamic properties of R744 and enhanced system performance in cold climate
applications.

Liu et al. [6], examined a ternary refrigerant blend consisting of R134a (54%), R1234yf (43%), and
R161 (3%) as an alternative to R134a in water-source heat pumps. The results indicated that the
proposed blend exhibited similar pressure and thermodynamic characteristics to R134a, while offering
environmental advantages and lower compressor discharge temperatures, despite a 3-4% lower COP.

Xu et al. [7], analyzed the performance of various R245fa-based binary mixtures in high-temperature
heat pump (HTHP) systems through both theoretical and experimental approaches. Among the mixtures
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investigated, R142b, R600, R600a, and R152a were experimentally tested, and the R245fa/R152a blend
achieved the highest COP (>4.9) at 80-100 °C heat output conditions. This mixture also provided safe
and efficient operation due to its relatively low discharge pressure and temperature.

Takezato et al. [8], evaluated the R32/R1234yf mixture through theoretical and experimental studies on
an air-source heat pump. Performance indicators such as COP, heating capacity, pressure ratio,
discharge temperature, and energy consumption were assessed alongside GWP and safety classification.
Although R32 alone offered high performance, its elevated operating pressures posed safety concerns,
which were mitigated by mixing with R1234yf. Considering the GWP threshold of 150, the
R32(0.22)/R1234yf(0.78) mixture was identified as a suitable option, delivering approximately 87% of
the performance of pure R32 under full-load conditions while offering clear environmental benefits for
air-conditioning applications.

A review of the literature indicates that research on the development of various refrigerant mixtures is
still ongoing, with particular focus on achieving higher performance and more environmentally
sustainable alternatives depending on operating conditions. In the present study, binary refrigerant
mixtures were formulated from an extensive pool of fluids for a water-source heat pump, and the impact
of optimization methods on the selection of the most suitable refrigerant mixtures was investigated.

2. Material and Method
2.1. Definition of the problem

The primary objective of this study is to select different refrigerant mixtures for a heat pump system
using a multi-criteria optimization method and to compare the obtained results with those of refrigerant
mixtures determined without optimization. In this context, pure refrigerants were first evaluated
considering the design conditions, and subsequently, various mixtures were formulated using these
refrigerants. The criteria for the refrigerants to be selected in the Refprop program are presented below.

. Since it represents the maximum temperature at which the refrigerant can occur in liquid and
vapor phases, it was set to a minimum of 75 °C.

. At the critical temperature, the pressure corresponds to the point where the liquid and vapor
phases become indistinguishable. The boundary value was specified within the range of 32—-39 bar.

. The Global Warming Potential (GWP) refers to the warming effect of a refrigerant in the
atmosphere compared to CO.. A target value below 150 was established.

. The Ozone Depletion Potential (ODP) is a measure indicating the extent of damage a refrigerant
causes to the stratospheric ozone layer.

In the Refprop program, pure refrigerants were identified based on three fundamental criteria of
refrigerant mixtures: critical temperature, boiling point temperature, and critical pressure. Within this
scope, the initial selection of refrigerants was made according to their COP values under the design
conditions subsequently, mixtures were developed from the selected refrigerants

Table 1. Refprop-based refrigerant search results

Fluid Category GWP ?asflztz/zélioup
R600 (Butane) HC ~4 A3

R717 (Ammonia) Natural 0 B2L
Perfluorobutane Perflorokarbon  ~8,860 Al
Perfluoropentane Perflorokarbon  ~9,160 Al

R13I1 HFO ~1 Al

Et-el‘zr%?O (Dimetil HEO 1 A3

Hidrojen Siilfiir Natural ~3 B3

R600a (Isobutane) HC ~3 A3
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Propadien HC ~4 A3
R-290 (Propane) HC ~3 A3
R1270 (Propylene) HC ~2 A3
Propyne HC ~2 A3
R114 CFC ~10,200 Al
R115 CFC ~7,670 Al
R12 CFC ~10,900 Al
_ R1216 CFC ~4 A2L
R1234yf HFO ~4 A2L
R1234z¢(E) ~6 A2L
R124 HCFC ~609 Al
R1243zf HFO ~7 A2L
R134a HFC ~1,430 Al
R142b HCFC ~2,310 A2
R152a HFC ~138 A2
R161 HFC ~12 A3
R22 HCFC ~1,810 Al
R227ea HFC ~3,220 Al
R236ea HFC ~1,370 Al
R236fa HFC ~9,400 Al
R32 HFC ~677 A2L
R40 (Klorometan) Natural ~16 B2
RC318 Perflorokarbon  ~10,300 Al
RE143a HFC ~300 A2
RE245ch2 HFC ~600 Al
R407C HFC ~2,100 Al
R744 Natural 1 Al
R170 HC 3 A3
R744A Natural 1 Al
R1123 HFO 0.3 A2L
R125 HFC 3500 Al
R13 CFC 14400 Al
R143a HFC 4800 Al
R218 HFC 10300 Al
R41 HFC 150 A2L
R404a HFC 3922 Al
R410a HFC 2088 Al
R507a HFC 3985 Al

By comparing the critical pressure values of the 46 identified pure refrigerants, it was decided to
eliminate certain refrigerants, since those with excessively high-pressure values may require specialized
system applications. Accordingly, pure refrigerants with critical pressures above 60 bar—namely R717,
H-S, R40, R407C, R744, and R744A—were excluded from the list.

2.2. The modelling of system

In the modeling, it was first assumed that the system operates under steady-state conditions; that is, time-
dependent variations throughout the cycle were neglected. Heat losses and environmental heat gains
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were disregarded, and all energy transfers were considered to occur under ideal conditions. Pressure
drops and flow resistance effects in the pipes were also neglected, which simplified the calculations. To
better reflect real operating conditions, non-isentropic losses were included in the coefficient of
performance (COP) calculation. For the expansion valve, an isenthalpic process was assumed, implying
that no heat or work transfer takes place during the expansion process. A schematic representation of
the system is provided in Figure 1.

Figure 1. Schematic representation of the heat pump system

The performance analysis of the modeled heat pump system was carried out under specified operating
conditions. The system was designed to operate at constant evaporation and condensation temperatures,
where heat is absorbed on the evaporator side and transferred to water on the condenser side for heating
purposes. The operating conditions of the system were determined as follows: heating temperature of
55 °C, temperature difference of 10 °C on the low-temperature energy side, temperature difference of
10 °C on the high-temperature energy side, evaporator temperature approach of 7 °C, condenser
temperature approach of 4 °C, superheating of 5 °C, and subcooling of 2 °C. In addition, the isentropic
efficiency of the compressor was assumed to be 0.7, and the heating capacity of the system was set at
10 kW.

Within the scope of thermodynamic modeling, it is necessary to define the equations for the energy
analyses of the system components. First, based on the First Law of Thermodynamics (energy
conservation) and the principle of mass conservation, the energy balance equations for each component
are formulated under steady-flow conditions using Equations (2.1a) and (2.1b). These energy balances
were established to also account for efficiency losses associated with the actual operation of the
compressor.

=3E 2.1a

SE, ;

g
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Sihy = i, 2.1b

For the evaporator, the energy balance equation is derived under the assumptions that heat is absorbed
from an external source, no heat loss occurs to the surroundings, and kinetic and potential energy
changes are neglected. The resulting energy equation is presented in Equation (2.2). This equation also
enables the calculation of the total amount of heat that must be extracted from the external source.

QL = mlp (hy — hy) = mgs(hs — he) 2.2

For the compressor, the actual outlet conditions are first determined using the isentropic relation given
in Equation (2.3a). Subsequently, under the assumptions that the component operates adiabatically and
that kinetic and potential energy changes are negligible, the energy balance equation is formulated as
shown in Equation (2.3b). This equation allows the calculation of the compressor’s energy consumption,
which directly affects the system’s electrical power requirement.

C_hs—y 2.3a
an - h2 _ hl
Wy = 1y (hy — hy) 2.3b

For the condenser, the energy balance equation is derived under the assumptions that heat is transferred
to the water from an external source for heating purposes, no other heat losses occur to the surroundings,
and changes in kinetic and potential energies are negligible. The resulting energy equation is presented
in Equation (2.4). This equation also enables the calculation of the system’s heat capacity that must be
transferred to the surroundings through the condenser.

QH = mlp (h, —h3) = mys(hS —h7) 2.4

For the expansion valve, the energy balance equation is derived under the assumptions that no work is
done on the valve, no heat transfer occurs, and changes in kinetic and potential energies are negligible.
The resulting energy equation is presented in Equation (2.5). Examination of this equation shows that,
since the enthalpy of the refrigerant remains constant throughout the expansion process, the difference
between the inlet and outlet enthalpies is zero.

h3 = h4_ 25

The Coefficient of Performance (COP), which serves as a performance indicator measuring the overall
thermodynamic efficiency of the system, is determined using Equation (2.6). This equation expresses
the ratio of the total heat transferred by the heat pump for heating purposes to the electrical energy
consumed by the compressor, thereby quantitatively reflecting the energy conversion efficiency of the
cycle. The calculation of the COP is critically important for comparatively evaluating the effects of
different refrigerant mixtures and operating conditions on system performance.

; 2.6
cop =21
Wy
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2.3. The Development of refrigerant mixtures

Among the identified pure refrigerants, binary combinations were formulated to determine alternatives
that could provide both high energy performance (COP) and low environmental impact when used in
mixtures. In this context, all possible binary mixtures were systematically generated using MATLAB
with refrigerants exhibiting a COP greater than 3.5. For the evaluation of the mixtures, the criteria for
environmental sustainability were set as an average Global Warming Potential (GWP) below 150 and a
critical temperature above 75 °C. Combinations that meet these conditions possess the potential to serve
as both high-performance and environmentally friendly refrigerant alternatives and, therefore, will be
examined in detail through thermodynamic cycle simulations.

The key parameters used to evaluate the performance of refrigerant mixtures are critically important for
a comprehensive assessment of energy efficiency, safety, and operating conditions. In this study, the
primary performance indicator considered is the Coefficient of Performance (COP) of the refrigeration
cycle. In addition to this main criterion, results for the compression ratio, condenser pressure, and
compressor outlet temperature were also examined. The COP is one of the most fundamental indicators
for evaluating the energy performance of refrigeration systems. A high COP value indicates that the
system can achieve the same cooling effect with lower energy consumption, thereby demonstrating
high-energy efficiency. However, COP alone does not fully reveal the thermodynamic effectiveness of
the system.

Considering only a single criterion in the performance evaluation of refrigerants used in heat pumps can
lead to incomplete or misleading conclusions regarding the overall system efficiency and environmental
impact. In practical applications, multiple criteria—such as energy efficiency, thermodynamic
performance, cost, and emission potential—must be considered simultaneously, many of which may
negatively influence each other. Accordingly, a multi-criteria evaluation based on COP and GWP values
was conducted. The Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) is a
popular method for determining the optimal solution among multiple criteria and was developed by
Hwang and Yoon [9]. In this study, the TOPSIS method is employed to identify the optimal refrigerant
mixtures based on the selected criteria. During the TOPSIS analyses, three different optimization
scenarios—balanced, high performance, and environmentally friendly—were considered.

3. Results
3.1 Evaluation of the performance of pure refrigerants

In this study, only refrigerants with a Coefficient of Performance (COP) of 3.5 or higher were considered
in the formulation of binary mixtures. A COP value below 3.5 indicates low system performance and
increased energy consumption. Therefore, the 3.5 threshold is recognized as a standard limit in current
engineering practice. Initially selecting only high-COP refrigerants is important to ensure that the
resulting mixtures also remain efficient. When choosing among a large number of refrigerants, applying
the COP > 3.5 criterion allows the elimination of low-performance candidates and clearly defines a pool
of efficient refrigerants for further evaluation.
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Figure 2. COP values of the pure refrigerants

According to the results shown in Figure 2, refrigerants that do not meet the COP > 3.5 criterion were
excluded from the evaluation. The refrigerants falling below this threshold were identified as
PERFLUOROPENTANE (PFP) (COP: 3.289), PERFLUOROBUTANE (PFB) (COP: 3.067), R218
(COP: 2.938), R1216 (COP: 3.3), R115 (COP: 3.211), R125 (COP: 3.266), R404a (COP: 3.287), R507a
(COP: 3.269), R1123 (COP: 3.034), and R407c (COP: 1.957).

3.2 Analysis of refrigerant mixture performance

During the formulation of the mixtures, component ratios were varied from 10% to 90% in increments
of 10%. In this context, all possible mixtures were systematically generated using MATLAB. Under the
specified conditions, a total of 693 refrigerant mixtures were obtained. Based on the system design and
the defined operating conditions, the energy and exergy equations were solved using the EES software.
According to the solution results, the distributions of the mixtures’ COP values were first examined.
The results are presented in Figure 3.
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Figure 3. Distribution of cop values for refrigerant mixtures
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Figure 3 presents the distribution of COP values for the 693 mixtures examined. The COP values range
approximately from 1.70 to 3.90. A dense clustering is observed particularly within the 3.56-3.74 range,
which includes more than 200 mixtures. Overall, it is noted that mixtures with high COP values are
more prevalent, while those with low COP values are relatively limited in number. In the absence of
optimization, either the refrigerant with the highest COP or the one with the lowest GWP must be
selected, depending entirely on the user’s preference. The top five refrigerants with the highest COP and
the lowest GWP among the mixtures are presented in Table 2 and Table 3, respectively.

Table 2. Ranking of refrigerant mixtures in terms of the COP criterion

Refrigerant Mixtures COoP .Cr:gr?:gr(zfé(;r Outlet ;ﬁzure GWP g:eggs:]:e(lr@a)
R134a-RE170 (0.10-0.90) 3.881 86.72 4.743 143.9 1167
R13I1-RE170 (0.10-0.90) 3.881 873 4.701 1 1179
R124-RE170 (0.10-0.90) 3.879 86.3 4.734 61.8 1157
R142b- RE170 (0.10-0.90) 3.879 86.79 4.747 11 1141
R1234ze(E)- RE170 (0.10-0.90) 3.878 86.05 4.743 1.5 1165

As shown in Table 2, the performance indicators of various refrigerant mixtures containing RE170
reveal that the COP values are very close, ranging from 3.878 to 3.881. The maximum COP values were
achieved with mixtures containing RE170. Compressor outlet temperatures vary between 86 and 87 °C,
indicating minimal temperature differences. Compression ratios are also balanced, ranging from 4.70 to
4.75. In terms of GWP, however, a notable difference is observed. Specifically, the mixtures R1311-
RE170 (0.10-0.90), R142b-RE170 (0.10-0.90), and R1234ze(E)-RE170 (0.10-0.90) exhibit GWP
values as low as 1-1.5, whereas R134a-RE170 (143.9) and R124-RE170 (61.8) show considerably
higher GWP values. Condenser pressures range from 1141 to 1179 kPa, with values being very close to
each other.

Table 3. Refrigerant mixtures with minimum GWP values

Compressor Condenser
Refrigerant Mixtures COP Outlet Temp. Pressure Ratio GWP  Pressure (kPa)

()
R1311-RE170 (0.10-0.90) 3.881 87.3 4,701 1 1179
gg%?“yf'RE”O (O10- 3574 8565 4.704 1 17
R1311-RE170 (0.20-0.80) 3.874 87.14 4.683 1 1186
R1311-RE170 (0.30-0.70) 3.868 86.94 4.66 1 1194
R1311-RE170 (0.40-0.60) 3.862 87.3 4.632 1 1202
R1234yf- RE170 (0.2-0.8) 3.858  83.74 4.691 1 1188
R1311-RE170 (0.50-0.50) 3.856 86.37 4.596 1 1209
R1311-RE170 (0.60-0.40) 3.852 85.97 4.553 1 1214
R1311-RE170 (0.70-0.30) 3.849 85.52 4.505 1 1210
R1311-RE170 (0.80-0.20) 3.844 85.18 4.466 1 1186
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R1234yf-RE170 (0.3-0.7) 3.84 8168 4676 1 1198
R1234yf-RE170 (0.4-0.6)  3.818  79.45 4,659 1 1209
R1234yf-RE170 (0.5-0.5)  3.792  77.04 4.64 1 1223
R1234yf-R1311 (0.6-0.4) 3582  65.81 4.417 1 1321
R1234yf-R1311 (0.7-0.3) 3557  64.56 4.439 1 1335

As shown in Table 3, the COP values of the mixtures range from 3.56 to 3.88, with the highest value
achieved by the R1311-RE170 (0.10-0.90) mixture. A gradual decrease in COP values is observed as
the mixture composition changes. Compressor outlet temperatures vary between 64.6 and 87.3 °C, with
higher temperatures recorded in mixtures containing a larger proportion of R1311. Compression ratios
range from 4.417 to 4.704, and a decrease in this value is noted as the R13I1 fraction increases.
Condenser pressures vary between 1179 and 1335 kPa, with relatively higher pressures observed in
R1234yf-R13I1 mixtures compared to others. Overall, R1311-RE170 mixtures stand out for their
balanced performance in terms of COP, pressure, and outlet temperature.

When viewed independently of specific criteria, it is observed that different refrigerant mixtures rank
differently. Within the scope of this study, refrigerant mixtures were selected based on COP and GWP
criteria using TOPSIS analyses under various scenarios. The results for each scenario are presented in
Tables 4, 5, and 6.

Table 4. Results for the balanced scenario

Refrigerant Mixtures COP $§rrnn§.rtz§(s:c;r Outlet E;et?zure GWP E&ZSS?S?LF,&)
R13I11-RE170 (0.10-0.90) 3.881 87.3 4.701 1 1179
R142b- RE170 (0.10-0.90) 3.879 86.79 4.747 11 1141
R1234yf-RE170 (0.10-0.9) 3.874 85.65 4.704 1 1179
R1311-RE170 (0.20-0.80) 3.874 87.14 4.683 1 1186
R1311-RE170 (0.30-0.70) 3.868 86.94 4.66 1 1194

Table 5. Results for the high COP scenario

Refrigerant Mixtures COoP _legnr?g.rt(aséc;r Outlet Er:;cs)ure GWP gfer;gle;:e(rkPa)
R1311-RE170 (0.10-0.90) 3.881 87.3 4.701 1 1179
R142b- RE170 (0.10-0.90) 3.879 86.79 4.747 11 1141
R1234yf-RE170 (0.10-0.9) 3.874 85.65 4.704 1 1179
R1311-RE170 (0.20-0.80) 3.874 87.14 4.683 1 1186
RE170-R600a (0.9-0.1) 3.873 84.25 4.679 1.2 1163
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Table 6. Results for the environmentally focused scenario

Refrigerant Mixtures Cop ?gnr?gnzfé(;r Outlet ;;i?zure GWP g&ggﬁ?jina)
R1311-RE170 (0.10-0.90) 3.881 87.3 4.701 1 1179
R1234yf-RE170 (0.10-0.9) 3.874 85.65 4.704 1 1179
R1311-RE170 (0.20-0.80) 3.874 87.14 4.683 1 1186
R1311-RE170 (0.30-0.70) 3.868 86.94 4.66 1 1194
R142b- RE170 (0.10-0.90) 3.879 86.79 4.747 11 1141

When the three different scenarios are evaluated together, the COP values range from 3.868 to 3.881
across all cases, indicating no significant difference in performance. The refrigerant mixtures remain the
same in all scenarios, with the exception of the high-COP scenario, in which the RE170-R600a mixture
appears in the ranking. Only minor changes in the order are observed in the other scenarios. Compressor
outlet temperatures are similar across all three scenarios (~86—87 °C), and the condenser pressures
obtained in these scenarios vary approximately between 1141 and 1194 kPa.

4. Conclusion

In this study, binary refrigerant mixtures were evaluated using both single-criterion selection methods
(ranking based solely on maximum COP or minimum GWP) and a multi-criteria optimization approach.
In the single-criterion analyses, mixtures ranked according to maximum COP highlighted RE170-based
mixtures, with R134a-RE170, R1311-RE170, and R142b-RE170 exhibiting the highest performance.
However, in this approach, although some mixtures had very similar COP values, significant differences
were observed in their GWP values. For instance, the R134a-RE170 mixture provided a high COP but
also a considerably high GWP, posing an environmental disadvantage. When ranking was based on the
minimum GWP criterion, R1311-RE170 and R1234yf-RE170 mixtures stood out, delivering balanced
performance with low environmental impact and acceptable COP values. Nevertheless, considering only
GWP offers a limited perspective in terms of energy efficiency.

The results of the multi-criteria optimization indicate that there is no significant difference in COP
values among the three scenarios (balanced, high COP, and environmentally focused), with all values
ranging between 3.868 and 3.881. The main differences between the scenarios are limited to minor
changes in the ranking, with the RE170-R600a mixture appearing only in the high-COP scenario.
Otherwise, all selected refrigerants exhibit similar performance, and no notable differences are observed
in compressor outlet temperatures (~86—87 °C) or condenser pressures (1141-1194 kPa). Therefore,
when comparing multi-criteria optimization to single-criterion ranking, the results largely overlap;
however, multi-criteria optimization provides a more comprehensive approach by simultaneously
considering both environmental and operational conditions. In conclusion, although selections based on
maximum COP or minimum GWP yield similar mixtures, the main advantage of multi-criteria
optimization is that performance parameters are not reduced to a single criterion, allowing both energy
efficiency and environmental impact to be evaluated concurrently. This prevents the selection of
mixtures that achieve high COP but have adverse environmental effects, thereby identifying more
sustainable refrigerant alternatives.

The multi-criteria decision-making approach applied in this study primarily considered the COP and
GWP criteria. However, evaluating refrigerant mixtures solely based on these two parameters does not
provide a complete picture of system performance. For instance, some mixtures may appear
advantageous in terms of COP and GWP, yet exhibit relatively high values in operational conditions
such as compressor outlet temperature or condenser pressure. This can potentially have adverse effects
on long-term system safety, equipment lifespan, and operational costs. Therefore, while an optimization
based only on COP and GWP may vyield satisfactory results regarding energy efficiency and
environmental impact, it may overlook additional critical parameters essential for practical engineering
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applications. In this context, it can be argued that additional parameters—such as compression ratio,
pressure levels, compressor outlet temperature, and safety classifications—should also be incorporated
into multi-criteria analyses to provide a more comprehensive assessment.
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SAMSUN-AMASYA BOLGESI iCiN RUZGAR ENERJISi iLE YESIiL HIDROJEN URETIiMi
ANALIZI

ANALYSIS OF GREEN HYDROGEN PRODUCTION USING WIND ENERGY IN THE
SAMSUN-AMASYA REGION

Alisan AYVAZ
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OZET

Fosil kaynaklarindan uzaklagsmak ve fosil bazli enerji kaynaklarinin yerine yenilenebilir enerji
kaynaklarin1 kullanmak, diinya genelinde enerji alaninda oncelikli ama¢ durumundadir. Buna bagh
karbon salinimina neden olmayan yenilenebilir enerji kaynakli enerji iiretimi tesvik edilmektedir. Bu
dogrultuda aragtirmacilar tarafindan son yillarda 6nem kazanan kapsamlardan biri de yenilenebilir enerji
kaynakli hidrojen (yesil hidrojen) iiretimidir. Giinlimiizde halen fosil bazli kaynaklar kullanilarak
gerceklestirilen hidrojen (gri hidrojen) tiretimi yiliksek orandadir. Son yillarda, gri hidrojen iiretimini
azaltmak veya bundan tamamen kurtulmak amaciyla arastirmacilar tarafindan yapilan yenilenebilir
enerji kaynakli hidrojen {retiminin teknik ve mali analizine yonelik ¢aligmalarin sayiy1 oldukca
artmistir. Nitekim, bu calismada, Samsun-Amasya bdlgesi icin riizgar enerjisi bazli yesil hidrojen
iiretimi analizi sunulmaktadir. Calismada diger mevcut elektrolizorlere kiyasla yiiksek akim yogunlugu
ve disiik isletim sicakligi gibi avantajlarnt ile proton degisim membran1 (PEM) su elektrolizorii
kullanilmistir. Elektroliz i¢in su kaynaklar1 olarak Samsun bolgesinde Karadeniz’den saglanan deniz
suyu ve Amasya bolgesi igin ise Yesilirmak’tan saglanan tatli su baz alinmistir. Samsun ve Amasya ili
sinirlart igerisinde olmak iizere iki bolgede riizgar potansiyeli gdsteren noktalar i¢in yillik hidrojen
iiretim miktarlar1 elde edilmistir. Elde edilen sonuglara ve analizlere gore Samsun bolgesinin riizgar
enerjisi bazli yesil hidrojen iiretimi i¢in oldukga avantajli oldugu goriilmiistiir.

Anahtar kelimeler: Riizgar enerjisi, PEM elektrolizori, yesil hidrojen, Samsun, Amasya.

ABSTRACT

Moving away from fossil fuels and replacing fossil-based energy sources with renewable alternatives
has become a global priority in the energy sector. In this context, renewable energy-based energy
production, which does not cause carbon emissions, is being strongly promoted. One of the areas that
has gained significant attention from researchers in recent years is the production of hydrogen from
renewable sources, commonly referred to as green hydrogen. Currently, a large proportion of hydrogen
production is still carried out using fossil-based sources, known as grey hydrogen. In recent years, the
number of studies focusing on the technical and economic analysis of hydrogen production from
renewable sources has increased significantly, with the aim of reducing or entirely replacing grey
hydrogen. In line with this objective, this study presents an analysis of green hydrogen production based
on wind energy in the Samsun-Amasya region of Tiirkiye. A proton exchange membrane (PEM) water
electrolyzer, known for its advantages such as high current density and low operating temperature
compared to other existing electrolyzer technologies, is utilized in the analysis. For the electrolysis
process, seawater sourced from the Black Sea in the Samsun region and freshwater from the Yesilirmak
River in the Amasya region are considered as water inputs. Annual hydrogen production potentials are
calculated for locations within the provinces of Samsun and Amasya that exhibit wind energy potential.
According to the obtained results and analyses, the location selected in the Samsun region has been
found to be highly advantageous for wind energy-based green hydrogen production.

Keywords: Wind energy, PEM electrolyzer, green hydrogen, Samsun, Amasya.
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GIRIS

Iklim degisikligi, kiiresel 1sinma ve cevresel bozulma konularindaki artan farkindalik, fosil enerji
kaynaklarinin olumsuz etkilerini acik bir sekilde ortaya koymustur. Kémiir, petrol ve dogalgaz gibi fosil
yakitlar, diinya genelindeki karbon dioksit (CO:) salimlarimin biiyiik kismindan sorumlu olup, sera
etkisinin ve kiiresel sicakliklarin artmasinin baslica nedenlerindendir. Cevresel zararin 6tesinde, fosil
yakitlara olan bagimlilik; jeopolitik kirilganliklar, fiyat dalgalanmalar ve kaynak tiikenmesi gibi ciddi
sorunlara da yol agmaktadir. Bu zorluklar, temiz, siirdiiriilebilir ve diisiik karbonlu enerji sistemlerine
gecisin kacinilmaz ve acil bir gereklilik oldugunu géstermektedir. Bu dogrultuda 6ne ¢ikan ¢éztiimlerden
biri de yesil hidrojen olup, elektrifikasyonu zor olan agir sanayi, tasimacilik ve elektrik enerjisi tiretimi
gibi sektorlerin karbonsuzlastirilmasinda gittikge dnemli bir rol tistlenmektedir [1].

Yesil hidrojen; riizgar, giines ve hidroelektrik gibi yenilenebilir enerji kaynaklar1 kullanilarak suyun
elektrolizi yoluyla iiretilen hidrojeni ifade eder. Dogalgaz veya komiir gibi fosil kaynaklardan iiretilen
ve yliksek miktarda CO: emisyonuna neden olan gri hidrojenin aksine, yesil hidrojen iiretimi ¢evreye
dogrudan bir sera gazi salimi yapmaz. Mevcut elektroliz teknolojileri arasinda, proton degisim
membrani (PEM) elektrolizorler; yiiksek akim yogunlugu, hizli tepki siiresi, kompakt tasarim ve diisiik
isletim sicaklig1 gibi avantajlartyla 6ne ¢ikmaktadir [2]. Bu 6zellikler, PEM elektrolizorlerini 6zellikle
rizgar ve giines gibi kesintili yenilenebilir enerji kaynaklariyla entegrasyon igin uygun hale
getirmektedir [3]. Giines fotovoltaik sistemleri ve kara ya da deniz iistii riizgar tiirbinleri, elektroliz i¢in
gerekli enerjiyi saglayarak yesil hidrojen elde edilebilir [4]. Buna ek olarak, biyokiitle ve jeotermal enerji
gibi diger kaynaklar da bolgesel uygunluk ve fizibiliteye bagli olarak yesil hidrojen iiretiminde
kullanilabilir.

Tiirkiye, cografi konumu ve iklim ¢esitliligi sayesinde Ozellikle riizgar ve glines enerjisi agisindan
onemli bir yenilenebilir enerji potansiyeline sahiptir. Son on yilda, 6zellikle riizgar enerjisi alaninda
kurulu kapasitesini hizla artiran Tiirkiye nin riizgar giicii 2024 itibariyla 12 GW’1 agmis durumdadir ve
bu kapasite her yil artmaktadir [5]. Genis kiy1 bolgeleri, daglik arazileri ve uygun riizgar hizlarina sahip
bircok ili ile Tirkiye, riizgdr enerjisine dayali yesil hidrojen iiretimi acisindan biiyiik bir firsat
sunmaktadir. Bununla birlikte, kamu ve 6zel sektoriin artan ilgisiyle birlikte Tiirkiye, Tiirkiye Hidrojen
Teknolojileri Stratejisi ve Yol Haritas1 kapsaminda hidrojenin enerji doniisiimiinde aktif olarak rol
oynamasini hedeflemektedir [6]. Ege, Marmara ve Orta Karadeniz bolgeleri — ozellikle Samsun ve
Amasya — hem 6nemli riizgar potansiyeline hem de su kaynaklarina (6rnegin Karadeniz ve Yesilirmak
Nehri) sahip olmalari sayesinde yerel olgekte yesil hidrojen tiretim projeleri igin elveriglidir. Bu tiir
projelerin stratejik olarak gelistirilmesi, yalnizca Tiirkiye’nin karbonsuzlasma ve enerji arz giivenligi
hedeflerini desteklemekle kalmay1p, yesil hidrojen tiretiminde bolgesel bir merkez haline gelmesini de
saglayabilir.

Bu ¢alismada, Samsun ve Amasya bolgelerinde riizgar potansiyeli gosteren ve su kaynaklarina yakin
olan bolgeler secilerek bu bolgeler icin 2 MW isletme giiciinde ¢alisan riizgar tiirbinleri yerlestirilmesi
durumunda elde edilecek yillik yesil hidrojen tiretimi miktarlar1 hesaplanmistir. Burada su elektrolizorii
olarak avantajlar1 dolayisiyla PEM elektrolizor segilmistir. Bunun yaninda, teknik ve ekonomik agidan
da bdyle bir sistemin kurulmasi noktasinda gesitli degerlendirmeler yapilarak Samsun-Amasya bolgesi
icin riizgar enerjisinden yesil hidrojen iiretim potansiyelinin detayli analizi ¢ikarilmaya calisilmstir.

MATERYAL VE YONTEM
Yesil Hidrojen Uretimi i¢in Uygun Olan Riizgir Enerjisi Potansiyelli Bolgelerin Belirlenmesi

Bolge se¢ciminde su kaynaklarina yakinlik ve riizgér potansiyeli iki temel kriter olarak dikkate alinmistir.
Bu kapsamda, Samsun’da Karadeniz’e, Amasya’da ise Yesilirmak’a yakin olan ve riizgar enerjisi
potansiyeli barindiran bolgeler Global Wind Atlas sitesi tizerinden belirlenmistir [7]. Sekil 1’de Samsun
ili i¢in segilen bolge ve bu bolge i¢in sitenin sagladigi ortalama riizgar hiz1 ve giic yogunlugu bilgileri
goriilmektedir. Sekil 2°de ise Samsun ilinde segilen bdlgenin elektroliz igin gerekli olan su kaynagina
(Karadeniz) uzaklign goriilmektedir. Sekil 3 ve 4’te ise sirasiyla Amasya ili igin segilen bolge ve bu
bolgeden su kaynagina (Yesilirmak) olan uzaklik goriilmektedir.
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Riizgér tiirbini secimi ve riizgar tiirbini cikis giicii hesaplamasi

Riizgar tlirbini se¢imi, 2 MW nominal giicii baz alinarak Samsun ve Amasya bolgeleri i¢in Global Wind
Atlas sitesinden alinan gii¢ yogunlugu degeri ile uyumlu olarak yapilmistir. Bu noktada secilen riizgar
tiirbinine ait bilgiler Tablo 1°de verilmistir [8].

Secilen riizgar tiirbinine ait bilgiler kullanilarak riizgar tiirbini ¢ikis giicii asagidaki esitlik ile
bulunmaktadir [9]:

P 3
(V3 _rV X V3 V3 _Cm - x P_r, lf Vcin < V< Vr
Py =17 cin T cin (1)
b iﬂ/’" V< Vcout
0, otherwise

Burada P, riizgar tiirbini nominal glictinii; Vi;y,, V- V& V¢ sirastyla riizgar tiirbini baslangi¢, nominal
ve kesilme riizgar hiz1 degerlerini ve V saatlik riizgar hiz1 degerini gostermektedir.
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Tablo 1. West Gamma 2 riizgar tiirbini bilgileri

Nominal gii¢ Baglangi¢  (cut- | Nominal (rated) | Kesilme  (cut- | Gii¢ yogunlugu
in) riizgar hizi rlizgar hizi out) riizgar hiz1
2 MW 3.8mi/s 11.3 m/s 20.6 m/s 707.5 W/m?

Yillik hidrojen iiretimi miktarinin bulunmasi i¢in riizgar hiz1 bilgisine ihtiyacin oldugu goriilmektedir.
Bu kapsamda secilen noktalar icin NASA’dan alinan 2024 yili saatlik riizgar hizi verileri kullanilmigtir

August 24-26, 2025 / New York 43



INTERNATIONAL CONGRESS ON ADVANCED ENERGY
STUDIES -II

PROCEEDINGS BOOK

[10]. Sekil 5’te Samsun ve Amasya ilinde secilen noktalar i¢in 50 metredeki 2024 yili saatlik riizgér hiz1
degisimleri goriilmektedir.
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Sekil 5. (a) Samsun ve (b) Amasya illerinde segilen noktalar i¢cin 2024 y1li riizgdr hiz1 degisim egrileri

Hidrojen iiretimi miktarimin hesaplanmasi

Bu ¢alismada dikkate alinan PEM elektrolizorii ile 1 kg hidrojen iiretimi i¢in gereken enerjinin literatiir
caligmalarinda 51.2 kWsaat olarak verildigi goriilmektedir [11]. Buna bagli riizgar enerjisi ile elde edilen
yillik enerji liretiminin 1 kg hidrojen iiretimi i¢in gerekli enerji degerine boliinmesi ile de yillik elde
edilebilecek olan hidrojen iiretimi miktar1 bulunabilmektedir:

_ X024 Pw KWsaat
2 51.2 kWsaat/kg

(2)

my
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BULGULAR VE TARTISMA
Yillik enerji ve yesil hidrojen iiretimi degerleri

Tablo 2°de Samsun ve Amasya ili igerisinde segilen bdlgeler i¢in riizgar enerjisinden elde edilen yillik
enerji tiretimi degerleri ve buna karsilik gelen yesil hidrojen iiretimi miktarlar goriilmektedir. ~ Tablo
2’de verilen sonuglara gore Samsun ilinde secilen bdlgenin Amasya ili igerisinde secilen bdlgenin
neredeyse iki kat1 kadar hidrojen iiretimi sagladig1 goriilmektedir. Bu sonug altinda Samsun’da secilen
bolgenin Amasya ilinde secilen bdlgeye kiyasla hidrojen iiretimi agisindan ¢ok daha uygun oldugu
rahatlikla s6ylenebilmektedir.

Tablo 2. Yillik elde edilen enerji ve hidrojen tiretimi degerleri

Bolge Uretilen enerji (MWsaat) Uretilen yesil hidrojen miktar1 (kg)
Samsun 3133.6 61203.3
Amasya 1585.2 30961.4

Bolge ozelliklerinin teknik ve ekonomik olarak degerlendirilmesi

Tablo 2’de verilen sonuglar hidrojen iiretiminde sabit enerji degerinin (51.2 kWsaat) alinmasi, segilen
bolgelere riizgar-PEM sistemi kurulumu i¢in saha uygunlugunun olmasi gibi belirli kabuller altinda elde
edilmistir. Fakat elde edilen bu sonuca etki edebilecek bagka faktorler de bulunmaktadir. Bunlardan
bazilar1 seilen riizgar tiirbini tipi, su kaynagina olan uzaklik ve su kaynag 6zellikleridir. Ornegin, farkli
ozelliklerdeki riizgar tiirbini se¢imine bagli olarak sonuglar arasindaki farkin azalmasi veya artmasi
miimkiindiir. Su kaynagina uzakliklara bakildiginda Samsun ilinde secilen bolgenin su kaynagina olan
uzakliginin Amasya ilindeki bolgenin hemen hemen 3 kat1 oldugu goriilmektedir. Bu durum Samsun’da
secilen bolge i¢in yatirim maliyeti ve suyun taginmasinda gereken enerji agisindan dezavantaj
olusturmaktadir. Ayni sekilde deniz suyunun tatli suya kiyasla i¢erisinde bulundurdugu yiiksek orandaki
iyonlar (6rn. Mg2+ ve Ca2+) elektroliz verimi agisindan avantaj saglasa da PEM elektrolizoriiniin
omriinii kisaltmaktadir [12]. Bu durumda, elektroliz i¢in kullanilacak deniz suyunun ters ozmoz
siirecinden gecirilmesi gerekmekte ve bu da ek yatirim maliyetine ve enerjiye isaret etmektedir.

SONUCLAR

Bu ¢alismada Samsun ve Amasya illeri sinirlari igerisinde segilen riizgar potansiyelli bolgeler icin yesil
hidrojen iiretiminin analizi sunulmaktadir. Oncelikli olarak segilen riizgar potansiyelli bélgeler igin
Global Wind Atlas sitesinden alinan bilgiler dogrultusunda riizgar tiirbini seg¢imi yapilmistir. Sonrasinda
yine segilen bolgeler igin NASA’dan alinan 2024 yili riizgar hiz1 verileri kullanilarak yillik riizgér
enerjisi tiretim degerleri ve yesil hidrojen tiretim miktarlar1 bulunmustur. Elde edilen sonuglar, Samsun
ilinde secilen bolge elektrolizde kullanilacak suyun taginmasi ve aritilmasi noktasinda ek yatirim
maliyetleri gerektirse de yesil hidrojen {iretimi agisindan olduk¢a uygun goriilmektedir.
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IMPROVING ENERGY CONSUMPTION THRU DATA DRIVEN METHODS AND
OPTIMIZATION: A PAPER PRODUCTION CASE

Meltem TARHAN KAYHAN
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Istanbul, Tiirkiye
ORCID ID: 0000-0003-0663-7072

ABSTRACT

Paper production companies are on the top high energy consumption worldwide. This industry accounts
for approximately 7% of global industrial energy consumption .The fact that the paper production
process depends on so much energy consumption and is at a very critical point for the production process
suggests high benefits in projects which aim to reduce energy consumption in this sector . Our study has
focused on energy consumption of one of the leading paper manufacturers in Turkey. In order to
determine whether there were any variables and external factors which could be improved a total
productivity management approach was adapted and a historic data analysis of parameters, factors and
inputs that may effect energy consumption was conducted .

Energy consumption data of two different products — 1 layer and 2 layer was over one year was studied
along interviews with technical and operative staff. When analyzed we figured that energy consumption
varied for sma and similar production batches despite high automation level of the machine/ production
line KM3. Different scenerios were studied and discussed,improvement suggestions were developed to
reduce energy consumption.

Developing a self -learning expert system that can help operators with set-up parameters for running the
machine was suggested to improve unnecessary energy consumption frequently caused by manual
errors due to wrongful judgement by the operator. It is important to realize that energy consumption
even at high tech manufacturing capacities have improvement potential and data driven engineering
solutions may introduce very practical and effective solutions a machine data screen where they can
benefit from historical data.

Keywords: data driven expert systems, energy saving, paper

August 24-26, 2025 / New York 47



INTERNATIONAL CONGRESS ON ADVANCED ENERGY
STUDIES -II

PROCEEDINGS BOOK

TAILORING INSULATION SYSTEMS TO CLIMATE ZONES: MAXIMIZING ENERGY
SAVINGS THROUGH LOCALIZED SOLUTIONS

Melik Sami'?, Khelil Sara®, Tallal Abdel Karim Bouzir®.

! Departement of architecture, Mohamed Khider Biskra University, Biskra, Algeria. 2LACOMOFA
Biskra laboratory. Algeria.

ABSTRACT

As a means of achieving sustainable building design, it can be said that insulation systems are crucial in
improving energy efficiency as well as the minimization of environmental impact. The success of these
systems is however very much determined by its ability to adapt to regional climatic factors. The
strategic measure of insulation technologies with particular climatic regions is addressed within the
context of identifying best methods in maximization of warmth performance and energy economy. This
study compares the case studies obtained in different geographical settings in hot-arid, temperate, cold,
and tropical climate to determine the applicability of different insulation materials that include aerogels,
phase-change materials (PCMs) and vacuum insulation panels (VIPs). Such performance measures as
thermal conductivity, R-value, percentages of energy reduction and lifecycle cost-benefit analysis are
used to determine which system is the most adaptable and effective in each one. It has been found that
localized insulation solutions are far more efficient as compared to generic solutions, providing a higher
level of comfort, less dependent on mechanical systems and requiring less energy to run than generic
solutions. The research underlines the significance of material choice depending on climate control and
policy-oriented regional recommendations to increase the usage of ecologically friendly construction.
Finally, it presents an approach to the insulation systems creation based on the climatic realities, and it
is the necessary start to resilient low-carbon architecture to meet all the global sustainability objectives.

Keywords: Climate-responsive insulation; Thermal performance; Building energy optimization;
Sustainable construction; Climate zone adaptation.
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HARNESSING TRADITION: INDIGENOUS DESIGN PRINCIPLES FOR
CONTEMPORARY ENERGY-EFFICIENT ARCHITECTURE
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ABSTRACT

The problem is that with the increasing rate of climate change, resource shortage, and the unsustainable
architecture construction method, the design field is under pressure to redefine its attitude to energy
efficiency. The paper explores the potential of vernacular buildings due to their previously unexplored
but undoubtedly rich resources of design principles that indigenous people already had incorporated in
vernacular buildings as the basis of creating the contemporary environmentally responsive buildings.
Based on an interdisciplinary approach, the study reflects the opportunities about how the traditional
knowledge systems which were developed during few centuries of adaptation to the natural environment
can be used to develop the modern strategies of energy minimum and inhabitants comfort maximization.

Through a detailed comparative study of iconic case-studies, comprising of Masoner a-style houses in
south-west Spain (Andalusia), Jali-screen houses in north-west India (Rajasthan), and beehive houses
in southern-Africa (Lesotho), the paper has managed to come up with major passive elements e.g.,
thermal mass, cross-ventilation, courtyard housing orientation, and the usage of local and low-
embodied-energy materials. They practice would be checked using the mixed-methods combining field
observations, environmental performance simulations, and cultural-contextual assessment. The results
indicate that indigenous design solutions have a stable and high performance in aspect of thermal
efficiency, and in many cases, exceed or supplement modern mechanical systems particularly when
suitably applied to suit the modern urban setting.

Besides their positive impact on the environment, such vernacular solutions have a deep cultural
meaning and provide a framework to build sustainable development viable without trampling on
identities and traditions of the place and ecosystems existing in them. The research indicates that there
is need to re- incorporate indigenous architectural logic in the contemporary practice not by replicating
the approach, but by adopting an adaptive reinterpretation approach that has latitude of factors such as
modernity and the wisdom of the ancients. The article is concluded with the hybred design framework
that combines the indigenous passive strategies and modern-day technological advancements and
provides the future research path, policy formulation and design education. By so doing, this strategy
reframes indigenous design as a futuristic, contextualistic model, necessary to meet long-term resilience
and eco-steady-state goals with the built environment.

Keywords: Vernacular Architecture; Indigenous Design; Passive Cooling Strategies; Climate-
Responsive Design; Cultural Heritage in Architecture.
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NEXT-GENERATION INSULATION TECHNOLOGIES: A PARADIGM SHIFT IN
BUILDING ENERGY EFFICIENCY
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ABSTRACT

A lot of the energy usage in the world is in the built environment with heating and cooling being great
component of operational energy requirements. This paper goes into the discussion on how next-
generation insulation solutions can have a transformative impact on building energy efficiency and
sustainability in the practice of construction. Narrowing down to the aerogel-based insulation, phase
change materials (PCMs), and vacuum insulation panel (VIPs) the paper will determine which of the
three have a higher thermal performance, how they can be practically applied as well as integrated with
through analysis of the main case studies The Edge Building (Amsterdam), The Bullitt Center (Seattle),
and the Reichstag Building (Berlin) among others. Such materials have amazingly high insulating
power, extending between all-time low thermal conductivity to active thermal management and zero
space requirement, making it an essential element in new buildings as well as in the rehabilitation
processes. The results indicate that such systems are capable of energy and cost savings as much as the
energy savings of 94%, with maintaining design flexibility and with retaining historical integrity. The
technologies have a very promising value in relation to the energy goals of the whole world, despite the
difficulties associated with cost, scaling and integration challenges. The article ends by pleading with
more research, enabling policy systems and intersector cooperation to fuel the process of transitioning
to high-performance insulation as the core of the new energy-efficient buildings.

Keywords:  Building Energy Efficiency; Next-Generation Insulation; Thermal Performance;
Sustainable Architecture; High-Performance Materials.
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RETROFITTING HERITAGE BUILDINGS: BALANCING CONSERVATION WITH
ENERGY PERFORMANCE
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ABSTRACT

Heritage building retrofitting is a dilemma that is very intricate in the regards of cultural preservation
and environmental responsibility. The proposed research project examines the challenges affecting the
incorporation of energy-efficient technology in historically important buildings in an attempt to achieve
an optimal and holistic approach of preserving architectural integrity and achieving a high level of
energy efficiency. With the help of the comparative study of the symbolic case studies such as The
Reichstag in Berlin, La Scala Opera House in Milan, and Edinburgh Castle in Scotland, the research
demonstrates effective approaches that realize significant results and energy saving, without
undermining the cultural value. Methods like non-invasive insulation and integration of renewable
energy, passive design changes are highly evaluated to match their effectiveness and suitability to the
standard of conservation. Regulatory, technical and social barriers are also covered in the study and they
advise interdisciplinary cooperation and policies that can support an interdisciplinary approach to work
and sustainable retrofitting measures. Finally, this study indicates how heritage buildings can become
engaged in climate action and shows that sensitive retrofitting will allow walking the line between
historical preservation and modern energy policies. The results will be added to an emerging
conversation about heritage sustainability, providing a repeatable solution that could allow the
stakeholders to future-proof cultural sites and preserve the history at the same time.

Keywords: Heritage Preservation; Energy Efficiency; Architectural Conservation; Climate-Adaptive
Architecture; Building Retrofitting.
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NIGERIAN UNIVERSITIES: CASE STUDY OF AN ENERGY AUDIT OF BENUE STATE
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ABSTRACT

The study presents a comprehensive energy audit of Benue State University (BSU), Makurdi, Nigeria,
to evaluate its energy consumption patterns and identify opportunities for energy efficiency
improvements. The audit assesses electricity usage, lighting, heating, cooling, and equipment efficiency
across the university's facilities. Key findings reveal a total energy demand of 4794 kW, with the
breakdown as follows: lighting accounted for 7% (335.58 kW), ventilation for 52% (2493.88 kW),
automatic voltage regulators for 4% (191.76 kW), and plug loads for 37% (1772.78 kW). A significant
observation was the labor market's contribution of 497.25 kW, approximately 28% of the total plug load.
In 2021, the university spent 352,279,149 ($33,214.20; exchange rate of ¥1574: 1$) on 168,306 liters
of diesel and 23,328 liters of petrol for petrol generators, and electricity costs amounted to
N150,653,304.71 ($95,713.66). A notable spike in electricity consumption was observed in September
2021, at 3289.68% higher than average. The audit identifies high-energy-consuming appliances,
evaluates energy management opportunities, and explores new technologies for energy efficiency. Key
recommendations include transitioning to LED lighting, optimizing plug load management, and
considering alternative energy sources like solar power. Implementing these measures could save up to
18% of the university's total energy demand and significantly reduce operational costs. The findings
highlight significant potential for savings through the adoption of efficient appliances and regular
maintenance, as well as the importance of accurate repair cost tracking for diesel and petrol generators
to support cost reduction strategies. By implementing the recommendations, the university aims to
enhance energy efficiency, reduce operational costs, and promote sustainable practices, setting a
benchmark for other institutions.

Keywords: Energy Audit, Energy Efficiency, Electricity Consumption, Load Demand, Renewable
Energy
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MODELING THE IMPACT OF DEFECT DENSITY AND INTERFACE STATES ON
PEROVSKITE DEVICE EFFICIENCY
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Laboratory of Engineering, Systems and Applications, National School of Applied Sciences, Sidi
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ABSTRACT

Defects and interface states play a very crucial role in determining the performance and long-term
stability of perovskite solar cells. In this work, we make use of numerical calculations using SCAPS-1D
to analyze the effect of bulk defect densities and trap states at the interface on the photovoltaic
performance of perovskite-based devices. Through methodically varying the defect concentration in the
absorber layer and at transport layer interfaces, we study their impact on key performance parameters
like open-circuit voltage (Voc), short-circuit current density (Jsc), fill factor (FF), and overall power
conversion efficiency (PCE). Through this, it is found that increased defect densities lead to increased
non-radiative recombination, reduced carrier lifetimes, and colossal losses in device efficiency. Interface
trap states, particularly at absorber/transport layer junctions, are found to cause substantial energy band
misalignment and hinder charge extraction. The work underscores the critical function that material
quality and interface passivation will likely contribute to optimize perovskite solar cell performance.
The findings provide valuable guidance for directing experimental strategy toward minimizing defect-
related losses in high-efficiency and long-lived perovskite devices.

Keywords: Perovskite solar cells, Defect density, Interface trap states, SCAPS-1D
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ABSTRACT

With the escalation of adverse climate effects, switching to sustainable and renewable energy has
become pivotal. It is through International Energy organizations such sustainability is nurtured by
adopting new and innovative policies, setting and implementing the legal frameworks keeping in mind
the contemporary complications. International Energy Organization has spring up as a pivotal actor in
upgrading the sustainable energy development, fostering international cooperation and clouting policy
and legal framework at both national and international level. This research traces the evolution of the
international energy organization and critically evaluates its significance in the promotion and
development of rapidly evolving sustainable global energy governance architecture. The study also
examines the mechanisms adopted and utilized by these organizations which guide and influence the
nations in its transition from oil and gas centered agendas towards renewable and DE-carbonation
agendas, aligning with the principles of sustainable development goals. It also evaluates how the legal
paradigms guided and supported by these organizations influence or encourage the national energy laws,
policies and capacity building programs in developed, developing and least developed nations. It also
investigates the mechanism of compliances and transparency that govern the member states and to
access whether the contemporary legal framework adequately empower these organization to enforce
sustainable energy objectives. This paper also examines few case studies to analyze and access the extent
to which the IEOs has been able to influence the sustainable energy development across the globe
through the prism of international legal paradigm with special emphasis in India.

The study concludes with practical suggestions for improving IEOs' legal efficacy and fortifying the
connection between international energy law and sustainable developmental plans by enhanced
accountability frameworks, inclusive norm setting and constitutionalization of sustainability principles.
By synthesizing doctrinal analysis, institutional mapping and norm diffusion mechanism this study
demonstrate that IEOs plays a imperative role in reshaping the legal contours of sustainable energy.
Through both formal treaties and informal norms, IEOs facilitates global cooperation, legal alignment
and policy innovation but still the tension between binding rights and voluntary commitments pose
ongoing challenge. So to make the IEOs more effective engine there is a need to strengthen the
international legal regime governing energy through clearer mandates, binding and enforceable
commitments and enhanced synergies with environmental law and international trade law.

Keywords: International Energy Organizations, Sustainable Global Energy Governance, International
Legal Paradigm, Sustainable Development, International Trade Law.
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EFFECT OF ZINC SULFIDE INSULATION LAYER ON THE PERFORMANCE OF CIGS
SOLAR CELLS
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University of Sciences & Technology of Oran, Algeria

ABSTRACT

In this paper,we present a simulation ofa ClGSsolarcell witha ZnSbuffer layer, performed using the
Silvaco-Atlas simulator. However, we obtained anefficiencyof 24.13%,short-circuitcurrent of 37.81
mA/cm?, an open circuit voltage of 740 mV, and a fill factor of 78.78% at was around 1.41 eV,
corresponding to an x ratio of 0.5 for the CIGS solar cell using a ZnS buffer layer. We optimized the
performance of the ZnS/CIGS solar cell with the improved effects of layer parameters such as thickness
and acceptor densities ZnS buffer layers.

Keywords:Bufferlayer(ZnS),CIGS,Solarcell,Optimization,Silvaco-Atlas

INTRODUCTION

In the visible solar spectrum, the CIGS compound semiconductor offers captivating features, such
asadirectlycontrollablebandgapfrom(1.0tol.7eV)tomaximizeirradiance,andanabsorptionfactorof
105cm- .CI1GSandCdSsolarcellsarethemostpopularthin-filmphotovoltaictechnology,withanenergy

conversionefficiencyof22.6%.Whenthe2.4eVVbandgapisunsuitableforsolarcells,theCdSbhufferlayer
shows optical absorption losses, particularly in the short-wave range[3, 4].In addition, because of the
hazardouscadmium(Cd)wasteproducedduringdeposition,theCdSbufferlayercanpose

ar
isktohuman
healthandtheenvironment.Giventhesefactors,theCIGSabsorptionlayeriscompatiblewithotherwide-
bandgap buffer layers. Zinc sulfide (ZnS) prepared using chemical bath deposition (CBD) offers an
attractivealternativetoCdSincollaborationwithCIGSabsorbers[8,9]duetoitswidebandgapofaround

3.68eVanditsnon-toxicitytotheenvironment.CellefficiencyisenhancedbyZnS/CIGS,Zn1-xSnxOyand
CIGS, InxSy/CIGS, with rates of 21.0% [5], 18.2% [6] and 18.1% [7] respectively.

The energy of zinc sulfide (ZnS) is much higher than that of CdS in the bandgap. The ZnS buffer layer
usedinCIGSsolar cellsimprovescurrent generationat shorterwavelengths.CIGS solar cellswitha ZnS
buffer layer perform almost identically to CdS/CIGS solar cells [10-11]. The use of solar cell simulation
has become an essential tool for studying their operation and improving the design of high- performance
solar cells. In this research, we performa simulation of both CIGSand ZnO/ZnS/CIGS solar cells to
evaluate their performance [12, 14, 15, 16], where ZnS/CIGS solar cells are more promising than
CdS/CIGS solar cells [2, 17].

The main parameters of ZnS/CIGS cells have been identified by several numerical studies, such as
thickness, bandgap, gradient of the CIGSabsorberlayer and thickness ofthe ZnSbuffer layer [17,18, 19,
and 21].
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2. STRUCTURESIMULATED

,_
i

Figurel:StructureofCIGSsolarcell.
3. PHYSICALMODELS

Tablel[1,13,20,22]showstheparametersforeachlayer ofthesolarcell,whichserveasinputdatafor the Atlas-

Silvaco numerical simulation.
TablelMaterialparametersusedinthesimulation.

Layer properties ZnO ZnS CIGS
Egrevmo 3.3 3.68 \Varied
Or 4.1 4.5 4.8
OeJev 9 8.32 13.9
ale cm2 s 100 250 100
n
ale sz s 25 40 25
P
18 18 18

N CmD3D 2.2x10 1.5x10 2.2x10
c
N cm
v 3 1.8x10%° 1.8x10%° 1.8x10%°
Gaussiandefectstates

. 17 . 15 . 15
N N Dl/cm3m D:10 A:10 D:10
DG VG
EA.ED1eVD) Midgap Midgap Midgap
WGoevo 0.1 0.1 0.1
UJ UJ
] sz 10 12 10 17 10 013
e
cm
h 2 10D15 10D13 10D15

August 24-26, 2025 / New York

56




INTERNATIONAL CONGRESS ON ADVANCED ENERGY
STUDIES -II

PROCEEDINGS BOOK

Inthissimulation,weusetheilluminationconditionsoftheAM1.5Gsolarspectrumatonesun,with an incident
power density of 100 mW/cm? and an ambient temperature of 300°K.

4. SIMULATIONRESULTSANDDISCUSSION
OptimalCIGSabsorbinglayerbandgap

We set the thickness of the CIGS absorber layer at 3 pm and varied the bandgap by changing the x ratio
from 0 to 1. The characteristics of the CIGS cell for different band gaps as a function of efficiency are
showninFigure2.ltcanbeseenthatanincreaseinthebandgapoftheClGSabsorberlayer,andtherefore an
increase in the x-ratio, leads to a proportional increase in efficiency. In Figure 4(d), we can see that an
increase in efficiency from 16.75% to 24.13%, and then a decrease to ratio x=1. The excellent efficiency
obtainedfortheCIGSsolarcellwas24.13%. TheoptimumefficiencyoftheCIGScellwasachievedwhen
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the optical bandgap was around 1.27 eV, corresponding to an X ratio of 0.3.

Figure2:ThevariationbandgapenergyofClGSasfunctionof efficiency.

Influenceofabsorberlayerthickness
TheClGSsolarcellstructure,obtainedusingSilvaco-Atlas,isshowninFigure3.

a0 Farmphin 5

Figure3:Silvaco-AtlasstructurefileoftheClGSsolarcell.

Inthissectionofthesimulation,wefirstoptedforaClGSlayerthicknessof2 pm,thenadjustedthe thickness of
the zinc sulfide (ZnS) buffer layer from 0.1 um to 0.03 um. We observed that the efficiency increases
and then decreases with increasing ZnS buffer layer thickness. We also found that the high
efficiencyofCIGSthin-filmsolarcellsdecreasesasthethicknessofthezincsulfidebufferlayerincreases
(from22.45%for0.035umt020.91%for0.1um).Asisobvious,theperformanceofallsolarcells
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decreasesasthebufferlayerthicknessincreases,withtheexceptionofopen-circuitvoltage,whichremains
constant. Even if some absorption losses in solar cells are caused by the ZnS buffer layer or
emitter thickness, this may explain the profile of this result.The ZnS layer has a thickness ranging from
10 nm to 30 nm, while the CIGS layer varies from1 umto 4 um. Figures 4 (a, b, ¢ and d) shows theimpact
of ZnS layer thickness on the performance of CIGS-based solar cells. The short-circuit current density
increases from 30.69 to 35.70 mA/cm2 as the thickness of the ZnS buffer layer increases from 10 to 35
nm.

Theincreaseleadstoariseinthesolarcell'sconversionrate. Inphysicalterms,averythinabsorber layer
indicates that the back contact and the depletion zone are very close, which favors electron capture by
this contact.Cell performance is affected by this form of recombination process, as it has an impact on
conversion efficiency.
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Figure4:ImpactofZnSthicknessClGSsolarcellsona)currentdensity,b)thevoltage,c)the factor form,
d) the efficiency n (%).

5. CONCLUSION

In this work, we have presented and discussed the results of a numerical simulation study of the electrical
characteristics of a CIGS-based thin-film hetero-junction solar cell. We studied the electrical
stimulationoftheCIGScellwiththeZnScell,provingthattheZnScellisbetterthantheothercells. Then we
studied the impact of ZnS buffer layer with the aim of designing an optimal ZnO/ZnS/CIGS hetero-
junction structure that gives the best electrical performance.
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FIRST-PRINCIPLES ANALYSIS OF THE OPTOELECTRONIC AND THERMOELECTRIC
PROPERTIES OF BLACK PHOSPHORENE FOR ENERGY HARVESTING
APPLICATIONS

Zakariya Arbaoui**, Soufiane Elhadfi', Mourad Boutahir' and Abdelhai Rahmani*
!Advanced Material and Applications Laboratory (LEM2A), Moulay
Ismail University FSM-ESTM-ENS, BP 11201, Zitoune, Meknes, 50000,
Morocco.

ABSTRACT

In this paper, we have employed Density Functional Theory to investigate the opto-electronic and
thermoelectric properties of black phosphorene (BP), a new two-dimensional material. We found that
BP is a semiconductor with a 0.84 eV direct band gap. Optical property calculation highlights the
anisotropic nature of the material, with the armchair structure showing a high absorption coefficient of
3 x 10°cm™ in the visible spectrum, while the zigzag structure shows an excellent absorption coefficient
of as high as 15.6 x 10°cm™ in the UV region. In addition, from the BoltzTraP simulation package, we
found that BP shows a high Seebeck coefficient and high electrical conductivity, indicating its potential
thermoelectric applications. These findings demonstrate that BP is a highly versatile 2D material with
excellent prospects for emerging optoelectronic and thermoelectric applications.

Keywords: Black phosphorene, DFT, Optoelectronic Properties
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SENSORY PROPERTIES AND MINERAL COMPOSITION OF LOCALLY PRODUCED
OKPA FROM BAMBARA GROUNDNUT PACKAGED WITH DIFFERENT MATERIALS

! Nwakalor, Chizoba Nkiru and *Ofem, Owai Ajah
(IOrcid ID:https://orcid.org/0000-0002-2919-0560)
Department of Food Technology

Federal Polytechnic Oko, Anambra State, Nigeria

ABSTRACT

The effect of packaging materials on the sensory properties and mineral composition of locally produced
okpa from bambara groundnut flour were investigated. Okpa mix was prepared using traditional method
and wrapped in different packaging materials including: aluminum foil, banana leaves, nylon and tin
before cooking. The sensory acceptability of the samples was evaluated using a 9 point Hedonic scale.
The results showed that the colour, taste, mouth-feel and aroma of all the samples were significantly
different (p > 0.05). The overall acceptability scores were 5.60, 5.58, 7.00 and 5.10 for okpa packaged
with aluminum foil, banana leaves, nylon and tin respectively. The mineral compositions of samples
were evaluated using standard analytical methods. The results revealed that these packaging materials
significantly (p < 0.05) affected the mineral composition of the samples. The sample packaged with
aluminum foil had the highest calcium content (0.504 pp), while the sample packaged with tin and nylon
had the highest potassium content (1.034 ppm) and iron (1.233 ppm) respectively. The present study
showed that the mineral content and sensory properties of the okpa were affected by different packaging
materials.

Keywords: Packaging materials, mineral composition, sensory evaluation, Okpa, bambara
Groundnut.
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ROBUST FAULT-TOLERANT CONTROL FOR DFIG WIND-ENERGY SYSTEMS:
MATRIX-CONVERTER OPERATION UNDER OPEN-SWITCH FAULTS

Aboubaker Essaddig MAZOUZ ! Said HASSAINE !, Hamid BOUMEDIENE !,
Lallouani HELLALI 2, Oussama MOUSSA 3

! Department of Electrical Engineering, L2ZGEGI Laboratory, Faculty of applied science, University of
Tiaret, Algeria

2 Department of Electrical Engineering University Mohamed Boudiaf of Msila, Algeria

® Department of Electrical Engineering University of Ghardaia, Algeria

ABSTRACT

The increasing penetration of wind energy into modern power systems has intensified the need for
resilient and fault-tolerant control strategies to ensure stable and efficient operation under various fault
conditions. Doubly Fed Induction Generators (DFIGs) have become one of the most widely adopted
solutions for variable-speed wind-energy applications due to their flexible control capabilities and cost-
effectiveness. However, conventional back-to-back converter topologies used with DFIGs are
vulnerable to faults such as open-switch failures, which can significantly degrade power quality by
increasing total harmonic distortion (THD) and reducing system reliability. To address these challenges,
this work investigates a robust fault-tolerant control (FTC) strategy for DFIG-based wind-energy
systems using a matrix converter instead of the conventional back-to-back configuration. The matrix
converter offers distinct advantages, such as direct AC-AC conversion without bulky DC-link
capacitors, bidirectional power flow, and improved efficiency. The proposed approach integrates
accurate modeling of the matrix converter and the DFIG with robust vector control techniques, including
adaptive Pl and backstepping control, to maintain desired power flow and grid code compliance during
both normal and faulted conditions. Additionally, a fault detection and isolation (FDI) mechanism are
employed to promptly detect open-switch faults and adapt the converter’s switching pattern to minimize
performance degradation. Simulation results under different fault scenarios demonstrate the capability
of the proposed FTC scheme to maintain acceptable power quality, low THD, and stable system
operation compared to traditional systems. This study highlights the matrix converter as a promising
alternative for achieving resilient and reliable control of DFIG-based wind-energy systems, contributing
to the sustainable integration of renewable energy into the grid.

Keywords: Robust fault-tolerant control; DFIG; matrix converter; wind energy; open-switch fault;
vector control; total harmonic distortion.
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OPTIMIZATION OF MULTIPLE PARTICLE IMPACT ON COLD SPRAYED INCONEL
POWDERS

Al-murisi Abdulaziz Hamed Abdulrahman®”, MD Helal Uddin*?", Ikbal Ahmed® and Mohammad
Nur-E-Alam?

!Department of Mechanical Engineering, Universiti Tenaga Nasional, Putrajaya Campus, Jalan
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Kajang, Selangor.

$Computer Science and Engineering department at CCN University of Science & Technology,
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ABSTRACT

Cold spray technology is a surface coating method where particles are deposited onto a solid substrate
at high velocity and low temperature. ABAQUS finite element analysis (FEA) has been employed to
simulate and optimize the deposition of Inconel powder particles on an aluminum alloy surface. The
study has primarily examined and assessed the impact of mixed particle sizes (0.1 um, 0.5 um, 0.15 um,
and 20 um) on Von Mises stress distribution. The impact velocity was set at 300 m/s with a deposition
distance of 5 cm over a 10-second duration. In accordance with the stress-time relationships for various
particle size mixtures, the highest Von Mises stress of 100 kN/m? may be produced by a mixture of
particles ranging in size from 0.5 umto 20 um, while the lowest is 40 kN/m? by a mixture of particles
ranging in size from 0.5 pum to 0.15 um. This study provides insights into optimizing particle size
combinations for enhanced cold spray coating performance suitable for the aerospace industry,
automotive industry, energy sector, electronics semiconductor industry, marine industry, additive
manufacturing and repair.
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	Discussion
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